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Abstract 

Detection and Perturbation of MicroRNAs using Synthetic Chemical Probes 

 

Nicholas Michael Ankenbruck, PhD 

 

University of Pittsburgh, 2019 

 

 

 

 

microRNAs (miRNAs) are small, non-coding RNA molecules capable of regulating 

protein expression in cells via binding to a complementary sequence within the 3’ untranslated 

region (3’ UTR) or coding domain sequence (CDS) of target messenger RNAs (mRNAs), thereby 

inducing translational repression and ultimately mRNA degradation. As such, its unsurprising that 

dysregulation of miRNAs has been implicated in a wide range of diseases in humans, including 

cancer. While regulation of miRNAs has largely been mediated by oligonucleotide reagents, 

current technologies exhibit limitations in terms of stability and pharmacological properties. In 

contrast, small molecules possess many advantageous qualities as tools to perturb miRNA 

function, including fast activity, systematic delivery, and enhanced cell permeability. Two 

luciferase-based reporters were developed into a cell-based assay employed in separate high-

throughput screens of >300,000 compounds to identify selective small molecule modifiers of miR-

21 or miR-122 function. The work presented herein discusses validation of oxadiazole, ether-

amide, and N-acylhydrazone miR-21 inhibitors as well as sulfonamide and methanone inhibitors 

of miR-122 function identified in their respective high-throughput screens. In addition to 

secondary assays to confirm function and specificity of the lead molecules, structure-activity 

relationship (SAR) studies were carried out in order to determine important structural features of 

each scaffold and to attempt to improve their activity. Moreover, preliminary functional assays 

were carried out to evaluate therapeutic potential of improved molecules identified through the 

SAR study. Collaborations with start-up companies to discover small molecule inhibitors of 
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miRNA processing are also presented. Additionally, delivery of DNA logic devices capable of 

recognizing miRNAs in cells or releasing a small molecule output in response to miRNA inputs 

are discussed. Optical regulation of chemical tools using light affords spatial and temporal control 

over biological processes and as such, a second-generation caged promoter was incorporated into 

a plasmid to afford optical control of transcription. Finally, methods for delivery of γ-modified 

peptide nucleic acids (PNAs) and morpholino oligomers into mammalian cells for use as splice-

switching oligonucleotides or anti-miRNA agents were explored. 
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1.0 Introduction to MicroRNAs 

It has been estimated that while 80% of the human genome is transcribed,1,2 only 2% is 

translated into protein3 leaving a significant amount of non-coding RNA (ncRNA) untranslated. 

Originally thought to be ‘junk molecules’, ncRNAs have gained increasing interest over the last 

several decades after findings that many exhibit biological function and have implications in 

initiation and progression of diseases.4,5 MicroRNAs (miRNAs) are short, single-stranded ncRNAs 

of ~22 nucleotides that regulate gene expression via binding to the 3’ untranslated region (3’ UTR) 

of complementary messenger RNA (mRNA).6 The first miRNA, lineage defective 4 (lin-4), was 

discovered by Victor Ambros in 1993.7,8 At the time, lin-4 was known to temporally regulate 

events in early development of Caenorhabditis elegans (C. elegans) larvae, however, the 

mechanism was not understood. Ambros determined that the lin-4 gene did encode a protein, but 

rather transcribed 2 small transcripts (22 and 61 nucleotides in length) that were complementary 

to a segment in the 3’ UTR of the lin-14 mRNA. Furthermore, they found that the lin-4 transcripts 

repressed translation of the LIN-14 protein, and postulated that this occurred via an anti-sense 

RNA-RNA interaction with the lin-14 3’ UTR.7 In 2000, Ruvkun’s laboratory discovered the 

second miRNA, lethal 7 (let-7) in C. elegans. They found that let-7 was transcribed into a 21 

nucleotide RNA molecule that was complementary to the 3’ UTR of lin-14, lin-28, lin-41, lin-42, 

and abnormal dauer formation 12 (daf-12) genes. The discovery of let-7 became a major turning 

point in the miRNA field because unlike lin-4, which was found only in C. elegans, let-7 was 

conserved across multiple species, including humans.9 The discovery has sparked increasing 

interest in performing research to try to better understand miRNA biogenesis, function, and 

mechanism of regulation,10 prompting the discovery of 2,654 mature miRNAs in humans currently 
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reported on the miRNA repository miRBase.11 Furthermore, miRNAs were demonstrated to 

regulate 21% of protein-coding genes in humans via photoactivatable ribonucleoside enhanced 

cross-linking and immunoprecipitation (PAR-CLIP),12 so its unsurprising that dysregulation of 

miRNAs plays a major role in many diseases.13 

1.1 MicroRNA Biogenesis and Function 

In the canonical miRNA pathway, miRNA genes are first transcribed by RNA polymerase 

II or III into primary miRNA (pri-miRNA) of hundreds or thousands of nucleotides in length.14 

The pri-miRNA is then cleaved by a ‘Microprocessor’ complex comprised of the ribonuclease 

(RNase) III enzyme Drosha and protein DiGeorge Syndrome Critical Region 8 (DGCR8).15 

DGCR8 recognizes specific motifs such as N6-methyladenylated GGAC at the junction of the 

stem and single-stranded region of the pri-miRNA16 followed by recruitment and subsequent 

cleavage of the pri-miRNA by Drosha at the base of the hairpin. This cleavage event produces a 

short 60-90 base precursor-miRNA (pre-miRNA) hairpin17 bearing a 2 nucleotide 3’ overhang and 

phosphate and hydroxyl modifications at the 5’ and 3’ termini, respectively.18   

The pre-miRNA is then exported from the nucleus to the cytoplasm by protein Exportin-5 

(XPO5) in complex with the small nuclear guanine triphosphatase (GTPase) RanGTP.19 The 

XPO5:RanGTP complex interacts with the pre-miRNA via the 2 nucleotide overhang and the 

double-stranded stem, protecting the RNA from degradation. Following release from the 

XPO5:RanGTP complex in the cytoplasm, the pre-miRNA is recognized by the RNase III enzyme 

Dicer in complex with transactivation response element RNA-binding protein (TRBP) or protein 

activator of the interferon-induced protein kinase (PACT) via the 5’ phosphate.18 Dicer-mediated 
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cleavage of the loop occurs a defined distance 20 – 22 bases upstream of the 5’ terminus of the 

RNA hairpin, effectively serving as a molecular ruler. TRBP coordinates recognition of pre-

miRNAs over structurally similar substrates20 and aids in recruitment of Argonaute 2 (Ago2) to 

the Dicer:TRBP complex.21,22 Furthermore, TRBP has been shown to play a role in guide strand 

selection and miRNA length determination.21 Recruitment of Ago2 to the Dicer:TRBP complex 

forms the RNA-induced Silencing Complex (RISC) Loading Complex (RLC) which processes the 

pre-miRNA and loads the resulting mature miRNA duplex into Ago2.23 Some miRNAs have also 

been shown to be processed directly by Ago2, independently of Dicer.24 The guide strand of the 

mature miRNA duplex is bound to Ago2 via two distinct interactions: 1) the 5’ phosphate is 

recognized between the MID and PIWI domains and 2) the 3’ terminus is held by the PAZ domain 

via the phosphate backbone.25 Following loading of the mature miRNA duplex, Ago2 dissociates 

from the rest of the RLC and ejects the passenger strand, forming the activated minimal RISC. 

Most often, the guide strand then directs RISC to the 3’ UTR of a target mRNA via partial sequence 

complementarity mainly through the 6 nucleotide seed region which then modulates gene 

expression (Figure 1-1).26 However, recent studies utilizing Ago2 high-throughput sequencing of 

RNAs isolated by crosslinking immunoprecipitation (Ago HITS-CLIP) suggest that ~15-80% of 

miRNA-target interactions in vivo are mediated by non-seed region sites27,28 and have been shown 

to bind to the 5’ UTR29 and coding regions of mRNA,30 suggesting the underlying mechanism of 

miRNA-mediated gene regulation is more complex than originally thought.  
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Figure 1-1 MicroRNA biogenesis pathway 

MiRNAs are transcribed and processed into precursor miRNA (pre-miRNA), then exported from the nucleus. Once 

in the cytoplasm, the precursor hairpin is further cleaved into a miRNA duplex which is subsequently loaded into 

Argonaute2 (Ago2) where the mature miRNA guide strand (red) is retained and the complementary passenger strand 

(black) is released. Together, Ago2 and the mature miRNA form the active minimal RNA-Induced Silencing Complex 

(RISC) which targets complementary mRNA and modulates gene expression. 

 

 

The activated RISC represses gene expression in mammals primarily by blocking 

translational machinery and recruiting proteins for mRNA degradation.31-33 As an alternative, 

Ago2 is capable of endonuclease activity when the miRNA cargo is completely complementary to 

the mRNA target,34 however, this process is uncommon for miRNAs in mammalian cells. While 

initial hypotheses suggested that the pathway for RISC-mediated translational repression was 

determined by the composition of RISC (i.e. the minimal RISC or a complex formed between 

RISC and recruited proteins),35,36 recent models propose that miRNAs likely inhibit translation 

initiation then undergo degradation via deadenylation and decay in a sequential fashion.32,37,38 
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Ribosome and polysome profiling experiments have provided further evidence to support this 

model by ruling out post-transcriptional control of mRNAs via translation elongation, protein 

degradation, and ribosome drop-off.39 

In contrast to its role in translational repression, the mechanism by which the activated 

RISC inhibits or promotes gene transcription is less understood. MiRNAs that negatively regulate 

gene transcription are concomitant with recruitment of argonaute proteins to the gene promoter 

and recruitment of Polycomb group (PcG) proteins, increases in trimethyl histone H3 lysine 27 

(H3K27me3), decreases in H3K4me3, and DNA methylation within the promoter region, however 

it is unclear how they contribute epigenetic modifications.40,41 Similarly, miRNAs that enhance 

gene transcription have been associated with recruitment of Ago2, but also promote RNA 

polymerase II or III enrichment at the promoter and increase H3K3me3.42,43 These RISC-

associated miRNAs are hypothesized to promote transcription via two mechanisms: (1) cleavage 

of antisense transcripts followed by subsequent release of chromatin effectors and derepression of 

sense transcription44,45 and (2) binding of RISC to the 5’ UTR promoter region and recruiting a 

protein complex comprised of chromatin modifiers that induce chromatin rearrangement and 

increase transcription.43 However, additional studies are ongoing to further elucidate these 

mechanisms.  

Taken together, many reports suggest that miRNAs are capable of regulating hundreds of 

genes through conserved or non-conserved miRNA binding sites with varying degrees of strength 

because they only require sequence complementarity in the 6 nucleotide seed region to function.46 

Furthermore, the discovery that some miRNAs are capable of regulating activity of other 

miRNAs47 provides another layer of complexity to understanding their function. While the 

evolutionary origin of miRNAs remains unknown, one prominent hypothesis suggests a model by 
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which de novo RNA hairpins providing beneficial regulation were selected for over time and were 

correlated with timing and location of gene expression during construction of the body plan in 

embryonic development.48 However, computational prediction of miRNA targets can often inflate 

the number of functional interactions a miRNA has with fully or partially complementary 

sequences and as such, additional studies in biological systems are ongoing in order to further 

characterize these interactions.   

1.2 MicroRNA as a Potential Therapeutic Target 

MiRNAs play a regulatory role in a variety of biological processes including development, 

immune response, apoptosis, and host-viral interactions.13 Furthermore, miRNAs can exhibit 

global expression or isolated expression within a specific tissue or organ49 and miRNA expression 

patterns can vary at defined timepoints during development.50-52 As such, dysregulation of 

miRNAs has been implicated across a wide array of human diseases including cancer, hepatitis, 

cardiovascular disease, and metabolic disorders.53,54  

Two years after the discovery of let-7, the first miRNAs with potential a regulatory role in 

disease were identified. In a study of a deleted region of chromosome 13q14, a deletion found in 

more than half of B cell chronic lymphocytic leukemias (B-CLLs), the Croce lab identified genes 

encoding miR-15a and miR-16-1.55 Furthermore, the two miRNA genes were found to be deleted 

or downregulated in a majority of CLLs evaluated. Additional studies demonstrated that miR-15a 

and miR-16-1 regulate expression of B cell lymphoma 2 (Bcl2), an antiapoptotic protein found 

dysregulated in CLLs, and increased levels of miR-15a and miR-16-1 induced apoptosis in a 

leukemia cell model, suggesting their role as tumor suppressors.56 Analogously, the miR-17-92 
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gene cluster was identified to encode oncogenic miRNAs (oncomiRs) capable of enhancing tumor 

development in a mouse B cell lymphoma model.57 Upregulation of miR-17-92 was attributed to 

overexpression of cellular myelocytomatosis (c-MYC), an oncogene found overexpressed in a 

majority of all human neoplasms that encodes a transcription factor responsible for regulation of 

cell proliferation, growth, and apoptosis.58 A later study found that miRNA genes are often located 

within fragile sites on chromosomal loci frequently prone to alteration due to chromosomal 

rearrangement in cancer.59 In general, tumor suppressor miRNAs target oncogenes and are 

downregulated in cancer, while oncomiRs inhibit translation of tumor suppressors and exhibit 

higher expression levels in cancer.  

In addition to their expression in cells, miRNAs have been discovered in a variety of bodily 

fluids including blood serum and plasma,60-63 saliva,64 urine,65 breast milk,66 and others.67 

Interestingly, these extracellular or circulating miRNAs have been shown to be incredibly stable 

compared to intracellular miRNAs.15 The enhanced stability of extracellular miRNAs has been 

attributed to association with vesicles (e.g. exosomes or apoptotic bodies)68,69 or proteins (e.g. 

Ago2),70,71 however, contrasting data regarding the predominant mode of protection suggest that 

determination of vesicle or protein association may be dependent on several factors including 

identity of the miRNA, cell type, or other factors.15 Additionally, differential expression patterns 

between intracellular and extracellular exosomal-associated miRNAs have been observed,72-76 

suggesting sorting of mature miRNAs for export occurs, however this mechanism is poorly 

understood. The current hypothesis is that extracellular miRNAs encapsulated in exosomes or 

apoptotic bodies may function in cellular communication as evidenced by observations that 

secreted miRNAs are capable of altering gene expression in recipient cells.72,73,76 In contrast, 

protein-bound extracellular miRNAs are proposed to originate from dead or dying cells with no 
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apparent function.77 Ongoing studies continue to explore the mechanism by which circulating 

miRNAs are released in addition to their function, however the discovery of their unique 

expression signatures in bodily fluids has promoted their use as prognostic and diagnostic markers 

in a variety of cancer phenotypes.78 

The majority of studies have focused on the dysregulation of miRNAs in cancer onset and 

progression, however several miRNAs have been implicated in a variety of other human diseases 

as well.13 For example, miR-124a2, -195, -15a/b, -16,79,80 and -37581,82 have been shown to mediate 

pancreatic development and function while miR-130a, -200, and -410 were demonstrated to be 

involved in insulin secretion,83 suggesting these miRNAs may play a role in diabetes. MiR-33a/b, 

-33a/b*, -144, and others regulate networks that control biogenesis and uptake of high-density 

lipoprotein (HDL)84 which has been associated with a higher risk for heart disease and cardiac 

arrest.85 Additionally, dysregulation of cardiac-specific miR-1, -133, and -208 has been 

demonstrated to induce ventricular hypertrophy and heart failure.86 Recent studies have also found 

that misregulation of miR-29 and -107 regulate amyloid plaque production, while miR-106 has 

been associated with modulating amyloid-β (Aβ) peptide and Apolipoprotein E (ApoE) 

production.87 Similarly, miR-125b, -138, -195, -219-5p and others were linked to Tau 

phosphorylation and production,88 a key contributor to Alzheimer’s disease.89  

In addition to their implication in disease initiation, many miRNAs have been identified to 

elicit immunomodulatory effects by regulating maintenance and development of immune 

responses as well as function of mature immune cells.90 Furthermore, several studies have 

demonstrated that miRNAs can exhibit dual functions as both tumor suppressors or oncomiRs in 

addition to immune regulators. For example, differential expression of miR-146a/b, miR-147, 

miR-21, and miR-155 has been found to modulate macrophage activity.91 Additionally, tumor-
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secreted miR-214 was shown to promote tumor growth by targeting phosphatase and tensin 

homolog (PTEN) protein following delivery into cluster of differentiation 4 (CD4)+ T cells and 

subsequent induction of regulatory T cell (Treg) expansion,92 a poor prognostic marker in several 

cancer phenotypes.93 

Given their involvement in immune responses, it’s unsurprising that miRNAs have also 

been linked to host-pathogen interactions. Several strains of bacteria have been associated with 

dysregulated miRNA expression signals in mammalian cells and animals following infection, 

simultaneously deregulating inflammatory, innate and adaptive immune responses and promoting 

their own survival by modulating cell penetration and tissue remodeling.94 Additionally, miRNAs 

have been demonstrated to mediate viral infection, replication, and survival. A study analyzing 

human infecting viral genomes found enrichment of human miRNA target sequences, in particular 

for single-stranded RNA viruses,95 suggesting these miRNAs may have evolved as a mechanism 

to eliminate viral infections. MiR-199a-3p, -210, and 125a-5p have been shown to inhibit hepatitis 

B virus (HBV) replication and expression of the HBV surface antigen (HBsAg),96,97 a protein 

responsible for stabilizing viral core assembly and binding receptors during infection to attenuate 

immune response.98,99 Additionally, miR-155 modulates macrophage function in response to viral 

infection and inhibits translation of human immunodeficiency virus (HIV) Dependency Factors 

(HDFs).100 Conversely, induction of miR-155 expression in human B lymphocytes infected with 

Epstein-Barr virus (EBV) has been linked to maintenance of the EBV genome and immortalization 

of the B lymphocytes via modulation of the nuclear factor kappa B (NF-κB) signaling.101 

Furthermore, interferon (IFN) treatment in humans, the primary endogenous antiviral defense in 

vertebrates,102 induced expression of miR-196, -296, -351, -431, and -448 and inhibited replication 

of hepatitis C virus (HCV)  RNA.103  
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Taken together, miRNAs play key roles in a wide array of complex gene regulatory 

networks and their dysregulation has been attributed to the onset and progression of a variety of 

diseases. Distinct miRNA expression profiles have been discovered in several cancer phenotypes 

(Figure 1-2), prompting the use of miRNAs as biomarkers for cancer onset, progression, and 

metastasis.104 In addition to their function as oncogenes and tumor suppressors, miRNAs can 

regulate cell proliferation, cell death pathways, metastasis, and cell migration and invasion.105 As 

such, recent efforts have been focused on developing new chemical tools for targeting miRNAs 

that may provide new therapeutic approaches for treatment of cancer and other diseases.53,90 

Compared to the vast amount of the genes and proteins associated with cancer,106 42 miRNAs, 

including 25 upregulated and 17 downregulated, have been predicted to be consistently 

dysregulated across nine different cancer phenotypes.107 Furthermore, some cancers have been 

shown to exhibit ‘oncomiR addiction’, whereby inhibition of a single miRNA results in complete 

abrogation of the malignancy.108,109 This suggests that altering function of a single miRNAs could 

reverse or eliminate disease phenotypes via modulation of a variety of gene regulatory networks. 
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Figure 1-2 Selected expression patterns of miRNAs misregulated in different cancer phenotypes 

Reprinted by permission from: AAPS 2010, 12, 51, Copyright 2010. 

 

1.2.1  Endogenous Regulation of MicroRNAs 

Because miRNAs play a critical role in regulation of nearly all biological processes and 

are commonly misregulated in disease, living organisms have evolved several mechanisms to 

control their biogenesis and function.110,111 At the transcriptional level, miRNA expression is likely 

mediated by several epigenetic factors including DNA methylation, DNA hydroxymethylation, 



 12 

and post-translational modification of histones.112 For example, downregulation of tumor 

suppressor miRNAs has been attributed to hypermethylated CpG islands near their promoter 

sequence, while hypomethylation often leads to increased expression of oncogenic miRNAs.113,114 

The promoter region of miR-365-3p was recently found to acquire 5-hydroxymethylcytosines 

(5hmCs) in response to formalin-induced inflammation in mice, resulting in induction of miR-

365-3p expression.115 While a similar relationship has not yet been identified in humans, recent 

studies have shown that 5hmCs are reduced by 50% in solid tumors116,117 suggesting they could 

correlate to miRNA expression in human malignancies. Changes in chromatin states mediating 

miRNA expression are primarily due to histone acetylation or methylation.112 For example, 

overexpression of a histone 3 lysine 27 (H3K27) methyltransferase was found to repress 

expression of miR-34a, a tumor suppressor miRNA, via trimethylation of its promoter in 

pancreatic ductal adenocarcinoma.118 In addition to epigenetic regulation, transcription of miRNAs 

is mediated by a variety of transcription factors, including some with aberrant expression in cancer. 

For example, while c-MYC was found to activate the miR-17-92 cluster,58 it represses transcription 

of several tumor suppressor miRNAs including miR-15a, -26, -29, -30, and let-7.119 Similarly, 

tumor protein p53 (p53), a tumor suppressor and one of the most commonly mutated genes in 

cancer,120 was found to increase expression of miR-34a via binding to its promoter sequence and 

subsequently induce apoptosis.121,122 Interestingly, miR-34a was also demonstrated to repress 

expression of SIRT1, a negative regulator of p53, thereby mediating its own expression.123 

The Microprocessor complex, comprised primarily of Drosha and DGCR8 in addition to 

other RNA-associated proteins, plays a pivotal role in regulating miRNA function by determining 

sequence features through processing of the pri-miRNA. Drosha itself is comprised of an 

intramolecular dimer of RNase III domains for cleaving the pri-miRNA, a central domain 
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containing a Piwi/Argonaute/Zwille (PAZ)-like domain hypothesized to aid in recognition of the 

pri-miRNA, a double-stranded RNA binding domain (dsRBD) at the C-terminus, and nuclear 

localization signal at the N-terminus.124 Though Drosha alone appears to possess structural features 

capable of recognizing the pri-miRNA, several studies have shown that the Drosha dsRBD has 

weak affinity for RNA,125-127 highlighting the importance of DGCR8 in the Microprocessor 

complex. DGCR8 stabilizes Drosha through protein-protein interactions128 and contains two 

dsRBDs, as well as a RNA-binding heme domain (Rhed) and C-terminal tail region suggested to 

be responsible for maintaining Drosha function129 and ensuring efficient Drosha binding,130 

respectively. Interestingly, Drosha has also been shown to regulate DGCR8 by cleaving a hairpin 

within the DGCR8 transcript thereby destabilizing its mRNA and repressing translation, 

suggesting a potential role in maintaining homeostatic control of miRNA biogenesis.128 A recent 

study found that single-nucleotide substitutions or deletions within the DGCR8 and Drosha genes 

have been observed in 15% of 534 evaluated Wilms’ tumors, the most common renal tumor in 

children,131 leading to inhibition of let-7 and miR-200 families.132 While accessory proteins to 

Drosha and DGCR8 have been observed as part of the Microprocessor, studies to determine the 

identity and role of these proteins in pri-miRNA processing are ongoing. Recent studies have found 

that heterochromatin protein 1 binding protein 3 (HP1B3) mediates recruitment and retention of 

Drosha at the active site of miRNA transcription133 in addition to DNA superenhancers and 

H3K4me3 marks,134 suggesting the vast majority of pri-miRNAs are likely processed co-

transcriptionally. Furthermore, it was also determined that pri-miRNAs that were retained instead 

of cleaved and released were more efficiently processed into pre-miRNAs,135 providing additional 

evidence for this hypothesis. It is estimated that 50-80% of mature miRNAs originated from 

intronic regions of mammalian transcripts136 and some studies have suggested that splicing factors 
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responsible for processing the transcript may aid in recruitment of Drosha. For example, deletion 

of a 5’ splice site within pri-miR-21 reduced processing of the RNA, suggesting small nuclear 

binding proteins associated with the spliceosome could interact with the Microprocessor and alter 

its function.137 In addition to accessory proteins within the Microprocessor complex, other RNA 

binding proteins are capable of binding the pri-miRNA and inhibiting processing. A complex 

formed between interleukin-2 dependent transcription factors nuclear factor 90 and 45 (NF90 and 

NF45) has been shown to bind pri-miR-30a, -15a/16-1, -21, and pri-let-7a-1 with enhanced binding 

affinity relative to DGCR8 leading to a reduction in corresponding pre-miRNA levels.138 

Additionally, heterogeneous nuclear ribonucleoprotein A1 (hnRNPA-1) recognizes a consensus 

sequence within the apical loop of pri-miR-18a, inducing relaxation of the stem and promoting 

Drosha cleavage.139 

  While the Drosha processing step of miRNA biogenesis is considered the prominent 

mechanism for determining miRNA sequence and dysregulation,140 Dicer also plays a role. The 

Dicer enzyme contains helicase domains presumably for binding the pre-miRNA141-143 as well as 

a PAZ domain containing a phosphate-binding pocket for recognition of the 5’ phosphate of the 

pre-miRNA, two RNase III domains, and a dsRBD.144 TRBP and PACT bind to the conserved 

interface on the surface of Dicer and, each containing three dsRBDs, are hypothesized to be 

functionally redundant however their roles in pre-miRNA have not been fully characterized.21 

Furthermore, TRBP was demonstrated to enhance stability of Dicer and is mediated by 

phosphorylation by extracellular-signal regulated kinase (Erk).145 Several studies have found that 

Dicer expression is regulated by multiple miRNAs binding to the 3’ UTR or coding region of Dicer 

mRNA including let-7 and miR-103/107.146,147 Interestingly, aberrant Dicer expression has been 

associated with various cancer phenotypes. For example, reduced expression of Dicer has been 
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observed in lung,148 breast,149 skin,150 and ovarian cancers.151,152 Additionally, Dicer was found to 

be overexpressed in prostate cancer153 and Burkitt’s lymphoma.154 Furthermore, mutations within 

the Dicer gene impacts embryogenesis, differentiation, and homeostasis and can lead to DICER1 

syndrome, a hereditary condition concomitant with benign and malignant tumors.155 Other RBDs 

can also impact Dicer-mediated processing of pre-miRNAs. The stem cell factor, LIN28, binds the 

loop of pre-let-7 and inhibits cleavage.156 Conversely, TAR DNA-binding protein-43 (TDP-43) 

was shown to specifically bind to the loop of pre-miR-143 and -547 as well as associate with the 

Dicer:TRBP complex in order to promote processing of these two miRNAs.157 Furthermore, a 

recent study utilizing 72 pre-miRNAs in a proteomics-based pull-down experiment identified ~180 

RBPs that interact specifically with a pre-miRNA, suggesting there may be additional proteins 

capable of regulating miRNA processing.158      

Other proteins involved in key steps of the miRNA biogenesis pathway are tightly 

regulated and are also prone to modifications that can lead to aberrant miRNA expression. A 

frameshift mutation in XPO5 results in a truncated protein that fails to form the ternary complex 

with RanGTP and the pre-miRNA resulting in nuclear retention of the pre-miRNA and reduced 

expression of the mature miRNA.159 Alterations in expression of XPO5 have been observed in 

various cancer phenotypes including increased expression in ovarian serous 

cystadenocarcinoma160 and glioblastoma,161 increased expression and genetic mutations in breast, 

prostate, and colon cancers,162 as well as frame shift mutations in human primary colorectal 

tumors.159 However, upstream signaling regulators of XPO5 and RanGTP have yet to be 

identified.163 Ago2 is also subject to a wide array of modifications. For example, type I collagen 

prolyl-4-hydroxylase [C-P4H(I)] has been shown to stabilize Ago2 via hydroxylation of proline 

700,164 particularly during hypoxia, leading to accumulation of Ago2 and subsequent increase in 
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miRNA levels.165 In one study, Ago2 was found to be polyubiquinated by E3 ligase mouse 

homolog of Lin-41 (mLin-41), a target of let-7 in differentiated cells, in embryonic stem cells 

(ESCs) and embryocarcinoma cell lines resulting in proteasomal degradation.166 However, more 

recent studies showed no change in Ago2 protein levels following depletion of mLin-41 in ESCs 

suggesting the E3 ligase may not play a critical role in regulating Ago2.167,168 Under stress 

conditions, Ago2 is subject to poly-ADP-ribosylation leading to a reduction in miRNA function.169 

Additionally, Ago2 activity can be regulated via phosphorylation of tryrosine-529 which reduces 

binding to small RNAs and relieves translational repression170 or tyrosine-393 which is mediated 

by EGFR and results in reduced binding of Dicer and subsequent processing of pre-miRNAs.171 

Similarly to XPO5, expression of the Ago2 gene is frequently found to be elevated in a variety of 

cancer phenotypes including breast invasive carcinoma, prostate adenocarcinoma, and colon and 

rectal adenocarcinoma.172  

In addition to miRNA biogenesis machinery, several other factors can act on the miRNA 

during processing leading to alterations in sequence identity, activity, and turnover. For example, 

adenosine deaminase acting on RNA (ADAR) converts adenosine to inosine (A-to-I) in a subset 

of pri-miRNAs, suppressing Drosha-mediated cleavage by reducing stability of the pri-miRNA.173 

A-to-I editing has also been shown to inhibit Dicer-mediated processing of the pre-miRNA,174 

loading into Ago2,175 and editing within the seed sequence of a miRNA can redirect the mature 

miRNA to a different set of mRNA target sequences.176,177 Posttranscriptional non-templated 3’ 

monoadenylation of miR-122 mediated by the poly(A) RNA polymerase germ line development-

2 (GLD2) stabilizes the miRNA in human hepatocytes178 as well as mouse livers and embryonic 

fibroblasts.179 In contrast, 3’ adenylation of miR-21 by poly(A) polymerase PAP-associated 

domain-containing protein 5 (PAPD5) leads to degradation of the miRNA. Furthermore, the effect 
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of non-templated nucleotide additions at the 3’ termini of miRNAs has been shown to be miRNA-

specific across tissue types, developmental stages, diseases, and species.180 While some turnover 

rates are tissue dependent—for example faster turnover for neuronal miRNAs compared to other 

tissues181—posttranscriptional modifications can also alter stability. For example, ‘tailing’ of the 

3’ terminus of Ago2-loaded miRNAs (i.e. extending the length of a miRNA via non-templated 

nucleotide addition) followed by ‘trimming’ can increase sequence complementarity between the 

miRNA and mRNA leading to nuclease degradation.110 Several other pathways that mediate 

miRNA turnover have been investigated,182 but studies to fully understand these mechanisms are 

ongoing.     

Taken together, miRNA function and biogenesis are mediated by a variety of tightly 

regulated pathways, many of which are still poorly understood. In addition to the implication of 

misregulated miRNAs in cancer and other diseases, this has prompted the development of new 

chemical tools for further investigation of their modes of action as well as the potential to perturb 

their function as new therapeutic approaches. 

1.2.2  Oligonucleotide-mediated Regulation of MicroRNA Function 

The discovery that miRNAs may play a central role in numerous disease states has 

prompted the development of several tools to modulate miRNA function. Furthermore, the 

potential to alter expression of multiple proteins in various pathways by targeting a single miRNA 

holds promise as a new therapeutic strategy. Current oligonucleotide-based approaches include: 1) 

relief of oncomiR-mediated translation repression of tumor suppressor genes via anti-miRNA 

oligonucleotides (AMOs); or 2) translational inhibition of oncogenes using miRNA mimics.183 

AMOs are a class of antisense oligonucleotides (ASOs) that function by hybridizing with full 
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complementarity to their target, thus inhibiting miRNA function.184 Undesirable properties of 

unmodified oligonucleotides in biological systems such as susceptibility to nuclease degradation, 

poor cellular uptake, limited bioavailability and pharmacokinetic properties, and poor binding 

affinity to target sequences has led to the development of chemically-modified AMOs in order to 

improve their therapeutic potential (Figure 1-3).185  

 

 

 

Figure 1-3 Structures of chemical modifications for AMOs 

non-modified deoxyribonucleic acid (DNA); phosphorothioate (PS)-modified DNA; 2’-O-alkyl-ribonucleic acid (R 

= methyl, methoxyethyl); 2’-fluoro-modified RNA; locked nucleic acid (LNA); peptide nucleic acid (PNA); 

gamma-modified PNA (γPNA; R = miniPEG); morpholino oligomer (MO) 

 

 

The first chemically-modified AMO to successfully inhibit miRNA function was a 2’-O-

methylated RNA oligonucleotide complementary to let-7 which led to a loss of let-7 phenotype in 

c. elegans larvae.186 Modification of the 2’ hydroxyl moiety inhibits nuclease degradation and 

enhances thermal stability of complementary hybridization.185 In a subsequent study, Krützfeldt 
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and co-workers developed new class of AMOs capable of modulating miRNA function in mice.187 

The new AMOs—termed ‘antagomirs’—bore the 2’-O-methyl modification in addition to 

phosphorothioate (PS) linkages in the backbone and a cholesterol moiety at the 3’ terminus. 

Cholesterol was incorporated to improve cellular uptake of the antagomirs188 while the PS-linkage 

(replacing a non-bridging oxygen with sulfur in the phosphodiester backbone) increases nuclease 

resistance as well as binding affinity to serum proteins, lengthening the time available for cellular 

uptake.185 While capable of increasing stability on their own, PS-linkages are often used in 

conjunction with nucleobase modifications, such as 2’-O-methyl, because they significantly 

reduce binding affinity to complementary oligonucleotide targets.189 Interestingly, while standard 

synthesis of PS-modified ASOs leads to a mixture of diastereomers, a recent study found that some 

stereopure PS-modified ASOs displayed improved pharmacological properties and efficacy in 

mice, suggesting PS stereochemistry may affect their utility in a clinical setting.190 Additional 

modifications have also been applied to the 2’ hydroxyl group including 2’-fluoro and 2’-O-

methoxyethyl (MOE),185 both of which have shown improved inhibition compared to the 2’-O-

methyl moiety.191 The 2’ oxygen can also be tethered to the 4’ oxygen via a methylene bridge 

generating a locked nucleic acid (LNA).185 The methylene bridge locks the ribose sugar in an ideal 

confirmation for Watson-Crick base-pairing and a single LNA substitution can increase the 

melting temperature of an oligonucleotide by up to 5-10 °C, enabling high binding affinity with 

shorter sequences. For example, treatment of Huh7 liver carcinoma cells with a 2’-O-methyl/LNA 

mixmer targeting miR-122 led to a dramatic reduction in miR-122 levels compared to the 

corresponding 2’-O-methyl AMO.192 Furthermore, 8-mer oligonucleotides comprised entirely of 

LNAs and a PS-backbone complementary to the seed regions of miR-21, miR-122, and let-7 were 

capable of inhibiting miRNA function in mice.193 
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While AMOs remain the predominant method for inhibiting miRNA function, similar 

oligonucleotide tools have also been developed. For example, ‘miRNA sponges’ are RNA 

transcripts bearing multiple complementary binding sites for a target miRNA that are transiently 

transfected and expressed in cells in order to sequester the miRNA of interest.194 The miRNA 

binding site on the miRNA sponge contains a single base mismatch such that a bulge forms at the 

Ago2 cleavage, inhibiting degradation of the transcript. Interestingly, recent studies have 

discovered competing endogenous RNAs (ceRNAs) proposed to have evolved to act as natural 

miRNA sponges to regulate miRNA function, however, the level of impact the ceRNA transcripts 

is still being investigated.195 In contrast to AMOs and miRNA sponges, miRNA-masking ASOs 

(‘miR-masks’) have been developed to bind the miRNA binding site of a target mRNA in order to 

inhibit function.196 miR-masks are ~22 nucleotide long, chemically-modified oligonucleotides that 

are fully complementary to a region within the 3’ UTR of a target mRNA containing: 1) part of 

the miRNA-binding site; and 2) a sequence unique to the gene of interest. This enables the miR-

mask to inhibit translational repression of a specific miRNA on a single gene of interest in contrast 

to AMOs and miRNA sponges which alter expression of all gene targets of a single miRNA.  

In order to restore function of tumor suppressor miRNAs, miRNA mimetic agents (‘miR-

mimics’) were developed.183 miR-mimics are chemically-modified RNA duplexes that can be 

loaded into RISC similar to endogenous miRNAs and subsequently bind target mRNAs to induce 

translational repression. The efficacy of miR-mimics has been demonstrated in in vitro and in vivo 

models,197-199 suggesting they may hold promise in novel therapeutic approaches. Additionally, 

miRNA overexpression vectors have been explored as an approach for miRNA replacement 

therapy, however, several shortcomings have prevented more widespread adoption of plasmid-

based tools as therapeutics.  
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While chemical modifications have improved binding affinity and nuclease resistance of 

oligonucleotides utilized in these approaches, they are still limited by poor bioavailability and 

cellular uptake. Furthermore, plasmid-based approaches including non-viral vectors exhibit poor 

delivery and viral vectors elicit induce immune responses.200 Modification of oligonucleotides at 

the 2’ hydroxyl position enables broad biodistribution, however, these nucleic acids tend to 

accumulate in the kidney and liver and most ASOs are not capable of crossing the blood-brain 

barrier.201 To improve cellular uptake, several delivery systems have been explored such as 

poly(lactide-co-glycolide) particles (PLGA),202 lipid emulsions,203 polyethylenimine,204 and 

dendrimerss205 Because the negatively-charged backbone renders naked oligonucleotides unable 

to cross the cell membrane206 the majority of these approaches incorporate a positively-charged 

component,207 however, the cationic charge can often lead to toxicity especially at the high 

concentrations required for AMOs to be efficacious.208,209 

As an alternative approach, neutral-charged oligonucleotides have been developed in order 

to improve cell uptake and bioavailability. For example, peptide nucleic acids (PNAs) are 

oligonucleotide analogs wherein the sugar-phosphate backbone has been replaced with an achiral 

backbone comprised of N-(2-aminoethyl)-glycine units, rendering it uncharged.210 PNAs display 

enhanced binding affinity for their target sequence compared to DNA and RNA and are resistant 

to nucleases, however, they possess low water solubility and exhibit only modest improvements 

in cellular uptake compared to negatively-charged oligonucleotides.211 Nevertheless, inhibition of 

miR-155 function in mice following injection with an anti-miR-155 PNA was shown to modulate 

expression of miR-155 target genes212 and led to a reduction in lymphoid tumors.213 More recently, 

PNA analogs substituted at the γ-position to adopt a pre-organized right-handed motif (γPNAs) 

have been demonstrated to inhibit miR-210 in a mouse HeLa xenograft model.214 The pre-ordered 
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helical structure of γPNAs increases its binding affinity for a complementary sequence, however 

they still suffer from poor cellular uptake. Similarly, morpholino oligomers (MOs) bearing a 

phosphorodiamidate backbone and six-membered morpholine ring in place of the sugar ring215 

have been used to inhibit miRNAs in zebrafish and Xenopus laevis .216-218 The modified backbone 

confers MOs with resistance to nuclease degradation and these oligomers display modest increases 

in binding affinity compared to DNA and RNA.219 Furthermore, delivery of MOs into mammalian 

cells remains difficult220 and clinical applications of both PNAs and MOs have been limited by 

rapid clearance from the blood stream via metabolism or excretion in urine.201   

1.2.2.1 Clinical Development of Oligonucleotide Therapeutics Against MicroRNAs 

In spite of the difficulties inherent to use of oligonucleotide therapeutics to treat disease 

discussed above, the development of new miRNA-targeted drugs has increased over the past 

decade. The potential to alter expression of multiple genes by manipulating the function of a single 

miRNA has prompted many pharmaceutical companies to develop miRNA-focused therapeutic 

strategies toward the treatment of several diseases. In fact, multiple oligonucleotide-based miRNA 

drugs are currently in pre-clinical or clinical trials (Figure 1-4).53,221 
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Figure 1-4 miRNA-targeted oligonucleotide therapies currently in development 

Adapted with permission from Nat. Rev. Drug Discov. 2017, 16(3) 203. Copyright 2017 Nature Publishing Group. 

 

 

Santaris Pharma-sponsored miravirsen, a 15 nucleotide phosphorothioate-modified 

LNA/DNA mixmer targeting miR-122, was the first miRNA-targeted drug to enter clinical trials 

as a therapy for treatment of HCV.222,223 miR-122 has been shown to stabilize HCV RNA via two 

binding sites within the 5’ untranslated region (5’ UTR).224 Preclinical studies in mice and African 

green monkeys demonstrated that miravirsen was capable of reducing serum cholesterol levels and 

reducing viral titers of HCV.222,223 In phase I clinical trials, miravirsen elicited dose-dependent 

pharmacological responses and did not induce any dose limiting toxicity. Encouraged by these 
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results, miravirsen was advanced into phase II clinical trials.225 In phase IIa trials, treatment with 

miravirsen led to a dose-dependent reduction in HCV load and four out of nine patients who 

received the highest dose tested had undetectable levels of serum HCV RNA. Furthermore, no 

mutations were observed within the miR-122 target sites suggesting the virus did not develop 

resistance to the drug over the five-week trial. The success of both phase I and IIa trials has 

prompted additional phase II trials to evaluate long-term effects of treatment with miravirsen as 

well as combination therapy.221 For example, studies have shown that chronic inhibition of miR-

122 function in mice led to an increase in steatohepatitis and hepatocellular carcinoma with 

age,226,227 suggesting there may be adverse long-term side effects with miravirsen treatment. 

Similarly, Regulus Therapeutics developed a N-acetyl-D-galactosamine (GalNAc)-conjugated 

oligonucleotide inhibitor of miR-122 for treatment of HCV infection and evaluated its efficacy in 

phase I and II clinical trials.228 GalNAc is a carbohydrate structure reported to enhance uptake of 

oligonucleotides in liver cells via binding to a hepatocyte-specific asialoglycoprotein receptor.229 

While RG-101 treatment reduced HCV viral load in phase I trials and showed promise as a 

combination therapy with direct-acting antivirals in phase II trials, the US FDA put trials on hold 

in 2016 due to multiple cases of jaundice in response to treatment.53Since then, Regulus has halted 

clinical development of RG-101 in addition to two other AMOs: 1) a similar GalNAc2-conjugated 

oligonucleotide targeting miR-103/107, RG-125, for the treatment of  non-alcoholic steatohepatitis 

(NASH); and 2) a non-conjugated oligonucleotide targeting miR-27, RGLS5040, for treatment of 

cholestatic disease.230 

In an analogous fashion, miRagen Therapeutics has developed several miRNA-based 

therapies which are currently in various stages of preclinical and clinical trials.221 For example, 

MRG-106 (cobomarsen) is an LNA anti-miR targeting miR-155 in recently initiated phase II 
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clinical trials for the treatment of cutaneous T-cell lymphoma (CTCL).231,232 Phase I clinical trial 

showed that MRG-106 was well tolerated in human patients with minimal side effects and reduced 

the size of cutaneous lesions associated with the disease.232 Similarly, the miR-92 inhibitor MRG-

110 was demonstrated to promote angiogenesis and wound healing in diabetic and non-diabetic 

mouse models233 and is currently being evaluated in phase I clinical trials for treatment of 

cardiovascular disease.234 

MRX34, developed by Mirna Therapeutics, was designed as a miR-34 mimic formulated 

within a NOV340 lipid nanoparticle carrier to serve as a replacement therapy in a variety of cancer 

phenotypes.235 The NOV340 nanoparticles become cationic within low pH environments, such as 

those in the tumor microenvironment, enabling them to adhere to tumor cells.236 Promising results 

in preclinical studies wherein treatment of mice with MRX34 accumulated in tumors and induced 

a reduction in tumor size prompted the investigation of the drug in phase I clinical trials for 

treatment of patients with liver cancer, lung cancer, lymphoma, melanoma, multiple myeloma, or 

renal carcinoma.237 Unfortunately, although initial phase I trial data was promising,238 239 immune-

related adverse events including three patient deaths prompted termination of clinical trials in 

2016.240  

Using a related approach, EnGeneIC and the Asbestos Diseases Research institute 

developed a miR-16 mimic encapsulated in EGFR-targeted nanocells for the treatment of 

malignant pleural mesothelioma, an asbestos-related cancer.241 An initial phase I study suggested 

the miR-16 formulation demonstrated an acceptable safety profile, however, administration of the 

mimic alone was not adequate for abrogation of the disease and future studies will focus on its 

efficacy in combination therapies.242 Similarly, Miragen recently advanced a miR-29 mimic 

(remlarsen) into phase II clinical trials for treatment of scleroderma243 after promising phase I and 



 26 

pre-clinical data showed it was well-tolerated in human patients and capable of reducing 

expression of various proteins involved in fibrous scar formation.244,245  

 

1.2.3  Discovery of Small Molecule Modulators of microRNA Function  

While recent successes of oligonucleotide approaches for miRNA therapeutics have shown 

some promise, several inherent limitations imposed on nucleic acid therapies may restrict their 

efficacy in the clinic. For example, limited stability in vivo has necessitated the use of chemically-

modified AMOs which are prone to promiscuous inhibition of other family members outside of 

the target miRNA via enhanced binding affinity for the seed region.246 These modifications have 

also been shown to elicit toxicity in vivo via induction of immunostimulatory responses and 

inhibition of coagulation.247 Additionally, while several strategies have been developed in order to 

improve delivery of oligonucleotide therapies, high doses are still required in order to ensure 

sufficient levels of the miRNA drugs reach the target tissue at an effective concentration.207 

Furthermore, antisense oligonucleotides and miRNA sponges are only capable of directly blocking 

their nucleic acid target.  

RNA is involved in many essential cellular functions, thus making it an attractive 

therapeutic target for modulation by small molecules.248,249 Despite being considered largely 

‘undruggable’, recent studies have identified small molecules targeting RNAs that adopt specific 

conformations, contain repeat sequences, or display three-way junctions.248-259 Limitations 

imposed by oligonucleotide-based therapies, together with recent success in targeting RNA and 

RNA-processing proteins with small molecules, has prompted the investigation and discovery of 

compounds that modulate nearly all stages of miRNA biogenesis (Figure 1-5). Small molecule 
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modulators of miRNA function display several advantages over oligonucleotides including: 1) 

improved cell permeability; 2) reversible regulation; 3) capability to induce dose-dependent 

phenotypic responses.260 Furthermore, small molecules generally have a low molecular weight 

(>800 Da) and possess ideal drug properties such as good solubility and bioavailability as well as 

desirable pharmacokinetic and pharmacodynamic properties.261 However, it is also important to 

note there are a few limitations associated with the development of small molecules capable of 

regulating miRNA function. Discovery of small molecule modulators of miRNA function requires 

high-throughput screening or rational design approaches to identify a hit compound, followed by 

confirmatory assays and structure-activity relationship (SAR) studies in order to optimize their 

activity. For example, while in vitro screening platforms and computational prediction approaches 

offer high-throughput capabilities and yield small molecules with high binding affinity for a target 

RNA, the hit compounds may not elicit biological activity in a cellular environment. Cell-based 

assays overcome this limitation to a certain extent, however, secondary assays are required to 

identify false positive hits and evaluate specificity and the protein targets of small molecules 

identified in these assays is often unknown. Taken together, small molecule modulators of miRNA 

function may serve as more promising drug candidates than oligonucleotide approaches because 

they are easier to deliver, cheaper to manufacture, and display an improved pharmacological 

profile. 
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Figure 1-5 Different modes of action of small molecule modifiers of miRNA function 

I) Inhibition of transcription. II) Inhibition of pri-miRNA processing. III) Direct binding to pre-miRNA, blocking 

further processing. IV) Inhibition of Dicer processing. V) Modulation of mature miRNA function via unknown 

mechanisms. 

 

1.2.3.1 MiRNA Inhibitors Discovered through Biochemical Assays 

The development of in vitro assays to monitor miRNA maturation has proven instrumental in 

the discovery of novel inhibitors of miRNA function (for an overview see Figure 1-6). Advantages of 

biochemical assays are a robust read-out, scalability for use in high-throughput screens, and the limited 

number of components that obviates target identification for hit compounds, as is frequently the case in 

cell-based phenotypic screens. Many in vitro assays that have been reported were designed to probe 

direct binding of small molecules to primary and precursor miRNAs or other protein machinery 

involved in miRNA biogenesis. A second group of assays has been constructed around monitoring the 

enzymatic function of the machinery involved in miRNA biogenesis. Taken together, these pursuits 

have led to the development of microarray platform assays, fluorescence-based assays, and more 

recently, catalytic chemiluminescence-based assays.  
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Figure 1-6 Structures of small molecule miRNA inhibitors identified through in vitro assays 

 

 

Microarray technology has provided an efficient approach to screen for specific ligand-RNA 

interactions in a high-throughput fashion.262 A typical microarray involves the covalent immobilization 

of a ligand library onto a glass slide, which is then incubated with a fluorescently labeled RNA molecule. 

Following washing steps, the molecules that bind and immobilize the labeled RNA can be identified 

using fluorescence imaging. Conveniently, the slides can also be re-probed with control 

oligonucleotides to identify interactions that provide specificity for the RNA of interest. As such, the 

high-throughput capability, design specificity, and robust fluorescence read-out renders microarrays a 

valuable approach for the identification of ligand-miRNA interactions. The first successful applications 

of microarray assays for the identification of miRNA inhibitors was the screening of peptoids263 and 
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peptides.264 Both peptoids and peptides are ideal for use in a microarray format because large, diverse 

libraries can be synthesized rapidly via automated systems and the ligands can be readily immobilized 

onto slides via the N- or C-termini.  A recent approach described by the Schneekloth lab utilized a small 

molecule microarray to identify low molecular weight compounds capable of directly binding to the 

precursor miR-21 (pre-miR-21) hairpin.265 A Cy5-labeled pre-miR-21 hairpin was incubated with a 

printed array of 20 000 small molecules, while a negative control, a Cy5-labeled HIV TAR hairpin, was 

employed to reveal non-specific interactions. The screen produced 19 hits, of which 11 were selected 

for additional binding assays. Initially, differential scanning fluorimetry was used as a qualitative 

approach to monitor the binding interaction between compound and RNA by measuring the melting 

temperature (Tm) of the pre-miR-21 hairpin in the presence and absence of compound, where changes 

in Tm indicate a direct interaction between the small molecule and the RNA. Of the 11 selected 

compounds, 1 and 2 (Figure 1-6) led to reductions in Tm indicating that small molecule binding to the 

RNA had a destabilizing effect on the hairpin structure. This mechanism is in contrast to many 

previously reported small molecule-RNA binding interactions, such as aminoglycosides,266 which 

typically stabilize the hairpin structure resulting in an increased Tm. To quantify these interactions and 

to provide equilibrium dissociation constants (Kd) for the two compounds, two orthogonal fluorescence 

titration assays were employed. A 1-aminopurine fluorescence titration assay resulted in Kd values of 

2.3 µM and 800 nM for compounds 1 and 2, respectively, while a fluorescence intensity assay produced 

similar results, with Kd values of 3.2 µM and 700 nM, respectively. Furthermore, both compounds 

demonstrated specificity for the pre-miR-21 hairpin and showed no binding to the negative control HIV 

TAR hairpin, however no negative control pre-miRNA hairpins, e.g., of similar sequence, were tested 

offering limited insight into miRNA specificity of compounds 1 and 2. Compound 1 was also 

investigated for its ability to inhibit Dicer processing in vitro and was found to abrogate Dicer-mediated 



 31 

cleavage of fluorophore labeled pre-miR-21 in a dose-dependent manner with an IC50 of <1 µM. The 

effect of 1 on other unrelated precursor miRNAs was not explored and the biological activity of either 

compound has not been confirmed in cells.  

To design a unique platform for probing RNA-motifs and chemical interactions simultaneously, 

the Disney lab developed a microarray-based two-dimensional combinatorial screening (2DCS) 

approach.267,268 Using 2DCS, both RNA motifs and ligands are varied and analyzed simultaneously to 

identify selective interactions between small molecules and specific RNA motifs. First, a collection of 

azide-bearing small molecules is immobilized onto an alkyne-modified agarose microarray slide. 

The immobilized library is then probed for binding to a 32P-labeled RNA library displaying a 

random 33 nucleotide internal loop pattern. Competitor RNA oligonucleotides are included to 

ensure that RNA-ligand interactions are confined to the random region, while competitor DNA 

oligonucleotides are added to ensure that the interactions are RNA-specific. After incubation and 

washing, the microarray slide is imaged using a phosphorimager and bound RNAs are excised 

from the agarose. The excised RNAs are then amplified and sequenced to determine the identity 

of the bound RNAs. In the original report, this approach was applied to determine RNA-binding 

preferences for four aminoglycosides, kanamycin A, tobramycin, neamine, and neomycin B. 

Disney’s results demonstrated that specific RNA motifs have discreet binding preferences between 

the aminoglycosides screened. Neomycin preferentially interacted with GA pairs, tobramycin 

preferred internal loops with GG pairs, kanamycin A preferred internal loops containing 

pyrimidine-pyrimidine pairs, and neamine preferred various internal loops, especially GA pairs. 

As a proof-of-concept, this innovative study demonstrated the robust and high-throughput 

capabilities of 2DCS. A large amount of RNA-ligand interaction data was produced using this 

two-dimensional approach, prompting the development of additional bioinformatics and statistical 
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analysis tools for larger screens. To meet this need and expand upon this technology, the Disney 

lab generated a more comprehensive discovery platform, which combines the screening approach 

of 2DCS with a method to statistically analyze selection data to identify and score RNA motif-

small molecule interactions. This approach, termed ‘Inforna’, was successfully applied to identify 

several small molecule miRNA inhibitors and is described in more detail below (Chapter 1.2.3.3). 

A critical limitation of the previously described small molecule microarray technologies is the 

requirement that the compounds be immobilized onto slides via a covalent tag. This requirement 

significantly restricts library diversity and accessibility, while also running the risk that covalent 

modification of the small molecule may render it inactive towards potential targets. To overcome this 

challenge, the Disney lab developed an approach termed ‘AbsorbArray’, which allows unmodified 

compound libraries to be non-covalently adhered onto the surface of microarray plates and probed for 

binding to RNA libraries in 2DCS fashion, as was described above with Inforna.269 They found that 

small molecules could be successfully absorbed onto hydrated agarose-coated surfaces and 

demonstrated that the molecules were retained following washing steps. To validate the platform, an 

Inforna screen was carried out using a library of 727 pharmacologically active compounds that have 

been used in human clinical trials to identify small molecules that can bind to the pre-miR-21 hairpin. 

Three topoisomerase inhibitors were identified to bind the adenosine bulge (A-bulge) in the Dicer site 

of pre-miR-21 with Kd values between 24-58 nM, while the most potent hit, compound 3 (Figure 1-6), 

also bound the uracil bulge (U-bulge) adjacent to the Dicer site with a Kd of 46 nM. Compound 3 

inhibited biogenesis of mature miR-21 in MDA-MB-231 breast cancer cells with an IC50 value of 1 µM, 

as revealed by quantitative reverse transcription polymerase chain reaction (RT-qPCR). As expected, 

inhibition of mature miR-21 was accompanied by an increase in pre-miR-21 levels, supporting a 

mechanism in which the compound inhibits Dicer processing of pre-miR-21. To determine the 
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selectivity of 3, nine additional miRNAs were quantified using RT-qPCR with only miR-21 showing a 

significant decrease in mature miRNA levels. Compound 3 was further shown to rescue expression of 

a miR-21 target, tumor suppressor phosphatase and tensin homolog (PTEN). Using a Boyden chamber 

assay, inhibition of miR-21 by 3 inhibited the invasive phenotype of MDA-MB-231 cells in a dose-

dependent fashion. To confirm that 3 binds pre-miR-21 in cells, a small molecule-RNA profiling 

approach called ‘Chem-CLIP’ was employed. The Chem-CLIP probe consists of the parent compound 

3 modified with a biotin and a chlorambucil crosslinking moiety capable of covalently modifying its 

cellular RNA targets.270 Cells were treated with the probe and the resulting conjugates were isolated by 

biotin capture followed by analysis by RT-qPCR. Indeed, the Chem-CLIP probe successfully enriched 

pre-miR-21 by >10-fold, confirming that 3 directly interacts with miR-21 in cells. Furthermore, Chem-

CLIP experiments using excess parent compound 3 demonstrated competitive inhibition of labeling in 

a dose-dependent manner. Lastly, to further probe the selectivity of 3, the Chem-CLIP approach was 

expanded to the nine additional miRNAs, which contain the same A-bulge RNA motif found in miR-

21 and targeted by 3. Only two miRNAs, let-7e and miR-25, exhibited binding, however, these 

interactions were not sufficient to reduce mature miRNA levels in cells. The authors believe the 

selectivity of 3 for miR-21 over the other miRNAs containing the same A-bulge may be due to the 

existence of the adjacent U-bulge, which is also capable of binding 3 and is only present in pre-miR-21. 

These results exemplify the promising potential that microarray-based screens have for identifying 

novel small molecule modulators of miRNA function and the development of AbsorbArray represents 

a significant solution to a well-known limitation of microarray technology. 

While these applications demonstrate advantages of microarray-based screens, they also 

highlight key limitations. For instance, the assay formats only monitor ligand-RNA interactions and do 

not assess the ability of compounds to inhibit miRNA maturation or function. In the approaches 
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highlighted above, many ligands were identified that were capable of binding to the RNA with high 

affinity, however, were unable to inhibit their function. The development of multiplexed microarray 

approaches that simultaneously monitor both ligand binding and perturbation of function may further 

facilitate identification of high-quality inhibitors. 

With the goal of identifying inhibitors capable of perturbing miRNA biogenesis,  

fluorescence resonance energy transfer (FRET) assays have been developed to identify small 

molecule inhibitors of miRNA maturation. The Arenz lab was the first to develop FRET assays 

using fluorophore labeled precursor miRNAs, similar to molecular beacons.271,272 Installation of a 

5’ fluorophore and a 3’ fluorescence quencher at the termini of a pre-miRNA hairpin enabled 

efficient FRET monitoring of Dicer-mediated cleavage. Importantly, this approach identifies 

compounds capable of inhibiting miRNA processing rather than identifying compounds that may 

merely bind the miRNA of interest. This technology has been extensively applied to identify and 

develop aminoglycoside derivatives as miRNA maturation inhibitors,273-276 however the broad 

RNA-binding ability of many aminoglycosides277 has hampered their ability to distinguish 

between different miRNA sequences, defining most aminoglycosides as non-specific inhibitors of 

miRNA biogenesis.276,278 Tailored FRET assays have also been developed for targeting specific 

miRNA-protein interactions, such as the approach developed by Hall et al. to identify inhibitors of 

the abnormal cell lineage protein 28 (LIN28)-pre-let-7 interaction.279 The LIN28 protein inhibits 

let-7 maturation via binding to pri- or pre-let-7 RNA, resulting in significant inhibition of Drosha- or 

Dicer-mediated processing.280 Utilizing a green fluorescent protein (GFP)-LIN28 fusion donor and 

a black-hole quencher (BHQ)-labeled pre-let-7 acceptor, Hall was able to detect inhibition of the 

LIN28-pre-let-7 interaction.279 Screening of 16,000 drug-like molecules led to the identification 

of 14 initial hits, which were subsequently subjected to a secondary luciferase reporter assay in 
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cells to confirm their activity. Indeed, 7 of the hit compounds demonstrated an increase in mature 

let-7, which corresponds to inhibition of the LIN28-pre-let-7 interaction. The small molecule 4 

was shown to directly bind LIN28 protein as its principal mechanism of action. Treatment of HeLa 

cells with 4 led to increased levels of let-7a, let-7g, and let-7f, while having no effect on a control 

miRNA, miR-15; however, additional miRNAs were not evaluated and thus the extent of 

selectivity is not yet known. Lastly, 4 inhibited proliferation and stem-like properties in several 

human cancer cell lines with IC50 values between 20 and 42 µM.  

In an alternative FRET approach, Park et al. employed unnatural amino acid mutagenesis 

to site-specifically fluorescently label the LIN28 protein.281 Compared to the approach by Hall, 

this design significantly improved FRET efficiency, imparted by placement of the donor and 

acceptor in optimal proximity to each other to obtain maximal overlap of the emission spectra of 

the donor and the absorption spectra of the acceptor. Indeed, FRET quenching efficiencies as high 

as 85% were obtained, marking a significant improvement over previous assays. Using this assay, 

the authors screened 4,500 drug-like compounds and identified the benzopyranylpyrazole 5 as a 

hit compound (Figure 1-6). Compound 5 elicited a dose-dependent increase in fluorescence in the 

FRET assay yielding an IC50 of 4 µM. Mechanism of action studies indicated that 5 directly binds 

LIN28 and inhibits the LIN28-let-7 interaction in JAR cells leading to increased levels of all let-7 

family miRNAs without affecting two control miRNAs, miR-20b and miR-214, as revealed by 

RT-qPCR. This increase in let-7 miRNA also decreased the endogenous levels of oncogenic target 

genes of let-7, including cellular myelocytomatosis (c-MYC), high mobility group AT-hook 2 

(HMGA2), and rat sarcoma viral oncogene homolog (RAS).  

As an alternative to FRET-based approaches, the Balasubramanian lab developed a high-

throughput fluorescence polarization (FP) assay to identify inhibitors of the LIN28-pre-let-7 
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interaction.282 Fluorophore-labeled pre-let-7 was titrated with varying concentrations of recombinant 

LIN28 in the presence of small molecules and FP was measured. After removing false positives and 

confirming activity through secondary assays, five of the confirmed hits were identified and subjected 

to an in vitro Dicer processing assay which revealed two compounds 6 and 7 (Figure 1-6) that were 

capable of rescuing pre-let-7 processing, demonstrating the ability to inhibit the LIN28-pre-let-7 

interaction in a productive fashion. Compound 6 was capable of fully rescuing Dicer processing of pre-

let-7 at a concentration of 20 µM, however these results were only demonstrated in vitro and the 

selectivity of the compound was not investigated. Also employing an FP-based approach, Kiriakidou et 

al. developed a screen to identify small molecule inhibitors of miRNA-RISC loading using 

tetramethylrhodamine (TAMRA)-labeled RNAs and recombinant human Ago2.283 Screening of small 

molecule collections identified aurintricarboxylic acid 8 (Figure 1-6) as an inhibitor of Ago2 loading 

with an IC50 of 470 nM. Furthermore, 8 inhibited siRNA function in cells and thus likely represents a 

general inhibitor of Ago2 loading. The ability of 8 to inhibit protein-nucleic acid interactions non-

discriminately has previously been established and explains its lack of selectivity.284 In a similar design, 

Sliz et al. used FAM-labeled pre-let-7 and recombinantly-expressed LIN28 protein to carry out a FP-

based high-throughput screen of 101 017 compounds. Of the compounds screened, six were found to 

inhibit LIN28-let-7 binding and impair LIN28-mediated let-7 oligouridylation. Inhibitors 9 and 10 

(Figure 1-6) blocked the LIN28-let-7 interaction with an IC50 of 2.5 µM and 7 µM, respectively. Using 

a heteronuclear single-quantum coherence (HSQC) approach, the authors identified that 9 interacted 

with the zinc-knuckle domain of LIN28, inducing significant perturbations and destabilizing its 

structure. Additionally, HSQC analysis and saturation transfer different spectroscopy revealed that 10 

binds to the cold shock domain of LIN28, inhibiting oligouridylation activity of LIN28 with an IC50 of 

27 µM. To test whether 10 was capable of inhibiting LIN28 function in cells, a dual luciferase reporter 
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assay containing eight tandem let-7 recognition sites in the 3’ UTR of Renilla luciferase was constructed 

and stably transduced into HeLa cells ectopically expressing LIN28A and LIN28B, two paralogs of 

LIN28 expressed in mammals. Indeed, compound 10 was capable of significantly reducing Renilla 

luciferase expression, demonstrating inhibition of LIN28 and activation of let-7 in cells. Supporting this 

finding, RT-qPCR analysis of let-7 family miRNAs in cells treated with 10 showed significant 

enhancement of all let-7 miRNA levels, while a control miRNA, miR16, showed little change in 

expression. The overall success of these approaches may point to the benefit of designing highly 

customized approaches to identifying inhibitors for a specific protein-RNA interaction, however the 

limited potential for translating these assays to additional protein-RNA targets should not be ignored 

and may require significant modification and optimization.  

As a unique approach to identify inhibitors of pre-miRNA processing, the Garner lab has 

developed an assay technology termed ‘cat-ELCCA’ (catalytic enzyme-linked click chemistry 

assay).285 In this assay, biotin-labeled pre-miRNAs containing a click chemistry handle (e.g., 

trans-cyclooctene) within the loop-region are immobilized onto streptavidin-coated microtiter 

plates. Treatment of the wells with Dicer in the absence of inhibitor results in Dicer-mediated 

cleavage of the loop-region, and loss of the click handle. However, in the presence of an inhibitor, 

Dicer function is blocked, and the click handle remains intact. Subsequent treatment with 

horseradish peroxidase (HRP) containing a complementary click chemistry reaction partner (e.g., 

tetrazine) results in efficient covalent labeling of the intact pre-miRNA and enables robust 

detection via catalytic HRP-based chemiluminescence signal amplification. To identify inhibitors 

with high substrate specificity, wells containing additional alternative pre-miRNAs can be 

analyzed in parallel to allow discrimination between general inhibitors and substrate-specific 

inhibitors. This assay design offers: (1) increased sensitivity and improved signal-to-noise ratios 
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due to signal amplification, (2) negligible compound fluorescence interference due to a 

luminescence read-out, and (3) a functional read-out identifying only ligands capable of inhibiting 

Dicer processing of the pre-miRNAs. As an implementation of this assay format, the Garner lab 

applied this approach to a two-dimensional screen identifying inhibitors of pre-miR-21 and pre-

let-7d Dicer processing.286 In total, 50,000 small molecules and 33,000 natural product extracts 

(NPE) were tested, with the small molecules producing 170 confirmed hits and the NPEs 

producing 47 confirmed hits. Comparing the hit lists from both pre-miR-21 and pre-let-7d against 

each another, the selectivity of the identified hits was examined. While most of the small molecule 

hits exhibited little to no selectivity for pre-miR-21 over pre-let-7d, several NPEs exhibited 

significant selectivity ratios skewed towards pre-miR-21. The authors are still following up on 

these NPEs, but they may contain promising candidates for selective inhibition of pre-miR-21 

processing. More recently, the Garner lab has also described an adaptation of the cat-ELCCA 

approach toward identification of small molecule inhibitors of the LIN28-pre-let-7d RNA protein 

interaction.287 In this assay, biotin-labeled LIN28 was immobilized on streptavidin-coated 

microtiter plates and bound with pre-let-7d bearing a trans-cyclooctene, which in turn was reacted 

with a tetrazine-modified HRP. This led to efficient and robust detection of the RNA-protein 

complex via a catalytic HRP-based chemiluminescence signal. However, in the presence of a small 

molecule inhibitor, protein-RNA complex formation is inhibited and no chemiluminescence signal 

is generated. Using this assay, a high-throughput screen was carried out with a total of 127,007 

small molecules screened at a concentration of 25 µM. Initially, 1,468 hits were identified and 

after follow-up confirmation screens including dose-response assays and Pan Assay Interference 

Compounds (PAINS) filtering to remove false positives attributed to chemical motifs that are 

notorious to be identified in screens without a defined and target-specific mode of action,288 20 
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hits were selected for further investigation. From these hits, two structurally similar compounds 

11 and 12 were identified that displayed dose-dependent activity in both the cat-ELCCA assay and 

an electrophoretic mobility shift assay. Furthermore, both compounds did not inhibit Dicer-

mediated processing of pre-let-7 nor an additional unrelated cat-ELCCA-based protein-protein 

interaction assay indicating that the compounds are specific for the LIN28-pre-let-7d interaction. 

While a brief structure-activity relationship (SAR) study was conducted in hopes of improving 

their potency, the use of these compounds in cells and the selectivity against other precursor 

miRNAs was not investigated. Thus, their potential use as chemical probes is still unknown. The 

application of cat-ELCCA for the identification of novel inhibitors of miRNAs appears promising 

and, as mentioned above, comes with several advantages over existing assay technologies.  

The use of in vitro assays to identify inhibitors of miRNA has proven successful via several 

approaches. While direct binding assays may benefit from high-throughput capabilities, they can often 

result in the identification of ligands that bind, but do not inhibit miRNA activity or miRNA maturation. 

On the other hand, while assays that directly monitor function tend to produce active inhibitors, 

obtaining high substrate specificity remains challenging. Future in vitro screening platforms should 

combine aspects of both direct binding assays and functional inhibition assays to identify more robust 

hits that have both strong efficacy and substrate specificity. Lastly, but importantly, inhibitors identified 

through in vitro assays run the risk of not eliciting biological activity in a cellular environment due to 

several factors, including cell permeability, stability, toxicity, as well as other biophysical and 

pharmacological determinants – which need to be evaluated separately.  
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1.2.3.2 MiRNA Inhibitors Discovered through Cell-Based Assays 

Cellular assays for the discovery of small molecule modulators of miRNA function and 

biogenesis have distinct advantages over biochemical screening approaches. For example, 

biochemical assays do not account for factors that may impact the efficacy of a potential hit 

compound in cells, such as toxicity, cell permeability, and stability. Furthermore, cell-based assays 

are not limited to known targets, but can be conducted in an unbiased way, thereby enabling the 

discovery of novel biological interactions and pathways. This section discusses the implementation 

of cell-based reporter assays for the discovery of small molecule modulators of miRNA function 

(Figure 1-7). 

  

 

 

Figure 1-7 Structures of small molecule modifiers of miRNA function identified in cell-based assays 
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In a typical cell-based assay approach, the miRNA target sequence (either a natural 

sequence or a full complement) is cloned downstream of a reporter gene, such as luciferase or 

GFP, thus placing expression of the reporter gene under repression by the endogenous miRNA 

(Figure 1-8A). Selection of appropriate secondary assays for validation of potential hit compounds 

is important to rule out false-positives, as can be the case with luciferase-based reporter 

systems,289-291 and to assist in determination of mechanisms of action. Additionally, because cell-

based assays only indirectly measure alterations in miRNA function or biogenesis, minor changes 

in activity may be muted resulting in potential hit compounds being overlooked. This is especially 

problematic in high-throughput screens where small molecules are commonly tested only at a 

single concentration. Cell-based reporter assays that result in an increase in signal, rather than a 

decrease, are more robust since the latter can possibly stem from compound-induced changes in 

cell health unrelated to reporter gene expression.  

 

 

 

Figure 1-8 Cell-based reporter assay design 

A miRNA target sequence is cloned in the 3’ UTR of a luciferase or EGFP reporter gene. A) Binding of a 

complementary miRNA to the target site results in repression of the reporter. B) Treatment with a small molecule 

inhibitor of miRNA function leads to an increase in reporter expression. C) Induction of miRNA expression or 

stabilization of miRNA function elicits further reduction in reporter expression. 
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Jin and co-workers utilized a HEK293 cell line expressing an enhanced green fluorescent 

protein (EGFP) reporter together with a stably expressed short hairpin RNA (shRNA) targeting 

the EGFP mRNA in order to identify small molecule modifiers of the RNA interference (RNAi) 

pathway (which shares many components with the miRNA pathway).292 Stable clones expressing 

low levels of EGFP, a consequence of efficient shRNA repression, were isolated to serve as a 

platform for the identification of small molecule modifiers of RNAi (Figure 1-8C). Following a 

screen of 2,000 compounds from the US Food and Drug Administration-approved compounds and 

natural products collection, 13 (Figure 1-7) was found to reduce EGFP expression, indicative of 

an enhancement in shRNA repression, with an EC50 of 30 µM. Additionally, treatment with 13 

improved RNAi-mediated inhibition of several additional genes in multiple cell lines suggesting 

it is a general enhancer of the RNAi pathway. A 2-fold increase in Ago2-associated siRNAs was 

observed following treatment with 13, suggesting a mechanism by which 13 enhances siRNA 

loading into RISC. Compound 13 also induced a 2-fold increase in the mature forms of 13 selected 

miRNAs, while decreasing their corresponding precursor and primary miRNAs, as shown by 

northern blot analysis. Further investigations into a potential mechanism of action including 

immunoprecipitation and siRNA knockdown experiments suggest that 13-mediated enhancement 

of RNAi is dependent on modulation of trans-activation-responsive region RNA-binding protein 

2 (TRBP), a critical component required for the formation of the RISC.293  

A follow-up study confirmed the binding interaction between 13 and TRBP and drew a 

correlation between the proposed interaction and the enhancement of tumor suppressor 

miRNAs.294 To expand upon these initial findings, the Jerónimo lab performed a comprehensive 

expression profiling study covering 742 miRNAs in prostate cancer cell lines following treatment 

with 13.295 They discovered that while >50% of miRNAs were upregulated in both LNCaP and 
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DU145 prostate cancer cells, decreased levels of several oncogenic miRNAs was also observed 

suggesting additional mechanisms of action to the 13-TRBP interaction. This discovery highlights 

the importance of evaluating a potential hit compound’s activity in the context of multiple miRNAs 

to develop a more complete picture of its mode of action. To assist in identifying additional cellular 

targets of 13, an affinity-based probe was developed.296 MCF-7 breast cancer cells were treated 

with the alkyne-modified probe, followed by pull-down with biotin-azide and streptavidin beads. 

Mass spectrometry analysis of the isolated proteins identified P-element induced wimpy testis 

(Piwi)-like RNA-mediated gene silencing 3 (PIWIL3), an AGO2 protein, to be the most abundant 

protein and likely target of 13. This was further supported when siRNA-mediated knockdown of 

PIWIL3 led to similar changes in both miRNA levels and cell proliferation as that of 13-treated 

cells.  

Maiti and co-workers developed a similar luciferase-based reporter plasmid by cloning the 

3’ UTR of programmed cell death protein 4 (PDCD4), a known target of miR-21,297 downstream 

of a luciferase gene to screen aminoglycosides as potential inhibitors of miR-21 (Figure 1-8B).298 

After transfection of the reporter into MCF-7 cells, 18 (Figure 1-7) was identified as the most 

potent miR-21 inhibitor among the 15 aminoglycosides screened eliciting a 1.4-fold increase in 

luminescence. Confirmatory transfection of a miR-21 antagomir may shed more light on how 

meaningful this increase is and provide much needed validation for the assay. Additionally, limited 

compound numbers and confining the screen to a single compound class limited diversity in this 

study and reduced chances of identifying inhibitors with desired characteristics. While the small 

increase in luminescence signal suggests that 18 is not a potent miRNA inhibitor, treatment with 

18 (5 µM) led to a ~90% reduction in miR-21 levels as observed by RT-qPCR. In addition to miR-

21, expression of nine other miRNAs was evaluated and while most of the miRNAs remained 
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unaffected, miR-27a was downregulated by ~60%. Western blot analysis showed that 18 led to a 

minor dose-dependent increase in PDCD4 expression while a structurally similar analog elicited 

no change. Binding of 18 to pre-miR-21 was confirmed through melting experiments and a 

docking study showed a consensus structure in which 18 forms several hydrogen bonds with 

residues between G28 and G44 in pre-miR-21. Because 18 is also known to bind the phosphate 

backbone of 16S ribosomal RNA (rRNA) in the 30S ribosomal subunit via hydrogen bonds with 

four nucleotides,299 it may be prone to promiscuous binding to other RNAs with similar sequence 

motifs limiting its potential as a biochemical probe or therapeutic. Incubation with 18 led to ~0.5-

fold reduced Dicer processing of pre-miR-21, while no effect on the processing of pre-miR-103 or 

-95 was observed, suggesting that the compound is not a general pre-miRNA inhibitor.  

