Influence of Protein Binding and Competition on 7SK Ribonucleoprotein Complex
Maintenance and Transition

by
Daniel Christopher Totten

B.A. in Biology, Hendrix College, 2010

Submitted to the Graduate Faculty of the
Dietrich School of Arts and Sciences in partial fulfillment
of the requirements for the degree of

Doctor of Philosophy in Molecular, Cellular, and Developmental Biology

University of Pittsburgh

2017



UNIVERSITY OF PITTSBURGH

DIETRICH SCHOOL OF ARTS AND SCIENCES

This thesis was presented

by

Daniel Totten

It was defended on
October 11, 2017
and approved by
Karen Arndt, PhD, Professor
William Saunders, PhD, Associate Professor
Paula Grabowski, PhD, Professor
John Woolford, PhD, Professor

Dissertation Advisor: Andrea Berman, PhD, Assistant Professor



Copyright © by Daniel Totten

2017



INFLUENCE OF PROTEIN BINDING AND COMPETITION ON 7SK
RIBONUCLEOPROTEIN COMPLEX MAINTENANCE AND TRANSITION
Daniel Totten, PhD

University of Pittsburgh, 2017

As the first step of gene expression, transcription is tightly regulated to ensure the proper growth,
development, and homeostasis of an organism. In metazoans, an extra layer of control, known as
promoter proximal pausing, is exerted approximately fifty nucleotides into elongation through
the association of negative elongation factors with RNA polymerase Il. The cyclin-dependent
kinase positive transcription elongation factor b (P-TEFb) phosphorylates both the negative
elongation factors and the C-terminal domain of the polymerase to release paused RNA
polymerase Il into productive elongation. Promoter proximal pausing is a highly pervasive
control mechanism, as inhibition of P-TEFb abolishes global transcription. P-TEFb activity is
predominantly controlled through sequestration and release from an inhibitory ribonucleoprotein
complex (RNP) containing the non-coding small nuclear 7SK RNA (7SK-P-TEFb RNP).
Release of P-TEFb from this RNP allows 7SK RNA to bind various heterogeneous nuclear
ribonucleoproteins (hnRNPSs) to form the 7SK-hnRNP RNPs. The transition between the 7SK-P-
TEFb RNP and the 7SK-hnRNP RNPs controls active P-TEFb levels, and thus metazoan
transcription. The functional consequence of assembly and transition between the 7SK RNPs is
unknown. In this thesis, | investigated the effects of protein binding and competition in
establishing, maintaining, and transitioning the respective 7SK RNPs in two studies. In the case
of hnRNP A1 and serine-arginine splicing factor 2 (SRSF2) binding to Stem Il of 7SK RNA, |
found that the proteins differentially restructure the RNA element upon binding, helping to

maintain exclusive RNP complex formation at high concentrations. However, the formation of



an intermediate complex with low concentrations of both factors helps mediate SRSF2
dissociation from the complex during RNP transition. In my second study, | found that direct
phosphorylation of hnRNP K by P-TEFb modulates occupancy of competing proteins on Stem |
of 7SK RNA. Furthermore, this post-translational modification may play a downstream role in
mediating proper termination at select genes. Together, these studies detail the first biochemical
examination of hnRNP-7SK RNA interactions and suggest that 7SK RNP maintenance and
transition is controlled by transcription-dependent changes in the local concentrations of RNA-

binding factors.



TABLE OF CONTENTS

PREFACE . ...ttt e e anee s X1
1.0 INTRODUCTION ...t 1
11 TRANSCRIPTION OVERVIEW ..o 1
1.1.1 RNA polymerase Il and the C-terminal domain (CTD) ......c..ccccccevvevvennnnne. 2

1.1.2 The three stages of transCription...........ccccceveiieiicic s 3

1.2 PROMOTER PROXIMAL PAUSING.......cccooiiiiiiiee e 9
1.2.1 Mechanisms governing promoter proximal pausing and release ............. 10

1.2.2 Prevalence and implications of promoter proximal pausing................... 16

1.3 REGULATION OF PROMOTER PROXIMAL PAUSING.........c.ccceevnne. 17
1.3.1 Recruitment of P-TEFb to paused RNA polymerase Il...........c..ccccoeneee. 17

1.3.2 Multiple levels of regulation affect P-TEFb activity ............ccccoeeveernennee. 20

14 7SK RNA: SYNTHESIS, COMPOSITION, AND REGULATION OF
TRANSCRIPTION.....c ettt e eanneenee s 22
1.4.1 7SK RNA synthesis and maturation ............ccccovveiieiiieiiie e sie e 22

1.4.2 7SK RNA forms multiple RNPs to regulate transcription ..............c......... 25

1.5 OBJECTIVES OF THE PRESENT STUDY ...ccoiiiiiiiiiieiieee e 31

2.0 HNRNP Al AND SRSF2 COMPETITION FOR STEM 111 OF 7SK RNA AIDS

IN RNP CONVERSION AND MAINTENANCE .......coiiiii s 33

Vi



2.1

2.2

2.3

INTRODUCTION ..o 33
2.1.1 SRSF2 and hnRNP A1l structure and function .............ccocoevvineicinnnnen. 35
2.1.2 SRSF2 and hnRNP A1 associate with 7SK RNA..........cccoo i, 38

MATERIALS AND METHODS. ... 39
2.2.1  RNA CONSLrUCLION AESIGN ....oveeiiiiecieecie e 39
2.2.2  Protein PUFIfICALION ......ccociiiieii e 40
2.2.3 Electrophoretic mobility shift @ssays.........cccccevviiiiiieiiiieseee e 41
2.2.4  IN-lINE PrODING oeciecee e 42
A T B \V/ I3 o] o] o] oo USSR 43
2.2.6 RNaSe TL Probing.....ccccciiiiiiiiicie e 43
2.2.7 Cell culture and transfeCtion ............ccocieieiiiineic e 44
2.2.8 Differential salt eXtraCtion ............ccoceoiiiiiieiinine e 44
2.2.9 UV SEIESS @SSAY ..vviiiuriieiiiieiiiiiessiiiessisiesssaeessteesssisessbeesssbeesssbeesssseesssseessssessnseens 45
2.2.10 Cellular RNA purification and reverse transcription..............c.ccccccueevee. 45
2.2.11 RT-PCR @nd RT-0PCR .....coiiiiiiiiiiieieie et 46

RESULTS et 46
2.3.1 UP1and SR directly bind Stem 111 of 7SK RNA..........ccooiiiiiiiiee, 46
2.3.2 Loop-distal site is critical for UP1 interaction with Stem Il .................... 48
2.3.3 SR requires access to buried binding SIteS ..........ccccovveveiieiicce e, 50
2.3.4 UP1 binding opens Stem T ..o 51
2.3.5 SR tightly packs Stem H ..o 54
2.3.6 UP1 and SR differentially compete for Stem Il binding ............c............ 55
2.3.7 UP1laids in SR recruitment off Stem 1 ... 59

vii



24

2.3.8 Stem Il mutations disrupt P-TEFb release........cccccocvvveviveiniieiieeiecnn, 64
2.3.9 P-TEFb dysregulation decreases promoter proximal pausing at the
HSPALB JOCUS ....c.eiteiiiiiiteet et 67

DISCUSSION ... 68
2.4.1 hnRNP Al and SRSF2 directly bind and differentially restructure Stem
FHEOF TSI RINA bbbttt bbb sbenne s 69
2.4.2 hnRNP Al and SRSF2 competition may aid in 7SK RNP transition....... 71

2.4.3 Stem Il mutations disrupt P-TEFb release and RNA polymerase Il

eloNQAtION TN CEIIS ... e 73

3.0 P-TEFB-DEPENDENT PHOSPHORYLATION OF HNRNP K ISOFORM 3
MODULATES BINDING TO THE SNRNA 7SK RNP......ooiieeee e 76
3.1 INTRODUCTION ..o 76
3.1.1 hnRNP K structure and fUNCLION ...........coceiiiiniiiiiee e 77

3.1.2 hnRNP K association with 7SK RNA and P-TEFD..........cccccoveniiiineen. 78

3.2 MATERIALS AND METHODS. ... 79
3.2.1  RNA cONSLrUCtioN deSIGN ....ccvveviiiiiiecie et 79

3.2.2  Protein PUFIfiCAtION .......cccoviiiiii e 80

3.2.3 Electrophoretic mobility shift @ssays.........cccccceviiiiiiieii i 82

32,4 KINGSE ASSAYS....veeuveiureireeiteasreiteesteetesseesteesesteesteaeesseessaeseaseesteentesneesraenneaneens 82

3.2.5 Cell culture and transfeCtioN ............cooveieiiiiieiieee 83

3.2.6  Nuclear fractionNAtioN ............ccocoiiiiiiiieieie e 83

3.2.7 Cellular RNA purification and reverse transcription............ccccccoevevveennen. 84

3.28 RT-PCR aNd RT-QPCR .....coiiiiiiiieete e e 85

viii



3.3

RESULTS e 85
3.3.1 hnRNP K binds Stems I and 11 of 7SK RNA .......cccooriiiiiinee, 85
3.3.2 P-TEFb phosphorylates hnRNP J at S261 ...........cccccevviiieveeie e 88
3.3.3 Phosphorylation of S261 decreases affinity for 7SK RNA............c.ccecv...e. 91
3.3.4 Phosphorylation of S261 increases HEXIM competition for Stem I ........ 95

3.3.5 P-TEFb-dependent phosphorylation of hnRNP K does not induce nuclear

(2010 RO TPRT 99

3.3.6 S261 aids in MYC transcription termination maintenance..................... 100

3.4 DISCUSSITON ...ttt ene e 103
3.4.1 hnRNP K and J directly interact with 7SK RNA .........ccccoe i, 104

3.4.2 P-TEFb phosphorylates hnRNP J at S261 ..........ccccceevveiiiieiiececc e 105

3.4.3 S261 of hnRNP J may help regulate transcription termination.............. 107

4.0 CONCLUSIONS AND FUTURE DIRECTIONS ..o 109
4.1.1  Implications fOr diSEASE........ccvcveiieiiiie et 112

4.1.2 Towards understanding the 7SK RNPS in VItro ..........ccccccoeevieveeceseenne. 115

4.1.3 Towards exploring in vivo consequences of the 7SK RNPs.................... 117

4.1.4  Concluding reMArKS.........cccoeiuiiiiiieie et 121
APPEND X A e bbbt ne e 123
APPENDIX B ...ttt ettt n e 127
BIBLIOGRAPHY .ottt sttt see e bt be e e 136



LIST OF TABLES

Table 2.1. Quantitation of the affinity of UP1 and SR for Stem Il and mutants ........................ 49
Table A.1. List of primers used in the hnRNP Al and SRSF2 study. .........cccccvevevveveiiiesieenns 123
Table A.2. List of primers used in the hnRNP K and HEXIM study..........cccccoeveviveiiivieinenns 125



LIST OF FIGURES

Figure 1.1. Formation of the pre-initiation COMPIEX........cccccvivieiieiicieieece e 4
Figure 1.2. Transcription elongation has tWo Phases...........cccceiveiieiiiieie e 6
Figure 1.3. Transcription termination requires mMRNA and polymerase disengagement............... 8

Figure 1.4. Promoter proximal pausing can be established through two non-mutually exclusive

IMECNANISITIS ...ttt bbbt b bbb bbbt b b s e st bbbt ben e 13
Figure 1.5. P-TEFb sub-domain and domain architecture and subunits...............cccooveveiiieinenns 15
Figure 1.6. General recruitment model for promoter proximal pausing release..............cccccocu... 19
Figure 1.7. Synthesis 0f the COre 7SK RNP .........coiiiiiicc e 23
Figure 1.8. Assembly of the 7SK-P-TEFD RNP .........cooioiiiiiiiece e 27
Figure 1.9. 7SK RNA forms two mutually exclusive hNnRNP RNPS...........ccccoviviiiieiiiiciees 29
Figure 1.10. The transition between the 7SK RNPs controls metazoan transcription................. 30

Figure 2.1. 7SK RNA transitions between RNPs to regulate active P-TEFb levels and
tranSCriPtioN lONQALION ........viiiie e e e et e e e b e e sreeebeeareas 34

Figure 2.2. Domain architecture and structures of RNA binding domains of SRSF2 and hnRNP

N ST PRRPR 37
Figure 2.3. UP1 and SR bind Stem I of 7SK RNA .......ooiiiiii e 48
Figure 2.4. UP1 and SR restructure Stem 1 upon binding.........cccooeiiiiiiiii e 52

Xi



Figure 2.5. GB1 solubility tag does not change the mode of binding of SRSF2rrm to Stem 111. 56
Figure 2.6. UP1 and SR bind Stem Il simultaneously, yet UP1 cannot displace SR ................. 57

Figure 2.7. RNA-binding mutants of UP1 and SR do not form unique ternary complexes with

0 (=] 1 0 1 O TP PP TP UPRTRPPRRRPRN 59
Figure 2.8. UP1 aids in efficient recruitment of SR from Stem I...........cccoooveiviiiiiiieieiees 60
Figure 2.9. SR recruitment to alternative 5 UTR is enhanced with UP1............cccoovevviiiinennnns 63
Figure 2.10. Stem 111 helps release P-TEFb from 7SK RNA under Stress ...........cccvvveveiiveieenens 65
Figure 2.11. Stem 11l regulates promoter proximal pausing of HSp70 ..........cccccoeeviieiiiiicieenns 68

Figure 2.12. Proposed model for the contribution of hnRNP Al and SRSF2 in the transition

DEIWEEN the TSI RINPS ...ttt 75
Figure 3.1. hnRNP K isoforms 2 and 3 bind Stems | and 111 of 7SK RNA..........ccccoeviiieieenns 87
Figure 3.2. P-TEFb directly phosphorylates hNRNP J...........ccooiiiiiiiiicccceee e 90
Figure 3.3. Phospho-mimetic hnRNP J binds Stem I with less affinity............cccccooveiiiiiinens 92
Figure 3.4. Direct phosphorylation of hnRNP J by P-TEFb decreases affinity for Stem I.......... 94
Figure 3.5. HEXIM efficiently competes for binding Stem I .........c.cccoooeiieiiiie i 97

Figure 3.6. Addition of N-terminal maltose-binding protein tag decreases affinity of hnRNP J
FOr STEM T OF TSKI RINA .ottt b et nbe et e 98
Figure 3.7. Cells treated with flavopiridol do not accumulate hnRNP K in the cytoplasm......... 99

Figure 3.8. Overexpression of hnRNP J S261 mutants increases accumulation of transcripts past

POlY-adenylation SIGNAIS ........covviiiieiie e 102
Figure 3.9. P-TEFb autoregulation through phosphorylation of hnRNP J ..., 104
Figure 4.1. Working model of transcription-dependent P-TEFb autoregulation...................... 112

xii



PREFACE

This thesis is the culmination of years of hard work from a team of individuals, not just myself. |
would like to thank the undergraduates that have helped me gather data — including all data not
presented herein. Thank you Walter Wang, Megan Link, Ashley Neiswender, Rosalyn Marar,
and Nick Mynarski for all the help, support, and tireless dedication to science and the lab. | can
only hope that my mentorship can repay a fraction of what you guys gave.

| would also like to thank Dr. Andrea Berman for taking me into her lab and giving me
free reign to pursue this incredibly difficult project. I'm sure most PIs would have given up a
long time ago, and | thank you, from the bottom of my heart, for allowing me to persevere and
find myself. As you’ve said countless times, “The PhD is just icing on the cake.” I can’t agree
more. Thank you.

Finally, I would like to thank the Department of Biological Sciences for providing the
resources, motivation, and incentives to accomplish my doctoral work. Thank you Cathy Barr for
managing all administrative duties. Thank you to my committee for working with me to
complete this project. | want to give special thanks to the Hatfull, Brodsky, Arndt, Saunders,

Hendrix, and VanDemark labs for equipment, reagents, and advice.

| would like to dedicate this thesis to my boof. I love you.

Xiii



1.0 INTRODUCTION

This body of work is a record of the data gleaned from biochemical, molecular, and cellular
techniques used to understand the consequences of protein binding to, and competition for, a
non-coding RNA, and the subsequent effects on transcriptional regulation in metazoans. To
understand the importance of the data, this chapter focuses on building the foundation of
transcription regulation in eukaryotes. Specific attention is paid to elongation control through the
phenomenon of promoter proximal pausing — what it is, what causes it, and what regulates it. |
then detail the role of the abundant non-coding RNA, 7SK RNA, in controlling this process.
Finally, | end the chapter with a brief outline of the two projects contained herein and the

hypotheses that guided their progress.

1.1  TRANSCRIPTION OVERVIEW

Nearly every aspect of a cell is guided through the regulated expression of the information
contained within DNA. Transcription is the first essential step of this process, whereby the stable
hereditary material of DNA is transcribed into RNA. Contrary to the popular representation in
the central dogma, we now appreciate RNA as being more than simply an intermediate molecule
in protein synthesis. RNA has a plethora of roles throughout the cell, including, but not limited

to, translation (e.g., messenger RNA, transfer RNA, the catalytic mechanism behind protein
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synthesis [ribosomal RNA], and a major component of the signal recognition particle [7SL
RNA]), catalytic roles in RNA processing (e.g., the spliceosome and tRNA maturation),
chromatin architecture (e.g., XIST-mediated coating and silencing of an X chromosome),
transcription (e.g., guide RNAs and 7SK RNA regulating promoter proximal pausing), and RNA
silencing (e.g., miRNAs) [1].

Eukaryotes have three RNA polymerases (RNA polymerase I, 11, and Ill) [2], and each
polymerase is responsible for transcribing specific subsets of genes. For example, RNA
polymerase | transcribes 28S, 18S, and 5.8S ribosomal RNAs [3]; RNA polymerase Il produces
messenger RNA, small nuclear RNA, and miRNA [4]; and RNA polymerase Ill generates 5S
ribosomal RNA, transfer RNA, and non-coding regulatory RNAs [5]. While partially conserved,
each RNA polymerase associates with specific transcription factors and has unique levels of

regulation [2]. This introduction will focus on RNA polymerase 11 transcription and regulation.

1.1.1 RNA polymerase Il and the C-terminal domain (CTD)

RNA polymerase Il is an ~520 kDa protein complex composed of 12 subunits, RPB1-12 [6].
RNA polymerase Il is the major transcribing unit for messenger RNAs, small nuclear RNAs,
small nucleolar RNAs, and miRNAs [7]. Because RNA polymerase Il directly controls
expression of protein-coding genes, cells have evolved a series of regulatory events to govern its
activity [8]. Efficient transcription relies on proper formation of the holo-enzyme composed of
the core polymerase and the general transcription factors at promoter elements near the
transcription start site (Section 1.1.2) [9].

Unique to RNA polymerase 11, the largest subunit, RPB1, contains a C-terminal domain
(CTD) composed of 52 repeats in humans with the consensus sequence of YSPTSPS [10]. The
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CTD is essential, as full deletion of the domain is lethal [11, 12]. Each amino acid within the
CTD has the potential to be post-translationally modified by chemical modifications like
phosphorylation or by isomerization [10]. Meta-genomic profiles of these modifications have led
to the observation that specific marks correlate with defined stages of transcription. The pattern
of modifications, along with the timing of the events, has been termed the “CTD code” [13]. The
CTD and the status of its post-translational modifications (PTMs) are critically important in
recruiting and scaffolding the protein and RNA components necessary for proper, and efficient,
transcription and post-transcriptional processing of the nascent transcript — including the
messenger RNA capping complex, chromatin remodelers, histone modifying enzymes,
elongation factors, splicing machinery, and termination factors [14]. Thus, regulation of RNA
polymerase Il requires precise control not only over recruitment of the holo-enzyme to

appropriate promoters, but also of the factors that mediate the PTMs of the CTD.

1.1.2 The three stages of transcription

Transcription can be roughly divided into three stages: initiation, elongation, and termination.
Each stage has unique regulations and control mechanisms that coordinate a vast network of
signals to properly mediate gene expression. Because eukaryotic DNA is a protein-nucleic acid
complex, termed chromatin, nucleosome architecture is a prevalent and potent barrier at every
stage of transcription [15]. Indeed, initiation is no exception, and the stage can only begin upon
clearing nucleosomes bound to promoter elements, allowing access to transcription factors [16].
RNA polymerase Il has little intrinsic preference for promoter DNA and cannot
efficiently initiate without the aid of transcription factors (TFs) [17]. Therefore, initiation first
requires formation of the pre-initiation complex (PIC) — whereby RNA polymerase Il is recruited

3



to the promoter and forms the complete holo-enzyme through the assemblage of general
transcription factors (TFII B, D, E, F, and H) within the nucleosome-free region upstream of the
transcription start site (Figure 1.1) [9]. The approximate order of binding events is illustrated in
Figure 1.1. Of note, the promoter is not recognized by the polymerase itself, but rather from the
initial binding events of TFIID [18, 19], TFIIB [20, 21], and, frequently, TFIIA [22]. Formation
of the PIC is considered to be the rate-limiting step of transcription in yeast [23, 24]; however,
growing evidence suggests that the rate-limiting step is gene-specific and may rely on either

formation of the PIC or promoter proximal pausing (Section 1.2) in metazoans [25].

TFIID TFIIB RNA polymerase Il TFIIE TFIIH

Transcription
factor-mediated
nucleosome
rearrangement

Assembly
of pre-initiation
complex
_—

Figure 1.1. Formation of the pre-initiation complex. Adapted from [9]. Prior to initiation, promoter elements
must be accessed via nucleosome remodeling events (left). Once exposed, the general transcription factors will
recognize and bind the DNA, recruiting RNA polymerase Il and the other general transcription factors necessary to

initiate (right).

After formation of the PIC, additional signals from transcription factors bound to cis-
acting elements (e.g., enhancers) are relayed to the PIC through the large protein complex known

as Mediator [26]. Initiation begins upon phosphorylation of S5 within the CTD by the cyclin-



dependent kinase 7 subunit of TFIIH [27], while another TFIIH subunit hydrolyses ATP to
induce DNA melting and formation of the transcription bubble [28]. Addition of the first two
ribonucleotide triphosphates (NTPs) complementary to the template [29] and catalysis of the
phosphodiester bond between them by the RBP2 subunit of RNA polymerase Il follows [30].
Although highly processive in elongation, RNA polymerase Il can undergo cycles of abortive
transcription during initiation, during which it releases truncated RNA transcripts [31]. However,
if the polymerase can successfully catalyze the addition of 14 nucleotides, it will successfully
clear the promoter and enter the elongation phase of transcription [31].

Successful promoter clearance signifies the beginning of the elongation stage, during
which RNA polymerase Il transverses the entirety of the transcription unit until termination
signals are reached. Metazoan elongation can be broadly divided into two sub-sections: promoter
proximal pausing (discussed in detail in Section 1.2) and productive elongation (Figure 1.2) [32].
The transition between the two sub-stages is a key regulatory step in gene expression, and
potentially adds a crucial quality-control checkpoint for the extensive processing events that

occur throughout productive elongation.



Promoter Clearance Productive Elongation

4

(

P-TEFb

Elongation factors
% Chromatin remodelers
Histone modifiers

Figure 1.2. Transcription elongation has two phases. Adapted from [25]. After successful promoter clearance
(left), negative elongation factors bind and hold the elongating polymerase near the promoter (promoter proximal
pausing, middle). Upon stimulation by P-TEFb, RNA polymerase Il is released and acquires a multitude of

elongation factors as it enters productive elongation (right).

As the polymerase clears the promoter, initiation factors are exchanged for elongation
factors (Figure 1.2) [32]. These factors aid in co-transcriptional RNA processing events such as
addition of the 5’ cap for messenger RNAs [33] and splicing [34], as well as successful
navigation of chromatin [35]. Factor exchange and recruitment involves a dynamic interplay
among elements such as the nascent RNA [36], histone post-translational modifications [37], and
the status of the CTD code (S5 phosphorylation decreases as S2 phosphorylation increases) [38].
Successful elongation depends on the correct association of these factors throughout the
progression of the gene. Indeed, RNA polymerase Il has a low transcription rate (~0.5 kb/min)
for the first several kilobases of elongation, presumably to ensure proper addition of elongation
factors prior to full elongation (2-5 kb/min) [39]. However, elongation should not be considered
as a “runaway train,” as the rate of elongation varies dramatically not only throughout the body

of a gene, but also between genes [40, 41]. Increasing evidence supports the idea that controlling



the speed of RNA polymerase Il through pausing events is critical for proper transcription and
genome stability [25].

Once the polymerase nears the end of a transcriptional unit, two critical processes must
occur during termination, the final stage of transcription: 1) release of RNA from the elongating
polymerase, and subsequent final RNA processing and 2) disengagement of the polymerase from
DNA (Figure 1.3) [42]. Unlike initiation and elongation, termination is less-well studied,
particularly owing to the difficulty in untangling the contribution of termination factors to the
two processes. In metazoans, there appears to be three distinct mechanisms for terminating
specific subsets of genes: one for messenger RNAs, one for small nuclear RNAs, and one for
replication-dependent histone transcripts [42]. To add to the complexity, two different models
exist to explain how RNA polymerase Il disengages upon termination: the allosteric model and

the torpedo model (Figure 1.3) [42].



Cleavage and
Poly-adenylation
Complex @

AAA(A),

Disengagement
from DNA

\
\

. Torpedo Model

Allosteric Model

Figure 1.3. Transcription termination requires mRNA and polymerase disengagement. Adapted from [42].
After transcribing the poly-adenylation signal (PAS), the cleavage and poly-adenylation complex is recruited to a
paused polymerase to cleave the RNA downstream of the PAS. In the torpedo model, exonuclease XRN2 is
recruited to the polymerase, whereupon digestion of the nascent transcript releases the polymerase from DNA [43].
In the allosteric model, interactions mediated in part through cleavage factor 11 (CFII) and RNA polymerase Il lead
to disengagement [44, 45]. Afterwards, the messenger RNA transcript undergoes final quality control processing and

export to the cytoplasm, while RNA polymerase Il initiates a new transcript.

For genes encoding messenger RNAs, termination begins once the polymerase
transcribes the poly-adenylation signal (PAS) [46, 47]. This signal recruits members of the
cleavage and poly-adenylation complex, which work together to cleave the nascent transcript and
add the poly-adenylate tail that aids in messenger RNA translation and stability [48, 49]. The
polymerase is then either disengaged through allosteric interactions via a cleavage factor Il
component (the allosteric model) [44, 45], via displacement by the 5°-3 exonuclease activity of

XRNZ2 on the remaining nascent transcript (the torpedo model) [43], or via a conservative model



that integrates both (Figure 1.3) [50]. Regardless of the mechanism, efficient termination (and
maintenance of transcriptional unit boundaries [51, 52]) is aided in part through pausing of the
polymerase at the end of the transcriptional unit [53-55], although the exact contribution(s) of
this event are still debated.

