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Abstract 

Role and regulation of yeast Hrq1 and its human homolog, RECQL4, during DNA 
crosslink repair 

 
Thong The Luong, PhD 

 
University of Pittsburgh, 2022 

 
 
 
 

Human RECQL4 is a member of the RecQ family of DNA helicases and functions during 

DNA replication and repair. RECQL4 mutations are associated with developmental defects and 

cancer. Although RECQL4 mutations lead to disease, RECQL4 overexpression is also observed in 

cancer, including breast and prostate. Thus, tight regulation of RECQL4 protein levels is crucial 

for genome stability. Because mammalian RECQL4 is essential, how cells regulate RECQL4 

protein levels is largely unknown. Utilizing budding yeast, we investigated the RECQL4 homolog, 

HRQ1, during DNA crosslink repair. We find that Hrq1 functions to mediate bypass of intrastrand 

crosslinks. Although Hrq1 is involved in the processing of cisplatin-induced lesions, it is 

paradoxically degraded by the proteasome following cisplatin treatment. By identifying the 

targeted lysine residues, we show that preventing Hrq1 degradation results in increased 

recombination and mutagenesis following cisplatin exposure. Like yeast, human RECQL4 is 

similarly degraded upon exposure to crosslinking agents and over-expression of RECQL4 results 

in increased RAD51 foci and mutagenesis. Using bioinformatic approaches, we demonstrate a link 

between RECQL4 overexpression and good clinical response in cisplatin-treated triple negative 

breast cancers. Overall, our study uncovers a role for Hrq1/RECQL4 in DNA intrastrand crosslink 

processing and its protein regulation through proteasomal degradation. 
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1.0 Introduction 

1.1 RECQL4 

Maintaining genomic stability is crucial for preserving genetic information and preventing 

disease. The stability of our genome is constantly threated by exogenous and endogenous sources, 

such as ultraviolet radiation and reactive aldehydes, respectively. Our cells have developed an 

intricate system of proteins and pathways to counteract these insults. One such family of proteins 

is the evolutionarily conserved RecQ helicases, consisting of RECQL1, RECQL4, RECQL5, 

Bloom syndrome protein (BLM), and Werner syndrome ATP-dependent helicase (WRN) (Figure 

1a). This family of 3' to 5' DNA helicases are referred to as the “Guardians of the Genome” through 

crucial roles in DNA recombination, replication, and repair [1–6].  

One critical member of this helicase family is encoded by RECQL4 gene, which is located 

on chromosome 8q24.3. The resulting 1208 amino acid protein has a conserved core helicase 

domain, however RECQL4 is quite different from the other RecQ helicases as it does not contain 

the conserved helicase and RNAse D C-terminal (HRDC) domain, which is needed for putative 

DNA binding (Figure 1a). Furthermore, RECQL4 has a strong DNA annealing activity, so much 

so that it was thought RECQL4 did not have a helicase activity. However, RECQL4 ATP-

dependent helicase activity was later shown, when in vitro helicase assays were performed in the 

presence of excess complementary oligonucleotide to prevent re-annealing of the unwound strand 

[7]. The RecQ helicases, RECQL1, BLM, and WRN are nuclear and RECQL5 is both nuclear and 

cytoplasmic. RECQL4 is unique in that it can be localized to the cytoplasm, nucleus, and 

mitochondria [6]. RECQL4 cytoplasmic localization is regulated by acetylation at K376, K380, 
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K382, K385, K386 by p300 [8]. Moreover, RECQL4 is the only RecQ helicase with a 

mitochondrial localization signal (MLS) and is critical for upkeeping the mitochondrial genome 

(discussed below; Figure 1b). 

Underscoring its many cellular functions, mutations in RECQL4 are linked to three 

hereditary diseases: Rothmund-Thomson syndrome (RTS), Baller-Gerold syndrome (BGS) and 

RAPADILINO [9,10].  
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Figure 1. Structural features of RecQ helicases 

a) The RecQ proteins have domains that are conserved from bacteria through humans. The core helicase domain (dark 

blue box) is found throughout the protein family. However, unlike the other members the RECQ family, RECQL4 

does not contain the HRDC (red box) domain. With the exception of yeast, the RECQL4 family (including H. sapiens, 

X. laevis, D. melanogaster) have a conserved Sld2 (synthetic lethal to Dbp11-1)-like domain, which is crucial 

replication initiation (light green box). In yeast, Sld2 is encoded as a separate protein. The nuclear localization 

sequence is indicated by a purple box and the exonuclease domain of WRN with a light blue box. b) Interaction 

domains and post-translational modified regions of RECQL4. The mitochondrial localization sequence is located in 

the first 100 amino acid of RECQL4. Protein interactions with RECQL4 with BLM, MCM10, KU70, MRE11, OGG1, 

p300, p53, and PARP-1 are indicated by brackets. Phosphorylation sites (S89, T93, T139, S251) are indicated by a 
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yellow circled P, acetylation sites (K376, K380, K382, K385, K386) by pink circled Ac, and ubiquitylation sites 

(K876, K1048, K1101) by purple circled Ub. Created by using Illustrator for Biological Sequences (IBS) [11]. 