The Chen lab developed a reporter plasmid to identify small molecule modifiers of miR-

34a function in HCC.300 miR-34a is a known tumor suppressor miRNA and has been implicated 

in cell-cycle regulation, differentiation, migration, invasion, and senescence.301 After confirming 

activity in HepG2 and Huh7 cells via co-transfection of a miR-34a mimic or antagomir, the miR-

34a reporter was utilized in a small molecule screen of 640 compounds from a natural product 

collection.300 Among the molecules screened, 22 (Figure 1-7), a plant chalcone derivative,302 

inhibited luciferase activity in a dose-dependent fashion with an IC50 of 4 µM. Furthermore, mature 

miR-34a levels increased by ~3- and ~2-fold in Huh7 and HepG2 cells, respectively, in the 

presence of 22 (10 µM). Under the same conditions, pri-miR-34a levels increased by ~4- and ~10-

fold. Conversely, mature and pri-miR-34a levels remained unchanged in Hep3B cells. A global 

analysis of miRNA expression showed that the small molecule affects numerous other miRNAs 

as well, suggesting the compound is not specific to miR-34a activation. The pre-therapeutic 

potential of 22 was evaluated in five hepatocyte cell lines and growth inhibition was observed in 
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HepG2, Bel-7404, Huh7, and PLC HCC cell lines, while the compound had no effect on cell 

growth of non-carcinogenic MIHA cells. In HepG2 xenografted mice, tumor growth was inhibited 

by up to 90% following treatment and 22 induced apoptosis and inhibited proliferation, further 

validating the therapeutic potential of small molecule modifiers of miRNA function.  

An analogous luciferase reporter assay for small molecule modulators of miR-4644 

function stably expressed in MCF-7 cells was employed in a screen of nine aza-flavanones. As 

mentioned above, utilizing a small compound library severely limits chemical diversity and may 

impede identification of lead compounds since hit rates from small molecule screens are typically 

low.303 Two compounds, 23 and 24 (Figure 1-7), elicited a 4-fold increase in luminescence at 4 

µM. Both compounds reduced mature and pri-miR-4644 levels by 20-25% but had no effect on 

miR-30a levels suggesting that the compounds were likely not general miRNA pathway inhibitors; 

however additional miRNAs would need to be screened to further elucidate specificity. The aza-

flavanones 23 and 24 reduced cell viability by 40% and were found to elicit G1 phase arrest. To 

evaluate the efficacy of the two hit compounds in vivo, a transgenic fly strain expressing a reporter 

construct with two copies of the miR-14 (a miR-4644 homolog) binding sequence in the 3’ UTR 

of an EGFP gene downstream under control of a tubulin promoter was developed. The reporter is 

primarily expressed in the wings and endogenous miR-14 suppresses expression of EGFP leading 

to reduced fluorescence. Treatment with 23 and 24 at 50 µM led to an increase in EGFP 

fluorescence due to miR-14 inhibition. Furthermore, western blot analysis demonstrated that EGFP 

expression was upregulated by ~2.5-fold and ~3-fold in the presence of 23 and 24, respectively. 

Because of the homology between the two miRNAs, 23 and 24 could be used to elucidate novel 

miR-4644 or miR-14 regulatory mechanisms in human cells or Drosophila melanogaster, while 

also shedding light on potential evolutionary links.  
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Following the identification of a universal miRNA activator from the photoreaction 

products of naphthalene-1,4-dione and acetylenes,304 Zhang and co-workers sought to employ a 

similar strategy towards discovery of selective miRNA-targeting small molecules.305 A series of 

photocycloaddition reactions between 2-methoxy-1,4-naphthalenequinone and substituted aryl 

acetylenes led to the generation of 10 analogs that were subsequently screened in parallel cell-

based assays utilizing luciferase reporters against miR-1, miR-214, miR-25, and miR-150, 

miRNAs that have been implicated in the development and proliferation of various diseases.306-309 

The small molecule 25 (10 µM; Figure 1-7) selectively inhibited miR-1, a myogenic miRNA 

(myomiR) that is enriched in cardiac and skeletal muscle and is implicated in muscle and heart 

development,310 leading to a ~7-fold increase in luminescence in C2C12 cells.305 RT-qPCR 

analysis showed that intracellular levels of miR-1 were reduced ~4-fold following treatment with 

25. A small SAR study of 15 analogs was performed, however, most analogs showed similar 

activity to 25 providing no further insight into important structural features required for miRNA 

inhibition.  

In a subsequent report, compound 25 was used to investigate cell signaling pathways 

downstream of miR-1 to better understand its role in myogenesis.311 After discovering that 

compound 25 inhibited differentiation and proliferation of C2C12 cells, expression of myoblast 

differentiation markers muscle creatine kinase (MCK), myosin heavy chain (MHC), and 

myoGenin were evaluated. All three transcripts were downregulated (up to 90%), while a 

proliferation marker, proliferating cell nuclear antigen (PCNA), showed no reduction. While 25 

was initially hypothesized to be selective for miR-1,305 it was found to inhibit myomiRs miR-133a 

and -206 eliciting 10-fold and 6-fold increases in luminescence in C2C12 cells transfected with 

their respective reporter plasmids – a similar response to the miR-1 reporter assay. Furthermore, 
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pri-miRNA levels of miR-1, miR-133a, and miR-206 were found to be downregulated by 60-90% 

indicating that the compound acts at the transcriptional or pre-transcriptional level and suggesting 

it may be a general regulator of myomiRs. To determine if 25 regulates myomiRs via myoblast 

determination protein (myoD), a major transcriptional regulator of myomiRs312 and regulator of 

cell differentiation,313  myoD expression levels were evaluated following compound treatment. 

Interestingly, while mRNA levels remained unchanged, myoD protein expression was found to be 

reduced suggesting that 25 inhibits myoD translation. The miRNAs miR-221 and miR-222 have 

been identified as inhibitors of myoD translation and treatment of C2C12 cells with compound 25 

led to 3-fold increases in miR-221/222 expression. Taken together, these results suggest an 

interesting mechanism of action by which compound 25 inhibits a regulatory pathway by inducing 

miR-221/222 expression, leading to repression of the transcription factor myoD, and subsequent 

downregulation of myomiRs.  

Similar to the reporter assay developed by the Maiti lab discussed above,298 Gorospe and 

co-workers developed a luciferase-based reporter assay system bearing the 3’ UTR of KRAS or 

HMGA2, oncoprotein targets of let-7,314,315 in order to further probe the mechanisms underlying 

let-7 biogenesis.316 An additional luciferase reporter containing two copies of let-7f 

complementary sequences was also constructed. Following co-transfection of the reporters with 

pre-let-7f or control miRNA into BG-1 or UCI-101 ovarian cancers cells for evaluation of activity, 

the plasmids containing KRAS or HMGA2 3’ UTRs elicited only limited reductions in 

luminescence, while the construct bearing complementary let-7 sequences showed almost 

complete loss of luminescence and thus was used for all subsequent assays. This suggests that in 

this case a fully complementary binding sequence is necessary in cell-based reporter assays to 

reach an optimal dynamic range. A luciferase assay performed after co-transfection of the 



 48 

luciferase reporter and precursors of nine let-7 miRNAs confirmed the plasmid was sufficient for 

examining overall let-7 expression levels in cells. A screen of the Screen-WellTM Kinase Inhibitor 

Library led to the identification of 10 compounds (2 activators and 8 inhibitors) that affected let-7 

function. The compounds elicited no activity in the presence of reporter constructs bearing target 

sites for five other miRNAs, indicating that the compounds were not general pathway inhibitors. 

However, a more comprehensive analysis of miRNA expression levels in response to treatment 

with the compounds should be employed to confirm specificity for let-7. Among the 10 hit 

compounds, 26 (Figure 1-7), a glycogen synthase kinase 3ß (GSK3ß) inhibitor, was found to 

induce let-7 expression, eliciting a 49% reduction in luminescence and was selected for follow-up 

experiments. Because p53 is known to be a downstream target of GSK3ß signaling,317 as well as 

a key transcription factor in let-7 biogenesis,318 Gorospe and co-workers hypothesized that 26 

induced let-7 levels in a p53-dependent mechanism. siRNA-mediated silencing of GSK3ß in p53 

null HCT-116 cells led to only a <20% reduction in luciferase activity of the let-7 reporter while 

silencing in wild type colon cancer cells led to a 40% reduction, suggesting that GSK3ß inhibits 

let-7 production by repressing p53. Because 26 inhibits several other kinases, its therapeutic 

potential may be limited, however, it holds promise as a chemical probe to better understand the 

interaction between GSK3ß and p53 as well as signaling networks upstream of let-7. 

While the majority of the reported cell-based reporter constructs utilize a single 

complementary miRNA sequence for activity, Lowry inserted 8 repeats of the let-7 target site in 

the 3’ UTR of a Renilla luciferase gene in a psiCHECK plasmid, hypothesizing that it would lead 

to a higher rate of mRNA degradation.319 Following stable expression of the construct in a 

Huh7.5.1 cell line, a high-throughput screen of 36,480 small molecules from commercial 

collections yielded 60 potential hit compounds. As an additional control to rule out potential 
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luciferase inhibitors, the parent psiCHECK plasmid bearing no miRNA target sequence was used. 

After confirming activity of 29 of the 60 potential hit compounds in the stable Huh7.5.1 cell line 

and ruling out false positive hits, several remaining compounds demonstrated variable effects on 

downstream targets. The 60 initial hit compounds were retested in a RT-qPCR experiment 

monitoring their effect on expression of HMGA2 mRNA in order to identify molecules that 

specifically and robustly inhibit the repressive function of let-7 on downstream targets. Treatment 

with compound 27 (Figure 1-7) elicited a reduction in HMGA2 levels by ~60%, and led to 

suppression of let-7 targets v-myc (myelocytomatosis viral related oncogene), neuroblastoma 

derived (NMYC) and insulin-like growth factor 2 mRNA-binding protein 2 (IMP2). Upon 

evaluation of the small molecule using SEA viewer structure-target prediction software,320 

phosphodiesterase 10A (PDE10) was identified as a potential target. Because PDE10 is known to 

regulate cyclic-AMP (cAMP), expression of the downstream target cAMP Responsive Element 

Binding protein (CREB) was monitored. Consistent with inhibition of PDE10 and a subsequent 

increase in cAMP signaling, compound 27 induced activation of phosphorylated CREB. In Huh7 

and TSU, 686, and UM-SSC-22B squamous cell carcinomas, treatment with 27 (1 µM) led to 

growth inhibition. Furthermore, compound 27 inhibited cell viability in several lung, liver, and 

AML cancer cell lines with a low IC50 of 0.1 µM.  

In contrast to the approaches described above, Min and co-workers developed a reporter 

assay system in which the miR-21, miR-31, miR-92a-1-3p, or miR-223-3p binding sequences were 

cloned into the 3’ UTR of a secreted alkaline phosphatase (SEAP) gene.321 Secreted reporter assays 

can be advantageous over other approaches as they enable monitoring of gene expression without 

the need for cell lysis, allowing for time-resolved studies and additional secondary assays to be 

performed on the same cells, such as RT-qPCR; however, secondary assays to account for small 
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molecules that may inhibit secretion of the reporter should also be included. Initial screening 

performed by co-transfecting a miRNA expression plasmid and a reporter plasmid for the miRNA 

of interest into HEK293T cells followed by treatment with compounds from an in-house library 

led to the identification of an active compound with an aminosulfonylarylisoxazole scaffold. 

Ectopic expression of miRNAs may lead to exclusion of proteins or other targets present in the 

normal regulatory pathway of the miRNA thereby potentially lowering the hit rate of a small 

molecule screen. Additionally, this system could lead to an increase in false positive hits because 

the mechanisms governing artificial upregulation of the miRNAs differs from the endogenous 

mechanisms. Inhibition of endogenous miR-31 as well as six other miRNAs by compound 28 

(Figure 1-7) was evaluated via RT-qPCR in A549 lung adenocarcinoma cells. Compound 28 was 

found to selectively inhibit miR-31 expression by ~50%. Treatment with 28 was also found to 

increase expression of downstream miR-31 targets serine/threonine kinase 40 (STK40) and early 

region 2 promoter binding factor (E2F) transcription factor 2 (E2F2) but had no effect on protein 

phosphatase 2 regulatory subunit B alpha (PPP2R2A) expression.  

Rather than relying on a reporter system to monitor changes in miRNA function, the 

Hwang lab directly measured miRNA expression levels via RT-qPCR following treatment with 

small molecules.322 After an initial screening of 8 miRNAs that target B-cell lymphoma 2 

(BCL2)/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3), a regulator of cardiac cell 

death,323 in hypoxic cardiomyocytes, it was determined that miR-182 was most effective at 

reducing expression of the protein following treatment with a miRNA mimic. In an effort to 

identify potential small molecules capable of inducing miR-182 expression to further investigate 

this interaction, compounds from an in-house library, including receptor agonists and antagonists, 

kinase inhibitors, and ion channel inhibitors and activators, were screened in hypoxic 
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cardiomyocytes followed by RT-qPCR analysis for changes in miR-182 levels. Among the small 

molecules screened, the GSK3ß inhibitor 26 (Figure 1-7) induced miR-182 expression by two-fold 

and inhibited expression of BNIP3 in hypoxic cardiomyocytes. Furthermore, treatment with 26 

reduced apoptosis by ~25% relative to a DMSO control and led to a decrease in the production of 

hypoxia-induced reactive oxygen species. The discovery that 26 induces expression of miR-182 

and let-7, as discussed above,316 may indicate that it is a non-specific enhancer of miRNAs or may 

reveal potential biological networks or gene regulatory pathways that link miR-182 and let-7. An 

SAR study of 9 derivatives to identify modifications that would enhance the ability of 26 to induce 

miR-182 expression led to the identification of an analog bearing a nitro substituent, which elicited 

a ~1.5-fold improvement in activity relative to the parent compound and was also shown to inhibit 

BNIP3 expression. To determine if miR-182 levels were increased via a ß-catenin-dependent 

pathway as a result of GSK3ß inhibition,324 miR-182 expression was examined in the presence of 

a ß-catenin inhibitor. Subsequent treatment with compound 26 led to an induction of miR-182 

suggesting that the GSK3ß/ß-catenin pathway is not an underlying mechanism of miR-182 

expression. Despite the lack of a clear correlation between GSK3ß and miR-182, the therapeutic 

potential of the analog 26 was evaluated in a rat ischemia-reperfusion (I/R) injury model. Delivery 

of a miR-182 mimic or compound 26 immediately after I/R injury led to a reduction in cardiac 

fibrosis,325 suggesting induction of miR-182 via small molecule treatment may hold therapeutic 

potential in the treatment of cardiovascular disease. 

Cell-based approaches have afforded the discovery of small molecule modulators of 

miRNAs from a variety of compound classes that may not have been identified through 

biochemical methods, since the presence of the entire miRNA biogenesis pathway, including 

upstream regulatory mechanisms, was required. The insertion of a miRNA target sequence in the 
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3’ UTR of a luciferase gene remains the most common reporter design as it provides high 

sensitivity and a positive readout (luminescence increase), which reduces false positive hits. 

Installation of a fully complementary binding sequence has been demonstrated to deliver improved 

dynamic range compared to the use of the 3’ UTR of a target gene, which may contain mismatches 

in the target site and increases background reporter activity. A key consideration in the use of 

luciferase as a reporter gene in cell-based assays is the necessity of employing secondary assays 

to rule out false positives, such as luciferase stabilizing molecules. Most of the compounds 

discovered act at the transcriptional level, pre-transcriptional level, or have no known mode of 

action. In order to better utilize these molecules as biological probes and potential therapeutics, 

future efforts should focus on identifying their protein targets.  

1.2.3.3 Computational and Rational Design Approaches to MiRNA Small Molecule 

Inhibitors 

Rational design of miRNA-targeting small molecules relies on structural information of 

both the target and the potential small molecule candidates.326 This is in stark contrast to traditional 

phenotypic screening assays where the mode of action of potential hit compounds is unknown, 

necessitating additional assays for target identification. The ability to computationally predict 

RNA secondary and tertiary motifs accurately from sequences affords an accelerated approach to 

small molecule drug design.327,328 However, the requirement for detailed structural information of 

a potential target can also be a limitation to rational drug design because structures of many 

disease-relevant RNAs still remain to be elucidated. Additionally, small molecule inhibitors that 

bind secondary RNA sequence motifs often display low micromolar binding affinity at best, 

rendering them less appealing as potential drug candidates. Here, reports involving clever rational 
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design and computational approaches to targeting miRNAs with small molecules (Figure 1-9) are 

being summarized.326  

 

 

 

Figure 1-9 Structures of small molecules identified through rational design and computational approaches 

 

 

The Disney lab developed a new approach for small molecule lead identification, termed 

Inforna, that integrates experimentally-determined RNA motif-small molecule interactions with 

an algorithm for scoring such interactions based on statistical analysis.249 The initial identification 

of RNA motif-small molecule interactions is carried out by 2DCS, as described above (Chapter 

1.2.3.1).267 Following selection of RNA motifs, these sequences are analyzed by SAR studies 

through sequencing (StARTS). StARTS is a statistical approach that enables identification of 

specific features in RNAs by comparing their rate of occurrence in a specific RNA to the rate of 

occurrence in the entire RNA library.329,330 Combination of 2DCS data and StARTS analysis 
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within the Inforna platform serves as a database that facilitates the identification of specific small 

molecule-miRNA pairs based upon tight binding interactions. 

The Inforna approach was utilized in the discovery of small molecules that bind the Dicer 

and Drosha sites in disease-relevant pre-miRNAs and pri-miRNAs, respectively.249 A compound 

set of 11 benzimidazoles and aminoglycosides, previously identified to bind RNAs,331,332 were 

screened against 794 RNA motifs. Compound 29 (Figure 1-9) targeted the Drosha cleavage site of 

pre-miR-96 and was predicted to have the highest affinity among the 29 small molecule-pre-

miRNA binding interactions identified through 2DCS and StARTS analysis, and thus was selected 

for further evaluation. In MCF-7 cells, compound 29 (40 µM) reduced the levels of mature miR-

96 by 90% and pre-miR-96 levels by 50% while eliciting a 2.5-fold increase in pri-miR-96 

expression, consistent with compound 29-mediated inhibition observed in an in vitro Drosha 

processing assay. pre-miR-96, pre-miR-182, and pre-miR-183 belong to a polycistronic miRNA 

cluster, and thus are transcriptionally co-regulated.333 Interestingly, 29 was found to specifically 

downregulate only miR-96 expression, while having no effect on mature miR-182 and miR-183 

levels, in good agreement with the hypothesis that 29 inhibits miR-96 by direct RNA binding and 

not by targeting of an upstream regulatory protein. Furthermore, RT-qPCR profiling of 149 

additional miRNAs following treatment with 29 revealed miR-96 to be the only downregulated 

target, however, transfection with a miR-96 antagomir led to more than 2.5-fold variations in the 

expression levels of 11 other miRNAs along with miR-96, suggesting 29 shows higher specificity 

towards miR-96 biogenesis. miR-96 is upregulated in cancer cells and is known to repress the pro-

apoptotic transcription factor Forkhead box protein O1 (FOXO1).334-336 Endogenous expression of 

FOXO1 increased 2.5-fold upon treatment with 29 (40 µM) in MCF-7 cells consistent with an 

increase in apoptosis detected via a TUNEL assay.  
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An additional bis-benzimidazole identified via Inforna to target a 11 nucleotide internal 

loop close to the Drosha site on pri-miR-96337 was conjugated to 29 by a peptoid backbone yielding 

the dimeric compound 30 (Figure 1-9), in an attempt to generate a more potent inhibitor. After 

optimizing the length of the peptoid backbone, compound 30 (with a spacer of 2 glycine units) 

was found to increase pri-miR-96 levels by ~2-fold while reducing pre- and miR-96 levels by 

almost 50% at a concentration of 50 nM, indicating that 30 maintains a high affinity for pri-miR-

96. Compound 30 binds pri-miR-96 with a Kd of 85 nM, a ~40-fold increase compared to 29, and 

elicited a reduction in mature miR-96 levels with an IC50 of 50 nM. FOXO1 levels increased 2-

fold, consistent with an 80% induction of apoptosis following treatment of MDA-MB-231 cells 

with 30 (50 nM). Furthermore, 30 (10 mg/kg) inhibited tumor growth in immunodeficient mice 

injected with MDA-MB-231 cells concurrent with changes in miR-96, pri-miR-96, and FOXO1 

levels. 

In contrast to 29 and 30338 binding the Drosha processing site of pre-miR-96, compound 

31 (Figure 1-9)  was identified via Inforna to bind the Dicer cleavage site on pre-miR-210 with a 

Kd of 200 nM. Inforna analysis identified 15 other miRNAs that contain motifs which can also 

bind to 31 with varying affinities, however, in a RT-qPCR analysis in MDA-MB-231 cells only 

miR-210 maturation was affected, as indicated by a ~50% reduction in mature miR-210 levels. 

miR-210 acts as a central regulator of hypoxic response in solid tumors339 by inhibiting the 

expression of glycerol-3-phosphate dehydrogenase 1-like enzyme (GPD1L) and subsequent 

repression of prolyl hydroxylase (PHD). Under normoxic conditions, PHD hydroxylates prolines 

on hypoxia-inducible factor 1-alpha (HIF-1α) leading to proteolytic degradation of HIF-1α.340 

However under hypoxic conditions, miR-210 is upregulated, inhibiting expression of GPD1L.339 

In MDA-MB-231 cells cultured under hypoxic conditions, miR-210 and HIF-1α protein levels 
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were upregulated by 15-fold and 10-fold, respectively, while GPD1L protein levels were decreased 

by 10-fold compared to cells cultured under normoxic conditions. Following treatment with 31 

(200 nM), HIF-1α expression levels were reduced by ~75% and GPD1L levels were increased 4-

fold. Immunodeficient mice injected with MDA-MB-231 cells displayed reduced tumor sizes upon 

treatment with 31 relative to untreated control, suggesting 31 may hold some therapeutic potential. 

As expected, RT-qPCR analysis of the resected tumor masses showed mature miR-210 and HIF-

1α levels decreased to ~10% and ~25% of levels in untreated controls, while GPD1L expression 

was doubled in 31-treated mice compared to untreated mice. 

Haga et al. employed Inforna to identify small molecule binders of a 11 nucleotide UU 

internal loop in pre-miR-544 and discovered 32 (Figure 1-9) to interact with the Dicer cleavage 

site.341 miR-544 was previously found to induce expression of Ataxia telangiectasia mutated 

(ATM) protein.342 Under hypoxic conditions, induction of ATM protein leads to reduced 

expression of mammalian target of rapamycin complex 1 (mTORC1), thereby restricting cell 

growth.343 Additionally, two potential miR-544 binding sites within the 3’-UTR of mTOR have 

been identified by a bioinformatics analysis.341 RT-qPCR analysis confirmed ATM and miR-544 

were upregulated while mTOR was downregulated under hypoxic conditions in MDA-MB-231 

and MCF-7 cells. Upon treatment with 32 (20 nM), miR-544 levels were reduced by 80%, with a 

corresponding reduction in ATM levels, while mTOR expression was increased 10-fold. Annexin 

V staining revealed that apoptosis (~70% of cells) in hypoxic MDA-MB-231 cells was more 

pronounced upon exposure to 32 compared to transfection of a miR-544 antagomir (~60% 

apoptotic cells). Furthermore, drug resistant MDA-MB-231 and MCF-7 cells were found to be 

sensitized to the chemotherapeutic agent 5-fluorouracil upon co-treatment with 32. Similar to 31 

discussed above, treatment of an immunodeficient mouse model with 32 (40 µM) led to decreases 
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in tumor size concurrent with reductions in expression levels of hypoxia-associated factors ATM 

and HIF-1α isolated from the excised tumors.  

Inforna was also utilized in the identification of a potential interaction between azido-

neomycin B 33 (Figure 1-9) and miR-525.344 Treatment with 33 (25 µM) decreased both mature 

and pre-miR-525 levels by 40% in HepG2, while pri-miR-525 levels were increased 2-fold, 

suggesting that 33 binds the Drosha site on pri-miR-525. The invasive and migratory properties of 

HCC cells is, in part, the result of zinc finger protein 395 (ZNF395) repression by miR-525.345 

Western blotting analysis showed a 2-fold increase in ZNF395 expression in HepG2 cells exposed 

to 33.344 Expression levels of 19 other miRNAs predicted to bind the ZNF395 3’ UTR were 

unaffected following treatment with 33;344 however, a previous study showed decreased levels of 

miR-517c, miR-518e, miR-519d, and miR-525 in response to 33,249 suggesting that while 33 is 

likely not a general miRNA pathway inhibitor it is not specific for miR-525.  

Targeting bulges with small molecules is advantageous compared to double-stranded base-

paired RNA due to a larger binding pocket and exposed unpaired nucleobase(s).251 Small 

molecules such as 2-acylamino-1,8-naphthyridine346 and N,N-bis(3-aminopropyl)-2,7-diamino-

1,8-naphthyridine (DANP)347,348 have been reported to bind a single purine or pyrimidine bulge 

via hydrogen bonding, mimicking natural base pairing interactions. Furthermore, molecular 

modeling of the RNA-DANP complex suggested π-π stacking interactions of DANP with the 

neighboring base pairs to be a stabilizing interaction in the B-form RNA duplex, but may be 

insufficient to promote binding to the A-form RNA duplex.349 The Nakatani lab developed the 

benzo-DANP 34 (Figure 1-9) to bind a single cytosine bulge near the Dicer cleavage site in pre-

miR-29a with the hypothesis that expansion to a three-ring system would enable formation of π-π 

stacking interactions and a similar hydrogen bond network as DANP but with improved binding 
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affinity. miR-29a is known to enhance invasion and cell migration in nasopharyngeal 

carcinoma.350 In vitro processing of pre-miR-29a by recombinant Dicer was reduced to ~50% in 

the presence of 34 (200 µM), with an IC50 of 70 µM. As expected, 34 (200 µM) did not 

significantly affect the Dicer processing of pre-miR-29a without the C-bulge. However, Hela cells 

exposed to 34 (100 µM) elicited a 2-fold increase in miR-29a levels, in stark contrast to previous 

examples of direct binding between small molecules and pre-miRNA.338,341 Additionally, 

expression levels of five other miRNAs (miR-21, miR-92a-1, miR-16-1, miR-15a and miR-34a) 

exhibited increased expression following treatment with 34. The authors rationalized that the high 

concentration of 34 elicited off target effects contributing to this unexpected result, but this was 

not experimentally confirmed.349 

miR-372 and miR-373, which share the same seed sequence, act as oncomiRs and are 

upregulated in gastric cancer, as well as testicular germ cell tumors, esophageal tumors, and 

thyroid adenomas.351-354 The Duca lab developed multimodal ligands which bind to the stem-loop 

region of pre-miR-372 and pre-miR-373 and inhibit Dicer processing.273 The ligands were based 

on two RNA-binding motifs: (1) an aminoglycoside that exhibits general high-affinity binding to 

the stem-loop region of RNAs355-358 and (2) an artificial nucleobase capable of forming specific 

Hoogsteen bond interactions, enabling formation of triplex structures with the double-stranded 

region of the pre-miRNA.359,360 In an analogous approach to that employed by other labs discussed 

above (Chapter 1.2.3.1), a FRET-based assay with a fluorophore (fluorescein) and quencher 

(dabcyl) on the 3’ and 5’ termini of pre-miR-372 was used to assess Dicer activity. Upon screening 

of just aminoglycosides, neomycin was found to completely inhibit Dicer cleavage at 250 µM and 

thus was selected for stem-loop binding. The multimodal ligands were synthesized by conjugating 

several artificial and natural nucleobases bearing alkynes to an azide-modified analog of 



 59 

neomycin. After screening the ligands in the FRET assay, 35 (Figure 1-9) was identified as the 

best inhibitor with an IC50 of 2 µM and a Kd of 16 nM. The artificial nucleobase in 35 is known to 

form three hydrogen bonds with the A-T base pair.361,362 Importantly, neomycin alone showed a 

dramatically higher IC50 of 125 µM and a Kd of 7.4 µM, highlighting the synergistic effect of both 

motifs on RNA binding.273 Both miR-372 and miR-373 are most highly upregulated in gastric 

cancers, while virtually undetectable in normal gastric epithelial cells. Additionally, these miRNAs 

repress the translation of large tumor suppressor 2 (LATS2), a serine-threonine kinase involved in 

cell cycle regulation.363 To evaluate the pre-therapeutic potential of 35, AGS gastric cancer cells 

overexpressing miR-372 and miR-373 were treated with the ligand at 100 µM. After 5 days, the 

cells exhibited dose-dependent growth inhibition, whereas no significant inhibition was observed 

in a neomycin control, suggesting cytostatic rather than cytotoxic effects. Immunolabeling of 

LATS2 protein in AGS cells after exposure to 35 (50 µM) for 5 days revealed LATS2 protein to 

be upregulated and localized in the nuclei and cytoplasm, due to reduction of miR-372 and miR-

373 levels. Furthermore, pri-miR-372 and pri-miR-373 levels remained almost unchanged in 35-

treated AGS cells suggesting the mode of action of 35 to be post-transcriptional. However, this 

result was not confirmed as mature miR-372 and miR-373 levels were not quantified in these cells. 

Additionally, treatment with the ligand led to down-regulation of miR-17-5p, miR-21, and miR-

200b, indicating the binding interaction between 35 and pre-miR-372/373 to be not specific.  

In addition to targeting the Dicer cleavage site, efforts have also been made towards 

identifying small molecule inhibitors of Ago2. The binding of the Ago2-mature miRNA complex 

to the 3’-UTR of a target mRNA proceeds with the solvent-exposed seed region (an 8-nucleotide 

region from the miRNA 5’ end) interacting with the mRNA as a rate-dependent step.364 The 

Schmidt lab reported a class of multimodal inhibitors consisting of a short peptide nucleic acid 
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(PNA) sequence complementary to the bases in the miR-122 seed region covalently attached to an 

AGO2 active site inhibitor.365 An in silico approach was adopted to identify a small molecule 

ligand for AGO2 by screening the ZINC fragment subset366 of 627,000 compounds against the 

AGO2 active site using genetic optimization for ligand docking (GOLD) software.367 GOLD 

predicts binding modes between ligands in various conformations and a target protein. The 

Chemscore piecewise linear potential (ChemPLP) function, an empirical fitness function that 

scores interactions between ligands and proteins by modeling steric complementarity between 

structures,368 was utilized to rank the interactions revealing 1-(4-phenoxybenzyl)guanidine as the 

most promising candidate. The GOLD program was also used to identify a tetrameric PNA 

sequence (TCAC) by superimposing the PNA onto the Ago2-miRNA bound structure.365,369 The 

N-acetylated-PNA sequence exhibited an IC50 of 1 µM, indicating that the tetrameric PNA alone 

was not sufficient for inhibition. However, when the identified Ago2 inhibitor and the PNA were 

combined, docking studies were unable to predict a plausible binding conformation, prompting 

evaluation of different linkers and heterocyclic motifs commonly found in medicinal chemistry.370 

The selected analogs were then synthesized and evaluated in an activity assay where the Ago2 

protein was incubated with the compounds, mature miR-122, and a fluorescently labeled anti-miR-

122 substrate. Cleavage products were then visualized by denaturing polyacrylamide gel 

electrophoresis (PAGE). Two inhibitors, 36 and 37 (Figure 1-9), exhibited an IC50 of 100 nM. The 

tetrameric PNA sequence was proposed to confer specificity to these inhibitors towards miR-122, 

however, their effect on other miRNAs was not investigated. Additionally, no cell-based assays 

were reported, which may be attributed to poor cellular uptake of PNAs. 
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The Zhang group developed an in silico screening method based on the tertiary structure 

of the Dicer binding site of pre-miR-21.371 The authors constructed a 3D model of the pre-miR-21 

by utilizing the MC-Fold/MC-Sym pipeline, a web-hosted service for prediction of RNA 

secondary and tertiary structures.372 The pipeline consists of two programs, MC-Fold and MC-

Sym, working in tandem. The RNA sequence is uploaded to MC-Fold, yielding a secondary 

structure that is directly fed into MC-Sym to generate the tertiary structure. Energy optimization 

was carried out on the RNA tertiary structure with TINKER molecular modeling software.373 The 

optimized RNA structure was then utilized in a molecular docking study using Autodock.371 A 

library of 1,990 structures from the NCI diversity database was virtually screened to reveal 48 

compounds with high binding affinity towards the Dicer binding site on pre-miR-21. Without 

performing in vitro Dicer processing or RNA binding assays, miR-21 inhibition in response to 

treatment with the top 5 compounds was directly evaluated in four human epithelial cancer cell 

lines (U87, LN229, SGC7901, and MCF-7). It is important to note that in silico predictive 

approaches are limited by the quality and amount of data provided to them, thus in vitro assays 

should be employed to confirm activity. Despite further validation beyond the virtual screen, 

compound 38 (30 µM; Figure 1-9) was identified as the most potent with ~50% inhibition of miR-

21 as determined by RT-qPCR.  Levels of 11 other miRNAs remained unchanged following 

treatment with 38, suggesting that 38 has specificity toward miR-21. To confirm that 38 inhibits 

pre-miR-21 processing, Dicer expression was inhibited in U87 and MCF-7 cells by siRNA 

treatment. Following siRNA knockdown of Dicer, miR-21 levels were decreased to ~50% and 

subsequent treatment with 38 did not affect miR-21 levels further, supporting that 38 binds to the 

Dicer cleavage site of pre-miR-21.371 Additionally, exposure to 38 (30 µM) led to increased 

expression levels of miR-21 targets, including phosphatase and tensin homolog (PTEN), PDCD4 
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and reversion-inducing-cysteine-rich protein with kazal motifs (RECK), however, no further pre-

therapeutic evaluation of 38 was performed.   

Taken together, rational design approaches have mainly targeted primary and precursor 

miRNAs, presumably due to the availability of more complex secondary structures for small 

molecule targeting. Although the approaches vary broadly, Drosha and Dicer cleavage sites in pri- 

and pre-miRNAs are attractive features for small molecule targeting due to the ease of high-

throughput screening and computational prediction of secondary motifs. However, rigorous 

biochemical and cell-based secondary assays need to be performed on potential hits to confirm 

predicted target specificity.   
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2.0 MicroRNA-122 

2.1 Introduction to MicroRNA-122 

MicroRNA-122 (miR-122), a liver-specific miRNA, comprises ~70% of the miRNAs in 

the liver374-376 with an estimated 120,000 copies per hepatocyte.377 The mature miR-122 sequence 

is highly conserved among vertebrates, highlighting its critical role in the liver.378 As such, its 

unsurprising that miR-122 is a key regulator in liver development, differentiation, homeostasis and 

function.379 Furthermore, miR-122 has been shown to regulate cholesterol and fatty acid 

metabolism in the adult liver and maintain systemic iron homeostasis.  

Expression of miR-122 is primarily driven by several liver-enriched transcription factors 

(LETFs) including hepatocyte nuclear factor 1c (HNF1α), HNF3β, HNF4α, HNF6, and 

CCAAT/enhancer-binding protein α (C/EBPα).380-382 LETF-mediated miR-122 expression is 

tightly regulated to maintain a balance between differentiation and proliferation of 

hepatocytes.381,382 Additionally, HNF6 and miR-122 were identified to form a positive feedback 

loop to stimulate hepatocyte differentiation.382 Circadian rhythms have also been shown to regulate 

expression of miR-122 via the transcriptional repressor, reverse erythroblastosis virus (REV-

ERB)α.383 Interestingly, while pri- and pre-miR-122 levels fluctuate during the day, mature miR-

122 levels remain constant. Germline development 2 (GLD2), a cytoplasmic poly(A) polymerase, 

has been shown to add a non-templated adenosine to the 3’ terminus of mature miR-122, enhancing 

its stability and contributing to its long half-life  of >24 h. Furthermore, expression levels of some 

miR-122 targets including receptor expressed in lymphoid tissues (RELT)-like protein 1 (Rell1), 

switch/sucrose non-fermentable (SWI/SNF)-related matrix associated actin-dependent regulator 
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of chromatin subfamily D member 1 (Smarcd1), and peroxisome proliferator-activated receptor 

(Ppar)β/δ have been shown to oscillate throughout the day, suggesting miR-122 displays circadian 

function. 

In the first indication that miR-122 plays a role in regulation of cholesterol metabolism, 

Krützfeldt and co-workers found that treatment of mice with a 2’-O-Me-, PS-, and cholesterol-

modified antagomir targeting miR-122 led to a 40% reduction in serum cholesterol levels 

concomitant with a decrease in expression of several genes associated with cholesterol synthesis 

and transport including 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR), 7-

dehydrocholesterol reductase (DHCR7), mevalonate kinase (MVK), 3-hydroxy-3-methylglutaryl-

coenzyme A synthase 1 (HMGCS1), and farnesyl diphosphate synthetase (FDPS).187 Analogously, 

using a 2’-O-MOE- and PS-modified AMO, Esau and co-workers observed a reduction in fatty 

acid and cholesterol synthesis rates and an increase in 5’ adenosine monophosphate-activated 

protein kinase (AMPK), suggesting anti-miR-122 directed therapeutics may be effective in 

treatment of fatty liver disease.384  Similar results have been demonstrated using LNA-modified 

AMOs targeting miR-122 in non-human primates.223 

Given its critical roles in maintenance of liver homeostasis and differentiation, it’s 

unsurprising that dysregulation of miR-122 has be implicated in the progression and onset of 

several liver-associated diseases. For example, reduced expression of miR-122 has been found in 

human patients with non-alcoholic steatohepatitis (NASH),385 a fatty liver disease associated with 

accumulation of intracytoplasmic lipids as triglycerides, inflammation, hepatocellular ballooning, 

and fibrosis.386 Interestingly, increases in expression of miR-122 targets associated with 

triglyceride biosynthesis (e.g. 1-acylglycerol-3-phosphate O-acyltransferases [AGPATs]1 and 

3/9),227 inflammatory cell recruitment (e.g., C-C motif chemokine ligand 2 [CCL2]),387 and 
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profibrogenic transcription factors (e.g., krueppel-like factor 6 [KLF6] and transforming growth 

factor beta [TGFβ])226 are concomitant with depletion of miR-122 levels, suggesting miR-122 

maintains an environment that prevents NASH development. Furthermore, NASH has been shown 

to progress to cirrhosis and hepatocellular carcinoma (HCC).386 Reduced miR-122 expression is 

often associated with poor prognosis and metastasis of HCC and several miR-122 targets 

implicated in tumorigenesis including cyclin G1, a disintegrin and metalloprotease (ADAM)10, 

insulin-like growth factor-1 receptor (IGF1R), serum response factor (SRF), and 

wingless/integrated (Wnt)1 have been demonstrated to play a role in hepatocarcinogenesis,388 

suggesting miR-122 is a tumor suppressor. Germline knockout (KO) or liver-specific knockout 

(LKO) of miR-122 in mice exhibited normal development compared to wildtype mice, but 

developed HCC with age with an incidence of 89% or 23% in male and female KO mice, 

respectively, and 50% or 10% in male and female LKO mice, respectively.226,227 Treatment of a 

MYC-driven mouse model of HCC with a miR-122 mimic led to a reduction in tumor size further 

supporting its role as a tumor suppressor miRNA.227 

Importantly, miR-122 is an essential component for the replication of the hepatitis C virus 

(HCV) in human liver cells.389-394 Long-term HCV infection accounts for ~30% of liver transplants 

annually in the U.S. and can lead to development of hepatocellular carcinoma.395 Furthermore, the 

CDC found that new cases of HCV infection have tripled in the U.S. over the last five years396 and 

the World Health Organization estimates a global incidence rate of 23.7 per 100,000 people as of 

2015.397 HCV is a single-stranded RNA virus in which the genome encoding the viral polyprotein 

is flanked by 5’ and 3’ UTRs.398 The 5’ UTR is conserved across viral genotypes and contains 

essential structures for genome replication and translation.399,400 Furthermore, the 5’ UTR harbors 

two complementary miR-122 binding sites, and miR-122 has been shown to be required for HCV 



 66 

replication.389 In addition to protecting HCV RNA from degradation, miR-122 has been proposed 

to induce internal ribosomal entry site (IRES) translation,401 stabilize the viral genome,402 and 

stimulate translation,403 suggesting that miR-122 is a promising target for the treatment of HCV. 

Current antiviral therapies target viral proteins required for various steps throughout the HCV life 

cycle including: I) viral entry;404 II) protease-mediated polyprotein processing;405 III) RNA 

replication;406-408 and IV) virion assembly (Figure 2-1).408 However, HCV often becomes resistant 

to treatment with a single direct-acting antiviral agent, prompting the use of co-therapeutic 

regimens prone to increased toxicity and reduced efficacy due to drug-drug interactions.409 As 

such, targeting miR-122 for antiviral treatment represents an attractive therapeutic approach, in 

particular since function of a host component is removed and no direct selection pressure is placed 

on the virus. 
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Figure 2-1 HCV life cycle 

Current direct-active antiviral agents for treatment of HCV infection target proteins involved in (I) viral entry; (II) 

polyprotein processing; (III) RNA replication; and (IV) virion assembly. Here, we are reporting small molecule-

mediated inhibition of miR-122 impairing HCV RNA replication. 

 

2.2 Discovery of Small Molecule Regulators of miR-122 Function 

A cell-based luciferase reporter plasmid was developed by the Deiters lab in order to 

identify small molecule modifiers of miR-122 function.410 In contrast to the miR-21 reporter cell 

line (described in Chapter 3.2 below),411 the miR-122 reporter bears a second luciferase gene not 

under control of any miRNA. Use of a constitutively active internal control in cell-based reporter 

assays accounts for experimental variations including cell number, transfection efficiency, and cell 

viability. Transfection of the reporter plasmid into Huh7 hepatocellular carcinoma (HCC) cells, 
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which overexpress miR-122,384 led to a >90% reduction in luciferase activity compared to miR-

122 deficient HeLa cells.412 Furthermore, co-transfection with a miR-122 antagomir led to an 

increase in luciferase signal indicating the reporter was amenable for discovery of miR-122 

inhibitors. A pilot screen of 1,364 small molecules from the National Cancer Institute (NCI) 

Diversity Set II410 yielded compounds 19 and 20 (Figure 1-7) which induced a 7.7- and 12.5-fold 

increase in luminescence, respectively (similar to the response observed through antagomir 

transfection). Additionally, amonafide (21) (Figure 1-7) was found to be a miR-122 activator, 

eliciting a 7-fold reduction in luminescence. After verifying that the compounds did not inhibit 

miR-21 in HeLa-miR21 cells,411 SAR studies were performed for 19, 20, and 21. Unfortunately, 

none of the structural modifications led to an improvement in activity relative to the parent 

molecules. EC50 values of 3 µM and 0.6 µM were observed for compounds 19 and 20, respectively, 

while 21 elicited an IC50 of 3 µM. Treatment with compounds 19 and 20 led to 45% and 72% 

reductions in mature miR-122 levels and 78% and 97% reductions in pri-miR-122 levels, 

respectively, while treatment with 41 induced a 4-fold increase of both mature and pri-miR-122 

levels. Taken together, these results suggest that all three compounds perturb miR-122 function by 

acting at the transcriptional or pre-transcriptional level. The psiCHECK-miR122 reporter was also 

converted into a stable cell line that is amenable to high-throughput screening.413 miR-122 has 

been implicated in the hepatitis C virus (HCV) replication cycle414 and long-term HCV infection 

may contribute to development of HCC.395 To this end, compounds 19 and 20 were evaluated for 

their ability to inhibit HCV replication in Huh7 cells and both were found to reduce HCV RNA 

levels by almost 50%. In HCC, miR-122 is frequently down-regulated and has been found to 

inactivate caspase-3.415 Treatment of HepG2 liver cancer cells with 21 led to an 80% reduction in 

cell viability coinciding with a 20-fold increase in caspase-3/7 in contrast to Huh7 cells in which 
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more modest responses were observed, suggesting the activator may have therapeutic potential 

towards selective treatment of HCC via induction of miR-122. Amonafide is a topoisomerase II 

inhibitor416 currently in Phase III clinical trials as a combination therapy towards the treatment of 

acute myeloid leukemia (AML).417 Interestingly, several other known chemotherapeutics have also 

been shown to elicit changes in miRNA expression patterns including cisplatin,418 5-fluorouracil, 

rituximab,419 bortezomib, perifosine, retinoic acid,420 and decitabine.421,422 Furthermore, the 

Disney lab recently demonstrated that several topoisomerase inhibitors were capable of binding 

pre-miR-21 as described above.269 Taken together, these reports suggest that regulation of miRNA 

expression may be a secondary mode of action for these drugs and could also play a role in their 

therapeutic effects.  

In an approach to continue exploring the therapeutic potential of 20, the Yao lab generated 

mesoporous silica nanoparticles coated in a peptide for simultaneous cellular uptake of the small 

molecule and a miR-122 antagomir.423 Treatment of Huh7 cells with the nanoparticles led to a 

~20% greater reduction in miR-122 levels relative to 20 or miR-122 antagomir alone, confirming 

the system could be used for controlled release of oligonucleotides and small molecules. 

2.3 Sulfonamide Inhibitors of miR-122 

Following the identification of the parent compound 39, a structure-activity relationship 

study was initiated to improve the potency of 39 and to better understand the chemical 

functionalities required for its activity. For preparing the analogs, a modular synthetic approach 

was adopted and 39 was altered on two parts:  the benzenesulfonyl and the imidazole. Substituting 

the 4-methylimidazole with a dimethylamine (40) or an ethylamine group (41) resulted in a 
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significant loss in activity. Drastic reductions in activity were also observed when replacing the 4-

methylimidazole with a structurally similar pyrrole (42), 3-methylpyrrole (43), 4-methylpyrazole 

(44), or 3-methylpyrazole (45), indicating the importance of the imidazole motif.  

We next studied the requirement of the methyl group itself through substitution of 4-

methylimidazole with an imidazole (46), 4-phenylimidazole (47), or 4-nitroimidazole (48). 

Removal of the methyl group or replacement with the phenyl group resulted in a large decrease in 

activity while the nitro group elicited a more modest reduction. Virtually complete loss of activity 

was also observed for 2-ethyl- (49) or 4,5-dichloro-imidazole (50) modifications. Further 

substitutions of the imidazole by more sterically demanding benzimidazole (51) and indole (52) 

motifs also led to a decrease in activity compared to 39, again indicating the importance of a small 

4-methylimidazole (Table 1).  

 

Table 1 Structures and activity of derivatives 39-52 

aRLU values represent Renilla luciferase luminescence signal in the Huh7-miR122 stable cell line and are first 

normalized to firefly luciferase (dual reporter system) and then normalized to the activity of the original hit compound 

39. Synthesis was performed by Rohan Kumbhare. 

bIn vitro Renilla luciferase data are normalized to DMSO. 

cpsiCHECK-empty assay data are normalized to DMSO. Data for all assays represents the average ± standard deviation 

from at least three independent experiments. 

 

compound chemical structure 
primary screen 

(RLU)a 

Renilla luciferase 

assayb 

psiCHECK-empty 

assayc 

39 

 

100 ± 3% 80% 127% 
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Table 1 (continued) 

 

compound chemical structure 
primary screen 

(RLU)a 

Renilla luciferase 

assayb 

psiCHECK-empty 

assayc 

40 

 

42 ± 3% -- -- 

41 

 

42 ± 3% -- -- 

42 

 

29 ± 1% -- -- 

43 

 

57 ± 4% 87% -- 

44 

 

32 ± 1% -- -- 

45 

 

44 ± 1% -- -- 

46 

 

33 ± 4% -- -- 

47 

 

35 ± 1% -- -- 

48 

 

61.1 ± 0.4% 67% -- 

49 

 

40 ± 1% -- -- 

50 

 

4 ± 1% -- -- 

51 

 

75 ± 3% 45% -- 

52 

 

55 ± 1% 94% -- 
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Focusing our attention on the benzenesulfonyl moiety, a series of analogs were synthesized 

keeping the 4-methylimidazole constant. Replacing the isopropyl group with a hydrogen (53) or a 

methyl (54) abrogated activity. The rotationally-restricted 1,2,3,4-tetrahydronaphthamidyl analog 

(55) also showed a significant loss in activity. Furthermore, O-ethyl (56) and O-propargyl (57) 

analogs elicited reduced activity (Table 2).         

 

Table 2 Structures and activity of derivatives 53-57 

aRLU values represent Renilla luciferase luminescence signal in the Huh7-miR122 stable cell line and are first 

normalized to firefly luciferase (dual reporter system) and then normalized to the activity of the original hit compound 

39. Synthesis was performed by Rohan Kumbhare. 

bIn vitro Renilla luciferase data are normalized to DMSO. 

cpsiCHECK-empty assay data are normalized to DMSO. Data for all assays represents the average ± standard deviation 

from at least three independent experiments. 

 

compound chemical structure 
primary screen 

(RLU)a 

Renilla luciferase 

assayb 

psiCHECK-empty 

assayc 

53 

 

24 ± 3% 80% -- 

54 

 

32 ± 5% -- -- 

55 

 

33.3 ± 0.5% -- -- 

56 

 

74 ± 10% 70% -- 

57 

 

50 ± 3% 97% -- 
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It was recently reported that sulfonamide derivatives and many other small molecule 

inhibitors may be prone to increasing the Renilla luciferase concentration in cells via ligand-based 

stabilization, and possibly creating false-positive hits in high-throughput screens.424 Conversely, 

biochemical evaluation of the same inhibitors causes a significant decrease in luciferase signal. 

Thus, the analogues that elicited 50% activity of the parent compound 39 in the initial screen 

were tested in a biochemical Renilla luciferase (Rluc) assay. Here, 48, 51, and 56 induced ≥30% 

decrease in Renilla luminescence, while analogs 39, 52, and 57 only showed modest enzyme 

inhibition. To further validate the specificity of these inhibitors for acting through the miRNA 

pathway, Huh7 cells were transfected with the psiCHECK-empty reporter (where the miR-122 

binding site was replaced with a linker not targeted by any known miRNAs) and exposed to each 

analog at 10 µM for 48 h. The parent compound 39 induced a 27% increase in the psiCHECK-

empty assay, consistent with Rluc inhibition observed in the in vitro assay (Table 1).  

A complete scaffold change of the imidazole motif was also investigated. A series of 

analogs with pyridin-2-amines and anilines were synthesized. Both the unsubstituted pyridine ring 

(58) and methylation at the 2-position (59) showed 89% activity relative to the parent compound, 

while 3-methyl-pyridin-2-amine (60) elicited a significant increase in activity. Aniline (61) and 2-

methylaniline (62) analogs showed a reduction in activity. Unfortunately, when assessed in the in 

vitro Rluc assay, 58-60 induced significant reductions in luminescence signal indicating they did 

not display enhanced miRNA-122 inhibition activity (Table 3).  
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Table 3 Structures and activity of derivatives 58-62 

aRLU values represent Renilla luciferase luminescence signal in the Huh7-miR122 stable cell line and are first 

normalized to firefly luciferase (dual reporter system) and then normalized to the activity of the original hit compound 

39. Synthesis was performed by Rohan Kumbhare. 

bIn vitro Renilla luciferase data are normalized to DMSO. 

cpsiCHECK-empty assay data are normalized to DMSO. Data for all assays represents the average ± standard deviation 

from at least three independent experiments. 

 

compound chemical structure 
primary screen 

(RLU)a 

Renilla luciferase 

assayb 

psiCHECK-empty 

assayc 

58 

 

88 ± 1% 8% -- 

59 

 

89 ± 11% 2% -- 

60 

 

135 ± 4% 17% -- 

61 

 

47 ± 3% -- -- 

62 

 

32 ± 3% -- -- 

 

 

The next modification made was methylation of the secondary amine in the sulfonamide. 

On inspecting in vitro Renilla luciferase assay data and analogs bearing imidazole and pyrazole 

motifs, we hypothesized that a tertiary sulfonamide would be important for minimizing Rluc 

inhibition, because secondary sulfonamides form a subset of Rluc inhibitors.425 In order to convert 

58-60 to the tertiary sulfonamides 63-65, these analogs were N-methylated to minimize further 

steric perturbation that might have had a negative impact on miR-122 inhibition. Compound 63 

S

O

O

H
N

O
N

S

O

O

H
N

O
N

S

O

O

H
N

O
N

S

O

O

H
N

O

S

O

O

H
N

O



 75 

showed a modest reduction in activity, while 64 elicited a 7% increase compared to the parent 

compound. Unfortunately, 65 induced a disappointing 64% activity relative to 1, but all three 

compounds showed no Rluc inhibition supporting our hypothesis (Table 4). Gratifyingly, 

replacement of the pyridine moiety in 64 and 65 with a benzene ring in compounds 66 and 67 

yielded 104% and 122% activity, respectively. Compound 66 showed no Rluc inhibition, while 

20% inhibition was observed with 67. Methylation of the aniline ring at the para position (68) 

yielded a modest decrease in activity compared to 39, while 2,3-dimethyl- (69) and 2,5-dimethyl- 

(70) aniline derivatives showed 80% activity relative to the parent compound. Unfortunately, while 

68-70 showed no inhibition in the in vitro assay, all three compounds displayed >200% activity in 

the psiCHECK-empty assay, indicating that they increase luciferase activity by non-miRNA 

dependent mechanisms in cells. Furthermore, compounds 64 and 66 showed little to no inhibition 

in the psiCHECK-empty assay, consistent with Rluc inhibition observed in the in vitro assay 

(Table 4).  

  

Table 4 Structures and activity of derivatives 63-71 

aRLU values represent Renilla luciferase luminescence signal in the Huh7-miR122 stable cell line and are first 

normalized to firefly luciferase (dual reporter system) and then normalized to the activity of the original hit compound 

39. Synthesis was performed by Rohan Kumbhare. 

bIn vitro Renilla luciferase data are normalized to DMSO. 

cpsiCHECK-empty assay data are normalized to DMSO. Data for all assays represents the average ± standard deviation 

from at least three independent experiments. 

 

compound chemical structure 
primary screen 

(RLU)a 

Renilla luciferase 

assayb 

psiCHECK-empty 

assayc 

63 

 

89 ± 4% 100% 88% 
S

O

O

N
O
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Table 4 (continued) 

 

compound chemical structure 
primary screen 

(RLU)a 

Renilla luciferase 

assayb 

psiCHECK-empty 

assayc 

64 

 

107 ± 1% 100% 117% 

65 

 

64 ± 12% 100% 87% 

66 

 

104 ± 7% 100% 90% 

67 

 

122 ± 1% 78% 103% 

68 

 

82 ± 1% 100% 218% 

69 

 

80 ± 4% 93% 225% 

70 

 

77 ± 1% 100% 245% 

71 

 

580 ± 25% 102% 178% 

 

 

While 64 and 66 exhibited an excellent activity profile, poor solubility of the inhibitors 

presented a limitation of potential applications in animal studies. Because compound 66 elicited 

less of a response in the psiCHECK-empty assay, analog 71 (Table 4), bearing a 5-phenyl-1H-

tetrazol moiety, was investigated. Installation of a carboxylic acid or corresponding bioisostere, 

such as tetrazol, has been shown to enhance the water solubility of small molecules.426 
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Unfortunately, water solubility of compound 71 did not improve. This is somewhat unsurprising, 

because structural analysis of 66 and 71 using ChemDraw Professional software (PerkinElmer) 

predicted CLogP values of 2.81 and 4.07, respectively, suggesting installation of the tetrazol 

moiety may not yield a dramatic increase in water solubility. Interestingly, the analog induced an 

unexpected increase in luciferase signal compared to compound 39 and 66 and elicited no 

inhibition in the in vitro Rluc assay. However, 71 induced an 80% increase in luminescence in the 

psiCHECK-empty assay compared to DMSO suggesting it is capable of activating luciferase in 

cells through an unknown mechanism (Table 4).  

 The best analogs identified through structural modifications of 39, were tested in dose-response 

in Huh7-miR122 cells. The inhibitor 66 elicited an EC50 of ~11 µM (Figure 2-2A) while analog 

71 showed an improved EC50 value of ~4 µM (Figure 2-2B). The inhibitors 66 and 71 were further 

investigated in RT-qPCR experiments measuring mature miRNA levels. Huh7 cells were exposed 

to a DMSO control (0.1%) or to the inhibitors at 25 µM for 48 h, total RNA was isolated using the 

miRNeasy kit (Qiagen), and RT-qPCR was performed in triplicate using TaqMan probes for miR-

122 and RNU19 (control). The data were  then normalized to the DMSO and RNU19 controls 

using the 2-∆∆Ct method.427 Compound 66 exhibited a 38% decrease in miR-122 levels while analog 71 

elicited an 87% reduction in miR-122 expression, concomitant with their relative activity in the primary 

screen (Figure 2-3A). 
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Figure 2-2 Further evaluation of miR-122 inhibition by lead molecules 66 and 71 

A) An EC50 of ~12.5 µM was observed for inhibitor 66. B) Compound 71 elicited an EC50 of ~3.8 µM.  All data is 

normalized to DMSO and error represents standard deviations of three independent experiments.  

 

 

In order to begin elucidating the mode of action of inhibitors 66 and 71, several preliminary 

experiments were performed. A HeLa cell line that stably expresses a miR-21 reporter428 was used 

to further confirm that the compounds are not general inhibitors of the miRNA pathway, since no 

increase in luciferase signal was observed (Figure 2-3B). To investigate downstream effects of 

these inhibitors, expression of E-cadherin, a downstream effector of known target miR-122 target 

Wnt1,429 was monitored in Huh7 cells following treatment with the 66 and 71. Endogenous E-

cadherin levels are high in Huh7 cells due to Wnt1 repression by miR-122. Thus, treatment with a 

small molecule inhibitor was expected to show a decrease in E-cadherin expression as a result of 

its effect on direct targets of miR-122. Treatment with DMSO alone elicited no inhibition of E-

cadherin expression as expected, whereas modest reductions in E-cadherin expression were 

observed upon treatment with 66 and 71, indicating suppression of the protein via miR-122-

mediated induction of Wnt1 (Figure 2-3C). Pri-miR-122 expression was assessed by RT-qPCR to 
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determine if these compounds inhibited miR-122 transcription. The miR-122 inhibitor 28 (25 µM) 

elicited up to a 35% decrease in pri-miR-122 expression (Figure 2-3D) while 33 induced a more 

potent 67% reduction, suggesting that both small molecules affect transcriptional or pre-

transcriptional regulation, rather than downstream steps of the miRNA pathway.  

 

 

 

Figure 2-3 Evalution of specificity of 66 and 71 

A) Mature miR-122 levels in Huh7 cells were evaluated via RT-qPCR following 48 h treatment with compounds 66 

and 71 (25 µM). Expression of miR-122 was normalized to a DMSO control. RNU19 expression was used as an 

internal control. B) Bright-Glo assay performed on HeLa-miR21 reporter cells after 48 h treatment with 66 and 71 (10 

µM). Luminescence was normalized to DMSO (control). C) miR-122 inhibits Wnt1, thereby releaving its repression 

of E-cadherin. E-cadherin expression was assessed in Huh7 cells via western blot following treatment with 66 (25 

µM) or 71 (10 µM) for 48 h. GAPDH expression was monitored as control. D) Primary miR-122 levels were evaluated 

via RT-qPCR in Huh7 cells following 48 h treatment with compounds 66 and 71 (25 µM). Expression of pri-miR-122 

was normalized to a DMSO control. GAPDH expression was used an interal control. Data represent the averages ± 

standard deviations from three independent experiments. 
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To investigate the possibility of targeting miR-122 transcription and related proteins, a 

reporter plasmid in which a firefly luciferase gene was placed under the control of the miR-122 

promoter was developed (Figure 2-4A).430 Briefly, the miR-122 promoter sequence was PCR 

amplified from Huh7 genomic DNA and ligated into a multi-cloning site upstream of the firefly 

luciferase gene in the pGL3-basic plasmid. As expected, almost no luminescence was observed 

for the control pGL3-basic reporter, while a significant level of luciferase expression was detected 

in Huh7 cells transfected with pGL3-miR122promoter (Figure 2-4C). Treatment with the small 

molecule inhibitors 66 and 71 led to a reduction in miR-122 promoter activity (Figure 2-4B), 

consistent with the also observed decrease in pri-miR-122 levels.               
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Figure 2-4 miR-122 promoter assay 

A) Individual transcription factor binding sites within the miR-122 promoter sequence were mutated or deleted to 

attempt to identify the potential transcription factor target 66 and 71. of Huh7 cells were treated with 66 and 71 at 25 

µM following transfection with the pGL3-miR122 promoter plasmid. B) Huh7 cells were transfected with the parent 

reporter plasmid or reporter plasmids in which transcription factor binding sites were mutated/deleted, then treated 

with compounds 66 and 71 at 25 µM. C) Huh7 cells were transfected with pGL3-basic or pGL3-miR122 promoter 

plasmid. D) Transcription factor binding sites were deleted within the miR-122 promoter sequence. The resulting 

reporter plasmids were transfected into Huh7 cells. Luciferase activity was evaluated in all assays after 48 h using a 

Bright-Glo Assay. All data are normalized to DMSO and represent the averages ± standard deviations from three 

independent experiments. 
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After confirming that 66 and 71 inhibited the activity of the miR-122 promoter, a more 

detailed study was performed to possibly identify the primary transcription factor target. Liver-

enriched transcription factors, HNF1α, HNF3β, HNF4α, and HNF6 have been reported to regulate 

miR-122 transcription.381,382,430 Additionally, the AP-1 transcription factor was predicted to bind 

to the miR-122 promoter.431,432 In order to study the effect of 66 and 71 on each individual 

transcription factor, reporter plasmids was developed in which a single transcription factor binding 

site in the miR-122 promoter sequence was mutated or deleted while the remaining binding sites 

were maintained. Because there is overlap between the HNF1α and HNF3β binding sequences,381 

only a single mutant plasmid was generated for both. The mutated miR-122 promoter constructs 

were individually tested in Huh7 cells. All mutated constructs showed significant reductions in 

luciferase activity compared to the parent reporter (Figure 2-4D), suggesting that the interactions 

between the transcription factors and their corresponding promoters were abrogated by the 

introduction of mutations. As expected, mutation of the HNF1α/HNF3β and HNF4α binding sites 

led to a 70% and 60% decrease in promoter activity respectively, indicating these transcription 

factors significantly contribute to miR-122 expression.381 AP-1 and HNF6 mutants elicited only 

30% reductions in activity. While the modest impact of HNF6 on miR-122 promoter activity 

reflects previous results,382 we have found no reports demonstrating the effect of AP-1 on miR-

122. Following transfection of HNF1α/HNF3β, HNF6, and AP-1 mutants and subsequent 

treatment with 66 and 71, up to 20% further reduction in luciferase activity was observed, 

indicating that the compounds are still able to inhibit transcription (Figure 2-4B). However, in 

combination with the HNF4α, mutant, 66 and 71 showed 20% and 32% less inhibition, 

respectively, compared with the parent construct, indicating that they may have an effect on the 

function of this transcription factor (Figure 2-4B). Furthermore, small molecules bearing a similar 
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sulfonamide scaffold have been reported to bind HNF4α and inhibit its function, providing further 

support for this hypothesis.433,434  

Antisense oligonucleotide-mediated knockdown of miR-122 has previously been shown to 

inhibit HCV replication.435,436 Additionally, combination treatment of human liver cells stably 

expressing HCV replicons with an anti-miR-122 oligonucleotide and interferon-α2b resulted in 

additive antiviral activity.437 Binding of miR-122 to the 5’ terminus protects the HCV viral genome 

from degradation by the exonuclease Xrn1, thereby stabilizing HCV RNA (Figure 2-5A).438,439 

Several additional mechanisms for miR-122-mediated promotion of HCV replication have also 

been proposed. For example, the 48S ribosomal complex association is enhanced in the presence 

of miR-122 in rabbit reticulocyte lysate suggesting a potential mechanism for miR-122-mediated 

regulation of translation;401 however, conflicting results support an alternative mechanism 

whereby miR-122 promotes translation independently of ribosome binding by binding 

downstream of the IRES and altering its structure.440 A recent study also found that mutations 

within the IRES led to reductions in RNA core protein expression and viral RNA accumulation.441 

Furthermore, it has been hypothesized that miR-122 displaces cellular factors essential for viral 

translation, such as poly(rC) binding protein 2 (PCBP2), thereby shifting viral RNA from a 

translating pool to a replicating pool and enhancing viral replication.403 This also suggests miR-

122 may promote or inhibit interactions with additional RNA-binding proteins. Additionally, miR-

122 was proposed to augment positive-strand RNA synthesis by displacing the positive strand 

from the 3’ terminus of the negative strand to be used as a template.399 Finally, miR-122 been 

shown to stabilize HCV RNA and enhance RNA synthesis in association with Ago2,442 potentially 

through recruitment of viral RNA to replication complexes,443 however, the latter mechanism is 

not completely understood. Because compounds 66 and 71 were able to inhibit miR-122 function, 
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both compounds were investigated for their effect on HCV replication. Huh7.5 cells were pre-

treated with 66 and 71 (10 µM) or DMSO (negative control) for one hour, then infected with HCV. 

After 48 h, total RNA was extracted, and HCV RNA was analyzed via RT-qPCR. Inhibitors 66 

and 71 elicited an 88% and 90% reduction in viral RNA expression, respectively (Figure 2-5B), 

suggesting they may be promising candidates for HCV therapies. Furthermore, Huh7 cells treated 

with 66 or 71 for 48 h showed no reduction in cell viability at 10 or 25 µM, indicating it is capable 

of inhibiting miR-122 without toxicity (Figure 2-5C).    

 

 

 

Figure 2-5 Therapeutic potential of 66 and 71 

A) Proposed mechanisms of miR-122-mediated regulation of HCV. B) Huh7.5 cells were pre-treated with 66 and 71 

at 10 µM, then infected with HCV. After 48 h, RT-qPCR was performed to evaluate HCV replication. Relative 

expression of HCV RNA for small molecule treated cells was normalized to a DMSO control and 18S ribosomal RNA 

expression. C) Huh7 cells were treated with 66 or 71 for 48 h, then an XTT assay was performed to evaluate cell 
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viability. All data is normalized to DMSO and data represent the averages ± standard deviations from three 

independent experiments. Data were  generated by Yasmine Baktash at University of Chicago. 

 

2.3.1  Summary and Outlook 

In summary, a new bis-arylsulfonamide class of small molecule miR-122 inhibitors was 

identified from a high-throughput screen of >300,000 compounds. Several analogs were evaluated 

in comprehensive structure-activity relationship studies, demonstrating that 5-isopropyl, 2-

methoxy, and 4-methyl groups on the central benzene ring were important for miR-122 inhibitory 

activity. Replacement of the imidazole moiety led to the identification of several pyridine and 

aniline derivatives with excellent activity. Unfortunately, many of these compounds were also 

identified as false-positives due to direct inhibition of the Renilla luciferase enzyme and thus its 

stabilization in cells through small molecule binding. By implementing a series of secondary 

assays to evaluate Renilla luciferase activity in the presence of potential hit compounds, we 

established that a tertiary sulfonamide moiety was required to prevent luciferase inhibition – a 

concept that may be generally applicable to other sulfonamides identified in screens using Renilla 

luciferase reporters. The miRNA inhibitor 66 was found to selectively induce downregulation of 

miR-122 in the Huh7-miR122 reporter cell line, while having no effect on Renilla luciferase 

activity in either biochemical or cell-based control experiment. Furthermore, 66 did not inhibit 

miR-21 in the HeLa-miR21 reporter cell line, indicating that it is not a general inhibitor of the 

miRNA pathway. In an attempt to improve aqueous solubility of 66, we synthesized the analog 

71. Unfortunately, 66, and several other analogs that we synthesized (not shown), did not improve 

water solubility; however, the inhibitor displayed further increased activity. Western blot analysis 
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confirmed that the inhibitors were capable of reducing expression of E-cadherin by relieving 

translational repression of Wnt1 via miR-122 inhibition. Compounds 66 and 71 were shown to 

reduce cellular miR-122 levels to 62% and 13% at 25 µM as a result of inhibiting pri-miR-122 

transcription, since pri-miR-122 levels were reduced as well. This is further supported by the 

observed inhibitory effects of the two compounds in a miR-122 native promoter assay. Moreover, 

deletion of individual transcription factor recognition sites within the miR-122 gene promoter 

sequence led to the discovery that compounds 66 and 71 decrease miR-122 expression presumably 

by inhibiting HNF4α-driven promoter activity. Since these small molecule inhibitors act at the 

transcriptional level, they may be useful probes for the regulation of miR-122 expression. Most 

importantly, both miR-122 inhibitors 66 and 71 blocked viral HCV RNA replication in human 

liver cells by ~90%, indicating they may have therapeutic potential in the treatment of HCV 

infection.  

Future work should focus on further evaluating HNF4α as a potential target of 66 and 71. 

Specifically, known small molecule inhibitors of HNF4α should be investigated in the miR-122 

reporter assay as well as the miR-122 promoter assay. Additionally, experiments such as 

electrophoretic mobility shift assay (EMSA) or fluorescence polarization should be performed 

with inhibitors 66 and 71 in combination with the recombinant protein to investigate whether a 

direct binding interaction occurs.  

2.3.2  Materials and Methods 

Cell culture. Experiments were performed using Huh7 and HeLa-miR21410 cell lines cultured in 

Dulbecco’s Modified Eagle Medium (DMEM; Hyclone) supplemented with 10% (v/v) Fetal 

Bovine Serum (FBS; Sigma Aldrich) and 1% (v/v) P/S and maintained at 37 °C in a 5% CO2 
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atmosphere. Huh7-miR122 cells444 were cultured in DMEM (Hyclone) supplemented with 10% 

(v/v) FBS (Sigma Aldrich) and 500 µg/ml of G418 (Sigma Aldrich) and maintained at 37 °C in a 

5% CO2 atmosphere. Experiments were performed in the absence of penicillin-streptomycin. 

 

Compound handling. Compound stocks were prepared by dissolving solid compound (4-5 mg) 

in an appropriate volume of syringe filtered (0.2 µm filter) DMSO. Initial stocks were typically 

diluted to 50 – 100 mM depending on the solubility limit, then further diluted as needed. Stock 

solutions were distributed in 10 – 20 µl aliquots and stored at -20 °C until use. Freeze/thaw cycles 

were limited to no more than 15 per aliquot.445 Concentrated stocks were monitored for 

precipitation following long term storage and were redissolved by briefly heating on a 95 °C heat 

block when necessary. All compounds were characterized by 1H NMR and HRMS prior to 

evaluation in biological assays. Purity of compounds was periodically evaluated (once every 6-12 

months) via LC-MS. If compounds were redissolved by heating, LC-MS was performed on the 

sample to ensure integrity of the stock prior to use in biological assays.  

For treatment of cells in a 96-well plate format, 2 µl of a DMSO stock (1000x[final]) was diluted 

in  48 µl of growth media (penicillin/streptomycin-free) in a 96-well plate and mixed by pipetting 

up and down. Then 5 µl of the diluted compound was added to cells in 195 µl of growth media. 

For treatment of cells in a 384-well format, 6 µl of the DMSO stock (1000x[final]) was diluted in 

69 µl of growth media (penicillin/streptomycin-free) in a 384-well plate and mixed by pipetting 

up and down with a multichannel pipette. Subsequently, 10 µl of the initial dilution was mixed 

with 70 µl of growth media in a separate well for each condition. Lastly, 5 µl of the second media 

dilution was added directly to cells in 45 µl of growth media.  
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Assay for small-molecule inhibitors of miR-122. Small molecule screens were carried out using 

our previously described Huh7-miR122 reporter cell line (a stably transfected cell line expressing 

a miR-122 binding sequence in the 3’ UTR of a Renilla luciferase gene).444 Cells were seeded at 

15,000 cells per well in white, clear-bottom, 96-well plates (VWR). Following overnight 

incubation, cells were treated with compound at the desired concentration in 0.1% (v/v) DMSO or 

DMSO control (0.1% final DMSO concentration) in triplicate. The cells were incubated for 48 h, 

then analyzed for Renilla and firefly luciferase expression with a Dual Luciferase Assay Kit 

(Promega, see protocol 6.2.13 Luminescence was measured on a microplate reader (Tecan M1000) 

with an integration time of 1 s and delay time of 5 s. 

 

Assessment of the selectivity of small-molecule inhibitors of miR-122. Selectivity of the small 

molecules for miR-122 was validated using our previously described HeLa-miR21 reporter cell 

line (a stably transfected cell line expressing a miR-21 binding sequence in the 3’ UTR of a firefly 

luciferase gene).411 Cells were seeded at 10,000 cells per well in two white, clear-bottom, 96-well 

plates (VWR). Following overnight incubation, cells were treated with compound at the desired 

concentration in 0.1% (v/v) DMSO or DMSO control (0.1% final DMSO concentration) in 

triplicate. The cells were incubated for 48 h, then one plate of cells was analyzed for firefly 

luciferase expression with a Bright-Glo Luciferase Reporter Assay Kit (Promega, see protocol 

6.2.14 Luminescence was measured on a microplate reader (Tecan M1000) with an integration 

time of 1 s. The other plate of cells was analyzed for cell viability using an XTT assay. For the 

XTT assay, XTT reagent (Roche, see protocol 6.2.16 was activated with 8 µl of menadione per 1 

ml of XTT solution. Absorbance was measured immediately after addition of reagent and again 

after 4 h using a microplate reader (Tecan M1000) at 450 nm and 630 nm (control). Cell viability 
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was determined using this equation: cell viability = (Absorbance450 nm – Absorbance630 nm)4 h - 

(Absorbance450 nm – Absorbance630 nm)initial. Cell viability was averaged and then used to calculate 

relative luminescence for each well using the equation: relative luminescence = luminescence/cell 

viability.  

To assess inhibition of Renilla luciferase in cells, Huh7 cells were seeded at a density of 

15,000 per well in white, clear-bottom, 96-well plates (VWR). Following overnight incubation, 

cells were transfected with 50 ng of psiCHECK-empty using Lipofectamine 2000 (Thermo-Fisher 

Scientific). After 2 h incubation at 37 °C, media was replaced with DMEM supplemented with the 

compounds at 10 M or DMSO (0.1% final DMSO concentration) in triplicate. The cells were 

incubated for 48 h followed by analysis with a Dual Luciferase Reporter Assay Kit (Promega, see 

protocol 6.2.13 The luminescence was measured on a microplate reader (Tecan M1000) with an 

integration time of 1 s and a delay time of 5 s. 