Together, these three stages encompass the entire process of transcription. As the first
step in gene expression, transcription is highly regulated and critically important; however, it is
by no means the end of the story. The cell employs a plethora of post-transcriptional,
translational, and post-translational mechanisms to adeptly process and convey the information
stored within DNA necessary for homeostasis and survival. In the following sections, | focus on
the metazoan-specific phenomenon of promoter proximal pausing and provide detailed analysis

of the major components that influence its regulation.

1.2 PROMOTER PROXIMAL PAUSING

In Saccharomyces cerevisiae, a major model organism for studying eukaryotic transcription,
formation of the PIC is the rate-limiting step at many genes [23, 24]. However, when
investigators examined the transcription of inducible genes, such as MYC [56], in human cell
lines, there appeared to be a transcriptional block past initiation but prior to elongation. In
agreement with this observation, a series of studies in Drosophila melanogaster discovered that
RNA polymerase 1l accumulated near the promoter of HSP70 [57, 58]. These polymerases were
transcriptionally engaged, since stimulation upon temperature shift elicited rapid production of
transcripts [58]. These studies were corroborated with others that utilized ATP analogs such as

5,6-dichloro-1-p-D-ribofuranosylbenzimidazole (DRB). DRB halted transcription through an



unknown mechanism that did not directly inhibit RNA polymerase Il [59, 60]. Instead of
observing a complete loss of RNA production, treatment with DRB gave rise to short, capped
RNAs [61]. Together, these pioneer studies suggested that metazoan RNA polymerase Il
efficiently initiates but does not continue into elongation. However, these stalled promoter
proximal polymerases enter into productive elongation upon stimulation, and are therefore
considered to be paused rather than arrested. These studies laid the groundwork for the

metazoan-specific phenomenon of promoter proximal pausing.

1.2.1 Mechanisms governing promoter proximal pausing and release

Unlike transcriptional arrest, paused polymerases do not disengage the nascent RNA from the
active site and can resume elongation upon stimulation. Transcriptional pausing is an intrinsic
property of polymerases [62], including RNA polymerase Il. Weak pause sites appear at least
once in every 100 base-pairs throughout transcribed units [32]. Strategic positioning of strong
pause sites throughout genes [63, 64] may play a role in mediating co-transcriptional folding and
processing, e.g., at exon boundaries and poly-adenylation sites [25]. In addition, transcriptional
pausing may aid in preserving genomic integrity, as a number of studies have shown that
increasing the elongation rate results in abnormal chromatin maintenance. This leads to
nucleosome repositioning across important regulatory elements that eventually results in an
overall decrease in transcription [65-67].

Pausing has such a large effect on elongation rate that the measured rate in vitro without
additional factors (25-50 bases/minute) [68] is over 100-fold lower than the rate measured in vivo
(~4 kilobases/minute) [39, 41]. This implies that additional elements are required for efficient
elongation. Indeed, there are not only a host of positive elongation factors that decrease

10



polymerase pausing and enhance the elongation rate, but also negative elongation factors that
work to elicit pausing events. Clearly, not one individual factor works alone, and therefore
elongation is the culmination of a myriad of factors working together to achieve the observed
rate of ~4 kilobases/minute [39, 41].

While splicing and termination events have strong, defined encoded pause sites [25], no
consensus sequence has been described for promoter proximal pausing. Instead, it is thought that
promoter proximal pausing is a unique regulatory mechanism brought about through recruitment
of negative elongation factors via specific transcription factors acting in trans. After promoter
clearance, RNA polymerase Il interacts with the negative elongation factors DRB-sensitivity
inducing factor (DSIF), a homolog of yeast Spt4 and Spt5 [69], and the multi-subunit negative
elongation factor (NELF) [70]. Binding to both the polymerase [71, 72] and the nascent RNA
[70, 73, 74] approximately 50 nucleotides past the transcription start site, these factors work
together to prompt promoter proximal pausing (Figure 1.2) [75]. Indeed pausing in vitro only
occurs upon addition of both factors [76].

Phylogenetic studies indicate that promoter proximal pausing correlates with the
evolution of NELF, as the phenomenon is not observed in species lacking the NELF complex
[32, 77]. However, knock-down of NELF does not uniformly affect promoter proximal pausing
across the genome [78, 79], suggesting that additional factors contribute to establishing promoter
proximal pausing. One factor, Gdownl, is an auxiliary protein [80] that works with Gdownl
negative accessory factor (GNAF) and competes with TFIIF to induce promoter proximal
pausing (Figure 1.4) [81]. Interestingly, polymerases containing Gdownl are uniquely sensitive
to activation through interaction with Mediator [80]. Gdownl-mediated elongation repression is

also aided through TFIIS, a classical positive elongation factor, although the exact mechanism by
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which TFIIS restricts the polymerase instead of helping release it from arrest is unknown (Figure
1.4) [81]. Finally, nucleosome positioning and composition also help establish promoter
proximal pausing. The location of paused polymerase appears to depend on the exact position of
the +1 nucleosome [82, 83], and addition of histone variants can decrease the prevalence of

pausing events [83].

12



O <>

TFIIS Gdown1 GNAF

TSS +1 Nucleosome TSS

+1 Nucleosome

Mediator
recruitment l

and release

Transcription Factors

P-TEFb Phosphorylation
and release

TSS

Figure 1.4. Promoter proximal pausing can be established through two non-mutually exclusive mechanisms.
Adapted from [32]. (a) ~50 nucleotides into elongation, RNA polymerase Il associates with the negative elongation
factors NELF and DSIF and pauses. Upon recruitment of P-TEFb, the kinase phosphorylates NELF, DSIF, and the
CTD of RNA polymerase I, promoting productive elongation. (b) An auxiliary negative elongation factor, Gdownl,
works together with TFIIS and Gdown negative accessory factor (GNAF) to promote pausing near the promoter.
Gdownl-mediated promoter proximal pausing can be released through recruitment and activation via the Mediator

complex.

13



Once paused, how does the cell release active polymerases to meet transcriptional
demand? In vitro transcription assays using nuclear extract identified positive elongation factor b
(P-TEFb) as a critical component that provides the stimulation to relieve promoter proximal
pausing [59]. Subsequent cloning identified P-TEFb as PITARLE, with further characterization
revealing it as a cyclin-dependent kinase (CDK) [84]. P-TEFb is a heterodimer composed of the
active kinase subunit CDK9 bound to one of four regulatory cyclins (cyclin T1 [85, 86], T2a,
T2b [87], and K [88]), although the majority of CDK?9 associates with the T cyclins (Figure 1.5)
[89]. Upon recruitment to promoter proximally paused RNA polymerase Il (Section 1.3.1),
activated P-TEFb phosphorylates the Spt5 subunit of DSIF [90] and the NELF-E subunit of
NELF [91]. These events turn DSIF into a positive elongation factor [92] that will stably
associate with the elongating polymerase for the entirety of the gene [66], while NELF
dissociates from the elongation complex [91]. Although only needed for the initial release of
paused polymerase at the 5° end of genes [93, 94], P-TEFb is incorporated into the elongating
polymerase as a part of the super elongation complex [95], a collection of eleven-nineteen Lys-
rich leukemia and mixed lineage leukemia proteins that associate with RNA polymerase 11 and

aid in overcoming pausing events [96].
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Figure 1.5. P-TEFb sub-domain and domain architecture and subunits. (a) The kinase subunit CDK9 is

expressed as two isoforms with molecular weights of 42 kDa and 55 kDa [97]. Box diagram of the relative position
of the subdomains (top). G loop: binds ATP, lobe N oac-helix: binds cyclins, hinge: separates N and C lobes,
catalytic loop: residues required for catalysis, DFG motif :coordinates Mg?*, T loop: aligns substrates into binding

pocket [84]. Surface representation (left) and ribbon model (right) are shown (PDB ID: 3BLQ) [98]. (b) CDK9 can
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bind four regulatory cyclins [84]. Box diagram of domains are shown. Cyclin boxes: bind CDK9, TRM: Tat

recognition motif, his-rich: histidine-rich motif, PEST: rich in proline, glutamate, serine, and threonine sequence.

Along with relieving promoter proximal pausing via phosphorylation of DSIF and NELF,
P-TEFb is also implicated in phosphorylating the CTD at S2 [99, 100]. However, growing
evidence suggest that this phosphorylation event may be an auxiliary function of P-TEFb, as
other CDKs (i.e., CDK12 and CDK13) are potentially more important for mediating this post-
translational modification [101, 102]. Nonetheless, S2 phosphorylation is an important mark for
elongating polymerases as it serves as a docking platform to promote recruitment of other

elongation and termination factors [103, 104].

1.2.2 Prevalence and implications of promoter proximal pausing

Initially, promoter proximal pausing was characterized as an elongation control mechanism for
expression of inducible or viral genes. With the advent of genome-wide sequencing techniques,
the widespread prevalence of this phenomenon has become readily apparent. Indeed, chromatin
immunoprecipitation followed by deep sequencing (ChlP-seq) analyses of RNA polymerase 11
generates four classes of genes: untranscribed genes with no polymerase association,
untranscribed genes with promoter proximal pausing, transcribed genes with promoter proximal
pausing, and transcribed genes without apparent 5° polymerase accumulation [105]. Of the
polymerase-associated genes, about 40-70% of these genes have significant 5> accumulation of
RNA polymerase Il [39, 66, 106-109], suggesting that there are “P-TEFb-dependent” and “P-
TEFDb-independent” genes. However, when P-TEFb activity is blocked with drug inhibitors,

nearly all transcription is halted [39, 66, 110]. This suggests that either promoter proximal
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pausing or P-TEFb-mediated phosphorylation events (i.e., DSIF phosphorylation) occur at every
RNA polymerase Il-associated gene. The variability in 5° polymerase accumulation, however,
most likely arises from differential recruitment of both negative and positive elongation factors.
What is the purpose of promoter proximal pausing? Because the paused polymerases are
transcriptionally engaged, promoter proximal pausing serves as a convenient mechanism for
rapid gene induction [32]. Indeed, gene ontology analysis of genes with high levels of promoter
proximal pausing reveals a significant enrichment for processes related to growth,
differentiation, proliferation, and stress responses [105]. Because effective release into
productive elongation relies on the activity of one main factor, P-TEFb, this mechanism also
serves to induce a concerted response upon appropriate stimulation [111, 112]. Promoter
proximal pausing is also important for maintaining nucleosome positioning near the promoter, as
knockdown of NELF repositions nucleosomes within promoter elements [113]. This, in turn,
decreases future rounds of transcription. Finally, promoter proximal pausing may influence
proper termination of divergent transcripts at bi-directional promoters by allowing termination

factors to associate and efficiently disengage the polymerase [66, 114].

1.3 REGULATION OF PROMOTER PROXIMAL PAUSING

1.3.1 Recruitment of P-TEFb to paused RNA polymerase |1

As the principal factor necessary to relieve promoter proximal pausing [59, 99, 115], P-TEFb is
subject to strict control mechanisms to ensure proper transcription. Therefore, recruitment of P-

TEFb to paused polymerases is not mediated through simple diffusion of active kinase; instead,
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it is regulated via specific interactions with trans-acting transcription factors [116]. Known
interaction/ recruitment factors include BRD4 [117, 118], JMJD6 [119], NF-xB [120], MyoD
[121], c-Myc [122], KAP1 [123], CHITA [124], p53 [125], and VP16 [126]. These transcription
factors can directly interact with P-TEFb through P-TEFb-interacting domains (e.g., BRD4 [127]
and Tat from HIV1 [128]), while others recruit active P-TEFb via association with regulators of
P-TEFb (Section 1.4.2) [129].

As more recruitment partners and mechanisms are discovered, a general theme has
emerged that typifies P-TEFb engagement at specific loci (adapted from [129]). Under resting
conditions, active P-TEFb is repressed through interaction within a ribonucleoprotein complex
(Section 1.3.2). This complex can be tethered to enhancers or promoters, with proteins such as
KAP1 responsible for maintaining tethered reservoirs of the kinase (Figure 1.6a) [123]. Free
ribonucleoprotein complexes can also be recruited through interactions between complex
members and specific transcription factors. Upon transcriptional demand, enzymes associated
with these transcription factors catalyze a change in PTM status on either P-TEFb or factors
repressing its activity, releasing free P-TEFb (Figure 1.6b). Direct P-TEFb-interacting
transcription factors or super elongation factors can then associate with the active kinase for
specific recruitment to the paused polymerase. Additionally, the histidine-rich motif found in
cyclins T1, T2a, and T2b (Figure 1.5) interact with the CTD of RNA polymerase Il [130],

providing an additional anchoring mechanism.
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Figure 1.6. General recruitment model for promoter proximal pausing release. Adapted from [129]. (a) P-
TEFb, inactivated when bound within a ribonucleoprotein complex (RNP), is tethered or recruited to promoter
proximally paused RNA polymerase II. These interactions are mediated through chromatin-associated factors such
as BRD4, which binds acetylated histones near promoters [131], and KAP1, which can bind accessory factors within
the RNP and recruit the complex [123]. (b) Once recruited, P-TEFb can be released from the RNP through post-
translational modifications of P-TEFb or accessory factors as well as by direct recruitment from the complex. Once

active, P-TEFb will associate with the polymerase and release promoter proximal pausing.
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It is important to keep in mind that promoter proximal pausing is an event that occurs ~
50 basepairs from the transcription start site [105], and is thus immediately adjacent to both the
general transcription factors and transcription activators and repressors acting in trans [25].
Therefore, the conditions that either promote or release pausing involve the complex balance
between positive and negative elongation factors that are influenced by the three-dimensional
architecture of the nucleus. Indeed, promoter-enhancer interactions mediated through
chromosomal looping [132] and Mediator [133] have been shown to aid in pausing release,
potentially through interactions between Mediator — the enhancer/promoter bridging complex
[26] — and components of the super elongation complex [134]. Other enhancers, known as anti-
pausing enhancers, specifically recruit and destroy the ribonucleoprotein complex repressing P-

TEFDb, increasing the levels of active, free P-TEFb near the associated promoters [119].

1.3.2 Multiple levels of regulation affect P-TEFb activity

The critical importance in properly regulating P-TEFb activity cannot be overstated. The first
level of regulation occurs with the expression of the kinase itself. The active kinase subunit,
CDKOQ, is expressed as two isoforms resulting from alternative promoter usage, resulting in
polypeptides with molecular masses of 42 kDa and 55 kDa (Figure 1.5) [97]. The proportion of
expressed isoforms varies between tissue types and across cell differentiation [135]. While the
larger isoform appears to undergo constitutive expression, the smaller isoform becomes
upregulated upon extracellular signals and activation [135, 136]. In addition, the two CDK9
isoforms can interact with four different cyclins (T1, T2a, T2b, and K — with the two cyclin T2

transcripts arising through alternative splicing of a single gene [87]) to form a total of eight
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potential heterodimer complexes (Figure 1.5) [84]. The exact contribution of each complex in
regulating P-TEFb function in vivo is not fully understood, however.

Once assembled, P-TEFb activity can be modulated through various PTMs. The
regulatory cyclin T subunit can undergo acetylation via p300, which releases active P-TEFb from
the inhibitory ribonucleoprotein complex (see below) [137]. Like CDK2, CDKJ9 also possesses a
T-loop proximal to the active site. This loop contains a critical threonine (T186) that must be
phosphorylated for proper substrate alignment in the active site and full activity (Figure 1.5)
[98]. However, unlike CDK2 which requires activation in trans [138], CDK9 can
autophosphorylate T186 in cis [98]. Association of P-TEFb with the repressive 7SK RNA
ribonucleoprotein complex requires T186 phosphorylation [139]. Thus, phosphatases such as
PPM1G [140] and PP1a [141] not only inhibit P-TEFb activity, but also provide a mechanism by
which to release the kinase from the complex. Finally, P-TEFb activity can be indirectly
modulated through PTMs of the accessory factor, HEXIM (see below), that represses P-TEFb
within the ribonucleoprotein complex. These modifications inhibit the association between either
HEXIM and P-TEFb [142-144] or HEXIM and the RNA [145], releasing active P-TEFb.

As | have mentioned throughout the preceding sections, the most notable level of P-TEFb
regulation occurs through association with the 7SK small nuclear RNA. Indeed, this novel
mechanism by which 7SK RNA serves as a scaffold to form a repressive ribonucleoprotein
complex (RNP) with P-TEFb [146, 147] is the predominant mechanism governing active P-
TEFb levels in metazoans. Depending on the cell type, nearly 50-90% of the total available P-
TEFb is sequestered within 7SK RNPs [143, 146-148], and controlled P-TEFb upregulation
(e.g., T-cell activation ) concomitantly increases the expression of the inhibitory 7SK RNP

components [149, 150]. The function of the inhibitory RNP is to maintain a vast pool of
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selectively-recruitable P-TEFb that can be quickly utilized to meet transcriptional demand upon

activation. The specifics of this regulatory mechanism will be discussed in the following section.

1.4 7SK RNA: SYNTHESIS, COMPOSITION, AND REGULATION OF

TRANSCRIPTION

1.4.1 7SK RNA synthesis and maturation

7SK RNA is an abundant (~2 x 10° copies per cell) [151], nuclear [152] non-coding RNA that
had an unknown function for nearly three decades until researchers discovered it associated with,
and inhibited, P-TEFb [146, 147]. The human genome contains hundreds of pseudogenes
encoding 7SK RNA, but the only functional copy is located on chromosome 6 [153, 154]. An
RNA polymerase |1l transcript [155], 7SK RNA is expressed under a strong constitutive
promoter [156, 157] that relies on the transcription factors Octl [158], SNAPc [159], and Stafl
[160], and terminates upon transcription of a canonical poly-uracil sequence (Figure 1.7) [161].
Its 3° di- or tri-uridylate sequence initially serves as the binding motif for the Lupus antigen (La)
protein that protects the transcript from exonuclease activity (Figure 1.7) [162, 163]. Chemical
and ribonuclease probing experiments led to a proposed secondary structure containing four stem
loops (SI-SIV) [164]. Phylogenetic analysis of 7SK RNAs across metazoans, guided by the
strong associated promoter elements, suggests an alternate structure composed of eight highly-
conserved motifs (M1-M8) [165]. For the purpose of this thesis, | will defer to the original

secondary structural model (Figure 1.7).
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Figure 1.7. Synthesis of the core 7SK RNP. Adapted from [151, 166]. After transcription by RNA polymerase I11,
7SK RNA undergoes 3’ end processing to remove one, two, or three uracils before addition of an adenine. The 3’
end is protected from further degradation by genuine La. The 5’ end is capped with a monomethyl group on the
gamma phosphate by the methyl-phosphate capping enzyme (MePCE). After methylation, the enzyme remains
bound to the 5° end of 7SK RNA. Finally, genuine La is replaced by La-related protein 7 (LARP7), forming the core

7SK RNP.
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After synthesis, 7SK RNA undergoes several rounds of post-transcriptional processing.
Exonuclease activity trims off one to three uracils before an unknown enzyme adds a single
adenosine, giving rise to a heterogenous population of 330-332 nucleotide transcripts [167, 168].
Shortly afterward, La is exchanged for La-related protein 7 (LARP7), which tightly binds and
protects the 3’ end from further degradation (Figure 1.7) [169-171]. As over 90% of LARP7 is
bound to 7SK RNA [166], it appears the sole function of the protein is to aid in 7SK RNA
stability and RNP formation [172]. At the 5’ end, the methyl phosphate capping enzyme
(MePCE), previously known as BCDIN3 [173], adds a single methyl group to the gamma
phosphate [174, 175] and binds the transcript (Figure 1.7) [173]. In addition to these terminal
processing events, a recent study has found that most 7SK RNA transcripts are pseudouridylated
at U250 [176], although the direct role this mark has on 7SK RNA structure and function
remains to be discovered.

The 5’ and 3’ post-transcriptional processing events are critical for 7SK RNA stability.
Depletion of either LARP7 [169, 170] or MePCE [173, 177] dramatically reduces 7SK RNA
levels. More than merely capping the RNA, LARP7 and MePCE can also directly interact, and
7SK RNA strengthens this interaction [177]. There are two major consequences of the LARP7 —
MePCE interaction. 1) LARP7 suppresses MePCE catalysis, preventing removal of the
monomethyl phosphate cap [177]. 2) Direct association while binding RNA helps bring together
the 5’ and 3’ ends, forming the core 7SK RNP (Figure 1.7) [178]. From here, 7SK RNA serves
as a scaffold to facilitate formation of multiple RNPs that work together to regulate metazoan

transcription.
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1.4.2 7SK RNA forms multiple RNPs to regulate transcription

To date, 7SK RNA can form four different and mutually exclusive RNPs. The assembly and
disassembly of three of the RNPs directly regulate the active concentrations of P-TEFb within
the nucleus, while the fourth complex helps suppress RNA polymerase Il initiation and
elongation at enhancer regions [129]. Comprising a small percentage of the 7SK RNPs, the 7SK-
BAF RNP is composed of 7SK RNA and the ATP-dependent nucleosome remodeler BAF
complex [179]. Interestingly, this RNP contains neither MePCE nor LARP7, and therefore must
be stabilized through an unconventional mechanism. The 7SK-BAF RNP is predominantly
recruited to enhancer and super-enhancer regions [179], where the BAF complex positions
nucleosomes across enhancer promoters and prevents RNA polymerase Il transcription of
enhancer RNAs [180].

Formation of the repressive P-TEFb RNP (the 7SK-P-TEFb RNP) relies on the accessory
factor hexamethylene bis-acetamide inducible protein (HEXIM) (Figure 1.8) [181, 182]. Humans
express two isoforms (HEXIM1 and HEXIM?2) arising from adjacent genes on chromosome 17
[166]. The isoforms appear to have overlapping functions, as knock-down of HEXIM1 results in
a compensatory increase in HEXIM2 expression [183]. The protein forms a homo- or
heterodimer through a C-terminal coiled-coil leucine zipper motif [184, 185]; dimerization is a
prerequisite for association with 7SK RNA [184]. Association of the HEXIM dimer with 7SK
RNA is required for the binding and inhibition of P-TEFb [184]; a conformational change
unmasks the acidic region that binds P-TEFb from an interaction with an arginine-rich motif
(ARM) located toward the N-terminus of HEXIM (Figure 1.8) [186, 187]. The ARM is also
responsible for mediating dsRNA interactions [188]. Upon binding the distal portion of Stem | of

7SK RNA [189-192], the C-terminal acidic portion interacts with the cyclin T subunit of P-TEFb
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(Figure 1.8) [193, 194]. HEXIM contains two aromatic residues, F208 and Y271, that most
likely bind within the ATP-binding pocket of CDK9 to restrict the activity of P-TEFb [184].
Once tethered to 7SK RNA through HEXIM, P-TEFb association may be stabilized through
interactions between the cyclin T subunit and LARP7 [171, 178] or via direct interaction with

Stem IV of 7SK RNA (Figure 1.8) [195].
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Figure 1.8. Assembly of the 7SK-P-TEFb RNP. Adapted from [129, 151]. HEXIM, initially autoinhibited through
interaction between the basic arginine-rich motif (ARM) and acidic region (AR), binds to Stem | of 7SK RNA
through the ARM (bottom left). Upon binding, HEXIM can bind and inactivate P-TEFb (top left), forming the core
7SK-P-TEFb RNP. Additional accessory factors may bind to form alternate RNPs (right). The assembled 7SK-P-
TEFb RNP is depicted as a basic projection and accurate biochemical model to illustrate the complexity of the

particle.
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Together, HEXIM and P-TEFb bound to the core 7SK RNP constitutes the 7SK-P-TEFb
RNP (Figure 1.8). Additional factors are also implicated in binding this complex, although these
interactions and their functions have not been fully characterized. These factors include super
elongation complex components AFF1 and AFF4 [196], the splicing protein SRSF2 [197], and
the transcriptional repressor CTIP2 [198]. These additional proteins most likely populate specific
subsets of 7SK-P-TEFb RNPs and are used to recruit the complex to specific genes.

Once the 7SK-P-TEFb RNP is recruited to a paused RNA polymerase (Section 1.3.1), P-
TEFb and HEXIM are released from the complex [146, 147, 199]. Potential mechanisms for
inducing this release include post-translational modifications of P-TEFb or HEXIM (Section
1.3.2), demethylation of the 5° monomethyl cap [119], and 7SK RNA restructuring via
deposition of the splicing factor SRSF2 onto nascent transcripts [197]. The helicase activity of
DDX21 has also been implicated in stimulating this release specifically at ribosomal protein and
small nucleolar RNA genes [200]. Excluding activation via 7SK RNA destabilization (removal
of the 5> monomethyl cap) [119, 201], P-TEFb and HEXIM dissociation from 7SK RNA does
not result in its degradation [170, 202]. Instead, various heterogeneous nuclear
ribonucleoproteins (hnRNPs) bind to the remaining core 7SK RNP to create the 7SK-hnRNP
RNPs (Figure 1.9). Of the twenty hnRNPs in humans, only hnRNP Al, A2/B1, Q1 and Q3, R,
and K have been observed to bind 7SK RNA [202-204]. Surprisingly, these proteins form two
mutually exclusive complexes, with hnRNP Al and A2 binding separately from hnRNP Q and R
(Figure 1.9) [204]. It is unknown whether hnRNP K binds either one of the two 7SK-hnRNP
RNPs [203], or if the protein forms a unique 7SK-hnRNP RNP. In addition, RNA helicase A has

also been found to associate with the 7SK-hnRNP RNP(s) (Figure 1.9) [204].
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Figure 1.9. 7SK RNA forms two mutually exclusive hnRNP RNPs. Adapted from [129, 151]. Upon dissociation
from the 7SK-P-TEFb RNP, the core 7SK RNP bhinds various hnRNPs. Deletion analysis suggest that all hnRNPs
bind Stem I11; hnRNPs Q and R also associate with Stem | [204]. hnRNP A1/A2 and hnRNP Q and R have not been
found in the same 7SK-hnRNP RNP. The relationship between hnRNP K and RNA helicase A (RHA) and the 7SK-

hnRNP RNPs is unknown.
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While the precise function of the 7SK-hnRNP RNPs is unknown, several lines of

evidence suggest it plays multiple roles in regulating metazoan transcription. First, it may help

regulate alternative splicing, as the identified 7SK-associated hnRNPs participate in splice-site

selection [205]. Indeed, knock-down of LARP7 or MePCE leads to alternative splicing defects in

zebrafish embryos [206]. Second, the balance between the formation of the 7SK-P-TEFb RNP

and the 7SK-hnRNP RNPs coordinates the levels of active P-TEFb. Under transcriptional stress

(such as UV, actinomycin D, DRB, or flavopiridol exposure), P-TEFb release correlates with

increased formation of the 7SK-hnRNP RNPs (reviewed in [129]). Vice versa, knock-down of

hnRNP Al and A2 or hnRNP K augments the formation of the 7SK-P-TEFb RNP [202]. Taken

together, these observations imply that 7SK RNA transitions between the two sets of RNPs to

control promoter proximal pausing (Figure 1.10).
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Figure 1.10. The transition between the 7SK RNPs controls metazoan transcription. Adapted from [129, 151].