 

Biochemical Rluc inhibition assay. The protocol was adapted from previous reports.446 The 

experiment was performed in black, clear-bottom, 384-well plates (VWR) in triplicate. The 

compounds were diluted to a final concentration of 10 M (0.1% final DMSO concentration) in 

PBS and recombinant Renilla luciferase enzyme (RayBiotech, 0.108 mg/L final Renilla luciferase 

enzyme concentration) was added to each well. Then, 15 l of Renilla-Glo buffer (Promega) 

supplemented with the coelenterazine substrate (10 l of substrate per 1 ml of buffer) was added 

to each well. The plate was incubated in the dark for 10 min, then luminescence was measured on 

a microplate reader (Tecan M1000) with an integration time of 1 s.  
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Quantitative real time PCR (RT-qPCR). Huh7 cells were seeded at 125,000 cells per well in 6-

well plates (VWR). Following overnight incubation, cells were treated with compound at 10 or 50 

µM or DMSO (0.1% final DMSO concentration). The cells were incubated at 37 °C for 48 h 

(DMEM, 5% CO2). Following removal of media, cells were washed with PBS buffer (1 ml; pH 

7.4) followed by RNA isolation using the miRNeasy mini kit (Qiagen; see protocol 6.2.6 Total 

RNA was quantified using a Nanodrop ND-1000 spectrophotometer. Each RNA sample (15 ng) 

was reverse transcribed using the TaqMan microRNA Reverse Transcription Kit (Thermo-Fisher 

Scientific) in conjunction with either the miR-122 (Thermo-Fisher Scientific; Assay ID: 002245) 

or RNU19 control (Thermo-Fisher Scientific; Assay ID: 001003) TaqMan reverse transcription 

(RT) primer (16 °C, 30 min; 42 °C, 30 min; 85 °C, 5 min) as described below (general protocol 

6.2.7 ). Quantitative real time PCR was conducted with a TaqMan 2x Universal PCR Master Mix 

(Thermo-Fisher Scientific) and the appropriate TaqMan miRNA assay (Thermo-Fisher Scientific) 

on a Bio-Rad CFX96 RT-PCR thermal cycler (1.3 μl of RT product; 95 °C, 10 min; followed by 

40 cycles of 95 °C, 15 s; 60 °C, 60 s). The triplicate threshold cycles (Ct) obtained for each small 

molecule treatment were used to determine the relative levels of miR-122 in small molecule treated 

cells relative to the DMSO control using the 2-∆∆Ct method.447 The samples were also analyzed by 

RT-qPCR to measure the expression levels of pri-miR-122.448 After RNA isolation, 50 ng of each 

RNA sample were reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad) (25 °C, 5 

min; 42 °C, 30 min; 85 °C, 5 min) as described in protocol 6.2.8 Quantitative real time PCR was 

conducted with a TaqMan 2x Universal PCR Master Mix and the appropriate TaqMan primers for 

hsa-pri-miR-122 (Thermo-Fisher Scientific; Assay ID: Hs03303072_pri) and GAPDH (Thermo-

Fisher Scientific; Assay ID: Hs02758991_g1) on a Bio-Rad CFX96 RT-PCR thermal cycler (2 μl 

RT product) following the protocol described above. The triplicate threshold cycles (Ct) obtained 
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for each small molecule treatment were used to determine the relative levels of pri-miR-122 in 

small molecule treated cells relative to the DMSO control and were normalized to the GAPDH 

control using the 2–∆∆Ct method.447 

 

Western blot for E-cadherin. Huh7 cells were seeded at 125,000 cells per well in 6-well plates 

(VWR). Following overnight incubation, cells were treated with compound at 10 µM or DMSO 

(0.1% final DMSO concentration). The cells were incubated at 37 °C for 48 h (DMEM, 5% CO2). 

Following removal of media, cells were washed with PBS buffer (1 ml; pH 7.4) followed by lysis 

(for detailed protocol see 6.2.11 The samples were then boiled at 95 °C and analyzed on a 10% 

(v/v) SDS-PAGE gel (60 V for 20 min, followed by 150 V for 70 min, see protocol 6.2.12.1). The 

proteins were transferred to a PVDF membrane (80 V for 1.5 h in transfer buffer, see protocol 

6.2.12.3). The membrane was then washed twice with ice-cold TBST and incubated with blocking 

buffer (5% [w/v] BSA in TBST) for 1 h at room temperature. Next, the membrane was washed 

twice with ice-cold TBST. The membrane was incubated with polyclonal anti-E-cadherin antibody 

(1:1,000 dilution; Cell Signaling Technology; catalog# 3195S) or anti-GAPDH polyclonal 

antibody (1:1,000 dilution; Cell Signaling Technology; catalog# 2118S) at 4 °C overnight. The 

membranes were washed twice with TBST and incubated with a goat-anti-rabbit-IgG-HRP 

(1:2,500 dilution; Cell Signaling Technology; catalog# 7074S) secondary antibody at room 

temperature for 1 h. The membranes were washed 3 times with TBST and then developed by HRP 

colorimetric staining using SuperSignal West Pico Chemiluminescent Substrate (Thermo-Fisher 

Scientific). The membranes were incubated with the development reagents for 5 min at RT and 

imaged on a ChemiDoc XRS+ system (Bio-Rad).  
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miR-122 promoter activity assay. The miR-122 promoter region was PCR amplified using 

Phusion polymerase by Meryl Thomas and Colleen Connelly, former members of the Deiters 

Laboratory, from Huh7 genomic DNA using primers containing the restriction sites for KpnI 

(forward primer, 5’ AAGGGGTACCGAATGCATGGTTAACTACGTCAG 3’; IDT DNA) and 

XhoI (reverse primer, 5’ AACCCCTCGAGCCTCCCGTCATTTCTCGGTC 3’; IDT DNA).430 

Briefly, Huh7 genomic DNA was isolated using the Trizol Reagent (Life Technologies) according 

to the manufacturer’s protocol. A PCR reaction mix was prepared by combining 20 µl of Phusion 

HF buffer (5x; Thermo-Fisher Scientific), 5.8 µl of genomic DNA (86.6 ng/µl), 5 µl of forward 

primer (10 µM), 5 µl of reverse primer (10 µM), 2 µl of dNTPs (10 mM), 1 µl of Phusion 

polymerase, and 61.2 µl of nuclease-free water. The reaction was separated into two aliquots of 

50 µl and PCR amplification was performed on a thermal cycler (Bio-Rad; 98 °C, 30 s; followed 

by 35 cycles of 98 °C, 10 s; 65 °C, 30 s; 72 °C, 30 s; followed by 72 °C, 10 min and hold at 12 

°C). The insert was then separated on 0.8% (w/v) agarose gel and purified using the E.Z.N.A. Gel 

Extraction kit (Omega Bio-tek; see below for detailed protocol 6.1.8 After digesting the insert and 

pGL3-basic plasmid (Promega) with KpnI and XhoI, followed by purification using the E.Z.N.A. 

Cycle Pure kit (Omega Bio-tek), the insert was ligated into the linear backbone in front of the 

firefly luciferase gene using T4 DNA ligase overnight at  4 °C (see protocol 6.1.4 to generate the 

pGL3-miR122promoter construct. Subsequently, the ligation was digested with NheI to remove 

any re-circularized plasmid without the insert, and transformed into chemically competent Top10 

cells (see protocol 6.1.5 Colonies were then inoculated in 5 ml of LB broth containing ampicillin 

(100 µg/ml) overnight and plasmid was isolated using the Plasmid Mini kit (Omega Bio-tek; see 

protocol 6.1.6 The plasmid sequence was confirmed by Sanger sequencing before use. Huh7 cells 

were seeded at 15,000 cells per well in two white, clear-bottom, 96-well plates (VWR). Following 
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overnight incubation, cells were transfected with the pGL3-mir122promoter construct using 

Lipofectamine 2000 (Thermo-Fisher Scientific) for 3 h (for more detail see general protocol 

6.2.3.1). After transfection, media was replaced with DMEM and treated with compound at the 

desired concentration in 0.1% (v/v) DMSO or DMSO control (0.1% final DMSO concentration) 

in triplicate. The cells were incubated for 48 h, then one plate was analyzed for firefly luciferase 

expression with a Bright-Glo Luciferase Reporter Assay Kit (see protocol 6.2.14 Luminescence 

was measured on a microplate reader (Tecan M1000) with an integration time of 1 s. The other 

plate of cells was analyzed for cell viability using an XTT assay. For the XTT assay, XTT reagent 

was activated with 8 µl of menadione per 1 ml of XTT solution (for more detail, see general 

protocol 6.2.16 Absorbance was measured immediately after addition of reagent and again after 4 

h on a microplate reader (Tecan M1000) at 450 nm and 630 nm (control) and data were analyzed 

as described above.  

The mutated miR-122 promoter constructs were obtained via site-directed mutagenesis449 

of the pGL3-basic-miR-122promoter using the corresponding primers (Table 5). PCR reactions 

for each transcription factor contained pGL3-miR122promoter (5 ng), 2.5 µl each of forward and 

reverse primers (10 M [stock]; 1 µM [final]), 0.5 µl of dNTPs (10 µM [stock]; 200 nM [final]), 

5 µl of Phusion polymerase buffer (5x; Thermo-Fisher Scientific), 1 µl of Phusion DNA 

polymerase (Thermo-Fisher Scientific), and nuclease-free water up to 25 µl. The PCR 

amplifications were performed on a T100 thermal cycler (Bio-Rad) using the following program: 

95 °C, 5 min; followed by 12 cycles of 95 °C, 1 min; 44 - 60 °C, 1 min; 72 °C, 10 min; then 72 

°C, 30 min. Following site-directed mutagenesis, products were digested with the DpnI restriction 

enzyme (NEB) and further incubated at 37 °C for 1 h. The DpnI digested products (2 μl) were then 

transformed into Mach 1 competent cells (see general protocol 6.1.5 Following confirmation of 
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the mutant promoter plasmids by DNA sequencing (IDT DNA; forward sequencing primer: 5’ 

CTAGCAAAATAGGCTGTCCC 3’), the effect of miR-122 inhibitor treatment on promoter 

activity was assessed as described above.   

 

Table 5 Sequences of primers for mutant miR-122 promoter plasmids. 

Primers were used to introduce mutations into transcription factor binding sites within the miR-122 promoter. Sites 

of the mutations are underlined. 

 

gene sequence 5' -> 3' 

HNF4α381 
fwd. AGTGGCTCGGAGTCGTGCCCTCCCTCCCCCACTGAATCG 

rev. CACGACTCCGAGCCACTAAGTCAGCACCACCTTTGGTCAAACACACT 

HNF1α 

and 

HNF3β381 

fwd. AAGAATTCAATACTTTTAAACCCTGGATCCCAT 

rev. AAAAGTATTGAATTCTTTCTCTTTCTGATAAGTCGC 

AP-1 
fwd. GGTGCTTTATTAGTGGCCTAAGGTCGTGC 

rev. CACTAATAAAGCACCACCTTTGGTCAAACACAC 

HNF6382 
fwd. 

CCACTGAGACGGGAAATAATGCGACTTATCAGAAAGAGAAAGAAT 

TGTTTACTTTTAAACCCTGGAT 

rev. ATTATTTCCCGTCTCAGTGGGGGAGGGAGGGCACGACC 

 

2.4 Methanone Inhibitors of miR-122 

While the sulfonamide scaffold was observed in the majority of active compounds 

identified in the HTS, many of them were found to be potent Renilla luciferase inhibitors. As such, 

we decided to re-evaluate the top 34 hit compounds provided by the Broad Institute. Of the initial 

hits, only 18 compounds were found to be as active or more active than the previously reported 

lead compound410 upon re-testing by Meryl Thomas. Because it was one of two active compounds 

not bearing a sulfonamide scaffold, we selected 72 for further evaluation (Table 6). Compound 72 
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induced a 423% increase in luminescence relative to DMSO in the Huh7-miR122 stable cell line, 

but unfortunately also showed a ~2-fold increase in luciferase signal in the psiCHECK-empty 

assay suggesting the activity in the primary screen was non-specific. Similarly, the lead compound 

elicited a 31% reduction in luminescence in the biochemical Renilla luciferase assay. Interestingly, 

though it had a modest effect on Renilla luciferase in the both control assays, 72 also reduced miR-

122 levels by ~15% in a RT-qPCR experiment suggesting it may still hold promise as a miR-122 

inhibitor. As such, we decided to carry out a SAR study in order to better understand important 

structural features of 72, to attempt to discover a more potent lead compound, and to try to 

eliminate Renilla luciferase inhibition due to treatment with the molecule.  

 

Table 6 Structures and activity of derivatives 72-79 

RLU values represent Renilla luciferase luminescence signal in the Huh7-psiCHECK-miR122 stable cell line 

normalized to firefly luciferase and relative to 72. In vitro Renilla luciferase and psiCHECK-empty assay data are 

normalized to DMSO. Data represents the average ± standard deviation from at least three independent experiments. 

Synthesis was performed by Rohan Kumbhare. 

 

compound chemical structure primary screen (RLU) 
Renilla luciferase 

assay 

psiCHECK-empty 

assay 

72 

 

100 ± 9% 69% 1.8-fold 

73 

 

59 ± 12% -- -- 

74 

 

29 ± 4% -- -- 

75 

 

80 ± 7% -- -- 
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Table 6 (continued) 

 

compound chemical structure primary screen (RLU) 
Renilla luciferase 

assay 

psiCHECK-empty 

assay 

76 

 

20.4 ± 0.9% -- -- 

78 

 

18 ± 1% -- -- 

79 

 

72 ± 8% -- -- 

 

 

All analogs including the parent compound were synthesized by Rohan Kumbhare in the 

Deiters laboratory, then evaluated in the Huh7-miR122 stable reporter cell line. Modification of 

the hydroxy moiety in 72 to a methyl (73) or trifluoro methyl (74) induced 31% and 71% 

reductions in activity, respectively, while complete removal of the hydroxy group (75) inhibited 

luciferase signal by 20%, relative to the parent compound (Table 6). Moving the phenyl ring in 75 

from the meta- position to the para- (76) or ortho- (77) relative to the amide moiety also led to 

dramatic reductions in activity, suggesting they may be important for maintaining inhibitory 

function. Similarly, replacement of the phenyl group in 75 with a phenoxy functionality (78) 

showed a 28% reduction in activity relative to the parent molecule. 

Continuing with 75, we turned our attention to the phenyl ring on the opposite side of the 

molecule. Removal of the ethoxy group (80) or replacement with a methyl (81) or cyano (82) 

moiety led to 55%, 45%, and ~39% reductions in activity, respectively, relative to the parent 

compound (Table 7). Similarly, replacement of the ethoxy moiety with a nitro group (83) or 

extension of the alkyl chain to a hexyloxy functionality (84) led to reductions in activity. Reducing 
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the length of the alkyl chain to a methoxy group (85) or moving the methoxy moiety to the meta- 

(86) or para- (87) position relative to the piperazine functionality led to dramatic reductions in 

activity, suggesting these positions may be important for inhibitory function.  

 

Table 7 Structures and activity of derivatives 80-86 

RLU values represent Renilla luciferase luminescence signal in the Huh7-psiCHECK-miR122 stable cell line 

normalized to firefly luciferase and relative to 72. In vitro Renilla luciferase and psiCHECK-empty assay data are 

normalized to DMSO. Data represents the average ± standard deviation from at least three independent experiments. 

Synthesis was performed by Rohan Kumbhare. 

 

compound chemical structure primary screen (RLU) 

80 

 

45 ± 3% 

81 

 

55 ± 4% 

82 

 

61.1 ± 0.5% 

83 

 

48 ± 2% 

84 

 

21 ± 1% 

85 

 

50 ± 2% 

86 

 

26 ± 2% 

87 

 

36.0 ± 0.3% 
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Next, the phenyl group in 75 was replaced with a bromo (88) or hydroxy (89) moiety, 

however, this led to 69% and 71% inhibition of luciferase activity relative to the parent compound 

(Table 8). Complete removal of the phenyl ring (90) led to a 72% inhibition of luciferase activity 

while conversion of the remaining phenyl ring in 90 to a naphthalene (91) led to 26% activity 

relative to the parent compound. Interestingly, removal of the ethoxy moiety in 90 to generate 92 

did not lead to further reduction in activity. Similarly to 91, the central phenyl ring was replaced 

with an indol (93) or benzofuran (94) functionality, however, these modifications led to ~85% and 

68% reductions in luminescence, respectively, relative to the parent compound. Moreover, 

replacement of the central phenyl ring with a phenoxy group (95) also inhibited activity.  

 

Table 8 Structures and activity of derivatives 88-95 

RLU values represent Renilla luciferase luminescence signal in the Huh7-psiCHECK-miR122 stable cell line 

normalized to firefly luciferase and relative to 72. In vitro Renilla luciferase and psiCHECK-empty assay data are 

normalized to DMSO. Data represents the average ± standard deviation from at least three independent experiments. 

Synthesis was performed by Rohan Kumbhare. 

 

compound chemical structure primary screen (RLU) 

88 

 

31 ± 5% 

89 

 

29 ± 2% 

90 

 

28 ± 5% 

91 

 

26 ± 2% 

92 

 

26 ± 2% 
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Table 8 (continued) 

 

compound chemical structure primary screen (RLU) 

93 

 

14.6 ± 0.8% 

94 

 

32 ± 4% 

95 

 

25.0 ± 0.3% 

 

 

Finally, when the amide group in 75 was replaced with an amine (96), luciferase signal was 

reduced to 36% relative to the parent compound (Table 9). Removal of the phenyl ring in 96 to 

yield 97 had minimal effect on activity. Moreover, conversion of the amine to a sulfonamide (98) 

led to a modest ~13% reduction in activity relative to 97.  

 

Table 9 Structures and activity of derivatives 96-98 

RLU values represent Renilla luciferase luminescence signal in the Huh7-psiCHECK-miR122 stable cell line 

normalized to firefly luciferase and relative to 72. In vitro Renilla luciferase and psiCHECK-empty assay data are 

normalized to DMSO. Data represents the average ± standard deviation from at least three independent experiments. 

Synthesis was performed by Rohan Kumbhare. 

 

compound chemical structure primary screen (RLU) 

96 

 

36 ± 3% 

97 

 

32 ± 3% 
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Table 9 (continued) 

 

compound chemical structure primary screen (RLU) 

98 

 

25 ± 2% 

 

2.4.1  Summary and Outlook 

In conclusion, we selected an active compound 72 without a sulfonamide scaffold from the 

original HTS in hopes we could improve its activity and eliminate Renilla luciferase inhibition. 

Based on preliminary SAR studies, the biphenyl ring system is hypothesized to be important for 

maintaining inhibitory function of the lead compound. More specifically, movement of the phenyl 

ring from the meta-position relative to the central amide leads to dramatic reductions in activity. 

Similarly, modifications to the ethoxy moiety on the opposite side of the structure are not well 

tolerated. Unfortunately, none of the analogs displayed improved activity or retained activity 

relative to the parent compound. 

As such, future work should focus on additional SAR studies to better understand important 

functionalities in this molecule. For example, while the ethoxyphenyl moiety and biphenyl ring 

system have been explored, however, modification of the piperazine group could also provide 

valuable insight into the inhibitory activity of the lead compound. Moreover, investigation into 

potential mechanisms of action for 72 could also hold promise.  
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2.4.2  Materials and Methods 

Detailed protocols for all experiments conducted in this section are described in Materials 

and Methods section 2.3.2   
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3.0 MicroRNA-21 

3.1 Introduction to MicroRNA-21 

MicroRNA-21 (miR-21) was among the first miRNAs to be discovered in the human 

genome.450 A study of miR-21 expression in glioblastoma cells was the first to identify a possible 

link between aberrant expression of miR-21 and cancer. In addition to its role as an anti-apoptotic 

and pro-survival factor,451,452 high expression levels of miR-21 have been identified as a common 

feature of pathological cell growth or cell stress. For example, miR-21 has been shown to be 

upregulated in a mouse model of cardiac hypertrophy and vascular lesion formation.453,454 

Furthermore, induction of miR-21 has been associated with cellular de-differentiation.376 MiR-21 

represents an attractive therapeutic target, in part, due to its oncogenic expression in nearly every 

cancer phenotype. For example, miR-21 was among 3 miRNAs found to be overexpressed in 

almost all cancer tumor types evaluated in a large scale study of multiple cancer tissues.455 

Additional studies have also shown miR-21 to be overexpressed in hepatocellular carcinomas,456 

gastric cancer,457 ovarian cancer,458 cervical carcinoma,459 head and neck cancers,460 and papillary 

thyroid carcinoma.461  

The miR-21 gene is located on chromosome 17q23.2 in an intron of the protein-coding 

gene Vacuole Membrane Protein 1 (VMP-1 or TMEM49).450,462 MiR-21 and TMEM49 are 

regulated independently of each other. Activation protein 1 (AP-1) has been shown to initiate miR-

21 transcription by binding to multiple binding sites in the miR-21 promoter region.462 One of the 

main targets of miR-21 is programmed cell death protein 4 (PDCD4), which contains a miR-21 

target site within the 3’ UTR. Furthermore, miR-21-mediated regulation of PDCD4 has been 
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associated with breast cancer,463 colorectal cancer,464 and glioma.465 PDCD4 is a tumor suppressor 

that acts by inhibiting promoter-induced neoplastic transformation,466 tumorigenesis,467 and 

invasion.468 Additionally, it has been shown that AP-1 activation of miR-21 decreases the 

expression of PDCD4.469 Interestingly, PDCD4 is a negative regulator of AP-1470 suggesting that 

miR-21 is capable of regulating its own expression, in part, by repressing PDCD4, thereby 

increasing AP-1 activity. MiR-21 has been also been shown to target reversion-inducing cysteine 

rich protein with Kazal motifs (RECK). RECK is a tumor and metastasis gene responsible for 

regulation of matrix metalloproteinases (MMPs) that has been identified as a prognostic marker in 

various cancer types.471 Regulation of RECK expression by miR-21 has been observed in glioma 

and osteoblastoma cells465 as well as gastric cancers.457 Additionally, miR-21 is capable of 

inhibiting the translation of the tumor suppressor protein, phosphatase and tensin homolog 

(PTEN). PTEN is responsible for regulating the phosphoinositide 3-kinase (PI3K)-AKT-

mammalian target or rapamycin (mTOR) pathway, an important factor for cell survival, 

proliferation, metabolism and structure.472 PTEN suppression by miR-21 has been observed in 

colon cancer cells464 and vascular smooth muscle cells (VSMCs);453 however it has not been seen 

in breast cancer,463 non-small cell lung cancer,473 or glioma cells465 which makes it difficult to 

assess whether miR-21 interacts with PTEN directly, especially since there is no miR-21 target 

site present in the 3’ UTR of PTEN mRNA. 

In addition to its role as an oncogene, miR-21 has been associated with mediating 

chemoresistance in a variety of cancers.474 For example, knockdown of miR-21 by transfection of 

an anti-miR-21 oligonucleotide into A172, U87, U373, LN229, LN428, and LN308 glioblastoma 

cells led to activation of caspase-3 and -7 and ultimately triggered apoptosis.475 Downregulation 

of PDCD4 has been linked to upregulation of HER2 via the MAPK and AKT signaling pathways 
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concomitant with increased levels of miR-21 in estrogen-positive and aromatase inhibitor-resistant 

breast cancers.476 MiR-21 has also been correlated with gemcitabine resistance via upregulation of 

BCL-2 expression in pancreatic cancer.477 Moreover, tumor cell chemoresistance mediated by 

repression of PTEN has been linked to miR-21 overexpression in HCC and gastric cancer.478,479 

Interestingly, miR-21 has also been shown to regulate resistance to radiotherapy. For example, 

anti-miRNA oligonucleotide-mediated knockdown of miR-21 in esophageal squamous cell 

carcinoma induced cell cycle arrest and sensitized cells to gamma irradiation.480 Additionally, 

miR-21 was shown to contribute to radioresistance in non-small cell lung cancers via upregulation 

of the PI3K/Akt signaling pathway.481 Furthermore, overexpression of miR-21 has been associated 

with radioresistance in high-risk human papilloma virus cervical cancer via binding to the 3’ UTR 

of large tumor suppressor kinase 1.482  

Taken together, miR-21 plays an important regulatory role in cell survival processes and 

its overexpression is observed in a variety of diseases including most cancers. Furthermore, anti-

miRNA oligonucleotide-mediated inhibition of miR-21 has been shown to induce apoptosis in 

carcinogenic cells and alters chemoresistance of several cancer types. As such, miR-21 has been 

identified as a prognostic marker for various diseases as well as a novel therapeutic target. 

3.2 Discovery of Small Molecule Inhibitors of miR-21 

Our lab, in collaboration with the Huang group, were the first to develop a cell-based 

reporter assay to identify small molecule inhibitors of miRNA function, specifically miR-21.411 

miR-21 is upregulated in numerous cancers and has been implicated in carcinogenesis and drug 

resistance,483 highlighting its importance as a therapeutic target. To this end, a reporter in which 
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the miR-21 binding sequence was cloned downstream of the luciferase gene was stably expressed 

in HeLa cervical cancer cells (HeLa-miR-21).411 High endogenous miR-21 levels in HeLa cells484 

resulted in suppression of luciferase expression and decreased luminescence signal; however, in 

the presence of a miR-21 inhibitor, rescue of luciferase expression results in an increase in 

luminescence signal. While the authors demonstrated that the reporter construct containing the 

miR-21 target site exhibited reduced luciferase expression in HeLa cells, to further validate that 

the reporter system would respond to miRNA inhibition, an antagomir specific to miR-21 could 

have been delivered. The HeLa-miR-21 cell line was employed in a pilot screen of >1,000 small 

molecules from an in-house compound collection and the Library of Pharmacologically Active 

Compounds.411 An initial hit from the pilot screen was optimized through SAR studies leading to 

the discovery of 14 (Figure 1-7), which elicited 2-fold higher potency than the initial hit and an 

EC50 of 2 µM. Both mature and primary miR-21 levels were found to be reduced by 78% and 87%, 

respectively, indicating that 14 likely acts at the transcriptional or pre-transcriptional level. 

Treatment with 14 in a control HeLa cell line stably expressing a miR-30 reporter showed no 

reduction in luminescence signal suggesting the small molecule is not a general inhibitor of the 

miRNA pathway; however, testing the compound against a more comprehensive list of miRNAs 

was not completed and may reveal additional targets. Despite the absence of a clear biological 

target, the Yao lab formulated cell-penetrating poly(disulfide)-coated mesoporous silica 

nanoparticles containing both 14 and a miR-21 antagomir and delivered them into HeLa cells.485 

Upon treatment with the nanoparticles, pronounced reduction of miR-21 levels coinciding with 

inhibition of cell migration and invasion was observed. 

Lu and co-workers performed further SAR studies of 14, synthesizing a set of 4-

benzoylamino-N-(prop-2-yn-1-yl)benzamide derivatives,486 and compound 15 (Figure 1-7) was 
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identified as the most potent inhibitor, eliciting a ~90% reduction in mature miR-21 levels at 10 

µM, a modest, but significant improvement over the parent compound. In addition, 15 did not 

inhibit levels of let-7a, miR-25, miR-26, miR-126, miR-133, miR-143, miR-145, miR-146, miR-

148, miR-152, or miR-195 providing further support for the initial claim that this compound class 

is not a general miRNA pathway inhibitor but instead shows some specificity for miR-21.  

Similarly, SAR optimization of an aryl amide inhibitor identified in the high-throughput 

screen led to the discovery of 17 (Figure 1-7).487 The inhibitor was subjected to numerous 

secondary assays analogous to those described above. Treatment of HeLa cells with 17 following 

transfection with a reporter plasmid in which the luciferase gene was placed under the control of 

the miR-21 promoter sequence had no effect on luminescence signal. This is in good agreement 

with a RT-qPCR assay in which the compound showed no effect on pri-miR-21 levels suggesting 

that it also acts downstream of transcription.  

3.3 Oxadiazole Inhibitors of miR-21 

This material was reprinted in its entirety with permission from Naro, Y.; Ankenbruck, N.; 

Thomas, M.; Connelly, C.; Tivon, Y.; Deiters, A., J. Med. Chem. 2018, 61, 5900. 

 

From the initial HTS, 58 small molecules were confirmed as potential inhibitors of miR-

21. Of these 58 small molecules, two structurally similar small molecules 99 and 100 were selected 

for further investigation. These two hits were chosen due to their structural similarities and their 

promising efficacy in the HeLa-miR21-Luc stable cell line assay relative to other hit compounds. 

Furthermore, secondary confirmation screens also provided evidence that these two compounds 

https://pubs.acs.org/doi/10.1021/acs.jmedchem.7b01891
https://pubs.acs.org/doi/10.1021/acs.jmedchem.7b01891
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demonstrated selectivity for miR-21 (PubChem AID 2507) and were not firefly luciferase 

inhibitors (PubChem AID 493175). Synthesis of hit compounds 99 and 100 and analogs 101-118 

was accomplished via a convergent synthesis by coupling azidobenzenes with cyanomethylene-

functionalized oxadiazole derivatives (Figure 3-1). Azidobenzenes were obtained in good yield 

through the conversion of commercially available anilines to their diazonium salts using sodium 

nitrite in concentrated sulfuric acid, followed by treatment with sodium azide. Synthesis of the 

cyanomethylene-functionalized thiophene-oxadiazole was achieved by conversion of the 

carbonitrile to the carboximidamide using hydroxylamine. Cyclization to form the oxadiazole ring 

was accomplished through heating with 1-cyanoacetyl-3,5-dimethyl-1H-pyrazole. Finally, triazole 

ring formation was completed using sodium methoxide to provide the final compounds (Table 10).  

 

 

 

Figure 3-1 Synthesis of derivatives 99-120 

Reagents and conditions: a) NaNO2, H2SO4, NaN3, H2O; b) hydroxylamine HCl, DIPEA, EtOH; c) 1-cyanoacetyl-3,5 

dimethyl-1H-pyrazole, dioxane; d) azide, sodium methoxide, methanol. Synthesis performed by Yaniv Tivon, Yuta 

Naro, Meryl Thomas, Laura Gardner, and Matthew Stephens. 
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Table 10 Structures and activity of derivatives 99-120 

RLU values represent fold-changes in luminescence signal in the HeLa-miR21-Luc stable cell line normalized to cell 

viability and relative to a DMSO control. Data represents the mean ± standard deviation from at least three independent 

experiments. Synthesis performed by Yaniv Tivon, Yuta Naro, Meryl Thomas, Laura Gardner, and Matthew Stephens. 

Luciferase data generated by Yuta Naro. 

 

 

 

 

Activity of 99 and 100 was confirmed in the HeLa-miR21-Luc cell-based assay. 

Compound 99 exhibited a 2.84-fold increase in luminescence signal, indicative of a reduction in 

miR-21 suppression of firefly luciferase expression. Compound 100 exhibited a 1.89-fold increase 
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in signal, slightly lower than the initial HTS results that were obtained. To generate an activity 

profile for a better understanding of the essential structural motifs and to improve the potency of 

compound 99,488 we first introduced modifications to the benzene ring. Demethylation (101) or 

halogenations (102, 103, and 104) at the meta position resulted in modest losses in activity, while 

removal of the methoxy group altogether (105) exhibited a complete loss in activity. Aliphatic 

(106 and 107) and aromatic substitutions (108, 109, and 110) were not well tolerated and resulted 

in significant losses in activity (>36%), while introduction of a meta-dimethylamine (111) retained 

90% activity compared to 99. Movement of the meta-methoxy group to the ortho position (112) 

or incorporation of a meta-dimethoxy (113) elicited only modest losses in activity, and 

replacement of the methoxy group with propargyloxy (114 and 115) or meta-benzylalcohol (116) 

also lead to decreased activity. Incorporation of ortho- and para-benzylalcohol (117 and 118) 

rescued some activity, while incorporation of a meta-methylketone (119) exhibited similar activity 

relative to 99. However, conversion of the methylketone to an oxime (120) displayed a 60% 

improvement in activity relative to 99. Based on these results, we hypothesized that 

functionalization of the meta position is most tolerated. 

The importance of the amino substituent on the triazole was investigated through the 

synthesis of several analogs lacking the amino group (Figure 3-2). Azidobenzenes were cyclized 

with propargyl alcohol via a [3+2] cycloaddition, followed by oxidation of the alcohol to a 

carboxylic acid using Jones reagent. Finally, oxadiazole ring formation was completed by reaction 

with hydroxythiophene-2-carboximidamide and EDC to generate the final products (Table 11). 
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Figure 3-2 Synthesis of 121 – 123 

Reagents and conditions: a) propargyl alcohol, sodium ascorbate, copper (II) sulfate pentahydrate, t-butanol/H2O; b) 

Jones reagent, acetone; c) hydroxythiophene-2-carboximidamide, EDC, acetonitrile. Synthesis performed by Yaniv 

Tivon, Yuta Naro, Meryl Thomas, Laura Gardner, and Matthew Stephens. 

 

 

Table 11 Structures and activity of derivatives 121-123 

RLU values represent fold-changes in luminescence signal in the HeLa-miR21-Luc stable cell line normalized to cell 

viability and relative to a DMSO control. Data represents the mean ± standard deviation from at least three independent 

experiments. Synthesis performed by Yaniv Tivon, Yuta Naro, Meryl Thomas, Laura Gardner, and Matthew Stephens. 

Luciferase data generated by Yuta Naro. 
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Compound 121, lacking the amino group, displayed 77% activity relative to 99. Removal 

of the methoxy group (122) or replacement with a fluorine (123) on the benzene ring resulted in 

derivatives with similar activity to their counterparts containing the amine. These results suggest 

that the amine has only a modest effect on activity and thus no further modifications to the triazole 

ring were pursued. 

To determine the importance of the 1,2,4-oxadiazole configuration, several 1,3,4-

oxadiazole derivatives were synthesized (Figure 3-3). To generate the cyano-functionalized 

thiophene-1,3,4-oxadiazole, cyanoacetic acid was converted to the corresponding chloride via 

oxalyl chloride with a catalytic amount of DMF. Reaction of the resulting acyl chloride with 

thiophene-2-carbohydrazide, followed by cyclization using neat phosphoryl chloride yielded the 

corresponding cyano-functionalized thiophene-1,2,4-oxadiazole, which was subjected to the same 

cyclization conditions as previously described to provide the final 1,3,4-oxadiazole products 

(Table 12). 

 

 

 

Figure 3-3 Synthesis of 124 – 126 

Reagents and conditions: a) oxalyl chloride, cat. DMF, CH2Cl2; b) thiophene-2-carbohydrazide, TEA, CH2Cl2; c) 

POCl3; d) azide, sodium methoxide, methanol. Synthesis performed by Yaniv Tivon, Yuta Naro, Meryl Thomas, 

Laura Gardner, and Matthew Stephens. 
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Table 12 Structures and activity of derivatives 124 – 126 

RLU values represent fold-changes in luminescence signal in the HeLa-miR21-Luc stable cell line normalized to cell 

viability and relative to a DMSO control. Data represents the mean ± standard deviation from at least three independent 

experiments. Synthesis performed by Yaniv Tivon, Yuta Naro, Meryl Thomas, Laura Gardner, and Matthew Stephens. 

Luciferase data generated by Yuta Naro. 

 

 

 

 

The 1,3,4-oxadiazole derivative (124) displayed similar activity as its parent 1,2,4-

oxadiazole 1. Additional analogs containing meta-fluorine (125), and meta-isopropyl (126) also 

displayed similar activity to their 1,2,4,-oxadiazole counterparts, thus it was determined that the 

exact configuration of the oxadiazole ring was not critical for activity.   

Lastly, modifications to the thiophene  were explored (Table 13). To this end, the synthesis 

of the cyano-functionalized oxadiazoles (Figure 3-4) was adopted, however alternative aryl groups 

were introduced in place of the thiophene. Introduction of a furan (127), benzene (128), or 2-

pyridine (129), all resulted in slight decreases in activity. Due to the significant activity 

improvement observed with the introduction of the meta-oxime in analog 120, several analogs 

were synthesized containing additional benzene modifications in conjunction with the previously 

described meta-oxime moiety. Introduction of a para-phenol (130) or para-methoxy (131) group 

resulted in reduced activity, while introduction of a para-ethoxy (132) rescued activity to 111% 

compound R1 RLU (fold-change)

O

F

124

125

2.68 ± 0.46

1.60 ± 0.14

126 1.72 ± 0.16
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relative to 99. However, further increased steric bulk as in a para-isopropoxy substituent (133) 

abolished activity, while introduction of a para-allyloxy group (134) retained activity. Lastly, 

oxidation of the allyl group to a propargyl group (135) resulted in a significant improvement in 

activity, yielding a 448% increase in activity relative to 99. Based on these SAR results, it appears 

that modification of the distal ring systems elicits the largest changes in activity, while the core 

oxadiazole and triazole rings have limited effect on the miR-21 inhibitory activity of this scaffold.  

 

Table 13 Structures and activity of derivatives 127 – 135 

RLU values represent fold-changes in luminescence signal in the HeLa-miR21-Luc stable cell line normalized to cell 

viability and relative to a DMSO control. Data represents the mean ± standard deviation from at least three independent 

experiments. Synthesis performed by Yaniv Tivon, Yuta Naro, Meryl Thomas, Laura Gardner, and Matthew Stephens. 

Luciferase data generated by Yuta Naro. 

 

 

O
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2.19 ± 0.07128
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Figure 3-4 Synthesis of derivatives 127 – 135 

Reagents and conditions: a) hydroxylamine HCl, DIPEA, ethanol; b) 1-cyanoacetyl-3,5 dimethyl-1H-pyrazole, 

dioxane; c) sodium methoxide, methanol. Synthesis performed by Yaniv Tivon, Yuta Naro, Meryl Thomas, Laura 

Gardner, and Matthew Stephens. 

 

 

The significantly improved inhibitor 135 was tested in a dilution series in the HeLa-miR21-

Luc assay revealing an EC50 of 5.3 M (Figure 3-5A). Recent concerns with the identification of 

firefly luciferase inhibitors and the appearance of false positive hits in firefly luciferase assays as 

the result of protein stabilization in cells289 urged us to test the effect of 37 on luciferase activity 

in a biochemical assay. Importantly, we did not observe any inhibition of firefly luciferase activity 

at concentrations up to 50 M (Figure 3-5B).  
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Figure 3-5 Dose-dependent inhibition of miR-21 and in vitro firefly luciferase assay 

A) Dose-response assay of 135 using the HeLa-miR21-Luc reporter cell line revealed an EC50 of 5.3 uM. B) In vitro 

firefly luciferase activity assay for 1,2,4-oxadiazole miR-21 inhibitor 135. All data were  normalized to DMSO 

treatment (negative control) and errors bars represent standard deviations from three independent experiments. 

Statistical significance was determined using an unpaired t-test, ** P < 0.005, ns P > 0.05. Data generated by Yuta 

Naro. 

 

 

A previously described Huh7-psiCHECK-miR122 reporter cell line that expresses Renilla 

luciferase under the control of miR-122 activity410 was used to determine the selectivity of 135 for 

miR-21. Following treatment of the reporter cell line with compound 135 at 10 M for 48 hours, 

no inhibition of miR-122 was observed (Figure 3-6A). Additional psiCHECK reporters monitoring 

miR-125b, miR-182, and miR-221 were constructed and their function and dynamic range was 

confirmed using antagomir treatment as a positive control. These miRNAs were selected due to 

their established classification as oncomiRs and their up-regulation in several different types of 

cancers.489-492 Following transfection of the psiCHECK plasmids, cells were treated with 135 at 

10 M for 48 hours. All reporters showed no inhibition of miRNA function under these conditions 

since no increase in luminescence was observed following treatments (Figure 3-6B).  Taken 
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together, these results provide evidence that 135 shows some level of selectivity for miR-21 and 

is not a general miRNA pathway inhibitor. 

 

 

 

Figure 3-6 psiCHECK miRNA assays with 1,2,4-oxadiazole 135 

A) Huh7-psiCHECK-miR122 treated with 1,2,4-oxadiazole 135. B) miR-125b in PC-3 cells C) miR-182 in HeLa cells 

D) miR-221 in PC-3 cells. Data for treatment with 135 was normalized to DMSO treatment (negative control) and 

data for treatment with antagomir (ant) was normalized to negative, scrambled control antagomir (neg ant). Errors 

bars represent standard deviations from three independent experiments. Statistical significance was determined using 

an unpaired t-test, ** P < 0.005, ns P > 0.05. 

 

 

The mechanism of action of 135 was investigated via quantitative reverse transcription 

PCR (RT-qPCR) of both mature and primary miR-21 levels in HeLa cells following treatment 

with DMSO or 135 (10 M) for 48 hours. We observed that 135 has no effect on neither mature 

nor primary miR-21 levels (Figure 3-7A). Compound 135 also elicited no reduction of mature 

miR-21 levels in three other cancer cell lines (Figure 3-7B). To further confirm that compound 

135 has no effect on miR-21 transcription, a previously described luciferase reporter construct 

pGL4-miR21P493 which monitors miR-21 promoter activity was transfected into HeLa cells 
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followed by treatment with DMSO or 10 M 135 for 48 hours. As expected, no changes in reporter 

gene expression were observed (Figure 3-7C). These results indicate that 135 may act by inhibiting 

the function of mature miR-21, without affecting primary or mature miR-21 levels in cells.  

 

 

 

Figure 3-7 RT-qPCR analysis of 135 

A) Treatment of HeLa cells with 135 for 48 h, followed by qPCR analysis of mature miR-21 and primary miR-21 

RNA levels showed no decrease. B) Treatment of A498 (RCC), SKOV3 (ovarian carcinoma), or A549 (NSCLC) with 

DMSO or 10 µM 135, followed by qPCR analysis of mature miR-21 RNA levels showed no decrease. All data were  

normalized to DMSO treatment (negative control) and errors bars represent standard deviations from three 

independent experiments. Statistical significance was determined using an unpaired t-test, ns P > 0.05.C) Transfection 

of HeLa cells with a miR-21 promoter gene expression reporter, followed by treatment with 135 also showed no 

decrease in activity, supporting a mode of action different than inhibition of miR-21 transcription. Data represents the 

mean ± standard deviation from at least three independent experiments. Statistical significance was determined using 

an unpaired t-test, ns P > 0.05. Data generated by Yuta Naro. 

 

 

Small molecules that inhibit miRNA function through direct binding to nucleic acids have 

been previously reported,494-496 and thus we decided to explore whether 135 may interact directly 

with RNA, and more specifically miR-21. To this end, melting curve analyses using precursor 
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miR-21 RNA were carried out in the presence of DMSO, 135, and tobramycin. Tobramycin was 

employed as a positive control as it has been previously reported to bind and stabilize RNA, 

leading to an increased melting temperature.497 As expected, in the presence of 10 M tobramycin 

the melting temperature of pre-miR-21 increased by 19 °C relative to DMSO (Figure 3-8A). 

However, in the presence of 10 M 135 no change in melting temperature was observed (Figure 

3-8B), suggesting that 135 does not directly interact with RNA. Overall, this demonstrates that 

135 does not affect the maturation of miR-21, while also excluding the possibility of 

destabilization or degradation of mature miR-21 being the mechanism of action. Continuing work 

is focused on investigating the potential of 135 to perturb functional aspects of mature miR-21 

such as RISC regulation, miR-21 subcellular localization, and miR-21 interactions with RNA 

binding proteins. Regulation of RISC function relies on numerous accessory proteins, some of 

which have been identified as capable of modulating miRNA activity of only select miRNAs.498 

For example, several TRIM-NHL E3 ubiquitin ligases have been shown to selectively regulate 

miRNA activity downstream of biogenesis leading to either enhancement or repression of miRNA 

activity.499,500 The mechanism by which regulation takes place is not completely understood and it 

is likely that additional proteins with the ability to modulate RISC function are yet to be 

discovered. Alternatively, while a majority of miR-21 exists in the cytoplasm, the primary location 

of its activity, it has been shown that up to 20% of mature miR-21 can exist in the nucleus.501,502 

Therefore, it could be possible that changes in nucleo-cytoplasmic partitioning of miR-21 could 

elicit diminished translational repression.498 Lastly, it was recently shown that the RNA-binding 

protein HuR is capable of sequestering miR-21 by binding to the UUAU sequence within the seed 

region and in turn diminishing miR-21 function.503 We are currently investigating whether 135 

could be eliciting an effect on the function and/or expression of HuR and other RNA binding 
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proteins. Consequently, elucidation of the mechanism of action of 135 may provide new insight 

into how miR-21 activity is regulated, making 37 an encouraging chemical tool for the study of 

miRNA function. 

 

 

 

Figure 3-8 Melting temperature evaluation of 135 

A) Melting curves for pre-miR-21 in the absence and presence of tobramycin (left). Differentiation of the melting 

curves (right) reveals the expected RNA-small molecule interaction leading to stabilization in the presence (Tm from 

75.1 °C) of tobramycin compared to its absence (Tm = 56.0 °C). B) Melting curves for pre-miR-21 in the absence and 

presence of 135 (left). Differentiation of the melting curves (right) reveals no change in melting temperatures in the 

presence (Tm = 56.1 °C) or absence (Tm = 56.0 °C) of 37. Errors bars represent standard deviations from three 

independent experiments. Data generated by Yuta Naro. 
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We next investigated whether inhibition of miR-21 via 135 could elicit a therapeutic effect 

in cancers which overexpress miR-21. A panel of several different established cancer cell models 

were subjected to cell viability studies using XTT assays (Figure 3-9A-E). Treatment of cancer 

cells with increasing concentrations of compound 135 for 72 h exhibited low micromolar potency 

(IC50) in nearly all the cell lines tested (Table 14). NIH 3T3 mouse fibroblasts were also treated 

with 135 in a dilution series to demonstrate that this effect was not due to potential general 

toxicity.504 As expected, 135 displayed no toxicity to 3T3 cells at concentrations up to 100 M 

(Figure 3-9F).  

 

 

 

Figure 3-9 Treatment of different cell lines with 135 for 72 h, followed by XTT assay 

A) glioblastoma U-87 cells B) colorectal carcinoma HCT-116 cells C) breast carcinoma MCF-7 cells D) pancreatic 

carcinoma MIA-PaCa-2 cells E) glioblastoma A172 cells and F) mouse fibroblast NIH 3T3 cells. Treatment of non-

cancerous NIH 3T3 cells shows no toxicity from 135 at any of the concentrations tested. Errors bars represent standard 

deviations from three independent experiments. 
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Table 14 Pre-therapeutic evaluation of miR-21 inhibitors in various cancer cell models 

XTT assays were performed to assess cell viability. Data represents the mean ± standard deviation from at least three 

independent experiments. 

 

cell type cell line IC50 (M) 

pancreatic carcinoma MIA PaCa-2 6.7 ± 1.0 

glioblastoma A172 4.6 ± 1.2 

glioblastoma U-87 3.3 ± 1.5 

renal cell carcinoma A498 >100 

breast cancer MCF-7 4.5 ± 0.8 

colorectal carcinoma HCT-116 5.9 ± 2.2 

 

 

 

Interestingly, the RCC cell line A498 also displayed very low sensitivity to 135, with an 

IC50 of >100 M in the XTT assays. This was not completely unexpected due to reports of miR-

21 inhibition via antagomir treatment in RCC leading to modulation of chemoresistance rather 

than significant induction of apoptosis.505 Since silencing of miR-21 has been previously shown 

to enhance chemosensitivity in a variety of human cancer cells,506-509 including RCC,505 we 

hypothesized that inhibition of miR-21 via 135 at concentrations well below its IC50 may not 

directly impact cell viability, but may sensitize A498 cells to treatment with established 

chemotherapeutics. To this end, we screened chemotherapeutic agents that cover different modes 

of action in combination with 135, including 5-fluorouracil (thymidylate synthase inhibitor), 

docetaxel (microtubule stabilizer), and topotecan (topoisomerase inhibitor). While treatment with 

5-fluorouracil or docetaxel in combination with 135 showed little to no enhancement in their 

activities, combination treatment of 135 with topotecan revealed encouraging results. Topotecan, 

an FDA-approved chemotherapeutic, has demonstrated success in the treatment of ovarian,510 

cervical,511 and small cell lung carcinoma,512 however it has been found ineffective in the treatment 
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of RCC,513 possibly due to reduced topoisomerase I expression in RCC.514 While exposure of A498 

cells to topotecan alone exhibited a dissatisfactory IC50 of 1 M, combination of topotecan with 

37 produced a dose-dependent sensitization resulting in an IC50 of 90 nM – a greater than 11-fold 

increase in potency compared to topotecan treatment alone (Figure 3-10A). NIH 3T3 cells were 

also treated with increasing concentrations of topotecan in the presence of 135, however no 

sensitization was observed, supporting the specificity of 135-induced chemosensitization of cancer 

cells (Figure 3-10B).  

 

 

 

Figure 3-10 Pre-therapeutic evaluation of miR-21 inhibitors in A498 RCC cells 

A) Combination treatment of A498 cells with topotecan (TT) and 135 in a dose-response cell viability assay. B) 

Treatment of mouse fibroblast NIH 3T3 cells with varying concentrations of topotecan with and without the addition 

of 37 for 72 h, followed by XTT assay. No changes in topotecan efficacy were observed upon the addition of 135. 

Data represents the mean ± standard deviation from at least three independent experiments. 
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Additionally, we investigated the effect that topotecan may have on miR-21 function using 

the HeLa-miR21-Luc stable cell line. Following treatment of HeLa-miR21-Luc cells with 

increasing concentrations of topotecan for 48 h we observed no significant changes in miR-21 

activity (Figure 3-11). 

 

 

 

Figure 3-11 Treatment of HeLa-miR21-Luc cells with topotecan for 48 h 

Luminescence signal was normalized to XTT assay cell viability and data were  set relative to DMSO control. No 

inhibition of miR-21 was observed any of the concentrations tested. Errors bars represent standard deviations from 

three independent experiments. Statistical significance was determined using an unpaired t-test, ns P > 0.05. Data 

generated by Yuta Naro. 

 

 

The long-term cytostatic effects of co-treatment and the ability to inhibit microtumor 

formation were evaluated using a clonogenic assay. A498 cells were plated in an agar suspension 

along with compound combinations and incubated for 2-weeks at 37 ºC prior to imaging (Figure 

3-12A). Treatment with 135 up to 10 M elicited no inhibition of colony formation, while 

topotecan alone exhibited an IC50 of 2 M. Importantly, combination of 135 (10 M) with 

topotecan resulted in sensitization of A498 cells and an IC50 of 74 nM, representing a 27-fold 
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enhancement in activity compared to topotecan alone (Figure 3-12B). These results indicate that 

co-treatment of A498 cells is capable of inhibiting microtumor formation in a long-term 

clonogenic assay. 

 

 

 

Figure 3-12 Clonogenic Assay 

Representative images from clonogenic assays: A) Treatment with 135 in dose response. B) Treatment with topotecan 

in dose response. Images were cropped to 4 tiles each in the center of the well from the extended depth of focus image. 

C) Treatment with topotecan in dose response in combination with 10 μM of 135. D) Combination treatment of A498 

cells with topotecan (TT) and 135 in a two-week clonogenic assay. Data represents the mean ± standard deviation 

from at least three independent experiments. 
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Next, the mechanism of cell death and potential mode of action for the enhanced 

chemosensitivity were investigated. We first examined caspase-3/7 activation as an indicator of 

apoptosis in A498 cells. Treatment of A498 cells with 135 (10 M) for 24 h elicited a modest 20% 

increase in caspase-3/7 activity, while treatment with 1 M of topotecan alone resulted in a 3-fold 

increase in caspase-3/7 activity compared to DMSO. However, co-treatment with 135 (10 M) 

and topotecan (1 M) resulted in a 512% increase in caspase activity, representing a 1.6-fold 

increase over topotecan treatment alone (Figure 3-13A). These results support our hypothesis that 

inhibition of miR-21 via small molecule treatment can sensitize A498 cells to topotecan-induced 

apoptosis. To confirm that the induction of apoptosis as a result of combination treatment acts via 

a miR-21-dependent pathway, immunoblot detections of PDCD4 and PTEN protein levels were 

carried out. A498 cells were treated with DMSO or 135 (10 M) for 48 hours, followed by protein 

isolation and quantification. As expected, 135 showed significant rescue of both PDCD4 (9.5-fold 

increase) and PTEN (1.5-fold increase) tumor suppressor protein levels in A498 cells (Figure 

3-13B). These results propose a possible mechanism behind the chemosensitization effect 

observed following treatment with miR-21 inhibitor 135 and provide additional evidence that 

while compound 135 does not affect mature miR-21 levels or directly bind miR-21, it is capable 

of rescuing expression of tumor suppressor proteins, resulting in a pro-apoptotic response in A498 

cells. This proposed mechanism of chemosensitization is in good agreement with published 

evidence that suppression of PDCD4 and PTEN by miR-21 is capable of mediating 

chemoresistance in RCC,505,515,516 as we all as other cancers.506,517-519 Taken together, our results 

support a mechanism in which 135-mediated inhibition of miR-21 rescues PDCD4 and PTEN 

protein levels and improves chemosensitivity and therapeutic response. 
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Figure 3-13 Mechanism of therapeutic response to miR-21 inhibition 

A) Combination treatment of A498 cells with topotecan (TT) and 135 shows a significant increase in caspase-3/7 

activity.  B) Treatment of A498 cells with DMSO or 135 for 48 h, followed by Western blot detection of PDCD4, 

PTEN, and GAPDH (loading control) exhibits rescued expression of anti-apoptotic protein targets of miR-21, relative 

to a DMSO control. Data represents the mean ± standard deviation from at least three independent experiments. 

Statistical significance was determined using an unpaired t-test, ** P < 0.001, ns P > 0.05. Data generated by Yuta 

Naro. 

 

3.3.1  Summary and Outlook 

In summary, oxadiazole inhibitors of miR-21 were identified via a high-throughput screen 

and subsequent structure-activity relationship studies identified the small molecule 135 as a potent 

inhibitor of miR-21 function. In contrast to earlier discovered miR-21 inhibitors,520 preliminary 

mechanistic studies suggest a mode of action independent of the regulation of miR-21 expression 

levels. To evaluate therapeutic efficacy, a panel of several cancer cell lines were treated with 37 

demonstrating cancer specific inhibition of cell viability at low micromolar concentrations. While 

the RCC cell line A498 appeared resistant to the effects of 37, further investigation revealed that 
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37 was capable of sensitizing A498 cells to the known chemotherapeutic topotecan by significantly 

increasing the expression of the tumor suppressors PDCD4 and PTEN, targets of miR-21-induced 

silencing. Therapeutic effects were confirmed through studies of cell viability and clonogenicity, 

as well as caspase activation. These results suggest that restoration of tumor suppressor function, 

while challenging to achieve through existing small molecule therapeutics, could play a crucial 

role in mitigating chemoresistance in RCC. Overall, these discoveries support the development of 

small molecule miR-21 inhibitors as potential agents to sensitize cancer cells for chemotherapeutic 

treatment. Small molecule inhibition of a particular miRNA may provide a new approach to 

enhancing the selectivity and precision of chemotherapy specifically for cancers derived from 

oncomiR overexpression. 

Given the therapeutic potential of 135-mediated inhibition of miR-21 in sensitization of 

RCC to topotecan, future work should focus on further elucidating its mechanism of action. 

Photocrosslinking or pull-down probes should be developed in order to try to isolate potential 

protein targets of 135. Alternatively, dedicated assays for proposed modes of action such as 

interaction with RNA binding proteins or accessory proteins that can alter miRNA function should 

be explored. 

3.3.2  Materials and Methods 

Cell culture. Experiments were performed using HeLa-miR-21-Luc, HeLa (ATCC), NIH/3T3 

(ATCC), A498 (ATCC), MIA PaCa-2 (ATCC), A172 (ATCC), and HCT-116 (ATCC) cell lines 

cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco). U-87 (ATCC) cells were 

cultured in Eagle’s Minimum Essential Medium (EMEM, Gibco), MCF-7 (ATCC) cells were 

cultured in EMEM supplemented with insulin (0.01 mg/ml), and PC-3 (ATCC) cells were cultured 
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in F-12K medium (Sigma). All media was supplemented with 10% (v/v) Fetal Bovine Serum 

(FBS; Sigma-Aldrich) and 5% (v/v) penicillin/streptomycin (VWR) and maintained at 37 °C in a 

5% CO2 atmosphere. Huh7-psiCHECK-miR122 cells were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM; Hyclone) supplemented with 10% (v/v) fetal bovine serum (FBS; VWR), G418 

(500 μg/ml; Sigma Aldrich), and 5% (v/v) penicillin/streptomycin (VWR) and maintained at 37 

°C in a 5% CO2 atmosphere. Penicillin/streptomycin was omitted from all media used in 

experiments. Cell lines were used within passages 1-35 and all cell lines are tested for mycoplasma 

contamination using the MycoScope PCR Detection kit (Genlantis) every three months. 

 

Compound handling. Compound stocks were prepared by dissolving solid compound (4-5 mg) 

in an appropriate volume of syringe filtered (0.2 µm filter) DMSO. Initial stocks were typically 

diluted to 50 – 100 mM depending on the solubility limit, then further diluted as needed. Stock 

solutions were distributed in 10 – 20 µl aliquots and stored at -20 °C until use. Freeze/thaw cycles 

were limited to no more than 15 per aliquot.445 Concentrated stocks were monitored for 

precipitation following long term storage and were redissolved by briefly heating on a 95 °C heat 

block when necessary. All compounds were characterized by 1H NMR and HRMS prior to 

evaluation in biological assays. Purity of compounds was periodically evaluated (once every 6-12 

months) via LC-MS. If compounds were redissolved by heating, LC-MS was performed on the 

sample to ensure integrity of the stock prior to use in biological assays.  

For treatment of cells in a 96-well plate format, 2 µl of a DMSO stock (1000x[final]) was diluted 

in  48 µl of growth media (penicillin/streptomycin-free) in a 96-well plate and mixed by pipetting 

up and down. Then 5 µl of the diluted compound was added to cells in 195 µl of growth media. 

For treatment of cells in a 384-well format, 6 µl of the DMSO stock (1000x[final]) was diluted in 
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69 µl of growth media (penicillin/streptomycin-free) in a 384-well plate and mixed by pipetting 

up and down with a multichannel pipette. Subsequently, 10 µl of the initial dilution was mixed 

with 70 µl of growth media in a separate well for each condition. Lastly, 5 µl of the second media 

dilution was added directly to cells in 45 µl of growth media.  

For dilution series, the compounds were diluted by 4-fold five times (for a 96-well plate) or 13 

times (for a 384 well plate) in 100% (v/v) DMSO. Then, the DMSO dilutions were mixed with 

growth media as described above.  

 

Assay for small molecule inhibitors of miR-21. Using our previously described HeLa-miR21-

Luc cell line (a stably transfected line harboring a miR-21 binding sequence in the 3’ UTR of a 

firefly luciferase gene).520 Cells were seeded at a density of 1,000 cells/well (45 µl/well) in two 

white, clear-bottom, 384-well plates (Greiner). After overnight incubation, cells were treated with 

compound (5 µl/well) in DMSO (0.1% [v/v]) at the desired concentration or a DMSO control 

(0.1% [v/v]) in triplicate. The cells were incubated for 48 h and one plate was analyzed with a 

Bright-Glo luciferase Reporter Assay Kit (Promega, see protocol 6.2.14 while the other was 

analyzed with an XTT cell viability assay (see protocol 6.2.16 ). The resulting luminescence for 

the Bright-Glo assay was measured on a microplate reader (Tecan M1000) with a measurement 

time of 1 s. For the XTT assay, the absorbance was measured on a microplate reader (Tecan 

M1000) at 450 nm. The luminescence signal was normalized to cell viability and data were set 

relative to DMSO control. 

 

Biochemical firefly luciferase inhibition assay. Recombinant firefly luciferase (Promega) was 

diluted (0.24 fmol/μl) in 1x PBS buffer (50 μl) containing DMSO (0.1% [v/v]), 50 μM of 74 (0.1% 
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[v/v] DMSO), or 50 μM of PCT-124 (0.1% [v/v] DMSO) in a 384-well plate (Greiner). PTC-124 

represents a known firefly luciferase inhibitor,289,424 and thus was used as a positive control. The 

plate was incubated at room temperature for 30 min before adding 25 μl of Bright-Glo reagent 

(Promega, see Bright-Glo luciferase assay protocol 6.2.14 The plate was then incubated on a 

shaker for 10 min at room temperature before analysis for luminescence, which was measured on 

a microplate reader (Tecan M1000) with a measurement time of 1 s. Data were normalized to a 

DMSO control. 

 

Assessment of the selectivity of the small molecule miR-21 inhibitors in the Huh7-

psiCHECK-miR122 stable cell line. The previously described Huh7-psiCHECK-miR122 cell 

line (a stably transfected line harboring a miR-122 binding sequence in the 3’ UTR of a Renilla 

luciferase gene) was used to assess the selectivity of compounds.410 Huh7-psiCHECK-miR122 

cells were seeded at a density of 10,000 cells/well (90 μl/well) in white, clear-bottom, 96-well 

plates (Greiner). After an overnight incubation in media (complete DMEM, free of G418 and 

penicillin/streptomycin), the cells were treated with 10 μM of compounds (10 μl/well; 0.1% [v/v] 

DMSO) or a DMSO control (0.1% [v/v]) in triplicate. A previously reported small molecule 

inhibitor of miR-122, 41D6,410 was included as a positive control. The cells were incubated for 48 

h followed by analysis with a Dual Luciferase Reporter Assay Kit (Promega, see dual-luciferase 

assay protocol 6.2.13 The luminescence was measured on a microplate reader (Tecan M1000) with 

a measurement time of 1 s and a delay time of 5 s. Renilla luciferase signal was normalized to the 

firefly luciferase control signal and data were  set relative to a DMSO control (RLU).  

 



 131 

Quantitative real time PCR analysis. HeLa cells were seeded at a density of 150,000 cells/well 

in 6-well plates (2 ml/well), grown overnight, and treated with 10 μM of compounds or with 

DMSO (0.1% [v/v]) in DMEM (2 ml/well). The cells were then incubated at 37 °C for 48 h. The 

media was removed, and cells were washed with PBS buffer (1 ml; pH 7.4) followed by RNA 

isolation with the miRNeasy mini kit (Qiagen). The RNA was quantified using a Nanodrop ND-

1000 spectrophotometer, and 40 ng of each RNA sample were reverse transcribed using a TaqMan 

microRNA Reverse Transcription Kit (Applied Biosystems) as described in detail below (see 

general protocol 6.2.7 in conjunction with either the miR-21 (Thermo-Fisher Scientific; assay ID: 

000397) or RNU19 (control; Thermo-Fisher Scientific; assay ID: 001003) TaqMan RT primer 

(Applied Biosystems; 16 °C, 30 min; 42 °C, 30 min; 85 °C, 5 min). Quantitative Real Time PCR 

was conducted with a TaqMan 2x Universal PCR Master Mix and the appropriate TaqMan miRNA 

assay probes on a Bio-Rad CFX96 RT-PCR thermocycler (1.3 µl of the RT product; 95 °C, 10 

min; followed by 40 cycles of 95 °C, 15 s; 60 °C, 60 s). The triplicate (3 qPCR reactions) threshold 

cycles (Ct) were determined using the regression analysis included in the Bio-Rad software and 

represent the number of cycles required for the fluorescence signal to accumulate exponentially 

and exceed background levels. Ct values obtained for each small molecule treatment were used to 

determine the relative levels of miR-21 in small molecule treated cells relative to the DMSO 

control using the 2−ΔΔCt method.427 The 2−ΔΔCt method compares the Ct values between target genes 

using an internal control reference gene to enable direct analysis of relative changes in gene levels. 

The samples were also analyzed by RT-qPCR to measure the expression levels of pri-miR-21521 

as described in detail in general protocol 6.2.8 After RNA isolation, 50 ng of each RNA sample 

were reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad) (25 °C, 5 min; 42 °C, 30 

min; 85 °C, 5 min). Quantitative Real Time PCR was conducted with a TaqMan 2x Universal PCR 
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Master Mix and TaqMan primers for hsa-pri-miR-21 (Thermo-Fisher Scientific; assay ID: 

Hs03302625_pri) and GAPDH (control; Thermo-Fisher Scientific; assay ID: Hs0275991_g1) on 

a Bio-Rad CFX96 RT-qPCR thermocycler (2 µl of the RT PCR product; 95 °C, 10 min; followed 

by 40 cycles of 95 °C, 15 s; 60 °C, 60 s). The triplicate threshold cycles (Ct) obtained for each 

small molecule treatment were used to determine the relative levels of pri-miR-21 in small 

molecule treated cells relative to the DMSO control and normalized to the GAPDH endogenous 

control using the 2−ΔΔCt method. 

 

Melting curve analysis of precursor miR-21 RNA. The thermal stability of the stem loop 

precursor  miRNA,  pre-miR-21 (IDT; Table 15) was investigated in the presence and absence of 

compound 135 using temperature-controlled UV spectroscopy. The aminoglycoside tobramycin 

was used as a positive control for RNA binding.497 All experiments were conducted on a Cary 3 

UV-spectrophotometer. The pre-miR-21 RNA was diluted in 20 mM of sodium phosphate buffer 

(pH = 7.0) to a final concentration of 1 μM in the presence of 10 μM of 135 (0.1% [v/v] DMSO), 

10 μM of tobramycin (0.1% [v/v] DMSO), or DMSO (0.1% [v/v]). The absorbance versus 

temperature profiles were measured at 260 nm with temperatures ranging from 35 to 90 °C at a 

ramp rate of 1 °C/min. Absorbance measurements were recorded at 1 °C increments. All 

measurements were conducted as three independent heating cycles (no absorbance was recorded 

during cooling). The values at each temperature increment were normalized to the initial 

absorbance reading at the starting temperature, 35 °C. The three data sets were then averaged, and 

standard deviations were calculated and presented as errors bars. To determine the melting 

temperature, the data were  used to fit a nonlinear regression curve in GraphPad (Prism) software, 

with the point at which the RNA is half single stranded and half double stranded (inflection point) 
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representing the melting temperature (Tm) and the thermal stability of the RNA duplex. In the 

presence of tobramycin, the melting profile of pre-miR-21 is significantly altered. The Tm of the 

stem loop pre-miR-21 was increased by 19.1 °C from 56.0 ± 1.2 °C in the absence of tobramycin 

to 75.1 ± 1.8 °C in the presence of 10 μM of tobramycin. The increased Tm indicates that 

tobramycin directly binds the double stranded stem loop of pre-miR-21, stabilizing its structure. 

The observed melting temperature increase is in agreement with previous literature reports, and 

furthermore tobramycin has been identified as non-sequence specific RNA binder.497 When treated 

with the small molecule 135, no increase in the melting temperature of pre-miR-21 was observed 

relative to DMSO control. Treatment with DMSO resulted in a Tm of 56.0 ± 1.2 °C, while treatment 

with 135 exhibited a Tm of 56.1 ± 1.7 °C. In conclusion, the unperturbed thermal stability upon 

treatment with 135 indicates that the small molecule inhibitor does not directly bind to miR-21.  

 

Table 15 Sequence of pre-miR-21 

 

name sequence (5’ -> 3’) 

pre-miR-21 
UAGCUUAUCAGACUGAUGUUGACUGUUGAAUCUCAUGGCAACACC

AGUCGAUGGGCUGUC 

 

 

Assay for the effect of topotecan on miR-21 activity. Using our previously described HeLa-

miR21-Luc cell line (a stably transfected line harboring a miR-21 binding sequence in the 3 UTR 

of a firefly luciferase gene).520 Cells were seeded at a density of 1,000 cells/well (45 μl/well)  in 

two white, clear-bottom, 384-well plates (Greiner). After overnight incubation, cells were treated 

(5 μl/well) with topotecan to the desired concentration or a DMSO control (0.1% [v/v] DMSO) in 

triplicate. The cells were incubated for 48 h and one plate was analyzed with a Bright-Glo 
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luciferase Reporter Assay Kit (Promega; see Bright-Glo luciferase assay protocol 6.2.14 The 

luminescence was measured on a microplate reader (Tecan M1000) with a measurement time of 1 

s. The other plate was analyzed via XTT cell viability assay (see XTT cell viability assay protocol 

6.2.16 Absorbance was measured on a microplate reader (Tecan M1000) at 450 nm. Luminescence 

signal was normalized to cell viability and data were  set relative to DMSO control. 

 

Cell viability assays. A498, U-87, MCF-7, HCT-116, MIA-PaCa-2, A172, or NIH 3T3 cells were 

seeded at 500 cells/well (total media volume of 45 μl/well)  in white, clear-bottom, 384-well plates 

(Greiner). Following an overnight incubation, cells were treated (5 μl/well) with increasing 

concentrations of compounds (0.1% [v/v] DMSO) or a DMSO control (0.1% [v/v]) in triplicate. 

For combination treatment of the compounds and chemotherapeutic agents, cells were treated with 

increasing concentrations of the chemotherapeutic agent while the miR-21 inhibitor concentration 

remained constant. DMSO was maintained at 0.1% (v/v) in combination treatment experiments. 

The cells were incubated for 72 h followed by analysis with an XTT assay (GoldBio or Roche; see 

XTT assay protocol 6.2.16 .522,523 Briefly, activated XTT reagent was added to each well. 

Absorbance was measured at 450 nm and 630 nm (background) after initial addition (Abs-tinital) of 

the reagent, then incubated at 37 °C in a 5% CO2 atmosphere for 4 hours, followed by measurement 

of end-point absorbance (Abs-tfinal) on a Tecan M1000 plate reader. Following background 

subtraction of the absorbance measurements at 630 nm, the difference in the Abs-tinital and Abs-

tfinal 450 nm absorbance measurements was calculated. The difference in absorbance for each well 

was normalized to the DMSO control, then averaged and multiplied by 100 to determine the 

percent cell viability relative to DMSO. Error bars represent the standard deviation of three 
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independent replicate wells. IC50 values were calculated by fitting the data with a variable slope 

sigmoidal dose response curve using GraphPad (Prism) software. 

 

Caspase-Glo 3/7 assays. A498 cells were seeded into white, clear-bottomed, 96-well plates 

(Greiner) at a density of 10,000 cells/well (90 μl). Following overnight incubation, cells were 

treated (10 µl/well) with either DMSO (0.1% [v/v]), 400 nM of topotecan, 10 μM of 135, or a 

combination of 400 nM of topotecan and 10 μM of 135 for 24 h. Following incubation, caspase 

3/7 activity was measured (Promega) following the manufacturers protocol. Data were  normalized 

to the DMSO control and represents the mean ± standard deviation from at least three replicate 

wells. Statistical significance calculated in GraphPad Prism and was determined using an unpaired 

t-test, ** P < 0.01. 

 

Clonogenic assay. The clonogenic assay524 was performed as described previously and described 

in detail below (protocol 6.2.18 Briefly, a base layer consisting of 0.7% (w/v) agarose in DMEM 

growth medium was added to 12-well plates (Greiner) and allowed to solidify. Cells were then 

seeded at a density of 10,000 cells per well in 0.45% (w/v) low melt agarose in DMEM growth 

medium supplemented with increasing concentrations of compound in DMSO (0.1% [v/v]) or a 

DMSO control (0.1% DMSO final concentration) in triplicate. After two weeks, cells were stained 

with 0.1% (w/v) crystal violet. Images of each well were captured using an MRm camera 

(Axiocam) and N-Achroplan 5x/0.13 M27 objective on an Axio Observer Z1 microscope (Zeiss). 

In order to capture images of the whole well, a z-stack of 17 slices over 800 µm of the well was 

obtained. Each slice contained 114 tiles which were stitched together immediately following image 

capture using Zen 2012 software. Z-stacks were exported as .tif files and focus stacking was used 
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to convert the individual slices to generate an extended depth of field image using Helicon Focus 

software. Extended depth of field images were analyzed using ImageJ.525 Briefly, identical contrast 

settings were applied to each image by adjusting the maximum and minimum pixel values to match 

the histogram. The threshold for each image was then set to 1.03%. Colonies were counted using 

the “Colony Counter” plugin using a particle size of 500-infinity. Total colonies per well were 

averaged and normalized to DMSO control. Error bars represent standard deviation of three 

independent measurements. IC50 values were calculated by fitting the data with a variable slope 

sigmoidal dose response curve using GraphPad (Prism) software.    

 

PTEN and PDCD4 western blot. A498 cells were seeded into a 6-well plate at a density of 

250,000 cells/well (2 ml/well). Following overnight incubation, cells were treated with either 

DMSO (0.1% [v/v]) or 10 μM of 135 for 48 h. Cell lysis and protein extraction was carried out 

using RIPA lysis buffer (Tris-HCl [50 mM; pH 8.0], NaCl [150 mM], 0.5% [w/v] sodium 

deoxycholate, 1% [v/v] Triton X-100) supplemented with Halt Protease Inhibitor Cocktail 

(Thermo-Fisher) (see mammalian protein isolation protocol 6.2.11 Whole cell lysates were boiled 

in Laemmli sample buffer and separated on a 10% (v/v) SDS-PAGE gel (see SDS-PAGE protocol 

6.2.12.1). Following separation, proteins were transferred to a PVDF membrane (GE Healthcare) 

and the membrane was blocked in TBS with 0.1% (v/v) Tween 20 containing 5% (w/v) BSA for 

1 h at room temperature (for more details, see western blot protocol 6.2.12.3). The blots were 

probed with primary antibodies rabbit mAb anti-PTEN (Cell Signaling, 1:1,000 dilution; catalog#: 

9559S), rabbit pAb anti-PDCD4 (Rockland, 1:1,000 dilution; catalog# 600-401-965S), and rabbit 

mAb anti-GAPDH (Cell Signaling, 1:2,500 dilution; catalog# 2118S) in blocking buffer (5 ml) at 

4 °C rocking overnight, followed by secondary antibody detection using an anti-rabbit IgG HRP-



 137 

linked antibody (Cell Signaling, 1:1,000 dilution; catalog# 7074S) in TBS with 0.1% (v/v) Tween 

20 (5 mL) for 1 h at room temperature. Chemiluminescence was developed using SuperSignal 

West Pico Chemiluminescent Substrate (Thermo-Fisher Scientific, 5 ml, 5 min) and imaged on a 

ChemiDoc XRS+ (Bio-Rad) using the chemiluminescence filter and automated exposure settings. 

Densitometry analysis was carried out using Image Lab software (Bio-Rad), where PTEN and 

PDCD4 protein bands were normalized to GAPDH, followed by normalization to DMSO control. 

3.4 Ether-Amide Inhibitors of miR-21 

In addition to the oxadiazole scaffold identified above, an ether-amide inhibitor was also 

further evaluated from the 58 small molecules identified in the HTS. Analogs of the initial hit 136 

were synthesized using a robust synthetic route that allowed for facile functionalization of 

numerous positions across the structure (Figure 3-14). Commercially available ortho-substituted 

anilines 137 were readily reacted with 138 via a condensation reaction in polyphosphoric acid to 

obtain the resulting benzoimidazoles, benzothiazoles, and benzoxazoles 139. Subsequent reaction 

with acetyl chloride provided the linker region in 140 which readily underwent nucleophilic 

substitution with phenols, thiols and anilines in the presence of cesium carbonate to yield the final 

products.  
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Figure 3-14 Synthetic route to ether-amide miR-21 inhibitors 

a) polyphosphoric acid, 170 °C; b) chloroacetyl chloride, toluene, 90 °C; c) sat. NaHCO3, rt; d) Cs2CO3, CH3CN, rt; 

Ar = phenyl, naphthyl, benzothiazolyl. Synthesis performed by Rohan Kumbhare. 