After recruitment to promoter proximally paused RNA polymerase 11, active P-TEFb is released from the inhibitory

7SK-P-TEFb RNP. Various hnRNPs then bind the core 7SK RNP to form the 7SK-hnRNP RNPs. Through an

unknown mechanism, hnRNPs are released, upon which HEXIM and other accessory factors may bind and
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inactivate P-TEFb, reforming the 7SK-P-TEFb RNP. Together, this cycle fine-tunes the active levels of P-TEFb

within metazoan cells.

1.5 OBJECTIVES OF THE PRESENT STUDY

Tight control of P-TEFb ensures proper development, homeostasis, and proliferation of
metazoan cells. Indeed, deletion of P-TEFb is embryonic lethal [207], and destabilization of
LARP7 leads to increased active P-TEFb levels and metastatic cancer phenotypes in a panel of
breast cell lines [208]. As indicated in Figure 1.10, the formation, maintenance, and transition
between the 7SK RNPs provide the cell with a multi-variable rheostat to deftly control active P-
TEFb levels to meet the transcriptional demands of multi-cellular organisms. There is a large gap
in understanding the mechanisms by which these complexes form and transition. In fact, beyond
the four initial papers in the early 2000s that described the formation and composition of the
7SK-hnRNP RNPs [170, 202-204], there have been no further studies to explore why these
alternate complexes form, nor how the cell controls the transition(s) among them.

In an effort to close this gap, the following chapters will detail two examples of how
competition between RNA-binding proteins for 7SK RNA help explain not only the formation of
mutually exclusive complexes, but also the mechanisms by which the RNPs transition.
Therefore, we focus on pairs of proteins that bind to similar regions, but within different 7SK
RNPs. The first pair comprises serine-arginine splicing factor 2 (SRSF2) and hnRNP Al, which
are naturally antagonistic splicing factors whose competition for access to pre-mRNA splice-
sites upstream of spliceosome recruitment is well-characterized [209]. We find that each protein

differentially restructures 7SK RNA upon binding, and that competition between these factors
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not only helps maintain RNP formation, but also helps dissociate SRSF2 from the RNP onto
nascent RNA transcripts. The second pair, HEXIM and hnRNP K, provide an excellent example
of how 7SK RNP control is, in part, modulated through post-translational modifications.
Interestingly, we find that P-TEFb itself controls this transition, and suggest that P-TEFb
autoregulates active levels and transcriptional processes through phosphorylation of 7SK-
associated accessory factors.

While previous studies have examined the interactions between 7SK RNA and hnRNPs
via immunoprecipitations, the studies presented herein describe the first detailed biochemical
characterizations of the 7SK-hnRNP RNP interactions — and the competition between 7SK-P-
TEFb RNP components. They help lay the groundwork for future exploration of all 7SK-
associated components and the interaction between them. They also provide glimpses into the
complex mechanisms that must synergize to control the transcriptional fate of metazoans. Thus, |
hypothesize that 7SK RNA complex formation and transition are the consequences of protein-
protein and protein-RNA interaction networks established through direct competition between
components. Specifically, because these are (mostly) single-stranded nucleic acid binding
proteins, | hypothesize that binding by each factor restructures the RNA in a distinct fashion.
This reorganization will mask or expose binding sites to help stabilize recruitment of accessory
factors specific for formation of the respective RNP. As most associated factors have separate
functions outside of binding the 7SK complex, transition from these RNPs is the result of
recruitment away from the complex to attend to these functions. Post-translational modifications
may help provide the signal or energy necessary for the “switch.” The culmination of these
individual signals for each node of the interaction network, therefore, is the driving force for

fine-tuning P-TEFb release and association, and thus transcriptional control in metazoans.
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20 HNRNP A1 AND SRSF2 COMPETITION FOR STEM |1l OF 7SK RNA AIDS IN

RNP CONVERSION AND MAINTENANCE

2.1 INTRODUCTION

Serine-arginine splicing factor 2 (SRSF2) and hnRNP Al are naturally antagonistic splicing
factors. Binding of SRSF2 to exonic splicing enhancers helps recruit the major spliceosome
complex, while hnRNP Al binding to exonic splicing silencers inhibits its formation [34]. More
importantly, the two proteins directly compete for access to their respective binding sites on pre-
MRNA, whereby binding of one prevents binding of the other [210]. Indeed, competition
between these proteins is driven by relative protein abundance and the strength of the binding
interactions [211, 212]. Because SRSF2 and hnRNP ALl are predicted to bind to the same stem
loop of 7SK RNA, but within mutually exclusive complexes, we wondered if they behave the
same way here as on pre-mRNA (Figure 2.1). We hypothesize that hnRNP Al and SRSF2
compete for access to Stem Ill, and that this competition restructures the RNA to help maintain
formation of one 7SK RNP over the other. In this chapter, | will detail the relationship between
the RNA binding domains of SRSF2 and hnRNP Al with Stem Il of 7SK RNA, and how Stem

I11 helps regulate P-TEFb release and RNA polymerase Il pausing in cells.
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Figure 2.1. 7SK RNA transitions between RNPs to regulate active P-TEFb levels and transcription
elongation. P-TEFb is held inactive within the 7SK-P-TEFb RNP and is aided in recruitment to paused RNA
polymerase Il via SRSF2 (left). Upon transcriptional demand, P-TEFb dissociates from the complex, along with
HEXIM and SRSF2, the latter of which binds the nascent pre-mRNA (right). Various hnRNPs, including hnRNP

Al, bind 7SK RNA to form the 7SK-hnRNP RNPs.
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2.1.1 SRSF2 and hnRNP A1l structure and function

SRSF2 (also known as SC35) belongs to the serine/arginine (SR) family of proteins [213].
Unique among SR proteins, SRSF2 is strictly localized to the nucleus [214] where it is involved
in splicing regulation [215] and RNA polymerase Il elongation [197, 216]. It is composed of a
single N-terminal RNA recognition motif (RRM) followed by a C-terminal RS domain (Figure
2.2a). The RS domain has multiple functions, including non-specific binding of RNA [217] and
mediating protein-protein interactions [218]. Additionally, the domain is heavily post-
translationally modified, which can determine SRSF2 localization and activity [219, 220].
Specificity for RNA interactions is achieved through the RRM [221], which binds a disparate set
of recognition sequences [215]. Nuclear magnetic resonance imaging of the RRM in complex
with RNA revealed that the N- and C-termini come together to wrap around and recognize
single-stranded RNA, analogous to a closed claw (Figure 2.2a - bottom) [222, 223]. One
structural study has also elucidated a minimal recognition sequence of 5’-SSNG-3°, where
S=C/G and N=A/U/C/G, for the RRM [223].

Like most core hnRNP particle proteins, hnRNP Al is highly, and almost ubiquitously,
expressed in vertebrate tissues [224, 225]. It is involved in an array of RNA metabolic processes,
including miRNA biogenesis, alternative splice site selection, nuclear mRNA export, and
internal ribosome entry site maintenance [226, 227]. hnRNP Al contains 2 tandem, antiparallel
RRMs [228], an RGG motif that may interact with nucleic acids [229], a glycine-rich C-terminus
used for protein-protein interactions [230], and a non-canonical nuclear export/import signal

(M9) (Figure 2.2b) [231]. A proteolytic cleavage event results in isolation of just the tandem
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RRMs, which were thought to be a different protein named “unwinding protein 17 (UP1) [232,
233].

hnRNP Al is a single-stranded nucleic acid binding protein, and the crystal structure of
UP1 has been solved with both DNA and RNA [228, 234, 235]. While the exact molecular mode
of binding is slightly different for DNA versus RNA, both nucleic acids bind along a cleft
formed between beta strands 1 and 3 [228, 235]. Specificity for recognizing the SELEX
“winner” sequence of 5’-UAGGG(U/A)-3’ is achieved through ionic interactions and base-
stacking with aromatic residues such as F17 in RRM1 (Figure 2.2b) [236]. However, domain
swapping, deletion, and duplication experiments have shown that the two motifs are non-
redundant in binding properties [237]. In recognizing the HIV exon splicing silencer 3 stem loop,
only RRM1, aided with aromatic stacking through the linker, makes contact and binds the RNA
[235]. Indeed, global analysis of hnRNP Al interactions highlights unique binding potentials not

only for sequence, but also secondary structure, of the RNA [238].
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Figure 2.2. Domain architecture and structures of RNA binding domains of SRSF2 and hnRNP Al. (a) SRSF2
domains (top). RRM, RNA recognition motif. Constructs and their corresponding amino acid boundaries used in this

study are indicated below the domain diagram. NMR structure of SRSF2 RRM bound to RNA (bottom — PDB ID:
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2LEB) [223]. Electrostatic potential is mapped on the surface representation. Red, negatively charged; blue,
positively charged. (b) hnRNP Al domains (top). M9, non-canonical nucleocytoplasmic shuttling sequence. The two
tandem RRMs are collectively referred to as UP1 [232, 233]. Construct with corresponding amino acid boundaries
used in this study is indicated below. Zoom of the RNA-binding pocket of UP1 from the crystal structure of UP1

bound to RNA (bottom — PDB ID: 4YQE) [235].

2.1.2 SRSF2 and hnRNP A1l associate with 7SK RNA

In 2013, crosslinking immunoprecipitation followed by deep sequencing (CLIP-seq) of
serine/arginine splicing factor 2 (SRSF2) in mouse embryonic fibroblasts unexpectedly revealed
that the protein binds 7SK RNA [197]. When pulled from cells, SRSF2 co-immunoprecipitates
with HEXIM and P-TEFb subunits, placing SRSF2 in the 7SK-P-TEFb RNP. Most of the CLIP-
seq signal specifically mapped to the third stem loop (Stem Ill) of 7SK RNA (Figure 2.1). In
contrast to the CLIP-seq results, which showed wide distribution of SRFS2 across gene bodies,
chromatin immunoprecipitation followed by deep sequencing (ChlP-seq) of SRSF2 revealed an
enrichment of the protein at the very 5 end of gene bodies. Metagene analysis in conjunction
with RNA polymerase Il ChlP-seq and global run-on sequencing (GRO-seq) revealed that genes
with accumulation of SRSF2 5’ signal correspond with promoter proximally paused genes and
contain SRSF2 recognition sequences within the first 30 nucleotides. Indeed, knock-down of
SRSF2 led to an increased accumulation of RNA polymerase Il at the promoter. The authors
proposed a model in which SRSF2 binds to the 7SK-P-TEFb RNP, helps recruit the complex to
paused RNA polymerase 11, recognizes the nascent pre-mRNA, and dissociates from the RNP to
bind the pre-mRNA (Figure 2.1).

Interestingly, Stem Ill has also been shown to be the predominant binding site for the

majority of the hnRNPs in the 7SK-hnRNP RNPs. Specifically, studies have found that hnRNP
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Al binds 7SK RNA, and this association is dependent on transcriptional demand [170, 202, 204].
Deletion of Stem Il reduces hnRNP A1 association as measured via immunoprecipitation,
suggesting that hnRNP A1 specifically binds to Stem Il or to other protein(s) within this region
(Figure 2.1) [204]. Like all hnRNPs within the 7SK-hnRNP RNPs, hnRNP A1l association is
mutually exclusive to most members of the 7SK-P-TEFb RNP [170, 202-204], with the
exception of MeCPE and LARP7. While the function of hnRNP Al binding has yet to be
elucidated, expression of 7SK RNA without Stem Il results in impaired P-TEFb dissociation
from the 7SK-P-TEFb RNP, suggesting that hnRNP binding somehow assists in RNP conversion

[204].

2.2 MATERIALS AND METHODS

2.2.1 RNA construction design

The transcription template for Stem 11l was generated using primers Stem Ill For and Stem 1lI
Rev (Appendix A.1) to PCR amplify nucleotides 200-274 from the human 7SK DNA sequence
synthesized into pIDTSMART (IDT). The T7 promoter and hepatitis delta virus 3’ cleavage
overlap were added with PCR to the DNA sequence encoding the hepatitis delta virus ribozyme
[239]. Stem 11I-SHAPE construct was generated from amplification of pIDTSMART-7SK (IDT)
using primers Stem I1I-SHAPE For and Stem I1I-SHAPE Rev. The T7 promoter, 3’ internal
hairpin, and reverse transcription primer binding site [240] were inserted with nested PCR.
Mutant Stem I11 constructs were generated using overlap and nested PCR (Appendix A.1). RNA

was transcribed in vitro at 37°C for 16 hours with final concentrations of 40 mM Tris-HCI, pH 8,
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10 mM DTT, 5 mM spermidine, pH 8, 15 mM MgClz, 4 mM each NTP, and recombinant T7
RNA polymerase that was purified in-house [241]. RNA was gel purified on 8% 29:1
polyacrylamide 1X TBE/7M urea gels, excised, eluted, concentrated, and stored in 10 mM

sodium cacodylate, pH 6.5.

2.2.2 Protein purification

UP1 (amino acids 1-190) was cloned from MHS1011-202833012 (Thermo Scientific) using
primers UP1 For and UP1 Rev (Appendix A.1) and placed into pET28a using Nhel and BamHI
(Thermo Scientific) to generate pEU. SRSF2rrm (amino acids 1-101) was cloned from
MHS6278-20280894 (Thermo Scientific) using primers SRSF2grm For and SRSF2rrm Rev,
digested with Nhel and Notl (Thermo Scientific), and ligated into the Nhel and Notl sites of
pET28a to generate pESrrm. GB1-SR construct was a generous gift from Lu-Yun Lian
(University of Liverpool). RNA-binding null mutants were generated through sequential rounds
of site directed mutagenesis using primers in Appendix A.1 [242]. All cloning was confirmed by
sequencing (Genewiz). Expression constructs were transformed into BL21 (DE3) Escherichia
coli and expressed in LB medium with 1 mM IPTG induction at 18°C for 20 hours.

Wild-type and mutant UP1-expressing cells were lysed in lysis buffer (20 mM Tris-HCI,
pH 8, 150 mM NaCl, 20 mM imidazole, 1 mM B-mercaptoethanol, 5% glycerol) and purified on
a HisTrap HP column (GE Healthcare). Protein was eluted with lysis buffer + 500 mM
imidazole, and immediately passed over HiTrap HP Q anion and HiTrap HP SP cation exchange
columns (GE Healthcare). Fractions containing UP1 were concentrated to 1.5 mL, injected over

a HiLoad Superdex 75 column (GE Healthcare) in lysis buffer without glycerol, concentrated,
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buffer exchanged, and stored at -80°C in storage buffer (20 mM Tris-HCI, pH 8, 150 mM NacCl,
1 mM B-mercaptoethanol, 10% glycerol).

SRSF2rrMm, Wild-type GB1-SR, and Y44A GB1-SR constructs were purified with similar
protocols. Induced cells were lysed in 20 mM Tris-HCI, pH 7.4, 500 mM NaCl, 20 mM
imidazole, 1 mM B-mercaptoethanol, 5% glycerol, and purified in batch using nickel agarose
(Thermo Scientific). Protein was eluted by increasing the imidazole concentration to 300 mM.
Eluted protein was dialyzed overnight into phosphate buffer (50 mM sodium phosphate, pH 7,
250 mM KCI, 10 mM L-arginine, 1 mM B-mercaptoethanol, 5% glycerol), and applied to tandem
HiTrap HP Q anion and HiTrap HP SP cation exchange columns (GE Healthcare). Fractions
containing SR protein were concentrated to 1.5 mL, injected over a HiLoad Superdex 75 column
(GE Healthcare) in phosphate buffer without glycerol, concentrated, and stored at -80°C in

phosphate buffer with 10% glycerol.

2.2.3 Electrophoretic mobility shift assays

RNA was 5’ end-labeled with y-32P-ATP and T4 PNK (Thermo Scientific), gel purified in 8%
29:1 polyacrylamide 1X TBE/7M urea gels, excised, eluted and stored in 10 mM Na cacodylate,
pH 6.5. RNA was snap-cooled (95°C for 2 minutes followed by 15 minutes at 4°C) in 100 mM
NaCl and 10 mM Na cacodylate, pH 6.5 to generate a single, stably folded species as measured
by native electrophoresis and secondary structure probing experiments (see below). Protein was
titrated into binding reactions containing 1,000 counts per minute (cpm; <1 nM) annealed RNA,
buffer D (20 mM Tris-HCI, pH 7, 0.1 mM KCI, 2.5 mM MgClz, 0.2 mM EDTA, pH 8, 0.25 mM
PMSF, 0.5 mM DTT, 10% glycerol) [212], 2.5 ug yeast total tRNA (Thermo Scientific), and 0.1
Hg BSA (NEB), and incubated on ice for 30 minutes. For competition reactions, the first protein
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was titrated and incubated with RNA for 45 minutes followed by the addition of the competitor
protein and incubation for 35 minutes at 4°C. Reactions were analyzed on either 5% Tris/glycine
native 29:1 polyacrylamide gels or 4-20% Tris/boric acid/EDTA native polyacrylamide gels
(Bio-Rad), dried, and exposed to an image plate overnight. Plates were scanned on a Fuji FLA-

5000 and quantitated with MultiGauge software (Fujifilm).

2.2.4 In-line probing

UP1 was titrated into reactions containing 30,000 cpm annealed RNA (< 10 nM), 2.5 pg yeast
total tRNA (Thermo Scientific), 0.1 ug BSA (NEB), 10 U RiboLock (Thermo Scientific), and in-
line buffer (50 mM Tris-HCI, pH 8.3, 30 mM MgCl,, 100 mM KCI) and incubated at 20°C
overnight. Prior to loading samples on a gel, an equal volume of gel loading buffer (10 M urea,
1.5 mM EDTA, pH 8) was added to all reactions. The alkaline digestion ladder was generated by
adding 1 uL (~20,000 cpm) 5 end-labeled RNA to alkaline digestion buffer (5 mM Na>COs, pH
11.7, 0.1 mM EDTA, pH 8) and heated at 95°C for 4 minutes. After briefly cooling on ice, an
equal volume of 2X formamide buffer (95% deionized formamide, 0.01% bromophenol blue,
0.01% xylene cyanol, 5 mM EDTA, pH 8) was added. The RNase T1 ladder was generated by
incubating 1 uL 5’ end-labeled RNA in 7 pL gel loading buffer, 1 U of RNase T1 (Ambion), and
1 pL sodium citrate buffer (0.25 M sodium citrate, pH 5) at 50°C for 10 minutes, cooling on ice,
and supplementing with 3 pL gel loading buffer and 7 pL ddH20. All reactions were loaded on
an 8% 29:1 polyacrylamide 7 M urea/1X TBE sequencing gel, run at 90W for 80 minutes, dried,
and exposed overnight to an image plate. Plates were scanned with a Typhoon FLA-7000 and

analyzed with semi-automated footprinting analysis (SAFA) software [243].

42



2.2.5 DMS probing

SHI-SHAPE RNA was annealed as described above. Protein was titrated into reactions
containing 1 M RNA, 0.1 ug BSA (NEB), 2.5 ug yeast total tRNA (Thermo Scientific), and
buffer D and incubated at 4°C for 30 minutes. Dimethyl sulfate (Sigma) diluted in ethanol was
added to a final concentration of 1% to binding reactions and incubated at room temperature for
15 minutes. Reactions containing SRSF2rrm were quenched with 30% [-mercaptoethanol and
300 mM sodium acetate, pH 5.4, prior to phenol/chloroform extraction; UP1 reactions were not
quenched but were phenol/chloroform extracted. All reactions were ethanol precipitated and
resuspended in 10 pL 0.5X TE. Reverse transcription was carried out using 5 pL of ethanol
precipitated sample with end-labeled cDNA primer (5 — GAACCGGACCGAAGCCCG - 37),
enzyme mix (50 mM Tris-HCI, pH 8.3, 75 mM KCI, 10 mM DTT, 4 mM MgCl2, 20 U RiboLock
(Thermo Scientific), 0.5 mM each dNTP (Thermo Scientific), and 100 U of SuperScript Il
(Invitrogen) at 55°C for 15 minutes. Reactions were stopped with 150 mM NaOH and heated at
95°C for 5 minutes, followed by neutralization with acid stop mix (4:25 v/v mixture of 1 M
unbuffered Tris-HCI and stop dye (85% formamide, 0.5X TBE, 50 mM EDTA, pH 8, 0.01%
bromophenol blue, 0.01% xylene cyanol)). Reactions were separated on 8% 29:1 polyacrylamide
7 M urea/1X TBE sequencing gels, dried, and exposed overnight to an image plate. Plates were

scanned with a Typhoon FLA-7000 and analyzed using SAFA [243].

2.2.6 RNase T1 probing

Protein was titrated into reactions containing 10,000 cpm folded RNA (< 5 nM), 2.5 pg yeast

total tRNA (Thermo Scientific), 0.1 ug BSA (NEB), 10 U RiboLock (Thermo Scientific), and
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buffer D (Section 2.2.3) and incubated at 4°C for 30 minutes. 0.1 U of RNase T1 (Ambion) was
added, and reactions were incubated at 20°C for 10 minutes. Reactions were phenol/chloroform
extracted, ethanol precipitated, and resuspended in 10 pL 2X formamide buffer. Alkaline
digestion and RNase T1 ladders were generated as described above. All reactions were separated
on 8% 29:1 polyacrylamide 7 M urea / 1X TBE sequencing gels, dried, and exposed to an image

plate. Plates were scanned with a Typhoon FLA-7000 and analyzed with SAFA [243].

2.2.7 Cell culture and transfection

HEK 293 H cells were cultured under standard conditions with DMEM supplemented with 10%
FBS. For transfections, low density-plated cells were transfected with 10 ug of plasmid or
lipofectamine 2000 (Invitrogen) alone (mock transfection). After 24 hours, media was changed

and re-transfected with 2.5 nM siRNA or lipofectamine alone (mock transfection).

2.2.8 Differential salt extraction

24 hours after transfection, cells were equilibrated to room temperature for 5 minutes before
adding 20 uLL. DMSO or 0.1 mM flavopiridol (Sigma-Aldrich) diluted in DMSO and incubated at
room temperature for the indicated time. Cells were then harvested on ice, washed once with ice-
cold 1X PBS, and differential salt extraction was performed as described [244]. 10 uL 4X SDS
loading dye was added to each sample, heated at 85°C for 10 minutes, and 15 pL were loaded on
10% SDS polyacrylamide gels. Gels were transferred to Protran BA 85 nitrocellulose
membranes (GE Healthcare), blocked with 3% milk in TBST for 1 hour at room temperature,

and incubated with 1:100 a-CDK9 antibody (Santa Cruz, sc-13130) diluted in 3% milk overnight
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at 4°C. Blots were washed 3x for 10 minutes with TBST and incubated with 1:1000 a-mouse-
HRP antibody (Santa Cruz, sc-516102) diluted in 2% milk for 1 hour at 4°C. After washing 3x
for 10 minutes with TBST, blots were imaged on an Amersham Imager 600 with Pierce ECL

Western Blotting Substrate (Thermo Scientific) and quantified with Image J [245].

2.2.9 UV stress assay

24 hours after transfection, cells were moved from 37 °C to room temperature and equilibrated
for 5 minutes in a hood. Lids were removed, and the cells were irradiated with source UV in the
hood for the indicated time. At each time point, total RNA was extracted as detailed below. The
following equation was used to calculate the relative elongation ratio: RER = 2spagg(Promoter - Gene
Body) * (2acTg(Promoteryy, - Gene Body ) [ (2acTgPromoteryy,. - Gene Body )y where “promoter” and
“gene body” refer to C; values obtained from RT-gPCR with (UV+) or without (UV-) irradiation.
“HSPA1B” and “ACTB?” reference the genes analyzed. All C: values were normalized to TBP

transcript abundance.

2.2.10 Cellular RNA purification and reverse transcription

After media removal, 0.4 mL of Trizol (Invitrogen) was used for RNA extraction as per
manufacturer’s protocol. RNA pellets were resuspended in 30 uL water. 50 ng of total RNA was
subjected to reverse transcription using the QuantiTect kit (Qiagen) as per manufacturer’s

protocol.
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2.2.11 RT-PCR and RT-qPCR

RT-PCR reactions containing 1 pLL cDNA, 0.25 mM dNTPs, 400 nM forward and 400 nM
reverse primers, 1x Green DreamTaq (Thermo Scientific) buffer, and 0.1 U DreamTaq
polymerase were subjected to 18 cycles (fl7SK) or 24 cycles (B-Actin and GREBL1) of PCR. 10
puL of sample were run on 1% TBE agarose gels, imaged on an Amersham Imager 600, and
quantified with Image J [245]. RT-gPCR reactions containing 1 pL of 0.5X ¢cDNA, 5 uL iTaq
SYBR master mix (Bio-Rad), and 400 nM forward and 400 nM reverse primers were subjected
to 40 cycles of PCR on an Applied Biosystems StepOne Plus Real-time Thermocycler. C: values

were calculated with StepOne Software v2.2.2.

2.3 RESULTS

2.3.1 UP1 and SR directly bind Stem 111 of 7SK RNA

While CLIP-seq and co-immunoprecipitation experiments demonstrated that hnRNP Al and
SRSF2 associate with 7SK RNA Stem IIl in cells [170, 197], it is not clear whether this
association is direct or indirect. We predicted these interactions would be direct because several
putative consensus hnRNP Al (5’-UAGGG(U/A)-3") [236] and SRSF2 (5’-SSNG-3°) [223]
binding sites are located within the sequence of Stem Ill (Figure 2.3a). However, most of these
are buried within base pairs of the stem, which would hinder recognition by these single-stranded
RNA binding proteins [222, 228]. To test the interactions of these proteins and 7SK RNA, we

performed electrophoretic mobility shift assays (EMSAs) with Stem 111 RNA (nucleotides 200-
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274) and the RNA-binding domains from human hnRNP Al and SRSF2. We used only the
RNA-binding domains because the C-termini of these proteins aid in both cooperative protein
binding [218, 230] and nonspecific RNA interactions [229, 246]. Therefore, the constructs used
in these experiments are denoted UP1 and SR (Figure 2.2). In the presence of 0.1 mg/mL BSA
and 11 uM tRNA nonspecific competitors, UP1 binds Stem Ill with a modest Kq of 0.307 *
0.056 uM (Figure 2.3b), while SR poorly binds Stem Il with a Kg of 10.7 + 1.7 uM (Figure
2.3c). Analysis of the binding curves revealed these proteins bind with a high degree of
cooperativity, as measured by the Hill coefficient. UP1 and SR have Hill coefficients of 4.2 and
3.9, respectively (Table 2.1). These results demonstrate a direct interaction of 7SK RNA with the
RNA binding domains of hnRNP Al and SRSF2. The binding affinity of SR, however, suggests
that the full-length SRSF2 protein is required to accomplish 7SK RNA binding in vivo or that

SRSF2 relies on other factors to facilitate access to its binding sites within Stem I11.
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Figure 2.3. UP1 and SR bind Stem 11l of 7SK RNA. (a) Predicted secondary structure of 7SK Stem Il [164].
Boldface, putative SRSF2 binding sites; italic and underlined, predicted hnRNP Al binding sites. Mutants relevant
to this study are indicated; DHM, distal helix mutant. Numbers refer to the sequence in the context of full-length
7SK (GenBank X04236.1). Electrophoretic mobility shift assays of (b) UP1 and (¢) SRSF2grrm with trace 5°-

radiolabeled Stem I11.

2.3.2 Loop-distal site is critical for UP1 interaction with Stem 111

To further probe the interactions between UP1 and Stem 111, we assessed the affinity of UP1 for
several point mutants of Stem IIl. We mutated two groups of residues: (1) around the putative
hnRNP Al recognition site located nearer to the loop than to the base of Stem IlI, which we
denote as the loop-proximal binding sequence (U250-A254) (Figure 2.3a) [236] and (2) around

the putative loop-distal hnRNP A1 binding sequence (U260-U265).
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With the exception of A227, none of the mutations targeting the putative loop-proximal
binding site significantly affect the affinity of UP1 for Stem Ill (Table 2.1) as measured by
EMSAs. Removal of one of the adenosine bulges opposite this binding site (A227) decreases the
affinity of UP1 for Stem Il 1.5-fold. While these mutations do not affect the affinity of UP1 for
Stem 111, all mutations decrease the cooperativity observed. Mutations C225G, A227-8/A251,

and A251U decrease the cooperative binding of UP1 ~1.5-fold.

Table 2.1. Quantitation of the affinity of UP1 and SR for Stem 111 and mutants. Pixel density of shifted Stem
Il was plotted against protein concentration to determine the Kq for individual EMSASs. SR shifts used SRSF2grm
construct. Average Kq values are in UM % standard deviation calculated from three replicates. "*" indicates 1.5-fold

change relative to wild-type. "+" indicates two-fold change relative to wild-type. “N.D.,” could not be determined.

UPL1 SR
Kg Relative to WT Hill Coefficient Relative to WT Kg Relative to WT]| Hill Coefficient Relative to WT]
WT 0.307 + 0.056 1.00 4.20 £ 0.70 1.00 10.67 £ 1.72 1.00 3.93+0.78 1.00
C225G | 0.325+0.014 1.06 2.49 £ 0.82 0.59% 7.40 £3.32 0.69 1.97+0.39 0.50*
N227 0.471 + 0.106 1.53* 3.12+0.25 0.74 17.27+3.72 1.62* 3.93+214 1.00
Loop- A227-8 0.336 + 0.054 1.09 3.05+0.32 0.73 15.19 + 4.60 1.42 2.62+0.74 0.67
Proximal A227-8/ 0.357 £ 0.020 1.16 2.79+0.38 0.66* N.D N.D N.D N.D
Mutations |  A251 o ) Y ) " " " "
A251U 0.395 + 0.056 1.29 2.23+0.16 0.53* 20.64 + 4.63 1.93* 3.32+1.35 0.85
A251 0.327 + 0.030 1.06 2.96 + 0.39 0.71 16.84 + 3.55 1.58* 3.45+ 2.39 0.88
C209A | 1.079+0.224 3.51% 5.24 +0.83 1.25 13.82 +6.39 1.30 2.64+211 0.67
C211G 0.120 +£0.011 0.39* 2.77+0.27 0.66* 5.21+0.82 0.49% 2.50+0.26 0.64*
E?Sot’; DHM | 0.362+0122 118 3.26+0.48 0.78 3.80+ 185 0.36" 1.86£0.10 047"
Mutations A261U 0.379 £ 0.017 1.23 3.28+0.14 0.78 7.33+2.11 0.69 2.77 + 0.58 0.70
A261 0.271 +0.022 0.88 2.70+0.32 0.64* 4.34+219 0.41% 1.99+0.32 0.51*
U265C 0.278 + 0.010 0.90 2.76 £ 0.60 0.66* 8.98 £2.74 0.84 2.97 £ 0.52 0.75

Mutations near to and within the putative loop-distal binding site have varying effects.
Mutations C209A and C211G significantly alter the ability of UP1 to bind to Stem Ill. C209A,
which closes the C/U bulge at the 3’ end of the predicted binding site, increases the Kq of UP1
for Stem 111 3.5-fold to 1.08 uM (student’s T-test p=0.02). Conversely, inserting a bulge across

from the binding site, with C211G, enhances the affinity 2.6-fold, resulting in a dissociation
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constant of 120 nM (student’s T-test p=0.03). While mutations within the loop-distal site—
A261U, A261, and U265C- do not affect the affinity, cooperativity is decreased (Table 2.1).
Together, these data suggest that the loop-distal site is critical for the interaction of UP1
with Stem I11. Of note, the higher affinity for this site may be due to its location at the base of the
hairpin, which may exhibit more base pair breathing without the constraints potentially placed on
the structure by the flanking regions in the full-length RNA. By increasing or decreasing the
accessibility of this site, the affinity is significantly enhanced or diminished, respectively.
However, most mutations, i.e. — loop-proximal mutations, do not significantly affect the Ka.
Rather, they decrease the cooperativity. We interpret these data to mean that the affinity of UP1

for Stem 111 is primarily driven by initial binding to the loop-distal site.

2.3.3 SR requires access to buried binding sites

SR weakly binds Stem 11 with 10.67 uM affinity (Figure 2.3c). Two of the three putative SRSF2
recognition sites are hidden among base paired secondary structures; we speculated that the
observed poor affinity resulted from the inability of SR to melt Stem Il and find these sites
(Figure 2.3a). To test this, we utilized the mutants described above in EMSAs with SR.
Introducing bulges across from or within predicted SRSF2 binding sites, while preserving the
consensus 5’-SSNG-3’ sequence [223], enhances the affinity of SR to 7.4 + 3.32 uM (C225G)
and 5.21 + 0.82 uM (C211G) (student’s T-test p<0.001) (Table 2.1). Accordingly, mutating the
loop-distal helix to shift the consensus SSNG binding site from C211-G214 to C209-C211G,
effectively unpairing the first nucleotide of this new putative SRSF2 binding site (mutant DHM),
results in a significant two-fold tighter affinity of SR for Stem III (student’s T-test p<0.001)
(Table 2.1). Interestingly, adding a bulge in the middle of one of the binding sites with mutation
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A261U does not significantly affect the affinity. These data suggest that SR binding within a
structured RNA is strongly influenced by accessibility of the first nucleotide in the binding
sequence.

As expected, melting the helices that contain putative SRSF2 binding sites facilitates the
interaction of SR and Stem I1l, while removing bulges around these sites hinders SR binding.
Mutations within the loop-proximal adenosine bulges increase the dissociation constant, with
A227-8 and A251 decreasing the affinity ~1.5-fold (Table 2.1). Accordingly, deletion of all three
bulges, A227-8/A251, obliterates SR binding. Eliminating the loop-distal C/U bulge (C209A)
also marginally increases the Kq. Together, these data suggest that the poor affinity of SR for
Stem |11 results from the inability of SR to unwind Stem 11l to access its binding sites and

implies a secondary intra- or inter-molecular factor is necessary for efficient association in vivo.

2.3.4 UP1 binding opens Stem 111

To understand the structural basis for the mutually exclusive occupancy of 7SK RNA by hnRNP
Al or SRSF2, we subjected Stem 111 to enzymatic and chemical structure probing in the presence
of UP1 or SR. Treatment of Stem Il with RNase T1, which recognizes and cleaves after single
stranded guanosines [247], yields cleavage sites after G218, G240, and G241 in agreement with
the predicted secondary structure of Stem Ill presented by Wassarman and Steitz [164] (Figure
2.4). We also observed cleavage after G214 and G232, which are predicted to adopt wobble pairs

with U260 and U246, respectively.
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Figure 2.4. UP1 and SR restructure Stem 111 upon binding. (a) Representative denaturing sequencing gels of
chemical and enzymatic probing experiments. Left, DMS treatment of Stem Ill bound to UP1 or SRSF2grum. G, A,
and C, dideoxy-terminated sequencing lanes. “*,” full-length SHAPE-Stem 111 construct. Right, RNase T1 digestion
of Stem 11l bound to UP1 or SRSF2grrm. OH, Stem I1I digested under alkaline conditions to reveal individual
nucleotides. T1, denatured Stem Il digested with RNase T1 to generate ladder of guanosine-terminated fragments
for orientation. (b) Left, putative binding sites of SRSF2 (bold) and hnRNP Al (italic and underlined). Middle,
nucleotides with an UP1-dependent two-fold change in modification or cleavage. Filled arrowheads, increased
digestion by RNase T1; outlined arrowheads, decreased digestion by RNase T1; orange outline, increased

modification by DMS; boxed, increased cleavage by in-line probing. Right, nucleotides with two-fold change in
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modification or cleavage when bound by SRSF2grm. (C) Semi-quantitation of fold-change in cleavage or
modification of each nucleotide in the presence of UP1 or SRSF2grrm relative to unbound Stem III. “*” indicates
nucleotides that are cleaved in the presence of UP1 but are not flexible in naked Stem Ill as measured by in-line

probing. The position of each G in Stem 11 is highlighted in yellow for reference.

UP1 binding to Stem Il imparts a conformational change to the RNA. Increased RNase
T1 cleavage is observed on the 5 side of Stem Ill, opposite of the two predicted UP1 binding
sites (Figure 2.4b). Of note, bands representing G214, G241, and G255 are twice as intense in
the presence of UP1 as compared to Stem Il alone, suggesting that UP1 binding opens up the
stem (Figure 2.4c), consistent with its name of ‘unwinding protein.” Accordingly, in-line
probing, which measures the general flexibility of RNA via controlled self-cleavage events
[248], reveals increased flexibility in nucleotides 207-212 and 224-230, which base pair with the
putative binding sites. Decreased flexibility is consistently observed for nucleotides 247-257,
which are located within the predicted loop-proximal binding site (Figure 2.4c).

We also conducted DMS probing [249] to fill in the structural details of other nucleotides
in Stem I11. Increased modification of the adenosines and cytosines in the 5’ half of Stem III is
observed in the presence of UP1, consistent with the RNase T1 and in-line probing data.
Additionally, we observed a general lack of modification throughout the 3’ half of Stem III
(Figure 2.4c). Together these data indicate that UP1 binds to the 3’ half of Stem III, causing

Stem III to adopt a flexible, unpaired 5 half.
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2.3.5 SR tightly packs Stem I11

We next investigated the structural rearrangement of Stem Ill induced by SR binding. We
expected to observe increased RNase T1 sensitivity of nucleotides that base pair with SRSF2
consensus binding sites (5’-SSNG-3”) (Figure 2.4b) [223]. To our surprise, we observed a
marked reduction in cleavage across the entire stem (Figure 2.4c) for both RNase T1 and minor
RNase A contamination. This result suggests that SR may non-specifically coat Stem IlI,
especially at the high concentrations used in our experiments.

To further investigate this, we turned to chemical structure probing methods. Treating
SR-bound Stem 111 with DMS reveals a dramatic SR-dependent rearrangement of Stem 111. Most
of the adenosines and cytosines in the 3’ half of the stem are extensively modified by DMS. We
also observed an increase in reverse transcription stops corresponding to guanosines in the 3’
half of Stem 111, which, while rare, can be modified by DMS [250] and may represent either keto
guanine N7 or enol guanine N1 methylation [250, 251]. In fact, a genome-wide sequencing study
of DMS modification in Saccharomyces cerevisiae found nearly a quarter of the significant
modifications mapped to guanosines [252]. We also observed a decrease in modification of
nucleotides in the bulges and loop. Modification of nucleotides on both sides of the central bulge
(A217, A219, A220/ A256, A257) suggests that the central bulge closes or becomes protected
upon SR binding; loop nucleotides (236-245) are less modified upon SR binding, suggesting the
collapse of the loop or protection by the protein. The modification of nucleotides in the 5 half of
Stem 111 by DMS increases by less than 2-fold (Figure 2.4c).

While nuclease probing implies non-specific coating of Stem Ill by SR, the DMS data
instead reveals a dramatic rearrangement of Stem Il in which the stem becomes tightly packed

upon SR binding. The loop and central bulges collapse, while nucleotides across from the
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putative SR binding sites become highly accessible to modifications. The simplest interpretation
of these data is that SR binding to its consensus sequence causes the phosphate backbone of the
previously paired nucleotides to become constrained by the protein. This may flip the bases of
the constrained strand outwards towards the solution, exposing them to small-molecule
modification, yet hindering the accessibility of the sugar-phosphate backbone to RNase active

sites.

2.3.6 UP1 and SR differentially compete for Stem I11 binding

To date, hnRNPs have not been found to associate with 7SK RNA in the presence of P-TEFb and
HEXIM, leading to the prediction that 7SK RNA forms two mutually exclusive sets of RNPs
[170, 202-204]. Because SRSF2 co-immunoprecipitates with HEXIM and P-TEFb [197], we
hypothesized that hnRNP Al and SRSF2 compete for binding to Stem Ill. To test this
hypothesis, we conducted competition experiments and analyzed them by EMSA. Because the
solubility of the SR construct (SRSF2rrm) Was not optimal, we expressed and purified a
recombinant SRSF2rrm construct fused to a small solubility tag, which we denote as GB1-SR
(Figure 2.2a) [222]. The Kq measured for the GB1-SR/Stem III interaction is 10 uM, similar to
that of the SRSF2rrm construct (data not shown). RNase T1 digestion of the GB1-SR/Stem Il1
complex displays the same protection pattern as that seen for the SRSF2rrm/Stem 111 complex

treated with RNase T1, albeit requiring higher concentrations of the protein (Figure 2.5).
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Figure 2.5. GB1 solubility tag does not change the mode of binding of SRSF2rrm to Stem I11. RNase T1

digestion of Stem Ill bound to GB1-SR (left) or SRSF2rrm (right); concentrations are in micromolar. UP1 is

included on both gels as a control. OH, Stem 111 digested under alkaline conditions to reveal individual nucleotides.

T1, denatured Stem Il digested with RNase T1 to generate ladder of guanosine-terminated fragments for

orientation. SlII, folded Stem Il digested without the addition of UP1, GB1-SR, or SRSF2rrm. Note that high

concentrations of GB1-SR (40 uM) reveal a similar cleavage pattern as 18 pM SRSF2grw.

56



As observed by native gel electrophoresis, when Stem 11 is pre-bound with a saturating
amount of UP1, addition of SR produces a shifted band with a slight increase in mobility. At the
highest concentration of SR, 40 uM, the shifted band bifurcates (Figure 2.6a). Conversely, Stem
Il pre-bound with SR produces two distinct shifts: complex(es) of heterogeneous conformation
(a smear above the free probe) and a distinct shift with lower mobility (Figure 2.3c and Figure
2.6). Titration of UP1 condenses the smeared shifts into a single band, with higher
concentrations of UP1 reducing the mobility of this band (Figure 2.6b); excess UP1 also binds
the free Stem 11l in the reactions. Of note, the initial SR/Stem 1ll low-mobility band does not
change position or intensity upon titration of UP1, suggesting that this band is composed of an
SR/Stem III complex. This complex appears to be “locked” since UP1 is unable to disrupt the

complex represented by this band, even when it is added at 1.5 pM.
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Figure 2.6. UP1 and SR bind Stem 111 simultaneously, yet UP1 cannot displace SR. EMSAs of competition

assays with Stem |11 pre-bound to UP1 (a and c¢) or GB1-SR (b and d) and titrated with the other protein.
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We next examined if UP1 and SR compete for binding to Stem Il under a regime using
lower concentrations to pre-bind Stem IIl. Using concentrations approximating the measured
binding constants (Table 2.1), we pre-bound the RNA with either UP1 or SR and then titrated
competitor protein up to saturating concentrations. Increasing concentrations of SR causes the
UP1/Stem 1ll complex to migrate faster through the gel. The increased mobility of the shifted
band appears to occur in two distinct concentration-dependent “phases” (Figure 2.6c). At the
highest concentration of SR, the distinct “locked” SR/Stem III complex forms. We cannot
determine whether the “locked” complex originates from SR binding free Stem III or Stem III
that was initially bound to UP1. However, Figure 2.6a suggests that a high concentration of SR
displaces pre-bound UP1 to form this “locked” complex, implying both mechanisms contribute
to its appearance. Similar to the saturating condition of pre-bound SR, pre-binding Stem Il with
lower concentrations of SR results in the formation of two sets of shifts: a smear and the
“locked” complex (Figure 2.6d). Titration of UP1 condenses the smeared shift into a lower
mobility band whose migration is inversely related to the UP1 concentration (Figure 2.6d).

In order to determine whether the formation of these unique complexes is a consequence
of high protein concentrations within polyacrylamide gels, we generated mutants of UP1
(F17A/F108A) [253] and SR (Y44A) [223] that are defective in RNA-binding. Utilizing
equimolar concentrations of mutant protein as in Figure 2.6, reciprocal competition reactions
with these mutant proteins against Stem Il pre-bound to the wild-type UP1 or SR demonstrate
that the formation of these new complexes is dependent on both proteins having competency to
bind RNA (Figure 2.7). Together, these results and the secondary structure probing suggest that

SR and UP1 bind the same stem when present at lower concentrations. SR can displace saturated
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UP1/Stem Il complexes at sufficiently high concentrations, although UP1 cannot displace

saturated SR/Stem 111 complexes.
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Figure 2.7. RNA-binding mutants of UP1 and SR do not form unique ternary complexes with Stem I11.
EMSAs of Stem Il1 titrated with mutant UP1 (a) or GB1-SR (b). EMSAs of competition assays with Stem Il pre-
bound to wild-type (WT) UP1 (c and €) or GB1-SR (d and f) and titrated with either wild-type or mutant competitor

protein in equimolar amounts.

2.3.7 UP1 aids in SR recruitment off Stem 111

One hypothesis for the function of SRSF2 is to recruit the 7SK-P-TEFb RNP to paused RNA
polymerase Il via its interaction with SR-sequence rich nascent transcripts [197]. To test this
hypothesis, we set up a minimal in vitro system that included SR, Stem Ill, and an RNA
oligonucleotide comprising the first 20 nucleotides of the 5> UTR encoded by the human gene

PABPC1 (PABPC1 UTR). This sequence contains four putative overlapping SRSF2 binding
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sites, which we used as a proxy for SR-sequence rich 5° UTRs (Figure 2.8a, top). We first

assessed the interactions between this oligonucleotide and UP1 or SR. SR poorly binds the

radiolabeled PABPCL1 oligonucleotide (Figure 2.8a, bottom), exhibiting a smeary and low-

affinity shift in an EMSA, while UP1 does not bind (Figure 2.8a, top). We then pre-bound Stem

Il with SR and titrated cold PABPC1 UTR into the reaction. Interestingly, neither of the two

SR/Stem 11l complexes—smeared or “locked”—are notably displaced by the addition of PABPC1

UTR (Figure 2.8b, bottom). These results suggest that the presence of competing mRNA alone is

not sufficient to recruit SR from Stem III.
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Figure 2.8. UP1 aids in efficient recruitment of SR from Stem Ill. (a) Top, PABPC1 UTR sequence with four
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SR with PABPC1 UTR, respectively. (b) Native gels of Stem Il bound with UP1 (top) or GB1-SR (bottom) and
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titrated with cold PABPCL. (c) Native gel with Stem 11l bound to GB1-SR, competed with UP1, and titrated with

cold PABPCL1. (d) Quantification of c. Values are n=3 £ S.D.

Our competition data suggest that both UP1 and SR can bind to the same stem, yet
immunoprecipitation data show that these two proteins are found in mutually exclusive
complexes [170, 202-204]. To explain this discrepancy, we hypothesized that the UP1/SR/Stem
[l complex is an intermediate complex that forms during the transition between the two 7SK
RNPs, and that this transition complex may facilitate dissociation of component proteins. To test
this, we performed a competition assay containing both UP1 and SR, Stem Ill and PABPC1
UTR. When UP1 is added to a preformed SR/Stem III complex, two species result: the “locked”
SR/Stem 11l complex and a higher mobility SR/UP1/Stem 11l complex (Figure 2.8c, lane 5).
Addition of PABPC1 UTR to this reaction decreases the mobility of the intermediate complex
(Figure 2.8c, lanes 6-10). Quantification of unbound Stem 11, the SR/UP1/Stem 111 complex, and
the “locked” SR/Stem III complex shows that the loss of the SR/UP1/Stem III complex cannot
be attributed to non-specific loss of UP1 or SR, as the unbound Stem IIl fraction does not
significantly increase in intensity (Figure 2.8d). Rather, the intensity of the top band increases,
suggesting efficient displacement of SR from the SR/UP1/Stem Il complex to PABPC1 UTR. It
is important to clarify that we cannot distinguish between the SR/Stem Il complex or the
UP1/Stem Il complex, as they co-migrate within the gel (Figure 2.8c, lanes 3 and 4). However,
UP1 does not bind the PABPC1 UTR oligonucleotide (Figure 2.8a, middle), and PABPC1 UTR
cannot displace UP1 from Stem I1l (Figure 2.8b, top), implying that the difference in mobility
cannot be attributed to the loss of UP1 from the SR/UP1/Stem 111 complex.

To ensure that the displacement of SR from the Stem I1l complex was not specific to the

nascent mMRNA sequence used, we also chose the first 20 nucleotides of the 5> UTR of TMSB4X,
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a gene with strong SRSF2 enrichment at its promoter and known promoter proximal pausing
(Figure 2.9) [197]. As with PABPC1, SR binding results in a smeared, low-affinity shift, while
UP1 does not bind the oligo (Figure 2.9a). TMSB4X UTR weakly dissociates SR from Stem IlI
(Figure 2.9b — middle). When compared to dissociation by cold Stem Il (Figure 2.9b — top),
however, SR displacement from the SR/Stem 111 complex is significantly reduced (Figure 2.9c),
similar to what we observed with PABPC1 UTR (compare Figure 2.8c and Figure 2.9b —
middle). Again, the potential intermediate complex containing UP1 and SR selectively
disappears upon titration with TMSB4X UTR (Figure 2.9b — bottom). However, addition of UP1
into the reaction has no consequence on SR dissociation from the SR/Stem Il complex (Figure
2.9c — compare + UP1), again consistent with a “locked” complex formation. Together, these
results suggest that UP1 helps to efficiently recruit SR to competing 5’-UTR RNA sequences,
and this recruitment is dependent on the formation of an intermediary complex that contains both

proteins.
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Figure 2.9. SR recruitment to alternative 5> UTR is enhanced with UP1. (a) Top, TMSB4X UTR sequence with
two putative SRSF2 binding sites indicated. Middle and bottom, EMSAs of titrations of UP1 or GB1-SR with
TMSB4X UTR, respectively. (b) Representative competition EMSAs with Stem Il pre-bound to GB1-SR and
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Quantification of b. Percent loss of GB1-SR/Stem Il complex is normalized to amount of competing RNA. All

values are n=3 + S.D. Student’s t test: * p<0.05
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2.3.8 Stem Il mutations disrupt P-TEFb release

Our in vitro data support a model in which the competition between hnRNP Al and SRSF2 for
Stem 111 of 7SK RNA restructures the RNA to contribute to the formation of mutually exclusive
complexes and aid in the transition between them. To understand the contribution of Stem Il
dynamics in the context of the entire 7SK RNA, we examined the effects of Stem Il mutations
in HEK 293 H cells. To try to preserve endogenous expression levels, we cloned the human 7SK
gene (Genebank X05490), including endogenous promoter and terminator sequences, into pMA-
T [195]. 24 hours after transfection with 7SK RNA expression plasmids, we transfected the cells
again with siRNA targeting nucleotides 221-245 to minimize contributions from endogenous
7SK RNA (Figure 2.10a) [254]. RT-gPCR confirmed that 7SK RNA expression and knockdown
does not significantly affect the expression of other coding (TBP mRNA) or noncoding (U2

RNA) messages transcribed by RNA polymerase Il (Figure 2.10b).

64



20
18 m7SK mU2 s TBP
N .
S L SV 16
P o o S
W25 éxix@;xé\%é®é\% o 1
SN * &F 212 - I I
@o@&&%VG“Q‘bO\bA{\$ §
7SKRNA - = == -~ & & .an o 310 i
= 8 I
7 - W ]
ASIl fl7SK S
4
GREBH 2 I 7 I I
o e M el whn ol N e e BN
L Construct o Empty Empty ASIII ASII DHM DHM WT WT
B-Actin SiRNA: Scram Si7SK2 Scram Si7SK2 Scram Si7SK2 Scram Si7SK2
c 1M Flavopiridol Release of P-TEFb Over Time d
DMSO Flavopiridol “Mock ®WT + si7SK2 4 ASIIl + si7SK2 ® DHM + si7SK2 &
—_— 70
0 el ol T s ' ! |
x| —————- Bound § 60 I o  Mock
S > ‘ Zsio WT + si7SK2
—————— — - + si
= Free 2.5 T :E 14 I
2 o< SASII + si7SK2
+ | ———— Bound =40 - I 5 - o= 12 & DHM + si7SK2
52 2 7 L d ge 71—
P p— @
1 =] [—— -~ Free 230 - [ - W— E: 5208 —
x 1 T NT
Bound %50 | ®c06 I
+ - ound ¢ 20 - I B | ] T Eg
2 % g T ) I § ©04 I :
T ps e =2 T
s D e pe—— ~ Free 510 - - . Lo2 — - .
l o N
aCDK9 R R —————

Figure 2.10. Stem 111 helps release P-TEFb from 7SK RNA under stress. (a) RT-PCR of full length 7SK RNA
(f17SK), growth regulation of estrogen in breast cancer 1 (GREB1) mRNA, and B-Actin mRNA across indicated
transfection conditions. Mock, cells transfected with Lipofectamine 2000. Empty, empty vector control. Scram,
scrambled siRNA control. ASIII and DHM, mutant 7SK RNA constructs. WT, wild-type 7SK RNA. (b) Fold-
change of C; values of indicated transcripts across transfection conditions as measured by RT-gPCR. All values are
n=3 £ S.D. (c) Representative Western blots (left) of differential salt extractions on transfected cells subjected to
DMSO or 0.1 mM flavopridiol. The levels of CDK9 were quantified in low salt (bound) and high salt (free)
conditions and made relative to their total contribution (right). All values are n=3 + S.D. (d) Rate at which CDK® is
released across time. Percent release is normalized to the release measured in DMSO control. All values are n=3 *

S.D. Student’s t test: ** p<0.01
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Because the most effective siRNA for knocking down 7SK RNA is complementary to
Stem 111 [254-256], we chose to examine the effects of deleting Stem III (ASIII — nucleotides 200
to 274) and the distal helix mutant (DHM, Figure 2.3a) — a 6-nucleotide compensatory mutation
that affects the binding of SR, but not UP1 (Table 2.1), and is not targeted by this sSiRNA — on P-
TEFb release. Transfected HEK 293 H cells were incubated with DMSO or 100 uM flavopiridol
for either 15, 30, or 60 minutes prior to differential salt extraction [244], which is a useful tool
for separating 7SK-associated and inhibited P-TEFb (7SK-P-TEFb RNP) from free and active P-
TEFb. Flavopiridol is a general cyclin-dependent kinase inhibitor with a higher preference for
CDKOQ [257]. Treatment with flavopiridol not only halts transcription [258], but also dissociates
P-TEFb from the 7SK-P-TEFb RNP [257] and increases formation of the 7SK-hnRNP RNPs
[170]. P-TEFb levels were analyzed via Western blot analysis with antibodies against CDK9. As
expected, roughly half of total P-TEFb associates with 7SK RNA [204], and treatment with
flavopiridol decreases the amount of CDK9 bound to 7SK RNA over time [257] (Figure 2.10c).
While expression of ASIII and DHM does not completely inhibit the release of P-TEFb upon
flavopiridol treatment, these mutations temper the magnitude of release over time compared to
mock transfected cells (Figure 2.10c). These changes cannot be attributed solely to increased
7SK RNA levels, as overexpression of WT 7SK RNA results in a stunted decrease in P-TEFb
release not observed in our mutants (Figure 2.10c — compare magnitude of bound CDK9 in
wildtype over time to mock and mutants). Normalizing the data to the percent-release upon
DMSO treatment, we plotted the amount of CDKS9 released from bound 7SK RNA at each time
point and calculated the rate of release (Figure 2.10d). To our surprise, the conservative 6-
nucleotide DHM mutation significantly reduces the rate of P-TEFb release and displays the same

decreased rate as losing Stem Il altogether (Figure 2.10d). While expression of WT 7SK RNA
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also results in decreased release of P-TEFb over time (Figure 2.10d), it must be noted that the
triplicate results are highly dissimilar, and must be repeated. Together, these results confirm the
importance of Stem 11l in regulating 7SK RNP homeostasis [204] and suggests protein binding

and/or RNA structure of this element directly impacts P-TEFb partitioning.