 

 

Using this synthetic route, a small panel of analogs was generated, and their biological 

activity was evaluated using the HeLa-miR21-Luc cell line (Figure 3-15). The initial hit 136 

demonstrated modest activity, inducing a 1.55-fold increase in luciferase signal following 

treatment at 10 µM for 48 h. Removal of the iodide to yield 141 resulted in only a very minor 

improvement in activity, while loss of the iodide along with introduction of a para-methoxy group 

in 142 also had little to no effect on activity. Turning towards modifying the benzothiazole ring, 

the benzoxazole derivative of 136 yielded 143, which maintained the same activity as the parent 

compound. Keeping the benzoxazole and removal of the iodide resulted in 144, which showed no 

change in activity, while introduction of a para-methoxy to yield 145 abolished all activity. 

Expanding upon 144, addition of a 5-chloro modification to the benzoxazole resulted in 146, which 

demonstrated an 85% enhancement in activity compared to the initial hit 136. Furthermore, 

addition of a para-methoxy substitution to 146 to yield 147 further enhanced activity, eliciting a 

314% improvement compared to 136. Continuing from the promising results obtained from 146 
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and 147, analogs containing benzimidazoles (148 and 149) were synthesized, however, only a loss 

in activity was observed. 

 

 

 

Figure 3-15 Activity of compounds 136 and 141 – 149 in the HeLa-miR21-Luc assay 

Values represent fold-changes in luminescence signal in the HeLa-miR21-Luc stable cell line normalized to cell 

viability and relative to a DMSO control. Data represents the average ± standard deviation from at least three 

independent experiments. Synthesis performed by Rohan Kumbhare. Luciferase data generated by Yuta Naro. 

 

 

To build upon the improvement in activity seen in 146 and 147, an additional round of 

analogs was synthesized containing further modification to each respective compound. For 146, 

moving the 5-chloride to the 6-position yielded 151, which had only minor impact on activity. 

Changing the ether-amide linker from the para- to the meta-position yielded analogs 152 and 153, 

which only resulted in losses in activity. The importance of the ether-amide linker was investigated 

by synthesizing 154 bearing a shorter carbamate linker (Figure 3-16). Compound 154 elicited a 

35% increase in activity relative to 146 and a 249% increase relative to the initial hit 136. 
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Analogous modifications were also made to 147 to produce 155, 156, 157, and 158, however only 

reduced activity was observed in this set of analogs (Figure 3-17). 

 

 

 

Figure 3-16 Synthetic route to ether-amide miR-21 inhibitors 154 and 158 

a) Et3N, DCM, 0 °C – rt. Synthesis performed by Rohan Kumbhare. 
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Figure 3-17 Activity of compounds 151 – 158 in the HeLa-miR21-Luc assay 

Values represent fold-changes in luminescence signal in the HeLa-miR21-Luc stable cell line normalized to cell 

viability and relative to a DMSO control. Data represents the average ± standard deviation from at least three 

independent experiments. Synthesis performed by Rohan Kumbhare. Luciferase data generated by Yuta Naro. 

 

 

With 147 remaining the most potent inhibitor identified thus far, we decided to investigate 

further modifications to its structure. To this end, analogs containing modifications to the ether-

amide linker and the central aniline ring were synthesized and their activity was tested in the HeLa-

miR21-Luc stable cell line (Figure 3-18). Replacement of the ether-amide linker with a thioether 

amide linker produced analog 159 which exhibited a 54% decrease in activity relative to 147. 

Furthermore, incorporation of an amino-amide linker in place of the ether-amide linker resulted in 

160 and completely abolished activity. Replacement of the central aniline ring with a naphthalene 

(161) or benzothiazole (162) was also detrimental to activity. Lastly, alkylation of the amide 
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nitrogen in 147 with a methyl or propargyl group, 163 and 164 respectively (Figure 3-19), 

abolished activity compared to the parent compound 147. Taken together, these results confirmed 

the importance of the ether-amide linker to activity and thus we decided to maintain this moiety 

moving forward with additional analogs. 

 

 

 

 

Figure 3-18 Activity of compounds 159 – 164 in the HeLa-miR21-Luc assay  

Values represent fold-changes in luminescence signal in the HeLa-miR21-Luc stable cell line normalized to cell 

viability and relative to a DMSO control. Data represents the average ± standard deviation from at least three 

independent experiments. Synthesis performed by Rohan Kumbhare. Luciferase data generated by Yuta Naro. 
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Figure 3-19 Synthetic route to ether-amide miR-21 inhibitors 163 and 164  

a) LiHMDS, MeI, THF, 0 °C – rt (for R = Me); NaH, propargyl bromide, DMF, 0 °C – rt (for R = propargyl). Synthesis 

performed by Rohan Kumbhare.  

 

 

Building upon the generated structure-activity information, we decided to synthesize an 

additional set of analogs based on 147 but containing more diverse changes to two distal ring 

systems while maintaining the structures of the central region of the scaffold. To this end, 

additional analogs were synthesized and tested in the miR-21 luciferase reporter (Figure 3-20). 

Moving the para-methoxy to the meta-position resulted in 165, which displayed similar activity 

to 12. Replacement of the para-methoxy with a nitrile (166), fluorine (167), nitro (168), or phenyl 

(169) group all resulted in losses in activity. Similarly, introduction of a para-isopropyl in 

conjunction with a meta-methyl group (170) led to a 46% decrease in activity. Interestingly, 

replacement of the 5-chloro with a 5-fluoro in conjunction with (171) or without (172) the para-

methoxy group also reduced activity, providing evidence that the 5-position may be highly 

sensitive to modifications. To further support this, introduction of a bromine at the 5-position (173) 

resulted in a 27% increase in activity compared to the parent compound 147. Surprisingly, 

introduction of a phenyl group at the 5-position (174) had an even greater impact on activity, 

demonstrating a 62% improvement in activity compared to 147, and a 508% increase in activity 

relative to the initial hit 136. Conversion of the benzoxazole to a pyridinyloxazole (175) led to a 
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loss in activity compared to 136 and further supports the critical nature of the 5-position on the 

benzoxazole. 

 

 

 

Figure 3-20 Activity of compounds 165 – 175 in the HeLa-miR21-Luc assay 

Values represent fold-changes in luminescence signal in the HeLa-miR21-Luc stable cell line normalized to cell 

viability and relative to a DMSO control. Data represents the average ± standard deviation from at least three 

independent experiments. Synthesis performed by Rohan Kumbhare. Luciferase data generated by Yuta Naro. 

 

 

Overall, the SAR studies suggest several key positions on the inhibitor that appear sensitive 

to modification, including the ether-amide linker core and the 5-position on the benzoxazole ring 

system. With the promising and improved candidates 147, 165, 173, and 174 in hand, we next 

evaluated their biological activity and confirmed their function as miR-21 inhibitors.  

Firstly, the HeLa-miR21-Luc reporter cell line was treated in dose-response with the most 

promising analogs, and 147, 165, 173, and 174 all demonstrated reporter activation in a dose-
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dependent fashion with EC50 values of 6.7 µM, 4.7 µM, 6.4 µM, and 3.5 µM, respectively (Figure 

3-21).   

 

 

 

Figure 3-21 HeLa-miR21-Luc stable reporter cells treated with dilution series of inhibitor 147, 165, 173, or 174  

Luciferase signal was first normalized to cell viability and then to a DMSO control. Error bars represent standard 

deviations from three independent experiments. EC50 values were determined by fitting data to a nonlinear regression 

analysis in GraphPad Prism software. Luciferase data generated by Yuta Naro. 

 

 

Firefly luciferase inhibitors have been previously identified as false positive hits in high-

throughput screens due to luciferase enzyme stabilization in cells.289 Because this is a documented 

concern when using luciferase reporter assays,526 we decided to evaluate the effect of 147, 165, 

173, and 174 on luciferase activity in a biochemical assay. Treatment with the positive control 

firefly luciferase inhibitor PTC-12419 led to a 94% reduction in enzyme activity. While treatment 

with 147 elicited no significant reduction in luciferase activity, treatment with 165, 173, and 174 

all led to 44, 38, and 27% reductions in luminescence signal, respectively (Figure 3-22A). To 

further validate whether these inhibitors act on the miRNA pathway, we transfected HeLa cells 

with a psiCHECK-empty reporter (containing a sequence not targeted by any known miRNA) 

followed by treatment with the compounds at 10 µM for 48 h. The positive control PTC-124 and 
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compounds 165, 173, and 174 induced an increase in luminescence signal ranging from 1.5 to 1.8-

fold, while compound 147 only showed a minor increase in luciferase activity (Figure 3-22B). 

These biochemical and cell-based results indicate that 165, 173, and 174 may have inflated activity 

profiles in the HeLa-miR21-Luc assay due to off-target binding of the firefly luciferase enzyme. 

Taking both the dose-response and in vitro firefly luciferase data into account, we decided to carry 

147 forward as the primary candidate for further biological testing.  

 

 

 

Figure 3-22 Evaluation of selectivity of lead compounds 

A) Treatment with inhibitor 147 has no effect on luciferase activity, while 165, 173, and 174 all inhibit firefly 

luciferase in vitro. PTC-124, a known firefly luciferase inhibitor, was included as a positive control. B) Hit compound 

147 has a minor impact on firefly luciferase activity in HeLa cells transfected with the psiCHECK-empty plasmid. 

Analogs 165, 173, and 174 as well as the positive control induce increases in luminescence. C) Inhibitor 147 does not 

inhibit miR-122 in the Huh7-miR122 stable cell line. Compound 40 was used as a positive control. RLU values 

represent Renilla luciferase luminescence signal normalized to firefly luciferase luminescence signal. All data were  

normalized to DMSO treatment (negative control) and error bars represent standard deviations from three independent 

experiments. Statistical significance was determined using an unpaired t-test, * P < 0.05, ns P ≥ 0.05. Luciferase data 

in A and C generated by Yuta Naro. 
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Next, we tested if 147 is a general miRNA pathway inhibitor or if it has selectivity for miR-

21. To this end, we employed an additional stable reporter cell line, Huh7-miR122, which places 

Renilla luciferase expression under the control of miR-122 activity.410 Treatment with 147 (10 

µM) elicited only a minor 0.2-fold reduction in Renilla luciferase signal, demonstrating that 147 

does not inhibit miR-122 activity (Figure 3-22C). As a positive control, cells were also treated 

with 20, a known miR-122 inhibitor,410 which induced a >3.5-fold increase in luminescence, 

confirming functionality of the assay. Taken together, these results indicate that 147 shows some 

level of selectivity for miR-21 and is not a general miRNA pathway inhibitor.  

To explore the mechanism by which 147 inhibits miR-21 function, levels of mature miR-

21 were measured via reverse transcription quantitative PCR (RT-qPCR) after treatment with 147. 

To ensure that the effects were not cell line dependent, three different cancer cell lines were tested. 

These cell lines included the parental cell line of the HeLa-miR21-Luc stable reporter cell line, 

HeLa cervical carcinoma cells, along with A549 non-small cell lung carcinoma cells, and SKOV3 

ovarian cancer cells. Each cell line was treated with 147 (10 µM) or DMSO (0.1%) for 48 h, 

followed by miRNA isolation and quantification using RT-qPCR. In HeLa cells, a 57% reduction 

was observed (Figure 3-23A), while in A549 and SKOV3 cells, 33% and 31% reductions were 

detected, respectively (Figure 3-23B). These results support a mechanism by which treatment with 

147 results in depletion of mature miR-21 and subsequent reduction of miR-21 regulatory 

functions. To determine if 147 inhibits miR-21 maturation via binding directly to pre-miR-21, 

melting curve analyses were carried out in the presence of DMSO or 147. The melting temperature 

of pre-miR-21 in the presence of DMSO control was measured to be 56.0 °C. The presence of 147 

(10 µM) had no effect on melting temperature yielding a Tm of 56.2 °C (Figure 3-24). These results 
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indicate that 147 does not directly interact with miR-21 RNA and that miR-21 levels are likely 

impacted via an alternative mechanism. 

 

 

 

Figure 3-23 RT-qPCR analysis of compound 147 and promoter assay  

A) Treatment of HeLa cells with 147 for 48 h, followed by RT-qPCR analysis of mature miR-21 or primary miR-21 

(pri-miR-21). B) Treatment of A549 (NSCLC) or SKOV3 (ovarian carcinoma) with DMSO or 147 (10 µM), followed 

by qPCR analysis of mature miR-21 RNA levels elicited a 33 and 31% decrease, respectively. C) Transfection of 

HeLa cells with a miR-21 promoter gene expression reporter following treatment with 147. Data were normalized to 

DMSO treatment (negative control) and error bars represent standard deviations from three independent experiments. 

Statistical significance was determined using an unpaired t-test, * P < 0.05. Data in B and C generated by Yuta Naro. 
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Figure 3-24 Melting temperature analysis of pre-miR-21 

Melting curves for pre-miR-21 in the absence and presence of 147 (left). Differentiation of the melting curves (right) 

reveals no change in melting temperatures in the presence (Tm = 56.2 °C) or absence (Tm = 56.0 °C) of 147. Error bars 

represent standard deviations from three independent experiments. Data generated by Yuta Naro. 

 

 

To further investigate what step of the miR-21 biogenesis pathway 147 may be targeting, 

primary miR-21 levels were analyzed via RT-qPCR in HeLa cells after treatment with 147 (10 

µM) for 48 h. Interestingly, a marked 79% decrease in primary miR-21 levels was observed 

following treatment (Figure 3-23A). This result supports a mechanism by which 147 is inhibiting 

transcription of the miR-21 gene, resulting in depletion of primary miR-21 levels. To confirm that 

compound 147 inhibits miR-21 transcription, HeLa cells were transfected with a previously 

described luciferase reporter construct that monitors miR-21 promoter activity, pGL4-miR21P,487  

and were treated with DMSO or 147 (10 µM) for 48 h. As expected, treatment with 147 resulted 

in a 78% decrease in miR-21 promoter activity compared to DMSO control (Figure 3-23C). This 

result directly supports the drastic reduction in primary miR-21 levels observed via RT-qPCR and 

further suggests a mechanism of action by which 147 inhibits transcription of the miR-21 gene.  
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Next, we evaluated whether 147-mediated inhibition of miR-21 could elicit a therapeutic 

response in HeLa cells by subjecting them to a cell viability study using an XTT assay.522 

Following treatment with the compound for 72 h, 147 demonstrated a disappointing IC50 > 50 µM 

(Figure 3-25A). To further explore this response and determine if 147-induced limited cell death 

was due to induction of apoptosis, we examined caspase-3/7 activation in HeLa cells. Antisense 

oligonucleotide-mediated Inhibition of miR-21 has been previously shown to inhibit cell 

proliferation and increase apoptosis of HeLa cells.527 Treatment of HeLa cells with 147 (10 M) 

for 24 h elicited a modest 50% increase in caspase-3/7 activity, a 2-fold increase was observed at 

an increased concentration of 50 M (Figure 3-25B). This suggests that knockdown of miR-21 by 

147 leads to a reduction in cell viability by inducing apoptosis, consistent with previous reports.527-

530  

 

 

 

Figure 3-25 Pre-therapeutic evaluation of 147 in HeLa cells 

A) Treatment of HeLa cells with 147 for 72 h, followed by a cell viability assay. B) Caspase-3/7 activity was measured 

in HeLa cells following treatment with 147 for 24 h. Data were  normalized to DMSO treatment (negative control) 

and error bars represent standard deviations from three independent experiments. Data in B generated by Cole 

Emanuelson. 

 



 151 

We further explored the therapeutic potential of 147 by investigating the ability of the small 

molecule to elicit long-term effects in reducing microtumor formation in a clonogenic assay. 

Oligonucleotide silencing of miR-21 has been shown to inhibit clonogenicity in several cancer cell 

models531-533 including cervical cancer.527,534 Briefly, HeLa cells were suspended in low melt 

agarose and exposed to a dilution series of 147 for two weeks at 37 ºC prior to imaging (Figure 

3-26A). Treatment with 147 reduced colony formation with an EC50 of 7.3 µM (Figure 3-26B), 

indicating that the compound was capable of inhibiting microtumor formation of HeLa cells.  

 

 

 

Figure 3-26 Clonogenic assay in HeLa cells treated with compound 147 

A) Representative images from clonogenic assays following 2-week treatment of HeLa cells with a dilution series of 

147. Images were cropped to 4 tiles each in the center of the well from the extended depth of focus image. B) Treatment 

of HeLa cells with 147 in a two-week clonogenic assay. 
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3.4.1  Summary and Outlook 

In summary, a high-throughput screen for small molecule modulators of miR-21 function 

led to the identification of a new ether-amide scaffold and a subsequent structure-activity 

relationship study of the initial hit compound 136 resulted in the identification of the improved 

miR-21 inhibitor 147. Through a biochemical and cell-based firefly luciferase assays as well as a 

miR-122 reporter cell line, we determined that compound 147 was selective for miR-21. 

Furthermore, 147 was found to inhibit transcription of the miR-21 gene resulting in significant 

reductions in primary and mature miR-21 levels. This mechanism of action is in contrast to 

previously reported miR-21 inhibitors which appear to inhibit maturation of pre-miR-

21265,487,535,536 as well as oxadiazole inhibitors which appear to inhibit the function of mature miR-

21 without affecting miR-21 levels.537 However, the ether-amide class does appear to follow a 

similar mechanism to the previously reported diazobenzene.538 Pre-therapeutic evaluation of the 

lead compound using XTT and caspase activation assays demonstrated that miR-21 inhibition 

mediated by 147 reduces cell viability in HeLa cells by inducing apoptosis. Furthermore, treatment 

of HeLa cells with 147 in a long-term clonogenic assay inhibited microtumor formation, 

suggesting inhibitor 147 may have potential as a therapeutic for treating miR-21-related diseases.  

Future work should focus on further evaluation of the biological relevance of 147-mediated 

inhibition of miR-21. Functional assays that monitor cell viability, caspase activity, clonogenicity, 

and cell migration should be employed in a variety of cancer cell lines in order to evaluate the 

therapeutic potential of 147. Moreover, additional experiments should be performed to try to 

further elucidate the mechanism by which 147 inhibits miR-21 transcription. The use of 

photocrosslinking or pull-down probes may enable enrichment of the target protein, while 
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mutational studies of transcription factor binding sites within the miR-21 promoter may provide 

valuable insight into the potential mode of action of 147. 

3.4.2  Materials and Methods 

Detailed protocols for all experiments conducted in this section are described in Materials 

and Methods section 3.3.2  

3.5 N-Acylhydrazone Inhibitors of miR-21 

From the initial HTS, two structurally similar N-acylhydrazones, 176 and 177, were also 

identified (Figure 3-27A).  Subsequently, Meryl Thomas resynthesized the potential hit 

compounds to verify their activity in the miR-21 assay. Upon testing the newly synthesized 

compound 177, a reduction in activity was observed. However, compound 176 elicited a modest 

43% increase in luminescence. Unfortunately, activity of 176 was inconsistent in subsequent 

assays and we hypothesized that variation between assays could be the result of hydrolytic 

instability in cells.539-541 To this end, a structure-activity relationship investigation was undertaken 

in hopes of learning more about the chemical properties surrounding their activity, as well as 

identifying more potent analogs. The first round of modifications involved replacing the hydrazide 

moiety with an amide to improve stability, while also modifying the peripheral ring structures. As 

such, a general approach for synthesis of bis-amide analogs was developed and is readily 

accessible via commercial building blocks (Figure 3-27B). Beginning with N-Boc-p-

phenylenediamine, an amide bond is first formed via nucleophilic acyl substitution of acyl 
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chlorides or functionalization of the carboxylic acid in the presence of N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide (EDC). Subsequently, Boc deprotection mediated by 

treatment with 50% (v/v) trifluoroacetic acid (TFA) in dichloromethane (DCM) yields the free 

aniline which undergoes an amidation step with an acyl chloride or carboxylic acid, generating the 

final product. 

 

 

 

Figure 3-27 Lead molecules from the HTS and general sythetic route to bis-amide analogs 

A) Structures of initial hits 176 and 177 identified in the high-throughput screen. Values represent fold-changes in 

luminescence normalized to cell viability and relative to a DMSO control. Data represents the average ± standard 

deviation from at least three independent experiments. Compounds were synthesized by Meryl Thomas. Luciferase 

data were generated by Yuta Naro. B) General sythetic scheme for analogs of 176 and 177. Reagents and conditions: 

a) DIPEA, CH2Cl2; b) EDC, DIPEA, CH2Cl2; c) 50% (v/v) TFA/DCM; d) DIPEA, CH2Cl2; e) EDC, DIPEA, CH2Cl2. 
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Analogs of the initial hit compounds were synthesized by Subhas Samantha and evaluated 

in the HeLa-miR21 reporter cell line by Yuta Naro. Replacement of the methylfuran with a 

pyridine (178) or benzofuran (179) completely abrogated activity (Figure 3-28). Interestingly, 

exchanging the pyridine ring for an additional methylfuran (180) led to a ~51% increase in activity 

relative to the parent compound, suggesting the hydrazide moiety was unnecessary for activity. As 

such, we next sought to expand upon the newly identified bisamide scaffold. Alternative furan 

rings (181 and 182) were also explored, but only led to diminished activity.  Moreover, 

replacement of the pyridine ring with an ortho-anisole (183) or ortho-cresol (184) moiety exhibited 

similar activity to the parent compound, while methylation of the amide nitrogens yielding (185) 

led to complete abrogation of activity. Finally, modification of the central benzene ring to a 

cyclohexane (186) resulted in a ~20% reduction in activity, relative to the parent molecule.  

 

 

 

Figure 3-28 Structures and activities of analogs 177 – 186 

Values represent fold-changes in luminescence normalized to cell viability and relative to a DMSO control. Data 

represents the average ± standard deviation from at least three independent experiments. Compounds were synthesized 

by Meryl Thomas. Luciferase data were generated by Yuta Naro. 
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Because compound 180 exhibited the most promising improvement in activity thus far, an 

additional series of modifications were made to the central benzene ring structure. Alteration of 

the para-bisamide to a meta-bisamide (187) elicited a slight loss in activity, but when the 

methylfuran rings were replaced with ortho-anisole (188) a modest 16% increase in activity was 

observed, relative to 180 (Figure 3-29). Furthermore, removal of the methyl groups (189) showed 

little change in activity, but extension or replacement of the methyl esters to ethyl esters (190) or 

chlorines (191), respectively, led to a dramatic loss in activity. Additionally, movement of the 

methoxy groups to the meta- positions (192) induced a minor loss in activity, relative to 180. 

Replacement of one of the methylfuran rings with an ortho-anisole ring (193) resulted in a 

promising 60% increase in activity relative to 180, and a 111% increase relative to the parent 

compound, 177. Moreover, altering the central benzene ring to a pyridine (194), reversing the 

configuration of one of the amides (195), or modifying the meta-bisamide to an ortho-bisamide 

configuration (196), while maintaining the peripheral rings, all resulted in significant losses in 

activity.  
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Figure 3-29 Structures and activities of analogs 187 – 196 derived from analog 180 

Values represent fold-changes in luminescence normalized to cell viability and relative to a DMSO control. Data 

represents the average ± standard deviation from at least three independent experiments. Compounds were synthesized 

by Meryl Thomas. Luciferase data were generated by Yuta Naro. 

 

 

Lastly, modifications were also made to the amide linkers. Locking one of the amides into 

a six-membered ring (197 and 198) or extending the linker via a phenol ether functionality (199 

and 200) induced losses in activity (Figure 3-30). Finally, the amide linker was extended via 

insertion of a single methylene unit. While this modification was not well tolerated in analogs 

containing the ortho-anisole amide (201 and 202), an analog bearing a benzofuran (203) displayed 

a ~14% increase in activity relative to 193. Moreover, removal of the methoxy group from 203 

yielded 204, which elicited a gratifying 116% increase in activity relative to 193, and a 227% 

increase in activity relative to the parent compound, 177. 
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Figure 3-30 Structures and activities of analogs 197 – 204 derived from analog 193 

Values represent fold-changes in luminescence normalized to cell viability and relative to a DMSO control. Data 

represents the average ± standard deviation from at least three independent experiments. Compounds were synthesized 

by Meryl Thomas. Luciferase data were generated by Yuta Naro. 

 

 

The two significantly improved analogs, 193 and 204, were then evaluated in dose-

response in the HeLa-miR21 stable cell line. Treatment with a dilution series of 193 and 204 for 

48 h elicited EC50 values of 7.9 µM and 4.7 µM, respectively. Subsequently, a biochemical firefly 

luciferase assay was performed to confirm the activity observed for 193 and 204 was not due to 

firefly luciferase inhibition. Briefly firefly luciferase enzyme was incubated with 193 or 204 (10 

µM) or DMSO (control; 0.1%; [v/v]) for 30 min, followed by addition of Bright-Glo reagent 

(Promega) and luminescence signal read-out (see Bright-Glo assay protocol 6.2.14 As expected, 

treatment with the positive control firefly luciferase inhibitor, PTC-124,542 elicited a 90% 

reduction in firefly luciferase activity in the in vitro assay. However, incubation of the enzyme 
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with 193 or 204 did not induce any significant reduction in luciferase activity (Figure 3-31), 

suggesting that neither analog is a firefly luciferase inhibitor.  

 

 

 

Figure 3-31 Dose-response in the HeLa-miR-21 assay and biochemical Fluc inhibition assay for analogs 193 and 204 

HeLa-miR-21 cells were treated with a dilution series of A) analog 193 or B) 204 for 48 h, then a Bright-Glo assay 

and XTT cell viability assay were performed. Luciferase signal was normalized to cell viability and set relative to a 

DMSO control (RLU). C) In vitro firefly luciferase activity assay for miR-21 inhibitors 193 and 204. PTC-124 was 

included as a positive control. All data are normalized to DMSO (negative control) and errors bars represent standard 

deviations from three independent experiments. Statistical significance was determined using an unpaired t-test, * P 

< 0.05, ns P ≥ 0.05. Luciferase data were generated by Yuta Naro. 

 

 

Next, we sought to determine the selectivity of 193 for miR-21 was evaluated by 

monitoring miR-122 function in the Huh7-miR122 reporter cell line. In contrast to the positive 

control, 20 (a known miR-122 inhibitor)410 which induced a 3.5-fold increase in luminescence, 

treatment with 193 (10 µM) for 48 h had no effect on Renilla luciferase signal, demonstrating that 

193 does not inhibit miR-122 activity and suggesting it may not be a general miRNA pathway 
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inhibitor (Figure 3-32). While analog 204 has not been tested in the miR-122 assay, we hypothesize 

based on the consistent results from 193, that 204 should not inhibit miR-122 either.  

 

 

 

Figure 3-32 Evaluation of 193 in the Huh7-miR122 reporter cell line 

Huh7-miR122 cells were treated with 10 µM of 193 for 48 h, then luciferase activity was monitored using a dual 

luciferase assay. Relative luciferase units (RLU) represents Renilla luciferase signal normalized to firefly luciferase 

control signal (RLU). Errors bars represent standard deviations from three independent experiments. Statistical 

significance was determined using an unpaired t-test, * P < 0.05, ns P ≥ 0.05. Luciferase data were generated by Yuta 

Naro. 

 

 

In order to begin exploring the mechanism by which these analogs inhibit miR-21 function, 

we utilized RT-qPCR to monitor mature miR-21 levels in response to treatment with 193 and 204. 

Briefly, HeLa cells were treated with 193 or 204 at 10 µM or DMSO (0.1% [v/v]) for 48 h, 

followed by RNA isolation and quantification (see RT-qPCR protocol in section 3.3.2 

Interestingly, no reduction in mature miR-21 was observed following treatment with either 

compound, suggesting a mechanism of action independent of miR-21 levels, similar to the 

oxadiazole analogs discussed above (Chapter 3.3). To further support this hypothesis, the 

previously described miR-21 promoter assay was employed to evaluate if analogs 193 and 204 
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had any effect on transcription of the miR-21 gene. Transfection of the reporter into HeLa cells, 

followed by treatment with 193 or 204 (10 µM) or DMSO (0.1% [v/v]) for 48 h led to no changes 

in luciferase signal demonstrating no effect on miR-21 promoter activity and supporting the RT-

qPCR data (Figure 3-33).  

 

 

 

Figure 3-33 Effect of analogs 193 and 204 on mature miR-21 levels and miR-21 promoter activity 

A) Treatment of HeLa cells with 193 or 204 (10 µM) for 48 h, followed by RT-qPCR analysis of mature miR-21 

levels. RT-qPCR analysis was conducted using RNU19 as an internal standard. B) HeLa cells were transfected with 

the miR-21 promoter construct, followed by treatment with 193 and 204 (10 µM) for 48 h. Relative luciferase units 

(RLU) represents Renilla luciferase signal normalized to firefly luciferase control signal (RLU). All data were  

normalized to DMSO (negative control) and errors bars represent standard deviations from three independent 

experiments. Statistical significance was determined using an unpaired t-test, ns P ≥ 0.05. Data were generated by 

Yuta Naro. 

 

 

In order to further validate their activity, the improved inhibitors 193 and 204 were 

resynthesized and analyzed again for their miR-21 inhibitory activity. Because miR-21 is an 

oncomiR, we simultaneously analyzed the compounds for their effect on cell viability. 

Surprisingly, the resynthesized compounds no longer had any effect on miR-21 activity. 
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Interestingly, while 193 induced low micromolar efficacy in the majority of cancer cell lines 

evaluated (Table 16), a potent 145 nM IC50 was observed following treatment of SKOV3 ovarian 

cancer cells with the inhibitor, suggesting it may display cell type-specific toxicity. In contrast, 

while 204 was screened for its effect on cell viability in fewer cell lines (Table 17), it was only 

capable of eliciting micromolar IC50 values—including in SKOV3 cells—suggesting it is less 

potent than 193.  

 

Table 16 Cell viability assays following treatment with serial dilution of 193 for 72 h 

 

cell line phenotype IC50 

MCF-7 breast cancer >100 µM 

HCT-116 colorectal cancer 2.8 µM 

A498 renal cell carcinoma >100 µM 

SKOV3 ovarian cancer 145 nM 

A549 lung adenocarcinoma >100 µM 

LN229 glioblastoma 5.6 µM 

 

 

Table 17 Cell viability assays following treatment with serial dilution of 204 for 72 h 

 

cell line phenotype IC50 

A498 renal cell carcinoma >100 µM 

SKOV3 ovarian cancer 32 µM 

LN229 glioblastoma 10 µM 
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To determine if 193 might also inhibit tumorigenicity, we performed a two-week 

clonogenic assay in which SKOV3 cells were treated with a dilution series of the inhibitor or 

DMSO. Subsequently, each well was imaged on an Axio Observer Z1 microscope (Zeiss) using 

the tiling feature in Zen 2.0 software in addition to 800 µm thick z-stacks (Figure 3-34A). Contrast 

of all images was adjusted to be identical and colonies were quantified using ImageJ software. 

Gratifyingly, compound 193 inhibited colony formation with an EC50 of ~5 µM (Figure 3-34B), 

suggesting it may have therapeutic potential as a selective cytotoxic agent for treatment of ovarian 

cancer.  

 

 

 

Figure 3-34 Treatment of SKOV3 cells in a two-week clonogenic assay 

A) Representative images of a compressed z-stack of a single tile following treatment of SKOV3 cells with DMSO 

(0.1% [v/v]) or 193 at 100 pM or 25 µM. B) Dose response curve of number of colonies following treatment with 193. 
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All data were  normalized to DMSO (negative control) and errors bars represent standard deviations from three 

independent experiments. 

 

3.5.1  Summary and Outlook 

In conclusion, a class of selective miR-21 inhibitors was identified through the HTS. Due 

to potential instability of the hydrazone moiety in cells, the initial hit 177 was converted into a bis-

amide scaffold generating several analogs with significantly improved activity over the initial hit. 

Initial mechanism of action studies support a mechanism by which 193 and 204 inhibit miR-21 

independently of miR21 expression or levels of mature miR-21, similar to that of the oxadiazole 

class of miR-21 inhibitors (see section 3.3). Preliminary functional assays suggest that compound 

193 may selectively inhibit cell viability in SKOV3 ovarian cancer cells. Moreover, treatment with 

193 in a long-term clonogenic assay demonstrated the compound was capable of inhibiting colony 

formation in SKOV3 cells, suggesting it may have potential as a novel therapy for ovarian cancer.  

That said, future work should focus on additional experiments to elucidate the mechanism 

of action in order to determine other potential applications of these compounds. Of note, this 

compound class has drawn concerns over reproducibility and inconsistency between experiments. 

Furthermore, it has been realized that compound 193 in particular shows a significant amount of 

toxicity in the HeLa-miR21 reporter cell line and thus its effect on miR-21 should be further 

explored.  
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3.5.2  Materials and Methods 

Detailed protocols for all experiments conducted in this section are described in Materials 

and Methods section 3.3.2  

3.6 Nuclear Magnetic Resonance-guided Discovery of miR-21 Inhibitors 

It has been estimated that only 1.5% of the human genome encodes proteins543,544 and only 

10 – 15% of these proteins are thought to be disease-related.545-547 Moreover, current drugs 

targeting proteins interact with ~0.05% of the human genome.548 In contrast, it is estimated that 

~70% of the human genome is transcribed into non-coding RNAs,2 and recently several classes of 

non-coding RNAs—most notably miRNAs—have  been implicated in disease.549,550  As such, 

there has been increasing interest in development of techniques towards the discovery of small 

molecules capable of binding directly to RNA with high affinity and specificity. Several methods 

to discover small molecule inhibitors of miRNAs that interact with the precursor hairpin are 

described in detail in Chapter 1.2.3  however, these approaches often result in compounds that are 

not selective or exhibit poor efficacy in cells. In order to overcome these limitations, Nymirum (a 

biotechnology start-up company in Ann Arbor, MI) is developing a platform for drug discovery 

based on small molecule-RNA binding interactions.   

The platform was designed based on an approach developed by Hashim Al-Hashimi (a co-

founder of Nymirum) and co-workers that combined molecular dynamics simulations with nuclear 

magnetic resonance (NMR) spectroscopy data.551 Traditional docking approaches are more 

suitable for simulating protein-ligand binding interactions, but are often inadequate at addressing 
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the flexibility of RNA molecules. As an alternative, molecular dynamics simulations can be 

designed to treat the ‘receptor’ as an ensemble of conformations instead of a rigid conformation, 

however, these approaches are often prone to identification of false positives in virtual screening 

for RNA-binding ligands due to the higher flexibility of RNA molecules.552,553 In order to 

overcome these limitations, Al-Hashimi developed an ensemble-based virtual screening approach 

that was informed by NMR residual dipolar coupling (RDC) data for transactivation response 

element (TAR) RNA.551 RDCs are dependent on orientation of bond vectors within a biomolecule 

and can provide information about molecular dynamics on ps to ms time scales.554,555 Briefly, 

>100,000 drug-like molecules augmented with 170 known TAR binding small molecules from the 

literature were screened experimentally for binding to the TAR RNA using a TAR-Tat 

displacement assay.551 Subsequently, 17 small molecule hits identified following dose response 

assays were evaluated for TAR binding by NMR chemical shift titration. The experimental data 

were then used to generate sub-libraries utilized for evaluating enrichment of the virtual screening 

algorithm. Enrichment factors define the success of a virtual screening algorithm at suggesting 

compounds to screen experimentally by ordering the library with most active compounds first.556 

Interestingly, enrichment significantly increased for ensembles generated from molecular 

dynamics simulations performed with NMR data compared to those without. 551 Moreover, 

enrichment was highly dependent on ensemble size and accuracy. Taken together, this study 

suggested that conformational NMR data for RNAs could be combined with virtual screening 

approaches to identify RNA-binding small molecules.  

In order to extend this work towards discovery of small molecule inhibitors of miRNAs, 

we initiated a collaboration with Nymirum in which we would apply our suite of cell-based 

screening assays and secondary assays described above to validate predicted hit molecules. All 
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compounds are commercially available, but the structures were not disclosed. Following receipt 

of compounds, we evaluated their activity and specificity according to a standard protocol (Figure 

3-35). Briefly, a dilution series of each compound was generated, then HeLa-miR21 stable cells 

were treated with compound. Subsequently, luciferase activity was evaluated via a Bright-Glo 

assay. Compounds that elicited an increase in luciferase signal in the primary screen were then 

assessed through biochemical and cell-based firefly luciferase assays to determine if they non-

specifically increased luminescence through direct binding to the enzyme or otherwise improving 

its stability. Potential lead molecules that had no effect in the luciferase control assays were treated 

in combination with the psiCHECK-miR122 reporter construct in Huh7 cells to identify general 

miRNA pathway inhibitors. Remaining small molecules that showed specificity for miR-21 over 

miR-122 were then evaluated via RT-qPCR. 

 

 

 

Figure 3-35 Pipeline for identification of miR-21 inhibitors 

 

 

From the initial batch of six compounds, we identified compound 2 and 6 from the primary 

screen as potential lead molecules, eliciting an EC50 of 0.8 and 4.8 µM, respectively (Figure 

3-36A). Compound 2 showed ~30% reduction in cell viability at 12.5 µM, while compound 6 did 

not induce toxicity at any concentration (Figure 3-36B). In the in vitro Fluc assay, the known 



 168 

luciferase inhibitor PTC-124 displayed almost 80% inhibition of luminescence at 12.5 µM while 

compound 2 induced up to a ~20% reduction in luciferase signal and compound 6 did not lead to 

inhibition (Figure 3-36C).  Moreover, 2 elicited a ~3.5-fold increase in luminescence in the 

psiCHECK-empty assay, indicating it inhibits Fluc, while compound 6 had no effect (Figure 

3-36D). Finally, while the positive control 20 (10 µM) displayed an 8-fold increase in the miR-

122 assay, as expected, compound 6 had no effect at the same concentration, suggesting it is not a 

general miRNA pathway inhibitor (Figure 3-36E). Similarly, compound 2 did not inhibit miR-122. 
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Figure 3-36 Evaluation of Nymirum compounds 1 – 6 

A) HeLa-miR21 stable cells treated with a dilution series of each compound or 0.5% (v/v) DMSO (control) for 48 h, 

followed by BrightGlo luciferase assay and XTT cell viability assay. Luciferase data are normalized to cell viability 

data for each compound, then set relative to DMSO. B) XTT cell viability assay was performed after treatment with 

compounds 2 and 6 in HeLa cells for 48 h. C) Recombinant firefly luciferase was incubated with compounds 2, 6, or 

PTC-124 at 12.5 µM, followed by a BrightGlo luciferase assay. D) HeLa cells were transfected with the psiCHECK-

empty plasmid, then treated with compounds 2, 6, or PTC-124 (10 µM) for 48 h, followed by a dual luciferase assay. 

Firefly luciferase data were normalized to Renilla luciferase data. D) Huh7-miR122 cells were treated with compounds 

2, 6, or 20 (10) µM for 48 h, then dual luciferase assay was performed. Renilla luciferase data were normalized to 
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firefly luciferase data. All treatment data were normalized to DMSO control. Errors bars represent standard deviations 

from three independent experiments. 

 

 The majority of the molecules from the second set received from Nymirum were inactive 

in the primary assay (Figure 3-37), however, compound 13 displayed an EC50 of 167 nM—an 

improvement over the previous lead molecule 6.  
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Figure 3-37 Evaluation of Nymirum compounds 7 – 17 in the HeLa-miR21 reporter cell line 

HeLa-miR21 stable cells were treated with a dilution series of each compound in 0.5% (v/v) DMSO or 0.5% (v/v) 

DMSO (control) for 48 h, then BrightGlo luciferase assay and XTT cell viability assay were performed. Luciferase 

data are normalized to cell viability data for each compound, then set relative to DMSO. 

 

 

While compound 13 exhibited toxicity at higher concentrations (Figure 3-38B), it had no 

effect on luciferase expression in the psiCHECK-empty assay (Figure 3-38C). Furthermore, 

compound 13 does not inhibit miR-122 in the reporter assay, suggesting it is not a general miRNA 

pathway inhibitor (Figure 3-38D). In a RT-qPCR assay, our previously reported miR-21 inhibitor 
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14, inhibits both mature and pre-miR-21 levels (Figure 3-38E). Interestingly, compounds 6 and 13 

both reduce mature miR-21 expression levels as expected, however, while compound 13 has no 

effect on pre-miR-21 levels, compound 6 is still capable of inhibiting expression of the precursor 

miRNA. Taken together, this suggests that compound 6 may not inhibit miR-21 through binding 

to the hairpin, but inhibitor 13 may stabilize pre-miR-21 thus preventing its processing.  

 

 

 

Figure 3-38 Evaluation of specificity of compounds 6 and 13 

A) XTT cell viability assay was performed after treatment with compound 13 in HeLa cells for 48 h. Data are 

normalized to DMSO control. C) HeLa cells were transfected with the psiCHECK-empty plasmid, then treated with 

compound 13 (10 µM) for 48 h, then dual luciferase assay was performed. Firefly luciferase data were normalized to 

Renilla luciferase data, then all treatment data were normalized to DMSO control. D) Huh7-miR122 cells were treated 

with compound 13 or 20 for 48 h, then dual luciferase assay was performed. Firefly luciferase data were normalized 

to Renilla luciferase data, then all treatment data were normalized to DMSO control. E) HeLa cells were treated with 
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14, compound 6, or compound 13 in 0.1% (v/v) DMSO or DMSO control for 48 h, then RT-qPCR was performed 

using commercial Taqman probes (mature miR-21 and RNU19 [control]) or synthetic DNA probes (pre-miR-21 and 

GAPDH [control]). Errors bars represent standard deviations from three independent experiments. 

 

 

Several additional compounds were also evaluated, and while some were active in the 

primary screen (Figure 3-39), none showed an improvement over the previous compound 13.  
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Figure 3-39 Evaluation of Nymirum compounds 18 – 23, 28, 34, 42, and 48-50 in HeLa-miR21 reporter cells. 

HeLa-miR21 stable cells were treated with a dilution series of each compound in 0.5% (v/v) DMSO or 0.5% (v/v) 

DMSO (control) for 48 h, then BrightGlo luciferase assay and XTT cell viability assay were performed. Luciferase 

data are normalized to cell viability data for each compound, then set relative to DMSO. Errors bars represent standard 

deviations from three independent experiments 

 

 

As such, we proceeded to explore six analogs of compound 13 in a small SAR study. 

Unfortunately, none of the analogs displayed increased activity relative to parent compound 13 in 

the primary screen, however, analogs 13.2 and 13.6 retained activity, eliciting 96 nM and 87.9 nM 



 175 

EC50 values, respectively (Figure 3-40A). Additionally, 13.3, while showing a modest reduction 

in efficacy relative to the parent compound (1.0 µM), retained a 3-fold increase in luciferase 

activity at higher concentrations suggesting it was still a potential lead molecule. Moreover, while 

13.2 had a modest effect on cell viability at 50 µM, 13.3 and 13.6 were non-toxic at concentrations 

up to 50 µM (Figure 3-40B).  

 

 

 

Figure 3-40 Evaluation of Nymirum analogs of compound 13  

A) HeLa-miR21 stable cells were treated with a dilution series of each compound in 0.5% (v/v) DMSO or 0.5% (v/v) 

DMSO (control) for 48 h, then BrightGlo luciferase assay and XTT cell viability assay were performed. Luciferase 
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data are normalized to cell viability data for each compound, then set relative to DMSO. B) XTT cell viability assay 

was performed after treatment with analog 13.2, 13.3, and 13.6 in HeLa cells for 48 h. Data are normalized to DMSO 

control. 

 

 

Unfortunately, in the psiCHECK-empty assay, 13.2 induced a ~2.5-fold increase in 

luminescence at 1 µM suggesting it was a false-positive, however, analogs 13.3 and 13.6 had no 

effect (Figure 3-41C). Additionally, 13.3 and 13.6 were also not identified as general miRNA 

pathway inhibitors as they had no effect on miR-122 function in the reporter assay (Figure 3-41D). 

In contrast, 13.2 elicited a similar increase in luminescence to the positive control, 20. Finally, 

analogs 13.5 and 13.6 elicited similar reductions in miR-21 levels to the parent compound 13 in 

RT-qPCR experiments (Figure 3-41E). However, while treatment with 13.5 also led to reduced 

pre-miR-21 levels, analog 13.6 induced a modest increase in the precursor miRNA, suggesting it 

stabilizes the hairpin, in contrast to the parent compound.  

 

 

Figure 3-41 Evaluation of specificity of compound 13 analogs 

A) HeLa cells were transfected with the psiCHECK-empty plasmid, then treated with 13.2, 13.3, and 13.6 (10 µM) 

for 48 h, then dual luciferase assay was performed. Firefly luciferase data were normalized to Renilla luciferase data. 

B) Huh7-miR122 cells were treated with  13.2, 13.3, and 13.6 (10 µM) for 48 h, then dual luciferase assay was 
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performed. Firefly luciferase data were normalized to Renilla luciferase data. C) HeLa cells were treated with 13.5 

and 13.6 (10 µM) or DMSO control for 48 h, then RT-qPCR was performed using commercial Taqman probes (mature 

miR-21 and RNU19 [control]) or synthetic DNA probes (pre-miR-21 and GAPDH [control]). All data were 

normalized to the DMSO control. Errors bars represent standard deviations from three independent experiments. 

 

3.6.1  Summary and Outlook 

Taken together, we experimentally evaluated 36 small molecules predicted to bind pre-

miR-21 using a computational platform driven by NMR data, as well as six analogs of a lead 

compound. While several of the molecules were inactive in the stable HeLa-miR21 cell line, we 

identified multiple potential hit compounds and subjected them to a series of secondary assays. 

The top molecule from the initial screen,  compound 13, displayed an EC50 of ~167 nM, similar to 

our previously reported miR-21 inhibitors, and was capable of reducing mature miR-21 levels by 

~50% while maintaining pre-miR-21 levels. Moreover, while the analogs 13.5 and 13.6 showed 

similar activity to the parent compound in the primary screen as well as in RT-qPCR assessment 

of mature miR-21 levels, 13.6 was capable of inducing a modest increase in pre-miR-21 levels 

suggesting it stabilized the hairpin, in good agreement with previously reported precursor miR-21-

binding small molecules.  

Future studies should focus on developing additional analogs of the lead compound 13 to 

better determine the structural requirements for its activity and potentially identify a more potent 

inhibitor. Additionally, small molecules identified as hit compounds should be evaluated against 

multiple other miRNAs to further validate their specificity. Finally, additional compounds should 

be screened in order to better inform the virtual screening algorithm in order to potentially identify 
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a relationship between parameters such as binding affinity or RNA structural features and 

inhibitory function of the small molecules. 

3.6.2  Materials and Methods 

Detailed protocols for all experiments conducted in this section are described in Materials 

and Methods section 3.3.2  

3.7 A HT-MS Method for Discovery of miR-21 Inhibitors 

High-throughput screening (HTS) assays are routinely employed toward the discovery of 

novel drug candidates. The length, complexity, and cost of drug discovery and development are 

recognized as leading factors in declining productivity within Pharma and Biotech.  The process 

can take 10-15 years with recent cost estimates of $2.9 billion/drug approval.557 One particular 

area that is hampered by lengthy drug development timelines is the study of oligonucleotide-

mediated processes, such as gene regulation by DNA methylation or non-coding RNAs, which are 

rapidly gaining attention for their therapeutic and diagnostic potential.558-563 Utilization of methods 

such as high-throughput mass spectrometry (HT-MS) have been routinely applied to proteins and 

peptides,564-567 however, they have not been extended to nucleic acids due to desalting and analyte 

enrichment procedures required for handling oligonucleotide samples. As such, and in 

collaboration with MS2 Array (a biotechnology start-up company in Pittsburgh, PA), we sought to 

develop a novel, commercially accessible HT-MS assay platform for analysis of nucleic acids that 

combines selective analyte enrichment, simple sample preparation, and biological compatibility. 
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The keystone of this assay is fluorous partitioning-based analyte capture and enrichment. 

Perfluroalkyl-modified molecules have been previously shown to selectively partition into 

perfluoroalkyl phases by what is now termed, ‘fluorous chemistry’.568,569 Since its discovery, 

fluorous partitioning has been employed for separations in the synthesis and purification of various 

molecules570-572 including nucleic acids.573,574 Furthermore, the hydrophobicity and lipophobicity 

of fluorous partitioning have been exploited in proteomics575,576 and microarrays577-579 where its 

high selectivity, chemical inertness, and bio-orthogonality has been advantageous. In light of these 

advantages, we attempted to develop a fluorous HT-MS (F-HT-MS) assay platform for miRNA 

processes that could demonstrate the utility of the platform and provide proof-of-concept data for 

Phase II studies. 

As the primary analytical method for our platform, we chose to employ matrix-assisted 

laser desorption (MALDI)-mass spectrometry (MS). MALDI-MS makes use of an energy-

absorbent, organic matrix to promote soft ionization of an analyte and results in the formation of 

single ions with minimal fragmentation and excellent sensitivity.580 Recently, MALDI-MS has 

emerged as a gold standard for HT-MS, particularly in the analysis of biological samples.581-583  In 

contrast, HT-MS of nucleic acids has been challenging primarily due to the susceptibility of the 

negatively charged phosphodiester backbone to salt adducts and fragmentation.584 Several 

desalting protocols585-588 and matrix formulations589-593 have been developed, however, their 

limited robustness and lack of automation are limitations for high-throughput and diagnostic 

applications. 

In a related approach, self-assembled monolayer/MALDI-MS (SAMDI-MS) has been 

utilized for RNA and DNA HT-MS through the use of biotinylated nucleic acids on a gold-biotin-

streptavidin (SAMDI-SA) surface.594,595 However, SAMDI-MS has several inherent limitations 



 180 

including surface stability,596,597 cost,598 and bio-compatibility.599-602 To overcome these 

limitations, MS2 Array developed the first commercially viable fluorous MS target surface. 

Fluorous modification of metal oxide coated glass slides forms a fluorous conductive surface 

necessary for laser ionization of fluorous-tagged analytes.603,604 Compared to standard MALDI 

surfaces the fluorous coated plates are amenable to on-surface washing to remove salts, detergents, 

and other ion suppressive components while retaining the analyte for MS analysis. MS2 Array has 

previously demonstrated that fluorous-modified peptides are effectively captured on the fluorous 

surface and are readily ionized after washing and addition of the matrix.  Using this approach, they 

observed a dramatic improvement in signal to noise (S/N) compared to standard MALDI-MS, 

enabling detection of peptide concentrations as low as 1 nM  or 400 amol. The fluorous surface 

exhibits enhanced stability (>2-year shelf life), low cost, facile manufacturing, and bio-

orthogonality. Furthermore, the fluorous surface has a loading capacity of 5.0 x 10-9 mol/cm2, a 

1000-fold increase compared to SAMDI-SA which only provides a density of 7.9  x 10-12 

mol/cm2,272 suggesting that the fluorous surface may provide greater sensitivity and dynamic 

range. It was hypothesized that this improvement in detection of an analyte from a complex 

biological mixture was achieved via the removal of cellular and buffer components resulting in 

enhanced matrix crystallization and reduced ion suppression.  

With the fluorous-coated plates in hand, we sought to optimize a general protocol for 

spotting, on-surface desalting and enrichment, matrix addition, and MALDI-MS detection of 

fluorous-modified nucleic acids. As a proof-of-concept, we decided to apply the methodology 

towards detection of pre-miRNA cleavage by Dicer which is known to produce different miRNA 

isoforms (isomiRs),605,606 as described in detail above. We hypothesized that MS detection would 

provide a methodology to readily differentiate between various isomiRs. Furthermore, this 
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approach is proposed to address previous shortcomings in analysis of endogenous nucleic acids 

from biological samples such as cell lysate usually attributed to poor analyte enrichment, difficulty 

in sample preparation, and bio-compatibility. 

In order to evaluate our approach, we selected pre-miR-21 because of its well-established 

biological relevance (Chapter 3.1). The full length pre-miR-21 (72 nt), Dicer cleavage fragment (7 

nt), and dummy DNA internal control (22 nt) were purchased from Dharmacon and a fluorous-

tagged phosphoramidite (205) was incorporated after an 18 carbon spacer at the 5’ terminus during 

RNA synthesis (Figure 3-42A). The pre-miR-21 sequence was selected from miRbase, an online 

miRNA repository, and has been reported to be a suitable substrate for Dicer.607 Initially, we 

utilized a recombinant Dicer enzyme kit (Genlantis) to attempt to digest the fluorous-tagged pre-

miR-21. In order to determine if the bulky fluorous tag would inhibit Dicer processing, a pre-miR-

21 oligonucleotide bearing a less sterically demanding amine modification was employed as a 

control. Briefly, 1 µg of RNA was combined with assay buffer containing ATP (1 mM) and MgCl2 

(2.5 mM), then 1 U of recombinant Dicer was added. The reaction was incubated overnight at 37 

°C. The following day, a stop solution (supplied with the kit) was added and the reaction mixture 

was separated on a 16% native PAGE gel. Subsequently, the gel was stained with SYBR Gold 

(Invitrogen) and imaged on a ChemiDoc XRS+ (Bio-Rad). Unfortunately, the recombinant Dicer 

failed to cleave either of the RNAs (Figure 3-42B). Furthermore, the enzyme failed to cleave a 

green fluorescent protein (GFP) control mRNA utilized by Genlantis to validate activity of their 

enzymes. After observing no Dicer-mediated cleavage of the GFP control or pre-miR-21 

oligonucleotides in two separate experiments, we obtained a second stock of the Dicer enzyme 

from Genlantis and attempted to perform the Dicer processing assay again following the Genlantis 

protocol. Unfortunately, even with the new stock of enzyme we did not observe cleavage of the 



 182 

pre-miRNA hairpin or the control RNA. As such, we hypothesized that cleavage conditions (e.g., 

buffer content, enzyme concentration, and RNA concentration) would need to be optimized and 

thus pursued alternative methods based on previous literature reports.  

 

 

 

Figure 3-42 Evaluation of a commercial recombinant Dicer enzyme kit 

A) Synthetic nucleic acid sequences for pre-miR-21 (72 nt), pre-miR-21 fragment (7 nt), and dummy DNA (22 nt) 

and structure of the fluorous-tagged phosphoramidite. f = fluorous tag; 18C = 18 carbon spacer. Fluorous tag was 

added via incorporation of 205 during RNA synthesis by Dharmacon. B) pre-miR-21 (amine- or fluorous-modified) 

was incubated with recombinant Dicer (Genlantis) following the manufacturer’s protocol, then analyzed via native 

PAGE. GFP mRNA (control) was digested following the same protocol and analyzed via agarose gel electrophoresis. 

 

 

First, we attempted to use the approach developed by Garner and co-workers in their cat-

ELCCA assays.285 The notable differences in this assay was the lack of ATP as well as alterations 

to the amount of enzyme, concentration of RNA, and reaction time. Briefly, RNAs were diluted to 
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500 nM in the assay buffer and combined with 0.25 U of recombinant Dicer (Genlantis). The 

reaction was incubated at 37 °C for 1 h, followed by native PAGE and visualization on the 

ChemiDoc XRS+ after SYBR Gold staining. Unfortunately, we did not observe a band 

corresponding to the mature miR-21 duplex (Figure 3-43A), suggesting this protocol was also not 

sufficient for achieving Dicer cleavage. Adapting a similar protocol from the Schneekloth 

laboratory265 also yielded disappointing results. Concentrations of both the fluorous-modified pre-

miR-21 (Figure 3-43B) and Dicer (Figure 3-43C) were varied, however, the mature miR-21 duplex 

was still not observed. Furthermore, utilizing the same protocol with the non-modified pre-miR-

21 hairpin failed to deliver the cleavage product (Figure 3-43D). 
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Figure 3-43 In vitro pre-miR-21 processing using Genlantis recombinant Dicer 

A) Dicer processing assay was performed with 500 nM RNA for 1 h at 37 °C with enzyme (Genlantis; 0.25 U) 

following Amanda Garner’s protocol. B) pre-miR-21 was incubated at different concentrations with Dicer (0.05 U) 

following Jay Schneekloth’s Dicer protocol. C) Dicer concentrations were varied in the presence of pre-miR-21 (10 

nM) following Jay Schneekloth’s protocol. D) The Dicer processing assay was performed following the Schneekloth 
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protocol using non-modified pre-miR-21 with variations in RNA concentration, Dicer concentration, and reaction 

time. Reactions were analyzed via native PAGE followed by SYBR Gold staining. 

 

 

We hypothesized that the Dicer enzyme obtained from Genlantis exhibited poor activity. 

To evaluate if the source of the enzyme was causing the lack of activity, we purchased recombinant 

Dicer from Origene. Unlike the Genlantis Dicer, the enzyme from Origene was not part of a kit, 

so buffers had to be prepared separately. As such, we adopted a general dicing buffer reported by 

the MacRae laboratory608 and successfully employed by our collaborators at Nymirum (see chapter 

3.6) to achieve processing of the pre-miRNA with Dicer from Origene (data not shown). Briefly, 

the amine-, fluorous-, or non-modified pre-miR-21 was pre-incubated at 500 nM in assay buffer 

(HEPES [40 mM; pH 7.4], NaCl [100 mM], MgCl2 [3 mM], DTT [1 mM]) for 30 min at room 

temperature. Subsequently, recombinant Dicer (Origene) was added to a final concentration of 

61.8 nM and the reaction was incubated at 37 °C for 1 h or overnight. At the completion of the 

reaction, a stop solution (urea [6 M], EDTA [250 mM], glycerol [10% (v/v)], bromophenol blue 

[0.1% (w/v)]) was added and the samples were analyzed via native PAGE followed by staining 

with SYBR Gold and imaging on the ChemiDoc XRS+. Similar to the Dicer obtained from 

Genlantis, the recombinant Dicer from Origene was not capable of cleaving the pre-miR-21, 

regardless of modifications or lack thereof (Figure 3-44). This suggests that commercial sources 

of Dicer may not be optimal for these assays. 
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Figure 3-44 In vitro pre-miR-21 processing assay with Origene Dicer 

Processing assay was carried out following Ian MacRae’s protocol with pre-miR-21 (500 nM) and Dicer (Origene; 

61.5 nM). Reacrtions were analyzed after 1 or 12 h via native PAGE followed by SYBR Gold stain. 

 

 

Several reports have utilized Dicer protein expressed in mammalian cells (as opposed to 

purchasing the recombinant protein from commercial vendors) to investigate activity of the 

enzyme.18,20,609,610 Moreover, binding of TRBP with Dicer has been shown to enhance cleavage of 

precursor miRNAs.22,293 As such—and to reduce the cost of the assay—we attempted to perform 

Dicer cleavage assays utilizing the endogenous enzyme in cell lysate. Initially, we attempted to 

follow an approach reported by the Arenz lab.271 Briefly, HEK293T cells were grown to ~95% 

confluence in a 10 cm tissue culture treated plate, then trypsinized and lysed via vortexing in assay 

buffer (Tris-HCl [20 mM; pH 7.5], NaCl [12.5 mM], MgCl2 [2.5 mM], and DTT[1 mM]) 

supplemented with glycerol (10% [w/v]) and 1x protease inhibitor cocktail. Subsequently, the 

lysate was centrifuged, and the supernatant was retained. For the Dicer cleavage assays, amine-

modified pre-miR-21 was diluted in assay buffer and supplemented with 10% (v/v) of lysate. The 

reaction was incubated at 37 °C for 3 h, then separated via denaturing PAGE and analyzed 

following SYBR Gold staining on the ChemiDoc XRS+. Unfortunately, the lysate was also not 
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sufficient for achieving Dicer cleavage (Figure 3-45). Moreover, supplementing recombinant 

Dicer (Genlantis; 0.25 U) did not yield the expected mature miR-21 duplex.  

 

 

 

Figure 3-45 Dicer cleavage assay following the Arenz protocol 

Dicer processing assay was performed in HEK293T cell lysate with pre-miR-21 (500 nM) and additional recombinant 

Dicer (Genlantis; 0.25 U) included. 

 

 

The Garner, Schneekloth, and Arenz methods omitted ATP, however, several reports have 

suggested that ATP binding to the helicase domain of Dicer is required for its function.143,144 To 

determine if the lack of ATP was inhibiting Dicer function, we explored additional protocols. For 

example, Siomi and co-workers employed an ATP replenishment system in cell lysate wherein 

creatine phosphokinase generates free ATP by acting on its substrate, creatine phosphate.611 

Disappointingly, after a 3 h incubation of the amine-modified pre-miR-21 with the ATP 

replenishment system and 10% (v/v) HEK293T lysate, the mature miR-21 duplex was not 

observed. (Figure 3-46A) We also attempted a similar approach by the Tuschl laboratory,612 but 

even after increasing the incubation time from 1 to 12 h, we did not observe cleavage of the 
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fluorous- or amine-modified pre-miR-21 hairpin (Figure 3-46B,C). Pre-annealing the RNA hairpin 

also had no effect on Dicer activity.  

 

 

Figure 3-46 Dicer cleavage assay in cell lysate 

A) Processing assay was performed in HEK293T lysate with an ATP generation system following Mikiko Siomi’s 

protocol with pre-miR-21 (500 nM). The Dicer processing assay was also attempted with Thomas Tuschl’s protocol 

utilizing HEK293T cell lysate and an ATP generation system as well as pre-annealed or non-pre-annealed pre-miR-

21 (500 nM). In the case of the Tuschl protcol, the reaction was incubated for B) 1 h or C) 12 h before analyzing the 

samples via native PAGE followed by SYBR Gold stain. 

 

 

We next hypothesized that Dicer expression was not at a sufficient level to achieve pre-

miRNA cleavage in vitro and thus attempted to overexpress the enzyme prior to lysis using plasmid 

DNA. Briefly, HEK293T cells were plated in a 10 cm plate at ~80% confluence. The following 
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day, cells were transfected with 10 µg of a pFRT/TO/FLAG/HA-DEST DICER plasmid 

(Addgene; plasmid# 19881) using linear polyethylenimine (LPEI) transfection reagent. After 48 

h, cells were lysed, and the Dicer processing assay was performed following Tuschl’s protocol as 

described above. Western blot analysis utilizing both anti-HA and anti-FLAG antibodies 

confirmed expression of the tagged enzyme (Figure 3-47A). Disappointingly, Dicer 

overexpression did not result in processing of the fluorous- or amine-modified pre-miR-21 

regardless of incubation time (Figure 3-47B,C). We also attempted to achieve Dicer cleavage by 

pre-treating the lysate with proteinase K prior to incubation with the RNA following a protocol by 

the Filipowicz laboratory which demonstrated the pre-incubation stimulated Dicer function.613 

Unfortunately, regardless of how much proteinase K was incubated with the lysate prior to addition 

of the amine- or fluorous-tagged pre-miRNA (26 or 250 ng), the mature miR-21 duplex was not 

observed (Figure 3-47D). 
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Figure 3-47 Dicer cleavage assays in cell lysate 

A) Dicer was overexpressed in HEK293T cells using pFRT/TO/FLAG/HA-DEST DICER. Expression was confirmed 

via western blot analysis with anti-HA and anti-FLAG antibodies. Using the lysate containing overexpressed Dicer, 

the processing assay was performed for B) 2 h or C) 12 h at room temperature. The reactions were analyzed via native 

PAGE followed by SYBR Gold stain. D) To ‘activate’ Dicer, the lysate was pre-treated with proteinase K (26 or 250 

ng) then used to attempt to digest pre-miR-21 (500 nM). 

 

 

Having exhausted both commercial sources of recombinant Dicer and attempting to utilize 

Dicer expressed endogenously, we turned our attention back to the pre-miRNA sequence as a 

potential source of inhibition in our assay. After further investigation, we determined that the pre-

miR-21 substrate we had employed in the assays described above was longer than the native Dicer 
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substrate. Because Dicer is known to recognize the 5’ phosphate and 3’ hydroxyl as well as a 2-

nucleotide overhang on the 3’ terminus,18 we hypothesized that additional bases within the stem 

region of our pre-miRNA hairpin were inhibiting Dicer recognition of the substrate thereby 

inhibiting activity. In order to test this hypothesis, we obtained the synthetic non-modified pre-

miR-21 (60 nt) from IDT (Figure 3-48A) and subjected it to multiple different Dicer cleavage 

assay conditions. Unsurprisingly, based on the lack of activity against the GFP control RNA, the 

recombinant Dicer sourced from Genlantis failed to process the new substrate into the 

corresponding mature miR-21 duplex and streptomycin (30 µM), a pre-miR-21-binding small 

molecule,535 had no effect on activity (Figure 3-48B). Serendipitously, after screening multiple 

concentrations of recombinant Dicer (Origene) in combination with pre-miR-21 (60 nt; 50 nM), 

we observed near complete processing of the hairpin into the corresponding mature miRNA duplex 

after 12 h incubation under the Schneekloth assay conditions when the enzyme and RNA were at 

a 1:1 molar ratio in the reaction (Figure 3-48C). Furthermore, pre-incubation with 2 (30 µM; Figure 

1-6), a compound previously reported by Schneekloth and co-workers to inhibit processing of pre-

miR-21,265 led to ~50% inhibition of Dicer cleavage (Figure 3-48D), suggesting these assay 

conditions would be optimal for our assay. 
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Figure 3-48 Evaluation of Dicer processing with the 60 nucleotide pre-miR-21 hairpin 

A) Sequence of the synthetic pre-miR-21 hairpin (60 nt). B) The Dicer processing assay was performed using 

recombinant Dicer from Genlantis and 100 nM non-modified pre-miR-21 (60 nt) pre-incubated with streptomycin (30 

µM) for 30 min before cleavage with Dicer following the manufacturer’s protocol. C) Various concentrations of 

recombinant Dicer (Origene) were incubated with pre-miR-21 (60 nt; 10 nM) for 12 h at 37 °C. D) Recombinant Dicer 

(Origene) and pre-miR-21 (60 nt) were incubated at a 1:1 molar ratio for 12 h in the presence of DMSO or compound 

2 (30 µM). Reactions were analyzed via native PAGE followed by SYBR Gold stain. 
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Because the new pre-miR-21 substrate no longer bore the 7-nucleotide fragment on the 5’ 

terminus that we previously tagged with the perfluorous moiety, we needed to re-design our 

substrate for MALDI-MS experiments. Garner and co-workers had previously demonstrated that 

an alkyne modification within the loop of pre-miR-21 did not inhibit Dicer cleavage of the 

hairpin.285 Thus, we hypothesized that the fluorous tag could be installed at this position without 

altering Dicer activity. The fluorous-modified pre-miR-21 was generated in two steps. First, 

esterification of 2H, 2H, 3H, 3H-perfluoroundecanoic acid (206) was performed using EDCI and 

NHS delivering the corresponding NHS ester (207) in 54% yield (Figure 3-49). Subsequently, we 

purchased the synthetic pre-miR-21 (60 nt) or pre-miR-21 loop (16 nt) bearing an internal 5-

aminohexylacrylamino-uridine from Dharmacon (Figure 3-50A) and attempted to couple the 

perfluorous NHS ester to the RNA (Figure 3-50B). A 5’-amino C6 linker-modified dummy DNA 

(22 nt) was ordered as an internal control for MALDI-MS analysis. Briefly, amine-modified RNA 

or DNA was added to sodium tetraborate buffer (50 mM; pH 8.3) and 50% (v/v) dry DMSO. The 

perfluorous NHS ester was then added at 10-fold molar excess once an hour for up to five 

additions. Subsequently, the fluorous-tagged pre-miR-21 was isolated via high performance liquid 

chromatography (HPLC) and desalted using a 10 kDa molecular weight cutoff column. After 

purification, the final fluorous-modified oligonucleotides were obtained in 20-30% yield. Purity 

was confirmed via HPLC prior to biological assays (Figure 3-50C). Dicer-mediated cleavage of 

the 60 nucleotide pre-miR-21 hairpin releases the 16-nucleotide loop region from the stem-loop in 

addition to the mature miR-21 duplex. As a control, we ordered the corresponding amine-modified 

RNA (16 nt) and coupled it to the perfluorous NHS ester as describe above (Figure 3-50B).  
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Figure 3-49 Synthetic route to perflurous NHS ester 207 

Reagents and conditions: a) EDCI, NHS, DCM, RT OVN. 

 

 

 

 

Figure 3-50 Conjugation of the perfluorous NHS ester to amine-modified oligonucleotides 

A) Sequences of synthetic amine-modified pre-miR-21 (60 nt), loop (16 nt), and dummy DNA (22 nt) and chemical 

structures of internal or terminal amine modifications. B) Synthetic route for conjugation of perfluorous NHS ester 

207 to amine modified oligonucleotides. Reagents and conditions: a) sodium bicarbonate (100 mM; pH 8.3), 55% 

(v/v) of DMSO, 10 eq of 207 added every 1 h for up to five additions at room temperature. C) HPLC analysis of 

amine-modified pre-miR-21 (red), pre-miR-21 reaction mix (blue), and fluorous-tagged pre-miR-21 after purification 

(green). 
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We next attempted to compare Dicer-mediated cleavage of the amine-modified pre-miR-

21 to the non-modified hairpin following the Schneekloth protocol. Additionally, we had to 

purchase a new lot of recombinant Dicer from Origene because we expended the previous stock. 

Unfortunately, after an 8 h or overnight incubation, the new Dicer stock failed to cleave either of 

the RNAs at a 1:1 molar ratio (Figure 3-51A). Moreover, increasing the Dicer concentration only 

had a modest effect on the amount of mature miR-21 produced (Figure 3-51B), suggesting this lot 

of Dicer was less active than the previous stock. Subsequently, a third lot of Dicer was obtained 

from Origene, but this stock was completely inactive (Figure 3-51C), indicating activity of the 

enzyme was highly variable between batches.  
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Figure 3-51 Origene Dicer displays inconsistent activity between different lots 

A) Dicer cleavage assays with the second lot of enzyme from Origene using 1:1 molar ratio of Dicer:pre-miR-21 

following Schneekloth’s protocol. Inhibitor 2 (30 µM) was included to block Dicer cleavage of the pre-miR-21 hairpin. 

B) Attempted re-optimization of the Dicer processing assay using increasing concentrations of the enzyme and 

following the protocol from Jay Schneekloth. EDTA (250 mM) was added to inhibit Dicer cleavage. C) Dicer cleavage 
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assay with the third lot of Dicer from Origene using increasing concentrations of enzyme. Compound 2 (30 µM) was 

included to inhibit Dicer processing. 

 

 

Because the commercially available recombinant Dicer displayed batch-to-batch 

variability even with the new 60 nt pre-miR-21, we turned our attention back toward using 

endogenous or overexpressed Dicer in cell lysate. To this end, HEK293T cells were grown to 

~95% confluence, followed by lysis and Dicer processing according to Tuschl’s protocol as 

described above. Additionally, we attempted to overexpress Dicer in HEK293T cells and utilize 

the lysate to digest the pre-miR-21 hairpin. After incubating the RNA (100 nM) with 10% (v/v) of 

the HEK293T lysate with or without overexpressed Dicer for 2 or 4 h, no processing of pre-miR-

21 was observed (Figure 3-52). However, when the reaction was allowed to proceed overnight (12 

h), a faint band corresponding to the mature miR-21 duplex was observed on the gel, suggesting 

Dicer in the lysate was capable of digesting the pre-miRNA hairpin. Unfortunately, treatment with 

streptomycin (30 µM) did not inhibit Dicer processing during the overnight incubation.  
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Figure 3-52 Evaluation of Dicer processing using the 60 nt pre-miR-21 and HEK293T cell lysate 

Pre-miR-21 (100 nM) was incubated with HEK293T cell lysate with or without overexpressed Dicer for 2, 4, or 12 h 

following Tuschl’s protocol. Streptomycin (30 µM) was included to inhibit Dicer processing. 

 

 

A recent report by the Liang laboratory demonstrated the use of recombinant Dicer 

immobilized on anti-Flag resin to digest pre-miR-21.614 In an effort to improve the amount of 

product produced in the Dicer processing assay, we adapted a similar protocol in combination with 

the Dicer overexpression plasmid described above. Briefly, HEK293T cells were transfected with 

the expression construct for 72 h, then lysed. The lysate was incubated with anti-Flag antibody 

overnight, then incubated with protein A/G beads. After overnight incubation, the resin was 

washed and stored in 50% [w/v] of glycerol at -20 °C until use. For the Dicer cleavage assay, non-

modified, amine-modified, or fluorous-modified pre-miR-21 were incubated at 100 nM in assay 

buffer (Tris-HCl [10 mM; pH 7.5], MgCl2 [5 mM], ATP [1 mM], DTT [1 mM], RNasin RNase 
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inhibitor [0.4 U/µl]) with 50% [v/v] of immobilized Dicer. The reaction was incubated at 37 °C 

for 24 h then stopped with the addition of the EDTA stop solution described above. Subsequently, 

up to ~50% Dicer cleavage was observed with all of the substrates (Figure 3-53A), suggesting not 

only was the immobilized Dicer active, but also that the amine and fluorous modifications did not 

inhibit function of the enzyme. Furthermore, addition of the stop solution at the start of the assay 

did not lead to generation of the mature miR-21 duplex providing further support that the pre-miR-

21 hairpin is digested in a Dicer-dependent mechanism. In a subsequent experiment, increasing 

the amount of immobilized Dicer from 50% [v/v] to 70% [v/v] only had a minor impact on the 

amount of mature miR-21 duplex produced (Figure 3-53B). Concentrating the Dicer resin slurry 

stock by 2-fold led to complete disappearance of both the pre-miR-21 and the mature miR-21 

duplex in a native PAGE gel experiment (Figure 3-53C), suggesting Dicer exhibits non-specific 

nuclease activity at high concentrations. Furthermore, subsequent expression and 

immunoprecipitation of Dicer also led to active immobilized enzyme (data not shown). With a 

more robust assay in hand, we proceeded with development of the MALDI-MS protocol. 
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Figure 3-53 Dicer processing assay with immobilized enzyme 

A) Dicer was overexpressed in HEK293T cells using pFRT/TO/FLAG/HA-DEST DICER. Flag-Dicer was then 

immobilized using anti-Flag antibody and protein A/G resin and used directly for Dicer cleavage assays following the 
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Liang protocol. B) The resin volume in the reaction was increased from 50% to 70% (v/v). C) 50 µl of reaction buffer 

was added to the resin (instead of 100 µl) and the concentrated immobilized Dicer was used in a cleavage assay. 