2.3.9 P-TEFb dysregulation decreases promoter proximal pausing at the HSPA1B locus

We next wanted to see if the P-TEFb dysregulation observed in the presence of Stem Il
mutations affected promoter proximal pausing and transcriptional regulation of stress-induced
genes at an endogenous locus. To this end, we examined the induction of HSP70 mRNA
transcription from the HSPA1B locus upon ultra violet (UV) irradiation [78]. We used RT-qPCR
with primer sets designed near the promoter and ~1500 nucleotides into the gene body (Figure
2.11a) to calculate a relative elongation ratio normalized to the elongation ratio observed across
the actin (ACTB) gene. As a proof of principal, we first irradiated untransfected cells with UV
radiation and calculated the HSPALB elongation ratio over time (Figure 2.11b) [78]. We
observed a consistent, but not significant, increase in transcript abundance within the gene body
relative to the promoter, suggesting our assay does elicit increased transcription at the HSPA1B
locus. We then irradiated transfected cells with UV for 30 minutes and assayed the relative
elongation ratio before (UV-) and after (UV+) UV treatment (Figure 2.11c). Loss of Stem Il
(ASIII) does not significantly affect the transcription of HSPA1B. However, the compensatory
distal helix mutation not only has a significantly higher transcription ratio prior to UV induction,
but it also has a significantly higher UV-induced transcription elongation ratio (Figure 2.11c).

Together with the results from the differential salt extraction experiments, these results confirm
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that Stem Il is important in regulating 7SK RNP dynamics, active P-TEFb levels, and

transcription of a stress-induced gene at an endogenous locus.
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Figure 2.11. Stem 11l regulates promoter proximal pausing of Hsp70. (a) Schematic of human HSP70 gene
HSPALB. Bars below the gene represent approximate locations of PCR amplification sites for promoter (P) and gene
body (GB). (b) Relative elongation ratio of RNA polymerase Il following exposure to ultraviolet radiation (UV).
Elongation ratios are normalized to B-actin elongation rate and TBP transcript abundance. All values are n=3 + S.D.
(c) Relative elongation rate at HSPA1B before (UV -) and after (UV +) 30-minute exposure to UV under various

transfection conditions. All values are n=3 £ S.D. Student’s t test: * p<0.05, ** p<0.01

2.4  DISCUSSION

Here, we present the first direct evidence that the RNA-binding domains of hnRNP Al and
SRSF2 bind Stem 111 of 7SK RNA. While UP1 binds Stem I11 with modest affinity, SR binds the
stem with poor affinity in vitro; this discrepancy results from the inability of SR to melt the stem
and access its single-stranded binding sites, which are located within base paired regions. We
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found that UP1 and SR dramatically alter the conformation of the stem: UP1, true to its name of
“unwinding protein 17 [232], melts the RNA and creates a flexible 5 side of Stem III, while SR
appears to coat and collapse Stem I1l. We observed that SR and UP1 can bind to the same RNA
molecule at low protein concentrations; however, under saturating conditions, SR assumes a
“locked” conformation on Stem III that UP1 cannot displace. Indeed, SR is efficiently recruited
from Stem Ill to competing RNA only in the presence of UP1 — and only from the complex
formed at low concentrations — potentially reconstituting one aspect of the cellular role of the
7SK-hnRNP RNPs. Finally, introduction of Stem Il mutants in cells leads to a disruption of 7SK
RNP conversion and P-TEFb release, which leads to dysregulation of promoter proximal pausing
at the HSPA1B locus upon UV stress. Together, our data suggest that these proteins help remodel
7SK RNA into distinct conformations, contributing to the maintenance of mutually exclusive
7SK RNPs at high concentrations. Further, we suggest that the interplay between these proteins

at lower concentrations aids in the transition between the 7SK RNPs.

2.4.1 hnRNP Al and SRSF2 directly bind and differentially restructure Stem I11 of 7SK

RNA

The putative hnRNP Al and SRSF2 binding sites hidden among the base pairs and bulges of
Stem Il are, indeed, binding sites for these proteins (Figure 2.3a). The observed binding
affinities alone suggest that 7SK RNA Stem [l would more readily complex with hnRNP Al
than with SRSF2 (Table 2.1), in agreement with the observation that ~75% of cellular 7SK RNA
partitions into the 7SK-hnRNP RNPs in HeLa cells [170]. The mutational analysis of Stem Il
shows that the poor binding affinity of SR is due, in large part, to the inability of the protein to
access two of its binding sites (Table 2.1). This may be an artifact of using only the single RNA
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binding domain of SRSF2, since the serine-arginine-rich C-terminus of SRSF2 also binds RNA
[217, 259]. Likewise, it may be an artifact of using only Stem Il of 7SK RNA; while our data
are consistent with published secondary structure models [164, 165], it remains a possibility that
the structure of Stem Ill might differ in the context of the entire molecule. Nonetheless, our data
suggest that for efficient binding, SRSF2 requires Stem 111 to adopt an open conformation, which
may be provided when hnRNP Al unloads from the 7SK-hnRNP RNP.

Interestingly, the unique rearrangements of Stem Il induced by hnRNP Al or SRSF2
binding have implications for how these proteins might promote mutually exclusive complexes
in vivo. Secondary structure probing revealed that UP1 binds to the 3’ half of the stem, causing
the 5’ half to become open and flexible (Figure 2.4). This flexibility might propagate along the
RNA and help rearrange the secondary structure between Stems | and 111 to form a 7SK-hnRNP
RNP. Since hnRNP A1 binds its substrates cooperatively in the 3’-5 direction [260], perhaps its
unwinding activity plays a role, although other protein factors such as RNA helicase A have also
been immunopreciptated with 7SK RNA [204] and may instigate a more dramatic restructuring
of the RNA. Of note, although the mutational analysis of Stem 111 suggests a modest role for the
loop-proximal UP1 binding site in recognizing hnRNP Al, RNase T1 (Figure 2.4) and in-line
(data not shown) structure probing demonstrate that UP1, indeed, binds this site since the
guanosines flanking the site (G249 and G255) have increased T1 sensitivity and the nucleotides
opposite this site become more flexible. Accordingly, recent work with UP1 and the HIV exon
splicing silencer 3 apical loop demonstrates that UP1 binding depends on both sequence and
structure recognition [238].

We also made biochemical observations consistent with the hypothesis that SR condenses

the stem, exposing the Watson-Crick faces of the bases opposite of its binding sites, and results
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in the protection of the bulges and loop (Figure 2.4). This unexpected result is consistent with the
NMR structure of SR, which shows a large basic groove on the side opposite of the binding site
(Figure 2.2a) [222, 223]: the positively-charged cleft could accommodate the phosphate
backbone of the opposite strand, protecting it from nuclease digestion, while exposing the bases
for modification by small chemicals. This compaction could help restructure the whole 7SK
RNA to bring Stems | and IV closer to one another, a feature that has been observed in the 7SK-

P-TEFb RNP [178].

2.4.2 hnRNP Al and SRSF2 competition may aid in 7SK RNP transition

SRSF2 and hnRNP Al are antagonistic splicing proteins, with each protein possessing the ability
to prevent the binding of the other on pre-mRNA transcripts [210]. Because the proteins populate
different 7SK RNPs when extracted from cells, we hypothesized that competition between the
proteins for binding to Stem Il could help maintain separate 7SK RNPs. Under saturating
conditions, each protein occludes the binding of the other, although SR can displace UP1 at
concentrations in excess of 40 uM (Figure 2.6a, b). While this concentration is very high for in
vitro studies, hnRNP Al exists at ~200 uM in human cell nuclei [261], and SRSF2 is
approximately half as concentrated as hnRNP Al in the cell [262]. However, SRSF2 localizes
entirely to the nucleus [214], and thus the local concentration of SRSF2 at any given time may
indeed be higher than that of hnRNP Al. Local relative concentrations may therefore play an
important role in ensuring the formation of mutually exclusive RNPs. When the concentration of
SRSF2 is higher than hnRNP A1, a “locked” SRSF2-bound Stem Il would prevent hnRNP Al
from opening and rearranging 7SK RNA when the RNA is bound to P-TEFb. Conversely, when
the concentration of hnRNP Al exceeds that of SRSF2, hnRNP Al binding will prevent SRSF2-
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mediated restructuring and recruitment to paused polymerases (when 7SK RNA is not loaded
with P-TEFb) [197].

With lower protein concentrations, however, it appears both proteins can bind to the stem
(Figure 2.6¢, d). While we cannot unequivocally unravel the composition of these bands, their
absence when using RNA-binding mutants (Figure 2.7) suggests two possible mechanisms for
their formation: 1) UP1 and SR both bind to Stem Il or 2) UP1 and SR can efficiently displace
their competitor in such a way that the resulting Stem Ill-protein complex is structurally
different, resulting in bands that migrate to different positions within the gel. If they
simultaneously bind to Stem Ill, this may support a hand-off model in which the dissociation of
one protein from Stem 111 facilitates binding by the other protein during the transition from one
7SK RNP to the other. This hypothesis is especially attractive, considering SR needs help to
access its buried binding sites.

Observing complexes that contain both proteins on the same stem suggests 7SK RNA
may form a transition complex. The idea of an intermediate Stem Il complex agrees with our
secondary structure probing data: UP1 binds to the 3’ half of Stem III, generating an open and
flexible 5” half, in which two of the three putative SRSF2 sites are located (Figure 2.4b). While it
is possible that this flexible half of Stem Il pairs with other nucleotides of 7SK RNA, it is
tempting to speculate that the PABPC1 UTR competition experiment reveals the functional
significance of this transition complex: while SR cannot be efficiently recruited from Stem Il in
the absence of UP1, it unloads to PABPC1 RNA from Stem Il when both UP1 and SR are
bound (Figure 2.8b, c). This result may explain why knock-down of both hnRNP Al and A2

[263] or knock-down of SRSF2 [197] increases levels of promoter proximally paused RNA
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polymerase 1l: without hnRNP A, SRSF2 cannot unload onto nascent mMRNA sequences, which

may hinder P-TEFb release from the complex.

2.4.3 Stem Il mutations disrupt P-TEFb release and RNA polymerase Il elongation in

cells

Deletions of 7SK RNA (~100 nucleotides) that remove Stem 11l result in a loss of P-TEFb
release upon transcriptional stress [204]. However, the previous study did not specifically
remove Stem Il — a likely stably folded element conserved across vertebrates, basal
deuterostomes, and insects [165] — or examine the functional consequences of this
phenomenon. We observed that deletion of Stem 111 of 7SK RNA in a human cell line disrupts P-
TEFb release upon transcriptional stress, highlighting the importance of this element in
modulating the conversion between the 7SK RNPs. Surprisingly, Stem Il containing a 6-
nucleotide compensatory mutation has the same stunted release of P-TEFb over time as removal
of the entire stem (Figure 2.10d). Unlike the ASIII mutation, however, treatment with
flavopiridol initially induced a substantial release of P-TEFb (Figure 2.10c, compare mock to
DHM transfected cells at the first time point [15 minutes]). While the DHM mutation maintains
the base-pairing proposed by Wassarman and Steitz [164], the perturbation of P-TEFb levels
exhibited by this mutation is likely due to effects on protein binding affinities (Table 2.1) and
disruption of alternative folds of the RNA induced by protein binding. Indeed, when examining
the relative transcription elongation ratio of HSPA1B, only the DHM mutation significantly
affected UV-induced transcription of the gene (Figure 2.11c), highlighting a potential disruption

in 7SK RNA alternative folds not seen with a loss of Stem IlI.
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Perhaps unsurprisingly, expression of WT 7SK RNA, even with co-transfection of
SiIRNA against 7SK, resulted in 6-fold more 7SK RNA than mock transfected cells (Figure
2.10Db), and this overexpression led to less P-TEFb release upon flavopiridol treatment (Figure
2.10c). In support of the importance of Stem Ill, however, the phenotype of this overexpression
is distinctly different than expression of Stem Il mutants (whether at normal levels (ASIII) or
overexpressed (DHM)) (Figure 2.10c). When measured as a rate, then, overexpression of WT
7SK RNA leads to significantly reduced P-TEFb release compared to mock transfected cells.
Therefore, the results obtained in Figure 2.10 with our mutant 7SK RNAs must be taken with a
grain of salt as we are unable to definitely distinguish between contributions of overexpression
Versus mutant sequences.

While Stem 111 is not believed to directly contact P-TEFb, our in vitro and in-cell data
can be integrated into a model in which these naturally antagonistic splicing factors help
restructure 7SK RNA into distinct, alternatively-folded RNPs that indeed directly impact active
and inactive P-TEFb levels (Figure 2.12). We suggest that the 7SK-hnRNP RNPs are not simply
a molecular sink for hnRNPs after P-TEFb dissociation, but important regulators of transcription.
More than solely modulating general RNA polymerase Il transcription through active and
inactive P-TEFb levels, the flux between the 7SK RNPs would also modulate the active
concentrations of splicing, mRNA transport, and translation factors through binding and
releasing specific hnRNPs. Future studies to address the regulation of the complicated interplay
between the two types of 7SK RNPs are necessary to understand how this non-coding RNA

determines the fate of metazoan transcription.

74



7SK-P-TEFb RNP

Intermediate 7SK RNP

Inactive P-TEFb

-

H,OPPP

/ _I Q Protein Legend

Methyl Phosphate hnRNP A1
Capping Enzyme hnRNPs
P-TEFb

_ RSF2
a-relate Cj Various hnRNPs
Protein 7

SRSF2

Intermediate 7SK RNP 7SK-hnRNP RNP
HEXIM 1/2 Q SRSF2

hnRNPs

HEXIM

Unknown

Figure 2.12. Proposed model for the contribution of hnRNP Al and SRSF2 in the transition between the 7SK
RNPs. In the 7SK-P-TEFb RNP (top left), SRSF2 coats Stem Ill to prevent the binding of hnRNP Al. SRSF2
unloads from the 7SK-P-TEFb RNP onto 5° UTRs in the presence of hnRNP Al, and hnRNP A1l dissociates the
remaining SRSF2 proteins (top right). Bound hnRNP Al sterically blocks SRSF2 from reorganizing the 7SK-
hnRNP RNP (bottom right). hnRNP proteins are evicted from the 7SK-hnRNP RNP through an unknown

mechanism and SRSF2 binds and remodels Stem 111 (bottom left) to reestablish the 7SK-P-TEFb RNP.
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3.0 P-TEFB-DEPENDENT PHOSPHORYLATION OF HNRNP K ISOFORM 3

MODULATES BINDING TO THE SNRNA 7SK RNP

3.1 INTRODUCTION

The transition between the 7SK RNPs can be considered to behave according to Le Chatelier's
principle, whereby knock-down of protein components [202, 203] or drug-mediated inhibition of
transcription [170, 202, 204] lead to the increased formation of the alternate RNP. In this regard,
the RNA may be thought of as being in equilibrium between the 7SK-P-TEFb RNP and the 7SK-
hnRNP RNPs. This, in turn, argues that the formation of these complexes directly regulates
active levels of P-TEFb, and therefore promoter proximal pausing. It has been demonstrated that
the minimal functional 7SK RNA can be constructed solely with Stems | and IV separated via a
short linker [178], suggesting that P-TEFb control is heavily influenced through the ability of
HEXIM to bind Stem | and sequester P-TEFb. We have found that hnRNP K binds Stem I,
protein-protein interaction networks suggest that hnRNP K and the catalytic subunit of P-TEFb
interact [173], leading us to hypothesize and demonstrate that hnRNP K is a novel substrate for
P-TEFb. In this chapter I examine how the binding of hnRNP K isoform 3 to Stem | of 7SK
RNA is modulated through P-TEFb-dependent phosphorylation at S261, and how this mark may

help establish proper termination of RNA polymerase Il in vivo.
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3.1.1 hnRNP K structure and function

hnRNP K, a ubiquitous and highly expressed [262] scaffolding protein, helps bridge nucleic
acids and proteins to mediate a myriad of RNA processing events. Beyond the traditional hnRNP
roles of mediating alternative splicing [264-266], hnRNP K also regulates transcription initiation
[267], anchors chromatin to the nuclear matrix [268], aids in chromatin remodeling events [264,
269], modulates translation [270], and ameliorates DNA-damage-induced apoptosis [271, 272].
In addition, extensive post-translational modification of hnRNP K has been linked to transducing
signals to RNA- or DNA-related processes [273]. Indeed, hnRNP K has such diverse and
important cellular roles that complete knock-out is lethal [274-276] and substantial knock-down
induces cellular apoptosis [277-279]. hnRNP K is upregulated in a number of cancers, and there
is a strong correlation between hnRNP K expression and localization and cancer prognosis [280].

hnRNP K has a modular architecture with specific, non-overlapping domains to mediate
both nucleic acid interactions and protein-protein interactions (Figure 3.1a). hnRNP K binds both
single-stranded [281] and double-stranded DNA [267, 282], as well as single-stranded RNA
[283], through three hnRNP K homology (KH) domains (KH1, KH2, and KH3). These domains
have a strong preference for poly-pyrimidine tracts [284], placing hnRNP K along with hnRNP
E1l and E2, aCP3, and aCP4 into the poly(C)-binding protein family [285]. Multiple biochemical
and genetic-interaction studies have shown that the KH domains of hnRNP K work together to
increase nucleic acid binding specificity and affinity [286]. In addition to the defined KH
domains, hnRNP K also contains several RGG/RG boxes positioned between KH2 and KH3
(Figure 3.1a). While the RGG/RG boxes have not been shown in isolation to bind nucleic acids
[287], RGG/RG boxes are the second-most abundant RNA-binding domain [288] and have been

shown to aid globular RNA-binding domain interactions [289].
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hnRNP K also contains an intrinsically disordered region known as the hnRNP K
interacting (KI) domain located between KH2 and KH3 (Figure 3.1a) [273]. This domain likely
aids in mediating the over 200 putative protein-binding interactions that have been identified
[290]. Interspersed among the RGG/RG boxes within the KI domain are several poly-proline
tracts that are classically defined as Src-homology 3 binding domains [291]. The KI domain is
also host to a large majority of the post-translational modifications, highlighting how signal
transduction pathways not only use hnRNP K as a docking platform, but also modify the protein
to help mediate its myriad functions [273]. Immediately adjacent to the KI domain is the non-
canonical hnRNP K nuclear shuttling domain (KNS) [292], whose phosphorylation status
dictates cytoplasmic accumulation [293]. Together, the individual modules of hnRNP K work

within a complex interaction network to influence nearly every major cellular process.

3.1.2 hnRNP K association with 7SK RNA and P-TEFb

hnRNP K not only associates with and mediates messenger RNA-related processes, but it also
has roles involving non-coding RNA interactions and functions [294, 295]. RNA-based affinity
purification of 7SK RNA followed by mass spectrometry revealed that hnRNP K interacts with
7SK RNA [203]. Co-immunoprecipitations of hnRNP K and 7SK RNA revealed that, like all
hnRNP associations with 7SK RNA, hnRNP K does not interact with HEXIM or P-TEFb
components, and therefore resides in one of the 7SK-hnRNP RNPs. Interestingly, siRNA-
mediated knock-down of hnRNP K led to an increase in the formation of the 7SK-P-TEFb RNP,
suggesting that hnRNP K plays a role in maintaining the balance between the two RNPs [203].
While Hogg and Collins found that P-TEFb and hnRNP K do not reside in the same RNP, a
high-throughput protein-protein interaction study revealed that hnRNP K and CDK9, but not
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cyclin T1, interact [173]. Because CDK2 has been shown to phosphorylate hnRNP K [296], and
phosphorylation of hnRNP K modulates the protein’s binding and localization [273], we
hypothesized that hnRNP K is phosphorylated by P-TEFb. P-TEFb-dependent phosphorylation
would induce a change in association between hnRNP K and 7SK RNA, thereby transitioning

the 7SK-hnRNP RNP to the 7SK-P-TEFb RNP.

3.2 MATERIALS AND METHODS

3.2.1 RNA construction design

The transcription template and transcription reaction for Stem Ill was generated as in Section
2.2.1. Stem IV transcription template was generated using 5° Gen For and AAAbottom Rev
(Appendix A.2) to PCR amplify nucleotides 296-331 from the human 7SK DNA sequence
synthesized into pIDTSMART (IDT). The hepatitis delta virus 3’ cleavage overlap was added
with PCR to the DNA sequence encoding the hepatitis delta virus ribozyme [239]. Stem |
construct was generated using nested PCR (Appendix A.2) to amplify nucleotides 1-108 from the
human 7SK DNA sequence with a T7 promoter upstream. Stem IV RNA was transcribed in vitro
at 37°C for 4 hours with final concentrations of 40 mM Tris-HCI, pH 8, 10 mM DTT, 5 mM
spermidine, pH 8, 17 mM MgCl,, 4 mM each NTP, and recombinant T7 RNA polymerase that
was purified in-house [241]. Stem | RNA was transcribed in vitro at 37°C for 4 hours with final
concentrations of 40 mM Tris-HCI pH 8, 10 mM DTT, 5 mM spermidine, pH 8, 15 mM MqCl,,

4 mM each NTP, 0.01% Triton-X, and recombinant T7 RNA polymerase purified in house [241].
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RNAs were gel-purified on 8% 29:1 polyacrylamide 1X TBE/7M urea gels, excised, eluted,

concentrated, and stored in 10 mM Tris-HCI, pH 8 and 1 mM EDTA, pH 8.

3.2.2 Protein purification

Full-length hnRNP K isoform 2 was cloned from HsCD00520582 (DNASU) using primers
hnRNP K For and hnRNP K Rev (Appendix A.2) and placed into pHMG6 using Nhel and EcoRI
(Thermo Scientific) to generate pHK. Wildtype hnRNP J was generated through site-directed
mutagenesis of pHK using primers in Appendix A.2 to generate pHJ. Mutant hnRNP J constructs
were generated through site-directed mutagenesis of pHJ (Appendix A.2) [242]. The plasmid for
human-expression of hnRNP J was generated by PCR amplifying pHJ template using primers
MycJ) For and MycJ Rev and placed into pCMV6 using AsiSI and Notl (Thermo Scientific).
HEXIM construct was a generous gift from David Price (University of lowa). GST was
expressed from pGEX-6P-1 (GE Healthcare). GST-yCTD construct was a generous gift from
Craig Kaplan (Texas A&M University). All cloning was confirmed by sequencing (Genewiz).
hnRNP K and J expression constructs were transformed into BL21 (DE3) RIPL Escherichia coli
and expressed in autoinduction medium at 18°C for 20 hours. HEXIM expression construct was
transformed into BL21 (DE3) RIPL Escherichia coli and expressed in LB medium with 0.1 mM
IPTG at 18°C for 20 hours. GST and GST-yCTD expression constructs were transformed into
BL21 Escherichia coli and expressed in LB medium with 1 mM IPTG at 18°C for 20 hours.
Wildtype and mutant hnRNP K and J-expressing cells were lysed in lysis buffer (20 mM
Tris-HCI, pH 7.5, 500 mM NacCl, 20 mM imidazole, 1 mM B-mercaptoethanol, 5% glycerol) and
purified in batch method using HisPur Ni-NTA Resin (Thermo Scientific). Protein was eluted
with lysis buffer + 500 mM imidazole, and dialyzed overnight into TEV cleavage buffer (20 mM
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Tris-HCI, pH 8, 150 mM NaCl, 20 mM imidazole, 1 mM B-mercaptoethanol, 5% glycerol) in the
presence of TEV protease purified in house [297]. After a 20-minute centrifugation at >24,000 x
g, supernatant was immediately passed over a HisTrap HP column (GE Healthcare) equilibrated
in TEV cleavage buffer. Nickel column flow-through was then applied to HiTrap HP Q anion
and HiTrap HP SP cation exchange columns (GE Healthcare) equilibrated in Q/S starting buffer
(20 mM Tris-HCI, pH 8, 150 mM NaCl, 1 mM B-mercaptoethanol, 5% glycerol) and eluted in
Q/S elution buffer (20 mM Tris-HCIL, pH 8, 1 M NaCl, 1 mM B-mercaptoethanol, 5% glycerol).
Fractions containing hnRNP K or J were confirmed via SDS-PAGE and concentrated and stored
at -80°C.

HEXIM-expressing cells were lysed in 20 mM Tris-HCI, pH 8, 20 mM imidazole, 500
mM NaCl, 1 mM B-mercaptoethanol, 5% glycerol and purified in batch using nickel agarose
(Thermo Scientific). Protein was eluted by increasing the imidazole concentration to 300 mM.
Eluted protein was dialyzed overnight into lysis buffer and applied to a HisTrap HP column (GE
Healthcare). Fractions containing HEXIM protein were concentrated to 60 pM to avoid
precipitation observed at higher concentrations (personal observation) and stored at -80°C.

GST and GST-yCTD were purified in a similar fashion. Induced cells were lysed in lysis
buffer (25 mM Tris-HCI, pH 8, 350 mM NaCl, I mM EDTA, 2 mM B-mercaptoethanol, 10%
glycerol) and purified in batch using glutathione agarose resin (GoldBio). Protein was eluted
upon addition of lysis buffer supplemented with 10 mM reduced glutathione and dialyzed
overnight into 25 mM Tris-HCI, 100 mM NaCl, 1 mM EDTA, 2 mM B-mercaptoethanol, and
10% glycerol buffer. After centrifugation to remove debris, the supernatant was applied to
HiTrap HP Q anion and HiTrap HP SP cation exchange columns (GE Healthcare). Fractions

containing either GST or GST-yCTD were concentrated and stored at -80°C.
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3.2.3 Electrophoretic mobility shift assays

RNA was 5’ end-labeled with y-*?P-ATP and T4 PNK (Thermo Scientific), gel purified in 8%
29:1 polyacrylamide 1X TBE/7M urea gels, excised, eluted and stored in 10 mM Na cacodylate,
pH 6.5. RNA was snap-cooled (95°C for 2 minutes followed by 15 minutes at 4°C) in 100 mM
NaCl and 10 mM Na cacodylate, pH 6.5. Protein was titrated into binding reactions containing
1,000 counts per minute (cpm; <1 nM) annealed RNA, hnRNP K binding buffer (16 mM Tris-
HCI, pH 8, 20 mM NaCl, 11.2 mM B-mercaptoethanol, 4% glycerol), 2.5 ug yeast total tRNA
(Thermo Scientific), and 0.1 pg BSA (NEB), and incubated on ice for 35 minutes. For
competition reactions, the first protein was titrated and incubated with RNA for 25 minutes
followed by the addition of the competitor protein and incubation for 15 minutes at 4°C.
Reactions were analyzed on 5% Tris/glycine native 29:1 polyacrylamide gels, dried, and exposed
to an image plate overnight. Plates were scanned on a Fuji FLA-5000 and quantitated with

MultiGauge software (Fujifilm).

3.2.4 Kinase assays

Except for GST-yCTD (diluted to a final concentration of 1 uM), proteins were diluted to 20 uM
in a total volume of 7.5 L prior to addition of 5 pL of 5x reaction buffer (40 mM MOPS-NaOH,
pH 7, 1 mM EDTA, 5 mM B-glycerophosphate) and 2.5 pL of P-TEFb (Millipore) diluted in
dilution buffer (20 mM MOPS-NaOH, pH 7, 1 mM EDTA, 0.01% Tween-20, 5% glycerol, 0.1%
B-mercaptoethanol, 1 mg/mL BSA) to 20 ng/pL. No-kinase reactions contained 2.5 pL of
dilution buffer. Reactions containing kinase inhibitors received 1 pL of 1 mM flavopiridol or

DRB diluted in DMSO. All reactions were initiated upon addition of 10 pL y ATP Mix (25 mM
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MgAc, 0.3 mM ATP, 5-25 nCi/uL 3?P-y-ATP (Perkin Elmer)) and set at 30°C for 20 minutes
prior to addition of 15 pL of acid stop mix (3% phosphoric acid, 20 mM Tris-HCI, pH 6.8, 100
mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol). 9 pl of each reaction was run on
10% SDS 19:1 polyacrylamide gels, dried, and exposed to an image plate overnight. Plates were

scanned on a Fuji FLA-5000 and quantitated with ImageJ [245].

3.2.5 Cell culture and transfection

HeLa cells were cultured under standard conditions with DMEM (Thermo Scientific)
supplemented with 10% FBS. For transfections, low density-plated cells in 24-well plates were

transfected with 1 pg of plasmid or lipofectamine 2000 (Invitrogen) alone (mock transfection).

3.2.6 Nuclear fractionation

HelLa cells were grown to ~90% confluency in 6 cm plates. 50 pL of either DMSO or 0.1 mM
flavopiridol diluted in DMSO were added directly to the media and incubated at 37°C for 30
minutes. Release reactions were treated for 30 minutes as described prior to removal of media
and incubation at 37°C for 15 minutes with fresh media. Plates were washed 2x with 2 mL of 1X
PBS (Fischer Scientific), manually scraped into 1 mL 1X PBS, and transferred to a
microcentrifuge tube. 50 pL of resuspended cells plus 10 pL 4X SDS loading dye was used to
generate whole cell extracts. Nuclear fractionation was performed using a nuclear extraction kit
according to protocol (Abcam) with one exception: nuclear pellet was washed 1x with 300 pL
pre-extraction buffer (generated as per kit instruction) and transferred to new tube prior to

addition of extraction buffer. Protein concentrations were measured using a Bradford assay
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(Thermo Scientific). Equal concentrations of protein were loaded on 10% SDS polyacrylamide
gels. Gels were transferred to Protran BA 85 nitrocellulose membranes (GE Healthcare), blocked
with 3% milk in TBST for 1 hour at room temperature, and incubated with either 1:5000 a-YY1
antibody (Abcam, EPR4652) or 1:5000 a-o-tubulin (Thermo Scientific, DM1A) diluted in 3%
milk overnight at 4°C. Blots were washed 3x for 10 minutes with TBST and incubated with
1:5000 a-mouse-HRP antibody (Santa Cruz, sc-516102) (a-a-tubulin) or 1:5000 a-rabbit-HRP
antibody (Santa Cruz, sc-2357) diluted in 1% milk for 1 hour at 4°C. After washing 3x for 10
minutes with TBST, blots were imaged on an Amersham Imager 600 with Pierce ECL Western
Blotting Substrate (Thermo Scientific) and quantified with Image J [245]. Blots were stripped
with mild stripping buffer according to protocol (Abcam), blocked with 3% milk in TBST for 1
hour at room temperature, and incubated with 1:5000 o-hnRNP K (Santa Cruz, sc-28380) diluted
in 3% milk overnight at 4°C. Washes, secondary antibody (1:5000 a-mouse-HRP), imagining,

and analysis were performed as above.

3.2.7 Cellular RNA purification and reverse transcription

24-hours after transfection, media was removed, and 0.25 mL of Trizol (Invitrogen) was used for
RNA extraction as per manufacturer’s protocol. RNA pellets were resuspended in 25 puL water.
Protein was extracted from organic phase as per protocol and subjected to Western blot analysis.
250 ng of total RNA was subjected to reverse transcription using the QuantiTect kit (Qiagen) as

per manufacturer’s protocol.
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3.28 RT-PCR and RT-gPCR

RT-gPCR reactions containing 1 puL of 0.75X ¢cDNA, 5 uL iTaq SYBR master mix (Bio-Rad),
and 500 nM forward and 500 nM reverse primers were subjected to 40 cycles of PCR on an
Applied Biosystems StepOne Plus Real-time Thermocycler. C: values were calculated with

StepOne Software v2.2.2.

3.3 RESULTS

3.3.1 hnRNP K binds Stems | and 111 of 7SK RNA

Formaldehyde crosslinking followed by immunoprecipitation of hnRNP K in human cells shows
a strong enrichment for 7SK RNA via northern blot analysis, suggesting a direct interaction
between the two in vivo [203], although the study did not identify where the protein binds 7SK
RNA. Using a thermodynamic scoring matrix developed from a serial analysis of gene
expression assay and yeast three-hybrid screens [298], we identified three high-probability
hnRNP K binding sites: two located within Stem I and one along the 5’ half of Stem III (Figure
3.1b). Quantification of EMSAs performed with purified recombinant hnRNP K and Stem |
RNA (nucleotides 1-108) reveals modest binding with a Kq of 5.3 £ 1.7 uM (Figure 3.1c top
left). However, RNA tagged-based affinity purification of 7SK RNA displays a 4-fold stronger
enrichment for hnRNP K isoform 3 than for hnRNP K isoforms 1 or 2 [203]. Therefore, we
cloned, expressed, and purified recombinant human hnRNP K isoform 3 (hereafter referred to as

hnRNP J, the historical designation for this alternatively spliced isoform of hnRNP K [299]
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(Figure 3.1a)) and performed EMSAs with Stem I. hnRNP J has a significantly higher affinity
for Stem | than hnRNP K, with a Ky of 2.8 + 0.03 uM (student’s T-test p=0.04) (Figure 3.1c
bottom left). We also tested hnRNP J binding to Stems Il (nucleotides 200-274) and 1V
(nucleotides 295-331) via EMSAs. hnRNP J has a lower affinity for Stem Il (Kq = 3.8 £ 0.3
uM) than for Stem | (Figure 3.1c top right), in agreement with the scoring matrix (Figure 3.1b).
We observed no appreciable binding to Stem 1V, demonstrating a specific interaction to Stems |
and 1l (Figure 3.1c bottom right). Together, our data reveal a direct interaction between 7SK
RNA and hnRNP K isoforms 2 and 3, with the strongest preference for the alternatively spliced

isoform 3 binding to Stem 1.
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Figure 3.1. hnRNP K isoforms 2 and 3 bind Stems | and 11l of 7SK RNA. (a) Bar diagrams of hnRNP K
isoforms 1 and 2 (top) and isoform 3 / hnRNP J (bottom) [285, 300] with domain boundaries above. NLS, nuclear
localization signal; KH, hnRNP K homology domain; KI, hnRNP K interacting domain; KNS, hnRNP K nuclear
shuttling domain. Orange bars represent RGG/RG motifs and tan bars indicate Src-homology 3 binding regions
[273]. Arrows point to potential cyclin-dependent kinase phosphorylation sites [301]. (b) Cartoon of predicted
secondary structure of 7SK RNA [164] with stem loops I-1V labeled above (SI-SIV). Red regions of RNA, potential
hnRNP K binding sites [298]. (c) Representative EMSAs of titrations of hnRNP K (K) or hnRNP J (J) with Stems I,
I, and IV. Average Kq of three (J) or six (K) replicates + standard deviation is shown above each gel. N.D., not

determined.
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3.3.2 P-TEFb phosphorylates hnRNP J at S261

Because hnRNP K is a major docking protein with over 200 potential protein-protein interaction
partners [290], binds 7SK RNA (Figure 3.1 and [203]), and interacts with the catalytic subunit of
P-TEFb [173], we next investigated whether P-TEFb could directly phosphorylate hnRNP J.
Using group-based prediction software [301] of potential phosphorylation sites by cyclin-
dependent kinases 2, 5, and 7, we identified two high-probability phosphorylation sites at S193
and S261 on hnRNP J (Figure 3.1a). We then performed standard kinase assays according to
manufacturer’s protocol (Millipore, #14-685) using commercially-available P-TEFb and either
wild-type (WT), S193A, S261A, or S193/261AA hnRNP J (Figure 3.2a and b). We used
glutathione S-transferase (GST) as a negative control and GST fused to the Saccharomyces
cerevisiae C-terminal domain of Rpbl (GST-yCTD) [302], a known substrate of Burl/2, the
yeast ortholog of P-TEFb [303, 304], as a positive control. To confirm that our results are
specific to phosphorylation by P-TEFb, we also performed the reactions in the presence of the
general CDK inhibitor flavopiridol [257] or the P-TEFb-specific inhibitor DRB [115].

While incubation of GST with P-TEFb yielded minimal incorporation of radioactive
phosphate (Figure 3.2a and b), we observed a dramatic increase in signal for GST-yCTD and
WT hnRNP J upon P-TEFb addition, suggesting efficient phosphorylation of these substrates by
the kinase. Addition of either 40 uM of flavopiridol or DRB (competed with 100 pM of cold
ATP in the reactions) results in drastically diminished signal, confirming that phosphorylation is
specific to P-TEFb. Surprisingly, S261A displays a significant decrease in 2P incorporation
compared to WT (Figure 3.2¢) (student’s T-test p=0.03). A double alanine mutation at S193 and
S261 displays the same level in reduction of radiation incorporation as S261A (Figure 3.2b). Pre-
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binding hnRNP J to Stem | of 7SK RNA does not increase or decrease the signal (data not
shown), indicating that P-TEFb-dependent phosphorylation of hnRNP J is independent of nucleic
acid interaction. While S261A does not completely abolish 2P incorporation, similar results
obtained through in vitro kinase assays and P-TEFb [305] and our data together suggest that P-

TEFb directly phosphorylates hnRNP J predominantly at S261.
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Figure 3.2. P-TEFb directly phosphorylates hnRNP J. (a and b) Representative SDS polyacrylamide gels of
substrates phosphorylated with 50 ng total protein of commercial P-TEFb (Millipore) in the presence of trace 32P-y-
ATP. GST, glutathione S-transferase; GST-yCTD, GST fused to the final 26 hepta-peptide repeat from
Saccharomyces cerevisiae Rpbl [302]. “*” indicates non-specific and degradation products. (¢) Quantification of
kinase assays. Background-subtracted (P-TEFb “-“ from P-TEFb “+”) total pixel density is normalized against pixel

density from GST + P-TEFb. Values are averages from three independent replicates + standard deviation.
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3.3.3 Phosphorylation of S261 decreases affinity for 7SK RNA

S261 is located within the KI domain of hnRNP J (Figure 3.1a), far from the canonical RNA-
binding domains (KH domains). Therefore, in order to elucidate a potential function for P-TEFb
phosphorylation of hnRNP J at S261, we closely examined the local environment of S261. To
our surprise, S261 is located directly adjacent to a stretch of RGG/RG boxes interspersed with
two poly-proline Src-homology 3 binding motifs (Figure 3.1a) [273]. As RGG/RG motifs are the
second most common RNA-binding motif in eukaryotes [288], we decided to examine if
phosphorylation at S261 might modulate hnRNP J binding to 7SK RNA. To this end, we
generated S261A (phospho-null) and S261D (phospho-mimetic) constructs of hnRNP J and
subjected them to EMSA analysis with Stem | RNA (Figure 3.3). Unexpectedly, both S261A
(3.6 +£ 0.4 uM) and S261D (4.0 = 0.4 uM) have significantly less affinity for Stem | than WT
hnRNP J (2.8 + 0.03 uM) (p=0.01 and p=0.006, respectively) (Figure 3.3b). However, S261D
has marginally less affinity for Stem | RNA than S261A does (Figure 3.3a), although neither
construct binds as poorly as hnRNP K (Figure 3.3b). These results suggest that the RGG/RG
motifs around, and including, S261 mediate a portion of the interaction with Stem | of 7SK
RNA; however, more experiments are necessary to tease out the exact contribution of the

RGG/RG hoxes towards association with 7SK RNA elements.
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We next wanted to assay whether direct phosphorylation via P-TEFb could recapitulate
our phospho-mimetic results. Therefore, we first performed a non-radioactive kinase assay with
or without P-TEFb and WT hnRNP J. Instead of adding acid stop mix, the kinase assays were
titrated into EMSA reactions with Stem I (Figure 3.4a). In order to fully saturate the 100 uM of
hnRNP J used in the reactions, we conducted the kinase assays with either 100 uM or 200 uM
ATP. The large concentration of ATP required for the kinase assays subsequently hindered the
binding of hnRNP J to Stem I, as evidenced by the 3 to 4-fold larger Kq in the negative control
reactions at 100 uM and 200 uM ATP, respectively. However, in the presence of P-TEFb, we
saw a consistent decrease in affinity compared to negative control reactions. To decrease the
large negative charge contribution from the saturating ATP concentrations, we repeated the assay
at 200 uM ATP, but purified the kinase assay over a Sephadex G-25 micro-spin column prior to
use in EMSAs. Unfortunately, this resulted in weak binding. When the small fraction that shifted
is plotted against protein concentration, however, it appears that, again, reactions containing P-
TEFb bind marginally worse to Stem | than negative control reactions (Figure 3.4b). As an
alternative approach, we generated hnRNP J N-terminally tagged with maltose binding protein
(MBP-hnRNP J). Immobilization of MBP-hnRNP J to amylose resin allowed us to thoroughly
wash the reactions prior to elution. When used in EMSASs with Stem |, we could partially restore
binding affinities near WT hnRNP J (4.8 + 0.3 uM versus 2.8 = 0.03 uM, respectively) (Figure
3.4¢). As seen before, addition of P-TEFb marginally, yet consistently, decreases the affinity of
hnRNP J for Stem I. These results, in conjunction with the data from Figure 3.3, indicate that P-
TEFb-dependent phosphorylation of S261 of hnRNP J results in a decreased affinity for 7SK

RNA.

93



m-P-TEFb =+ 50 ng P-TEFb

12.00 -
m-P-TEFb =+ 50 ng P-TEFb
10.00 5.1
S 800 5
= S 49
¥’ 6.00 e
' 4.8
4.00
47
2.00 46
0.00 45
100 pM ATP 200 pM ATP MBP-hnRNP J
b u+50ng P-TEFb =-P-TEFb
8
b=
Z6
[}
g 4
S 2
0 —<==
0.0

0.7 17
3.4 5.1

6.8
10.2 13.6 o
. 224

[hnRNP J] (uM)
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replicates is plotted.
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3.3.4 Phosphorylation of S261 increases HEXIM competition for Stem |

To date, when immunoprecipitated from cells, most hnRNPs have been observed to bind to Stem
Il of 7SK RNA [151]. While we observed hnRNP J binding to Stem Il (Figure 3.1c), the
highest-affinity interaction occurs with Stem | (Figure 3.3b), and the predicted binding sites
(Figure 3.1b) of hnRNP J directly overlap known HEXIM-interaction motifs [190, 191, 195] and
nucleotides [189]. Whereas hnRNP K has the potential to interact with double stranded nucleic
acids [267, 282], the protein predominantly associates with single stranded RNA [298, 306, 307],
while HEXIM has been shown to specifically recognize and bind structured RNA [188, 191].
Additionally, the proteins appear to assemble on mutually exclusive complexes, and siRNA-
mediated knock-down of hnRNP K drives increased accumulation of the 7SK P-TEFb RNP in
cells [203]. We therefore examined whether HEXIM and hnRNP J compete for binding to Stem |
of 7SK RNA.

Initial attempts to visualize competition assays through EMSAs resulted in HEXIM/Stem
I and hnRNP J/Stem | complexes having shifts with identical mobilities within native gels (data
not shown). We therefore utilized the MBP-hnRNP J fusion protein to add additional mass and
charge in order to efficiently separate the complexes on a native polyacrylamide gel (Figure
3.5a). Of note, EMSAs with MBP-hnRNP J and Stem | revealed that the N-terminal tag does
significantly decrease affinity for Stem | ~2-fold (Figure 3.6), and therefore the following results
must be interpreted with caution in comparing “endogenous” hnRNP J and HEXIM
competitions. Titration of HEXIM into reactions containing pre-bound MBP-hnRNP J initially
results in a non-specific smear of higher mobility (Figure 3.5a left). At higher concentrations,
however, formation of HEXIM/Stem | complexes appears. The non-specific smear is not

95



recapitulated when MBP-hnRNP J is titrated into reactions containing pre-bound HEXIM/Stem |
complexes (Figure 3.5a right), suggesting that hnRNP J binding restructures the RNA, and
HEXIM displacement of hnRNP J initially forms a heterogeneous population of Stem |

complexes.
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To better understand the competition between HEXIM and MBP-hnRNP J, we calculated
ICs0,app Values for each competition. In agreement with published affinities for HEXIM and Stem
| (~500 nM) [191] and our MBP-hnRNP J — Stem | affinity of 6.1 uM (Figure 3.6), HEXIM
displays a higher degree of competition for Stem | than MBP-hnRNP J (2.8 + 1.7 uM versus 7.1
+ 4.0 uM, respectively). We next investigated whether S261 phosphorylation, which lowers
hnRNP J affinity for Stem | (Figures 3.3 and 3.4), would impact HEXIM competition for Stem 1.
To our surprise, HEXIM dissociates half of the S261D MBP-hnRNP J/ Stem | complex at a 3.5-
fold lower concentration than WT protein (0.8 + 0.04 uM), while it takes over 2-fold more
S261D hnRNP J to dissociate half of HEXIM from Stem | (Figure 3.5b). These results suggest
that S261 not only aids in mediating nucleic acid interactions, but phosphorylation of this residue

by P-TEFb may aid in increased HEXIM-mediated dissociation of hnRNP J from 7SK RNA.
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Figure 3.6. Addition of N-terminal maltose-binding protein tag decreases affinity of hnRNP J for Stem | of

7SK RNA. Left — Representative EMSAs with either WT hnRNP J (top) or MBP-tagged WT hnRNP J (MBP-
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hnRNP J, bottom). Kg is calculated from three (hnRNP J) or six (MBP-hnRNP J) replicates + standard deviation.
Right — curve fit for average fraction of Stem | shifted + standard deviation of three (hnnRNP J) or six (MBP-hnRNP

J) replicates.

3.3.5 P-TEFb-dependent phosphorylation of hnRNP K does not induce nuclear export

Previous studies have shown that S284 (hnRNP J S261) can be phosphorylated by extracellular
signal-regulated kinase 1 and 2 (ERK1/2) [293, 308, 309]. Phosphorylation of S284 and S353 by
ERK1/2 drives cytoplasmic accumulation of hnRNP K upon mitogen stimulation [293]. We
therefore decided to see if P-TEFb-dependent phosphorylation would also relocalize hnRNP K to
the cytoplasm. To address this question, we performed nuclear fractionation [310] of HelLa cells
treated for 30 minutes with either DMSO or 1 uM flavopiridol prior to release for 15 minutes in
drug-free media (Figure 3.7). Inhibition of P-TEFb with flavopiridol dissociates the protein from

the 7SK P-TEFb RNP [170], thus increasing active concentrations of P-TEFb upon drug release.
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Figure 3.7. Cells treated with flavopiridol do not accumulate hnRNP K in the cytoplasm. (a) Representative
Western blots of nuclear fractionation experiments with cells treated (T) for 30 minutes with either DMSO or 1 uM

flavopiridol prior to release (R) for 15 minutes. WCE, whole cell extract; B, background (no treatment); C,
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cytoplasmic fraction; N, nuclear fraction. Recombinant (r) hnRNP K and J are used as size marker controls. YY1,
nuclear control; a-tubulin, cytoplasmic control. (b) Quantification of (a). Pixel density of hnRNP K bands were

normalized to loading controls. Average of four replicates + standard deviation is plotted.

Western blot analysis of the nuclear and cytoplasmic fractions with appropriate controls
(YY1 and a-tubulin, respectively) demonstrates effective fractionation with minimal cross-
contamination (Figure 3.7a bottom panels). As reported previously [203], hnRNP J is poorly
expressed (Figure 3.7a 1% lane) and was thus not included in our analysis. We observed higher
hnRNP K signal in nuclear fractions relative to cytoplasmic fractions, in agreement with
previous immunofluorescence data [292, 293]. Treatment with either DMSO or flavopiridol
results in increased cytoplasmic accumulation of hnRNP K with a concurrent loss of nuclear
signal (Figure 3.7b). Release of either treatment marginally increases the observed phenotype;
however, we do not observe any difference between treatment with DMSO or flavopiridol. These
results suggest that P-TEFb-dependent phosphorylation does not induce cytoplasmic

accumulation of hnRNP K under the regime tested.

3.3.6 S261 aids in MYC transcription termination maintenance

In an effort to identify a potential role for P-TEFb-dependent phosphorylation of S261 of hnRNP
J, we once again carefully examined the local architecture of the KI domain (Figure 3.1a). Poly-
proline repeats often mediate protein-protein interactions [311], and hnRNP K can potentially
interact with over 200 proteins [290]. Recent work has identified XRN2, an exonuclease required
for proper RNA polymerase Il termination [312], as a target of P-TEFb, whereby

phosphorylation increases XRN2 activity [305]. Interestingly, it has been suggested that hnRNP
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K also interacts with and recruits XRN2 to the 3 end of genes [313]. Therefore, we hypothesize
that P-TEFb-dependent phosphorylation of hnRNP J at S261 not only aids in dissociation from
the 7SK-hnRNP RNPs (see above), but also serves as a marker that aids in the recruitment of
XRN2, and thus proper termination maintenance.

To test this hypothesis, we overexpressed WT, S261A, and S261D C-terminally Myc-
FLAG tagged hnRNP J (hnRNP J-MF) in HelLa cells (Figure 3.8b). 24-hours after transfection,
total RNA was extracted, converted to cDNA, and used in RT-gPCR with primer sets placed
before or after the poly-adenylation signal (PAS) at the loci CCNB1, FRAT2, and MYC (Figure
3.8a) [305]. Transcript abundance amplified after the PAS was normalized across treatment
conditions to the amplicon generated before the PAS, and then compared to mock-transfected
cells to calculate the fold change. An increase in transcripts generated past the PAS is indicative
of termination defects. We observed a different phenotype at each locus tested (Figure 3.8c).
Overexpression of hnRNP J-MF has no effect on proper termination at CCNB1. While
overexpression of WT hnRNP J-MF does not induce a termination defect at FRAT2, expression
of either S261A or S261D increased accumulation of transcripts past the PAS by ~1.5-fold
(Figure 3.8c). However, overexpression of hnRNP J, regardless of the construct tested,
significantly (student’s T-test p<0.002) increases transcript abundance after the PAS at MYC
(Figure 3.8c). Of note, expression of S261A hnRNP J-MF marginally exacerbates the
termination defect detected at MYC compared to WT. Together, these results suggest hnRNP J
may aid in proper termination of RNA polymerase 1, potentially through recruitment of XRN2
mediated via the phosphorylation status of S261. Additional studies are required to examine the

link between S261 phosphorylation, P-TEFb, XRN2, and termination; to identify a direct
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interaction between XRN2 and hnRNP J via the KI domain; and to dissect the prevalence of

hnRNP J-mediated termination throughout the genome.
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Figure 3.8. Overexpression of hnRNP J S261 mutants increases accumulation of transcripts past poly-
adenylation signals. (a) Cartoon representation of genes analyzed. Boxes indicate exons; arrows are annotated poly-
adenylation signals (PAS). General location of primers used for RT-qPCR set before (B) and after (A) the PAS.
Adapted from [305]. (b) Representative Western blot of three independent transfections of C-terminally Myc-
FLAG-tagged hnRNP J (hnRNP J-MF). (c) Signal amplified after the PAS is normalized to transcript abundance

before the PAS as measured via RT-gPCR. Average of six replicates + standard deviation is plotted.
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3.4  DISCUSSION

Here we report how competition between HEXIM and an hnRNP for access to Stem | of 7SK
RNA is regulated through phosphorylation via P-TEFb itself. We found that hnRNP K isoforms
2 and 3 (hnRNP J) directly bind Stems | and Il of 7SK RNA. In agreement with
immunoprecipitation data from cells [203], hnRNP J has significantly higher affinity for Stem |
than hnRNP K. We also report the in vitro identification of two new substrates for P-TEFb:
hnRNP K and J at S284 or S261, respectively. Furthermore, we find that P-TEFb-dependent
phosphorylation not only decreases the affinity of hnRNP J for Stem | of 7SK RNA, but it also
enhances the dissociation of hnRNP J via HEXIM competition. In identifying a potential
significance for P-TEFb-dependent phosphorylation in cells, we discovered that P-TEFDb
phosphorylation does not induce cytoplasmic accumulation of hnRNP K. Instead, we find that
S261 of hnRNP J may play a role in regulating the recruitment of XRN2 to the 3° end of select
RNA polymerase Il genes. Together, these results suggest a mechanism by which P-TEFb
autoregulates incorporation into the 7SK-P-TEFb RNP by phosphorylating hnRNP J, thereby
decreasing affinity of hnRNP J for Stem | while simultaneously increasing HEXIM-mediated
dissociation from Stem 1. Once bound to Stem |, HEXIM can associate with P-TEFb and hold it
catalytically inactive. Furthermore, once dissociated from 7SK RNA, phosphorylated hnRNP J
may interact with termination machinery and maintain proper termination boundaries for RNA

polymerase Il (Figure 3.9).
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Figure 3.9. P-TEFb autoregulation through phosphorylation of hnRNP J. As P-TEFb, traveling with RNA
polymerase Il as part of the super elongation complex, nears the 3” end of a gene, it can phosphorylate hnRNP J
bound to 7SK RNA. This increases the dissociation rate of hnRNP J and allows HEXIM to bind Stem I, thereby
binding and inactivating P-TEFb within the 7SK-P-TEFb RNP (right). Phosphorylated hnRNP J may then interact

with termination machinery to aid in recruitment of XRN2 and properly terminate RNA polymerase II.