 

 

Optimization of the MALDI-MS protocol was performed utilizing the fluorous-modified 

loop RNA (16 nt) and dummy DNA (22 nt). To evaluate the protocol, we selected four metrics of 

success: 1) low ion adduct peaks (<10% by area); 2) high sensitivity (single digit pM); 3) high 

reproducibility (<15% inter- and intra-spot coefficient of variation [CV]); and 4) low 

fragmentation (<20% total peak area). In order to achieve these benchmarks we focused on the 

two important factors in determining MS signal sensitivity and reproducibility: 1) the matrix and 

2) the on-surface wash.615-617 Preliminary studies determined that while identity of the matrix is 

important (e.g., sinipinic acid was sub-optimal for nucleic acids), choice of matrix solvent is 

equally vital. For example, studies with sinipinic acid in acetonitrile led to poor ionization, but 

addition of trifluoroethylene (TFE) dramatically improved the signal. Previously, 5-

methoxysalicylic acid (MSA) was demonstrated to reduce fragmentation of oligonucleotides 

compared to other commonly employed matrices for MALDI-MS analysis of oligonucleotides, 3-

hydroxypicolinic acid (HPA) and 6-aza-2-thiothymine (ATT).618 Moreover, the use of ammonium 

salts such as diammonium hydrogen citrate have been utilized as matrix additives because they 

reduce formation of ion adducts. As such, we selected these components for analysis of the 

fluorous-modified oligonucleotides and, after preliminary evaluation, the optimal matrix 

composition was determined to be 17.8 mg/ml of 5-MSA and 11.25 mg/ml of diammonium 

hydrogen citrate. We next altered the composition of the co-solvent. Briefly, 5-MSA and 

diammonium hydrogen citrate were prepared in various solvents with differing ratios of 

isopropanol, TFE, and acetonitrile. Subsequently, a solution of fluorous-modified loop RNA at 
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varying concentrations and the fluorous-modified DNA (100 nM) was spotted on the fluorous 

coated plate and allowed to evaporate to dryness. Then, the spots were washed by adding a drop 

of distilled water which was removed after 30 s. Finally, the matrix was added, and the spots were 

again allowed to proceed to dryness before analyzing the samples via MALDI-MS. Each condition 

was spotted in triplicate and after calculating the CV for each condition, we found that higher 

volumes of TFE greatly improved the reproducibility of the assay (Figure 3-54A). Furthermore, 

we observed a linear response in the ratio of fluorous-modified RNA to DNA to concentrations as 

low as 50 nM (Figure 3-54B), the detection limit of our assay. 
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Figure 3-54 Evaluation of matrix formulations for MALDI-MS analysis of pre-miR-21 

A) Ratios of trifluoroethanol (TFE), isopropyl alcohol (IPA), and acetonitrile (CH3CN) in the matrix were varied, then 

used to spot various concentrations of fluorous-modified pre-miR-21 loop RNA. B) Ratios of fluorous-modified RNA 

at different concentrations to fluorous-modified DNA (100 nM) were compared with each matrix formulation. 

Coefficient of variation (CV) was calculated for 3 to 6 replicates. Sample preparation, spotting, and data analysis was 

performed by Marvin Yu. 
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Next, we sought to optimize the on-surface wash. While preliminary experiments in which 

the nucleic acids were diluted in water suggested a wash with distilled water was sufficient for 

observing a significant signal, dilution of the oligonucleotides in the Dicer assay buffer diminished 

the MALDI-MS signal as well as the detection limit (Figure 3-55A). In order to overcome this 

limitation, we evaluated several parameters with a wash solvent composed of n-propanol (3.5% 

[v/v]) and diammonium hydrogen citrate (0.1 M) including: 1) wash additives; 2) time of wash; 3) 

number of washes; and 4) type of wash. Inclusion of wash additives such as glycerol, ethylene 

glycol, or diethylene glycol did not improve the sensitivity of the assay and in some cases inhibited 

crystallization of the matrix and sample. Additionally, whereas a single wash was sufficient for 

reducing background signal, a second wash resulted in diminished sample signal. Finally, longer 

washes (up to 4 min) contributed to improved S/N and it was determined that allowing the wash 

to completely evaporate (as opposed to aspirating it for removal) was optimal.  However, after 

washing the spots for 8 min, reproducibility started to diminish compared to a 4 min wash (Figure 

3-55B). Moreover, spotting the sample and removing it after 4 or 8 min instead of washing the 

spots hampered reproducibility compared to the washed samples, especially at low concentrations 

of RNA (Figure 3-55C). 
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Figure 3-55 Evaluation of wash conditions for MALDI-MS analysis of fluorous-modified pre-miR-21 

A) Example spectra comparing a sample that was spotted without a wash and a sample that was spotted followed by 

a wash. Comparison of variation in wash conditions including wash time and 3.5% n-propanol wash vs. no wash for 

various concentrations of fluorous-modified RNA. Coefficient of variation (CV) was calculated for 3 to 6 replicates. 

Sample preparation, spotting, and data analysis was performed by Marvin Yu. 
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3.7.1  Summary and Outlook 

In summary, we developed a HT-MS assay for analysis of perfluorous-modified 

oligonucleotides utilizing MALDI-MS. As a proof-of-concept model, we attempted to develop a 

prototype assay suitable for HT-MS screening for inhibitors of pre-miR-21 processing.  Several 

screening methods to identify small molecule inhibitors of miRNAs have been previously 

developed as described in detail above (Chapter 1.2.3 ), however, they often suffer from the 

requirement of multiple secondary assays to confirm function of the small molecules. As such, we 

hypothesized that more direct screening methods would accelerate the process of identifying small 

molecule inhibitors of miRNA maturation. Toward this goal, we evaluated a variety of methods 

for performing Dicer-mediated cleavage of pre-miR-21 in vitro. While use of commercial sources 

of Dicer is highly precedented in the literature, we experienced difficulty in obtaining the level of 

activity required for our assays. As such, artificial overexpression of Dicer from a plasmid in 

mammalian cells followed by immobilization of the enzyme on resin was determined to be 

optimal. Moreover, we have determined MALDI-MS conditions that enable us to meet three out 

of four benchmarks, with the exception of high enough sensitivity to detect nucleic acids at single 

digit pM concentrations.  

Future work will focus on combining the in vitro Dicer reaction with MALDI-MS analysis 

to detect the fluorous-modified loop RNA after Dicer processing. The coupling reaction between 

the perfluorous NHS ester (207) and internal amine-modified pre-miR-21 should be further 

optimized to maximize fluorous-tagged RNA product. Due to the presence of glycerol in the stop 

solution, alternative methods to halt the cleavage reaction (e.g., removal of the supernatant from 

the resin or addition of a high concentration of EDTA without diluting the sample) should be 

evaluated. Additionally, inhibition of Dicer processing of pre-miR-21 by a small molecule such as 
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streptomycin,535 AC1MMYR2,371 or mitoxantrone269 should be demonstrated. Finally, the 

capability of the assay to be multiplexed should be evaluated with additional miRNA targets. 

Furthermore, this work could be expanded to include a full screen for small molecule inhibitors of 

miRNA maturation, detection of circulating miRNA, and MS/MS or fragmentation-based methods 

for RNA modification detection such as methylation, with an emphasis on commercialization.  

3.7.2  Materials and Methods 

Cell culture. Experiments performed using HEK293T (ATCC)  cell line cultured in Dulbecco’s 

Modified Eagle Medium (DMEM; Gibco). Media was supplemented with 10% (v/v) Fetal Bovine 

Serum (FBS; Sigma-Aldrich) and 1% (v/v) penicillin/streptomycin (VWR) and maintained at 37 

°C in a 5% CO2 atmosphere. Penicillin/streptomycin-free media was  used for experiments. Cell 

line was used within passages 1-35 and was tested for mycoplasma contamination every three 

months. 

 

RNA annealing protocol. Prior to use in Dicer reactions (where indicated), pre-miR-21 was 

desalted using a 10 kDa molecular weight cutoff column (Amicon). Briefly, RNA in water 

(typically ~50 µl) was added to the column and the total volume was increased to 500 µl with 

nuclease-free water. The column was centrifuged at 14,000 g for 10 min and the flow-through was 

discarded. Three wash steps consisting of addition of 450 µl and centrifugation at 14,000 g for 10 

min were performed. After the third wash, the column was inverted in a clean tube and centrifuged 

at 1,000 g for 2 min. The recovered eluate contained the RNA which was subsequently quantified 

by measured absorbance at 260 nm on a Nanodrop ND-1000 spectrophotometer and calculating 

the concentration (µM) using the molar extinction coefficient. Desalted RNA was diluted to the 
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desired concentration (100 nM or 1 µM) in 1x PBS and annealed by heating to 95 °C in a thermal 

cycler (Bio-Rad) and cooled to 12 °C over 10 min. 

 

Dicer processing assays. 

Genlantis Recombinant Dicer Enzyme Kit 

The Recombinant Dicer Enzyme Kit (Genlantis; T510002) was used to digest RNA following the 

manufacturer’s protocol. Briefly, 116 ng or 1 µg of RNA was added to assay buffer. The 116 ng 

of RNA corresponds to a final RNA concentration of 500 nM as described by Amanda Garner’s 

protocol discussed below. The assay buffer was prepared by mixing 1 µl of ATP (10 mM), 0.5 µl 

of MgCl2 (50 mM), 4 µl of Dicer reaction buffer (supplied with the kit), and nuclease-free water 

up to 8 µl. Then, 2 µl of recombinant Dicer enzyme (1 U) was added. The reaction was incubated 

overnight in a 37 °C incubator. To stop the reaction, 2 µl of the proprietary Dicer stop solution 

(supplied with the kit) was added to each reaction. Subsequently, 2 µl of gel loading dye (NEB; 

6x) was added to samples (12 µl), and the entire volume (14 µl) was separated on a 16% (v/v) 

native PAGE gel (see protocol 6.1.9 and electrophoresis was performed at 140 V for 40 min. 

Following PAGE separation, the gel was stained with SYBR Gold (Invitrogen). Briefly, 5 µl of 

SYBR Gold stain (10,000x) was diluted in 50 ml of TBE buffer. The gel was rinsed with ~25 ml 

of TBE, then placed in a gel box with a lid. The 1x SYBR Gold stain was then added directly to 

the gel and was incubated with rocking at room temperature for 30 min. The gel was imaged on a 

ChemiDoc XRS+ (Bio-Rad) using the ‘SYBR Gold’ method.   
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Amanda Garner’s protocol 

This protocol was adapted from a method previously reported by Amanda Garner (University of 

Michigan)285 using recombinant Dicer from the Recombinant Dicer Enzyme Kit (Genlantis; 

T510002). RNA was diluted to 500 nM in 10 µl of assay buffer consisting of Tris-HCl (20 mM; 

pH 7.4), dithiothreitol (DTT; 1 mM), MgCl2 (2.5 mM), NaCl (12 mM), and RNasin RNase 

inhibitor (Promega; 40 U/ml). Then, recombinant Dicer enzyme (0.25 U) was added. The reaction 

was incubated for 1 h in a 37 °C incubator. Subsequently, 2 µl of gel loading dye (NEB; 6x) was 

added to samples (10 µl), and the entire volume (12 µl) was separated on a 16% (v/v) native PAGE 

gel (see protocol 6.1.9 via electrophoresis performed at 140 V for 40 min. Following PAGE 

separation, the gel was stained with SYBR Gold (Invitrogen) as described above. The gel was 

imaged on a ChemiDoc XRS+ (Bio-Rad) using the ‘SYBR Gold’ method.   

 

Jay Schneekloth’s protocol 

This protocol was adapted from a method previously reported by Jay Schneekloth (National 

Institutes of Health)265 using recombinant Dicer from the Recombinant Dicer Enzyme Kit 

(Genlantis; T510002) or Origene (catalog#: TP319214). Following desalting and annealing of the 

pre-miR-21 at 100 nM as described above, the annealed RNA was diluted to 10 nM in assay buffer 

consisting of Tris-HCl (20 mM; pH 7.4), dithiothreitol (DTT; 1 mM), MgCl2 (2.5 mM), NaCl (12 

mM), and RNasin RNase inhibitor (Promega; 40 U/mL) to a final volume of 10 µl. Then, 

recombinant Dicer enzyme (0.5 U or as defined by the experiment) was added. If the pre-miR-21 

inhibitor 2 was included in the experiment, 1 µl of the compound ([stock] = 300 µM; [final] = 30 

µM) or DMSO (5% [v/v]) was incubated with the RNA hairpin for 30 min at room temperature 

prior to addition of the enzyme. The initial reaction was incubated for 2 h in a 37 °C incubator, 
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however, reaction time was also varied as defined by the experiment. Reactions were stopped by 

boiling the sample at 95 °C for 10 min in a heat block, followed by cooling to room temperature 

on a benchtop. Subsequently, 2 µl of gel loading dye (NEB; 6x) was added to samples (10 µl), and 

the entire volume (12 µl) was separated on a 16% (v/v) native PAGE gel (see protocol 6.1.9 via 

electrophoresis performed at 140 V for 40 min. Following PAGE separation, the gel was stained 

with SYBR Gold (Invitrogen) as described above. The gel was imaged on a ChemiDoc XRS+ 

(Bio-Rad) using the ‘SYBR Gold’ method.   

 

Ian MacRae’s protocol 

This protocol was adapted from a method previously reported by Ian MacRae (The Scripps 

Research Institute)608 using recombinant Dicer from Origene (catalog#: TP319214). Prior to use 

in the Dicer reaction, pre-miR-21 was desalted using a 10 kDa molecular weight cutoff column 

(Amicon) as described above. Desalted RNA was diluted to 500 nM in assay buffer consisting of 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; 40 mM; pH 7.4), 1 mM 

dithiothreitol (DTT; 1 mM), MgCl2 (3 mM), and NaCl (100 mM) to a final volume of 9 µl. Then, 

1 µl of ATP (10 mM) was added to a final concentration of 1 mM followed by Recombinant Dicer 

Enzyme at a final concentration of 61.8 nM (or as defined by the experiment). The initial reaction 

was incubated for 1 h in a 37 °C incubator, however, reaction time was also varied as defined by 

the experiment. Reactions were stopped by addition of 5 µl of ‘quenching buffer’ (urea (6 M), 

EDTA (250 mM), glycerol [10% (w/v)], bromophenol blue [0.1% (w/v)]). Subsequently, samples 

(15 µl) were separated on a 15% (v/v) native PAGE gel (see protocol 6.1.9 and electrophoresis 

was performed at 140 V for 40 min. Following PAGE separation, the gel was stained with SYBR 
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Gold (Invitrogen) as described above. The gel was imaged on a ChemiDoc XRS+ (Bio-Rad) using 

the ‘SYBR Gold’ method.   

 

Thomas Tuschl’s protocol 

This protocol was adapted from a method previously reported by Thomas Tuschl (Rockefeller 

University)612 using endogenous or overexpressed Dicer in cell lysate. HEK293T cells were seeded 

at 125,000 cells per well in a 6-well plate (Corning) treated with poly-D lysine (see protocol 6.2.2 

In an alternative adaptation of this protocol, Dicer was also overexpressed using a plasmid as 

described below. When cells reached ~95% confluence, they were trypsinized, taken up in 10 mL 

of 1x PBS, and centrifuged at 1000 g and 4 °C for 10 min. The supernatant was discarded and the 

cell pellet was resuspended in an appropriate volume of lysis buffer (HEPES [30 mM; pH 7.4], 

potassium acetate [100 mM], magnesium acetate [1 mM], DTT [5 mM], and 1x protease inhibitor 

cocktail [Thermo-Fisher Scientific]) such that the cell stock was concentrated to ~1x107 cells per 

mL. Cells were incubated on ice for 20 min for lysis. The lysate was centrifuged at 16,110 g and 

4 °C for 10 min. The supernatant was collected in a new 1.7 ml Eppendorf tube and stored at -20 

°C until use. When proteinase K treatment was included for Dicer activation,613 recombinant 

proteinase K (Thermo-Fisher Scientific; 26 ng or 250 ng) was added directly to cell lysate and 

incubated at room temperature for 30 min. Subsequently, RNA was diluted to 500 nM in 10% 

(v/v) assay buffer consisting of lysis buffer supplemented with ATP (0.5 mM), 0.1 mM each of 

GTP, UTP, and CTP, creatine phosphate (10 mM), and creatine phosphokinase (10 µg/ml) to a 

final volume of 5 µl. Then, 50% (v/v) of HEK293T lysate was added and the reaction was 

incubated for 1 or 12 h at room temperature. Subsequently, 2 µl of gel loading dye (NEB; 6x) was 

added to samples (10 µl), and the entire volume (12 µl) was separated on a 16% (v/v) native PAGE 



 212 

gel (see protocol 6.1.9 via electrophoresis performed at 140 V for 40 min. Following PAGE 

separation, the gel was stained with SYBR Gold (Invitrogen) as described above. The gel was 

imaged on a ChemiDoc XRS+ (Bio-Rad) using the ‘SYBR Gold’ method.   

 

Mikiko Siomi’s protocol 

This protocol was adapted from a method previously reported by Mikiko Siomi (University of 

Tokushima)611 using endogenous or overexpressed Dicer in cell lysate. HEK293T cells were 

seeded at 125,000 cells per well in a 6-well plate (Corning) treated with poly-D lysine (see protocol 

6.2.2 In an alternative adaptation of this protocol, Dicer was also overexpressed using a plasmid 

as described below. When cells reached ~95% confluence, they were trypsinized, taken up in 10 

ml of 1x PBS, and centrifuged at 1000 g and 4 °C for 10 min. The supernatant was discarded and 

the cell pellet was resuspended in an appropriate volume of lysis buffer (HEPES [30 mM; pH 7.4], 

potassium acetate [100 mM], magnesium acetate [2 mM], DTT [5 mM], glycerol [10% (w/v)] and 

1x protease inhibitor cocktail [Thermo-Fisher Scientific]) such that the cell stock was concentrated 

to ~1x107 cells per ml. Cells were lysed on ice with vortexing every 5 min for 15 min. The lysate 

was centrifuged at 16,110 g and 4 °C for 10 min. The supernatant was collected in a new 1.7 ml 

Eppendorf tube and stored at -20 °C until use. RNA was diluted to 500 nM in assay buffer 

consisting of lysis buffer without glycerol supplemented with ATP (0.5 mM), creatine phosphate 

(10 mM), and creatine phosphokinase (30 µg/ml) to a final volume of 9 µl. Then, 10% (v/v) 

HEK293T lysate was added and the reaction was incubated for 3 h at room temperature. Reactions 

were stopped by boiling at 95 °C for 10 min in a heat block, then allowing the samples to return 

to room temperature on the bench top. Subsequently, 2 µl of gel loading dye (NEB; 6x) was added 

to samples (10 µl), and the entire volume (12 µl) was separated on a 15% native PAGE gel (see 
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protocol 6.1.9 via electrophoresis performed at 140 V for 40 min. Following PAGE separation, the 

gel was stained with SYBR Gold (Invitrogen) as described above. The gel was imaged on a 

ChemiDoc XRS+ (Bio-Rad) using the ‘SYBR Gold’ method.   

 

Christoph Arenz’ protocol 

This protocol was adapted from a method previously reported by Christoph Arenz (Humboldt 

Universität Berlin)271 using endogenous Dicer in cell lysate. HEK293T cells were seeded at 

125,000 cells per well in a 6-well plate (Corning) treated with poly-D lysine (see protocol 6.2.2  

When cells reached ~95% confluence, they were trypsinized, taken up in 10 ml of 1x phosphate-

buffered saline, and centrifuged at 1000 g and 4 °C for 10 min. The supernatant was discarded and 

the cell pellet was resuspended in an appropriate volume of assay buffer (Tris-HCl [20 mM; pH 

7.4], NaCl [12 mM], MgCl2 [2.5 mM], DTT [1 mM], glycerol [10% (w/v)] and 1x protease 

inhibitor cocktail [Thermo-Fisher Scientific]) such that the cell stock was concentrated to ~1x107 

cells per mL. Cells were lysed on ice with vortexing every 5 min for 15 min. The lysate was 

centrifuged at 16,110 g and 4 °C for 10 min. The supernatant was collected in a new 1.7 mL 

Eppendorf tube and stored at -20 °C until use. RNA was diluted to 500 nM in assay buffer to a 

final volume of 9 µl. Then, 10% (v/v) of HEK293T lysate was added and the reaction was 

incubated for 3 h at 37 °C. In one condition, Dicer (Genlantis; 0.25 U) was included in addition to 

the lysate. Subsequently, samples were stained with 5 µl of RNA loading dye (2x; NEB) and 15 

µl of the sample was separated on a 4% (v/v) stacking gel and 16% denaturing PAGE gel. Briefly, 

16% (v/v) denaturing gel was generated by mixing 3.2 mL of acrylamide (40% [v/v]) with 4.8 ml 

of 1x TBE containing urea (7 M) as well as 100 µl of APS (10% [w/v]) and 15 µl of TEMED. The 

resultant mixture was poured into a 1.5 mm casting apparatus. Saturated 1-butanol in water (500 
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µl) was added on top of the denaturing gel to ensure flatness. After the denaturing gel solidified, 

the 1-butanol was poured off and the gel was rinsed three times with distilled water. Subsequently, 

a 4% (v/v) stacking gel was prepared by mixing 0.5 ml of acrylamide (40% [v/v]) with 4.5 ml of 

1x TBE containing 7 M urea in addition to 50 µl of APS and 7.5 µl of TEMED. The gel was pre-

run at 140 V for 30 min, then samples were loaded, and electrophoresis was performed at 140 V 

for 40 min. Following PAGE separation, the gel was stained with SYBR Gold (Invitrogen) as 

described above. The gel was imaged on a ChemiDoc XRS+ (Bio-Rad) using the ‘SYBR Gold’ 

method.   

 

Dicer overexpression. For lysate experiments with overexpressed Dicer, HEK293T cells seeded 

into 6-well plates (Corning) as described above were transfected with pFRT/TO/FLAG/HA-DEST 

DICER (Addgene; 19881; 2 µg) using Lipofectamine 2000 (see protocol 6.2.3.1). After 48 h, cells 

were trypsinized and lysed as described in the above protocols.  

For immunoprecipitation experiments,614 Dicer expression was performed on a larger 

scale. Briefly, ~2.6 x 106 HEK293T cells were plated in a 10 cm plate pre-treated with poly-D 

lysine (see protocol 6.2.2 The following day, 8 µg of the Dicer expression plasmid was transfected 

into the cells for 5 h using Lipofectamine 2000. Transfection media was replaced with DMEM 

growth media (with no antibiotic) and cells were grown to confluence over 72 h. Cells were then 

washed with PBS, trypsinized, and pelleted by centrifugation. The cell pellet was taken up in 1 ml 

of lysis buffer (Tris-Cl [50 mM; pH 7.5], NaCl [150 mM], Triton X-100 [1% (v/v)], SDS [0.1% 

(w/v)]) and incubated on ice for 15 min with vortexing intermittently every 5 min. Next, the lysate 

was centrifuged at 16,110 g and 4 °C for 10 min. Supernatant was removed and incubated with 25 

µl of anti-Flag antibody (Proteintech; catalog# 20543-1-AP; 6 µg) overnight with rocking in a 4 
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°C cold room. The next day, protein A/G resin (Pierce; catalog# 20421; 100 µl) was washed three 

times with 500 µl of immunoprecipitation (IP) buffer (Tris-HCl [25 mM; pH 7.2], NaCl [150 mM]) 

with centrifugation at 600 g for 30 s at room temperature. After the final wash, supernatant was 

removed and replaced with the lysate previously incubated with the anti-Flag antibody and rocking 

was continued overnight at 4 °C. The following day, the resin was washed three times with IP 

buffer followed by centrifugation at 600 g for 30 s. After the final wash, supernatant was removed, 

and resin was resuspended in 100 µl of glycerol (50% [v/v] in water) and stored at -20 °C until 

use.  

 

Optimized Dicer processing assay with immobilized enzyme. For the optimized Dicer 

processing assay, Dicer was overexpressed in HEK293T cells and immobilized on protein A/G 

beads as described above. Pre-miR-21 (desalted and annealed at 1 µM as described above) was 

diluted to 200 nM (1 µl) in 4 µl of assay buffer. A basic assay buffer consisting of Tris (10 mM; 

pH 7.5) and MgCl2 (5 mM) was prepared in a 50 ml conical tube and stored on the bench top at 

room temperature until use. To prepare the complete assay buffer, 10 µl of ATP (Thermo-Fisher 

Scientific; [stock] = 100 mM; [final] = 1 mM, 10 µl of freshly prepared DTT ([stock] = 100 mM; 

[final] = 1 mM, and 0.3 µl of RNasin RNase inhibitor (Promega; 0.4 U/µl) was mixed with 980 µl 

of the basic assay buffer and used immediately for Dicer processing experiments. Subsequently, 

resin immobilized Dicer was washed three times in assay buffer. After the last wash, resin was 

resuspended in 100 µl of assay buffer. For Dicer processing assay, 5 µl of immobilized Dicer slurry 

was added directly to 5 µl of RNA in assay buffer, such that the final concentration of pre-miR-21 

was 100 nM. When the final concentration of RNA in Dicer processing assays was 200 nM, the 

stock pre-miR-21 was annealed at 2 µM and the remaining volumes were kept the same as 
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described above. To inhibit Dicer cleavage, EDTA (250 mM) was added in one condition. The 

reactions were incubated for 24 h at 37 °C. Quenching of the reactions was performed by addition 

of 5 µl of a stop solution consisting of urea (6 M), EDTA (250 mM), glycerol (10% [w/v]), and 

bromophenol blue (0.1% [w/v]). The entire 15 µl sample volume was  separated on a 15% native 

PAGE gel (see protocol 6.1.9 stained with 1.5x SYBR gold (Invitrogen) in 1x TBE for 15 min at 

room temperature with rocking, followed by destaining in 1x TBE for 15 min at room temperature 

with rocking. The gel was then imaged on a ChemiDoc XRS+ (Bio-Rad) using the ‘SYBR Gold’ 

method.   

 

General chemical methods. All reagents were purchased form commercial suppliers and used 

without further purification. Flash chromatography was performed on a CombiFlash RF (ISCO) 

with normal-phase silica gel cartridges. NMR spectra were recorded on Bruker spectrometers with 

assistance from Yuta Naro and Kristie Darrah. The purity of final compound was determined ≥95% 

via HPLC analysis on a Shimadzu LC-20AD monitored at 280 nm. 

 

2, 5-dioxopyrrolidin-1-yl 4, 4, 5, 5, 6, 6, 7, 7, 8, 8, 9, 9, 10, 10, 10-pentadecafluorodecanoate 

(207). Commercially available 2H, 2H, 3H, 3H-perfluoroundecanoic acid (206; 50 mg, 113.1 

µmol) and N-hydroxysuccinimide (NHS; 15.6 mg, 135.7 µmol) were dissolved in dry THF (1 ml) 

in a flame dried glass vial. The vial was capped with a rubber septum and purged with nitrogen. 

Subsequently, the solution was cooled to 0 °C on ice (~10 min). Finally, EDCI (26.0 mg, 135.7 

µmol) was added, and the vial was removed from the ice bath and allowed to warm to room 

temperature, and the reaction mixture stirred overnight at room temperature. The solvent was 

evaporated, and the residue was directly purified via silica gel flash chromatography (30% EtOAc 
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in hexanes) to yield the product as a white solid (21.9 mg, 44% yield). 1H NMR (400 MHz, CDCl3) 

δ 2.97 (m, 2H), 2.86 (s, 4H), 2.57 (m, 2H). 13C NMR (400 MHz, CDCl3) δ 168.8, 166.8, 26.4, 

25.7, 23.0. 

 

Perfluorous-NHS ester coupling to amine modified pre-miR-21 (16 or 60 nt). Custom pre-

miR-21 RNA (16 or 60 nt) was synthesized by Dharmacon with an internal 5-aminoallyl-uridine 

incorporation and was received as a lyophilized solid. The solids were dissolved in nuclease-free 

water to 1 mM and concentrations and were verified by measuring UV absorbance at 260 nm on a 

Nanodrop ND-1000 spectrophotometer then calculating the concentration (mM) using the 

extinction coefficient. Prior to coupling, the full-length pre-miR-21 hairpin was annealed by 

heating to 95 °C and cooling to 12 °C over 10 min in a thermal cycler (Bio-Rad). For coupling 

reactions, 10 µl of RNA (1 mM stock) was diluted in 35 µl of sodium bicarbonate buffer (100 mM; 

pH 8.0) in a 1.7 ml Eppendorf tube. Subsequently, 45 µl of DMSO was added to the solution and 

mixed by pipetting. Then, 10 µl of perfluorous-NHS ester (10 mM) was added directly to solution 

and the reaction was incubated at room temperature on a bench top. The perfluorous-NHS ester 

(10 mM) was added in 10 µl aliquots in five more additions once every 30 – 60 min. After the last 

addition, the reaction was incubated on the bench top overnight at room temperature. The 

following day, ethanol precipitation was performed by adding (in order) 2 µl of glycogen (20 

mg/mL), 10 µl of sodium acetate (3 M), 10 µl of lithium chloride (8 M), 10 µl of magnesium 

chloride (100 mM), and 300 µl of ethanol (pre-cooled to -80 °C). The mixture was then incubate 

at -80 °C for 1 h, then centrifuged at 16,110 g and 4 °C for 30 min. The supernatant was removed, 

and the pellet was washed with 500 µl of ethanol (70% [v/v] in water). The solution was then 
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centrifuged a second time at 16,110 g and 4 °C for 30 min. Lastly, 470 µl of the supernatant was 

removed and the remaining 30 µl was injected on the HPLC to isolate the product.  

Product isolation was performed on an Agilent 1200 series HPLC system using an ACE 

Equivalence C18 column (part# EQV-3C18-1046). Samples were injected at a flow rate of 0.75 

ml/ min using a gradient of 5 – 95% acetonitrile/0.1M TEAA over 30 min. Fluorous-modified pre-

miR-21 (60 nt) was recovered with a retention time of ~17 min, while the fluorous-modified loop 

fragment (16 nt) was recovered with a retention time of ~15 min. After isolation from the HPLC, 

samples were concentrated to ~50 µl on a rotary evaporator (rotovap), then desalted on a 10 kDa 

molecular weight cut-off (MWCO) column (Amicon). Briefly, 200 µl of nuclease free water was 

added to the remaining RNA eluate from the HPLC, mixed, then pipetted into the MWCO column. 

Then, 250 µl of water was used to wash the collection vial a second time, then combined with the 

previous 250 µl of solution. Next, the column was centrifuged at 14,000 g for 10 min. The flow-

through was discarded and 450 µl of nuclease-free water was added to the column to wash the 

sample. The wash step was repeated two more times. Following the last wash, the column was 

inverted in a new collection tube and centrifuged at 1,000 g for 2 min. The recovered RNA (usually 

~50 µl) was then determined by measuring UV absorbance at 260 nm on a Nanodrop ND-1000 

spectrophotometer and calculating concentration (µM) using the extinction coefficient.  
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4.0 DNA Logic Gates 

4.1 Introduction to DNA Computation 

Adleman’s work solving the Hamiltonian path problem using DNA hybridization, 

demonstrating that nucleic acid algorithms can be utilized to perform computational operations, is 

widely regarded as the inception of DNA computation.619 Since then, the field of DNA 

computation has expanded to a variety of different devices for numerous applications.620 In 

general, DNA-based computation circuits utilize nucleic acids for both structure and function, 

enabling the design of highly-programmable biological tools capable of precise activation. 

Watson-Crick base-pairing rules govern duplex formation within DNA computation circuits in a 

sequence-selective fashion. Various DNA computation devices have been explored including 

aptamers,621 deoxyribozymes,622 G-quadruplexes,623 and molecular beacons.624 Among the more 

recent advances in DNA computation has been the implementation of logic gates for detection of 

biomolecules.  

In traditional silicon-based electronic devices, logic gates serve as electronic switches that 

process one or more electrical inputs into an electrical output signal according to a defined logic.625 

ON and OFF states of the logic gate are represented by the binary code of 1 (YES or ‘true’) and 0 

(NO or ‘false’), respectively. Output signals are true only when the correct combination of inputs 

is present, according to Boolean logic functions and the corresponding truth tables. For example, 

in an AND gate, an output is only generated when both inputs are present, otherwise the output is 

0 (or false) (Figure 4-1A). Alternatively in the OR gate (Figure 4-1B), an output signal is produced 

when one or both of the inputs are present. Logic gates can also be designed to detect the absence 
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of inputs. In the NOT or invertor gate, an output will only be true when the input is false (Figure 

4-1C). The exclusive OR (XOR) gate does not produce an output signal unless only one input is 

present (Figure 4-1D). If both inputs are true, the output will be false. 

 

 

 

Figure 4-1 Logic gate symbols and corresponding truth tables 

A) The AND gate will generate an output only in the presence of input 1 and 2. B) The OR gate will generate an 

output in the presence of input 1 or 2 or both. C) The NOT gate will only generate an output when no input is present. 

D) The XOR gate will only generate an output in the presence of input 1 or 2 but not both. 

 

 

DNA logic gates incorporate nucleic acids in place of electrical voltages for inputs and 

outputs and are capable of converting multiple oligonucleotide inputs (e.g., DNA or RNA) into a 

single digital output signal while employing Watson-Crick base-pairing for both structure and 

function. Although there are several limitations to utilizing DNA to mimic silicon-based 

computation devices including cost of DNA synthesis, slower rate of data readout, lack of 

rewriting capabilities,626 and scalability concerns,627 the development of biologically relevant 

computation systems offers distinct advantages. For example, DNA computation modules can be 

readily interfaced with biological and chemical environments. Furthermore, it has been predicted 
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that 455 exabytes of data can be stored in one gram of DNA628 and DNA computation devices are 

hypothesized to be capable of operating at over 100 teraflops.627  

The key element to DNA logic operations is toehold-mediated strand exchange (Figure 

4-2).629 A toehold is a short region (typically six nucleotides in length) of single-stranded DNA 

extending from a duplex, which facilitates hybridization, strand displacement, and branch 

migration. The toehold is designed to anneal to single-stranded nucleic acid inputs in a sequence-

selective manner, allowing them to displace bound oligonucleotides from DNA duplexes. When 

no toehold is available, the reaction is kinetically slow (Figure 4-2A); however, in the presence of 

an exposed toehold, a complementary single-stranded nucleic acid can hybridize, bringing the two 

strands within close proximity and initiating a strand displacement reaction (Figure 4-2B). 

Moreover, the presence of a single toehold (i.e., a toehold only exists for the invading strand) 

facilitates a kinetically fast strand displacement reaction in one direction, and is thus considered 

essentially irreversible. In contrast, if there is sequence overlap between the incoming strand and 

the outgoing strand (i.e., a toehold exists for both sequences), the reaction is kinetically fast and 

considered reversible (Figure 4-2C). The first step of the toehold-mediated strand displacement 

reaction—hybridization of the invading strand with the toehold sequence—occurs rapidly (k1 = 

106 M-1s-1) and is reversible. In contrast, the second step—branch migration—involves removal of 

the bound DNA strand from the duplex, is much slower (k2 = 1 s-1), and generally proceeds in the 

forward direction.630 DNA concentration, sequence identity, and length of the toehold contribute 

to the rate of both steps. For instance, reducing length of the toehold (e.g., from six to five bases) 

can reduce the reaction rate by a factor of 10.629 Furthermore, the toehold domain can be rendered 

essentially unreactive via toehold sequestration (e.g., hybridization between the toehold and a 
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complementary sequence),631-633 enabling precise control over timing and order of strand 

displacement reactions. 

 

 

 

Figure 4-2 Toehold-mediated strand displacement reaction 

Toeholds are shown as single-stranded overhangs connected to the DNA duplexes. A) If strand B can’t bind to the 

gate toehold, the displacement of A is unfavorable. B) If a toehold on the gate duplex is available for strand B, but not 

A, the displacement of strand A is quick and essentially irreversible. The strand exchange reaction outlined in yellow 

shows the intermediate steps of B binding and removing strand A. C) When toeholds are present in the gate duplex 

for strands B and A, the displacement reaction is reversible. Adapted with permission from Curr. Opin. Biotechnol. 

2010, 21(4), 392-400. 

 

 

DNA logic gates are modular devices capable of being incorporated into complex circuits 

of nucleic acids wherein the output of one gate may be used as an input for a downstream gate, 

effectively generating a signaling cascade.633,634 Furthermore, they are highly programmable such 

that their sequences can be designed to recognize a variety of biologically relevant oligonucleotide 

inputs. For example, Seelig and co-workers designed  a series of AND and OR gate circuits to 
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detect expression patterns of up to six synthetic miRNA inputs.632 The inputs displaced an output 

strand from a translator gate that hybridized to a downstream AND gate (Figure 4-3A). miRNA 

sequences were paired such that two inputs would specifically interact with their respective 

translator gates and release an output bearing an identical recognition domain, effectively serving 

as an OR logic gate. The output strands were utilized as inputs for a subsequent AND gate. Upon 

recognition of the correct combination of inputs, the output of the AND gate interfaced with a 

threshold gate in order to minimize background activity. The threshold gate is a three-input AND 

gate in which the output strand will not be released in the presence of substoichiometric amounts 

of input. However, input concentrations at least two-fold higher than the threshold gate were able 

to trigger release of an output sequence that interfaced with a downstream fluorophore/quencher-

modified gate to monitor the readout. In total, the circuit was comprised of 11 DNA logic gates. 

Notably, increasing the size of the circuit also reduced the reaction kinetics (i.e., increasing time 

to completion from 6 to 12 h). However, ON and OFF states were still easily distinguishable, 

suggesting the circuit was capable of responding to distinct miRNA patterns (Figure 4-3B). 
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Figure 4-3 Signal propagation through a complex DNA logic gate circuit 

A) The five-layer circuit is comprised of 11 gates including AND, OR, sequence translation, input amplification, and 

signal restoration and accepts six miRNA inputs. B) Fluorescence intesnsity measurements without (left) and with 

(right) the signal restoration component (threshold plus amplifier). Adapted with permission from Science. 2006, 314, 

1585-1588. 
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Additional logic gate circuits have been developed which are capable of performing a 

variety of other applications in vitro including mathematical operations,634-636 serving as neural 

networks and memory systems,637 and disease diagnosis.638 For example, Winfree and co-workers 

developed a ‘seesaw’ gate design in order to enable large scale DNA logic gate circuits to compute 

a square root function.634 In the seesaw gate, a ‘fuel’ strand displaces an incumbent strand from a 

gate duplex in a catalytic cycle via exchange of exposed toeholds. By combining seesaw gates 

with thresholding, Winfree was able to construct a large scale circuit comprised of 130 DNA 

strands, demonstrating a feasible solution to the common scalability problem associated with DNA 

computation devices. Because of their ability to hybridize to nucleic acid inputs in a sequence-

specific fashion via strand displacement interactions and release an oligonucleotide output capable 

of interacting with biological systems, development of DNA computation devices that interface 

with cellular environments has recently gained increasing interest. Nucleic acid-based computation 

devices have been employed in biological systems for cellular delivery,639 targeted therapy,640 and 

miRNA or mRNA detection.641-644  

The Deiters laboratory was the first to utilize DNA-based gates to perform logic operations 

on endogenous miRNA inputs to produce a DNA output in mammalian cells.645 A logic gate circuit 

was designed wherein miR-21 and -122 displaced single-stranded outputs from translator gates 

that subsequently initiated a strand displacement reaction in a downstream AND gate (Figure 

4-4A) leading to release of a fluorophore-modified oligonucleotide in Huh7 cells. The use of 

translator gates enabled a modular circuit design which could be adapted to recognize alternative 

miRNAs. The AND gate consisted of a DNA duplex with an exposed toehold complementary to 

the first input, as well as a tetramethylrhodamine (TAMRA) fluorophore functionalized on the 5’-

terminus of the output strand and a Black Hole Quencher (BHQ) on the 3’-terminus of the 
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complementary strand. BHQ is capable of absorbing energy emitted by TAMRA in its excited 

state in a FRET-like manner, thus inhibiting a fluorescent output signal. In order to validate that 

the gate only activated in the presence of input 1 and 2, the circuit was first evaluated in vitro 

utilizing synthetic DNA inputs. After 4 h incubation at room temperature, a 2.5-fold increase in 

fluorescence in the presence of both inputs was detected relative to background (Figure 4-4B). 

Moreover, minimal gate activation was observed when one or neither of the inputs was added. 

After confirming the AND gate performed logic operations as predicted, the logic gate circuit was 

transfected into Huh7 cells—shown to up-regulate both miR-21646 and miR-122647—and 

activation was evaluated by fluorescence microscopy. After delivery of the gates and 48 h 

incubation, fluorescence was only observed in cells transfected with the complete circuit (Figure 

4-4C).   
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Figure 4-4. AND gate activation in vitro and in cellulo 

A) Schematic of an AND gate targeting miR-21 and miR-122 with corresponding translator gates. In Step 1, miR-21 

and miR-122 interact with respective translator gates via toehold mediated strand displacement reaction to generate 

output strand which serve as new inputs for the AND gate. In Step 2, the new inputs interact with the AND gate in a 

similar manner to generate a fluorescently labeled output strand. B) The AND gate was activated in vitro with both 

translator gates in the presence of synthetic inputs. C) Transfection of the AND gate in Huh7 cells expressing 

endogenous miR-21 and miR-122 only yields a fluorescent output with the addition of both translator gates. Adapted 

with permission from J. Am. Chem Soc. 2013, 135, 10512-10518. Copyright 2013 American Chemical Society. 
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Recently, Seelig and co-workers employed a logic gate circuit capable of a 4-way strand 

exchange reaction in order to characterize parameters that affect gate activation in mammalian 

cells (Figure 4-5A).648 It was hypothesized that the 4-way strand exchange reaction would enable 

logic gate activation in a cellular environment with minimal crosstalk with other nucleic acids. 

After optimizing the gate structure in vitro utilizing a reporter gate with a 6-nucleotide toehold 

domain and 16- or 22-nucleotide branch migration domains, the logic gate circuits were delivered 

into cells and gate activation was monitored by fluorescence microscopy. Of the chemical 

modifications evaluated, 2’-O-methyl-modified gates led to a ~7-fold activation while the 

combination of 2’-O-methyl and PS modifications led to only a ~3-fold increase in fluorescence 

in CHO K1 cells. This discrepancy was attributed to reduced thermodynamic stability conferred 

by the PS modifications. The transfection reagent Lipofectamine 2000 was found to be sufficient 

for preventing interaction between the reporter gate and input in pre-packaged complexes prior to 

transfection. Interestingly, sequential transfection of the gate and inputs led to only ~5% co-

localization of the two complexes in cells—a dramatic reduction compared to ~40% co-

localization observed when the complexes were co-transfected—highlighting an important 

consideration for delivery of DNA computation circuits bearing multiple components into cells. 

Finally, the optimized conditions determined from preliminary reporter gate experiments were 

applied to more complex AND and OR gates utilizing flow cytometry to monitor gate activation 

(Figure 4-5B). Initially, the OR gate only bore the 2’-O-methyl modifications, however while input 

A induced the expected increase in fluorescence, low fluorescence intensity was observed upon 

addition of the second input in cells. It was hypothesized that the single-stranded domains of the 

duplex produced by input B was susceptible to nuclease degradation. To overcome this limitation, 

PS modifications were incorporated into the OR gate, inputs, and subsequent AND gate designs. 
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Notably, incubation of the 2’-O-methyl- and PS-modified OR gate with non-modified inputs led 

to a reduction in activation efficiency, similar to the reporter gates described above, highlighting 

the importance of balancing stability and activity in the design of logic gates for biological systems. 

The 2’-O-methyl- and PS-modified logic gates activated as predicted in cells with the OR gate 

eliciting a 2.5-3-fold increase in fluorescence following addition of one or both inputs and the 

AND gate responding to addition of both inputs with a >3.5-fold fluorescence increase (Figure 

4-5C). 
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Figure 4-5 DNA logic gate activation in mammalian cells 

A) 4-way strand exchange reaction mechanism. Toehold regions are numbered while double-stranded domains are 

marked with letters. Red circle = TYE665 fluorophore. Black circle = BHQ2 quencher. B) OR and AND logic gate 

design and mechanism. C) Corresponding flow cytometry data following delivery and activation of OR and AND 

logic gates in CHO K1 cells. Adapted from Nat. Nanotechnol. 2016, 11, 287-294. 

 

 

In an alternative approach, the Weizmann lab utilized fluorophore-modified DNA hairpins 

in order to detect endogenous miR-21 in mammalian cells.649 The hairpins were synthesized using 

2’-O-methyl-modified nucleobases and PS backbone modifications to improve their stability in a 



 231 

cellular environment. Using this method, miR-21 hybridizes to first hairpin (HP1), opening it up 

and exposing a single-stranded stem region (Figure 4-6A). This stem region then anneals to a 

second hairpin (HP2) and opens it to expose another single-stranded stem region capable of 

interacting with HP1 and continuing the cascade hybridization reaction (CHR). In the resultant 

concatemers, the fluorophores at the termini of both hairpins are in close proximity to each other 

such that the reaction can be visualized using FRET. After delivery into HeLa cells for 4 h, 

fluorescent puncta were observed via microscopy (Figure 4-6B). Furthermore, low or no 

fluorescence was observed in HEK293T and MRC-5 cells lines which express little to no miR-21, 

respectively, compared to HeLa cells, suggesting the CHR system could be capable of 

differentiating between different cell types based on miRNA expression levels.        
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Figure 4-6 Cascade Hybridization Reaction for Detection of miR-21 

A) Schematic of cascade hybridization reaction (CHR) mechanism. B) Live-cell FRET analysis of CHR in HeLa, 

HEK293T, or MRC-5 cells. Adapted with permission from J. Am. Chem. Soc. 2015, 137, 6116-6119. Copyright 2015 

American Chemical Society. 

 

 

Several other nucleic acid devices for oligonucleotide detection in cells have also been 

developed.650,651 For example, Seelig and co-workers utilized a 2’-O-methyl- and 

fluorophore/quencher-modified DNA duplex to visualize GFP mRNA in HT1080-96X cells.643 

Upon recognition of one of 96 tandem repeat sequences within the 3’ UTR of the GFP transcript, 

the fluorophore-labeled strand was displaced from the gate duplex enabling observation of the 
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mRNA via fluorescence microscopy. While this study demonstrated that it was possible to initiate 

a strand displacement reaction by targeting mRNA in cells, the mRNA transcript was stably 

expressed from an exogenous construct and bore tandem repeats, so it may not be broadly 

applicable to other mRNA transcripts.  In an alternative approach, non-modified DNA hairpins 

were assembled along a long single-stranded DNA sequence (DNA nanowire) forming a DNA 

nanostructure capable of responding to a target mRNA sequence in cells with the initiation of a 

DNA cascade reaction (DCR) observable by fluorescence microscopy.652 Folic-acid mediated 

delivery of the so-called ‘DNA nanostring light’ (DNSL) and subsequent hybridization to survivin 

mRNA in HeLa cells led to unquenching of the DNA hairpins within the nanostructure and a 

corresponding increase in fluorescence. Additional methods for detection of nucleic acid logic 

operations have also been explored. For example, gold nanoparticles and quantum dots have been 

utilized for the detection of miRNAs and mRNAs in live cells.644,653-655 Another recent 

advancement has been the incorporation of nanopores for monitoring logic gate activation.656,657 

In the nanopore system, DNA logic gates and inputs are incapsulated in lipid-coated droplets. 

When the droplets are brought in close proximity to each other, a bilayer lipid membrane forms. 

Subsequently, an α-hemolysin (αHL) nanopore forms within the bilayer lipid membrane and 

application of a positive voltage gradient drives the DNA through the nanopore enabling detection 

of DNA hybridization via a change in current.   

Taken together, DNA computation devices are unique chemical tools capable of interacting 

with biological systems and providing a binary readout. While the majority of systems rely on 

FRET-based designs wherein fluorophore-modified oligonucleotides are displaced from 

complementary quencher-modified strands, several recent advancements have sought to explore 

alternative detection methods in order to expand the utility of these devices. Furthermore, the 
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application of DNA computation technologies has been demonstrated in cells, highlighting their 

utility in biological systems. 

4.2 Second Generation Logic Gates for Detection of miRNAs in Cells 

While activation of numerous DNA computation devices has been demonstrated in cells 

and animals,658-661 the ability to interface with endogenous nucleic acids remains a challenge. 

Given the importance of miRNAs in various diseases as highlighted above and in light of our 

previous success in detecting endogenous miRNAs in cells,645 we sought to design multilayer 

DNA logic gate circuits capable of recognizing more complex miRNA expression patterns in 

mammalian cells. Unique miRNA expression signatures have been discovered in various tissues 

and in serum associated with several cancers,49,662-664 thus we hypothesized that DNA computation 

devices could be utilized to differentiate between cancer cell phenotypes. 

In order to expand the previous miRNA-targeted DNA logic gate to target additional 

miRNAs, we designed a miR-21 OR miR-122 AND miR-125b circuit (Figure 4-7). The use of 

translator gates enables a modular design strategy whereby additional miRNA sequences can be 

targeted by generating a complementary gate duplex. Furthermore, the use of an arbitrary first 

input sequence would enable the first input to originate from a more complex circuit upstream of 

the AND gate if desired.  In the presence of miR-21 and/or miR-122, an identical output strand is 

released from the corresponding translator gate serving as the first input for the downstream AND 

gate. This reveals a second toehold complementary to miR-125b which can then displace the 

fluorophore-modified strand from the gate duplex resulting in unquenching of the fluorophore.  
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Figure 4-7 Schematic of (miR-21 OR miR-122) AND miR-125b DNA logic gate 

Toehold regions are marked in green (miR-21), yellow (miR-122), red (OR out), or blue (miR-125b). Red circle = 

tetramethylrhodamine (TAMRA). Purple circle = Iowa Black RQ quencher. 

 

 

Before evaluating the multilayer circuit in cells, a control experiment was performed in 

vitro utilizing synthetic DNA as inputs for the logic gates. Briefly, purified gate duplexes were 

combined with various combinations of inputs at a 4-fold excess in Tris-EDTA/MgCl2 (TE/Mg2+) 

buffer, then incubated at 37 °C for 4 h. After completion of the gate reaction, fluorescence was 

measured on a plate reader.  A threshold was calculated for the fluorescence intensity data by 

multiplying the standard deviation of the dataset by three.665 Gratifyingly, minimal fluorescence 

increase was observed when the AND gate was incubated with the OR-21 or -122 gates alone or 

with their respective miRNA inputs (Figure 4-8). Unfortunately, addition of miR-125b in the 

absence of the other two inputs led to a modest increase in fluorescence relative to the AND gate 

alone, suggesting the input was able to non-specifically activate the AND gate. Moreover, 
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combination of miR-21 or miR-122 and their respective translator gates with miR-125b led to a 

moderate increase in fluorescence relative to conditions with miR-125b and the AND gate, 

however, they still fell below the threshold. Gratifyingly, addition of both miR-21 and miR-122 in 

addition to miR-125b led to an increase in fluorescence intensity above the threshold, suggesting 

it may be possible to utilize a multilayer logic gate to detect specific miRNA patterns. 

 

 

 

Figure 4-8 In vitro evaluation of the (miR-21 OR miR-122) AND miR-125b DNA logic gate 

Activation of the logic gate circuit was evaluated with synthetic DNA mimics of miRNA inputs. TAMRA fluorescence 

was measured after 4 h incubation at 37 °C. Data represents the average of three independent experiments and the 

error bars indicate standard deviations. Threshold (dashed line) was calculated by multiplying the standard deviation 

of all data points by three. 
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Based on promising results in vitro we next sought to evaluate the second generation logic 

gate circuits in mammalian cells. In order to demonstrate selective gate activation, we delivered 

the gates into cell lines with differential expression levels of miR-21, miR-122, and miR-125b: 

HEK293T (human embryonic kidney) cells are predicted to express low levels of miR-125b,666 

but do not express miR-21 or miR-122379,667 and thus should not be able to activate the logic gate 

circuit. In contrast, HeLa (cervical carcinoma) and PC3 (prostate adenocarcinoma) cells both 

express miR-21534,668 and miR-125b,489 but not miR-122379 and should elicit an increase in 

fluorescence. Analogously, the hepatocellular carcinoma cell lines HepG2 and Huh7 express miR-

21503,669 but not miR-125b.670 Furthermore, while Huh7 cells express high levels of miR-122,671 

HepG2 cells do not.672 The AND gate, OR-21, and OR-122 gate duplexes were transfected into 

each cell line for 4 h at which point, the transfection mix was replaced with normal growth media. 

Because maximal logic gate activation was observed with our previous gate circuit in cells after 

24 h,645 we monitored fluorescence via widefield fluorescence microscopy the following day. 

James Hemphill, a former member of our laboratory, observed an increase in fluorescence in HeLa 

and PC3 cells as expected, with minimal background fluorescence in HEK293T, HepG2, and Huh7 

cells (negative controls), suggesting the multilayer circuits were capable of activating in response 

to endogenous miRNAs in mammalian cells (Figure 4-9A). Unfortunately, reproducibility of these 

data were poor as evidenced by an unexpected increase in fluorescence observed in HEK293T and 

Huh7 cells in subsequent experiments. (Figure 4-9B). 
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Figure 4-9 Second generation logic gate activation in mammalian cells 

A) HEK293T, HeLa, HepG2, Huh7, and PC3 cells were transfected with the AND gate (50 nM) and reporter gates 

(50 nM) then imaged at 24 h-post gate transfection. Data generated by James Hemphill. B) HEK293T, HeLa, HepG2, 

Huh7, and PC3 cells were transfected with the AND gate (50 nM) and reporter gates (50 nM) then imaged at 24 h post 

transfection. 20x magnification. TAMRA (43HE filter; ex/em. = 550/605 nm) and brightfield-merged images are 

shown. Scale bars indicate 200 µm. 

 

 

Due to the high background fluorescence observed in vitro in the presence of miR-125b 

but absence of the other two inputs, we hypothesized that non-specific gate activation may have 

occurred, in part, due to the low miR-125b levels in HEK293T cells. Because miR-125b interacts 
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directly with the AND gate as the second input, partial dissociation (or ‘fraying’) of the fluorophore 

and quencher duplex leading to toehold-less strand displacement reactions. Furthermore, we 

hypothesized that AT-rich regions within the second toehold of the AND gate may exacerbate 

fraying, contributing to background activation.630 In an attempt to circumvent these limitations, 

we completely redesigned the DNA logic gate circuit (Figure 4-10A). For the miR-21 AND (miR-

122 OR miR-125b) gate, miR-21 serves as the first input and interacts directly with the AND gate. 

In contrast, miR-125b interacts with a translator gate upstream as part of an OR gate with miR-

122. Similar to the previous design, an output is only predicted if miR-21 and miR-122 and/or 

miR-125b participate in the strand displacement reaction. Gratifyingly, when the new gate design 

was incubated with synthetic DNA inputs in vitro, we observed near complete abrogation of 

background activation in the presence of the second input (Figure 4-10B). A modest additive 

response was observed with addition of both miR-21 and miR-122 relative to each individual input. 

Unfortunately, when we attempted to deliver the logic gate circuit into HeLa or Huh7 cells, we 

observed non-specific gate activation—most concerningly in the absence of any translator gate 

(Figure 4-10C). Furthermore, while transfection into HEK293T cells yielded a reduction in 

fluorescence compared to the previous gate design, non-specific background activation was still 

observed. We hypothesized that the background activation and poor reproducibility may be 

attributed to nuclease degradation of the gate duplexes upon delivery into cells. In order to 

circumvent these concerns, we next evaluated methods to protect the logic gate duplexes from 

degradation such as protecting the termini with hairpins or incorporating 2’-O-methyl-modified 

nucleobases and phosphorothioate backbone linkages. 
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Figure 4-10 Evaluation of the redesigned second generation DNA logic gate 

A) Simplified schematic of the miR-21 AND (miR-122 OR miR-125b) logic gate circuit. B) Activation of the logic 

gate circuit was evaluated with synthetic DNA mimics of miRNA inputs. TAMRA fluorescence (ex/em = 545/585 

nm) was measured after 4 h incubation at 37 °C. Data represents the average of three independent experiments ± 

standard deviation. Threshold (dashed line) was calculated by multiplying the standard deviation of all data points by 

three. C) HEK293T, HeLa, and Huh7 cells were transfected with the AND gates and reporter gates then imaged at 24 

h post transfection. 20x magnification. TAMRA (43HE filter; ex/em. = 550/605 nm) and brightfield-merged images 

are shown. Scale bars indicate 200 µm. 
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Single- and double-stranded oligonucleotides are prone to endo- and exonuclease 

degradation, respectively, in cells and serum.673,674 One study found that backbone modification 

of fluorescently-labeled DNA from phosphodiester to phosphorothioate linkages improved the 

half-life from 15-20 minutes to more than 24 hours.674 In an analogous report, it was shown that 

as few as three phosphodiester bonds in a 17-nucleotide oligomer in which the remaining linkages 

were phosphorothioate was sufficient for compromising nuclease resistance.675 As discussed 

above (Chapter 1.2.2 several backbone and nucleobase modifications have been employed in order 

to improve nuclease resistance of oligonucleotides. Additionally, several reports have shown that 

short hairpins at the termini of a nucleic acid were sufficient for inhibiting nuclease degradation.676-

679 To attempt to circumvent the cost and difficulty of synthesizing sugar- and phosphodiester-

modified oligonucleotides, we hypothesized that modification of our logic gate duplexes with 

small hairpin structures would be sufficient for inhibiting nuclease degradation. As a proof of 

concept, we utilized the previously reported AND gate sequence645 designed to recognize miR-21 

and an arbitrary sequence as inputs. Hairpin structures consisting of a GC-rich 7-mer stem and an 

‘AAA’ loop region were incorporated at the termini of the gate strands (Figure 4-11A). To evaluate 

activity of the hairpin-modified gate, the DNA duplex was incubated with synthetic DNA inputs 

at a 4-fold excess for 4 h at 37 °C, then subsequently analyzed via native PAGE. The fluorophore- 

and quencher-modified version of the AND gate without hairpins was utilized as a positive control. 

As expected, an increase in fluorescence was observed for the non-hairpin-modified AND gate 

only in the presence of both inputs in a plate reader assay, consistent with the native PAGE gel 

(Figure 4-11B). Unfortunately, presence of a band corresponding to the gate output was observed 

when the hairpin-modified gate was incubated with input 2 alone, suggesting non-specific 

activation of the DNA duplex (Figure 4-11C). 
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Figure 4-11 Evaluation of hairpin-modified logic gates in vitro 

A) Simplified schematic of the hairpin-modified AND logic gate. B) The fluorophore- and quencher-modified AND 

gate was evaluated in a plate reader assay as well as on a native PAGE gel. Data from the plate reader assay represents 

the average of three independent experiments ± standard deviation. C) Activation of the hairpin-modified AND logic 

gate was investigated via native PAGE. 
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To attempt determine the source of background activation with the addition of the hairpins, 

we analyzed the DNA duplex using The Nucleic Acid Package (NUPACK) software680 which 

enabled us to predict its thermodynamic stability. At 37 °C, the probability that base pairs will 

form near the termini of the non-hairpin-modified gate duplex is ~80% (Figure 4-12A). However, 

when hairpins are incorporated at the termini the probability of base pair formation at the termini 

becomes ~60-65%. Taken together, this suggests that fraying can occur at the termini leading to 

strand displacement in the absence of both inputs. To test this hypothesis, we generated a series of 

hairpin-modified gate duplexes wherein one or two of the terminal hairpins were removed and 

evaluated the response in a native PAGE gel-based SAR study (Figure 4-12B). Unfortunately, 

none of the structural modifications led to a significant reduction in background activation.  
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Figure 4-12 Native PAGE evaluation of hairpin-modified AND gate activation 

A) NUPACK prediction of duplex stability. Highlighted boxes denote regions where probability of base-pairing is 

<100%. B) Hairpins were strategically removed from I the top strand; II the ‘fluorophore’ strand; III the ‘quencher’ 

strand; or IV the ‘fluorophore’ and ‘quencher’ strands of the AND gate duplex to attempt to determine if they 

contribute to background activation. 

 

 

In light of the fact that the hairpin modifications induced non-specific gate activation, we 

decided to investigate whether the hairpins were capable of inhibiting nuclease degradation before 

moving forward with further optimization of the logic gate design. Utilizing a DNase I digestion 



 245 

assay,681 we incubated the hairpin- or non-hairpin-protected DNA logic gate (1 µg) with increasing 

concentrations of recombinant enzyme for 5 min at 37 °C followed by analysis via 4% agarose gel 

electrophoresis. A dumbbell DNA decoy was employed as a negative control for nuclease 

degradation.682 The DNA decoy was only partially digested with recombinant DNase I activity as 

high as 0.025 U.  However the AND gates were completely digested at the same enzyme 

concentration (Figure 4-13A). Additionally, we attempted to incubate the AND gates or dumbbell 

DNA decoy in HeLa cell lysate683 isolated using two commercially available kits and observed 

complete loss of the hairpin-modified gate after 6 h incubation at 37 °C. (Figure 4-13B) 

Furthermore, performing the digest in water or phosphate-buffered saline (PBS) had no effect on 

enzyme activity. Because neither the non-modified AND gate nor dumbbell decoy were digested 

at this time point, we hypothesized that destabilization of the hairpin-modified gate may have 

increased its susceptibility to nuclease degradation. Taken together, this suggests that the hairpins 

were not sufficient for inhibiting nuclease cleavage and prompted us to pursue alternative 

strategies for improving stability of the DNA duplexes. 
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Figure 4-13 Nuclease-mediated degradation of double-stranded DNA oligonucleotides 

A) 1 µg of either hairpin-modified AND gate, non-modified AND gate or dumbbell DNA decoy were incubated with 

recombinant DNase I for 5 min at 37 °C, then evaluated via agarose gel electrophoresis. B) Oligonucleotide duplexes 

(50 nM) were incubated with HeLa cell lysate generated from commercially available GE or NE-PER kits and 

evaluated via native PAGE. 

 

 

Because the hairpin-modified gates were not resistant to nuclease degradation, we decided 

to incorporate chemical modifications into the DNA logic gates to improve stability. In order to 

evaluate the effect of phosphorothioate and 2’-O-methyl modifications into our circuit, we first 
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employed a simple reporter gate duplex capable of recognizing miR-21 (Figure 4-14A). A ‘full 

complement’ DNA duplex bearing no toehold sequence was designed as a control. Upon 

incubation of the non-modified reporter gate with a synthetic DNA mimic of miR-21, a ~47-fold 

increase in fluorescence signal was observed relative to the gate alone, while minimal fluorescence 

was observed for the full complement gate in the presence of the input (Figure 4-14B). When the 

reporter gate was synthesized with phosphorothioate linkages or 2’-O-methyl-modified 

nucleobases, a dramatic reduction in fluorescence was observed relative to the non-modified 

reporter gate; both the PS and 2’-O-Me reporters responded to miR-21, eliciting ~7- and ~3-fold 

increases in fluorescence, respectively (Figure 4-14C). Interestingly, addition of the miR-21 input 

to fully complementary PS- or 2’-O-Me-modified reporters led to ~2.4-fold and ~1.5-fold 

increases in fluorescence, respectively (Figure 4-14D). This is consistent with previous reports that 

phosphorothioate linkages decrease thermal stability of DNA duplexes potentially contributing to 

background activation.684,685 
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Figure 4-14 Evaluation of chemically modified reporter gates in vitro 

A) Simplified schematic of the miR-21 reporter gate and full complement gate. B) The non-modified reporter or full 

complement gate was incubated with a 4-fold excess of synthetic miR-21 DNA mimic for 1 h at 37 °C, then 

fluorescence was measured on a plate reader. C) Fluorescence intensity of phosphorothioate (PS)- or 2’-O-methyl-

modified reporter gates incubated with synthetic miR-21 DNA mimic for 1 h at 37 °C. D) The full complement PS- 

or 2’-O-methyl-modified duplexes were incubated with miR-21 DNA mimic in a plate reader assay. Data represents 

the average of three independent experiments ± standard deviation. 

 

 

Next, we evaluated the ability of the chemically-modified reporter gates to recognize 

endogenous miR-21 in cells. Gates were transfected into HeLa, Huh7, or HEK293T cells for 4 h, 

then transfection media was replaced with normal growth media. Fluorophore and quencher-

modified full complement DNA duplexes were transfected as a negative control. After 24 h, gate 

activation was assessed via fluorescence microscopy. Transfection of the PS-modified reporter 

gate in HeLa and Huh7 cells led to an increase in fluorescence compared to the full complement 
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gate, suggesting the duplex was capable of recognizing endogenous miR-21 (Figure 4-15A,B). 

Moreover, transfection of the gates into HEK293T cells led to minimal gate activation (Figure 

4-15C), providing further support that the reporter gate activates in a miR-21-specific manner and 

the phosphorothioate modifications are sufficient for inhibiting nuclease degradation.  Similar 

results were observed when the 2’-O-methyl-modified reporter gate was transfected into PC3, 

HeLa, or HEK293T cells (Figure 4-15D). The observation of comparable fluorescence levels in 

HeLa cells for both the PS- and  2’-O-methyl-modified reporter gates is somewhat inconsistent 

with the in vitro assay data wherein a greater increase in fluorescence was measured for 2’O-Me 

gates. However, we hypothesized that while the inputs were added in 4-fold excess relative to the 

gate in the in vitro assay, intracellular miR-21 is likely expressed at levels below the concentration 

of the gate, suggesting maximum activation is reached before the reporter is completely 

unquenched.  
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Figure 4-15 Evaluation of chemically-modified miR-21 reporter gates in cells 

The phosphorothioate (PS)-modified miR-21 reporter gate or ‘full complement’ duplex were transfected into: A) 

HeLa; B) Huh7; and C) HEK293T cells. D) 2’-O-methyl-modified reporter or full complement gates were delivered 

into PC3, HeLa, and HEK293T cells. TAMRA fluorescence was observed via microscopy at 24 h post-transfection. 

20x magnification. TAMRA (43HE filter; ex/em. = 550/605 nm) and brightfield-merged images are shown. Scale bars 

indicate 200 µm. 
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4.2.1  Summary and Outlook 

In conclusion, we developed a multilayer DNA logic gate circuit capable of recognizing 

up to three miRNA inputs in vitro. The initial gate design was optimized to reduce background 

levels by incorporating an OR gate that generates the second input of a downstream fluorophore- 

and quencher-modified AND gate. Preliminary gate activation experiments in cells demonstrated 

that non-modified DNA gate duplexes were susceptible to nuclease degradation in cells, consistent 

with previous literature reports. Efforts to employ a simple hairpin modification strategy in order 

to confer nuclease resistance were largely unsuccessful because they reduced stability of the gate 

duplex leading to higher background activation and failed to inhibit nuclease activity in a 

biochemical assay and cell lysate experiments. Finally, incorporation of phosphorothioate linkages 

or 2’-O-methyl-modified nucleobases into a reporter gate duplex greatly enhanced nuclease 

stability in multiple cell lines and reduced background fluorescence.  

Future work should focus on installation of these chemical modifications into the 

multilayer gate circuit followed by evaluation of logic gate activity in cells. While incorporation 

of PS linkages or 2’-O-Me nucleobases led to comparable activation in cells for the miR-21 

reporter gate, a combination of the two chemical modifications may need to be utilized in order to 

balance gate stability and minimization of background activation. Specifically, because 

background activation can increase with complexity of a DNA logic gate circuit,686 PS-

modifications may reduce thermal stability and exacerbate non-specific strand displacement 

reactions. In contrast, 2’-O-Me-modified gates requiring multiple inputs may be too thermally 

stable to promote strand displacement reactions in the presence of endogenous non-modified 

miRNAs. Taken together, this may require incorporation of both PS and 2’-O-Me modifications 

in order to achieve optimal stability and gate activation. In addition, future experiments should 
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evaluate signal amplification strategies to overcome variable, often low, miRNA expression levels 

across different cell lines.376  For example, incorporation of a see-saw reporter gate634 downstream 

of the AND gate or modification of the translator gates into see-saw gates would enable recycling 

of the output or inputs, respectively, thereby amplifying the fluorescence output signal. 

Alternatively, the AND gate could be interfaced with hybridization chain reaction (HCR) probes 

with the output serving as an initiator sequence for concatemerization of the hairpins.  

4.2.2  Materials and Methods 

Cell culture. HeLa (ATCC), HEK293T (ATCC), and Huh7 (ATCC) cell lines were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM; Gibco). PC-3 (ATCC) cells were cultured in F-12K 

medium (Sigma). All media was supplemented with 10% (v/v) Fetal Bovine Serum (FBS; Sigma-

Aldrich) and 1% (v/v) penicillin/streptomycin (VWR) and maintained at 37 °C in a 5% CO2 

atmosphere. Experiments were carried out in penicillin/streptomycin-free growth media 

supplemented with 10% (v/v) FBS. Cell lines were used within passages 1-35 and all cell lines are 

tested for mycoplasma contamination every three months using the MycoScope PCR Mycoplasma 

Detection kit (Genlantis). 

 

Logic gate duplex purification. Oligonucleotides (Table 18, Table 19, Table 20, Table 21) were 

ordered from IDT (5′ TAMRA, 3′ BHQ2, phosphorothioate, and 2’-O-methyl modifications) and 

Sigma-Aldrich (nonmodified). Gate complexes were generated and purified as described in 

protocol 6.3.1 Briefly, gate duplexes were assembled at 20 μM in 200 μl of TE/Mg2+ buffer (Tris-

HCl [0.01 M; pH 8.0], EDTA [100 mM], and MgCl2 [12.5 mM]) and annealed by cooling the 

solution from 95 to 12 °C over 10 min in a thermal cycler (Bio-Rad).634 The gates were then 
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purified on 1.5 mm 16% native TBE-PAGE gels (200 V, 60 min). The full-size duplex bands were 

identified using a handheld UV lamp via UV shadowing on a TLC plate, excised, cut into small 

pieces of ~1 mm3, and eluted by shaking overnight in 500 μl TE/Mg2+ buffer.634 All elutions were 

subsequently centrifuged at 3,000 g for 5 min to remove any contaminating debris. Gate 

concentrations (typically 5 – 10 µM) were determined by UV absorption at 260 nm (Nanodrop 

ND-1000) and calculated with the duplex extinction coefficient (IDT OligoAnalyzer 3.1). 

 

Table 18 DNA sequences for miR-21 and miR-122 translator gates and downstream AND gate 

Toeholds are bolded and underlined or italicized. 

 

name sequence (5’ -> 3’) 

21-Comp AGTAGTTCAACATCAGTCTGATAAGCTA 

122-Comp AGTAGTTCAAACACCATTGTCACACTCCA 

21-Act ATCAGACTGATGTTGAACTACTCGTAGGTGTAGGAAAGTCACAA 

122-Act GTGACAATGGTGTTTGACTACTCGTAGGTGTAGGAAAGTCACAA 

Toehold TTGTGACTTTCCTACACCTACGAGTAGT 

F-OR/AND TAMRA-TCCCTGAGACCCTAAC 

Q-OR/AND CGTAGGTGTAGGAAAGTCACAAGTTAGGGTCTCAGGGA-BHQ2 

 

 

Table 19 DNA sequences for miR-122 and miR-125b translator gates and downstream AND gate 

Toeholds are bolded and underlined or italicized. 

 

name sequence (5’ -> 3’) 

125b-Comp ATCATTCAATCACAAGTTAGGGTCTCAGGGA 

122-Comp ATCATTCAAACACCATTGTCACACTCCA 

125b-Act AACTTGTGATTGAATGATAAGACGATGTTAGTTTCACG 

122-Act GACAATGGTGTTTGAATGATAAGACGATGTTAGTTTCACG 

Toehold TCAACATCAGTCTGATAAGCTATTGAATGAT 

F-OR/AND AAGACGATGTTAGTTTCACG-TAMRA 

Q-OR/AND BHQ2-CGTGAAACTAACATCGTCTTATCATTCAATAGCTTATCA 
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Table 20 DNA sequences for hairpin-modified miR-21 and miR-122 AND gate 

Toeholds are bolded and underlined. Hairpin sequences are italicized. 

 

name sequence (5’ -> 3’) 

HP-AND-21-122 Q 
CGCGCGCAAAGCGCGCGATCAGACTGATGTTGAATCATTGTCT

TCGTGAAACTAACATCTAACCGCGCGCAAAGCGCGCG 

HP-AND-21-122 F 
GCGCGCGAAACGCGCGCGTTAGATGTTAGTTTCACGAAGACA

ATGAT 

HP-AND-21-122 T TCAACATCAGTCTGATAAGCTAGCGCGCGAAACGCGCGC 

 

 

 

Table 21 DNA sequences for miR-21 reporter gates 

Underlined bases were replaced with 2’OMe modified bases or phosphorothioate linkages were inserted between each 

of the underlined bases. 

 

name sequence (5’ -> 3’) 

RG-21-Q-full-2 TAGCTTATCAGACTGATGTTGA 

RG-21-Q-part-2 ATCAGACTGATGTTGA 

RG-21-F-full-2 TCAACATCAGTCTGATAAGCTA 

 

 

Evaluation of gate fluorescence in vitro. Synthetic DNA mimics of miRNA sequences were 

ordered from Sigma-Aldrich (Table 22). Gate reactions were performed as described in detail 

below (protocol 6.3.2 Briefly, each reaction was set up in 50 μl of TE/Mg2+ buffer in triplicate 

wells and incubated at 37 °C for 4 h. The (miR-21 OR miR-122) AND miR-125b gate circuit and 

miR-21 AND (miR-122 OR miR-125b) circuit were used at 200 nM with 200 nM translator gates 

and 800 nM input strands. TAMRA fluorescence was measured on an M1000 plate reader (Tecan) 
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(ex/em. 545/565 nm; reading from bottom) in black 96-well plates (Greiner) after 4 h at room 

temperature and normalized to the highest fluorescence signal for the activated logic gate. 

 

Table 22 Synthetic DNA mimics of miRNA inputs 

 

name sequence (5’ -> 3’) 

miR-21 DNA TAGCTTATCAGACTGATGTTGA 

miR-122 DNA TGGAGTGTGACAATGGTGTTTG 

miR-125b DNA  TCCCTGAGACCCTAACTTGTGA 

 

 

Logic gate transfections. Cells were seeded in a black 96-well plate (Greiner) as described in 

detail below (see protocol 6.3.3 PC3 and Huh7 cells were seeded at 15,000 cells per well. HeLa 

cells were plated at 10,000 cells per well. HEK293T cells were seeded at 20,000 cells per well. 

The following day, cells were transfected with gate duplexes as described in detail below (protocol 

6.2.3.2). Briefly, transfections were performed using 0.8 μl of XtremeGENE siRNA transfection 

reagent (Roche) per well in 100 μl of Opti-MEM. The (miR-21 OR miR-122) AND miR-125b 

gate or miR-21 AND (miR-122 OR miR-125b) gate were diluted to a final concentration of 50 nM 

with 200 nM translator gates. The miR-21 reporter gates were transfected at a final concentration 

of 200 nM. After 4 h at 37 °C, the Opti-MEM transfection mixtures were removed from the cells 

and replaced with 200 µl of phenol-red free DMEM media supplemented with 10% (v/v) FBS for 

Huh7, HeLa, HEK293T or 1x PBS for PC3 cells for imaging (described in detail in protocol 6.2.5 

In brief, images were captured on a Zeiss Axio Observer Z1 microscope using an Axiocam MRm 

camera and Zen 2.0 software. Cells were imaged using the mCherry filter cube and brightfield. 

The TAMRA signal was normalized to a standard setting for fluorescence intensity in Zen 2.0. 

Fluorescence merged with brightfield images are shown. 
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Nuclease-resistance analysis of hairpin-modified logic gates. Recombinant DNase I (Roche) 

was suspended in buffer (Tris-HCl [20 mM; pH 7.4], MgCl2 [1 mM], glycerol [50% (w/v)]) to a 

final activity of 50 U/µl. Logic gate duplexes were added at 1 µg to DNase reaction buffer (Tris-

HCl [10 mM], MgCl2 [2.5 mM], CaCl2 [0.5 mM]). Recombinant DNase I was added as indicated 

above and reactions were incubated at 37 °C for 5 min. Following incubation, reactions were run 

on 4% (w/v) agarose gels stained with ethidium bromide or 16% (v/v) native TBE-PAGE gels as 

indicated above. 4% (w/v) agarose gels were imaged directly on the Chemi-Doc gel imaging 

system (Bio-Rad).  