3.4.1 hnRNP K and J directly interact with 7SK RNA

Initial characterization of the interaction between hnRNP K and 7SK RNA did not elucidate the
region(s) to which hnRNP K binds [203]. Utilization of a scoring matrix where every nucleotide
is weighted across the consensus sequence of 5’- CCAUC(N2-7)WCCCw(N7.18)UCAYc-3’ (where
W=A/T, Y=C/T, N=A/G/U/C, and subscripts denote length of bases) [298] identifies three high-
probability binding sites (Figure 3.1b). Our results confirm that the scoring matrix accurately
predicts hnRNP K binding, as hnRNP J has a higher affinity for Stem | than Stem Il of 7SK
RNA (Figure 3.3b). Because hnRNP J did not bind Stem IV and all experiments were performed

104



in the presence of nonspecific competitors, we are confident that the observed interactions are
specific and would likely present the in vivo binding regions of hnRNP J.

We also found that hnRNP K isoform 3 binds 7SK RNA with higher affinity than hnRNP
K isoform 2 does. This agrees with immunoprecipitation data in which 4-fold more hnRNP J
associates with 7SK RNA than hnRNP K [203]. Unlike hnRNP K, hnRNP J lacks 23 amino
acids within the linker between the RNA-binding domains KH1 and KH2 (Figure 3.1a).
Biochemical and biophysical studies of hnRNP K suggest that KH1 and KH2 act as a concerted
unit when binding to nucleic acids [287, 314]. However, the linker between KH1 and KH2 is
large enough to force a spacing constraint between the 4-nucleotide recognition sequences (see
the above consensus sequence) [298]. With a shorter linker, KH1 and KH2 in hnRNP J may
behave more like the tandem KH domains of NusA [284], in which the KH domains bind a
continuous stretch of nucleic acids [315]. This architecture, and alternative binding mode, may

explain the significantly higher affinity gained by hnRNP J.

3.4.2 P-TEFb phosphorylates hnRNP J at S261

To date, P-TEFb is considered to only phosphorylate three substrates: the C-terminal domain of
RNA polymerase 11 [99], the Spt5 subunit of DSIF [90], and the NELF-E subunit of NELF [91].
However, a chemical genetic screen expressing a modified CDK9 subunit identified a large
number of P-TEFb-specific substrates — including XRN2 [305]. Here, we provide evidence that
hnRNP J is also phosphorylated by P-TEFb in vitro (Figure 3.2). We found that P-TEFb
predominantly phosphorylates S261, which resides in a canonical CDK-recognition sequence of
(S/IT)Px(R/K) (i.e. SPRR) [316-318]. S261 (S284 in hnRNP K) can also be phosphorylated by
ERK1/2 [293, 308], which suggests that phosphorylation of S261 is a central post-translational
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modification important for transducing regulatory stimuli to affect hnRNP J. Unlike
phosphorylation via ERK1/2, which induces shuttling of nuclear hnRNP K out into the
cytoplasm [293], inhibition and subsequent release of P-TEFb through flavopiridol does not
affect localization patterns of hnRNP K (Figure 3.7). However, our study does not address the
phosphorylation of hnRNP K or J by P-TEFb in vivo. Additionally, while drug treatment did not
affect the localization of hnRNP K in cells, we were not able to directly examine the effect on
hnRNP J, which may, through an unknown mechanism, be the only hnRNP K isoform target of
P-TEFb in vivo.

In the context of 7SK RNA, we found that a phospho-mimetic mutant, S261D, and WT
hnRNP J phosphorylated by P-TEFb in vitro have decreased affinity for Stem | (Figures 3.3 and
3.4). Furthermore, S261D hnRNP J is better dissociated from Stem | by HEXIM (Figure 3.5).
While the published affinity for HEXIM is 9-fold better than hnRNP J [191] (~500 nM versus
2.8 uM) and HEXIM has a lower ICsgapp than hnRNP J (2.8 uM versus 7.1 uM), hnRNP K is
~27x more abundant in cells [262, 319]. A back-of-the-envelope calculation for hnRNP J
concentration (assuming 4-fold lower levels than hnRNP K [203]) reveals it is ~7x more
concentrated than HEXIM in the nucleus. Therefore, our results strongly suggest that the
decreased affinity and competition induced by S261 phosphorylation may play a critical role in
tipping the balance towards restructuring the 7SK-hnRNP RNPs into the 7SK-P-TEFb RNP via
swapping of hnRNP J for HEXIM. Surprisingly, this implies that P-TEFb autoregulates active

kinase levels and aids in conversion to the 7SK-P-TEFb RNP (Figure 3.9).
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3.4.3 S261 of hnRNP J may help regulate transcription termination

A chemical genetic screen found that P-TEFb phosphorylates XRN2 to stimulate its exonuclease
processivity. Inhibition of P-TEFb through several different drugs led to large termination
defects and accumulation of transcripts beyond the PAS [305]. A separate study found that
hnRNP K localizes to the 3” end of genes. Knock-down of hnRNP K also led to accumulation of
transcripts 3’ of the PAS, and while RNA polymerase Il levels were not reduced near the PAS,
XRN2 recruitment was drastically decreased [313]. Because P-TEFb is incorporated into the
super elongation complex and travels with RNA polymerase Il [96], it stands to reason that
active P-TEFb must be present during termination. Disassembly of the elongation complex
would therefore release active P-TEFb. The free kinase needs to be inhibited through the 7SK-P-
TEFb RNP to prevent spurious unpausing and proper localization to other paused RNA
polymerases. We therefore hypothesized that P-TEFb phosphorylation of hnRNP J not only aids
in dissociation from the 7SK-hnRNP RNPs, but may act as a mark to enhance XRN2 recruitment
and subsequent phosphorylation by P-TEFb. This is an especially attractive model considering
S261 is located immediately N-terminal to a stretch of RGG/RG boxes and poly-proline tracts,
two important elements that aid in protein-protein interaction [288, 320].

When we examined transcript abundance past the PAS for CCNB1, FRAT2, and MYC, we
found that each gene behaves differently in the presence of either WT, S261A, or S261D hnRNP
J overexpression (Figure 3.8). Unfortunately, no clear consensus can be reached from our initial
data. However, it appears that S261A overexpression produces marginally higher transcript
accumulation 3’ of the PAS than S261D or WT hnRNP J overexpression, suggesting that hnRNP
J-mediated termination maintenance relies on both the addition and the removal of the phosphate

moiety. This may be tied to arginine methylation, as the terminal arginine in the P-TEFb
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recognition sequence of SPRR has been shown to be methylated [321]. Notably, a number of
studies have found that arginine methylation affects the phosphorylation status of serines located
3 amino acids away (i.e. S261) [322-325], and arginine methylation near poly-proline tracts (a
poly(Pro)s tract starts at amino acid 265, one after the P-TEFb-recognition sequence) influences
protein recognition [326]. Although several more experiments are required to effectively
demonstrate a direct link between P-TEFb, hnRNP J, and XRN2 and termination, these initial
results provide a hint at the complex regulatory loop between elongation and termination

mediated through P-TEFbD.

108



40 CONCLUSIONS AND FUTURE DIRECTIONS

Given the prevalence and importance of promoter proximal pausing [105], it is surprising to find
that very few studies [170, 202-204] have focused on understanding the functional consequence,
or even transition between, the 7SK RNPs. Indeed, almost every study on 7SK RNA focuses on
P-TEFb association and dissociation (i.e., the 7SK-P-TEFb RNP). Therefore, | took a different
approach and began with an investigation into the effects of hnRNP binding to 7SK RNA. In the
preceding chapters, | have described my efforts to elucidate the contributions of hnRNPs Al and
K/J in maintaining the alternative 7SK RNPs with the goal of eventually understanding the
complex choreography of protein binding, RNA restructuring, and RNP transitioning that is
necessary to intimately regulate protein-coding transcription through RNA polymerase II.
Perhaps unsurprisingly, | have uncovered that the maintenance and transition between the 7SK
RNPs is not a simple stochastic model of protein association and dissociation, but a complex
interplay between competing proteins fighting for access to the highly abundant nuclear non-
coding RNA. Therefore, local concentrations between the competing proteins will be a large
driving force in the regulation of P-TEFb. In fact, all hnRNPs that bind 7SK RNA also shuttle
between the nucleus and the cytoplasm, providing a convenient mechanism for quickly
modulating active transcriptional levels [205].

What factors could influence the local concentrations of competing proteins? Because

SRSF2 is strictly a nuclear protein [214], the concentration of hnRNP Al must drive the
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competition. Interestingly, hnRNP Al contains a non-canonical nuclear shuttling domain known
as M9 [231]. Without a classical nuclear localization signal (NLS), the M9 domain forces
hnRNP Al to shuttle between the nucleus and cytoplasm through a mechanism that is dependent
on active transcription, such that increased transcription concomitantly increases nuclear
accumulation [327, 328]. Additionally, hnRNP Al has other functions throughout the nucleus,
including mediating alternative splicing and telomere maintenance [226]. Therefore, alternative
functions of hnRNP Al could drive changes in local concentrations. Thus, by increasing
transcription, P-TEFb activity would initially increase hnRNP A1l concentrations within the
nucleus, aiding in dissociation of SRSF2 from 7SK-P-TEFb RNPs. However, as the demand for
functions outside of binding 7SK RNA increase with the extra transcriptional load, local hnRNP
Al concentrations will decrease and allow SRSF2 to help reform the 7SK-P-TEFb RNP.

In the case of hnRNP K/J and HEXIM, | found that post-translational modifications
(PTMs) drive the competition. hnRNP K isoforms 1 and 2 shuttle between the nucleus and
cytoplasm [205]; however, unlike hnRNP A1, the classical N-terminal NLS overrides
transcriptional dependence for shuttling [292, 327, 329]. Instead, PTMs, predominantly
phosphorylation, have been shown to elicit cytoplasmic accumulation [293, 330]. Interestingly,
we and others [330] have found that hnRNP K isoform 3 (hnRNP J) appears to strictly localize
within the nucleus. Additionally, hnRNP J, HEXIM1, and HEXIM2 are not as highly expressed
as the other proteins investigated in this thesis [319]. Therefore, to tip the scale towards
formation of the 7SK-P-TEFb RNP, P-TEFb itself will phosphorylate hnRNP J, leading to
decreased affinity of hnRNP J for Stem | and increased HEXIM-mediated dissociation. Like
hnRNP Al, it appears that upon phosphorylation, hnRNP J proceeds to mediate alternative

functions, such as regulating termination, which would decrease local active concentrations.
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A common theme runs throughout both mechanisms: changes in local concentrations
appear to be mediated through P-TEFb itself. This could be an indirect consequence, such as
generally increasing transcription, which drives demand for alternative hnRNP Al functions. It
could also be a direct mechanism, such as phosphorylating hnRNP J and mediating 7SK RNP
dissociation and RNA polymerase Il termination. Either way, it appears that P-TEFDb
autoregulates active levels within the nucleus by destabilizing the 7SK-hnRNP RNPs and
promoting the formation of the inactive 7SK-P-TEFb RNP (Figure 4.1). This idea of
autoregulation is supported by a study that found that rising levels of active P-TEFb directly
leads to increased transcription of HEXIM1 mRNA by unpausing a special reserve of RNA
polymerase Il located upstream of the annotated promoter [331]. This, in turn, increases
HEXIMZ1 production, and thus drives formation of inhibitory 7SK-P-TEFb RNPs.

The results gleaned from chapters 2 and 3 indicate that the 7SK-hnRNP RNPs are not just
a “molecular sink” for binding various hnRNPs. Nor are they merely “place-holder” complexes
that tie up 7SK RNA until it is needed for inactivating P-TEFb. Instead, it appears that specific
proteins are binding to specific regions to elicit specific changes that work together to regulate
metazoan transcription (Figure 4.1). Indeed, there is evolutionary constraint on “core” 7SK RNA
elements [165, 332, 333], particularly Stems 1, Il1, and V. Because most nucleotide expansions
and contractions occur between “core” elements [165], this implies that the nucleotide sequence
is necessary not only for dictating specific protein interactions, but that folding of the RNA must
be important for the correct function (see Chapter 2, Figures 2.10 and 2.11, for an example with
Stem IlI). In order to truly understand how 7SK RNA regulates transcription, future studies
should address the functional consequence of forming at least two different 7SK-hnRNP RNPs.

Does each 7SK-hnRNP RNP have its own regulation and competition? Do they regulate specific
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subsets of genes through modulating active levels of the bound hnRNPs? Do they restructure
7SK RNA differently — and does this impact maintenance and transition? These questions and
more can be used as a framework to aid in establishing how this abundant non-coding RNA
regulates transcription in metazoans, as well as the grounds for investigation into novel anti-

cancer-related therapies (see below).
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Figure 4.1. Working model of transcription-dependent P-TEFb autoregulation.

4.1.1 Implications for disease

Dysregulation of 7SK RNA is directly linked to several disease states. Because 7SK RNA
regulates promoter proximal pausing, which controls genes governing development and
proliferation [105], 7SK RNP dysregulation results in uncontrolled cell proliferation (one

hallmark of cancer progression [334]). However, 7SK RNP components are also implicated in
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the progression of cardiac hypertrophy (through decreased expression of HEXIM [335, 336]) and
HIV activation (through hijacking P-TEFb via Tat [192] to specifically increase transcription of
the viral genome [337]). As P-TEFb itself is an essential protein not only in lower eukaryotes
[338], but also during development in metazoans [207], most disease-causing mutations occur
within the protein components regulating 7SK RNA stability or function.

Several disease-causing phenotypes are linked to LARP7 mutations. Loss of function of
LARP7 exposes the 3’ end of 7SK RNA to exonucleases and therefore leads to its decreased
abundance [169]. Indeed, decreased expression of 7SK RNA due to a loss-of-function mutation
in LARP7 is suspected to cause a novel familial form of primordial dwarfism [339], highlighting
the importance in regulating P-TEFb during development. Spontaneous mutations in LARP7 are
correlated with several forms of cervical and gastric cancer [340, 341], suggesting that tight
regulation of 7SK RNA expression is necessary to maintain quiescence. Indeed, one study found
that LARP7 knock-down results in metastatic phenotypes throughout a panel of human breast
cancer cell lines, while reintroduction of LARP7 into a highly invasive metastatic cell line
significantly decreases colony formation [208]. Together, these studies demonstrate the critical
importance in maintaining 7SK RNA levels towards preserving cellular development and
homeostasis.

Because of the pleiotropic effects of hnRNP Al (Section 2.1.1), the protein is involved in
a number of diseases ranging from neurodegeneration to cancers [226]. Many of these diseases
are correlated with splicing defects caused by changes in hnRNP Al abundance [226]. While no
study has directly linked diseases to hnRNP Al binding to 7SK RNA, artificial destabilization of
7SK RNA through LARP7 or MePCE siRNA-mediated knock-down does affect the alternative

splicing of candidate genes in zebrafish embryos [206]. As there is more hnRNP A1l (~107) [261]
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in the cell than 7SK RNA (~10°) [151], it is highly likely that maintenance of the 7SK RNPs aids
in controlling the “active” concentration of hnRNP Al. Indeed, hnRNP Al is usually
overexpressed in cancers [342-344], which, combined with the data from Chapter 2, suggests
that a large pool of hnRNP Al will help drive formation of the 7SK-hnRNP RNPs and increase
active P-TEFb levels. It is hard to determine what contribution is specific to hnRNP Al and 7SK
RNA regulation versus alternative splicing, telomere maintenance, mRNA transport, and
translation [226], but it is probable that all these processes are intimately tied into 7SK RNP
regulation via regulation of transcription.

Like hnRNP Al, hnRNP K is grossly overexpressed in several cancers including
colorectal, liver, lung, breast, and oral cancers [280, 345]. Surprisingly, aberrant localization to
the cytoplasm is strongly correlated with poor prognosis [346, 347]. Because shuttling of hnRNP
K is predominantly regulated via PTMs [273], this finding underscores the critical importance in
regulating upstream signaling pathways. P-TEFb-dependent phosphorylation does not appear to
induce hnRNP K localization in HelLa cells (Figure 3.7), and therefore does not contribute
towards the aberrant cytoplasmic localization found in cancers [346, 347]. As hnRNP K is
involved in a myriad of processes (Section 3.1.1), including regulating the transcription of MYC
[267, 348], untangling the exact contribution of hnRNP K to 7SK RNP regulation and cancer
will be a daunting task. However, my work in Chapter 3 helps narrow the focus onto hnRNP J.
In support of the notion that hnRNP J aids in regulation of transcription through 7SK RNP
maintenance, initial characterization of hnRNP K isoforms noted that a smaller isoform becomes
upregulated in proliferating and transformed cells [299]. Our work (Figure 3.7 and
immunofluorescence data not shown) and that of others’ [330], strongly suggests that hnRNP J is

exclusively nuclear, raising the intriguing possibility that it is specifically involved in a subset of
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regulation processes distinct from the major hnRNP K isoforms — including 7SK RNP
maintenance and transcription termination.

It is important to note that almost all studies into 7SK RNA use a cancer-derived cell line
(in particular HeLa) or stem cell line. It will be interesting to compare the composition of 7SK
RNPs across a variety of cell lines — ranging from non-transformed primary cells to highly
metastatic cancer-derived cell lines. This information will be critical in building a model for 7SK
RNP dysregulation across disease progression. Understanding how the cell regulates not only the
expression, but the composition of the 7SK RNPs, will provide us with novel avenues of
research for drug therapies, understanding the factors that contribute to disease progression, and

could potentially lead to the identification of biomarkers for cancer diagnosis and prognosis.

4.1.2 Towards understanding the 7SK RNPs in vitro

| began this thesis with the intent of examining the binding of every 7SK RNA-related hnRNP to
7SK RNA. Because promoter proximal pausing is only affected upon knock-down of all hnRNP
A members [263], | suspect that hnRNP A2/B1 binding plays a similar, potentially redundant,
role as hnRNP Al. Instead, future investigations should focus on examining the roles of hnRNP
Q and R. These proteins were previously shown to associate with both Stems | and 111 through
expression of exogenous constructs followed by immunoprecipitation [204]. Like hnRNP K/J,
hnRNP Q and R could either bind both regions separately (Figure 3.1c), or, they could bind both
stems simultaneously and form a bridge between them [151]. Interestingly, hnRNP Q and R do
not bind to the same complex as hnRNP Al or A2/B1 [204], so the 7SK-hnRNP Q/R RNP may
have a novel three-dimensional structure and play a specific regulatory role independent of the
7SK-hnRNP A RNP. It also may have an independent mechanism for hnRNP removal than the
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7SK-hnRNP A RNP. Indeed, similar to hnRNP K, phosphorylation of hnRNP Q has been shown
to drive cytoplasmic accumulation [349], suggesting that the mechanism for dissociation will
probably rely on direct activation via transcription regulators such as P-TEFb.

Once the various 7SK-hnRNP RNPs have been investigated biochemically, future
endeavors should focus on establishing the composition of the 7SK-hnRNP RNPs in cells. This
can be accomplished using immunoprecipitation of endogenous RNPs followed by quantitative
mass spectrometry. It would also be helpful to examine if the different 7SK-hnRNP RNPs
regulate distinct subsets of genes by investigating changes in genomic data — including both
recruitment of hnRNPs to chromatin through ChlIP experiments and RNA-sequencing profiles —
across drug treatments, siRNA-mediated knock-downs, or cell lines.

One study found that RNA helicase A interacts with 7SK RNA as a potential component
of a 7SK-hnRNP RNP [204]. Two other RNA helicases, DDX21 [200] and DDX6 [350], also
interact with 7SK RNA; however, these helicases appear to aid in dissociation of P-TEFb, and
thus belong within the 7SK-P-TEFb RNP. Besides phosphorylation of hnRNP J via P-TEFb
(Chapter 3), there are no direct mechanisms for efficient dissociation of hnRNPs from the 7SK-
hnRNP RNPs. Binding of RNA helicase A to 7SK RNA may serve two functions, neither of
which are mutually exclusive. It could hold together secondary structure elements (e.g., packing
the HIV1 genome into the nucleocapsid [351]). As a helicase, it could also actively unwind 7SK
RNA upon stimulation and aid in hnRNP dissociation. Like the hnRNPs that bind 7SK RNA,
RNA helicase A also shuttles between the nucleus and cytoplasm [352]. Therefore, the signal
that activates RNA helicase A to unwind 7SK RNA and potentially promote hnRNP dissociation
would be a prerequisite for activating other functions of the helicase such as aiding in

transcription, mMRNA shuttling, and translation [353].
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Once the contribution of each 7SK-binding protein has been established, the final frontier
will place all the parts together through reconstituting the 7SK-hnRNP RNPs in vitro. This will
open a new avenue of research to examine the effects of order-of-addition, their competition,
establishment of mutually exclusive complexes, and how the RNPs transition. Most importantly,
working with the entire 7SK RNA will allow us to investigate how the binding of single-stranded
binding proteins to one region of the RNA influences the global fold. Our work and others [195]
imply that the folding of 7SK RNA strongly impacts its function. Thus, it is imperative to
examine the secondary structure of the in vitro-reconstituted 7SK RNPs upon protein addition
and dissociation using non-base specific modification methods such as selective 2’-hydroxyl
acylation analyzed by primer extension [354]. Finally, since the structures of many of the
individual proteins (or domains thereof) that bind 7SK RNA have already been solved [98, 193,
194, 222, 223, 228, 355-357], we can use these data to help fill in models obtained through cryo-
electron microscopy of the 7SK RNPs. Together, these data will allow us to examine the intimate
relationship between protein binding and RNA structure that work together to regulate metazoan

transcription.

4.1.3 Towards exploring in vivo consequences of the 7SK RNPs

In Section 4.1.2, | outlined a series of in vitro assays that can be used as a basis for understanding
the contribution of individual components of the 7SK RNPs, eventually leading to biochemical
and structural studies of reconstituted 7SK RNPs. However, 7SK RNA does not exist within an
isolated vacuum, solely dictated by the presence of artificial salt compositions and
concentrations, laboratory buffers, bovine serum albumin, semi-purified tRNA, and recombinant
proteins. The functions mediated by 7SK RNA occur within the crowded and complex
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environment of the nucleus [358]. Unfortunately, due to the critical function of 7SK RNA in
regulating transcription, trying to manipulate 7SK RNP components in human cells is not only
incredibly difficult, but hard to interpret (see Figures 2.10 and 2.11). Therefore, it will be
beneficial to create a 7SK-like system in vivo using a non-metazoan eukaryote model. | propose
using the budding yeast Saccharomyces cerevisiae due to the ease of genetic manipulations
[359], conserved transcription system (albeit without promoter proximal pausing and having
minimal alternative splicing) [360], and endogenous expression of a P-TEFb-like kinase (Burl
and Bur2) [304].

It is important to note that the introduction of the 7SK RNA system in yeast is not to
perfectly recreate promoter proximal pausing. While it was once thought that P-TEFb performed
the functions of both Ctk1 and Burl (yeast transcriptional kinases), recent evidence claims that
Ctkl in yeast is orthologous to CDK12 (reviewed in [361]), suggesting that Burl is the true
ortholog of CDK9. While Burl and CDK9 only share 43% sequence identity [362], the
functional conservation of phosphorylating DSIF (Spt4/Spt5) would suggest that a 7SK RNP-
like system could target Burl/Bur2. Therefore, the goal is to create a Burl/Bur2 sequestration
system using 7SK RNA that would mimic P-TEFb repression and activation (via transitioning
from one 7SK RNP to another).

Creating a yeast model to systematically examine the effects of protein binding or 7SK
RNA structure on transcription regulation will be a large undertaking. One must introduce within
the genome, at a minimum, a copy of 7SK RNA, LARP7, MePCE, HEXIM1, and, potentially,
NELF components, as in vitro studies suggest efficient pausing is only accomplished when both
DSIF and NELF are present [363]. Yeast encode orthologous subunits of P-TEFb (Burl/Bur2)

[304] and DSIF (Spt4 and Spt5) [69]; however, if HEXIM cannot interact with Burl/Bur2 — as
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determined through in vitro binding and kinase assays, CDK9 and CycT1 will also be introduced
into the genome. All ectopic components should be expressed under an inducible promoter so
that one could turn on and off the system in the case of lethality. If expression of the 7SK-P-
TEFb RNP is lethal, it may provide an avenue to study in detail how promoter proximal pausing
evolved. One may instead find the closest relative to unicellular eukaryotes with the 7SK RNP
system and express those components. Then the system can be slowly built towards mammalian
origins through addition of increasingly complex components.

After successful creation of the 7SK RNP expression system, initial exploration could
leverage the power of genomic studies, including ChiP-seq [364], GRO-seq [106], and RNA-seq
[365], to examine how the metazoan 7SK RNA affects global yeast transcription. Without
expression of NELF and establishment of promoter proximal pausing, sequestration of
Burl/Bur2 should present phenotypes analogous to buriA/burl-ts or chemical inhibition [366,
367]. Once initial studies have mapped the consequences of expressing the 7SK-P-TEFb RNP,
then one could introduce mutated 7SK RNA to explore the contribution of each RNA element
and how it regulates Burl/Bur2 activity. Finally, this system can also be used to examine what
protein factors are necessary to induce dissociation. Initial studies could examine the efficacy of
existing yeast orthologs (e.g., Bdfl (human Brd4 [368])) in dissociating the 7SK-P-TEFb RNP in
vivo before undertaking expression of metazoan-specific transcription factors.

While alternative splicing is not as robust in yeast as it is in metazoans [369], and yeast
do not express orthologs of SRSF2, hnRNP A1, hnRNP Q, hnRNP R, or RNA helicase A, yeast
do encode an ortholog of hnRNP K (PBP2 [370]). Therefore, it will be interesting to see if any
other yeast splicing regulators or RNA-processing machinery will bind to 7SK RNA and form an

alternative 7SK RNP when Burl/Bur2 is released. If indeed we find that specific RNA-binding
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proteins are necessary for the proper function of 7SK RNA (transitioning between alternative
RNPs to regulate active Burl/Bur2 levels), one may need to add some or all of the hnRNP RNP
particles into genomic loci under inducible promoters as well. With expression of a complete in
vivo artificial 7SK RNP system, we will be able to systematically examine the relative
importance of every 7SK RNP, how individual protein components cross-talk to modulate active
Burl/Bur2 levels, how separate functions of hnRNPs aid in 7SK RNP transitioning, and begin to
address whether 7SK RNA itself may modulate the diverse functions of distinct hnRNPs.
Chapter 3 explores the possibility that hnRNP J mediates transcription termination via its
phosphorylation of S261 by P-TEFb at specific genes. The results are preliminary, but future
endeavors can take advantage of human cell lines to thoroughly explore this avenue. Initial
studies can investigate if hnRNP J directly interacts with XRN2 and the subset of genes in which
this regulation may take place. Additionally, my results suggest that S261 helps mediates this
interaction; however, it is unclear if this interaction is dependent on phosphorylation of S261, or
if the phosphorylation status of S261 modulates PTM placement on adjacent residues. If hnRNP
J does regulate termination, it raises several intriguing questions about the purpose of the hnRNP
K isoforms. Why is hnRNP J expressed at such low abundance? What does it do? Could it be
specific to regulation with 7SK RNA and termination of distinct genes? Is hnRNP J strictly
nuclear, and if so, what prevents utilization of the KNS? Together with the results from Chapter
3, the data gleaned from these experiments will add much-needed depth towards understanding
the intricate roles of the hnRNP K isoforms in regulating the basic cellular process of

transcription and gene expression.
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4.1.4 Concluding remarks

Ultimately, to understand 7SK RNA and its functions is to understand P-TEFb regulation and
promoter proximal pausing. | have taken a unique, and quite often overlooked, perspective
towards this goal by devoting my investigations into the 7SK-hnRNP RNPs. | have provided the
first direct biochemical examination of hnRNPs Al and K/J binding to 7SK RNA. | found that
their binding is not merely stochastic, but rather a complex interplay between the competing
factors. | have also explored the functional consequences of these in vitro observations in human
cells. I have validated [204] that Stem Il helps regulate P-TEFb release upon transcriptional
stress, and that either protein binding, RNA restructuring, or both are necessary for this
regulation (Chapter 2). | have also found that hnRNP J, a splice variant of hnRNP K, may also
[313] contribute to proper termination, and this function may be regulated, in part, through P-
TEFb-dependent phosphorylation (Chapter 3).

The current working model for 7SK RNA-mediated transcription regulation attaches little
importance to the 7SK-hnRNP RNPs. While several lines of evidence (including data presented
within this thesis) have shown that disruption of hnRNP binding, either through decreased
expression of the proteins [203, 263] or large-scale deletions of portions of the RNA itself [204],
affects promoter proximal pausing, few models have integrated these impacts on transcriptional
regulation. At best, the model stops short at describing how low-levels of transcription (i.e,
transcriptional arrest) leads to increased concentrations of hnRNPs not bound to nascent
transcripts, and thus they will bind the abundant nuclear transcript of 7SK RNA. These binding
events, in turn, lead to “trapping” of 7SK RNA into the 7SK-hnRNP RNPs, preventing P-TEFb

association and transcriptional repression [151].
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While this accurately describes the initial phase of 7SK-hnRNP RNP formation, it fails to
address later events: namely the transition from the 7SK-hnRNP RNPs to the 7SK-P-TEFb RNP.
| have found that the competition between RNA-binding proteins, aided in part through post-
translational modifications, plays an integral role in maintaining the formation of RNPs (such as
“trapping” the RNA at sufficiently high concentrations, see Chapter 2), and these competitions
form the mechanistic basis by which they transition (Figure 4.1). | propose that the formation of
the 7SK-hnRNP RNPs is not simply a mechanism by which the cell promotes P-TEFb release
and activity. Rather, it is a sort of rheostat to measure transcriptional activity of a cell. When
transcriptional activity is low, hnRNPs bind to 7SK RNA, preventing P-TEFb association and
thus promoting transcription. However, as transcriptional activity increases, the formation of new
transcripts provides increased binding substrates for the hnRNPs sequestered by 7SK RNA. As
the hnRNPs dissociate to bind these targets, the local concentration of hnRNPs decreases. This
allows for the reassembly of the 7SK-P-TEFb RNP, again effectively lowering transcriptional
output. Once tapered, the system is ready to receive new signals to ramp up transcription upon
stimulation.

Clearly, more work is required to elucidate the details underlying this model — both “big
picture” (Sections 4.1.2 and 4.1.3) experiments and “small-scale” experiments to finish Chapters
2 and 3. However, | hope the data presented here can be used as a framework and springboard to
build a holistic understanding of 7SK RNA, P-TEFb regulation, promoter proximal pausing, and,

ultimately, transcription regulation in metazoans.
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APPENDIX A

PRIMERS USED IN THESIS

A.l PRIMERS FOR HNRNP Al VS SRSF2 STUDY

Table A.1. List of primers used in the hnRNP Al and SRSF2 study.

Name Sequence (5' - 3") Purpose

Stem 11 For CGACTCACTATAGGAGCTGCGCTCCCC Generation of
GCGCGCGAATTCTAATACGACTCACTATAGGAGCTG template for

Stem 111 77 CG transcription

Stem Ill HDV GGTGGAGATGCCATGCCGACCCAGCTTGACTACCCT | reaction

Overlap ACGTTCTC

Stem 111-SHAPE

For GGCCTTCGGGCCAAAGCTGCGCTCCCC

Stem I1I-SHAPE GGCGAACCGGATCGAAGCTTGACTACCCTACGTTCT | Generation of

Rev C DMS probing-

Stem 111-SHAPE accessible Stem 111

T7 TAATACGACTCACTATAGGCCTTCGGGCCAA DNA template for

Stem 11I-SHAPE 3
HP

Stem 111-SHAPE
RT HP

CGAAGCCCGATTTGGATCCGGCGAACCGGATCGA

GAACCGGACCGAAGCCCGATTTGGATCC

transcription
reaction

SHAPE RT Primer

GAACCGGACCGAAGCCCG

Primer for reverse
transcription

Stem 1 WT For

Stem 11 WT Rev

AGCTGCGCTCCCCTGCTAGAACCTCCAAACAAGCTC
TCAAGGTCCATTTG
AGCTTGACTACCCTACGTTCTCCTACAAATGGACCT
TGAGAGCTTG

123

Generation of

mutant Stem 111
DNA templates
for transcription




Stem 111 C209A For
Stem 111 C211G For

Stem 11l DHM For

Stem |1l DHM Rev
Stem 111 C255G For

Stem IIT A227 For
Stem III A227-8
For

Stem |11 A251U
Rev

Stem III A251 Rev
Stem 111 A261U
Rev

Stem III A261 Rev

AGCTGCGCTACCCTGCTAGAACCTCCAAACAAGCTC
TCAAGGTCCATTTG

CGACTCACTATAGGAGCTGCGCTCCGCTGC
AGCTGCGCTCCAGTTCTAGAACCTCCAAACAAGCTC
TCAAGGTCCATTTG
AGCTTGACTGCAGTCCGTTCTCCTACAAATGGACCT
TGAGAGCTTG

GCT GCG CTCCCC TGC TAG AACCTC GAAAC
AGCTGCGCTCCCCTGCTAGAACCTCCAACAAGCTCT
CAAGGTCCATTTG
AGCTGCGCTCCCCTGCTAGAACCTCCACAAGCTCTC
AAGGTCCATTTG
AGCTTGACTACCCTACGTTCTCCAACAAATGGACCT
TGAGAGCTTG
AGCTTGACTACCCTACGTTCTCCACAAATGGACCTT
GAGAGCTTG
AGCTTGACTACCCAACGTTCTCCTACAAATGGACCT
TGAGAGCTTG
AGCTTGACTACCCACGTTCTCCTACAAATGGACCTT
GAGAGCTTG

reaction

Stem 111 U265C AGCTTGACTGCCCTACGTTCTCCTACAAATGGACCT
Rev TGAGAGCTTG

UP1 For AGCTAGCATGTCTAAGTCAGAGTCTCCTAAAGAG Cloning UP1 into
UP1 Rev AATTGGATCCTTATCGACCTCTTTGGCTGG PET28a

UP1 F17A For

UP1 F17A Rev

UP1 F108A For

UP1 F108A Rev

GAACAGCTGAGGAAGCTCGCCATTGGAGGGTTGAG
CTT
AAGCTCAACCCTCCAATGGCGAGCTTCCTCAGCTGT
TC
CAGGTGCCCACTTAACTGTGAAAAAGATAGCTGTTG
GTGGCATTAA
TTAATGCCACCAACAGCTATCTTTTTCACAGTTAAGT
GGGCACCTG

Generation of
RNA-binding null
mutants via site
directed
mutagenesis

Cloning
SRSF2rrm For AAAGCTAGCATGAGCTACGGCCGC SRSF2may into
SRSF2rrm Rev AAAAGCGGCCGCTTAGCTGTGGTGTGAGTCCG pET28a

GB1-SR Y44A For

GB1-SR Y44A Rev

ATCCCGCGGGATGGCCACGTCGCCGACG

CGTCGGCGACGTGGCCATCCCGCGGGAT

Generation of
RNA-binding null
mutant via site
directed
mutagenesis

fI7SK For CGACTCACTATAGGATGTGAGGGCGATC RT-PCR for full
fI7SK Rev TTTGGATGTGTCTGGAGTCTTG length 7SK

7SK For TCGGTCAAGGGTATACGAGTAG ELXPCR for 75K
7SK Rev TTTGGATGTGTCTGGAGTCTTG (NR_001445.2)
U2 For CGTCCTCTATCCGAGGACAATA RT-gPCR for U2
U2 Rev GTACTGCAATACCAGGTCGATG RNA (K02847.1)
TBP For CCTGCCGATAACTATCATCTGGC RT-gPCR for
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TATA binding
protein MRNA

TBP Rev GTTTCCACGGATGCTTTCTCG (NM_138572)

Actin Promoter For | CTCGCCTTTGCCGATCC RI_-qPCR for B
actin

Actin Promoter Rev [ ATGCCGGAGCCGTTGTC (NM_001101.3)

Actin Body For TGCCCTGAGGCACTCTT RI_—qPCR for
actin

Actin Body Rev GATGTCCACGTCACACTTCAT (NM_001101.3)

HSP Promoter For | CTGAGGAGCTGCTGCGA RT-qPCR for heat
shock protein 70

HSP Promoter Rev | CACAGGTTCGCTCTGGAAAG (NM_005346.4)

HSP Body For
HSP Body Rev

ATCCTGATGGGGGACAAGTCCGAGAAC
CGGGTTGGTTGTCGGAGTAGGTGG

RT-gPCR for heat
shock protein 70
[123]

Greb Promoter For

Greb Promoter Rev

ACTTTGATGCCCATAGGAAGG

GCTCAGCAGAGACGAAGAAA

RT-gPCR for
growth regulation
by estrogen in
breast cancer 1
(NM_033090.2)

Greb Body For

Greb Body Rev

GCCATGGGAACTTCCCTTACCTCTG

CCAGCTGGACCAGGTAGTAGACGGT

RT-gPCR for
growth regulation
by estrogen in
breast cancer 1
[123]

A2

Table A.2. List of primers used in the hnRNP K and HEXIM study.

PRIMERS FOR HNRNP K VS HEXIM STUDY

Name Sequence (5' - 3") Purpose
5" Gen GCGCGCGAATTCTAATACGACTCACTATAGG Generation of
AAAbottom AAAGAAAGGCAGACTGCCACATGCAGCGCCTCATT Stem IV DNA
TCCTATAGTGAGTCGTATT templa.te for
Stem IV HDV GGTGGAGATGCCATGCCGACCCAAAGAAAGGCAGA transcr!ptlon
Overlap CTGCCACATGC reaction
Stem | For CGACTCACTATAGGAUGUGAGGGCGAUCUGG Generation of
Stem | Rev GGAGCGGTGAGGGAGGAAGGG Stem | DNA
template for
Stem | T7 GCGCGCGAATTCTAATACGACTCACTATAGGAUGU transcription

GAGGG
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hnRNP K For

ATATAGCTAGCATGGAAACTGAACAGCCAGAAG

Cloning hnRNP

hnRNP K Rev TAGAATTCTTAGAATCCTTCAACATCTGCATAC K into pHMG6
ATCCCTACCTTGGAAGAGTACCAACACTATAAAGGA |  Generation of
hnRNP J For
AG hnRNP J from
hnRNP K via site
hnRNP J Rev CTTCCTTTATAGTGTTGGTACTCTTCCAAGGTAGGG directed
AT mutagenesis
CACGTCCTTTGATGGGAGCCTCAGATATAAGATCAA
S193A For G
CTTGATCTTATATCTGAGGCTCCCATCAAAGGACGT _
S193A Rev G Generation of S
GGTCCTCGACGAGGGGCCATATCATCATAATCTCTT | W0AorStoD
S261A For CTAGA mutants of hnRNP
TCTAGAAGAGATTATGATGATATGGCCCCTCGTCGA | J Viasite directed
S261A Rev mutagenesis
GGACC
S261D For GATTATGATGATATGGATCCTCGTCGAGGACC
S261D Rev GGTCCTCGACGAGGATCCATATCATCATAATC
Mve ] For AAAAAAGCGATCGCATGGAAACTGAACAGCCAGAA
y G Cloning hnRNP J
AAAAGCGGCCGCGTGAATCCTTCAACATCTGCATAC into pPCMV6
Myc J Rev TGC
MYC BPASFor | AAGTACATTTTGCTTTTTAAAGTTGATT
MYC BPASRev | GGCTCAATGATATATTTGCCAGTTATTTTA RT-gPCR for
MYC APASFor | ATCGGGAAGGTGTTAGTCTGAATC MYC [305]
MYC APASRev | CACTCTCTCCTATTCTGAGGGCTT
FRAT2 B PAS For | GTTCAAGGTCACGGTTTGCT RT-gPCR for
FRAT2 B PAS Rev | CAACAGGGCTCTTCTTGGAG refgregl;egg%n
FRAT2 APAS For | GAGGTGGGTTTTCATCTGGA sdanced Tcoll
FRAT2 A PAS Rev lymphomas 2
CCAAGGCCATAGCTCAAGAC [305]
CCNB1 B PAS For | GTCAAGAACAAGTATGCCAC
CCNBL1 B PAS
Rev CACCTTTGCCACAGCCTTGG RT-gPCR for
CCNB1 A PAS For | GACTCCAACTGGCAAAAGAT cyclin B1 [305]
CCNB1 A PAS
Rev AGATCATGCCACTGCACTTC
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APPENDIX B

MEASURING THE AFFINITY OF AN INTERACTION - BASICS OF MODELING

BIOCHEMICAL ASSOCIATIONS THROUGH CURVE-FITTING DATA

Biology is built upon intra- and inter-molecular interactions. Thus, one of the most common
goals of biochemistry and biological physics is to detail, both qualitatively and quantitatively, the
direct interactions between and among biological macromolecules. At the simplest level,
interaction between two molecules is the culmination of two intrinsic physical properties:
association and dissociation. The rate at which two molecules perform these functions gives us
fundamental, and most importantly, comparable, insights into their respective functions, and it
allows researchers to understand the individual “cogs” that must work together to produce the
complicated “machinery” that is the cell. This appendix, adapted from [371], will cover the
basics of bi-molecular interactions, as well as examine the equations used to model the

interactions contained within this thesis.
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B.1 MATHMATICAL BASIS OF INTER-MOLECULAR INTERACTIONS

As the initial stepping stone in elucidating the complex interaction networks that drive biological
processes, bi-molecular interactions are the fundamental units in which biochemists describe the
natural world. The binding of two molecules is not a static event, and indeed is driven through
the competing processes of association and dissociation. We can describe the strength, or
affinity, of an interaction between two molecules only when the reaction is at equilibrium. At
this point, there is no change in the concentrations of free and bound molecules, and therefore the
rates of association and dissociation are constant. This is a critical consideration, as our
description of a binding event is expressed as a ratio between these constants, and is thus itself a

constant that can be related to other events.

B.1.1 The dissociation constant (Kq)

Binding constants are traditionally expressed as the dissociation constant (Kq) due to the ease of
understanding its unit (molar). Formally, the Kq of a reaction is the ratio of the rate of
dissociation (expressed as s!) over the rate of association (expressed as MZs?t), and is thus
inversely proportional to the affinity of an interaction. As the Kg increases, the affinity between
two molecules decreases. Because we measure these reactions at equilibrium, we can directly
relate the rate constants to the concentration of products (association) and reactants
(dissociation). Thus, in considering the simple reaction of

(1) A+B=AB
we can express the Kq as:

(2) Ka = ([A]*[B]) / [AB]
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It is exceedingly difficult to precisely determine the exact concentrations of individual reactants
and products at the same time. We can therefore take advantage of the fact that the concentration
of free A ([A]) and B ([B]) in a reaction is but a fraction of the total molecules, such that

(3) [A] = [Altota — [AB] and [Bliotal = [B] + [AB]
These identities allow us to substitute terms in the above equation to yield a more usable, and
experimentally approachable, equation to express the dissociation constant.

When substituted and rearranged, we can describe a reaction as:
(4) [AB]/ [Alwta = [B] / ([B] + Ka)
We can now calculate the Kq by measuring product formation relative to the concentration of a
single reactant. By dividing the right side of the equation by the K4, we can more clearly see the
relationship between the Kg, free B, and product formed. Now,
(5) [AB] / [Altota = ([B] / Ka) / (1 + ([B] / Ka))

When the concentration of free B is equal to the Kg, the right side of the equation becomes 0.5.
The left side of the equation describes the amount of complex formed relative to the total
concentration of A, and is typically described as the fraction bound. Together, this equation
states that the Kgq, or dissociation constant, is the concentration of B required to bind half the
molecules of A in a reaction at equilibrium. Plotting the concentration of B against the fraction
bound yields a hyperbolic curve on a linear scale that is transformed into a sigmoidal curve on a
logarithmic scale. The sigmoidal representation is especially useful in calculations as the Kgq is

the inflection point of the curve.
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B.1.2 Describing cooperativity

Sometimes the plot of a binding curve between A and B results in a sigmoidal curve on a linear
scale. How can we account for this discrepancy mathematically? First, it is important to
understand what a sigmoidal curve implies on a molecular scale. Initially, as B is titrated into
reactions, the rate of association contributes less than the rate of dissociation, such that few
molecules of B are able to bind A, and this results in the lag observed at the beginning of the
curve. However, as more B binds A, a change occurs that makes it easier for more molecules of
B to bind. This relates to the linear portion of the sigmoidal curve. Eventually, as the amount of
B added into the reaction saturates, any molecule of AB that dissociates will quickly be bound by
free B, and the curve asymptotes.

This concept — that initial binding events mediates further binding — is the basis for
cooperativity. Cooperativity, then, defines the situation where multiple B’s bind a single A, and
therefore we are now in the regime of

(6) A+nB =AB,
where “n” denotes the number of molecules of B. It is important to note that to write equation
(6), we assume that every molecule of A is bound by n number of B’s. Mathematically, we can
add a term to the Kq equation that will transform the hyperbolic curve to a sigmoidal curve. The
term, called the Hill coefficient, describes the slope of the linear portion of the sigmoidal curve
when converted and rearranged into a logarithmic expression. When introduced in the linear
expression, the term produces equation (7).
(7) [AB] / [Altota = ([B] / Ka)" / (1 + ([B] / Kd)")

Here, the “n” denotes the Hill coefficient. When n = 1, the equation will describe a hyperbolic

curve, and thus indicates that there is no cooperativity in the system. As the degree of
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cooperativity increases (more molecules of B are required to bind A), n becomes greater than 1,
and the equation becomes more sigmoidal. This is known as positive cooperativity, as the first
binding events of B help enhance the binding events of other molecules of B. While negative
cooperativity, where n < 1, exists, it is incredibly rare in biology, and will thus not be discussed.
As mentioned in the preceding paragraph, use of the Hill coefficient assumes perfect
cooperativity. However, this is never observed experimentally, and thus it is important to note
the limitation of the Hill coefficient. It is a powerful term for describing the degree to which a
system is cooperative. It cannot, however, fully describe a binding event: such as the strength of
one event relative to the next, the order in which molecules bind, or even the number of
molecules that are interacting within the system. Therefore, one must interpret with caution any

information gained from the Hill coefficient.

B.1.3 How to describe the competition between two molecules binding another

It is indeed a rare event in biology where two molecules only interact with each other. Quite
frequently, a single molecule will be subjected to a myriad of interactions between various
molecular partners. Sometimes, these interactions are mutually exclusive, and we need to create
a way to quantitatively compare these situations. Let us consider the interaction between A, B
and C such that
B8 A+B=ABandA+C=AC
Note that in this scenario, B and C do not interact, so that
9 A+B+C=AB+AC

We can begin to understand this reaction by measuring the dissociation constant for each
individual binding event to A. While this allows us to compare the strength of B and C binding
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to A, it does not explain how these molecules behave when present in the same reaction. For that,
we need a term that reflects the ability of B to compete with C for binding A.

If we again examine equation (8), we see that B and C must compete for binding to the
same site on A, such that A can only form a complex with B or with C. Therefore, if we were to
only look at the formation of AB, we can consider C to be an inhibitor of the reaction. As we add
increasing amounts of C into reactions containing pre-formed AB complexes, C will compete
with B upon dissociation to form the AC complex. At saturating concentrations of C, nearly
every molecule of A will bind to C, and thus little-to-no AB complexes will be observed. This
rationale forms the basis of the inhibitor concentration, or ICso, which is formally defined as the
concentration of C necessary to dissociate half of the pre-formed AB complex in a reaction.
Expressed mathematically, the 1Cso of a reaction may appear to be the same as the Kq; however,
it is imperative to note that the ICso is not the Kq of the AC reaction. As long as the
concentration of B in the reaction is vastly greater than the Kq of the AB reaction, the following
equation expresses the relationship between the concentration of C and the 1Cs:

(10) [AB] / [Altotar = 1 — ([C] / ([C] + ICs0))
When the concentration of C is plotted against the fraction of AB bound, this equation will result
in a negative hyperbolic curve (linear scale) or negative sigmoidal curve (logarithmic scale).

The ICso of a reaction describes more than just the competition between B and C for
binding to A. It also relates the individual affinities of the AB and AC reactions through the
following equation:

(11) 1Cs0 = Kuac) (1 + ([B] / Kuam))
Therefore, competition reactions in conjunction with affinity reactions can allow researchers to

determine the Kq for a reaction that is difficult to assess independently. Additionally, this
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equation states that the competition between two molecules is related to the affinity of their

interactions as well as the local concentration of the initial molecule (“B” in this case).

B.1.4 Experimental considerations for measuring affinity

Now that I have examined the basic theories behind bi-molecular interactions, I will discuss how
to properly set up and measure affinities experimentally. When designing experiments to
measure the Kq of the reaction between A and B, we must consider the variables needed to fulfill
equation (4). First, we must be able to differentiate the formation of AB from free A. A routine
method involves labeling A and separating reactions through a native matrix to allow
visualization of the different complexes. In this system, the AB complex will migrate differently
than free A, and thus both species are easily quantifiable, allowing for calculation of the fraction
bound. Secondly, we must be able to precisely approximate free B in the reaction. To accomplish
this, most reactions will contain concentrations of A orders of magnitude lower than the Kg.
Therefore, the formation of AB complexes represents a negligible portion of the B molecules
present within the reaction, such that [B]wta =~ [B]. We can then plot [Bliota ON the x-axis without
having to directly measure the concentration of free B. This consideration is also true of ICso
reactions.

But how do we know that the [Blwtar is truly representative of every molecule capable of
binding? During purification, some proportion of B molecules will suffer irreversible damage,
and this error should be corrected prior to establishing affinity. If uncorrected, it is customary to
denote the observed affinity as “Ka,app,” or the apparent dissociation constant. To determine the
true affinity of an interaction, we can utilize an activity assay. In this experiment, the
concentration of A is held in excess over the Kq. Then, B is titrated into the reaction and the
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formation of AB is measured. When the fraction bound is plotted against [Bliwta, the binding
curve will begin with a linear portion prior to approaching the asymptote at saturation. The curve
is linear because the reaction was conducted under a regime in which any molecule of B capable
of binding A, will. We can use the linear portion to calculate a linear regression and obtain the
concentration of B required for full binding at saturation. If we divide [Alwta by the
concentration of B required to reach saturation, we can establish the proportion of molecules of
B that are capable of binding, or the “activity” of the molecule. We can then correct the [B]otal
used in affinity experiments to reflect the true proportion of active molecules and calculate an

accurate Kg.

B.2 MEASURING AFFINITY IN THIS THESIS

Unless otherwise noted (Sections 2.2.9 and 3.3.6), binding curves were generated in
KaleidaGraph software v4.5.2. The fraction shifted is calculated from pixel density
measurements obtained through software listed in the respective methods section. Note that
“pixel density” implies software-subtracted background values and only corresponds to
intensities visibly darker than background (thus, positive values). “Fraction shifted” is calculated
by dividing all intensities above the unshifted control (unless otherwise noted) by the total
density value obtained from shifted and unshifted values. The fraction shifted is plotted on the y-
axis against the respective concentration of protein titrated into that reaction on the x-axis. Note
that the protein concentration is corrected for activity (Section B.1.4).

Graphs are generated as scatter plots. Curve-fitting is performed through KaleidaGraph

using user-submitted multi-variable equations. Before fitting, initial estimates of all variables are
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supplied by the user. Optimized values are then output from the software that induces “best fit”
curves, along with calculated error for each variable. Accepted values generally do not contain
errors larger than 1. Note that data not approaching “1” on the y-axis does not generate well-fit
curves through the program, underscoring the importance of testing orders of magnitude when
titrating protein. Calculated Kq values are cross-checked to raw data to assure validity.
To calculate the Kg, the following equation was used:

(12) y = (x™2/m1M2) / (1 + (X™2/m1M?))
where y is the fraction shifted, x is the protein concentration, m1 is the Kqin uM, and m2 is the
Hill coefficient. m1 and m2 estimates are supplied by the user, usually with values of 1 and 2,
respectively. To calculate the ICso, | used a standard sigmoidal curve-fit equation supplied by
KaleidaGraph, as the mid-point for the curve is explicit:

(13) y =ml+ (m2-m1)/ (1 + (x/m3)™
where y is the fraction of pre-bound protein shifted, X is the competing protein concentration, m1
is the Ymin, M2 is the Ymax, m3 is the x-value at the mid-point of the curve (ICsp), and m4 is the

slope of the curve at the mid-point. Again, initial estimates are supplied by the user.
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