For cell lysate experiments, HeLa cells were grown to 95% confluence, then trypsinized 

and counted. Cells were centrifuged at 1000 g for 10 min. Following centrifugation, cells were 

suspended at ~15,000 cells/ml in phosphate-buffered saline, aliquoted at 1 ml into 1.5 ml 

Eppendorf tubes, and pelleted at 1000 g for 10 min. The supernatant was removed and replaced 

with lysis buffer from the Mammalian Protein Extraction Buffer kit (GE) or NE-PER Nuclear and 

Cytoplasmic Extraction Reagents kit (Thermo-Fisher Scientific). HeLa cells were lysed according 

to the manufacturer’s protocol. Lysates were stored for up to 6 months at -20 °C. DNA logic gates 

or dumbbell DNA decoy were added directly to 18 µl of lysate and supplemented with water or 

phosphate-buffered saline to a final concentration of 50 nM and final volume of 50 µl. After 6 h, 

reactions were loaded directly onto a 20% native TBE-PAGE gel. Following electrophoresis, 

native PAGE gels were stained with 1x SYBR Gold (Thermo-Fisher Scientific) for 30 min, then 

imaged on the Chemi-Doc gel imaging system (Bio-Rad).  



 257 

4.3 Introduction to Nucleic-Acid Templated Reactions 

Small molecules are low molecular weight organic compounds that have been widely used 

as drugs,687 dyes,688 and research tools.689 Their broad applicability makes them excellent 

candidates for investigating or perturbing biological systems, however given that most small 

molecule probes interact with a protein, their potential to interact with more than target leading to 

undesirable side effects presents an inherent limitation to their use. As such, conjugation of small 

molecules to larger molecules (e.g., oligonucleotides) has been employed in order to enhance their 

specificity.690 To this end, a variety of chemoselective biocompatible chemistries have been 

developed to facilitate site-specific modification of nucleic acids.691 

The Taylor lab was the first to utilize a templated reaction for oligonucleotide-mediated 

drug release.692 As a proof-of-concept, they employed imidazole- and p-nitrophenol-modified 

nucleic acids (15 and 8 nt, respectively) to catalyze the hydrolysis and release of p-nitrophenol—

a key step in activation of the chemotherapeutic drugs, daunorubicin and fluorouracil—when both 

oligonucleotides were hybridized to a 23 nt target DNA oligomer. Importantly, catalytic release of 

the p-nitrophenol was observed at a rate of 0.057 µM/min in the presence of all three 

oligonucleotides, but only 0.002 µM/min in the absence of the target strand. Moreover, 

introduction of a mismatch in the template DNA reduced the rate of p-nitrophenol production by 

~7.5-fold, suggesting the design could be used to tune selectivity of drug release. 

Since this initial demonstration, several other biorthogonal chemistries have been applied 

to nucleic acids such as native chemical ligation (NCL), nucleophilic/aromatic substitution 

(SN2/SNAr), carbon-carbon bond formations and various others.693-698 For example, Grossman and 

Seitz were the first to develop a system in which interaction with a DNA target catalyzed NCL-

mediated transfer of a small molecule (Figure 4-16A).699 Briefly, donating and accepting PNA 
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probes 1 and 2, respectively, were designed to hybridize to a complementary DNA template 

(RasT). Probe 1 (orange) bore a 6-carboxyfluorescein (FAM) moiety (orange circle) initially 

quenched by Dabcyl (dark red) bound to the PNA as a thioester, while probe 2 (blue) was modified 

with 5-carboxytetramethylrhodamine (TAMRA; blue) and an N-terminal iso-cysteine (iCys) such 

that hybridization of both probes to the DNA template triggered transthioesterification followed 

by S→N acyl migration. The product probes 3 and 4 were then displaced by unreacted probes 1 

and 2, continuing the catalytic cycle. The corresponding transfer of the Dabcyl moiety was then 

observed by monitoring changes in fluorescence intensities of FAM and TAMRA (Figure 4-16B). 

Importantly, the system was also capable of amplifying the signal of the DNA template at 

concentrations as low as 0.1 nM with a 2-fold enhancement over background after >2 h (Figure 

4-16C).  
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Figure 4-16 DNA-templated and Native Chemical Ligation-mediated small molecule transfer 

A) Schematic for the catalytic cycle of DNA-catalyzed transfer of Dabcyl (top) and the iso-cysteine (iCys)-mediated 

transfer reaction (bottom). When PNA probes 1 and 2 hybridize to RasT DNA, iCys attacks the thioester in a NCL-

like manner, resulting in transfer of Dabcyl and unquenching of 6-carboxyfluorescein (FAM) and quenching of 5-

carboxytetramethylrhodamine (TAMRA). The cycle then proceeds as unreacted probes 1 and 2 displace the product 

probes 3 and 4 from the template strand. B)  FAM (ex/em = 465/525 nm) and TAMRA (ex/em = 558/593 nm) 
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fluorescence was measured over time in the presence of 1 equivalent of RasT DNA (200 nM). C) Time course of 

releative FFAM / F TAMRA ratio at varying concentrations of RasT and 100 nM of each probe. This figure was adapted 

with permission from J. Am. Chem. Soc. 2006, 128. 15596-15597. Copyright 2006 American Chemical Society. 

 

 

In an alternative approach, the Liu lab investigated stereoselectivity in DNA-templated 

nucleophilic substitution reactions using (S)- or (R)-2-bromopropionamide- and thiol-modified 

oligonucleotides.700 The (S)- or (R)-2-bromopropionamide modification was incorporated at the 5’ 

terminus of a hairpin while the thiol was installed at the 3’ terminus of a ‘reagent oligonucleotide’ 

complementary to the stem of the hairpin (Figure 4-17A). In order to differentiate thioether 

products arising from (S)- or (R)-bromides, templates were designed at two distinct lengths, 

enabling separation by denaturing gel electrophoresis. Interestingly, rates of product formation 

were ~4-fold higher for the (S)-bromide-linked templates even when the bromide and thiol were 

separated by 12 nt. Moreover, stereoselectivity was independent of whether the thiol or bromide 

were conjugated to the template. Circular dichroism experiments with high salt concentrations to 

induce a Z-form DNA helix or low salt concentrations to induce a B-form DNA helix demonstrated 

a preference for (R)- or (S)-bromides, respectively, suggesting the conformation of the template 

and reagent oligonucleotides determines stereoselectivity in this DNA-templated reaction. 

Similarly, Ito and co-workers developed an approach for oligonucleotide detection using 

nucleophilic aromatic substitution.701 Their design consisted of two DNA probes that bind 

adjacently to a template DNA strand. One of the probes was modified at the 5’ terminus with a 

dinitrobenzenesulfonyl (DNs)-protected 7-amino-4-methyl-3-coumarinyl-acdetic acid (AMCA) 

while the other was functionalize with a nucleophilic phosphorothioate moiety at the 3’ terminus 

(Figure 4-17B). When the probes hybridize to the template strand, the DNs group attacks the 
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phosphorothioate moiety in an SNAr reaction, generating the Meisenheimer complex intermediate. 

Subsequently, the Meisenheimer complex decomposes to yield the fluorescent AMCA and transfer 

of the DNs group to the phosphorothioate probe. After optimization, the probes were utilized to 

target various template DNA sequences and it was determined that 5- and 10-base gaps between 

the two functional groups were detrimental to the reaction rate with no significant fluorescence 

signal detected after 4 h. Furthermore, the probes were capable of detecting single-base 

mismatches as demonstrated by an up to 90-fold reduction in reaction rate.   
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Figure 4-17 DNA-templated Reactions using SN2/SNAr 

A) Schematic of stereoselective DNA-templated nucleophilic substitution reactions. Relative rates of product 

formation from (S)-bromides (kS,app) / (R)-bromides (kR,app) were determined by denaturing polyacrylamide gel 

electrophoresis followed by densitometry. B) Schematic of DNA-templated aromatic substitution reactions. The 

dinitrobenzenesulfonyl (DNs) protecting group attacks the phosphorothioate moeity triggering unmasking of the 

coumarin and production of a fluorescence signal. Adapted with permission from J. Am. Chem. Soc. 2003, 125, 10188 

- 10189. Copyright 2003 American Chemical Society. Adapted with permission from Chem. Commun. 2009, 6586 - 

6588. 
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Analogously, templated Wittig olefination and aldol reactions can be utilized to afford 

fluorogenic small molecules via carbon-carbon bond formation. For example, Seitz and co-

workers developed a DNA-templated Wittig reaction that resulted in de novo synthesis of a 

stilbene fluorophore.702 The newly synthesized fluorophore was subsequently encapsulated by an 

α-cyclodextrin leading to a 100-fold enhancement in fluorescence in response to sub-

stoichiometric amounts of the DNA template. An aldol condensation was employed by the Ladame 

laboratory for in situ synthesis of fluorescent probes for detecting G-quadruplexes.703 Recently, 

Ladame and co-workers also developed a peptide nucleic acid (PNA)-templated Michael addition 

reaction to generate fluorogenic sensors for detection of miRNAs in prostate cancer as an 

isothermal, enzyme-free alternative to RT-qPCR.704 In brief, 7 nt PNA probes were designed to 

target the 5’ and 3’ termini of miR-375 or -141 and bore a quenched coumarin 334 at the N-

terminus or 4-butyl-thiol at the C-terminus, respectively. Hybridization of both probes to the target 

miRNA led to 1,4-addition of the thiol at the α,β-unsaturated ketone and subsequent restoration of 

fluorescence. As a proof-of-concept, the PNA probes were used to evaluate levels of miR-141 and 

miR-375—well-known to be upregulated in prostate cancer—in total RNA isolated from serum 

collected from prostate cancer patients. As expected, elevated levels of both miRNAs were 

detected by increases in fluorescence in patients with active cancers compared to those in 

remission, in good agreement with trends displayed via RT-qPCR experiments. Moreover, the 

probes were capable of detecting miR-141 and -375 in blood serum collected from prostate cancer 

patients without amplification or isolation—a distinct advantage over RT-qPCR. 

Taken together, a variety of bioorthogonal reactions have been developed and utilized in 

the context of nucleic acid-templated systems. Low limit of detection, high biocompatibility, and 

enhanced chemoselectivity have enabled the design of oligonucleotide-based tools for evaluating 
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various biological systems. In light of these advances and in an effort to combine the precision of 

DNA computation devices with functional small molecule probes, we sought to develop DNA 

logic gates capable of responding to miRNA inputs by activating and releasing a small molecule.  

4.4 Small Molecule Activation and Release via DNA Computation 

As a proof-of-concept model, we functionalized synthetic DNA oligonucleotides with 

small molecule fluorophores which would remain inactive until triggered by a DNA computation 

reaction. miRNA sequences were selected as inputs for the DNA computation events. As discussed 

above, current DNA logic devices capable of recognizing RNA input patterns only release a 

fluorophore-bearing single-stranded oligonucleotide as the eventual output. The release and 

activation of a small molecule through DNA computation of miRNA inputs would enable the 

development of unique miRNA detection and visualization tools and miRNA-based therapeutics. 

Our approach presented here utilizes a Staudinger reduction as a trigger for release of small 

molecules. The Staudinger reduction of an azide by a phosphine exhibits rapid kinetics and a high 

degree of bioorthogonality, as demonstrated by nucleic acid detection devices in test tubes,705-709 

bacterial,710,711 and mammalian cells.712-714 For example, Kool and co-workers developed 

quenched-Staudinger triggered α-azidoether release (Q-STAR) probes for detection of RNA 

expressed in E. coli and S. enterica.715 The Q-STAR system consisted of two DNA probes: 1) A 

probe modified with a fluorophore at the 5’ terminus and quencher covalently bound to the DNA 

via an α-azidoether linker; and 2) a triphenylphosphine (TPP)-DNA probe modified at the 3’ 

terminus. Notably, while this approach was effective at reducing background fluorescence, it 

hindered sequence discrimination. In a recent alternative approach, the Kool laboratory coupled 
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the Q-STAR probes downstream of a pair of chemical autoligation (QUAL) probes in a two-step 

cascade.716 The resultant chemical ligation product produced by the QUAL probes upon 

recognition of template RNA is destabilized due to the butyl linker, causing dissociation of the 

probes and recycling of the target. The ligated probes then serve as a template for the Q-STAR 

probes, leading to an increase in fluorescence with the release of the quencher. This design enabled 

detection of RNA down to 10 picomolar concentrations as well as detection of single point 

mutations in 16S ribosomal RNA (rRNA) in H. pylori lysate. Analogously, the Winssinger 

laboratory incorporated tris(2-carboxyethyl)phosphine (TCEP) and bis-azidorhodamine 

modifications onto the termini of guanidinium-modified PNAs (GPNAs) to enable miR-21-

templated fluorescence unquenching in mammalian cells.714 

 

This material was reprinted in its entirety with permission from Morihiro, K.; Ankenbruck, 

N.; Lukasak, B.; Deiters, A., J. Am. Chem. Soc.  2017, 139, 13909. 

 

In order to integrate this technology into DNA computation circuits, we designed gate 

complexes assembled from chemically-modified synthetic DNA oligonucleotides (Figure 4-18A). 

A free phosphine-modified DNA strand is generated as the result of an upstream DNA computation 

event that initiates a toehold-mediated strand displacement reaction to form a duplex with a small 

molecule-azido-modified oligonucleotide. The Staudinger reduction only occurs when a DNA 

hybridization events places the reaction partners into close proximity. The electron-donating amino 

group triggers fragmentation of the linker via 1,6-elimination and subsequent release and 

activation of the small molecule. This design was first validated with two fluorophores: 7-amino-

4-methyl coumarin (AMC)717-719 and 4-amino-N-butyl-1,8-naphthalimide (ABNI)720-724 (Figure 

https://pubs.acs.org/doi/10.1021/jacs.7b07831
https://pubs.acs.org/doi/10.1021/jacs.7b07831
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4-18B). Their fluorescence is greatly reduced by converting their aromatic amino group into a 

carbamate moiety. The small molecule fluorophores are then activated upon release from the logic 

gate through carbamate fragmentation and regeneration of the amine. The excitation and emission 

wavelengths of the two AMC and ABNI fluorophores are sufficiently different to allow for the 

selective detection of independent small molecule activation. 

 

 

 

Figure 4-18 Staudinger reduction-mediated small molecule release gate design 

A) The output from an upstream DNA computation event initiates a strand displacement reaction positioning the 

phosphine and azide moieties in close proximity. This results in release and activation of a small molecule through a 

Staudinger reduction and a concomitant 1,6-elimination. Toehold regions are shown in red. B) The structures and the 

excitation/emission wavelengths of the fluorophores F used in this study: AMC = 7-amino-4-methylcoumarin and 

ABNI = 4-amino-N-butyl-1,8-naphthalimide. 
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The fluorophore-azido- and phosphine-modified oligonucleotides were prepared via 

conjugation reactions between the corresponding NHS-ester and the 5’- or 3’-amino-modified 

DNA (Figure 4-19, Figure 4-20, Figure 4-21).  

 

 

 

Figure 4-19 Chemical synthesis of AMC-azido-modified NHS-ester 

Synthesis performed by Kunihiko Morihiro. 

 

 

 

 

Figure 4-20 Chemical synthesis of ABNI-azido-modified NHS-ester 

Synthesis performed by Kunihiko Morihiro. 
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Figure 4-21 Chemical synthesis of 2DPBM-K 

Synthesis performed by Kunihiko Morihiro. 

 

 

To determine the requirement for full complementarity between the modified strands for 

release of a fluorophore, we tested 3-(diphenylphosphino)propanamido (3DPPM)-modified with 

complementary or non-complementary AMC-azido-modified DNA oligonucleotides in TE/Mg2+ 

buffer, which is commonly used for in vitro DNA computation experiments to enhance stability 

of DNA duplexes (Figure 4-22A).725 One equivalent of 3DPPM-DNA combined with 

complementary AMC-azido-DNA led to small molecule fluorescence activation through 

Staudinger reduction within 1 h. However, when 3DPPM-modified DNA and scrambled AMC-

azido-modified DNA were incubated at equimolar concentrations, significantly reduced reaction 

kinetics and lower fluorescence were observed. To further determine if the phosphine and azide 

moieties need to be in close proximity through DNA assembly in order to trigger small molecule 

release, we attempted to react AMC-azido-modified DNA with a small molecule, non-DNA-

conjugated 2DPBM derivative (2DPBM-K, which has better water solubility than 2DPBM). 

Gratifyingly, we observed that a 100-fold excess of 2DPBM-K was required for the release of 

AMC from the fluorophore-azido-modified DNA (Figure 4-22B) compared to the DNA-

conjugated phosphine, indicating the importance for DNA-hybridization enhanced local 

concentration of the reaction partners.726,727 The reaction kinetics of the Staudinger reduction 
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strongly depend on the structure of the phosphine,728,729 hence, we next optimized the structure of 

the phosphine-modified DNA. Among the phosphine-modified DNA strands investigated, 2-

(diphenylphosphino)benzamido (2DPBM)-modified DNA demonstrated the fastest kinetics of 

AMC release (Figure 4-22C). We hypothesize that this is due to the ortho-amide group assisting 

hydrolysis of the intermediate aza-ylide through neighboring group participation.728 Thus, 

2DPBM-modified oligonucleotides were employed in all subsequent experiments.  

 

 

 

Figure 4-22 Evaluation of AMC activation and release 

A) AMC release from the scrambled sequence. Conditions: AMC-azido-FO-Scr (0.2 μM) and 3DPPM-TO122 (0.2 

μM) in TE/Mg2+ buffer. Reaction temperature = 37 ˚C. Ex/Em = 365/440 nm. B) AMC release from the AMC-azido-

modified DNA by the addition of small molecule phosphine. Conditions: AMC-azido-modified FO (0.2 μM) in 

TE/Mg2+ buffer. Reaction temperature = 37 ˚C. Ex/Em = 365/440 nm. C) Screening of the phosphine-modified DNA. 
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Conditions: AMC-azido-modified FO (200 nM) and phosphine-modified TO122 (200 nM) in TE/Mg2+ buffer. 

Reaction temperature = 37 ˚C. Ex/Em = 365/440 nm. Data generated by Kunihiko Morihiro. 

 

 

Following optimization of small molecule activation using single-stranded DNA, an AND 

gate that releases a small molecule after recognition of miR-122 and miR-21 input sequences 

(Figure 4-23A) was constructed based on design concepts reported by Winfree.632 Both miRNAs 

have been implicated in several human diseases,380,730 and targeted small molecule release may 

provide novel diagnostic and therapeutic opportunities. A translator gate (TG122) was used to 

convert the miR-122 input into a phosphine-modified strand. The miR-21 input removes the first 

gate strand from the AMC-azido-modified AND gate (AND-G21), exposing a new toehold, which 

is recognized by the 2DPBM-modified output from TG122. This results in the release of the final 

DNA strand and ultimately the activation and release of a small molecule fluorophore (Figure 

4-23B). Staudinger reduction only occurs in response to hybridization of the 2DPBM-modified 

DNA and AMC-azido-modified DNA as a result of strand displacement reactions initiated by both 

inputs. DNA oligonucleotides with miRNA sequences were used as inputs, in line with previous 

studies.632 Relative fluorophore output was calculated using standard curves of AMC- or ABNI-

azido-modified DNA and free fluorophores as described in the Supporting Information. 

Measurements were normalized to the highest output signal in each DNA circuit. Maximal AMC 

release was observed only when both miR-21 and miR-122 sequences were added to the gate 

complex enabling unambiguous DNA logic gate outputs (Figure 4-23C). However, 0.4-fold 

background activation was observed with addition of only miR-21. We hypothesize that AT-rich 

regions within the second toehold sequence and at the end of the TG-122 duplex may partly 

dissociate (or fray), enabling background activation.731 The current design may be improved by 
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the introduction of “clamps” to the toehold region,634,732 single base mutations,733,734 or additional 

GC pairs at the duplex termini.735 Additionally, some background activation may have occurred 

because the gate duplexes were composed of unpurified DNA strands from Sigma Aldrich. This 

initial characterization revealed that the novel Staudinger reduction-based gate is functional and 

enables the selective release of a small molecule output. 

 

 

 

Figure 4-23 Small molecule activation and release from an AND logic gate 

A) Electronic symbol for the miR-21 AND miR-122 gate. B) Simplified schematic of the small molecule release from 

the miR-21 AND miR-122 gate. Toehold regions are shown in green, red, and blue. C) The structure of the phosphine, 

2DPBM, used in these experiments. D) AMC fluorescence is shown for addition of both miR-21 and miR-122 in 

different combinations to the gate complex. The mixture of TG122 and AND-G21 was incubated at 37 ˚C and the 

fluorescence intensity of AMC was measured after 1 h. Three independent experiments were averaged and the error 

bars represent standard deviations. Data generated by Kunihiko Morihiro. 

 

 

The miR-21 AND miR-122 gate requires both miRNA inputs to generate the small 

molecule output. In order to further evaluate the applicability of the small molecule release gate, 
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we designed a DNA logic gate to respond to miR-122 OR miR-125b (Figure 4-24A). Unlike the 

AND gate, the miR-122 OR miR-125b gate provides an output in the presence of either or both of 

the two miRNA inputs. The gate design consists of two 2DPBM-modified translator gates (TG122 

and TG125b) and an AMC-azido-modified reporter gate (FG) (Figure 4-24B). The output of 

TG122 and TG125b both have an identical toehold region capable of interacting with FG, which 

is blocked by a complementary DNA strand. When miR-122 or miR-125b is added to the gate 

circuit they can hybridize to their respective gate via an exposed toehold, releasing the 2DPBM-

modified DNA from TG-122 or TG-125b, respectively. The 2DPBM-modified output strands then 

initiate the same subsequent strand displacement reaction with FG and release an AMC output via 

Staudinger reduction. As expected, AMC release was detected when either miR-122 or miR-125b 

was added; however, only 0.3-fold relative output of AMC was observed in the absence of any 

input miRNA, providing the expected OR response (Figure 4-24C).  

 

 

 

Figure 4-24 Small molecule activation and release from an OR logic gate 

A) Electronic symbol for the miR-122 OR miR-125b gate. B) Simplified schematic of the small molecule release from 

the miR-122 OR miR-125b gate. Toehold regions are shown in green, purple, and blue. C) AMC fluorescence is 



 273 

shown for addition of either miR-122 or miR-125b in different combinations to the gate complex. The mixture of 

TG122, TG125b and FG was incubated at 37 ˚C and the fluorescence intensities of AMC were measured after 1 h. 

Three independent experiments were averaged and the error bars represent standard deviations. Data generated by 

Kunihiko Morihiro. 

 

 

The “wiring” of multiple DNA logic gates has enabled the construction of multilayer 

circuits that constitute more intricate devices.736-738 To enable small molecule release in response 

to more complex miRNA input patterns, we designed a small DNA circuit in which an OR and 

AND gate were connected in series (Figure 4-25A). This circuit results in the release of a small 

molecule only when miR-21 and miR-122 or miR-125b are present. MiR-122 or miR-125b 

hybridize to the corresponding OR gate, converting the input strand into a 2DPBM-modified 

ssDNA oligonucleotide. Similar to the AND gate described above, the 2DPBM-modified strand 

can only hybridize to the AND gate after miR-21 displaces the top strand leading to exposure of a 

new toehold. The resultant strand displacement reaction triggers release and activation of the AMC 

output (Figure 4-25B). Consistent with the truth table for the circuit, high AMC release was 

observed only in the presence of both miR-122 and miR-21 or miR-125b and miR-21. As expected, 

addition of all three inputs led to an increase in AMC release and activation compared to 

combinations of miR-122 or miR-125b and miR-21 (Figure 4-25C). Additionally, only minor 

fluorescence was detected for other variations of the miRNA inputs.  
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Figure 4-25 Small molecule acitvation and release from a multilayer circuit 

A) Electronic circuit representing (miR-122 OR miR-125b) AND miR-21. A) Simplified schematic of the small 

molecule release from the (miR-122 OR miR-125b) AND miR-21 gate. Toehold regions are shown in green, purple, 

red, and blue. B) AMC fluorescence is shown for addition of both miR-122 and miR-21 or miR-125b and miR-21 in 

different combinations to the gate complex. The mixture of TG122, TG125b and AND-G21 was incubated at 37 ˚C 

and the fluorescence intensities of AMC were measured after 1 h. Three independent experiments were averaged and 

the error bars represent the standard deviations. Data generated by Kunihiko Morihiro. 

 

 

In order to demonstrate the ability to orthogonally release two different small molecules in 

response to upstream DNA computation events, without any crosstalk between the two circuits, 

we designed a second logic gate circuit that could be activated independently of the initial gate 

design in order to provide a second unique small molecule output. We combined the miR-21 AND 

(miR-122 OR miR-125b) gate with a newly designed miR-10b AND (miR-15a OR miR-143) gate 

which would react independently to provide output 1 (AMC fluorophore) or output 2 (ABNI 

fluorophore) in response to a specific combination of miRNA inputs (Figure 4-26A).739 We tested 
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fluorophore release from the gates through the addition of several permutations of the six miRNAs 

in the same test tube. As expected, AMC release was observed in the presence of both miR-122 or 

miR-125b and miR-21, while ABNI was released in the presence of both miR-15a or miR-143 and 

miR-10b (Figure 4-26B). Because the total concentration of phosphine-modified DNA contained 

in this multiplexed gate solution was 800 nM, we hypothesize that high background signal arises 

from the high phosphine-DNA concentration rather than non-specific interaction between azido-

modified DNA and phosphine-modified DNA. This is consistent with elevated concentrations of 

small molecule phosphine being capable of activating AMC-azido-modified DNA in the absence 

of a DNA hybridization reaction (Figure 4-26B). This is a tradeoff that was made in demonstrating 

circuit multiplexing. More integrated circuit designs that do not utilize multiplexing and minimize 

the number of phosphine-DNA gates would most like show reduced background levels but would 

also require a more complicated sequence design. Using the circuits and thereby releasing small 

molecules at lower concentrations represents a separate solution. For example, IC50s of cytotoxic 

drugs below 100 nM are quite common.740-742 
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Figure 4-26 Independent small molecule release from two different logic gate circuits 

A) Electronic circuits representing (miR-122 OR miR-125b) AND miR-21 and (miR-15a OR miR-143) AND miR-

10b. B) AMC fluorescence is shown for addition of both miR-122 and miR-21 or both miR-125b and miR-21 in 

different combinations to the gate complex. ABNI fluorescence is shown for addition of both miR-15a and miR-10b 

or both miR143 and miR-10b in different combinations to the gate complex. The mixture of TG122, TG125b, AND-

G21, TG15a, TG143 and AND-G10b was incubated at 37 ˚C and the fluorescence intensities of AMC and ABNI were 

measured after 1 h. Three independent experiments were averaged and the error bars represent standard deviations. 

Data generated by Kunihiko Morihiro. 
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Since the phosphine moiety introduced inherent limitations as a trigger molecule in 

biological systems—most notably through susceptibility to oxidation—we developed a second 

generation logic gate capable of activating and releasing a small molecule output. In this logic gate 

design, we employed an alternative bioorthogonal reaction for activation of the small molecule 

output utilizing a tetrazine and vinyl ether pair. Due to their versatility, robustness, 

bioorthogonality, and high reaction speed, tetrazines have been routinely used for conjugation of 

small molecules (e.g., fluorophores) to a variety of larger biomolecules such as DNA,743 

peptides,744 and antibodies745,746 through an inverse electron-demand Diels-Alder (IEDDA) 

reaction. Similarly, tetrazines have been employed as activators of strained alkene (e.g., trans-

cyclooctene)-linked prodrugs.747 However, reduced metabolic stability of strained alkenes in cells 

has prompted investigation into alternative tetrazine-reactive triggers.748 For example, 

incorporation of a vinyl ether has been shown to sufficiently block fluorescence of fluorescein 

molecules749 and self-immolative linkers bearing a vinyl ether have been demonstrated to release 

doxorubicin in response to a tetrazine trigger (Figure 4-27).750  
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Figure 4-27 Scheme of tetrazine-mediated release of doxorubicin 

Doxorubicin (R) was conjugated to nanoparticles via a PEG linker bearing a vinyl ether trigger. Addition of tetrazine 

leads to 1,6-elimination of the self-immolative linker and subsequent vinyl ether decaging followed by release of 

doxorubicin. n = 230; m = 4.  

 

 

In order to evaluate the utility of IEDDA for templated activation of a small molecule 

through DNA computation, we first designed a reporter gate duplex functionalized with a tetrazine 

and vinyl ether-quenched fluorescein. One potential limitation to use of the vinyl ether is a 

significantly lower IEDDA reaction rate compared to strained alkenes.748  As such, we decided to 

incorporate the vinyl ether-quenched fluorescein and the tetrazine trigger onto the same 

oligonucleotide (Figure 4-28A), hypothesizing that the enhanced kinetics of the intramolecular 

reaction would offset the entropic penalty incurred by not using a strained alkene.751 In order to 

control hairpin formation and the corresponding reaction between the tetrazine and vinyl ether 

with an oligonucleotide input, the modified DNA oligomer was annealed to a complementary 

protecting strand bearing a 6 nt toehold. The output strand from an upstream DNA computation 
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circuit can then interacts with the DNA logic gate duplex, removing the protecting strand, thereby 

promoting formation of the reporter hairpin. Upon bringing the small molecule moieties in close 

proximity, the tetrazine uncages the vinyl either dienophile, unmasking the phenoxide and 

regenerating the fluorophore. As a proof-of-concept, we generated the non-modified reporter gate 

duplex (Figure 4-28B) and evaluated activation in response to a single input in a native PAGE 

experiment. Briefly, the gate duplex was annealed and purified via native PAGE gel, then 

incubated with or without input at a 4-fold excess for 3 h at room temperature. In the absence of 

input or presence of a negative control input, the hairpin did not form indicating the logic gate was 

not activated (Figure 4-28C). However, incubation with the appropriate input sequence led to 

complete formation of the hairpin output. Taken together, this suggests a small molecule release 

gate design wherein the reactive groups are contained in a single duplex, in contrast to our previous 

small molecule logic gates, may be an effective alternative strategy. 
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Figure 4-28 Second generation small molecule release gate 

A) Schematic representation of the second generation small molecule release gate design. The output from an upstream 

DNA computation event initiates a strand displacement reaction, enabling hairpin formation and positioning the 

tetrazine and vinyl ether moieties in close proximity. This results in unmasking of the phenoxide and activation of the 

fluorophore. The fluorophore in the proof-of-concept design is fluorescein. Toehold regions are shown in red. B) 

Schematic representation of preliminary studies with the amine-modified duplex. Displacement of the top strand 

releases a hairpin output. C) Following incubation of the amine-modified gate duplex with the positive or negative 

control input for 4 h at 37 °C, gate reactions were analyzed via native PAGE, followed by SYBR gold stain. 
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4.4.1  Summary and Outlook 

In conclusion, we demonstrated small molecule release through a variety of DNA logic 

gate circuits in response to synthetic oligonucleotide inputs. DNA computation has emerged as a 

highly versatile approach in the fields of synthetic biology and nanotechnology, however, 

translating single-stranded oligonucleotide outputs into triggers for biological and/or chemical 

events has been limited. We are addressing the restrictions that this imposes on the design and 

application of DNA computation through new AND and OR gates that generate small molecule 

outputs in response to miRNA input patterns. These systems are functional in the context of a 

small DNA-based circuit (3 inputs) and were quickly expanded into more complex systems 

through multiplexing (6 inputs). Due to the importance in understanding their regulation and 

function, several strategies have been previously been employed for the triggering of DNA 

nanodevices by miRNAs in cells and animals. For example, sequence-specific fluorescent peptide 

nucleic acid probes were utilized for imaging miRNAs in mammalian cells714 and zebrafish 

embryos.752 We and other groups previously employed DNA-based devices in the detection of 

miRNA expression in mammalian cells.753,754 Signal amplification strategies utilizing DNA self-

assembly allowed for detection of cellular miRNAs.755-757 In addition to miRNAs, engineered 

DNA devices for detection of endogenous mRNAs in human cells have been reported.648,758 

However, current DNA logic devices capable of recognizing complex RNA input patterns beyond 

single sequences only release single-stranded oligonucleotides as the eventual outputs.632,759-761 

Compared with nucleic acids or proteins as outputs, small molecule outputs can be freely 

synthetized, expanding the utility of DNA computation approaches. Small molecules have been 

widely used as drugs, dyes, and research tools. Their broad biological function makes them 

important candidates for direct interfacing with DNA computation circuits. However, DNA logic 
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gates commonly release only an oligonucleotide output. Few oligonucleotide drugs are used in 

clinical practice, however, interfacing DNA circuits with hundreds of available FDA-approved 

small molecule drugs762 would broaden the therapeutic potential of DNA computation. For 

example, the ability to release a functional small molecule following recognition of miRNA 

patterns could enable a therapeutic response to a distinct disease biomarker. Furthermore, this 

modular approach can be easily adapted to other DNA computation designs and miRNA 

expression patterns.  

Future work will focus on conjugation of a dihydrotetrazine and vinyl ether-modified 

fluorescein molecule to the termini of the single-stranded dual amine-modified DNA 

oligonucleotide, followed by formation and purification of the gate duplex. Initial studies should 

be carried out to verify if 660 nm light is sufficient for conversion to the corresponding tetrazine 

or if an additional reactive oxygen species (ROS) generator (e.g. methylene blue) is required for 

oxidation. Following evaluation of the simple reporter gate complex, the duplex could easily be 

incorporated into more complex circuits. Furthermore, incorporation of chemical modifications as 

described above could enable small molecule activation as a probe for endogenous nucleic acids 

in mammalian cells. Finally, strategies to activate and release the small molecule at the completion 

of a strand displacement reaction should be employed toward the goal of enabling release of a drug 

in response to aberrant miRNA expression patterns in cells.  

4.4.2  Materials and Methods 

Modified DNA preparation. Modified DNAs were prepared by amide bond formation between 

the NHS-ester and the 5’- or 3’-amino-modified DNA (Table 23, Table 24, Table 25). Amino-

modified DNAs were purchased with HPLC purification from IDT. For the preparation of the 
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fluorophore-azido-modified DNA, 10 nmol of the 3’-amino-modified DNA and 400 nmol of the 

corresponding NHS-ester in 100 mM sodium bicarbonate solution (H2O:DMF = 3:2, 200 µl) were 

reacted for 4 h at room temperature. The reaction product was collected by ethanol precipitation 

and subsequently purified by reverse-phase HPLC (5-50% acetonitrile/100 mM triethylammonium 

acetate gradient). For the preparation of the phosphine-modified DNA, 6 nmol of the 5’-amino-

modified DNA and 240 nmol of the corresponding NHS-ester in 100 mM sodium bicarbonate 

solution (H2O:DMF = 7:3, 100 µl) were reacted for 4 h at room temperature. The reaction product 

was directly purified by reverse-phase HPLC (5-40% acetonitrile/10 mM triethylammonium 

acetate gradient). All DNA structures were confirmed by ESI-MS analysis. 

 

Table 23 miR-21 AND miR-122 logic gate and input oligonucleotide sequences 

name sequences (5’ -> 3’) 

miR-122 TGGAGTGTGACAATGGTGTTTG 

miR-21 TAGCTTATCAGACTGATGTTGA 

TC122 CAAACACCATTGTCACACTCCAATCATT 

TO122 NH2-GATGTTAGTTTCACGAAGACAATGATTGGAGTGTGA 

AND-T21 AATGATTGGTCAACATCAGTCTGATAAGCTA 

AND-OUT21 GATGTTAGTTTCACGAAGAC 

AND-F21 CTGATGTTGACCAATCATTGTCTTCGTGAAACTAACATC-NH2 

 

 

Table 24 miR-122 OR miR-125b logic gate and input oligonucleotide sequences 

name sequences (5’ -> 3’) 

miR-122 TGGAGTGTGACAATGGTGTTTG 

miR-125b TCCCTGAGACCCTAACTTGTGA 

TC122 CAAACACCATTGTCACACTCCAATCATT 

TO122 NH2-GATGTTAGTTTCACGAAGACAATGATTGGAGTGTGA 

TC125b TCACAAGTTAGGGTCTCAGGGACCAATCATT 

TO125b NH2-GATGTTAGTTTCACGAAGACAATGATTGGTCCCTGAGAC 

FO CCAATCATTGTCTTCGTGAAACTAACATC-NH2 

FC GATGTTAGTTTCACGAAGAC 
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Table 25 (miR-15a OR miR-143) AND miR-10b logic gate and input oligonucleotide sequences 

name sequences (5’ -> 3’) 

miR-15a TAGCAGCACATAATGGTTTGTG 

miR-143 TGAGATGAAGCACTGTAGCTCA 

miR-10b CCCTGTAGAACCGAATTTGTGT 

TC15a CACAAACCATTATGTGCTGCTAATCATT 

TO15a NH2-GATGTTAGTTTCACGAAGACAATGATTAGCAGCACA 

TC143 TGAGCTACAGTGCTTCATCTCACTAATCATT 

TO143 NH2-GATGTTAGTTTCACGAAGACAATGATTAGTGAGATGAAG 

AND-T10b AATGATTAGACACAAATTCGGTTATACAGGG 

AND-OUT10b GATGTTAGTTTCACGAAGAC 

AND-F10b GAATTTGTGTCTAATCATTGTCTTCGTGAAACTAACATC-NH2 

 

 

Logic gate preparation. Unmodified DNAs (Table 23, Table 24, Table 25) were purchased from 

Sigma. Gate complexes were formed by mixing final concentration of 2 µM of modified DNA and 

4 µM of unmodified DNA in TE/Mg2+ buffer (Tris-HCl [0.01 M; pH 8.0], EDTA [100 mM], and 

MgCl2 [12.5 mM]). The miR-21/miR-122 AND gate was generated by mixing 32 µl of AND-F21 

(10 µM) with 32 µl of AND-T21 (20 µM) and 32 µl of AND-OUT21 (20 µM) in 16 µl of TE/Mg2+ 

buffer and 48 µl of nuclease-free water. The miR-122 translator gate was formed by mixing 44 µl 

of TO122 (10 µM) with 39 µl of TC122 (20 µM) in 13 µl of TE/Mg2+ buffer and 34 µl of nuclease-

free water. The miR-122/miR-125b OR gate was generated by mixing 32 µl of FO (10 µM) with 

64 µl of FC (10 µM) and 32 µl in 16 µl of TE/Mg2+ buffer and 48 µl nuclease-free water. The 

miR-125b translator gate was formed by mixing 44 µl of TO125b (10 µM) with 39 µl of TC125b 

(20 µM) in 13 µl of TE/Mg2+ buffer and 34 µl of nuclease-free water. For the multilayer (miR-122 

OR miR-125b) AND miR-21 gate, the AND logic gate was generated by mixing 46 µl of AND-

F21 (10 µM) with 46 µl of AND-T21 (20 µM) and 46 µl of AND-OUT21 (20 µM) in 23 µl of 

TE/Mg2+ buffer and 69 µl of nuclease-free water. miR-122 and miR-125b translator gates were 

generated by mixing 46 µl of TO122 or TO125b (10 µM) with 46 µl of TC122 or TC125b (20 
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µM), respectively, in 23 µl of TE/Mg2+ buffer and 115 µl of nuclease-free water.  The (miR-15a 

OR miR-143) AND miR-10b gate components were prepared in the same way as the (miR-122 

OR miR-125b) AND miR-21 gate. All individual gate mixes were incubated at room temperature 

on a bench top for 10 min prior to use. Gate formations were confirmed by 16% native 

polyacrylamide gel electrophoresis (PAGE) followed by SYBR gold staining as described in detail 

below (protocol 6.1.9 All gate complexes were directly used for following experiments without 

further purification. 

For a detailed protocol of generation and purification of the second generation small 

molecule release gate for proof-of-concept experiments, see section 4.2.2 and general protocol 

6.3.1 below using the sequences in Table 26. 

 

Table 26 Oligonucleotide sequences for 2nd generation logic gate capable of small molecule activation and input 

 

name sequences (5’ -> 3’) 

2ndGenSMGate-F NH2-GCGCGAAAAGAAGAAAAGGAAAAACGCGC-NH2 

2ndGenSMGate-T GCGCGTTTTTCCTTTTCTTCTTTTCGCGCGGCCCG 

2ndGenSMGate-In CGGGCCGCGCGAAAAGAAGAAAAGGAAAAACGCGC 

negative control In GTACGGTGGGAGGTCCACACAAGAGTCGCAG 

 

 

Functional examination of small molecule activation and release. Fluorescence was measured 

on a Tecan M1000 plate reader in black 96- (Greiner) or 384-well plates (Greiner). All gates were 

analyzed at 200 nM with 800 nM miRNA inputs in 100 or 50 µl of TE/Mg2+ buffer (Tris-HCl 

[0.01 M; pH 8.0], ethylenediaminetetraacetic acid [EDTA; 100 mM], and MgCl2 [12.5 mM]) at 

37 °C; for cost reasons, DNA oligonucleotides with the miRNA sequences were used as inputs. 

After gates were annealed, 10 µl of the fluorophore gate (AND or OR) was added to 10 µl of 
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TE/Mg2+ buffer, 10 µl of the translator gate(s), 8 µl of each input (where applicable), and nuclease-

free water up to 100 µl for each well in a 96-well plate. For a 384-well plate, all volumes were 

reduced by half. Inputs were added last, immediately before the start of each experiment. To 

minimize variability between wells, master mixes containing the gates, buffer and water were 

prepared in larger volumes and then distributed into each well. After reaction mixes and inputs 

were added, the plate was placed in the plate reader and fluorescence intensity (ex/em = 365/440 

nm for AMC, 420/540 nm for ABNI) was measured every 15 min for up to 4 h at a temperature of 

37 ˚C. Relative concentrations of released fluorophores were calculated using standard curves of 

the AMC- or ABNI-azido-modified DNA and the fluorophore (Figure 4-29) and then normalized 

to the highest output signal. Triplicate experiments were performed for each condition. 
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Figure 4-29 The standard curves for calculation of released fluorophore yields 

Shown are the standard curves of the fluorescence intensities corresponding to A) AMC and AMC-azido-modified 

DNAs in 96 well plate; B) AMC and AMC-azido-modified AND-F21 in 384 well plate; C) ABNI and ABNI-azido-

modified AND-F10b in 384 well plate. Conditions: TE/Mg2+ buffer (10 mM tris-HCl, 100 mM 

ethylenediaminetetraacetic acid (EDTA), and 12.5 mM MgCl2). Temperature = 37 ̊ C. Ex/Em = 365/440 nm for AMC, 

420/540 nm for ABNI. 

 

 

Determination of released fluorophore yields. Relative concentrations of released fluorophores 

were calculated using standard curves of the AMC- or ABNI-azido-modified DNA and the 

fluorophore (Figure 4-29). Briefly, we assumed that the total fluorescence signal was equivalent 

to the sum of fluorescence intensity of the AMC-azido or ABNI-azido modified gate and the 

released fluorophore. As such, we applied a linear fit to each standard curve: y=ax+b and y=cx’+d 
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for the free fluorophore and AMC-azido or ABNI-azido-modified gate respectively: where y is the 

total fluorescence in arbitrary fluorescence units (a.u.), a is the slope of the standard curve for the 

free small molecule fluorophore in a.u./nM, b is the y-intercept of the free small molecule 

fluorophore in a.u., c is the slope of the standard curve for the small molecule-modified DNA in 

a.u./nM, d is the y-intercept for the small molecule-modified DNA in a.u., and x and x’ are the 

concentration of the released fluorophore and small molecule modified gate, respectively, in nM. 

The y-intercepts were set to 0 a.u. corresponding to no fluorescence intensity when x/x’ = 0 nM. 

Summation of the two standard curves yields the equation y = ax + cx’. Because the initial gate 

concentration was 200 nM, the maximum concentration of the released fluorophore is 200 nM as 

well. As such, we assumed x’ = 200 nM – x. Substitution and distribution of this term into the sum 

of the standard curve gives: y = (a-c)x + 200c. Concentrations of released fluorophore for each 

experiment were calculated by substituting the fluorescence intensity of three separate gate 

experiments into this equation, followed by averaging and normalization to the highest output 

signal. 

 

Yields of released fluorophore were calculated as below: 

 

Calculation formulas were obtained from Figure 4-29; 

Fluorophore fluorescence = ax + b 

Gate fluorescence = cx’ + d 

Total fluorescence = Fluorophore fluorescence + Gate fluorescence 

Total fluorescence = ax + cx’ 

Total fluorescence = ax + c(200 − x)  
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Total fluorescence = (a − c)x + 200c 

x = (Total fluorescence − 200c) / (a − c) [nM] 

x = concentration of released fluorophore [nM] 

x’ = concentration of fluorophore-modified gate [nM] 

x + x’ = 200 [nM] 

 

Functional examination of 2nd generation small molecule activation gate. Proof-of-concept 

gate reactions were assembled similarly to the first generation small molecule activation and 

release gates. Briefly, 7.3 µl of the gate duplex (5.4 µM; [final] = 200 nM) was mixed with 5 µl of 

10x TE/Mg2+ buffer and up to 50 µl of nuclease-free water. The inputs (10 µM) were added at a 

volume of 16 µl ([final] = 800 nM). After mixing all components, the gate was allowed to react 

for 4 h at 37 °C. Subsequently, the gate reactions, input, and product hairpin were separated on a 

16% (v/v) native PAGE gel and analyzed via staining with SYBR gold as described below (see 

protocol 6.1.9  
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5.0 Caged Oligonucleotides 

5.1 Introduction to Caged Oligonucleotides 

This material was reprinted in its entirety with permission from Ankenbruck, N.; Courtney, T.; 

Naro, Y.; Deiters, A., Angew. Chem. Int. Ed. Engl. 2018, 57, 2768. 

 

Nucleic acids have been extensively used as biological probes with additional 

developments into therapeutics already underway.247,763,764 Oligonucleotides are ideal for studying 

biological pathways because they can impact processes at the DNA, RNA, and protein level in a 

sequence-specific and fully programmable fashion. Optical control of nucleic acid function has 

allowed for spatiotemporal control of RNAi, transcription, translation, gene-editing, and nucleic 

acid detection.765-767 In contrast to proteins and small molecules, caged nucleic acids can be 

developed without genetic engineering and are sequence-specific, minimizing off-target effects.  

Photocleavable groups have been synthetically incorporated into oligonucleotides in a 

variety of different ways to allow for precise activation or deactivation of nucleic acid function 

with spatiotemporal resolution (Figure 5-1). A straightforward approach consists of utilizing a 

photocleavable linker in, e.g., an antisense agent,768-770 enabling optical activation of gene 

expression (Figure 5-1A). Photocleavable linkers have also been utilized in tethering of 

antagomirs,771,772 peptide nucleic acids,773 and morpholino oligonucleotides774,775 directly to short 

inhibitor strands which block activity through hairpin formation. The inhibitory strand is removed 

with light, leading to activation of the antisense strand (Figure 5-1B). Recently, this approach was 

further advanced by synthesizing circular nucleic acids through the linking of both termini via a 

https://doi.org/10.1002/anie.201700171
https://doi.org/10.1002/anie.201700171


 291 

photocleavable moiety. The resulting cyclic structure cannot efficiently hybridize to its target due 

to the induced curvature, until it is linearized through photochemical cleavage of the linker (Figure 

5-1C).171,776-779 Other optical control approaches include the introduction of chemical 

modifications such as caged phosphate backbones,780-782 caged 2’-hydroxy groups,783,784 and caged 

nucleobases.785 Caged nucleobases have demonstrated particularly broad applicability since they 

block Watson-Crick hydrogen bonding, rendering the oligonucleotide inactive until irradiation. 

This has been employed in the light-regulation of antisense agents,786,787 antagomirs,788-790 splice-

switching oligonucleotides,791 PCR primers,792,793 and many other oligonucleotides (Figure 

5-1D).794-797 The same approach can also be used for the optical deactivation of oligonucleotide 

function through light-triggered hairpin formation thereby sequestering the active nucleic acid 

sequence (Figure 5-1E), as demonstrated for antisense agents,798 DNAzymes,798 and triplex-

forming oligonucleotides.796  

 

 

 



 292 

 

 

Figure 5-1 Approaches to the regulation of oligonucleotide hybridization using light-cleavable groups 

A) An oligonucleotide sequence containing a photocleavable linker is able to bind its target sequence, inhibiting 

activity, until light-induced cleavage.  B) Hairpin formation of a short inhibitory strand through a photocleavable 

linker blocks oligonucleotide function until irradiation. C) Formation of a cyclic oligonucleotide via a photocleavable 

linker inhibits function due to induced curvature until irradiated with light. D) Caged nucleobases inhibit 

oligonucleotide function until photo-deprotection. E) Deprotection of caged nucleobases results in hairpin formation, 

inhibiting oligonucleotide activity. Adapted with permission from Liu et al., Acc. Chem. Res., 47, 45-55. Copyright 

2013 American Chemical Society. 

 

 

In a nucleobase-caging approach, Heckel first incorporated guanidine and thymidine 

deoxynucleotides carrying nitrobenzyl groups at the O6 and O4 positions into a siRNA reagent, 

specifically into nucleotides in close proximity to the mRNA cleavage site.799 The disruption of 

hydrogen bonding and introduction of steric hindrance resulted in up to 90% inactivation of a 

caged siRNA targeting EGFP, however, after 28 hours fluorescence began to decrease in the 
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absence of light, possibly due to instability of the caging groups. Subsequently, a series of siRNA 

reagents were synthesized in which nitrobenzyl-caged uridine or guanosine residues were 

incorporated into the mRNA cleavage site or seed region of an siRNA duplex.800 The photolabile 

groups were installed at the N1 or N3 position of guanosine or uridine, enhancing stability of the 

caged siRNAs for at least 48 hours and resulting in excellent off-to-on photoswitching. Moreover, 

optical control of siRNAs via installation of caged nucleobases within the seed region directly 

translates to the optical activation of miRNA function.   

In a complementary fashion, miRNAs have commonly been silenced using antagomirs, 

synthetic phosphorothioate- and 2’OCH3-modified oligonucleotides,247,764,801,802  which have also 

been placed under optical control through a nucleobase-caging approach (Figure 5-1D).789 This 

enabled the spatiotemporal investigation of miR-22 and miR-124 function in migrating neurons.803 

Alternatively, inhibition of antagomir function through temporary hairpin formation via a 

photocleavable linkers (Figure 5-1E) has also been utilized for optical activation of miRNA 

function.771  

In addition to regulating gene expression, several nucleic acid-based detection tools have 

been designed to be controlled with light. Molecular beacons are short oligonucleotide hairpins 

which maintain an “off” state until a complementary DNA or RNA molecule hybridizes to the 

loop, separates the stem, and turns fluorescence “on”.804 Two approaches to achieve optical control 

over molecular beacons have been reported: (1) installation of caging groups into the stem region 

preventing formation of the hairpin805 and (2) installation of caging groups into the loop region 

preventing target hybridization,806 with the latter showing reduced background. In a system using 

a cell surface protein for uptake of the molecular beacon, the Tan lab developed optical control of 

a molecular beacon in breast cancer cells.807 Because biological processes occur at specific times 
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and locations, this technology could easily be applied to the investigation of transcriptional events 

with enhanced precision relative to previous methods.  

DNAzymes (deoxyribozymes) catalyze RNA cleavage.808 They have been used as gene 

regulatory tools and as cellular sensors, but issues remain due to activity during cellular delivery 

and uptake. To circumvent this concern and achieve spatiotemporal control over activity, several 

strategies have been developed to optochemically regulate DNAzymes.783,798,809-811 Caged 

adenosine bases were incorporated into the scissile position of the substrate strand for DNAzymes 

selective for Zn2+ or Pb2+ ions, demonstrating a modular approach for sensing metal ions in 

mammalian cells.812  Recently, Xiang reported the development of a DNAzyme which was caged 

post-synthetically in order to circumvent the addition of caged phosphoramidites during solid-

phase synthesis.813 Following optimization in in vitro experiments, the fluorescently-labeled 

DNAzyme was delivered into HeLa cells along with the substrate and Zn2+ cofactor. After brief 

UV irradiation, the DNAzyme was activated, resulting in substrate cleavage and subsequent 

enhancement of the fluorescence signal, demonstrating temporal control of DNAzyme function.  

In addition to the two-photon activation of morpholino oligonucleotides described 

below,775 Heckel utilized coumarin (DEACM) and nitrobiphenyl (ANBP) caging groups,814 which 

can be removed through orthogonal two-photon activation, to nucleobase-protect deoxythymidine 

and deoxyguanosine bases in two oligonucleotides, DNA 1 and DNA 2.815 Decaging of DNA 1 

and DNA 2, embedded in a hydrogel to prevent diffusion, initiated sequence-specific 

hybridizations of complement strands labeled with fluorophores, ATTO 565 and ATTO Rho14 

respectively, as part of a light-triggered toehold mediated strand exchange. Irradiation with 980 

nm light resulted in exclusive decaging of DNA 2, while irradiation with 840 nm light (at reduced 

laser power) selectively decaged DNA 1. However, upon irradiation with 840 nm light at increased 
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laser power, it was possible to decage both DNA 1 and DNA 2 resulting in the detection of both 

fluorophores. The strand exchange reaction triggered by DNA 1 was also demonstrated in 

hippocampal neurons. Because two-photon imaging has been routinely used in live tissues,816-818 

this approach provides an additional level of precision for probing biological pathways in model 

organisms with complex three-dimensional structures. Two-photon activation of oligonucleotide 

sensors provides an approach to oligonucleotide detection with three-dimensional resolution and 

spatiotemporal precision. 

5.2 Optical Control of Transcription  

This material was reprinted in its entirety with permission from Ankenbruck, N.; Courtney, T.; 

Naro, Y.; Deiters, A., Angew. Chem. Int. Ed. Engl. 2018, 57, 2768. 

 

Several approaches to optically control gene expression at the transcriptional level have 

been developed, including the light-activation of triplex forming oligonucleotides (TFOs).819 TFOs 

are single-stranded oligonucleotides that bind to the major groove of DNA promoter regions via 

Hoogsteen hydrogen-bonding (Figure 5-2A), preventing transcription factor association.820 

Contrary to antisense agents which regulate gene translation by targeting mRNAs for which 

thousands of copies may be present in cells, TFOs target genomic DNA.821 Optical control of 

transcription via photo-activation of a TFO containing caged thymidine bases was demonstrated 

(Figure 5-2B).796 

 

https://doi.org/10.1002/anie.201700171
https://doi.org/10.1002/anie.201700171
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Besides TFOs, DNA decoys have also been employed for transcriptional control. DNA 

decoys inhibit gene expression by sequestering transcription factors rather than relying on the 

binding to and blocking of promoter sequences.822 Three caged thymidine bases were incorporated 

into a DNA decoy targeting NF-kB (Figure 5-2C) to optically regulate transcription factor binding 

by initially preventing formation of the DNA decoy dumbbell structure.797 Following UV 

irradiation, the decoy was formed resulting in sequestration of the transcription factor and 

deactivation of gene expression. Complementary optochemical transcriptional activation was 

demonstrated using NF-kB DNA decoys823 containing up to three 7-nitroindole moieties, a 

nucleobase mimic known to undergo elimination upon irradiation with UV light. Here, the 

decoy/transcription factor complex inhibiting gene expression, until exposure to UV light 

depurinates the photoresponsive nucleotides, resulting in release of the transcription factor and an 

activation of gene expression.  

 



 297 

 

 

Figure 5-2 Optical tools for controlling transcription 

A) Control of both Watson-Crick base pairing and Hoogsteen base pairing through photolysis of nucleobase-caged 

thymidines. B) Optical activation of a triplex-forming oligonucleotide (TFO; yellow) through nucleobase decaging 

and resulting DNA triplex formation via Hoogsteen base pairing. The TFO blocks binding of the transcription factor 

(brown) to the promoter region (blue/green), inhibiting gene expression.  C) Optical activation of a DNA decoy 

through light-induced dumbbell formation, leading to sequestration of the transcription factor targeting the decoy 

promoter region, inhibiting gene expression. 

 

 

Plasmids containing a cytomegalovirus (CMV) promoter-driven gene of interest are one of 

the most common expression platforms in mammalian cells.824 Transcription is initiated when the 

TATA box binding protein binds to the TATA box sequence within the CMV promoter and 

recruits additional transcriptional machinery.825 In order to achieve spatial and temporal activation 

of gene expression, caged thymidine nucleobases were site-specifically introduced into the TATA 
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box (Figure 5-3A).826 The caged plasmid was inactive until a brief UV exposure removed the 

caging groups, forming the wild-type CMV promoter, and completely restoring gene expression, 

as demonstrated for EGFP and polo-like kinase 3. In order to apply this methodology in an animal 

model, the caged TATA box plasmid was injected into zebrafish embryos (Figure 5-3B). 

Following microinjection at the 1-cell stage, only embryos exposed to UV irradiation expressed 

EGFP. The ability to activate transcription using a caged expression plasmid at defined time points 

and locations in cells and animals has broad implications for investigating many biological 

pathways, including those involved in development, and it complements the previously discussed 

light-triggered inhibition of transcription and translation using light-activated nucleic acids. With 

recent advances in caging groups with different spectral properties, the activation and deactivation 

of multiple genes using light of different wavelengths will enable the study of increasingly 

complex genetic systems. Also, the caged plasmid system is assembled in a very modular fashion 

and will allow for optical control of any gene of interest.  
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Figure 5-3 Optical control of transcription using a caged TATA box 

A) Optical control of transcription using a caged promoter. EGFP is only expressed following removal of the 

nitrobenzyl caging group (red) via irradiation with UV light. Three caged thymidine residues (underlined) were 

incorporated into the TATA box sequence (blue). B) Optical activation of EGFP expression in zebrafish embryos. 

Following injection of the caged plasmid at the one-cell stage, embryos were either irradiated with 365 nm light or 

left in the dark. EGFP fluorescence and brightfield (BF)-merge micrographs are shown. Adapted with permission 

from Hemphill et al., J. Am. Chem. Soc., 136, 7152-7158. Copyright 2014 American Chemical Society. 

   

5.2.1  Wavelength-Selective Optical Control of Transcription  

As described above, application of different caging groups to separate plasmids could 

enable optical control of various stages of a genetic circuit as well as spatial and temporal control 

of multiple steps in a biological pathway. In order to demonstrate the utility of wavelength-

selective control of transcription with light, we developed a second plasmid expressing mCherry 

that could be decaged independently of the previously reported caged EGFP construct. Because 

the 6-nitropiperonyloxymethyl (NPOM)-caged thymidine residues were decaged with UV light, 

we sought to incorporate a red-shifted caging group to enable orthogonal uncaging. Initially, 
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Anirban Bardhan, a synthetic chemist in our group, synthesized a 4-amino-4’-nitrobiphenyl 

(ANBP)-caged827 thymidine. In order to evaluate the decaging efficiency of the ANBP-caged 

thymidine, Anirban irradiated the compound (100 µM in methanol) with a 405 nm or 447 nm LED. 

Subsequently, he monitored disappearance of the caged-thymidine peak via HPLC (260 and 280 

nm; 5-95% acetonitrile/water). Unfortunately, while 90% decaging was observed following 405 

nm irradiation of the ANBP-caged thymidine, only 30% of the compound was decaged after 10 

min irradiation with 447 nm light. Due to inefficient decaging of ANBP at 447 nm and our 

hypothesis that 405 nm irradiation of the NPOM-caged thymidine would lead to background 

uncaging, we decided to pursue alternative red-shifted caging groups.828-830  

Recently the Ellis-Davies group reported a bisstyrylthiophene (BIST) caging group that 

enabled photolysis with irradiation at 400-500 nm.831 The symmetric BIST moiety was conjugated 

to a Ca2+ chelator, ethylene glycoltetraacetic acid (EGTA) to enable optical control of calcium 

release in mouse cardiac myocytes. In order to adapt the symmetric BIST group for caged 

oligonucleotides, Anirban Bardhan designed and synthesized a series of asymmetric BIST-caged 

thymidine analogs (Figure 5-4A). The nitro (208), methoxy (209), amino (210), and 

dimethylamino (211) analogs exhibited absorption maxima (λmax) of 434, 422, 444, and 452 nm, 

respectively (Figure 5-4B). Unfortunately, even though 211 exhibited the most red-shifted spectral 

properties, it could not be incorporated into a full-length oligonucleotide via DNA synthesis. 

Because the next closest red-shifted analog, 210, also caused synthetic difficulties, we proceeded 

with the nitro-BIST analog, 208. Decaging studies via HPLC showed that 20 minute irradiation 

with 447 nm light led to almost 90% disappearance of the nitro-BIST-caged thymidine while 470 

nm irradiation led to only 40% loss of the caged compound suggesting 447 nm light led to more 

efficient decaging (Figure 5-4C). Moreover, irradiation of the NPOM-caged thymidine with both 
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wavelengths led to <10% disappearance of the caged thymidine indicating it would be amenable 

to selective irradiation (Figure 5-4D). 

 

 

 

Figure 5-4 Evaluation of BIST analogs 

A) Chemical structures of BIST-modified thymidine nucleobases. B) Absorbance spectra of the BIST-dT analogues. 

The absorbance vaues correspond to 50 µl of sample in MeOH in each case. C) Decaging plot of the nitro-BIST caged 
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dT analogue 208. D) Decaging plot of the NPOM caged dT. Caged compounds (100 µM) were irradiated with LED 

lamp (447.5 nm or 470 nm)  and the disappearance of the caged compounds was analyzed by HPLC. Data generated 

by Anirban Bardhan. 

 

 

The BIST-caged reporter plasmid was generated following a similar approach to the 

previously developed NPOM-caged EGFP reporter.826 Briefly, restriction sites for Nt.BstNBI 

restriction sites were cloned 15 bases upstream and immediately after the TATA box region in the 

pmCherry-N1 plasmid using site-directed mutagenesis (pmCherry-Bst). We also generated the 

corresponding pEGFP-Bst plasmid such that both constructs would utilize the same insert 

sequences (Figure 5-6A). Prior to generating the caged plasmids, we attempted to ligate a single-

stranded DNA positive or negative control (Table 28) into the pmCherry-Bst or pEGFP-Bst 

constructs as a proof-of-concept and monitor construction via agarose gel electrophoresis (Figure 

5-5B). The positive control was identical to the bold sequence in Figure 5-5A, while the negative 

control insert bore three T → C base substitutions (i.e., TATATAA → CACACAA). Briefly, the 

pmCherry-Bst plasmid was first digested with Nt.BstNBI for 2 h at 55 °C, followed by annealing 

to a complementary DNA oligonucleotide (Table 28; 2.5 nmol) to remove the input sequence. 

Then, following agarose gel purification, we phosphorylated the 5’ terminus of the single-stranded 

DNA positive control or negative control and ligated them into the nicked backbone. Both the 

pEGFP- and pmCherry-Bst constructs displayed the expected band shift (super-coiled to nicked 

DNA) when analyzed via 0.8% (w/v) agarose gel electrophoresis (Figure 5-5C). 
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Figure 5-5 Schematic and agarose gel analysis of pEGFP- and pmCherry-Bst plasmids 

A) The NtBstNBI nicking enzyme sequences (underlined) were cloned into the pEGFP-N1 and pmCherry-N1 

plasmids up and downstream of the TATA box (blue) generating the pEGFP- and pmCherry-Bst constructs. NtBstNBI 

nicked the plasmid at the termini of the bold sequence which was subsequently removed with a complementary DNA 

oligonucleotide. B) Agarose gel evaluation of the nicked pmCherry-Bst plasmid before (lane 3) and after (lane 4) 

annealing the complementary insert sequence, followed by agarose gel purification (lane 5) and ligation to the positive 

control insert (lane 6). C) The pEGFP-Bst and pmCherry-Bst constructs were evaluated via agarose gel electrophoresis 

(0.8% [w/v]) before and after the nicking reaction and subsequent purification. 1 kb Tridye ladder was included in 

lane 1 of both gels. 
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The resultant ligated plasmids were transfected into HEK293T cells and fluorescence was 

evaluated via widefield microscopy after 48 h. Cells transfected with the positive control plasmid 

were fluorescent, suggesting EGFP and mCherry were expressed from the ligated constructs 

(Figure 5-6A, B). Unfortunately, while the pmCherry negative control plasmid displayed no 

background fluorescence, several cells transfected with the EGFP negative control construct were 

fluorescent (Figure 5-6A, B). Similar observations of minor background signal for the EGFP 

negative control construct have been made previously.826 Furthermore, there were much fewer 

cells expressing mCherry in the positive control ligation compared to the parent plasmid (Figure 

5-6B). Taken together with the observation that the mCherry-Bst parent plasmid elicits fewer 

fluorescent cells, this may suggest that background is reduced for the mCherry-Bst negative 

control due to lower overall fluorescent protein expression. 
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Figure 5-6 Ligation control experiments 

A) The pEGFP-Bst plasmid was nicked with NtBstNBI and incubated with the reverse complement of the nicked 

sequence. Following purification, the T4 polynucleotide kinase (PNK)-treated positive or negative control insert were 

ligated into the nicked backbone. The resulting constructs were transfected into HEK293T cells. B) The nicked 

pmCherry-Bst plasmid was generated in an identical fashion and transfected into HEK293T cells following ligation. 

20x magnification. EGFP (38HE filter; ex/em. = 470/525 nm), mCherry (43HE filter; ex/em. = 550/605 nm), and 

brightfield-merged images are shown. Scale bars indicate 200 µm. 

 

 

To determine if we could still quantitatively discriminate between the positive and negative 

control plasmids, we attempted to analyze fluorescence via flow cytometry. Briefly, HEK293T 

cells were transfected with the pmCherry or pEGFP expressing positive and negative control 
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plasmids as well as their respective parent constructs then the number of fluorescent cells was 

quantified after 48 h on a Cytoflex S flow cytometer. In contrast to the fluorescence microscopy 

images, the pmCherry positive and negative controls were not discernable from each other (Figure 

5-7A). A modest shift in the number of cells expressing EGFP was observed for parent and positive 

control constructs relative to the negative control plasmid (Figure 5-7B) suggesting this method 

would be amenable to quantifying EGFP fluorescence. Unfortunately, since both fluorophores 

could not be quantified via flow cytometry, we decided to continue analyzing transfection of the 

caged plasmids using microscopy. 
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Figure 5-7 Flow cytometry analysis of mCherry and EGFP ligation control transfections 

A) HEK293T cells transfected with mCherry-Bst, mCherry-Bst-positive control, or mCherry-Bst-negative control 

were analyzed using 561 nm laser and the mCherry filter (610 nm). B) HEK293T cells transfected with EGFP-Bst, 

EGFP-Bst-positive control, or EGFP-Bst-negative control were analyzed using 488 nm laser and the mCherry filter 

(525 nm). Mean fluorescence intensity ± standard deviation is normalized to number of cells per condition. 

 

 

We hypothesized that the background fluorescence might be attributed to incomplete 

nicking of the parent plasmid and poor purification conditions leading to self-ligation and 

regeneration of the parent construct in the absence of the positive control insert. In order to 

overcome this potential limitation, we cloned SpeI and PvuI restriction sites into the pEGFP-N1 
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construct flanking the TATA box using site-directed mutagenesis. We expected that this design 

would be beneficial because restriction digest would result in linearization of the parent backbone 

which should overcome the ambiguity of the nicking reactions. After confirming insertion of the 

two new restriction sites did not impact EGFP expression (Figure 5-8A), we sequentially digested 

the resultant pEGFP-SpeI-PvuI plasmid with PvuI and SpeI. Because the enzymes are not active 

in the same buffer conditions, the linearized plasmid was purified using an E.Z.N.A Cycle Pure 

kit between digests.  Following the digest with SpeI, the linear backbone was dephosphorylated 

using Antarctic Phosphatase (NEB), separated on a 0.8% (w/v) agarose gel, and purified using the 

E.Z.N.A. Gel Extraction kit. Subsequently, the positive control sense strand, negative control sense 

strand, and complementary antisense strand (Sigma-Aldrich; 30) were phosphorylated at the 5’ 

terminus using T4 PNK. Then, the positive and negative control DNA duplex inserts were 

generated by annealing the positive or negative control sense strand to the antisense sequence in 

TE/Mg2+ buffer by heading the inserts to 95 °C and cooling to 12 °C over 10 min in a thermal 

cycler. The annealed inserts were then ligated into the linear backbone using T4 DNA ligase. The 

following day, ligation reactions were purified using the E.Z.N.A. Cycle Pure kit. After 

purification, the positive and negative control constructs were transfected into HEK293T cells for 

48 h. Unfortunately, while background fluorescence for the negative control was greatly reduced, 

the positive control construct also expressed low levels of EGFP (Figure 5-8B). We hypothesized 

that the parent construct may not have been sufficiently digested by one of the restriction enzymes 

and thus explored if the order of restriction digests (i.e., SpeI first vs. PvuI first) had an effect on 

generation of the correct linearized backbone. After performing both sequential digests for 2 h at 

37 °C and the subsequent ligation of the insert duplexes, PvuI was determined to be less efficient 

via agarose gel analysis (Figure 5-8C). As such, we decided to perform the PvuI digest overnight 
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first, then after gel purification, continue with SpeI digestion of the linearized backbone. The 

linearized plasmid and ligation products were analyzed by agarose gel electrophoresis (Figure 

5-8D) prior to delivery into HEK293T cells to evaluate EGFP expression. Regrettably, while there 

was no background fluorescence from the negative control plasmid, the positive control construct 

still elicited low expression of EGFP relative to the non-digested parent construct (data not shown).  

 

 

 

Figure 5-8 Evaluation of the pEGFP-SpeI-PvuI construct in cells 

A) After mutating the pEGFP-N1 plasmid with SpeI and PvuI restriction sites, the resulting mutant construct was 

transfected into HEK293T cells to ensure minimal loss in EGFP expression. B) After digesting the pEGFP-SpeI-PvuI 

plasmid with PvuI followed by SpeI, and treating the plasmid with antarctic phosphatase, the T4 polynucleotide kinase 

(PNK)-treated and pre-annealed positive and negative control insert duplexes were ligated into the linear backbone. 
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After purification, the plasmids were transfected into HEK293T cells. 20x magnification. EGFP (38HE filter; ex/em. 

= 470/525 nm) and brightfield-merged images are shown. Scale bars indicate 200 µm. C) To analyze the efficiency 

of the digests, the order of restriction enzyme digest was varied with either PvuI or SpeI added first, followed by 

adding the other enzyme. The digests were analyzed via agarose gel electrophoresis. D) Agarose gel analysis of the 

pEGFP-SpeI-PvuI plasmid digest and ligations. Parent plasmid (lane 1) was digested with PvuI (overnight; 37 °C) 

followed by separation by agarose gel electrophoresis (0.8% [w/v]), gel extraction, and SpeI digest (lane 2). Annealed 

positive (lane 3) and negative (lane 4) control insert duplexes were ligated into the linear parent backbone.  

 

 

In light of our inability to reduce background fluorescence of the negative control while 

maintaining expression with the positive control construct, we decided to return to the approach 

using the nicked plasmid. We hypothesized that while the negative control insert may not be 

sufficient for completely abrogating fluorescence, the caging groups may provide greater 

inhibition of duplex formation and thus reduce background expression. After nicking both the 

pmCherry-Bst and pEGFP-Bst plasmids, single-stranded positive or negative control DNA inserts 

were ligated into both constructs. Additionally, insert sequences bearing three NPOM- or BIST-

caged thymidine residues within the TATA box synthesized by Anirban Bardhan were ligated into 

the nicked pEGFP-Bst and mCherry-Bst plasmids, respectively. Similar to the control plasmids 

described above, construction of the caged pEGFP and mCherry constructs was analyzed via 0.8% 

(w/v) agarose gel electrophoresis (Figure 5-9).  
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Figure 5-9 Construction of the caged pEGFP and mCherry plasmids 

Agarose gel evaluation of the nicked pEGFP-Bst plasmid before (lane 4) and after (lane 5) annealing the 

complementary insert sequence, followed by agarose gel purification (lane 6) and ligation to the NPOM-caged insert 

(lane 8). The pmCherry-Bst plasmid before (lane 2) and after (lane 7) ligation to the BIST-caged insert. 

 

 

After purification, the ligated plasmids were transfected into HEK293T cells for 48 h, then 

evaluated via fluorescence microscopy. The EGFP positive control plasmid displayed modest 

fluorescence while the negative control and NPOM-caged plasmid showed little to no expression 

of EGFP (Figure 5-10A). Unfortunately, the BIST-caged mCherry construct induced similar levels 

of fluorescence to the positive control plasmid, suggesting the BIST caging group was degraded 

(Figure 5-10B).  
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Figure 5-10 Evaluation of caged promoter constructs in HEK293T cells 

A) The pEGFP-Bst plasmid was nicked with NtBstNBI, then the single-stranded positive control, negative control, 

and NPOM-caged inserts were ligated. B) The pmCherry-Bst plasmid was nicked with NtBstNBI, then the single-

stranded positive control, negative control, and BIST-caged inserts were ligated. Following overnight ligations of all 

plasmids and subsequent purification, the resultant constructs were transfected into HEK293T cells and evaluated via 

fluorescence microscopy after 24 h. 20x magnification. EGFP (38HE filter; ex/em. = 470/525 nm), mCherry (43HE 

filter; ex/em. = 550/605 nm), and brightfield-merged images are shown. Scale bars indicate 200 µm. 

 

 

In order to further investigate the BIST caging group, we attempted to ligate it into the 

nicked pEGFP-Bst plasmid and evaluated fluorescence in HEK293T cells via microscopy. The 

BIST-caged pEGFP and pmCherry constructs both elicited fluorescence corresponding to 
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respective protein of interest (Figure 5-11A, B), providing further support for the hypothesis that 

the caged insert had been compromised. Anirban Bardhan submitted the BIST-caged insert for 

mass spectrometry analysis, however the results were inconclusive. 

 

 

 

Figure 5-11 Evaluation of BIST-caged promoter constructs in HEK293T cells 

A) The BIST-caged insert was ligated into the nicked pEGFP-Bst plasmid. B) Ligation of the BIST-caged insert into 

the nicked pmCherry-Bst backbone was repeated. Following overnight ligations of all plasmids and subsequent 

purification, the resultant constructs were transfected into HEK293T cells and evaluated via fluorescence microscopy 

after 24 h. 20x magnification. EGFP (38HE filter; ex/em. = 470/525 nm), mCherry (43HE filter; ex/em. = 550/605 

nm), and brightfield-merged images are shown. Scale bars indicate 200 µm. 
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5.2.2  Summary and Outlook 

In summary, we designed a second generation caged plasmid to enable orthogonal optical 

control of a second gene of interest in parallel with our previously developed NPOM-caged 

expression plasmid.826 To allow for wavelength-selective activation of the caged plasmids, we 

attempted to incorporate the recently developed BIST caging group. As a proof-of-concept, we 

attempted to ligate a single-stranded DNA insert bearing three BIST-caged thymidine residues into 

a nicked plasmid encoding pmCherry. Unfortunately, our preliminary studies suggest that the 

BIST caging group may not be sufficient for inhibiting expression of the fluorescent protein.  

Future work should include re-synthesis of the BIST-caged insert. Because the mass 

spectrometry analysis was inconclusive, it’s possible that the DNA insert had degraded resulting 

in background fluorescence. If the newly synthesized BIST-caged insert still exhibits background 

activation, an alternative caging group should be pursued (e.g., ANBP). Furthermore, after 

optimizing the caged plasmids utilizing genes encoding fluorescent proteins as a proof-of-concept, 

the design should be applied to more biologically relevant proteins. For example, these tools could 

be utilized to explore multilayer genetic networks in which each caged plasmid encodes a protein 

within the network required to produce a measurable phenotype. Alternatively, the system could 

be utilized as a genetic switch wherein one plasmid encodes a protein of interest while the other 

encodes an siRNA for the same protein.  

5.2.3  Materials and Methods 

Cell culture. Experiments performed using HEK293T cell line cultured in Dulbecco’s Modified 

Eagle Medium (DMEM; Gibco). Media was supplemented with 10% (v/v) Fetal Bovine Serum 
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(FBS; Sigma-Aldrich) and 1% (v/v) penicillin/streptomycin (VWR) and maintained at 37 °C in a 

5% CO2 atmosphere. Penicillin/streptomycin-free media was used for experiments. Cell line was 

used within passages 1-35 and was tested for mycoplasma contamination every three months. 

 

Evaluation of BIST-caged thymidine residues. Experiments were performed by Anirban 

Bardhan. Analogs were diluted to 100 µM in 50 µl of methanol in a ½ dram vial and irradiated 

from the side using a custom LED source built by the University of Pittsburgh Machine Shop from 

LEDs (447.5 or 470 nm) purchased from LuxeonStar. In order to maintain consistent irradiation, 

the LED was held at ~2 cm from the vial at a power of 440 mW for the 447 nm LED and 115 mW 

for the 470 nm LED. Irradiations were performed in a dark room. After the specified irradiation 

time, compounds were analyzed on a Shimadzu LC-20ad using an ACE C18-AR column. Samples 

were evaluated using a gradient of 5-95% acetonitrile/water over 30 min and disappearance of the 

caged thymidine peak was monitored at 260 and 280 nm.  

 

Construction of plasmids. See section 6.1 for detailed protocols of molecular biology techniques. 

The Nt.BstNBI restriction sites were cloned into pEGFP-N1 and pmCherry-N1 15 bases upstream 

and immediately after the TATA box region using site-directed mutagenesis and sequence-specific 

primers (Table 27) following protocol 6.1.2 Briefly, TATA SDM Fwd1 and TATA SDM Rev1 

were used to introduce the Nt.BstNBI restriction site upstream of the TATA box, while TATA 

SDM Fwd2 and TATA SDM Rev2 were used to introduce the restriction site downstream of the 

TATA box. After confirming the sequence of each construct by Sanger sequencing (Genewiz), 

each plasmid was digested (40 µg) with Nt. BstNBI (NEB) at 55 °C for 2 h (500 µl) following 

protocol 6.1.3 Heat inactivation was performed at 80 °C for 20 min. Subsequently, the reverse 
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primer to the 31 bp DNA insert (Caged-TATA-complement) was added to the reaction (25 µl of a 

100 µM stock) and annealed in TE/Mg2+ buffer (Tris-HCl [0.01 M; pH 8.0], EDTA [1 mM], MgCl2 

[12.5 mM]) by heating the solution to 95 °C and cooling to 12 °C on a thermal cycler (Bio-Rad). 

Next, the reaction was separated via agarose gel electrophoresis (see protocol 6.1.8 The reaction 

separated into two bands. The top band corresponded to the nicked plasmid and the bottom band 

corresponded to the plasmid in which the single-stranded sequence had been removed, leaving a 

gap. The bottom band was subsequently excised using and purified using the E.Z.N.A. Gel 

Extraction kit (Omega Bio-tek). The non-caged positive (Caged-TATA-positive) and negative 

control (Caged-TATA-negative) inserts as well as caged TATA box (Caged-TATA-insert) 

sequences (Table 28) were 5’ phosphorylated with T4 polynucleotide kinase (PNK) at 50 µM (50 

µl) and were subsequently ligated (10 µl of insert, 60 µl reaction) into the purified nicked parent 

plasmid following protocol 6.1.4 The ligation product was then purified using the E.Z.N.A. Cycle 

Pure kit (Omega Bio-tek) and quantified (ng/µl) by measuring UV absorbance at 260 nm on a 

Nanodrop ND-1000 spectrophotometer.  

 

Table 27 Primer sequences used in cloning of the pEGFP- and pmCherry-Bst plasmids 

Restriction sites are underlined 

 

name sequence (5’ -> 3’) 

TATA SDM Fwd1 AGGTCTATATAAGAGTCGCAGAGCTGGTTTAGTGAAC 

TATA SDM Rev1 GACTCTTATATAGACCTCCCACCGTACACGCCTA 

TATA SDM Fwd2 AATGGGCGGTAGGAGTCGCGTGTACGGTGGGA 

TATA SDM Rev2 GACTCCTACCGCCCATTTGCGTCAATGGGGCGGAGTT 

Caged-TATA-complement CTGCGACTCTTATATAGACCTCCCACCGTAC 

 

 



 317 

Table 28 Sequences of the synthetic caged TATA box insert oligonucleotides 

Sequences were designed for insertion into the TATA promoter region of the pEGFP- and pmCherry-Bst plasmids. 

NPOM- and BIST-caged thumidine residues are bolded and underlined. 

 

name sequence (5’ -> 3’) 

Caged-TATA-positive GTACGGTGGGAGGTCTATATAAGAGTCGCAG 

Caged-TATA-negative GTACGGTGGGAGGTCCACACAAGAGTCGCAG 

Caged-TATA-insert GTACGGTGGGAGGTCTATATAAGAGTCGCAG 

 

 

Similarly, the SpeI and PvuI restriction sites were cloned into pEGFP-N1 15 bases 

upstream and immediately after the TATA box region using site-directed mutagenesis and 

sequence-specific primers (Table 29) following protocol 6.1.2 Briefly, pEGFP-TATA-fwd-SDM-

1 and pEGFP-TATA-rev-SDM-1 were used to introduce the SpeI restriction site while pEGFP-

TATA-fwd-SDM-2 and pEGFP-TATA-rev-SDM-2 were used to introduce the PvuI site. After 

confirming the sequence of each construct by Sanger sequencing (Genewiz), each plasmid was 

digested (40 µg) with SpeI or PvuI (NEB) for 2 h (500 µl) following protocol 6.1.3 Heat 

inactivation was performed at 80 °C for 20 min. The digest was purified using the E.Z.N.A. Cycle 

Pure kit (Omega Bio-tek) and used directly for the second digest. Next, the reaction was separated 

via agarose gel electrophoresis (see protocol 6.1.8 followed by purification using the E.Z.N.A. Gel 

Extraction kit (Omega Bio-tek). The non-caged positive (positiveTATAInS) and negative 

(negativeTATAInS) control inserts as well as the reverse complement (TATAInAS; Table 30) 

were 5’ phosphorylated with T4 polynucleotide kinase (PNK) at 50 µM (50 µl) and annealed in 

TE/Mg2+ buffer (Tris-HCl [0.01 M; pH 8.0], EDTA [1 mM], MgCl2 [12.5 mM]) by heating the 

solution to 95 °C and cooling to 12 °C on a thermal cycler (Bio-Rad). The duplexes were 
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subsequently ligated (10 µl of insert, 60 µl reaction) into the linear parent plasmid following 

protocol 6.1.4 The ligation product was then purified using the E.Z.N.A. Cycle Pure kit (Omega 

Bio-tek) and quantified (ng/µl) by measuring UV absorbance at 260 nm on a Nanodrop ND-1000 

spectrophotometer. 

 

Table 29 Primer sequences used in cloning of the pEGFP-SpeI-PvuI plasmid 

Restriction sites are underlined. 

 

name sequence (5’ -> 3’) 

pEGFP-TATA-

fwd-SDM-1 

CGGTAGACTAGTACGGTGGGAGGTCTATATAAGCAGAGCTCGTTT

AGTG 

pEGFP-TATA-

rev-SDM-1 CACCGTACTAGTCTACCGCCCATTTGCGTCAATGGGG 

pEGFP-TATA-

fwd-SDM-2 ATATAACGATCGCTCGTTTAGTGAACCGTCAGATCCGCTA 

pEGFP-TATA-

rev-SDM-2 AACGAGCGATCGTTATATAGACCTCCCACCGTACTAGT 

 

 

 

Table 30 Sequences of the synthetic TATA box insert oligonucleotides 

Sequences were designed for insertion into the TATA promoter region of the pEGFP-SpeI-PvuI plasmid. 

 

name sequence (5’ -> 3’) 

positiveTATAInS CTAGTACGGTGGGAGGTCTATATAACGAT 

negative TATAInS CTAGTACGGTGGGAGGTCCACACAACGAT 

TATAInAS CGTTATATAGACCTCCCACCGTA 
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Transfection of plasmid constructs. HEK293T cells were seeded in a poly-D lysine-treated black 

96-well plate (Greiner; see protocol 6.2.2 at 20,000 cells/well in DMEM growth media (Hyclone) 

supplemented with 10% FBS (Sigma-Aldrich). The following day, cells were transfected with 200 

ng plasmid using LPEI (see protocol 6.2.3.3). After 48 h, media was removed, and cells were 

washed with sterile filtered 1x phosphate buffered saline (PBS). Media was then replaced with 

phenol red-free DMEM and imaged using the 20x LD Plan-Apochromat objective and the 

mCherry or EGFP filter set (38 HE) following protocol 6.2.5 on the Axio Observer Z1 microscope 

(Zeiss) using Zen 2.0 software.   

 

Flow cytometry. HEK293T cells were seeded in a poly-D lysine treated 6-well plate (Corning; 

see protocol 6.2.2 at 125,000 cells/well in DMEM growth media (Hyclone) supplemented with 

10% (v/v) FBS (Sigma-Aldrich). The following day, cells were transfected with 200 ng of pEGFP-

Bst, pEGFP-positive control, pEGFP-negative control, pmCherry-Bst, pmCherry-positive control, 

or pmCherry-negative control using LPEI (see protocol 6.2.3.3). After 48 h, media was removed, 

and cells were washed with 500 µl of sterile filtered 1x phosphate buffered saline (PBS). Cells 

were then incubated in 200 µl of TrypLE Express reagent (Gibco) at 37 °C for 2 min. Once cells 

were lifted, 300 µl of 1x PBS was added to each well and cell suspensions were transferred to 1.7 

ml Eppendorf tubes. Subsequently, cells were pelleted by centrifugation at 1000 g for 10 min at 4 

°C. Supernatant was removed and cell pellet was resuspended in 500 µl of fluorescence activated 

cell sorting (FACS) buffer (1x PBS; pH 7.4, 0.5% [w/v] bovine serum albumin [BSA], 0.1% [w/v] 

sodium azide). The cell suspension was centrifuged a second time at 1000 g for 10 min at 4 °C. 

The supernatant was removed again, and cells were resuspended in 500 µl of FACS buffer then 

stored on ice until flow cytometry was performed.  
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Samples were analyzed on a Cytoflex S (Beckman-Coulter) using the 488 nm laser and FITC filter 

(525 nm) for EGFP constructs and 561 nm laser and the mCherry filter (610 nm) for mCherry 

constructs. Cells were selected using forward scatter (FSC) and side scatter (SSC) gained to 10 

and 20, respectively and were thresholded at 1000. In total, 10,000 events were collected flowing 

at a rate of 10 µl per minute with an abort rate of less than 2%. Raw data were exported and 

analyzed in GraphPad (Prism). Histograms were generated by plotting average, standard deviation, 

and number of cells quantified (N).  

5.3 Light-Activatable Cyclic Morpholino Oligomers 

This material was reprinted in its entirety with permission from Ankenbruck, N.; Courtney, T.; 

Naro, Y.; Deiters, A., Angew. Chem. Int. Ed. Engl. 2018, 57, 2768. 

 

While DNA/RNA-based oligonucleotides have been extensively used as antisense agents, 

other synthetic oligomers, such as morpholinos (MOs),832-834 have advantages in specific 

applications – in particular, experiments in aquatic embryos. MOs are modified nucleic acids 

containing morpholine rings and phosphorodiamidate backbones instead of sugars and 

phosphodiesters, respectively, rendering them nuclease-resistant, less likely to interact non-

specifically with cellular proteins, and still capable of binding to complementary sequences via 

Watson-Crick base pairing.835 As such, MOs have been utilized as antisense agents for the 

inhibition of miRNA function, mRNA translation, and mRNA splicing.836 Caged morpholinos 

(cMOs) have been developed as molecular probes of gene function in cells and animals because 

they provide precise spatiotemporal control of gene expression.770,774,775,787,837,838 In early 

https://doi.org/10.1002/anie.201700171
https://doi.org/10.1002/anie.201700171
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developments, the Chen lab used the light-cleavable hairpin approach,774 including the two-photon 

activation of cMOs containing a bromohydroxyquinoline-based linker (Figure 5-1B).775  

However, this approach required careful inhibitor sequence design to minimize 

background activity, while still retaining rapid photoactivation. Additionally, release of the 

inhibitory oligonucleotide may create potential for off-target effects. Similarly, Washbourne 

utilized a MO inhibitor that contained a photocleavable linker (Figure 5-1B).770 In contrast, optical 

control of MO function in cells and animals has also been demonstrated by incorporating caged 

thymidine nucleobases.787 This approach avoided the necessity of an inhibitory oligonucleotide, 

however, multiple caging groups are needed to fully block MO:mRNA hybridization.  

Recently, conformationally gated MOs778,828,839,840 and DNA oligomers171,841 were 

developed, where the introduction of curvature reduces antisense oligonucleotide:mRNA 

interaction thereby inhibiting gene silencing until photochemical cleavage of a linker linearizes 

the nucleic acid and fully restores mRNA hybridization. This nicely addresses both limitations 

discussed above, since only a single photolysis step is needed for activation and no inhibitory 

oligonucleotide is released.840 Moreover, the ability to insert a wide range of chromophores into 

the circular MO enabled wavelength-specific gene silencing by sequentially irradiating zebrafish 

embryos with 405-470 nm (cleaving a diethylaminocoumarin, DEACM, group) and 365 nm 

(cleaving a 2-nitrobenzyl, NB, group) (Figure 5-12A).828 The cyclic MOs were designed to target 

the T-box transcription factor spadetail (spt/tbx16) and the homeobox-containing repressor flh. Spt 

controls cell differentiation during embryogenesis and its transcription within the embryo midline 

is inhibited by flh. Mutation of spt also corresponds with the absence of myogenic differentiation 

1 (myod1) while flh silencing leads to aberrant myod1 expression in early stages of 

development.842,843 Upon irradiation with 365 nm light, zebrafish injected with the NB cyclic spt 
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cMO displayed a drastic loss in myod1 expression, but showed minimal response to irradiation 

with 405 or 470 nm light, whereas embryos injected with the DEACM cyclic flh cMO exhibited 

abnormal myod1 expression when irradiated with either 470, 405, or 365 nm light, as expected 

(Figure 5-12B,C). Co-injection of both cMOs led to zebrafish embryos that displayed the spt 

mutant phenotype only after irradiation at 405/470 nm followed by 365 nm light exposure. 

Sequential irradiation at defined time points during embryonic development demonstrated that spt 

acts during gastrulation in embryos bearing flh mutations to direct muscle cell precursors toward 

muscle cell fates, showcasing the utility of orthogonally activated cMOs for the investigation of 

gene interactions in with precise temporal control.  
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Figure 5-12 Wavelength-selective decaging of circular morpholinos 

A) Sequential activation of cMOs targeting the genes flh (purple) or spt (blue). Structures of the NB (red) and DEACM 

(orange) caging groups. B) Representative images of myod1 expression patterns from control (wildtype), flh 

knockdown (aberrant expression), and spt knockdown (no expression) phenotypes after irradiation. C) Quantification 

of phenotypes is displayed for embryos injected with the cMOs and irradiation conditions denoted in the graphs. 

Adapted with permission from Yamazoe et al., Angew. Chem, Int. Ed., 53, 10114-10118. Copyright 2014 Wiley-VCH. 
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Several caged oligonucleotides have been established for optical control of gene function 

via blocking translation, including circular MOs. The development of circular MOs capable of 

orthogonal photoactivation by using wavelength-specific chromophores allows for investigation 

of more complex genetic networks via sequential knockdown of different gene targets. However, 

while nuclease-resistant MOs are attractive antisense agents, delivery into mammalian cells 

requires additional modifications.844  

5.3.1  Optical Control of miRNA Function using Cyclic Morpholinos 

While light-activatable circular MOs have afforded precise control over biological 

processes in zebrafish, they still suffer from a number of limitations. Notably, depending on the 

mRNA target sequence, background antisense activity of the circular MO can be observed.845 It 

has been shown that as few as 11 complementary bases between a linear MO and its target were 

sufficient for splicing correction.846 Furthermore, a study by Chen and co-workers demonstrated 

that cyclic MOs displayed a similar melting temperature (Tm) to their linear counterparts in 

binding assays, especially as the length of the MO increased from 21 to 25 bases.840 However, 

longer MO sequences are routinely selected in the design of cyclic cMOs because they demonstrate 

greater efficacy upon decaging. We hypothesized that while short 21-nucleotide MOs were less 

effective against mRNA targets after light irradiation, they may be able to inhibit miRNA function 

with greater success due to the shorter target sequence and limited secondary structure.  

As a proof-of-concept, we chose to target miR-125b with a fully complementary cyclic 

caged morpholino. In humans, miR-125b has been identified as an oncogene in endometrium, 

breast, and prostate cancers.847 Furthermore, miR-125b has been linked to drug resistance in 

several cancer phenotypes.848 Alternatively in zebrafish, miR-125b has been implicated in 
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developmental processes849 as well as fat metabolism,850 but its role still remains poorly 

understood.  

In order to evaluate function of the anti-miR-125b MO, we utilized a luciferase reporter 

plasmid (psiCHECK-miR125b) similar to the construct developed to identify small molecule 

modulators of miR-122 function as described above. As an initial approach to deliver the MO into 

cells, we attempted to use complementary DNA oligonucleotides in conjunction with commercial 

transfection reagents.851,852 We hypothesized that the negatively charged DNA would enable a 

facile and cost-effective method of MO delivery with minimal disruption of MO function. As such, 

we designed a series of DNA delivery probes with complementary to 14 nucleotides of the anti-

miR-125b MO. Analogous to the approach employed by Morcos,852 we also appended a 10- or 15-

base poly(A) tail to the 3’-terminus of the delivery probes (Figure 5-13A). Prior to delivery, the 

miR-125b MO or miR-125b antagomir were annealed to the complementary DNA sequences in 

PBS in a thermal cycler. Luis Vazquez-Máldonado, a chemist in our laboratory, verified that 

annealing of the two oligonucleotides formed the expected duplexes in a native PAGE gel 

experiment (Figure 5-13A). We first attempted to transfect the annealed oligonucleotides using 

cationic-lipid-based transfection reagents, Lipofectamine 2000 or XtremeGENE, in PC3 cells 

which are known to overexpress miR-125b.489 The nucleic acid duplexes were delivered 

simultaneously with the psiCHECK-miR125b reporter plasmid for 4 h, then media was replaced 

with regular growth media. After 48 h, luciferase activity was measured using a dual luciferase 

assay. While initial results seemed promising (Figure 5-13B) with XtremeGENE-mediated 

delivery of the MO/DNA duplex eliciting up to ~15-fold increase in relative luciferase activity, 

the results were not reproducible (Figure 5-13C). We hypothesized that the duplex had not been 

properly formed in PBS which contributed to poor delivery through inadequate annealing. In light 
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of this, we annealed the duplexes in TE/Mg2+ buffer, then attempted to deliver the duplexes in 

conjunction with the psiCHECK-miR125b reporter using XtremeGENE. Unfortunately, delivery 

of the MO still did not elicit an increase in luminescence (Figure 5-13D).  

 

 

 

Figure 5-13 Morpholino-DNA duplex-mediated delivery with Lipofectamine 2000 or XtremeGENE 

A) Complementary DNA oligonucleotides (MOD1 or MOD2) were annealed to the anti-miR-125b MO (10 pmol 

each), then analyzed via native PAGE followed by SYBR Gold stain. The red region in the cartoon denotes the 

sequence complementary to the seed region of miR-125b. Data were  collected by Luis Vazquez-Máldonado. B) 

Following annealing of the MO/DNA duplexes in 1x PBS, transfection was performed in conjunction with the 

psiCHECK-miR125b reporter using Lipofectamine 2000 or XtremeGENE siRNA transfection reagents to facilitate 

delivery into PC3 cells. C) Transfection of the MO/DNA duplexes with the miR-125b reporter with XtremeGENE 
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was repeated to verify the delivery method. D) Anti-miR-125b MO and complementary DNA duplexes were annealed 

in TE/Mg2+, then transfected using XtremeGENE. After 48 h, a dual luciferase assay was performed. Data are 

normalized to psiCHECK-miR125b for each transfection reagen represent the average ± standard deviation for three 

independent experiments. 

 

 

Next, we designed a series of four MO delivery probes with 12 or 14-base complementarity 

to miR-125b to determine if length or sequence (e.g., blocking the seed region) of the duplex would 

affect activity of the MO upon delivery into cells (Figure 5-14A). Additionally, the probes bore 

either a 10- or 20-nucleotide poly(A) sequence on the 5’-terminus. After annealing the MO to the 

DNA probes in TE/Mg2+ buffer, we attempted to transfect the duplexes using XtremeGENE 

transfection reagent. Unfortunately, regardless of placement or length of the probes, none of the 

MOs inhibited miR-125b in the reporter assay (Figure 5-14B). We hypothesized that lack of 

activity may be attributed to the type of reagent employed for transfection. As such, we attempted 

to deliver the MO/DNA duplexes using the partially ionized, weakly basic ethoxylated 

polyethylenimine (EPEI)852 ionic liposome-based delivery agent, Endo-Porter.853 Both have been 

previously utilized to deliver MOs into cells. While both reagents led to a modest increase in 

luminescence upon delivery of the anti-miR-125b MO/DNA duplexes relative to the plasmid 

alone, the control MO/DNA duplexes also showed an increase suggesting the improvements in 

activity are likely artifacts (Figure 5-14C).  
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Figure 5-14 Delivery of morpholinos with EPEI and Endo-Porter 

A) Schematic and sequences of alternative complementary DNA delivery strategy. The red region in the cartoon 

denotes the sequence complementary to the seed region of miR-125b. B) Anti-miR-125b MO and complementary 

DNA duplexes were annealed in TE/Mg2+ buffer, then transfected into PC3 cells in conjunction with the psiCHECK-

miR125b reporter using XtremeGENE. C) The psiCHECK-miR125b reporter and all oligonucleotides were delivered 

using Endo-Porter or ethoxylated polyethylenimine (EPEI) transfection reagents. After 48 h, a dual luciferase assay 

was performed. An anti-no tail (ntla) MO was used as a contol. Data are normalized to psiCHECK-miR125b for each 

transfection reagent and represent the average ± standard deviation for three independent experiments. 
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To further evaluate why there was no observable inhibition of miR-125b in the luciferase 

assay, we attempted to deliver a fluorescein isothiocyanate (FITC)-modified DNA or MO into PC3 

cells using XtremeGENE, EPEI or Endo-Porter. After 24 h, the FITC-labeled DNA was efficiently 

delivered using XtremeGENE, but no fluorescence was observed in conjunction with the EPEI or 

Endo-Porter reagent (Figure 5-15). Moreover, no fluorescence was observed for any of the 

conditions employed for the MO suggesting the lack of activity in the luciferase assay can be 

attributed to the failed delivery.  
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Figure 5-15 Delivery optimization of FITC-modified oligomers 

Fluorescein isothiocyanate (FITC)-modified DNA or MO oligomers were delivered into PC3 cells using 

XtremeGENE siRNA transfection reagent, ethoxylated ethylenimine (EPEI), or Endo-Porter. 20x magnification. 

EGFP (38HE filter; ex/em. = 470/525 nm) and brightfield-merged images are shown. Scale bars indicate 200 µm. 

 

 

In addition to inability to deliver the anti-miR-125b MO into mammalian cells, Luis 

Vazquez-Máldonado, a chemist in our laboratory, experienced difficulty in generating the cyclic 

cMO at concentrations amenable for zebrafish studies. We hypothesized that the high G content 

of the ant-miR-125b might give rise to undesirable secondary structures (e.g., G quadruplexes) 
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leading to insolubility of the MO. In order to circumvent this limitation, we selected another 

miRNA, miR-30e, as an alternative target. Similar to miR-125b, miR-30e has been implicated in 

mediating tumor growth and chemoresistance.854-856 Additionally, the miR-30 family has roles in 

organ and tissue development in humans.857 Moreover, miR-30 family members have been shown 

to regulate early muscle development in zebrafish,858 and miR-30 family miRNAs are functionally 

conserved across multiple species.47  

Similar to the miRNA reporters described previously, the miR-30e target sequence was 

inserted downstream of the Renilla luciferase gene in the 3’ UTR using a multi-cloning site in the 

psiCHECK-2 plasmid. When HeLa or MCF7 cells were co-transfected with the resultant 

psiCHECK-miR30e reporter, a ~6-fold increase was observed relative to negative control 

antagomir (Figure 5-16A), confirming the reporter could be utilized to investigate changes in miR-

30e activity. In light of the limitations observed with uptake of the MO/DNA duplexes, we decided 

to pursue alternative delivery methods. In an initial experiment, the miR-30e MO was conjugated 

to the HIV Tat cell-penetrating peptide (CPP). HeLa or MCF7 cells were transfected with the 

psiCHECK-miR30e reporter plasmid, then media was changed to normal growth media and cells 

were treated with the miR-30e-HIV Tat conjugate (2.5 µM). Cells were also treated with the CPP 

or MO and transfected with miR-30e antagomir or scrambled antagomir as controls. After 24 h, a 

dual luciferase assay was performed in order to evaluate activity. Unfortunately, while the miR-

30e antagomir was capable of eliciting an increase in luminescence in both cell lines (Figure 

5-16B), neither HeLa nor MCF7 cells responded to treatment with the MO suggesting either the 

MO was no efficiently delivered or did not inhibit function of miR-30e. To further elucidate the 

lack of activity, we conjugated the miR-30e MO to a FITC-labeled HIV Tat CPP to monitor uptake. 

After 48 h, weak fluorescence was observed for the CPP and the MO-CPP conjugate (Figure 
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5-16C). Unexpectedly, the miR-30e MO-CPP conjugate elicited a modest increase in 

luminescence relative to the MO or HIV Tat peptide alone as well as the miR-30e antagomir 

(Figure 5-16D), suggesting it was efficiently delivered and capable of inhibiting miRNA function.  

 

 

  

 

Figure 5-16 Evaluation of the miR-30e luciferase reporter 

A) Activity of the psiCHECK-miR30e reporter was validated by transfecting the construct into HeLa or MCF7 cells 

with an anti-miR-30e or scramble antagomir using XtremeGENE. After 48 h, a dual luciferase assay was performed. 

Data are normalized to psiCHECK-miR30e for each cell line and represent the average ± standard deviation for three 

independent experiments. B) The anti-miR-30e MO was conjugated to an HIV Tat peptide by Luis Vazquez-

Máldonado which was subsequently incubated with HeLa or MCF7 cells 24 h post-transfection with the psiCHECK-

miR30e reporter construct. Transfection of the reporter construct and anti-miR-30e or scramble antagomir were 
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carried out using XtremeGENE. After 24 h, a dual luciferase assay was performed. Data are normalized to psiCHECK-

miR30e + scramble antagomir for each cell line and represent the average ± standard deviation for three independent 

experiments. C) The psiCHECK-miR30e reporter construct was transfected into HeLa cells, then a fluorescein 

isothiocyanate (FITC)-modified HIV Tat CPP conjugated to the anti-miR-30e MO was added in fresh growth media 

to the cells. Cell uptake was evaluated after delivery for 48 h via fluorescence microscopy.  20x magnification. EGFP 

(38HE filter; ex/em. = 470/525 nm) and brightfield-merged images are shown. Scale bars indicate 200 µm. D) A dual 

luciferase assay was performed on HeLa cells transfected with the psiCHECK-miR30e reporter and incubated with 

the FITC-labeled MO-CPP conjugate. Data are normalized to psiCHECK-miR30e and represent the average ± 

standard deviation for two independent experiments. 

 

 

In order to improve consistency and delivery of the MO-CPP conjugates, we attempted to 

optimize delivery of the FITC-modified HIV Tat peptide. First, HeLa cells were incubated with 

fluorescent CPP at 2.5, 5, 10, or 25 µM in normal growth media supplemented with FBS for up to 

24 h, then imaged on a widefield microscope. Unfortunately, minimal FITC fluorescence was 

observed at concentrations below 25 µM, even after a 2 h incubation (Figure 5-17). Moreover, no 

fluorescence was observed at any concentration after 24 h incubation (data not shown). 

Importantly, presence of serum has been previously shown to inhibit uptake of CPPs.859  
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Figure 5-17 FITC-labeled HIV Tat CPP uptake studies in DMEM 

Fluorescein isothiocyanate (FITC)-modified HIV Tat synthesized by Yuta Naro was incubated for A) 1 h in DMEM 

containing 10% FBS or B) 2 h in DMEM containing 10% FBS. Uptake was evaluated via fluorescence microscopy at 

24 h post delivery. 20x magnification. EGFP (38HE filter; ex/em. = 470/525 nm) and brightfield-merged images are 

shown. Scale bars indicate 200 µm. 

 

 

As such, we attempted to deliver the HIV Tat CPP in serum-free OptiMEM for up to 24 h. 

A dose-dependent increase in fluorescence was observed in cells following 1 or 2 h incubation 

with serum-free media (Figure 5-18). Furthermore, FITC fluorescence was observable at 10 µM 

of the CPP and the fluorescence intensity following 2 h delivery at 25 µM was greater compared 

to delivery studies in DMEM, providing further support for the hypothesis that serum inhibits 
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delivery of the CPP. Similar to the delivery studies in DMEM, no fluorescence was observed after 

24 h, suggesting the peptide may have been exported from the cell. Due to the high concentration 

(25 µM) required to achieve near complete delivery of the HIV Tat peptide into cells, we decided 

to evaluate alternative CPPs.  

 

 

 

Figure 5-18 FITC-labeled HIV Tat CPP uptake studies in OptiMEM 

Fluorescein isothiocyanate (FITC)-modified HIV Tat synthesized by Yuta Naro was incubated for A) 1 h in serum-

free OptiMEM or B) 2 h in serum-free OptiMEM. Uptake was evaluated via fluorescence microscopy at 24 h post 

delivery. 20x magnification. EGFP (38HE filter; ex/em. = 470/525 nm) and brightfield-merged images are shown. 

Scale bars indicate 200 µm. 
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A poly-arginine peptide (R9) has been demonstrated to elicit more efficient uptake across 

multiple cell lines860 and has been successfully utilized for delivery of non-charged 

oligonucleotides.861-863 In light of these reports, we evaluated uptake of a FITC-labeled R9 peptide 

at 2.5, 5, or 10 µM in HeLa cells. Cells were incubated with the CPP for 4 h, then media was 

replaced to normal growth media. After 4 h delivery, fluorescence was observed for all four 

concentrations supporting the hypothesis that R9 displays enhanced uptake properties compared 

to HIV Tat (Figure 5-19A). At 24 h post-delivery, FITC was still visible at all concentrations, 

however, a decrease in fluorescence was observed, potentially due to exocytosis of the peptide 

from cells864 (Figure 5-19B). After confirming the R9 peptide could be efficiently delivered into 

HeLa cells, the CPP was conjugated to the anti-miR-30e MO. Subsequently, HeLa cells were 

transfected with psiCHECK-miR30e then media was replaced, and cells were allowed to recover 

overnight. The next day, the anti-miR-30e MO-R9 CPP conjugate was delivered into cells for 4 h. 

At 48 h post-delivery, a dual luciferase assay was performed to assess miR-30e function. While 

the miR-30e antagomir control elicited a 3-fold increase in relative luminescence, the anti-miR-

30e MO-R9 conjugate induced a modest 1.5-fold response relative to the psiCHECK-miR30e 

reporter (Figure 5-19C). The negative control antagomir and non-modified anti-miR-30e MO did 

not elicit an increase in luminescence. More concerningly, when we tried to repeat the assay with 

the inclusion of a conjugate consisting of an anti-'no tail' (ntla) MO and the same R9 CPP, the 

control MO conjugate elicited a similar response to the anti-miR-30e MO-R9 conjugate suggesting 

the increase in luminescence was non-specific (Figure 5-19D).  
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Figure 5-19 Delivery of miR-30e MO using the R9 CPP 

HeLa cells were incubated with a fluorescein isothiocyanate (FITC)-labled R9 peptide synthesized by Yuta Naro  at 

2.5, 5, or 10 µM for 4 h. Cells were then imaged A) immediately after media was changed or B) after 24 h. 20x 

magnification. EGFP (38HE filter; ex/em. = 470/525 nm) and brightfield-merged images are shown. Scale bars 

indicate 200 µm. C) HeLa cells were transfected with the psiCHECK-miR30e reporter as well as anti-miR-30e or 

scramble antagomir controls using XtremeGENE. Following transfection of the reporter, media was changed and cells 

were incubated with a miR-30e-R9 peptide conjugate generated by Luis Vazquez-Máldonado (miR-30e-R9 CPP; 10 

µM) for 4 h. A dual luciferase assay was performed at 48 h post-delivery. D) HeLa cells were transfected with the 

psiCHECK-miR30e reporter, then incubated with the miR-30e-R9 conjugate. An anti-no tail (ntla)-R9 conjugate was 

also delivered as a negative control. A dual luciferase assay was performed at 48 h post-delivery. Data are normalized 

to psiCHECK-miR30e and represent the average ± standard deviation for two independent experiments. 

 



 338 

In order to improve the dynamic range upon MO-mediated inhibition of miR-30e, we 

compared delivery of the anti-miR-30e MO-R9 CPP conjugate into HeLa cells at 10 and 25 µM. 

Interestingly, treatment with the anti-miR-30e MO-R9 CPP conjugate at 10 µM induced a ~3-fold 

increase in luminescence (half the response observed for the miR-30e antagomir), incubation with 

25 µM of the conjugate did not elicit a response (Figure 5-20A), likely due to toxicity at this 

concentration (Figure 5-20B). Due to the difficulty in attempting to deliver the MO into 

mammalian cells, we decided to move forward with evaluating miR-30e function with the 

luciferase reporter in zebrafish. 

 

  

 

Figure 5-20 Delivery optimization of miR-30e MO-R9 CPP 

A) HeLa cells were transfected with psiCHECK-miR30e using XtremeGENE. After 24 h, cells were incubated with 

anti-miR-30e MO-R9 CPP conjugate at 10 or 25 µM in fresh media for 4 h. A dual luciferase assay was performed at 

48 h post-delivery. Data are normalized to psiCHECK-miR30e and represent the average ± standard deviation for two 

independent experiments. B) Fluorescence images of cells were captured immediately after 4 h delivery of MO-CPP 

conjugates to verify uptake. 20x magnification. EGFP (38HE filter; ex/em. = 470/525 nm) and brightfield-merged 

images are shown. Scale bars indicate 200 µm. 
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First, the miR-30e reporter was cloned into a pCS2+ expression plasmid to enable 

generation of the corresponding mRNA transcript. Briefly, the Renilla luciferase gene and miR-

30e target sequence were PCR amplified from the psiCHECK-miR30e plasmid. The pCS2+ 

plasmid was digested with BamHI and EcoRI restriction enzymes, and subsequently the PCR-

amplified insert was ligated using T4 DNA ligase. The resultant pCS2-Rluc-miR30e reporter 

plasmid was verified by sequencing. In order to verify the plasmid was capable of detecting 

changes in miR-30e function, it was transfected into HeLa cells along with an antagomir. The miR-

30e antagomir (100 nM) elicited a 4-fold increase in luminescence confirming the reporter was 

responsive to miR-30e inhibition (Figure 5-21A). Next, the pCS2-Rluc-miR30e reporter was 

linearized using the NotI restriction enzyme and gel purified. The linearized plasmid was then used 

as a template for in vitro transcription using the mMessage mMachine SP6 kit and the 

corresponding transcript was purified via phenol/chloroform extraction. Simultaneously, we 

linearized and transcribed a pCS2+ reporter plasmid encoding Renilla luciferase with no miRNA 

target sequence as a control. Both transcripts elicited the expected bands via agarose gel 

electrophoresis (Figure 5-21B) and were given to Luis Vazquez-Máldonado for zebrafish studies. 

Subsequently, Luis injected 2 nl of miR-30e-Rluc mRNA (100 pg) with or without the anti-miR-

30e MO (10 µM) into zebrafish zygotes at the 1- to 2-cell stage. Zebrafish zygotes were incubated 

in E3 water (NaCl [5 mM], KCl [0.17 mM], CaCl2 [0.33 mM], MgSO4 [0.33 mM], 10-5% [w/v] of 

Methylene Blue) at 29 °C overnight. At 24 hpf, 10 embryos from each group were lysed and a 

Renilla Luciferase assay was performed. Unfortunately, no substantial increase in luminescence 

was observed upon incubation with the anti-miR-30e MO (Figure 5-21C) suggesting additional 

optimization was needed for zebrafish studies. 
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Figure 5-21 Preparation of miR-30e reporter mRNA for zebrafish injections 

A) After cloning the Renilla luciferase-miR-30e target site fragment into the pCS2+ backbone, the resultant pCS2+-

miR30e reporter was transfected into HeLa cells with 10 or 50 pmol of antagomir to verify activity. Data are 

normalized to pCS2+-miR30e and represent the average ± standard deviation for three independent experiments. B) 

The pCS2+-miR30e reporter or pCS2+-Renilla luciferase control plasmids were linearized and used as templates for 

SP6-mediated in vitro transcription. Resultant mRNA transcripts were analyzed via agarose gel electrophoresis. C) 

100 pg of miR-30e-Rluc mRNA was injected into zebrafish zygotes at the 1- or 2-cell stage in addition to the miR-

30e MO (10 µM). Renilla luciferase activity was evaluated at 24 hpf. Data represent the average ± standard deviation 

for two independent experiments and the experiment was performed by Luis Vazquez-Máldonado. 

 

5.3.2  Summary and Outlook 

In summary, we attempted to utilize two luciferase reporter constructs to evaluate MO 

mediated inhibition of miR-125b and miR-30e in mammalian cells. We determined that the anti-

miR-125b exhibited poor solubility, likely due to secondary structure formation, and led to 

synthetic difficulties in cyclization. Because MOs are non-charged, we evaluated a variety of 

delivery methods including annealing to complementary DNA and attempting to transfect the 
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resultant duplexes using multiple different transfection reagents as well as conjugation to two 

different cell penetrating peptides. Unfortunately, after multiple attempts to optimize delivery of 

the MOs we were unsuccessful and thus decided to continue evaluation of the anti-miR-30e MO 

in zebrafish. 

Future work should focus on confirming the MO is capable of inhibiting miR-30e using 

the pCS2-miR30e reporter construct as well as phenotypic assays in zebrafish. Once the linear MO 

has been shown to successfully inhibit miR-30e, the cyclized version should be generated. 

Subsequently, the cyclized MO should be evaluated in light irradiation experiments to enable 

spatial and temporal control of gene function in zebrafish. Additionally, it may be useful to perform 

in vitro translation experiments in lysate from mammalian cells known to overexpress miR-30e 

such as HeLa or MCF7 cells in order to evaluate activity of the anti-miR-30e MO.  

5.3.3  Materials and Methods 

Cell culture. Experiments performed using HeLa or MCF7 cell lines cultured in Dulbecco’s 

Modified Eagle Medium (DMEM; Gibco). Experiments performed using PC3 cells were cultured 

in F-12K media. Media was supplemented with 10% (v/v) Fetal Bovine Serum (FBS; Sigma-

Aldrich) and 1% (v/v) penicillin/streptomycin (VWR) and maintained at 37 °C in a 5% CO2 

atmosphere. Penicillin/streptomycin-free media was used for experiments. Cell line was used 

within passages 1-35 and was tested for mycoplasma contamination every three months. 

 

Preparation of DNA/morpholino duplexes. Complementary DNA was purchased from IDT or 

synthesized by Luis Vazquez-Máldonado. Morpholino oligomers were obtained from Gene-Tools. 

When a complementary DNA oligonucleotide was used for delivery of morpholino oligomers, 10 
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pmol of each (for delivery into a single well) was combined in 1x phosphate-buffered saline or 

TE/Mg2+ buffer (Tris-HCl [0.01 M; pH 8.0], EDTA [1 mM], MgCl2 [12.5 mM]) and annealed by 

heating the solution to 95 °C and cooling to 12 °C over 10 min in a thermal cycler. The reaction 

was scaled depending on the number of wells analyzed. After annealing, duplexes were added 

directly to 100 µl of media. After the time specified above, media was replaced with 200 µl of 

fresh P/S-free DMEM supplemented with 10% (v/v) FBS. The following day, media was removed, 

and cells were washed with 200 µl of sterile filtered 1x phosphate buffered saline (PBS). Media 

was then replaced with 100 µl of phenol red-free DMEM and imaged using the 20x LD Plan-

Apochromat objective and the EGFP filter set (38 HE) following protocol 6.2.5 on the Axio 

Observer Z1 microscope (Zeiss) using Zen 2.0 software.   

 

Construction of plasmids. See section 6.1 for detailed protocols of molecular biology techniques. 

The psiCHECK-miR30e reporter plasmid was generated by first digesting the psiCHECK-2 

plasmid (5 µg; Promega)  with NotI-HF (20 U; NEB) and XhoI (20 U; NEB) in a 100 µl reaction 

in CutSmart Buffer at 37 °C for 2 h, followed by Antarctic phosphatase (NEB) treatment at 37 °C 

for 1 h. The linear backbone was then separated via agarose gel electrophoresis (see protocol 6.1.8 

and purified using the E.Z.N.A. Gel Extraction kit (Omega Bio-tek). Insert DNA containing the 

miR-30e binding sites (miR-30e S and miR-30e AS) were purchased from Sigma-Aldrich (Table 

31) and 5’ phosphorylated with T4 polynucleotide kinase (PNK) at 50 µM (10 µl) followed by 

annealing in TE/Mg2+ buffer (Tris-HCl [0.01 M; pH 8.0], EDTA [1 mM], MgCl2 [12.5 mM]) by 

heating the solution to 95 °C and cooling to 12 °C on a thermal cycler (Bio-Rad). The inserts were 

subsequently ligated (0.5 µl of insert; 10 µl reaction) into the purified parent plasmid following 

protocol 6.1.4 The ligation product was then purified using the E.Z.N.A. Cycle Pure kit (Omega 
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Bio-tek) and transformed into chemically competent Top10 cells following protocol 6.1.5 The 

resultant construct was confirmed by Sanger Sequencing (Genewiz) using psiCHECK-fwd-seq 

(Table 31).   

 

Table 31 Sequences of primers used to generate the psiCHECK-miR30e reporter plasmid 

The miR-30e target site is underlined. 

 

name sequence (5’ -> 3’) 

miR-30e S TCGACCTTCCAGTCAAGGATGTTTACACTCGAGTAGC 

miR-30e AS GGCCGCTACTCGAGTGTAAACATCCTTGACTGGAAGG 

psiCHECK-fwd-seq GAGGGCGAGAAAATGGTGCTTGAG 

 

 

To generate the pCS2+-miR30e construct, the Renilla luciferase gene and miR-30e target 

site were first PCR amplified from the psiCHECK-miR30e construct using synthetic DNA primers 

(JHL_pCS2-Rluc-F and miR-30e AS) purchased from Sigma-Aldrich (Table 32) following 

protocol 6.1.1 The pCS2+ reporter plasmid was digested with BamHI-HF (20 U; NEB) and XhoI 

(20 U; NEB) in a 100 µl reaction in CutSmart Buffer at 37 °C for 2 h, followed by Antarctic 

phosphatase (NEB) treatment at 37 °C for 1 h. The linear backbone was then separated via agarose 

gel electrophoresis (see protocol 6.1.8 and purified using the E.Z.N.A. Gel Extraction kit (Omega 

Bio-tek). The PCR-amplified insert was purified using the E.Z.N.A. Cycle Pure kit (Omega Bio-

tek) and was used directly in the identical restriction digest to the parent plasmid. The digested 

insert was purified using the E.Z.N.A Cycle Pure kit and subsequently ligated (1 µl of insert; 10 

µl reaction) into the linear parent plasmid following protocol 6.1.4 The ligation product was then 
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transformed directly into Top10 cells following protocol 6.1.5 The sequence of the plasmid was 

confirmed by Sanger Sequencing (Genewiz) using the using psiCHECK-fwd-seq (Table 31).   

 

Table 32 Synthetic DNA primers for amplification of the Renilla luciferase-miR30e insert 

 

name sequence (5’ -> 3’) 

JHL_pCS2-Rluc-F TCTTTTTGCAGGATCCATGGCTTCCAAGGTGTACGACC 

miR-30e AS GGCCGCTACTCGAGTGTAAACATCCTTGACTGGAAGG 

 

 

Luciferase assays. Cells were seeded into white 96-well plates (Greiner) and transfected with the 

respective transfection reagent as described above. The cells were incubated for 48 h, then 

analyzed for Renilla and firefly luciferase expression with a Dual Luciferase Assay Kit (Promega, 

see protocol 6.2.13 if transfected with the psiCHECK-miR125b or -miR30e reporter. For the 

pCS2-miR30e reporter, cells were seeded into two plates such that a Renilla luciferase assay 

(Promega) was performed on one of the plates and an XTT cell viability assay was performed on 

the other plate. For the Renilla luciferase assay, growth media was removed from the cells and 20 

µl of 1x passive lysis buffer (1 ml of passive lysis buffer [supplied with the kit] in 4 ml of water). 

Subsequently, the cells were incubated with shaking at room temperature for 20 min. Then, the 

Renilla luciferase assay substrate (100x) was diluted to 1x in Renilla luciferase assay buffer (both 

supplied with the kit) generating the Renilla luciferase assay reagent. The Renilla luciferase assay 

reagent was prepared to a volume to enable addition of 100 µl of reagent per well. Luminescence 

for both the Dual luciferase assay and Renilla luciferase assay was measured on a microplate reader 

(Tecan M1000) with an integration time of 1 s and delay time of 5 s. 
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Luciferase assay analysis. Dual Luciferase Assays were analyzed as described below (see 

protocol 6.2.13 Briefly, Renilla luciferase values were divided by firefly luciferase values for each 

well. Then, averages and standard deviations for each treatment condition were calculated. Finally, 

averages and standard deviations were divided by the average relative luminescence for reporter 

plasmid alone.  

Renilla luciferase assay data were analyzed similarly to Bright-Glo assays described in 

protocol 6.2.14 Briefly, the average relative change in absorbance values from the XTT assay were 

calculated as described below. Then, the Renilla luciferase values for each well in a single 

treatment condition were divided by the average relative change in absorbance value 

corresponding to that treatment condition from the XTT assay generating ‘relative luminescence’ 

values. Once all luciferase data had been divided by the respective XTT assay data, the average 

and standard deviation of the relative luminescence values were calculated then divided by the 

average relative luminescence of the pCS2-miR30e reporter.  

 

Cell viability assays. HeLa cells were seeded at 10,000 cells/well (total media volume of 200 

μl/well)  in a white, clear-bottom, 96-well plate (Greiner). Following an overnight incubation, cells 

were transfected as described above in triplicate. After 48 h, an XTT assay was performed 

(GoldBio or Roche, see XTT assay protocol 6.2.16 .522,523 Briefly, activated XTT reagent was 

added to each well. Absorbance was measured at 450 nm and 630 nm (background) after initial 

addition (Abs-tinital) of the reagent, then incubated at 37 °C in a 5% CO2 atmosphere for 4 hours, 

followed by measurement of end-point absorbance (Abs-tfinal) on a Tecan M1000 plate reader. 
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Following background subtraction of the absorbance measurements at 630 nm, the difference in 

the Abs-tinital and Abs-tfinal at 450 nm absorbance measurements was calculated.  

 

In vitro transcription. In vitro transcription of the Renilla luciferase-miR30e reporter mRNA was 

performed using the mMessage mMachine SP6 Transcription kit (Thermo-Fisher Scientific) 

following the manufacturer’s protocol. Briefly, 2 µg of the pCS2+-miR30e were digested with 

NotI-HF (2 U; NEB) in a 100 µl reaction (see protocol 6.1.3 After heat inactivation, the linear 

backbone was purified using the E.Z.N.A. Cycle Pure kit (Omega Bio-tek). Then, 1 µg of the 

template was added to a reaction mix consisting of 10 µl of NTP/CAP (2x), 2 µl of reaction buffer 

(10x), 2 µl of enzyme mix and up to 20 µl of nuclease-free water. The reaction was incubated at 

37 °C for 6 h, then purified via phenol:chloroform extraction followed by ethanol precipitation. 

Briefly, 115 µl of nuclease-free water and 15 µl of ammonium acetate stop solution (supplied with 

the mMessage mMachine kit) were added to the reaction and mixed. Subsequently, 100 µl of 

QIAzol lysis reagent (QIAGEN) and 50 µl of chloroform was added and the solution was mixed 

by inversion. Two layers formed (organic and water) and the solution was centrifuged at 4 °C and 

12,000 g for 15 min. The top water layer was removed and the organic layer was discarded. To the 

water layer was added 2 µl of glycogen (20 mg/ml), 10 µl of sodium acetate (3 M), 10 µl of 

magnesium chloride (0.1 M), 10 µl of lithium chloride (8 M), and 300 µl of pre-cooled ethanol. 

The resultant solution was incubated at -80 °C for 1 h, then centrifuged at 4 °C and 16,110 g for 

30 min. Subsequently, the supernatant was removed and the RNA pellet was washed with 500 µl 

of ethanol (70% [v/v] in water), followed by centrifugation at 4 °C and 16,110 g for 30 min. The 

supernatant was again removed and the pellet was allowed to dry before resuspension in 50 µl of 
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autoclaved nuclease-free Milli-Q water. To verify the product, 5 µl of the RNA was analyzed via 

0.8 % (w/v) agarose gel electrophoresis following protocol 6.1.8  

5.4 Cellular Delivery of Oligonucleotides 

While nucleic acids have garnered increasing attention in the way of clinical applications 

as well as for their utility in studying biological processes,185,865,866 maximizing stability and 

cellular delivery remains a challenge. Additionally, distribution of oligonucleotides within the 

appropriate tissues and intracellular compartments to achieve high efficacy and limit exposure to 

other tissues and off-target effects need to be considered.867 In general, all nucleic acids whether 

‘free’, conjugated, or encapsulated in nanocarriers are internalized via endocytosis and 

subsequently trafficked through membrane-bound intracellular compartments.868 Thus, improving 

efficacy of oligonucleotides relies on enhancing their uptake, lifetime (the half-life of single-

stranded RNA in plasma is ~5 min),869 and endosomal release. As such, several delivery systems 

have been developed in order to attempt to optimize these parameters.867  

For example, among the most widely used oligonucleotide delivery system for negatively 

charged nucleic acids are cationic liposomes for encapsulation.870 The cationic lipid consists of a 

hydrophobic chain and a cationic head that interacts with anionic oligonucleotides. Additionally, 

liposomes can be comprised of monovalent or multivalent lipids, where multivalent lipids are 

generally considered more ideal for high transfection efficiency.871 While the cationic head is 

necessary for electrostatic interaction, the alkyl chain is important for cellular uptake and 

endosomal escape of the liposomes.872 Furthermore, many cationic liposomes have been modified 

with polyethylene glycol (PEG) in order to improve lifetime of the liposomes in serum and reduce 
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cytotoxicity and adsorption of serum proteins.873 Neutral liposomes have also been developed, 

however they are more frequently utilized as an adjuvant phospholipid in cationic liposomes 

because while they exhibit good biocompatibility and pharmacokinetic properties, they are less 

efficient at encapsulation of nucleic acids.872 pH-sensitive ionizable liposomes capable of 

protonation or deprotonation depending on environment acidity have also been employed for 

oligonucleotide delivery. Ionizable liposomes are comprised of amino lipids with ionizable amine 

head groups and are ideal nanocarriers because they exhibit a positive charge for loading of the 

nucleic acid molecule, lose their charge after administration, and regain their positive charge once 

inside endosomes to facilitate release.870 The key limitations to utilizing nanoparticles as delivery 

vessels include: 1) potential toxicity due to accumulation of carrier material and 2) limited 

biodistribution due to their large size (diameter ~100 nm).867 

In contrast to lipid nanoparticle delivery systems that function by encapsulation of nucleic 

acids, several approaches in which the carrier is directly conjugated to the oligonucleotide have 

also been developed. Direct conjugation methods are advantageous for a number of reasons. For 

example, while nanoparticles are heterogeneous in size and composition, molecular conjugates 

often have a defined identity and structure. Additionally, smaller molecular conjugates are capable 

of improving biodistribution compared to lipid nanoparticles. Furthermore, direct conjugation of 

a ligand to a nucleic acid molecule may enable greater specificity. For example, a variety of 

targeted ligands capable of delivering oligonucleotides to a particular cell type or intracellular 

compartment including aptamers,874-877 antibodies,878-880 and glycoconjugates.229,881-883 Despite 

their advantages, it’s worth noting that there are a few limitations to the direct conjugation 

approach including: 1) rapid renal clearance; 2) limited copies of the oligonucleotide ‘payload’; 

and 3) lack of protection from nucleases.867 Moreover, direct conjugation requires a covalent bond 
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between the delivery agent and the nucleic acid which can impede activity, though several 

strategies have also been employed to disrupt the interaction once the conjugates are 

internalized.884-886 In spite of these limitations, conjugation of cell-penetrating peptides (CPPs) 

remains among the most common methodologies for delivering oligonucleotides into cells in 

addition to drugs, peptides, and proteins.867 CPPs consist of polycationic sequences—in some 

cases including amphipathic sequences to promote endosomal escape—and can vary in length.  

Additionally, CPPs can be incorporated into an oligonucleotide during synthesis or post-

synthetically conjugated using a maleimide, disulfide, or amide linkage or via click chemistry.887 

Taken together, several strategies have been developed in order to optimize delivery of 

oligonucleotides. Combined with chemical modifications to improve nuclease-resistance and 

thermostability of nucleic acids, these methods have enabled improved therapeutics and tools for 

investigation of biological processes. Among the more promising recent advancements in the field 

of modified oligonucleotides has been the development of γ-(peptide nucleic acids) PNAs. 

However, delivery of these novel biological tools has proved to be troublesome due to their non-

charged backbone and as such, we sought to develop a methodology to overcome this limitation.  

5.4.1  Delivery of γ-Peptide Nucleic Acids (PNAs) into Mammalian Cells 

As described above (Section 1.2.2 γPNAs are non-charged nucleic acid analogs and 

promising alternatives to current oligonucleotide-based approaches to perturbing nucleic acid 

function in biological systems because they are resistant to nuclease cleavage and possess a high 

binding affinity to their complementary RNA sequence.888,889 However, γPNAs are limited by poor 

cell permeability and, due to a lack of negative charge, an inability to transfect them into 

mammalian cells. Previous work has demonstrated that poly(lactic-co-glycolic acid) (PLGA 
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nanoparticles are capable of efficiently cellular delivery of γPNAs.888,890 For example, injection of 

a 22-mer γPNA encapsulated in PLGA nanoparticles in a human tumor xenograft in mice led 

reduced cell proliferation and induction of necrosis and fibrosis.214 In light of these successes, we 

sought to establish a system for delivery of γPNAs into mammalian cells based on methods 

established in the literature for the delivery of PNAs and other non-charged 

oligonucleotides.851,853,891 Furthermore, we hypothesized that like the ‘tiny LNAs’ described 

above, 193 we could inhibit function of an oligonucleotide using a minimal sequence. Because of 

their increased binding affinity, shorter γPNAs could be utilized to target mRNA splice sites and 

miRNAs. We employed an anti-miR-122 and splice switching oligonucleotide (SSO) γPNA 

sequence as proofs-of-concept.  

5.4.1.1 Amphiphilic Peptide Reagent 

Amphiphilic peptides are characterized as having a hydrophobic tail and hydrophilic head 

and have been routinely utilized as nanocarriers and nanostructures for a variety of applications.892 

They are advantageous for use in biological systems for a number of reasons including: 1) prone 

to self-assembly due to hydrophobic interactions; 2) simplistic design; and 3) biocompatibility. 

Importantly, amphiphilic peptides have been used to successfully delivery PNAs across a cell 

membrane.893 As such, we hypothesized that Endo-Porter,853 a commercially available amphiphilic 

peptide reagent used to deliver non-ionic oligomers (specifically morpholinos), could be employed 

to deliver γPNAs into cells via endocytosis.  

In order to test this hypothesis, we utilized the previously developed Huh7 cell line stably 

expressing a luciferase-based reporter for monitoring changes in miR-122 function in cells (Huh7-

miR122).413 Because of the successes of targeting miRNA seed regions with an 8-mer tiny LNA894 

and due to the enhanced binding affinity of γPNAs,895 we hypothesized that an 8-mer γPNA 
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complementary to the seed region of miR-122 will be capable of inhibiting binding of the miRNA 

to its mRNA target with significant potency.  As such, we designed ‘anti-miR2’ as an 8 nucleotide 

miniPEG γPNA (Figure 5-22; Table 33) to target the seed region of miR-122 and evaluated its 

function upon Endo-Porter-mediated delivery into Huh7-miR122 cells using a luciferase assay. 

Briefly, increasing concentrations of the γPNA were combined with Endo-Porter (6 µM final 

concentration) in growth media and added to cells. A full length anti-miR-122 or scramble 

antagomir (Table 33) were transfected as controls using XtremeGENE transfection reagent. 

Luciferase expression was analyzed via a Dual Luciferase assay after 48 h. A 4-fold increase in 

luminescence was observed following transfection of the anti-miR-122 antagomir, but no increase 

was observed with the scramble antagomir, confirming the reporter is adequate for detecting miR-

122-specific inhibition (Figure 5-22). Unfortunately, no inhibition was observed upon delivery of 

the γPNA. We hypothesized that lack of function could be attributed to two reasons: 1) the short 

γPNA is not being efficiently delivered into cells; and 2) the shortened γPNA sequence is not 

sufficient for blocking miRNA function. In light of these results, we decided to pursue alternative 

delivery strategies. 
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Figure 5-22 Evaluation of miniPEG γPNA delivery into a miR-122 reporter cell line 

A) Chemical structure of a γPNA subunit wherein a mini-polyethylene glycol (PEG) linkage is functionalized to the 

γ-carbon. B) Huh7-miR122 stable cells were transfected with miR-122 antagomir or scramble antagomir using 

XtremeGENE siRNA transfection reagent. Cells were also incubated with an 8-mer γPNA alone or in the presence of 

Endo-Porter amphipathic peptide-based delivery reagent. After 48 h, a Dual Luciferase assay was performed. Data 

are normalized to Huh7-miR122 plus scramble antagomir and represent the average ± standard deviation for three 

independent experiments. 

 

 

Table 33 Sequences for antimiR2 γPNA and antagomirs and structure of a miniPEG γPNA subunit 

γPNAs were synthesized by PNA Innovations. 

 

 

 

name description sequence (5’ -> 3’) 

anti-miR2 miniPEG γPNA CACACTCC 

miR-122 antagomir 2’OMe/PS RNA  CAAACACCAUUGUCACACUCCA 

scramble antagomir 2’OMe/PS RNA  AGUACUGCUUACGAUACGGUU 
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5.4.1.2 Cyclic CPP-γPNA Chimeras 

Protein splicing is an important cellular process, as alternative splicing pathways enhance 

protein diversity896 which in turn affects binding properties, intracellular localization, enzymatic 

activity, and posttranslational modifications of proteins.897  It has been estimated that ~95% of 

genes in humans undergo alternative splicing.898 As such, dysregulation of alternative splicing has 

been implicated in disease development.899 Splice-switching oligonucleotides (SSOs) hybridize to 

the pre-mRNA in a sequence-specific manner, preventing interaction with the spliceosome and 

ultimately altering the splicing pathway. Our laboratory previously reported the use of caged SSOs 

in mammalian cells to optically trigger an OFF/ON fluorescent response due to splice-correction 

of an EGFP gene.791 We hypothesized that γPNAs could be used to direct alternative splicing and, 

analogous to the anti-miR-122 oligonucleotide, shorter oligonucleotide sequences could be 

utilized and still achieve biological function. As in these previous studies, we employed the β-

globin intron 1 as a proof-of-principle target, because it contains an aberrant splice site that can be 

corrected with SSOs. An enhanced green fluorescent protein (EGFP) gene interrupted by the 

mutant β-globin intron is stably expressed in a previously developed HeLa cell line 

(HeLa:EGFP654).900 As an alternative to covalently attaching a CPP to an oligonucleotide, 

Armitage and co-workers recently demonstrated the use of a transactivator of transcription (TAT) 

CPP hairpin bearing a 6 nucleotide γPNA overhang to deliver proteins and DNA nanostructures 

into cells.901 Use of the hairpin CPP afforded enhanced transduction efficiency compared to the 

linear CPP as well as a modular approach to delivery of nucleic acids without the need for 

potentially cumbersome chemical conjugation methods. We decided to utilize the TAT hairpin 

CPP to attempt to deliver SSO γPNAs into cells.  
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Similar to the anti-miR2 γPNA experiment described above, a 2’-O-methyl- and 

phosphorothioate-modified RNA SSO was used as a positive control (Table 34). A FITC-labeled 

γPNA was employed as a control for cellular uptake. In addition to the FITC-labeled γPNA, a 2’-

O-Me- and PS-modified RNA SSO bearing a 6-nucleotide toehold sequence (SSO-toehold) was 

designed such that it could be hybridized to the cyclic TAT CPP (Figure 5-23A). The hairpin CPP 

was annealed to FITC-labeled γPNA or SSO toehold at 1:1 ratio in PBS buffer then diluted to a 

final concentration of 200 nM in growth media then added directly to HeLa:EGFP654 cells. After 

4 or 12 h, media was replaced with fresh growth media. Cells treated with the FITC-labeled γPNA 

were imaged via fluorescence microscopy immediately after the media change, but unfortunately, 

no FITC fluorescence was observed suggesting the γPNA was not adequately delivered (Figure 

5-23A). All cells were imaged the following day for EGFP fluorescence. Consistent with the lack 

of FITC fluorescence, minimal EGFP fluorescence was observed following attempted delivery of 

SSO-toehold (Figure 5-23B). We hypothesized that poor delivery could either be attributed to 

incomplete hybridization of the hairpin CPP to the oligonucleotides or inefficient delivery 

mediated by the CPP. In order to further elucidate the lack of EGFP fluorescence, SSO-toehold as 

well as an SSO not bearing the toehold were transiently transfected into HeLa:EGFP654 cells 

using XtremeGENE. Transfection of the SSO-toehold led to fewer fluorescent cells compared to 

the SSO control sequence (Figure 5-23B), suggesting the toehold inhibits splice switching activity 

of the SSO.  
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Table 34 Sequences for RNA splice-switching oligonucleotides (SSOs)  

Toehold sequence is underlined 

 

name description sequence (5’ -> 3’) 

SSO 
2’OMe, PS-modified EGFP654 

SSO RNA 
GUUAUUCUUUAGAAUGGUGC 

SSO 

(toehold) 

2’OMe RNA with 6 nt toehold 

for binding to hairpin CPP 
AUUGGGGUUAUUCUUUAGAAUGGUGC 

 

 

 

 

Figure 5-23 Delivery of SSO mediated by cyclic HIV TAT CPP chimera 

A) Design of the RNA splice-switching oligonucleotide (SSO) with 6 nucleotide overhang for annealing to the 

complementary γPNA overhang of the cyclic HIV TAT cell-penetrating peptide (CPP) chimera. The cyclic CPP was 

annealed to a FITC-labeled control γPNA and delivered into HeLa:EGFP654 cells for 4 or 12 h, then imaged via 

microscopy immediately after. B) The SSO (toehold) was annnealed to the cyclic CPP and incubated with 
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HeLa:EGFP654 cells for 4 h, then imaged the following day. The SSO and SSO (toehold) were transfected using 

XtremeGENE siRNA transfection reagent as a control and visualized via microscopy the following day. 20x 

magnification. EGFP (38HE filter; ex/em. = 470/525 nm) and brightfield-merged images are shown. Scale bars 

indicate 200 µm. 

 

5.4.1.3 Linear CPP-mediated Delivery of γPNA 

As an alternative to the hairpin CPP described above, arginine-rich peptides such as 

R/W(9)902 can be conjugated to PNAs and have been shown to effectively deliver uncharged 

nucleic acids into cells due to their positive charge. Because an TAMRA and azide-modified SSO 

γPNA can be readily synthesized, an N-terminal alkyne-modified R/W(9) peptide was synthesized 

for conjugation via click reaction. Utilizing the full length SSO sequence (SSO1) or truncated SSO 

sequences flanking the splice site (SSO2 and SSO3), γPNAs (Table 35) were coupled to the 

corresponding R/W(9) peptide overnight using a 10-fold excess of the CPP in 50:50 

triethylammonium acetate (TEAA) buffer/DMSO with the addition of copper sulfate pentahydrate 

and tris(1-benzyl-4-triazolyl)methylamine (TBTA) (Figure 5-24).141 After the conjugation, 

reactions were purified via acetone precipitation, then purity and identity were confirmed by 

reverse phase HPLC and MALDI, respectively. All of the SSO γPNAs were conjugated to the CPP 

and were obtained in ~50% yield. 
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Table 35 Sequences of SSO γPNAs 

 

name description Sequence (N -> C) 

SSO1 full-length EGFP654 SSO 
TAMRA-

PEG2Lys(N3)GTTATTCTTTAGAATGGTGC 

SSO2 truncated EGFP654 SSO TAMRA-PEG2Lys(N3)TATTCTTTAGAATGG 

SSO3 truncated EGFP654 SSO TAMRA-PEG2Lys(N3)TCTTTAGAAT 

 

 

 

 

Figure 5-24 Click reaction with azido-modified γPNAs and alkyne-modified HIV TAT CPP 

 

 

In order to evaluate delivery of the γPNAs, we attempted to deliver the SSO1, SSO2, and 

SSO3 γPNA-R/W(9) conjugates into HeLa:EGFP654. Briefly, 500 nM or 2 µM non-conjugated 

γPNA or γPNA-CPP conjugates were added to HeLa:EGFP654 cells in serum-free media for 4 

h.903 After the initial incubation, cells were supplemented with additional growth media for 48 h. 

Then, cells were washed with PBS to remove excess fluorescent γPNA and fixed with 

formaldehyde. EGFP expression was monitored via fluorescence microscopy post-delivery. The 

2’-O-methyl- and PS-modified SSO was transfected as a control.791 As expected, transfection of 

the RNA SSO resulted in alternative splicing and subsequent EGFP expression, though at 
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moderate levels (Figure 5-25A). TAMRA fluorescence was observed for the conjugates at 500 nM 

(Figure 5-25B) and 2 µM (Figure 5-25C) as expected, indicating efficient delivery into cells. 

Unfortunately, no EGFP fluorescence was observed upon treatment with the γPNA. Because 

transfection of the RNA SSO led to reduced EGFP expression compared to previous reports,901,904-

906 the lack of EGFP fluorescence observed upon delivery of the γPNA may be a result of reduced 

overall expression of the reporter.  
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Figure 5-25 Delivery of γPNA SSO-R/W(9) CPP conjugates into HeLa:EGFP654 cells 

A) RNA SSO was transfected into cells using XtremeGENE siRNA transfection reagent. HeLa:EGFP654 cells were 

incubated with γPNA SSO-R/W(9) CPP conjugates in serum-free OptiMEM at B) 500 nM or C) 2 µM for 4 h. Cells 
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were imaged in the TAMRA channel to monitor uptake and EGFP channel to monitor splice switching after 48 h via 

fluorescence microscopy. 20x magnification. EGFP (38HE filter; ex/em. = 470/525 nm), mCherry (43HE filter; ex/em. 

= 550/605 nm), and brightfield-merged images are shown. Scale bars indicate 200 µm. 

 

 

The Juliano laboratory907 and others have reported the use of small molecule enhancers of 

oligonucleotide function that allow efficient delivery of oligonucleotides into cells in the absence 

of transfection reagent and also release them from late stage endosomes in order to interact with 

their target. We hypothesized that a similar approach could be employed to overcome poor activity 

of the γPNA-CPP conjugate. In order to test this hypothesis, we simultaneously delivered the 

conjugate and treated cells with a common small molecule enhancer of oligonucleotide function, 

chloroquine,908 at 10 µM.  Following transfection of the RNA SSO control and subsequent 

treatment with chloroquine, more EGFP fluorescence was observed than in the absence of 

chloroquine (Figure 5-26A), suggesting the small molecule was capable of improving SSO 

function by inducing endosomal escape. Addition of chloroquine also improved delivery of the 

γPNA-CPP conjugates at 500 nM to a minor extent as shown by increased TAMRA fluorescence 

(Figure 5-26B); however, EGFP fluorescence was still not observed. Similar results were observed 

upon delivery of the γPNA-CPP conjugates at 2 µM accompanied by an increase in TAMRA 

fluorescence relative to conjugate delivery at 500 nM (Figure 5-26C). Moreover, incubation of the 

R/W(9) peptide followed by treatment with chloroquine led to an increase in toxicity of the 

HeLa:EGFP654 cells (Figure 5-26D). In spite of chloroquine addition, the γPNA-CPP conjugates 

appear to be unable to access the target mRNA transcript. Because alternative splicing occurs 

within the nucleus,909 we hypothesize that cytoplasmic localization of the conjugates may be one 

factor in preventing splice-switching via the γPNA-CPP. 
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Figure 5-26 Delivery of γPNA SSO-R/W(9) CPP conjugates with chloroquine into HeLa:EGFP654 cells 

A) RNA SSO was transfected into cells using XtremeGENE siRNA transfection reagent or HeLa:EGFP654 cells were 

incubated with γPNA SSO-R/W(9) CPP conjugates in serum-free OptiMEM at B) 500 nM or C) 2 µM for 4 h. Cells 
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were imaged in the TAMRA channel to monitor uptake of the γPNA and EGFP channel to monitor splice switching 

after 48 h via fluorescence microscopy. D) HeLa:EGFP654 cells were incubated with CPP alone at 500 nM or 2 µM 

for 4 h as a control to assess toxicity. In all conditions, chloroquine (10 µM) was added immediately after 4 h 

transfection or incubation with oligonucleotide or peptide. 20x magnification. EGFP (38HE filter; ex/em. = 470/525 

nm), mCherry (43HE filter; ex/em. = 550/605 nm), and brightfield-merged images are shown. Scale bars indicate 200 

µm. 

 

5.4.2  Summary and Outlook 

Taken together, γPNAs are novel oligonucleotide tools for probing biological systems, but 

their efficacy in cells and animals is hindered by poor uptake properties. Establishment of 

generalizable methods for adapting γPNAs to existing nucleic acid devices will greatly expand 

their utility. While formulation of cationic nanoparticles has seen some success in literature, 

attempts to employ an amphipathic peptide-based delivery reagent was not sufficient to improve 

cell uptake of γPNAs. Additionally, a strategy to deliver the γPNAs through attachment to a short 

hairpin CPP was also unsuccessful. Finally, direct conjugation to an R/W(9) peptide was the most 

promising in terms of cell uptake, however, once inside the cells the γPNAs failed to induce the 

expected activity suggesting further optimization is required. 

In order to overcome the pitfalls encountered thus far in delivery of the γPNAs, future work 

should focus on trying to determine the source of functional inhibition of the SSOs as well as 

adapting alternative strategies for delivery of the nucleic acids into cells. For example, the RNA 

SSO should be conjugated to the R/W(9) CPP. We hypothesize that another reason we didn’t 

observe splice switching upon delivery of the γPNA is that the CPP is inhibiting hybridization to 

the mRNA transcript. Conjugation of the CPP to the established RNA SSO, known to direct 



 363 

alternative splicing, will serve as an adequate control experiment. Alternatively, it’s possible that 

γPNAs are incapable of directing alternative splicing. Since tiny LNAs have been shown to 

effectively inhibit miRNA function by targeting the 8-mer seed region,910 it may be more 

promising to try to optimize delivery of ‘tiny γPNAs’ that target miRNAs. Delivery of the anti-

miR-122 γPNAs into the Huh7-miR122 stable cell line would also enable a more quantitative 

readout as opposed to the more qualitative fluorescence microscopy experiment. In order to re-

evaluate anti-miR-122 γPNAs, the full length (22-mer) anti-miR-122 and seed-targeting (8-mer) 

anti-miR-122 γPNAs should be synthesized with an azido-lysine and TAMRA incorporated at the 

N-terminus. This will enable us to conjugate the anti-miR-122 γPNAs to a CPP if required for 

delivery and monitor uptake using fluorescence microscopy. Finally, guanidinium γPNAs have 

been shown to be readily taken up by cells with similar uptake efficiency to PNA-CPP 

conjugates911 in the absence of a delivery peptide or alternative delivery reagent. Furthermore, 

guanidinium γPNAs display enhanced binding affinity to complementary DNA similar to 

miniPEG γPNAs suggesting they may exhibit potent biological function. 

5.4.3  Materials and Methods 

Cell culture. Experiments performed using HeLa:EGFP654 cell line cultured in Dulbecco’s 

Modified Eagle Medium (DMEM; Gibco). Huh7-miR122 cells were cultured in DMEM 

supplemented with 500 µg/ml G418. Media was supplemented with 10% (v/v) Fetal Bovine Serum 

(FBS; Sigma-Aldrich) and 1% (v/v) penicillin/streptomycin (VWR) and maintained at 37 °C in a 

5% CO2 atmosphere. Penicillin/streptomycin-free media was used for experiments. Cell lines were 

used within passages 1-35 and was tested for mycoplasma contamination every three months. 
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Endo-Porter delivery. For Endo-Porter-mediated delivery of anti-miR2, Huh7-miR122 cells 

were seeded at 15,000 cells per well in a white 96-well plate (Greiner). The following day, the 

γPNA was added at a final concentration of 10, 50, 100, 300, or 1000 nM to 50 µl of P/S-free 

DMEM growth media supplemented with 10% (v/v) FBS. For conditions in which Endo-Porter 

was utilized, the delivery reagent (Gene-Tools; 1 mM) was added to 50 µl of P/S-free DMEM 

growth media supplemented with 10% (v/v) FBS to a final concentration of 12 µM. Media was 

removed from cells. Then, the Endo-Porter and γPNA solutions were mixed to a final volume of 

100 µl and added directly to cells without additional incubation. In parallel, anti-miR-122 or 

scramble antagomir were transfected at the same concentrations using XtremeGENE siRNA 

transfection reagent (Roche) following protocol 6.2.3.2 below. Briefly, RNA and 0.8 µl per well 

of XtremeGENE siRNA transfection reagent were incubated in OptiMEM for 20 min, then added 

directly for cells. After a 4 h transfection, transfection media was removed and replaced with P/S-

free DMEM supplemented with 10% (v/v) FBS. In both cases, cells were treated with 

oligonucleotide in triplicate. After 48 h, media was removed, cells were lysed in passive lysis 

buffer, and the Dual Luciferase assay (Promega; see protocol 6.2.13 was used to quantify luciferase 

activity. Renilla luciferase data were normalized to firefly luciferase data and set relative to DMSO 

control.  

 

Cyclic CPP-γPNA chimera-mediated delivery. For cyclic CPP-γPNA chimera-mediated 

delivery of the FITC-labeled γPNA control or RNA SSO, HeLa:EGFP654 cells were seeded at 

10,000 cells per well in a black 96-well plate (Greiner). The following day, γPNA and cyclic CPP 

were hybridized at 1:1 ratio (300 nM each) in 1x phosphate-buffered saline (PBS) buffer and 

annealed by heating to 95 °C and cooling to 12 °C over 10 minutes in a thermal cycler (Bio-Rad). 
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After annealing, the reaction mix was diluted to a final concentration of 20 nM in 200 µl of P/S-

free DMEM growth media supplemented with 10% (v/v) FBS. Subsequently, delivery mix was 

added directly to cells and cells were treated in triplicate. Cells were incubated for 4 h or 16 h at 

37 °C and then media was replaced. In both cases, cells were imaged 16 h after initial addition of 

the delivery mix on an Axio Observer Z1 microscope (Zeiss) using the EGFP filter cube and 20x 

Plan-Apochromat objective as described below (see protocol 6.2.5  Prior to imaging, cells were 

washed with 1x PBS and media was replaced with phenol-red free DMEM. 

 

Click conjugation of R/W(9) peptide and SSO γPNAs. The R/W(9) CPP (H-

XRRRRRRRRRW-CONH2; X = 4-pentynoic acid) was synthesized by Yuta Naro. The TAMRA- 

and azido-modified γPNA SSOs 1, 2, and 3 (Table 35) were obtained from PNA Innovations, Inc. 

(Pittsburgh, PA). The γPNAs (1 mM; 4 µl) were combined with 10 µl of triethylammonium acetate 

buffer (TEAA; 2 M; 2.78 ml of triethylamine, 1.14 ml of acetic acid, water to 10 ml; pH 7.0) in 50 

µl of DMSO and 13 µl of water in a 6 dram glass vial and vortexed. Subsequently, the R/W(9) 

CPP (5 mM; 8 µl) and 10 µl of ascorbic acid (5 mM; 18 mg of ascorbic acid dissolved in 20 ml of 

distilled water; prepared fresh) was added to the solution and vortexed briefly. A septum was 

placed on the top of the vial and nitrogen gas was bubbled into the solution for 30 s from a balloon 

to degas. Subsequently, 5 µl of 10 mM copper (II)-tris(benzyltriazolylmethyl)amine (TBTA) (50 

mg of copper (II) sulfate pentahydrate in 10 ml of distilled water added to 116 mg of TBTA in 11 

ml of DMSO) was added to the mixture. The vial was again degassed for 30 s with a nitrogen 

balloon, then the septum was replaced. The reaction was left on a benchtop at room temperature 

overnight. After the conjugation, reactions were purified via acetone precipitation. Briefly, 4 

volumes of acetone (100 µl) was added to the reaction, then incubated at -20 °C for 20 min. The 
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reaction was transferred to a clean 1.7 ml Eppendorf tube and centrifuged at 16,110 g for 10 min. 

The supernatant was discarded and the pellet was washed with 2 ml of acetone, followed by 

centrifugation at 16,110 g for 10 min. The supernatant was discarded and the pellet was allowed 

to air dry for ~1 h before being resuspended in 50 µl of nuclease-free water and stored at room 

temperature. Conjugates were obtained in ~90-95% yield. Purity and identity were confirmed by 

reverse phase HPLC (Figure 5-27) and MALDI (Figure 5-28), respectively. HPLC was performed 

on an Agilent 1200 series HPLC system using an ACE Equivalence C18 column (part# EQV-

3C18-1046). Samples were injected at a flow rate of 1 ml/min using a gradient of 5 – 95% 

acetonitrile/0.1% TFA over 30 min. γPNA SSO-CPP conjugates were observed at 545 nm with a 

retention time of ~12 min.  
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Figure 5-27 HPLC analysis of γPNA-CPP conjugates. 

Conjugates were evaluated at 1 µM in in water on a Shimadzu LC-20AD monitored at 545 nm. 
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Figure 5-28 MALDI analysis of γPNA-CPP conjugates. 

Conjugates were evaluated at 1 µM in α-cyano-4-hydroxycinnamic acid matrix on a Bruker Daltonics UltrafleXtreme 

MALDI TOF-TOF. 
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Delivery of linear R/W(9) peptide-SSO γPNA conjugates. After confirming purity and identify 

of the conjugates, delivery and function of the SSO γPNA-CPPs was evaluated in the 

HeLa:EGFP654 cell line. Cells were seeded at 10,000 cells per well in a black 96-well plate 

(Greiner). The following day, γPNA and γPNA-CPP conjugates were diluted in 200 µl of P/S-free 

DMEM growth media supplemented with 10% FBS of serum-free OptiMEM at the appropriate 

concentration as described above. Subsequently, delivery mix was added directly to cells. 

Experiments were performed in duplicate in two individual wells. Cells were incubated in the 

presence of delivery mix for the designated time at 37 °C and then media was replaced. Cells were 

imaged up to 48 h post-delivery on an Axio Observer Z1 microscope (Zeiss) using the EGFP filter 

cube or mCherry filter cube and 20x Plan-Apochromat objective as described below (see protocol 

6.2.5 Prior to imaging, cells were washed with 1x PBS and media was replaced with phenol-red 

free DMEM. 
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6.0 Expanded Materials and Methods 

6.1 General Molecular Biology Techniques 

6.1.1  Polymerase chain reaction (PCR) 

PCRs were carried out using commercial kits from Thermo-Fisher Scientific. For general 

PCRs, where low mutation rate was not essential, a Taq DNA polymerase kit (catalog# EP0402) 

was used. Taq DNA polymerase reaction was performed in a final volume of 50 µl with the 

following components: 

 5 µl of Taq buffer (10x) 

 1 µl of dNTP mix (10 mM) 

 2.5 µl of forward primer (10 µM) 

 2.5 µl of reverse primer (10 µM) 

 2.0 µl of MgCl2 (25 mM) 

 50 ng of template DNA 

 1 µl of Taq DNA polymerase enzyme 

 bring to 50 µl volume with nuclease-free water 

Taq DNA polymerase PCR was performed as follows: 

 initial denaturation: 95 °C, 60 s, 1 cycle 

 PCR (30 cycles) 

o denaturation: 95 °C, 30 s 

o annealing: lower primer Tm minus 5 °C, 30 s 
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o extension: 72 °C, 60 s per kilobase (product length) 

 final extension 

o 72 °C, 10 min 

o 12 °C, hold 

For larger amplifications, including large inserts (>500 bp) and site-directed mutagenesis (SDM) 

of plasmid DNA, high-fidelity Phusion DNA polymerase kit (catalog#: F530S) was used. Phusion 

DNA polymerase reaction was performed in a final volume of 50 µl with the following 

components: 

 10 µl of Phusion high fidelity (HF) buffer (5x) 

 1 µl of dNTP mix (10 mM)  

 2.5 µl of forward primer (10 µM) 

 2.5 µl of reverse primer (10 µM) 

 50 ng of template DNA 

 0.5 µl of Phusion DNA polymerase enzyme 

 bring to 50 µl volume with nuclease-free water 

Phusion DNA polymerase PCR was performed as follows: 

 initial denaturation: 95 °C, 60 s, 1 cycle 

 PCR (30 cycles) 

o denaturation: 95 °C, 10 s 

o annealing: lower primer Tm minus 5 °C, 15 s 

o extension: 72 °C, 30 s per kilobase (product length) 

 final extension 

o 72 °C, 10 min 
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o 12 °C, hold 

The reaction scale was modified depending on the application but was generally categorized into 

1) analytical scale (25 µl; PCR screening, test PCR, SDM); or 2) preparatory scale (100 – 200 µl; 

gene amplification). PCR products were purified via agarose gel electrophoresis followed by a 

E.Z.N.A. Gel Extraction spin column purification kit (Omega Bio-Tek) or by E.Z.N.A. Cycle Pure 

spin column purification kit (Omega Bio-Tek) per manufacturer’s protocol. Products were eluted 

in nuclease-free autoclaved Milli-Q purified water. For analytical verification of PCR product, 

agarose gel electrophoresis with ethidium bromide stain was employed (see general protocol for 

agarose gel electrophoresis 6.1.8 and the gel was subsequently imaged on a ChemiDoc XRS+ 

(Bio-Rad). 

6.1.2  Site-directed mutagenesis (SDM) 

SDM was performed following the previously reported overlap extension method.912,913 

Briefly, forward and reverse DNA primers were designed with partial overlapping (~10 – 15 bases) 

and partially non-overlapping (~20 bases) regions. The mutation site was included within the 

overlapping region while the non-overlapping region was designed to have a Tm of 5 – 10 °C 

greater than the overlapping region. Ideally, primers ended with a G/C base at the 3’ terminus to 

ensure high thermostability during the annealing step of the PCR reaction.  

SDM PCRs were performed as described for the Phusion High-Fidelity DNA polymerase 

protocol detailed above (Section 6.1.1 Briefly, reactions were performed in a total volume of 25 

µl using 1 µM of each primer and 10 ng of template DNA. A negative control with no polymerase 

was included as a negative control. The annealing temperature was typically 50 – 60 °C but was 

dependent on primer design. Extension time was determined by the length (bp) of the gene product. 
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Following SDM, 3 µl of CutSmart buffer (10x; NEB) and 0.3 µl of DpnI restriction enzyme (NEB) 

were added to the reaction mixture to digest methylated parent plasmid and eliminate background. 

DpnI digest was carried out by incubation at 37 °C for 1 h, followed by heat inactivation at 80 °C 

for 20 min. Immediately following heat inactivation, 2 µl of the samples were transformed into 

chemically competent E. coli following protocol 6.1.5 and colonies were sequenced to confirm the 

correct mutation. 

6.1.3  Restriction enzyme digest 

Restriction enzymes were purchased from New England Biolabs (NEB) and restriction 

digest reactions were carried out in the optimized buffers supplied by the manufacturer. Restriction 

digest were typically carried out in 100 µl (2 µg of DNA) or 200 µl (4 µg of DNA) volumes and 

were incubated at 37 °C for 2 h, followed by heat inactivation at 80 °C for 20 min. Prior to 

purification, 5 µl of digest was analyzed by agarose gel electrophoresis (see general protocol for 

agarose gel electrophoresis 6.1.8 to confirm complete digestion. Digest products were purified by 

either agarose gel electrophoresis followed by gel extraction using the E.Z.N.A. Gel Extraction kit 

(Omega Bio-Tek) or the E.Z.N.A. Cycle Pure spin column purification kit (Omega Bio-Tek) 

following the manufacturer’s protocol. Purified product concentrations (ng/µl) were determined 

using a NanoDrop ND-1000 spectrophotometer.  
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6.1.4  Plasmid ligation 

The insert gene products were typically produced via PCR, followed by restriction enzyme 

digest and purification as described above (see general protocols 6.1.1 and 6.1.3 When synthetic 

oligonucleotides were used as an insert without digestion by a restriction enzyme, an intermediate 

step to add a 5’ phosphate with T4 polynucleotide kinase (PNK; NEB) was performed. Briefly, 

single-stranded DNA (10 µM) was incubated with 1 µl of T4-PNK and 1 µl of T4 DNA ligase 

buffer (10x) containing ATP ([stock] = 10 mM; [final] = 1 mM) in a 20 µl reaction for 30 min at 

37 °C followed by 80 °C for 20 min to heat inactivate the enzyme. Subsequently, both single-

stranded oligonucleotides were combined (1 µM in 40 µl) and annealed (95 °C to 12 °C over 10 

min in a thermal cycler [Bio-Rad]) in TE/Mg2+ buffer (Tris-HCl [0.01 M; pH 8.0], 

ethylenediaminetetraacetic acid [EDTA; 10 mM], magnesium chloride [12.5 mM]). Ligations 

were then performed in a 10 µl reaction, typically with a 1:6 backbone:insert molar ratio using 100 

pg of backbone and T4 DNA ligase (NEB) following the manufacturer’s protocol. A negative 

control reaction was performed with nuclease-free water instead of insert. Ligations were 

performed overnight at 4 °C and subsequently transformed into chemically competent bacterial 

cells (protocol 6.1.5  

6.1.5  Plasmid E. coli transformation 

Chemically competent bacteria cells for plasmid transformation were either included in 

commercial kits or were generated separately. For all cloning in this thesis, E. coli strains Top10 

and Mach1 were used. The generation of chemically competent cells is performed by first streaking 

cell stocks on a Luria-Bertani (LB)-agar containing petri dish (~5 ml) with no antibiotics and 
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incubating overnight at 37 °C. The next day, a single colony was used to inoculate 5 ml of LB-

broth which was then incubated overnight at 37 °C with shaking. Subsequently, 1 ml of the 

overnight culture was transferred into 50 ml of LB-broth and incubated with shaking at 37 °C until 

OD600 of 0.3 – 0.5 was reached, usually within 2 – 3 h. OD600 was measured on a Nanodrop ND-

1000.  The culture was then chilled on wet ice for 20 min and cells were pelleted by centrifugation 

(16,000 g, 5 min, 4 °C). The pellet was resuspended in ice-cold autoclaved transformation and 

storage solution (TSS; LB-broth [85% (v/v)], polyethylene glycol [PEG; 10% (w/v)], DMSO [5% 

(v/v)], MgCl2 [50 mM]; pH 6.5) with a calculated volume of OD600 (determined of the 50 ml of 

culture above) x 10 ml. The suspension was then aliquoted into 1.5 ml Eppendorf tubes (pre-cooled 

at -80 °C) at 50 – 100 µl per tube and placed in a dry ice/isopropanol bath before long-term storage 

at -80 °C. Cell competency was then calculated by transformation of a pUC19 control plasmid 

(colony count x [transformation volume in µl / plating volume in µl]/ µg of plasmid DNA) and 

should be greater than 106 colonies per µg of DNA. 

Transformations were typically performed in 50 µl of competent cell stocks. Cell stocks 

were briefly thawed on wet ice prior to transformation. Plasmid DNA (100 ng; 1-5 µl) or specific 

volume as defined by protocol (typically 1 – 10 µl; see protocols in 6.1) was added to chemically 

competent cells. Cells were incubated on ice for 30 min. Subsequently, cells were heat shocked in 

a 42 °C water bath for 30 s, then placed back on ice. Next, 250 µl of Super Optimal Broth with 

Catabolite Repression (S.O.C.) media was added and cells were grown with shaking at 37 °C for 

1 h. Cultures were then plated (100 µl and 200 µl) onto LB-agar plates prepared with antibiotic as 

designated by the plasmid of interest. To prepare culture plates, autoclaved LB-agar was heated in 

the microwave for approximately 2 min or until melted. Once cooled to just above room 

temperature, antibiotics were diluted in the appropriate volume (5-10 ml of a LB-agar/plate). 



 376 

Common antibiotics include: ampicillin (100 mg/ml stock; final conc. of 100 µg/ml) 

and kanamycin ([stock] = 50 mg/ml; [final] = 50 µg/ml). LB-agar/antibiotic mixture was poured 

into 10 cm petri dishes and cooled on the bench until solidified (~20 min). Preparation of LB-

agar/antibiotic mixture and pouring plates should be done on a bench pre-wiped with ethanol and 

in close proximity to a Bunsen burner to prevent contamination. SOC cultures were spread, 

typically with a glass rod dipped in ethanol and flame sterilized, while spinning the plate. Once 

the SOC culture was plated, plates were left in the 37 °C incubator overnight, remove the next day, 

and stored for up to 1-2 months at 4 °C. Following overnight incubation, individual colonies were 

picked and inoculated into 5 ml of LB cultures in the presence of the appropriate antibiotic. 

Glycerol stocks of transformed cells for all plasmid bacteria were produced by mixing a saturated 

LB-broth culture with glycerol (1:1 in a final volume of 1 ml) and stored at -80 °C. 

6.1.6  Plasmid purification 

Plasmids were purified from bacterial cultures grown to saturation in LB-broth containing 

the appropriate antibiotics in either 5 ml or 100 ml cultures. Smaller cultures were purified using 

E.Z.N.A. Plasmid Mini Kit I (Q-spin; Omega Bio-Tek) following the manufacturer’s protocol. 

Purifications were typically eluted in 50 µl of 65 °C nuclease-free autoclaved Milli-Q purified 

water. Larger cultures were purified using the PureYield Plasmid Midiprep System (Promega) 

following the manufacturer’s protocol and eluted with 500 µl of 65 °C nuclease-free autoclaved 

Milli-Q purified water. Plasmid concentrations (ng/µl) were determined using a NanoDrop ND-

1000 spectrophotometer. Typical concentrations ranges were 50 – 100 ng/µl for plasmids purified 

via Plasmid Mini Kit I and 500 – 1000 ng/µl for plasmids purified via the Plasmid Midiprep 

System. 
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6.1.7  Plasmid analysis and sequencing 

DNA plasmids were analyzed via PCR screen (in-house) and Sanger sequencing analysis 

(Genewiz). For PCR screens, primers were designed such that one primer hybridizes within the 

gene of interest and the other hybridizes to the parent backbone and were used for analytical scale 

PCRs. Generally, colonies were picked following bacterial transformation using an inoculation 

loop, streaked on a petri dish containing LB-agar with the appropriate antibiotic for propagation, 

then dipped directly into the PCR mix. The PCR products (5 µl) were then separated via agarose 

gel electrophoresis (see agarose gel electrophoresis protocol 6.1.8 and imaged on a ChemiDoc 

XRS+ (Bio-Rad). Colonies expressing plasmids with the expected gene product should produce a 

distinct band on the gel at the expected size (bp) based on the primers. Positive hits were then 

further validated by Sanger sequencing to ensure the correct sequence. Sanger sequencing was 

performed by Genewiz using 1500 ng template DNA and sequencing primer (10 µM; premixed or 

with one of Genewiz’s available primers). Sequence analysis and alignments were carried out 

using A plasmid Editor (ApE) software.  

6.1.8  Agarose gel electrophoresis 

Agarose gel electrophoresis was carried out by weighing out the desired agarose amount 

into a 125 ml Erlenmeyer flask. For a standard 0.8% (w/v) gel, 0.4 g of agarose was dissolved in 

50 ml of 1x Tris-borate-EDTA (TBE) buffer (Tris-HCl [1 M; pH 8.0], boric acid [1 M], EDTA 

[0.02 M]) and the mixture was heated at maximum power in a microwave for a total of 1 min with 

pause and gentle shaking every 30 s. After the agarose was completely dissolved, the solution was 

allowed to stand at room temperature, or the flask was run under cool tap water to reduce the 
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temperature. Once the solution was just warm enough to touch, add ~1 µl of ethidium bromide 

stock solution (10 mg/ml in water; protected from light) and mix well. The liquid gel was poured 

into the gel caster (making sure no bubbles form) and appropriate well comb was added. The gel 

was then allowed to cool and solidify at room temperature for ~30 min. Once solidified, the gel 

was transferred to a Sub-Cell GT Cell (Bio-Rad) electrophoresis unit containing fresh 1x TBE 

buffer. Wells were then carefully loaded with the desired amount of DNA (up to 15 µl for a 15-

well comb, up to 20 µl for a 10-well comb, up to 100 µl for a preparative comb) in 1x DNA loading 

dye (NEB; prepared from 4x stock) and run at 80 V for 45 – 60 min. DNA bands were visualized 

on the ChemiDoc XRS+ (Bio-Rad) or excised on the UV transilluminator (365 nm). 

6.1.9  Native polyacrylamide gel electrophoresis (PAGE) 

Native PAGE gels were used for analysis and purification of shorter nucleic acids, 

generally from 1 – 2000 bp. All native PAGE gels were cast in-house using the Mini-PROTEAN 

Tetra Cell system (Bio-Rad). Amounts of acrylamide were varied to adjust the percentage of the 

gel. General guidelines for nucleic acid separation based on gel percentage: 

 8% (w/v) gel: 60 – 400 bp 

 12% (w/v) gel: 50 – 200 bp 

 15% (w/v) gel: 25 – 150 bp 

 20% (w/v) gel: 5 – 100 bp 

To cast a single 15% (w/v) gel, the following contents were mixed in a 15 ml conical tube to a 

total volume of 10 ml: 

 3.75 ml of acrylamide solution in water (40% [w/v]) 

 6.25 ml of TBE buffer (1x) 
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 100 µl of ammonium persulfate (APS; 10% [w/v]) 

 15 µl of tetramethylethylenediamine (TEMED) 

The percentage of the gel was adjusted by varying the acrylamide and TBE buffer volumes while 

maintaining a total volume of 10 ml for a single gel. The gel contents were mixed well and poured 

between the glass plates of the desired thickness (typically 1.5 mm) affixed in the caster, then a 

well comb was inserted into the gel and the gel was allowed to polymerize for ~20 min. Once 

solidified, the gel was placed into the Mini-PROTEAN Tetra Vertical Electrophoresis cell with 

fresh 1x TBE buffer. Voltage and time of electrophoresis was varied depending on the experiment 

and is described above. Once separated, the gel can be removed from the caster and stained or used 

for excision of the desired oligonucleotide for purification. 

6.2 General Cell Culture Techniques 

6.2.1  Cell growth and maintenance 

All cell lines were maintained at 37 °C and 5% CO2 in 10 cm plates, and all manipulations 

were performed in a biosafety cabinet certified on an annual basis. The majority of cell lines (e.g., 

Huh7, HeLa, HEK293T, HeLa:EGFP654, MCF7, HCT-116, MIA-PaCa-2, A172, and U-87) were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM; Hyclone) supplemented with fetal 

bovine serum (FBS; Sigma Aldrich; 10% [v/v]) and penicillin/streptomycin (P/S; VWR; 1% [v/v]). 

DMEM was made by dissolving 6.7 g of DMEM powder, 1.85 g of sodium bicarbonate, and 0.05 

g of sodium pyruvate in 445 ml of Milli-Q purified water (EDM Millipore). The pH was then 

adjusted to 7.4 with hydrochloric acid (65% [v/v]). Subsequently, 50 ml of FBS and 5 ml of P/S 
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(100x) were added to the DMEM solution and the media was sterilized with a 0.2 µm filter unit 

(Thermo-Fisher Scientific). PC-3 cells were cultured in Kaighn’s Modification of Ham’s F-12 

Medium (F-12K; Sigma Aldrich) which was prepared from a commercial reagent following the 

manufacturer’s specifications. Briefly, 5.55 g of F-12K powder, 1.25 g of sodium bicarbonate, 

0.05 g of sodium pyruvate, and 146.1 mg of L-glutamine were dissolved in 445 ml of Milli-Q 

purified water and pH was adjusted to 7.4 as described above. Finally, media was supplemented 

with 50 ml of FBS and 5 ml of P/S (100x) and filter sterilized. A498 cells were cultured in Roswell 

Park Memorial Institute (RPMI) 1640 medium (Invitrogen). RPMI 1640 medium was prepared 

from a commercial reagent following the manufacturer’s protocol.   

All cell lines were evaluated every three months for mycoplasma contamination using a 

commercially available MycoScope PCR Detection kit from Genlantis. Media (10 ml) was 

exchanged every 2 – 3 days for all cell lines (10 cm plate). Cells were passaged when they reached 

>90% confluence by removing media, gently rinsing the plate with 1 ml of TrypLE Express 

reagent (Invitrogen), followed by incubation in 1 ml of TrypLE Express reagent in the 37 °C 

incubator for ~2 min. To aid in lifting cells, the plate was gently rotated by hand. Cells were lifted 

from the plate using a 1 ml pipette and were resuspended in 9 ml growth media. The cells were 

passaged at a 1:10 dilution by adding 1 ml of cell suspension to 9 ml of growth media in a new 10 

cm plate. Passages of cell stocks were tracked by date, cell line, and passage number. Cells stocks 

were discarded when they reached passage 30 or above, and new cells were thawed.  

To thaw cells, the frozen cell vial was placed in a 37 °C water bath for no more than 2 min, 

then added directly to 10 cm plates containing growth media. Media was exchanged the following 

day to remove residual dimethyl sulfoxide (DMSO). Frozen stocks of cell lines were generated by 

passaging ~ 5 ml of cell suspension into 20 ml of growth media in a 15 cm plate. Cells were grown 
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to confluence, then lifted with TrypLE Express reagent (2 ml). The cells were then pelleted by 

centrifugation at 1,000 g for 10 min, then resuspended in an appropriate volume of growth medium 

such that cells can be stored at ~106 cells/ml in cryogenic preservation tubes (cryotubes). Cell 

suspension was then supplemented with 5% DMSO before pipetting 1 ml each into cryotubes. The 

cell vials were placed in the -20 °C freezer for 1 h, then into a -80 °C freezer overnight, followed 

transfer into a liquid nitrogen dewar.  

For experiments, cells were counted on a hemocytometer (Fisher Scientific). Briefly, 10 µl 

of cell suspension was mixed with 30 µl of Trypan Blue Solution (Gibco) to selectively stain dead 

cells. After ~2 min incubation at room temperature, 10 µl of the stained cell suspension were added 

to each well of the hemocytometer. Live cells were summed in the four quadrants of each side of 

the hemocytometer and averaged between the two sides, then multiplied by 10,000 to calculate 

number of cells per ml. Based on this concentration, cells were then seeded at an appropriate 

number for the designated assay and plate type.  

6.2.2  Poly-D lysine treatment 

For experiments using HEK293T cells, all plates were treated with poly-D lysine (Fisher-

Scientific). A stock of poly-D lysine (10 mg/ml) was prepared by dissolving 10 mg of poly-D 

lysine solid in 1 ml of nuclease-free water. This stock was stored at 4 °C for up to 1 year and was 

further diluted to 0.1 mg/ml in nuclease-free water prior to use. Volumes of poly-D lysine used to 

treat common plate formats include: 

 96-well plate = 40 µl/well 

 6-well plate = 400 µl/well 

 10 cm plate = 4 ml/plate 
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After diluting the stock to 0.1 mg/ml in the appropriate volume of water, the poly-D lysine solution 

was added directly to each well or plate and incubated with shaking at room temperature for ~10 

min to ensure the bottom was completely coated. Then, the remaining poly-D lysine solution was 

removed from the plate and the plate was allowed to dry in the biosafety cabinet (usually 1 – 2 h). 

It was critical that the plate was completely dry prior to seeding cells, because excess poly-D lysine 

solution can be toxic to cells.  

6.2.3  Mammalian cell transfection 

Transient transfections were used to deliver foreign RNA and DNA into mammalian cells 

including plasmid DNA, siRNA, antagomirs, and logic gates (as described below 6.3.3 General 

amounts of materials transfected were optimized starting with the following conditions:  

 Plasmid DNA 

o 96-well plate (Greiner) = 100 – 200 ng/well 

o 12-well plate = 750 – 1500 ng/well 

o 6-well plate = 1500 – 2500 ng/well 

o 10 cm plate = 10 µg/plate 

 siRNAs and antagomirs 

o 96-well plate = 2– 20 pmol/well 

o 12-well plate = 15 – 150 pmol/well 

o 6-well plate = 1.5 – 2.5 nmol/well 

All transfections were carried out as specified below using Lipofectamine 2000 

(Invitrogen), XtremeGENE siRNA Transfection Reagent (Roche), or linear polyethylenimine 
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(LPEI).914 White plates were used for luminescence experiments and XTT cell viability assays, 

while black plates were used for fluorescence experiments.  

6.2.3.1 Lipofectamine 2000 transfection 

Lipofectamine 2000 transfections were carried out following the manufacturer’s protocol. 

Volumes of Lipofectamine 2000 reagent required were determined empirically using the formula: 

µg of oligonucleotide x 3 = volume (µl) of Lipofectamine 2000 reagent. To perform the 

transfection, OptiMEM serum-free media (Gibco) was added to 1.7 ml Eppendorf or 15 ml conical 

tubes according to the following standard volumes: 

 384-well plate (Greiner) = 50 µl  

 96-well plate = 100 µl 

 12-well plate = 1 ml 

 6-well plate = 2 ml 

 10 cm plate = 5 ml 

The transfection mixture was prepared by adding DNA or RNA in the amounts described 

above directly to the appropriate volume of OptiMEM and was mixed by pipetting up and down. 

Subsequently, the appropriate volume of Lipofectamine 2000 reagent was added to the tubes and 

was pipetted up and down to mix. The transfection mix was then incubated at room temperature 

for 20 min. Finally, media was removed from cells plated and replaced with the transfection mix 

in the volume noted above. To remove media, the plate was tilted at a ~45° angle relative to the 

surface of the hood. Subsequently, a single- or multi-channel pipette was inserted into each well 

just above the interface of the side and bottom of the well. Media was then slowly aspirated from 

the cells. After changing tips, transfection mixes were taken up using the pipette and slowly added 
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to the well with the tips placed in the same location as they were in for media removal to minimize 

disruption to the cells. The same procedure was followed when exchanging transfection media for 

regular growth media. Cells were incubated with the transfection mix for 2 – 4 h, depending on 

experimental conditions. Following incubation, the transfection mix was removed from cells and 

replaced with the appropriate growth media.  

6.2.3.2 XtremeGENE siRNA transfection 

 

XtremeGENE siRNA Transfection Reagent (Roche) transfections were carried out 

following the manufacturer’s protocol. Volumes of XtremeGENE reagent required were 

determined empirically using the formula: µg of oligonucleotide x 3 = volume (µl) of transfection 

reagent. To perform the transfection, OptiMEM serum-free media (Gibco) was added to 1.7 ml 

Eppendorf or 15 ml conical tubes according to the standard volumes described above. The 

transfection mixture was prepared by adding DNA or RNA in the amounts described above 

directly to the appropriate volume of OptiMEM and mixed by pipetting up and down. 

Subsequently, the appropriate volume of XtremeGENE reagent was added to the tubes and 

pipetted up and down to mix. The transfection mix was then incubated at room temperature for 20 

min. Finally, media was removed from cells and replaced with the transfection mix in the volume 

noted above following the procedure outlined in 6.2.3.1 for removal and addition of media. Cells 

were incubated with the transfection mix for 4 h. Following incubation, the transfection mix was 

removed from cells and replaced with the appropriate growth media.  
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6.2.3.3 LPEI transfection 

 

LPEI (Fisher Scientific; [stock] = 1 mg/ml) transfections were carried out following 

previous literature reports.915-917 Volumes of LPEI reagent required were determined empirically 

using the formula: µg of oligonucleotide x 3 = volume (µl) of transfection reagent. To perform the 

transfection, growth media was added to 1.7 ml Eppendorf tubes according to the following 

volumes: 

 96-well plate = 230 µl 

 12-well plate = 800 µl 

 6-well plate = 1800 µl 

OptiMEM serum-free media (Gibco) was added to 1.7 ml Eppendorf tubes according to 

the following standard volumes: 

 96-well plate = 20 µl 

 12-well plate = 100 µl 

 6-well plate = 200 µl 

The transfection mixture was prepared by adding DNA or RNA in the amounts described 

above directly to the appropriate volume of OptiMEM and growth media and mixed by pipetting 

up and down. Subsequently, the appropriate volume of LPEI reagent (0.323 mg/ml stock solution 

in water) was added to the tubes and pipetted up and down to mix as described below: 

 96-well plate = 2 µl 

 12-well plate = 10 µl 

 6-well plate = 20 µl 
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The transfection mix was then incubated at room temperature for 20 min. Media was 

removed from plated cells and replaced a with the transfection mix in the volume noted above. 

Cells were incubated with the transfection mix for the desired time (typically 24 – 48 h) depending 

on experimental conditions.  

6.2.4  Cell fixing 

Cells were grown to 95 – 100% confluence in a 4-well (Fisher; catalog#: PEZGS0816) or 

8-well (Fisher; catalog#: PEZGS0416) chamber slide with a glass bottom. Media was removed 

and cells were washed twice with 500 µl of PBS (pH 7.4, 4 °C). Cells were fixed on ice in 500 µl 

of 3.75% (v/v) formaldehyde (1 ml of 37.5% formaldehyde, 9 ml of PBS) for 15 min. Then, cells 

were washed three times with 500 µl of PBS at 4 °C. Cells were permeabilized with 200 µl of 

0.5% (v/v) Triton X-100 (10 µl of Triton X-100 per 200 µl of PBS) at room temperature for 30 s. 

Next, cells were washed three times with 500 µl of 1x PBS at 4 °C. Staining was then performed 

as desired. Some common staining procedures included: 

 Rhodamine Phalloidin for actin (Ex/Em: 540/565 nm; Thermo-Fisher Scientific; catalog# 

R415): 

o 7 µl (200 U/ml) per ml of PBS  

o 1% (w/v) of bovine serum albumin (BSA) 

o A volume of 200 µl per well in an 8-well chamber slide or 400 µl per well in a 4-

well chamber slide was added and incubated at room temperature for 20 min 

o Cells were washed three times with 500 µl PBS at 4 °C 

 Hoechst 33342 stain for nuclei (14.3 mM; Ex/Em: 365/460 nm; Fisher Scientific; catalog# 

H1399): 
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o 15 µl per ml of PBS 

o A volume of 200 µl per well in an 8-well chamber slide or 400 µl per well in a 4-

well chamber slide was added and incubated at room temperature for 20 min 

o Cells were washed three times with 500 µl of PBS at 4 °C 

When staining was complete, the chamber slide top was removed (if required) and the slide 

was allowed to air dry (~30 – 60 min). Finally, 1 drop (~10 – 20 µl) of ProLong Gold Antifade 

Mountant (Thermo-Fisher Scientific) was added into each well and a 0.17 mm coverslip (#1.5) 

was placed on top. All bubbles in the mountant were gently pushed out, then the slide was left in 

a dark drawer overnight to allow the mountant to cure. 

6.2.5  Cell imaging 

For live cell imaging, growth media was removed, and cells were washed twice with PBS. 

Media was then replaced with PBS or phenol red-free growth media to remove potential sources 

of background signal. All images in this thesis were captured on a Zeiss Axio Observer Z1 

microscope using the following objectives: 

 N-Achroplan 5x/0.13 

 Plan-Apochromat 10x/0.4  

 LD Plan-Apochromat 20x/0.4 

 Plan-Apochromat 63x/1.4 (oil immersion) 

And using the following filter sets: 

 GFP (filter set 38 HE; Zeiss item# 489038-9901-000) 

o Ex. BP 470/40; Em. BP 525/50 

 DsRed (filter set 43 HE; Zeiss item# 489043-9901-000) 
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o Ex. BP 550/25; Em. BP 605/70 

 DAPI (filter set 49; Zeiss item# 488049-9901-000) 

o Ex. G 365; Em. BP 445/50 

Image processing was completed in Zen 2.0 software (Zeiss), ImageJ software (National 

Institutes of Health), or Slidebook 4.0 software (3i). For all cases, image intensity was adjusted by 

modifying histogram settings. To maintain consistency within each experiment, exposure times 

and histogram settings for each channel were copied to all images to be compared. Images were 

represented as a single channel or stacked images generated from overlaying multiple images. 

Images were exported as full resolution tif images (.tif extension) to ensure no loss of quality. 

6.2.6  RNA isolation 

Cells were passaged such that they reached 80% confluence on the day of treatment or 

transfection in a 6-well plate (Corning). Cells were treated or transfected as desired and grown for 

48 h. Media was removed and cells were washed once with 700 µl of PBS (sterilized by passing 

through a 0.2 µm filter). Next, 700 µl of QIAzol lysis reagent (QIAGEN) was added and the plate 

was incubated with shaking for 5-10 min at room temperature to homogenize samples. Lysate was 

removed and added to labeled 1.7 ml Eppendorf tubes. Then, 140 µl of chloroform was added and 

tubes were inverted for ~15 s, followed by incubation on the benchtop at room temperature for 2-

3 min. Subsequently, tubes were centrifuged at 12,000 g, 4 °C, for 15-20 min. The solution 

separated into a colorless aqueous phase on top (containing RNA), white interphase (containing 

DNA), and red phenol/chloroform containing organic phase on the bottom. Next, 200 – 300 µl of 

the aqueous phase was carefully collected, as not to disturb the interphase layer, and pipetted into 

a clean, labeled Eppendorf tube. Then, 1.5 volumes (typically 300 – 450 µl) of ethanol was added 
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and mixed by pipetting. The ethanol/RNA solution was added to a fresh filter tube (included in the 

miRNeasy kit from QIAGEN) and centrifuged at 16,110 g for 1 min. The flow-through was 

discarded and 700 µl of RWT buffer (supplied with the miRNeasy kit) was added, followed by 

centrifugation at 4 °C and 16,100 g for 15 s. The flow-through was discarded and 500 µl of RPE 

buffer (supplied with the miRNeasy kit) was added, followed by centrifugation at 4 °C and 16,110 

g for 15 s. The flow-through was discarded and another 500 µl of RPE buffer was added, followed 

by centrifugation again. The filters were removed and placed into a new collection tube. The filters 

were spun in the centrifuge at 16,110 g for 10 min to completely dry the filter. Total RNA was 

eluted into a clean Eppendorf tube with 30 µl of nuclease-free water. Each sample was quantified 

using the Nanodrop ND-1000 spectrophotometer. The concentration was measured twice for each 

sample and two values were averaged. If high variability between the two measurements was 

observed, the concentration of the sample was measured a third time. Finally, the samples were 

diluted to 3 ng/µl in 15 µl of nuclease-free water in separate tubes and the remaining RNA was 

stored at -80 °C.  

6.2.7  Mature miRNA analysis by quantitative real-time PCR (RT-qPCR) 

Following total RNA isolation, samples were reverse-transcribed using the TaqMan 

microRNA Reverse Transcription Kit (Life Technologies) in conjunction with either the mature 

miRNA or RNU19 (control) TaqMan reverse transcription (RT) primer. The primers (5x), RNA 

template, dNTPs (supplied with the kit), and 10x RT buffer (supplied with the kit) were thawed 

on ice prior to assembly of reaction mixes. For each 15 µl RT reaction, a master mix was prepared 

containing 0.15 µl of dNTPs, 1.5 µl of reaction buffer (10x), 4.16 µl of nuclease-free water, 3 µl 

of primer (5x), with 1 µl of reverse transcriptase and 0.19 µl of RNA inhibitor (both added last). 
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The master mix was prepared in quantities such that 10 µl of mix could be added per RNA sample. 

Once the master mix was prepared, 5 µl of RNA (15 ng) was combined with 10 µl of master mix 

in a PCR tube. The reaction was gently mixed by flicking the tube, then the samples were incubated 

in the thermal cycler (Bio-Rad) using the following program: 16 °C, 30 min; 42 °C, 30 min; 85 

°C, 5 min, hold at 12 °C.  

Quantitative Real Time PCR was conducted with a TaqMan Universal PCR Master Mix 

without AmpErase UNG (Applied Biosystems; 2x) and the appropriate TaqMan miRNA assay 

(Life Technologies). Briefly, a master mix was made for each probe consisting of 10 µl of TaqMan 

Universal PCR Master Mix (2x), 7.7 µl of nuclease-free water, and 1 µl of TaqMan probe (20x). 

Master mixes were prepared to a final volume such that each sample could be analyzed in 

quadruplicate. The samples were only analyzed in triplicate, but the extra volume in the master 

mix was added to ensure all wells received the correct/sufficient amount. Next, 18.7 µl of the 

master mix was added to a well in a black 96-well thin-wall PCR plate (Bio-Rad) such that each 

sample could be analyzed in triplicate. Then, 1.3 µl of cDNA from the RT reaction was added to 

each well. The plate was sealed with a qPCR microseal membrane (Bio-Rad) and briefly 

centrifuged at 1000 g and 4 °C for 1 min to make sure all liquid was at the bottom of the well. 

qPCR was performed on a Bio-Rad CFX96 RT-PCR thermocycler using the following program: 

95 °C, 10 min; followed by 40 cycles of 95 °C, 15 s; 60 °C, 60 s. The triplicate threshold cycles 

(CT) obtained for each small molecule treatment were used to determine the relative levels of 

miRNA in small molecule treated cells relative to the DMSO control using the 2−ΔΔCt method.427  
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6.2.8  Primary miRNA analysis by quantitative real-time PCR (RT-qPCR) 

When total RNA samples were analyzed by RT-qPCR to measure the expression levels of 

pri-miRNA, 1 µg of each RNA sample were reverse transcribed using the iScript cDNA synthesis 

kit (Bio-Rad). The RNA was diluted in a final volume of 15 µl of nuclease-free water. To each 

RNA sample, 4 µl of iScript Reverse Transcription Supermix (Bio-Rad) and 1 µl of Reverse 

Transcriptase (from the iScript kit) was added. RT was performed in a thermal cycler (Bio-Rad) 

using the following program:  25 °C, 5 min; 42 °C, 30 min; 85 °C, 5 min. Quantitative Real Time 

PCR was conducted with TaqMan Universal PCR Master Mix without AmpErase UNG (2x) and 

the appropriate TaqMan primers for hsa-pri-miRNA and GAPDH (Life Technologies) on a Bio-

Rad CFX96 RT-PCR thermocycler (2 μl of RT PCR product; 95 °C, 10 min; followed by 40 cycles 

of 95 °C, 15 s; 60 °C, 60 s) as described above. To adjust for the extra volume from the RT reaction, 

the volume of water in the qPCR master mix was reduced from 7.7 µl to 7 µl. The triplicate 

threshold cycles (Ct) obtained for each small molecule treatment were used to determine the 

relative levels of pri-miRNA in small molecule-treated cells relative to the DMSO control and 

normalized to the GAPDH endogenous control using the 2−ΔΔCt method. 

6.2.9  Messenger RNA analysis by quantitative real-time PCR (RT-qPCR) 

When total RNA samples were analyzed by RT-qPCR to measure the expression levels of 

mRNA, 1 µg of each RNA sample were reverse transcribed using the iScript cDNA synthesis kit 

(Bio-Rad) as described above (section 6.2.8 Quantitative Real Time PCR was conducted with iTaq 

Universal SYBR Green qPCR Master Mix (Bio-Rad; 2x) on a Bio-Rad CFX96 RT-PCR 

thermocycler (2 μl of RT PCR product; 95 °C, 10 min; followed by 40 cycles of 95 °C, 15 s; 60 
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°C, 60 s) as described above. Primers for mRNA and GAPDH (Table 36) were purchased non-

modified from Sigma Aldrich. A master reaction mix was prepared by mixing the following: 10 

µl of iTaq Universal SYBR Green qPCR Master Mix (Bio-Rad; 2x), 0.5 µl of forward primer (10 

µM), 0.5 µl of reverse primer (10 µM), and 6 µl of nuclease-free water to a final volume of 18 µl 

per well. The master mix (18 µl) was subsequently added to a well, followed by 2 µl of RT product 

in triplicate wells and qPCR was performed. The triplicate threshold cycles (Ct) obtained for each 

small molecule treatment were used to determine the relative levels of mRNA in small molecule-

treated cells relative to the DMSO control and normalized to the GAPDH endogenous control 

using the 2−ΔΔCt method. 

 

Table 36 RT-qPCR primer sequences for GAPDH mRNA. 

 

name sequence (5’ -> 3’) 

GAPDH Fwd AACGGGAAGCTTGTCATCAATGGAAA 

GAPDH Rev GCATCAGCAGAGGGGGCAGAG 

 

 

6.2.10  Data analysis of qPCR experiments 

At the completion of qPCR, a sigmoidal amplification curve was displayed for each 

individual well. If the amplification curves did not display the expected sigmoidal curve (e.g., the 

curve did not reach a maximum and plateau at the completion of the experiment), the experiment 

was repeated. While the ‘Quantification’ tab was displayed, ‘settings’ was selected, and Cq 

determination mode was set to ‘Regression’ to apply a multivariable, nonlinear regression model 
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to individual well traces and adapt the model toward computing an optimal Cq value. The ‘Gene 

Expression – Bar Chart’ tab then displayed a histogram of the relative expression for each sample. 

To the right of the bar chart, ‘Normalized expression (∆∆Cq)’ was selected under the ‘Mode’ drop-

down menu. Under the ‘Graph Data’ drop-down menu, ‘Relative to zero’ was selected. The 

‘Control sample’ was set to DMSO. Next, under ‘Experiment Settings’, the ‘Reference’ box 

corresponding to RNU19 or GAPDH (depending on the experiment) was checked, and all boxes 

were checked under ‘Display on Chart’ in order to normalize expression of the experimental 

samples to the internal control. Finally, ‘Export All Data Sheets to Excel’ was selected under the 

‘Export’ tab. This generated a file folder containing an individual Excel file for each data tab.  

For statistical analysis, the file ending in ‘Gene Expression Results – Bar Chart.xlsx’ was 

opened and the ‘Expression’ (average) and ‘Expression SEM’ (error) values were copied into a 

GraphPad (Prism) file. Subsequently, P values were calculated by performing an unpaired t test in 

the software using the Holm-Sidak method918,919 with alpha = 0.01.  

6.2.11  Protein isolation from mammalian cells for SDS-PAGE 

Prior to protein isolation, cells were grown to 95 – 100% confluence in a 6-well plate 

(Corning). Prepare 1x stock of radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris-

HCl, pH 8.0, 150 mM NaCl, 0.1% Triton X-100, 0.1% SDS). Dilute Halt Protease Inhibitor 

Cocktail (Thermo-Fisher Scientific) to 1x in a sufficient volume of RIPA buffer to add 150 µl/well 

to each well. Remove media from cells and wash with 500 µl PBS. Add 150 µl lysis buffer with 

protease inhibitor and shake on ice for ~20 min. Remove lysate and collect in 1.5 ml Eppendorf 

tubes. Spin the lysate at 4 °C and 16,110 g for 10 – 20 min. The supernatant was carefully 

transferred to a new Eppendorf tube and the cell debris pellet was discarded. The supernatant was 
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then aliquoted into PCR tubes (75 µl) and boiled in 25 µl of Laemmli buffer (SDS [2% (w/v)], 

glycerol[10% (w/v)], bromophenol blue [0.002% (w/v)], Tris-HCl [0.0625 M], and 2-

mercaptoethanol [5% (v/v)] added fresh each time) by heating the sample to 95 °C in a heat block 

for 20 min, then allowing the sample to return to room temperature on the bench top. Boiled protein 

samples were stored for up to 1 week at 4 °C prior to analysis by SDS-PAGE but should be 

analyzed as soon as possible.  

 

6.2.12  Protein analysis 

6.2.12.1 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE gels were utilized for characterization of proteins. All SDS-PAGE gels were 

poured from scratch using the Mini-PROTEAN Tetra Cell system (Bio-Rad). Polyacrylamide 

(40% [w/v] stock; Fisher Scientific) percentage was adjusted based on molecular weight of 

proteins analyzed: 

 15% (w/v) gel: 10 – 50 kDa 

 12% (w/v) gel: 20 – 70 kDa 

 8% (w/v) gel: 50 – 200 kDa 

 4 – 6% (w/v) gel: >200 kDa 

To cast a 15% (w/v) running gel, mix the following contents in a 15 ml conical tube to a 

final volume of 8 ml: 

 3 ml of acrylamide (40% [w/v]) 

 2.8 ml of distilled water 

 2 ml of Tris-HCl (1.5 M; pH 8.8) 
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 80 µl of SDS (10% [w/v]) 

 80 µl of ammonium persulfate (APS; 10% [w/v]) 

 8 µl of tetramethylethylenediamine (TEMED) 

Water and acrylamide volumes were varied to adjust the percentage of the gel. The 

components were mixed by inversion, then poured into a caster between glass faceplates of the 

desired gel thickness (typically 1.5 mm). To ensure the top of the gel was flat, 1 ml of saturated 

butanol-water was carefully pipetted onto the top of the gel. The gel was allowed to polymerize 

for 20 – 30 min, followed by rinsing the top of the gel 2 – 3 times with distilled water to remove 

saturated butanol. Subsequently, a 4% (w/v) stacking gel was added to the top of the running gel. 

To cast a stacking gel, mix the following in a 15 ml conical tube to a final volume of 5 ml: 

 0.5 ml of acrylamide (40% [w/v]) 

 3.1 ml of distilled water 

 1.25 ml of Tris-HCl (0.5 M; pH 6.8) 

 50 µl of SDS (10% [w/v]) 

 50 µl of APS (10% [w/v]) 

 5 µl of TEMED 

The components were mixed by inversion before pouring on top of the running gel. A well 

comb matching the gel thickness was added and the gel was allowed to polymerize for 20 – 30 

min. Once solidified, the gel was removed from the casters and the comb was carefully removed. 

The gel was then placed in a Mini-PROTEAN Tetra Electrode Assembly (Bio-Rad) in a buffer 

tank. If only one gel was to be analyzed, a Mini-PROTEAN spacer plate was placed in the 

electrode assembly opposite the gel. Fresh 1x SDS running buffer (Tris-HCl [25 mM], glycine 

[200 mM], SDS [0.1% (w/v)]) was used to fill the inner chamber (between the gel and spacer plate) 
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while previously used 1x SDS running buffer can be used to fill the rest of the gel tank. Do not 

reuse running buffer more than 3-times. Boiled protein samples (up to 40 µl) were pipetted into 

the wells in addition to one well with 10 µl of PageRuler pre-stained molecular weight ladder 

(Thermo-Fisher Scientific). Electrophoresis was performed in two phases: 

 Phase 1 – stacking: run gel at 60 V for 20 min

 Phase 2 – separation: run gel at 150 V for 75 min

Following electrophoresis, additional analysis techniques were utilized to visualized the

gel on a Chemi-Doc Gel Imaging System (Bio-Rad) such as Coomassie protein stain (general 

Coomassie protein stain 6.2.12.2) or western blot (general western blot protocol 6.2.12.3) 

6.2.12.2 Coomassie protein staining of SDS-PAGE gels 

Coomassie staining solution (15 mg of Brilliant Blue G dye [Sigma Aldrich], 35 ml of 

distilled water, 20 ml of methanol, and 10 ml of acetic acid) was added to an SDS-PAGE gel in a 

plastic box with a lid. The box was heated for 30 s in a microwave and then allowed to cool down 

to room temperature over 30 min. This was repeated once. To destain the gel, remove the 

Coomassie staining solution and add fresh destaining solution (10% [v/v] acetic acid, 20% [v/v] 

methanol, 70% [v/v] distilled water) to the gel. The box was incubated with shaking at room 

temperature overnight. After destaining, the gel was imaged on the ChemiDoc XRS+ (Bio-Rad) 

using the Coomassie filter and automatic exposure time settings for intense bands. 

6.2.12.3 Western blot protocol 

After SDS-PAGE separation of proteins, the gel was removed from the glass faceplates 

and placed in a box containing 4 °C transfer buffer (Tris-HCl [25 mM], glycine [192 mM]; pH 

8.3). Separately, a glass baking dish was filled with ~1 L of transfer buffer at 4 °C. Next, a transfer 
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cassette (Bio-Rad) was placed into the buffer with the black negative plate on the bottom. Then, a 

sponge was placed onto the negative plate, followed by blotting filter paper cut to the size of the 

gel, and finally the gel. Make sure there were no bubbles between the gel and the filter paper by 

gently smoothing the gel by hand. Next, add the polyvinylidene difluoride (PVDF; GE) membrane, 

cut to the size of the gel and pre-activated by soaking in methanol for 1 – 5 min and also make 

sure there were no bubbles between the membrane and the gel. Finally, add a second piece of 

blotting filter paper and the second sponge and close the cassette by folding the clear plastic place 

on top of the resultant transfer sandwich and locking it with the attached clip. The transfer cassette 

was then transferred to a Mini Trans-Blot Cell (Bio-Rad) with the black plate of the cassette facing 

the negative black part of the cell. The buffer tank was filled with 1 L of transfer buffer from the 

glass baking dish and an ice pack was placed inside of the tank to maintain the temperature at 4 

°C throughout the transfer. The tank was placed inside a Nalgene pan filled with 50:50 ice and 

water. The transfer was run at 80 V for 1.5 h. Following transfer, the cassette was disassembled, 

the membrane was removed and placed in a clear plastic blotting box. Next, the membrane was 

rinsed once with Tris-buffered saline plus Tween 20 (TBST; Tris-HCl [10 mM; pH 7.5], NaCl [15 

mM], Tween 20 [0.01% (v/v)]) and blocking solution (either 5% [w/v] bovine serum albumin 

[BSA] or 5% [w/v] non-fat dry milk in TBST) was added. The membrane was incubated at room 

temperature with rocking for 1 h. Then, the blocking solution was removed, and the primary 

antibody was diluted in fresh blocking solution (according to the manufacturer’s specifications) 

and added to the membrane. The membrane was incubated with the primary antibody overnight at 

4 °C in the cold room. The following day, the membrane was washed 3 times (~5 ml of TBST with 

rocking at room temperature for 5 min each) and secondary antibody in TBST was added 

(according to the manufacturer’s specifications). After a 1 h incubation with rocking at room 
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temperature, the membrane was washed again 3 times (~5 ml of TBST with rocking at room 

temperature for 5 min each). Finally, for secondary antibodies conjugated to horseradish 

peroxidase (HRP), 3 ml of the SuperSignal West Pico PLUS Luminol/Enhancer Solution (Thermo-

Fisher Scientific) was added to 3 ml of SuperSignal West Pico PLUS Stable Peroxide Solution 

(Thermo-Fisher Scientific) in a 15 ml conical tube and inverted to mix. The resulting solution was 

added directly to the membrane and incubated with rocking for 2 – 5 min at room temperature. 

After incubation, the reagent was poured off and the membrane was placed inside of a clear plastic 

sheet protector. The membrane was then imaged on a ChemiDoc XRS+ using the 'Chemi' method 

and either autodetection or manual exposure time. Typically, exposure times below 300 s were 

optimal. 

6.2.13  Dual-Luciferase Assay System 

For cells expressing both the Renilla luciferase enzyme and firefly luciferase enzyme, 

media was first removed from wells and passive cell lysis buffer (provided in Dual-Luciferase 

Assay kit from Promega) was added at 1/5th of the original media volume. The plate was incubated 

with shaking for 20 min to allow for complete cell lysis. While the cells were being lysing, the 

automatic liquid handling injectors on the Tecan M1000 microplate reader were prepared. The 

inlet for injector 1 was placed in the Luciferase Assay Reagent (LAR, provided in Dual-Luciferase 

Assay kit from Promega) and the inlet for injector 2 was placed in the Stop & Glo Reagent (S&G, 

provided in Dual-Luciferase Assay kit from Promega). Both injectors were primed with 1 mL of 

the respective reagent using the ‘prime’ function in the injection settings. After priming, the 

injection shaft was placed into the hole at the top of the microplate reader. Next, the multiwell 

plate containing lysed cells was placed inside the instrument and the Dual-Luciferase assay 
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template protocol within the Tecan software was opened. The plate type and manufacturer were 

selected, and the wells of interest were highlighted. Injection volumes were set to 50% (e.g., 50 – 

100 µl for a 96-well plate or 25 µl for a 384-well plate) and all other settings were kept default per 

the template protocol (200 µl/s injection speed, 100 µl/s refill speed, 2 s wait time). Firefly 

luciferase values were recorded first followed by Renilla luciferase values. Once the assay was 

complete, the injection shaft was replaced and the multiwell plate was removed. The injector 

settings were opened again and the ‘backflush’ function was selected to reclaim unused reagent to 

their respective tubes for future use. Reagents were stored at -80 °C long-term. The inlets for 

injectors 1 and 2 were then removed and placed into ethanol (70% [v/v] in water). Under the 

injector settings, the ‘wash’ function was selected and washing was performed twice, followed by 

replacement of the injector inlets and storage in their respective stands.  

6.2.14  Bright-Glo Assay System 

To cells expressing firefly luciferase enzyme, add ½ of the total media volume Bright-Glo 

reagent (Promega; prepared by dissolving Bright-Glo substrate in Bright-Glo buffer). For example, 

25 µl of Bright-Glo reagent was added to 50 µl of media for cells grown in a 384-well plate and 

100 µl of Bright-Glo reagent was added to 100 µl of media for cells grown in a 96-well plate using 

a multichannel pipette. When the Bright-Glo assay was performed on cells grown in a 96-well 

plate format, 100 µl of media was removed prior to addition of the Bright-Glo reagent. In some 

cases where plasmid expression resulted in raw luciferase values >100,000 the volume was further 

reduced to conserve Bright-Glo reagent. For example, 50 µl of Bright-Glo reagent was added to 

100 µl cells in a 96-well plate format. Because the lysis reagent was included in the Bright-Glo 

buffer, so there was no need for an additional lysis step prior to addition of the Bright-Glo reagent. 
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The plate was incubated with shaking for 10 min at room temperature to allow for cell lysis and 

stabilization of luminescence signal. Luminescence signal was monitored on a Tecan M1000 

microplate reader using the luminescence read-out with attenuation OFF and integration time 

between 100 – 1000 ms. While a 1000 ms integration time was standard for most assays, the 

integration time was determined based on intensity of the luminescence signal. For example, for 

high signals (detector indicates: OVER), an integration time of 100 ms was required to prevent 

saturation. 

6.2.15  Data analysis of luciferase assays 

For dual luciferase assays in which the changes in Renilla luciferase activity were 

monitored (e.g., the miRNA target sequence was downstream of the Renilla luciferase gene in the 

reporter construct), luminescence values for Renilla luciferase activity were divided by 

luminescence values corresponding to firefly luciferase activity for each individual well. In 

contrast, for dual luciferase assays in which changes in firefly luciferase activity were monitored, 

luminescence values for firefly luciferase activity were divided by luminescence values for Renilla 

luciferase. Then, the average and standard deviation of three wells was calculated for resultant 

‘relative luminescence’ values for each treatment condition. Finally, the average ± standard 

deviation relative luminescence value for each condition was divided by the average relative 

luminescence value for the DMSO control. In experiments where the data were reported as a 

percentage, the resultant average ± standard deviation values were multiplied by 100.  

The Bright-Glo assay was typically paired with an XTT assay (see protocol 6.2.16 to 

monitor cell viability. When these experiments were performed, cells were plated at the same time 

in two separate plates such that one assay (Bright-Glo or XTT) was performed on each plate. After 
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obtaining the average changes in absorbance from the XTT assay as described below, the raw 

luminescence values from the Bright-Glo assay for each well were divided by the corresponding 

change in absorbance for each treatment condition. Subsequently, the average and standard 

deviation of three wells was calculated for the ‘relative luminescence’ values for each treatment 

condition. Finally, the relative luminescence data for each treatment condition were divided by the 

relative luminescence for the DMSO control. 

6.2.16  XTT assay 

Cells were typically seeded at 500 or 1000 cells per well in white, clear-bottom, 384-well 

plates (Greiner) such that cells were at ~50% confluence on the day of treatment. Following an 

overnight incubation, cells were treated in triplicate for the desired amount of time followed by 

analysis with an XTT assay (Roche).522 When cell proliferation was monitored (GI50), cells were 

plated in the same way and the XTT assay was plated the following day immediately before 

treating the cells. XTT reagent (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-

barboxanilide was dissolved in 500 ml of PBS buffer to a concentration of 1 mg/ml. The reagent 

was stirred and warmed in a 37 °C water bath for no more than 10 min to ensure complete 

dissolution of the solid. Next, the reagent was sterile filtered through a 0.2 µm filter via vacuum 

filtration920 and aliquoted (10 ml) into 15 ml conical tubes which were stored at -80 °C until use. 

The activation reagent, menadione, was prepared by dissolving the solid in acetone to a final 

concentration of 1.7 mg/ml and was stirred until completely dissolved. To prepare the activated 

XTT reagent, menadione was added to an appropriate volume of XTT to enable addition of 40% 

media volume for the assay (8 µl of menadione per 1 ml of XTT) and mixed. The activated XTT 

reagent was added to each well. Absorbance was measured at 450 nm and 630 nm (background) 
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on a Tecan M1000 microplate reader after initial addition (Abs-tinital) of the reagent, then the plate 

was incubated at 37 °C in a 5% CO2 atmosphere for 4 h. Following the incubation end-point 

absorbance (Abs-tfinal) was measured on a Tecan M1000 plate reader. After background subtraction 

of the absorbance measurements at 630 nm, the difference in the Abs-tinital and Abs-tfinal 450 nm 

absorbance measurements was calculated. The difference in absorbance for each well was 

normalized to the DMSO control, then averaged and multiplied by 100 to determine the percent 

cell viability relative to DMSO. 920,921 IC50 values were calculated by fitting the data with a variable 

slope sigmoidal dose response curve using GraphPad (Prism) software.  

To calculate the GI50, the difference between Abs-tinital and Abs-tfinal at 450 nm was 

calculated for each well from the XTT assay performed on the day of treatment (RAbs-t0) and the 

XTT assay performed after treatment for 72 h (RAbs-t72). Additionally, the average RAbs-t0 and 

average RAbs-t72 for DMSO (RAbs-t72 [DMSO]) treated cells were calculated. Subsequently, the 

following equation was used: [(RAbs-t0 – RAbs-t72 [compound treatment]) / (RAbs-t72 [DMSO] – 

RAbs-t72 [compound treatment])] x 100 = percent growth inhibition, where RAbs-t72 [compound 

treatment] corresponded to the relative absorbance following compound treatment for each 

individual well. Finally, the average percent growth inhibition ± standard deviation was calculated 

for each treatment concentration, plotted in GraphPad prism, and a GI50 was calculated using the 

protocol described above. On the GI50 sigmoidal curve, values <0 (i.e., negative values) 

corresponded to cell death, values = 0 corresponded to no growth, and values >0 (i.e., positive 

values) indicated cells were proliferating. 
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6.2.17  CellTiter-Glo cell viability assay 

Cells were treated with a serial dilution of small molecule (in 0.1% [v/v] DMSO) or 0.1% 

(v/v) DMSO in triplicate for 72 h in a 384-well plate. The CellTiter-Glo reagent (Promega) was 

prepared by combining the CellTiter-Glo Substrate and CellTiter-Glo Buffer, then aliquoting it 

(10 ml) into 15 ml conical tubes. Following treatment, 12.5 µl of the CellTiter-Glo reagent was 

added directly to 50 µl of media in each well. There was no requirement to remove media for an 

additional lysis step because the lysis reagent was included in the CellTiter-Glo Buffer. After 

addition of the CellTiter-Glo reagent, the plate was incubated with shaking for 10 – 15 min at room 

temperature to allow for cell lysis and stabilization of luminescence signal production. 

Luminescence was monitored on a Tecan M1000 microplate reader using the luminescence read-

out, attenuation set to OFF, and an integration time of 1000 ms. Finally, average luminescence 

values ± standard deviation were calculated and average values for compound treatment were 

normalized to DMSO, then multiplied by 100 and reported in % cell viability.  

6.2.18  Clonogenic assay 

The clonogenic assays were performed as described previously.524 Briefly, a base layer 

solution was prepared by heating a solution of 1.4% (w/v) agarose in sterile MilliQ purified water 

to melt and mixing it in equal volumes with 2x growth media (2x growth media powder, fetal 

bovine serum [FBS; 20% (v/v)], penicillin-streptomycin [2% (v/v)]). The agarose was allowed to 

cool to a temperature such that it was warm enough to be melted and to handle comfortably, but 

not too hot. To add to a 12-well plate (Corning), the P1000 pipet (VWR) was set to 700 µl, then 

the plunger was pushed all the way down (past the first stop) and the agarose/media solution was 
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slowly drawn up. The tip of the pipet tip was placed at the bottom of the well and the solution was 

gently dispensed until the first stop was reached. Continuing past the first stop was found to result 

in bubbles. After the base layer was added to all wells, the 12-well plates were placed in the 4 °C 

fridge for 20 – 30 min to solidify.  

To generate the cell/treatment layer, 0.9% (w/v) low melt agarose was first heated in a 

microwave briefly and mixed with an equal volume of 2x growth media in a 15 ml conical tube. 

Volumes were calculated to enable addition of 300 µl of low melt agarose and 300 µl of 2x growth 

media per well in triplicate (i.e., 900 µl of each). Then, cells were trypsinized, resuspended in 1x 

growth media, and counted using the hemocytometer. Compounds at a concentration 1000-fold 

higher than the final concentration (e.g., 10 mM for a 10 µM [final]) were diluted in the low melt 

agarose/2x growth media solution. DMSO was also included as a vehicle control. Then cells were 

diluted in 1x growth media in a separate 15 ml conical tube such that the final cell density was 

10,000 cells in 150 µl per well. Finally, 750 µl of the cell solution was added to the agarose layer 

in each well of the 12-well plate as described for the base layer. After two weeks, cells were stained 

with 0.1% (w/v) crystal violet in PBS. Images of each well were captured using an MRm camera 

(Axiocam) and N-Achroplan 5x/0.13 M27 objective on an Axio Observer Z1 microscope (Zeiss) 

using the ‘tiling’ and ‘z-stack’ modules. In order to capture images of the whole well, a z-stack of 

17 slices over 800 µm was obtained. Each slice contained 192 tiles (12 x 16) which were stitched 

together immediately following image capture using Zen 2.0 software. Z-stacks were exported as 

.tif files and focus stacking was used to convert the individual slices to generate an extended depth 

of field image using Helicon Focus software (https://www.heliconsoft.com). Extended depth of 

field images were analyzed using ImageJ.525 Briefly, identical contrast settings were applied to 

each image by adjusting the maximum and minimum pixel values to match the histogram. The 
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threshold for each image was then set to 1.03%. Colonies were counted using the “Colony 

Counter” plugin using a particle size of 500-infinity. Total colonies per well were averaged and 

normalized to DMSO control. IC50 values were calculated by fitting the data with a variable slope 

sigmoidal dose response curve using GraphPad (Prism) software.    

6.3 General DNA Computation Techniques 

6.3.1  Gate duplex purification 

Non-modified (IDT or Sigma-Aldrich), 5’ TAMRA- and 3’ BHQ2- (Alpha DNA), or 5’ 

Iowa Black RQ- and 3’ TAMRA-modified (IDT) oligonucleotides were purchased from 

commercial vendors. The oligonucleotides were received as lyophilized samples and were diluted 

in autoclaved nuclease-free Milli-Q purified water to a stock concentration of 100 µM, calculated 

based on the amount of DNA (nmol) received. Concentrations of stock solutions were validated 

by measured absorbance at 260 nm on a Nanodrop ND-1000 spectrophotometer. Gate duplexes 

were assembled at ~20 µM in 200 µl of 1x TE/Mg2+ buffer (Tris-HCl [0.01 M; pH 8.0], 

ethylenediaminetetraacetic acid [EDTA; 10 mM], MgCl2 [12.5 mM]). These concentrations were 

achieved by pipetting 20 µl of each ssDNA into a PCR tube in addition to 20 µl of 10x TE/Mg2+ 

solution and up to 200 µl total volume with nuclease-free water. The ssDNA oligonucleotides were 

subsequently annealed in a thermal cycler (Bio-Rad) by heating the solution to 95 °C, then cooling 

it to 12 °C over 10 min. Gate duplexes were then purified on 1.5 mm 20% (v/v) native TBE-PAGE 

gels (200 V, 40 min; see protocol 6.1.9  The full-size gate duplex was excised from the gel using 

UV back shadowing on a TLC plate to visualize the DNA. Briefly, the gel was removed from the 
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glass plates and carefully transferred to a TLC plate pre-wet with distilled water. Then, a handheld 

UV lamp was held at a ~45° angle to the benchtop and shined on the gel. The DNA duplex will 

then be visible as a dark band in the gel and the edges of the band can be marked with a razor 

blade. The amount of time the DNA was illuminated by the UV lamp was limited to prevent 

photodamage. The DNA band was then completely excised from the gel and cut into smaller pieces 

of ~1 mm3. The gel pieces were transferred to a 1.7 ml Eppendorf tube and incubated with shaking 

at room temperature overnight in 500 µl of TE/Mg2+ buffer to elute the gate duplex. The following 

day, elutions were transferred to a new 1.7 mL Eppendorf tube and centrifuged at 3000 g for 5 min 

to remove residual gel debris from the solution. The supernatant was transferred to a clean 1.7 ml 

Eppendorf tube and gate concentrations (typically 5 – 10 µM) were determined by measuring 

absorbance at 260 nm on a Nanodrop ND-1000 spectrophotometer and calculated with the duplex 

extinction coefficient as determined by the IDT OligoAnalyzer 3.1. 

6.3.2  Fluorescence analysis 

Gate reactions were set up in 50 µl (384-well plate; black) or 100 µl (96-well plate; black) 

of TE/Mg2+ buffer in three separate wells and incubated at 37 °C or room temperature as described 

in each individual gate experiment. Unless otherwise specified, for in vitro gate activation 

experiments, AND gates were used at 200 nM with 200 nM translator gates and 800 nM input 

strands. TAMRA fluorescence was monitored on a Tecan M1000 microplate reader (ex. 545 nm; 

em. 585 nm; reading from the bottom). Reactions were normalized as described in each individual 

experiment, but typically to the positive control.  
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6.3.3  Gate transfections 

Logic gate transfections were performed in black 96-well plates using 0.8 µl of 

XtremeGENE siRNA transfection reagent (Roche) per well in 100 µl of serum-free OptiMEM. 

The gates were transfected at 50 nM with 50 or 200 nM translator gate where applicable. Gates 

were complexed with XtremeGENE siRNA transfection reagent as described in the general 

protocol 6.2.3.2. After 4 h incubation, transfection mixes were removed and replaced with phenol 

red-free growth media for imaging as described above (see protocol 6.2.5 TAMRA signal was 

normalized to a standard fluorescence intensity setting for all samples in a given experiment in 

Zen 2.0. Images were shown with fluorescence and brightfield (BF) channels merged. 
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7.0 Plasmid Maps 

 

 

Figure 7-1 psiCHECK-miR122 plasmid map 

 

 

 

 

Figure 7-2 psiCHECK-empty plasmid map 
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Figure 7-3 pGL3-basic plasmid map 

 

 

 

 

Figure 7-4 pGL3-miR122 promoter plasmid map 
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Figure 7-5 psiCHECK-miR125b plasmid map 

 

 

 

 

Figure 7-6 psiCHECK-miR182 plasmid map 
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Figure 7-7 psiCHECK-miR221 plasmid map 

 

 

 

 

Figure 7-8 pGL4-miR21promoter plasmid map 
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Figure 7-9 pFRT/TO/FLAG/HA-DEST/DICER plasmid map 

 

 

 

 

Figure 7-10 pEGFP-N1 plasmid map 
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Figure 7-11 pmCherry-N1 plasmid map 

 

 

 

 

Figure 7-12 psiCHECK-miR30e plasmid map 
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Appendix A List of Buffer Recipes 

10x Phosphate buffered saline (PBS; 500 ml): 

 40 g of sodium chloride 

 1 g of potassium chloride 

 7.2 g of sodium phosphate (dibasic)  

 1.2 g of potassium phosphate (monobasic) 

All solids were combined in a 500 ml glass bottle and 500 ml of MilliQ purified water was 

added. The pH was adjusted to 7.4 ± 0.2 and the solution was autoclaved to sterilize. The buffer 

was stored at room temperature and diluted to 1x in MilliQ purified water prior to use. 

 

10x Tris-buffered saline (TBS; 1 L): 

 87.6 g of sodium chloride 

 12.1 g of Tris-HCl 

All solids were combined in a 1 L glass bottle and 1 L of MilliQ purified water was added. 

The pH was adjusted to 7.6 ± 0.2. The buffer was stored at room temperature. 

 

Tris-buffered saline with Tween-20 (TBST; 1 L): 

 100 ml of TBS (10x) 

 1 ml of Tween-20 

Solutions were combined in a 1 L glass bottle and 900 ml of MilliQ purified water was 

added. The buffer was stored at room temperature. 
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10x Western blot transfer buffer (1 L): 

 30.3 g of Tris-HCl  

 144 g of glycine 

The solids were combined in a 1 L glass bottle and 1 L of MilliQ purified water was added. 

The buffer was stored at 4 °C. 

 

Western blot transfer buffer (1 L): 

 100 ml of western blot transfer buffer (10x) 

 200 ml of methanol 

 0.5 g of sodium dodecyl sulfate (SDS) 

Solutions were combined with SDS in a 1 L glass bottle and 700 ml of MilliQ purified 

water was added. The buffer was mixed by gentle inversion and sonication to avoid producing 

bubbles and was stored at 4 °C. 

 

10x SDS-PAGE running buffer (500 ml): 

 15 g of Tris-HCl 

 72 g of glycine 

 10 g of sodium dodecyl sulfate  

All solids were combined in a 500 ml glass bottle and 500 ml of MilliQ purified water was 

added. The buffer was mixed by gentle inversion and sonication to avoid producing bubbles and 

was stored at room temperature. SDS-PAGE running buffer was diluted to 1x in MilliQ purified 

water prior to use and was reused up to 5 times. 
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4x SDS-PAGE loading dye (Laemmli buffer; 10 ml): 

 2 ml of Tris-HCl (1 M; pH 6.8) 

 0.8 g of sodium dodecyl sulfate 

 4 ml of glycerol 

 8 mg of bromophenol blue 

All solids were combined in a 15 ml conical tube and 10 ml of MilliQ purified water was 

added. The buffer was mixed by gentle inversion and sonication to avoid producing bubbles and 

was stored at room temperature. Prior to use, 900 µl of SDS-PAGE loading dye was combined 

with 100 µl of β-mercaptoethanol, then diluted to 1x in cell lysate.  

 

1x Radioimmunoprecipitation assay buffer (RIPA; 50 ml): 

 0.303 g of Tris-HCl (pH 8.0) 

 0.438 g of sodium chloride 

 50 µl of Triton X-100  

 0.05 g of sodium dodecyl sulfate 

All solids were combined in a 50 ml conical tube and 50 ml of MilliQ purified water was 

added. The solution was mixed by inversion to prevent bubbles and stored at room temperature. 

The buffer was combined with 100x Halt protease inhibitor cocktail (Thermo-Fisher Scientific; 1x 

[final]) prior to use.  

 

10x Tris-ethylenediaminetetraacetic acid magnesium chloride buffer (TE/Mg2+; 50 ml): 

 0.605 g of Tris-HCl (pH 8.0) 

 1.46 g of (ethylenediaminetetraacetic acid) EDTA 
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 0.595 g of magnesium chloride 

All solids were combined in a 50 ml conical tube and 50 ml of MilliQ purified water was 

added. The solution was mixed by inversion and stored at room temperature. The buffer was 

diluted to 1x in MilliQ purified water prior to use.  

 

10x Tris-boric acid EDTA buffer (TBE; 500 ml): 

 54 g of Tris-HCl  

 27.5 g of boric acid 

 4.65 g of EDTA 

All solids were combined in a 500 ml glass bottle and 50 ml of MilliQ purified water was 

added. The solution was mixed by inversion and the pH was adjusted to 8.3 ± 0.2. The buffer was 

stored at room temperature stored. The buffer was diluted to 1x in MilliQ purified water prior to 

use.  
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Appendix B List of Antibodies and Dilutions 

anti-Flag (mouse monoclonal) Proteintech (catalog# 66008-3lg; 1:1000 dilution) 

  

anti-HA (rabbit monoclonal) Cell Signaling Technology (catalog# 3724S; 1:1000 dilution) 

  

anti-E-cadherin (rabbit monoclonal)  Cell Signaling Technology (catalog# 3195S; 1:5000 dilution) 

  

anti-GAPDH (rabbit monoclonal) Cell Signaling Technology (catalog# 2118S; 1:5000 dilution) 

  

anti-CAT1 (rabbit polyclonal) Abcam (catalog# ab37588; 1:1000 dilution) 

  

anti-β tubulin (mouse (monoclonal) Santa Cruz (catalog# sc-5274; 1:5000 dilution) 
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