1.2 Relevance of RECQL4 to human health 

RECQL4 is part of the evolutionarily conserved RecQ family of DNA helicases. This 

family has been referred to as the “Guardians of the Genomes” due to their roles in mediating 

DNA recombination, replication, and repair [1–6]. Consistent with a role in maintaining genomic 

stability RECQL4 dysfunction is associated with multiple diseases which are described below. It 

is still not understood how RECQL4 dysfunction can result in three different diseases, however 

when possible, we discussed potential mechanisms underlying the disease etiology. 

1.2.1 Rothmund-Thomson syndrome 

Rothmund-Thomson syndrome (RTS) is an autosomal recessive disorder that is extremely 

rare with approximately 500 reported cases [12]. RTS is characterized by poikiloderma, 

developmental abnormalities, cataracts, premature aging, and increased cancer predisposition, 

particularly osteosarcomas. Symptoms of RTS were first described in 1868 by Rothmund and then 

later in 1936 by Thomson [13,14]. In 1957, Taylor decided to group these two findings and 

classified the disease as RTS  [15]. One of the main features of RTS is chromosomal aberrations 

including chromosomal rearrangements and aneuploidy [16–18]. Despite evidence for a genetic 

cause for RTS, the gene responsible for RTS remained elusive until the late 1990s. In 1998, the 

Shimamoto group cloned RECQL4 in a study to find new human RecQ helicases [19]. A year later 
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in 1999 the Furuichi group identified that a subset of RTS patients had mutations in RECQL4 [20]. 

RECQL4 mutations range from frameshift, splicing and nonsense, which commonly leads to a 

truncated helicase domain [9,10]. Two-thirds of RTS patients are associated with mutations in 

RECQL4 and are referred to as RTS type II. The other third of RTS patients, referred to as RTS 

type I, are associated with mutations in another gene, anaphase promoting complex 1 (ANAPC1) 

or other yet to be identified gene(s) [21,22]. 

1.2.2 Baller-Gerold syndrome 

Like RTS, Baller-Gerold syndrome (BGS) is a rare autosomal recessive disease. It was 

originally described by Baller in 1950 and later by Gerold in 1959 [23,24]. The prevalence is 

currently unknown and fewer than forty cases have been reported [25–28]. The most common 

RECQL4 mutations observed in BGS patients is a C-terminal missense mutation, R1021W, and a 

frame shift mutation in exon 9 which deletes nucleotide number 2886 (2886 delta T frameshift 

mutation). BGS symptoms share similarities to RTS including poikiloderma, developmental and 

radial ray defects. However, unlike RTS patients, BGS is associated with coronal craniosynostosis. 

Alongside RECQL4, mutations in fibroblast growth factor receptor 2, FGFR2, and the 

transcription factor, TWIST, have also been implicated in the development of BGS [29–31]. 

1.2.3 RAPADILINO 

RAPADILINO was first described in 1989 by Kaariainen et al, when they coined the name 

RAPADILINO after an acronym related to the patients’ syndromes. RA stands for radial ray 

malformations, PA for absent/hypoplastic patellae and cleft/high arched palate, DI for diarrhea and 
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dislocated joints, LI for limb abnormalities and little size, and NO for slender nose and normal 

intelligence [32]. RAPADILINO is an autosomal recessive disease which share similarities with 

RTS as its characterized by short stature, radial ray defects, predisposition to osteosarcoma and 

lymphoma. However, unlike RTS patients, RAPADILINO is also associated with palatal 

abnormalities as well as joint dislocation. Unlike RTS and BGS, RECQL4 in the only gene 

affiliated with RAPADILINO. Whereas RTS patients often have a truncated RECQL4 helicase 

domain (exon 8-14), the most common mutation in RAPADILINO leads to deletion of exon 7, 

which leaves the helicase domain intact but disrupts the second NLS of RECQL4 (Figure 1) [33]. 

Although the overall prevalence of RAPADILINO is unknown, it is most frequently observed in 

Finnish population [31]. The similarities and differences between these diseases are summarized 

below (Figure 2). 

 

Figure 2. Venn diagram illustrating the similarities and differences between the three RECQL4 related 

diseases 
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1.2.4 RECQL4 in cancer 

Loss of RECQL4 function is associated with chromosomal instability, which is a driver of 

cancer [34,35]. A recent case study of five families determined that pathogenic mutation in the 

helicase domain of RECQL4 is highly associated with osteosarcoma [36]. It has been suggested 

that RECQL4 is needed for normal osteoblast expansion and differentiation. Thus disruption to 

RECQL4 helicase activity, can lead to disruption of RECQL4 function in DNA repair in these 

cells which would promote genomic instability and can ultimately result in cancer [37]. In contrast, 

RTS patients with mutations outside that the helicase domain develop mild symptoms and do not 

develop cancer [36]. This suggests that the helicase function of RECQL4 is critical for 

maintenance of genomic stability and subsequent cancer prevention. However, there was a rare 

case in which a RAPADILINO patient had a mutation outside the helicase domain but still 

developed lymphoma [33]. Although patients with RECQL4 loss of function are predisposed to 

osteosarcomas, RECQL4 overexpression is also observed in several cancers including breast, 

cervical, gastric, oral, osteosarcoma, and prostate [38–44]. RECQL4 is associated with mediating 

different survival factors to promote cancer growth such as the apoptosis inhibitor, SURVIVIN, 

and the tumor suppressor, p53. SURVIVIN interacts with RECQL4 and RECQL4 knockdown 

results in reduced SURVIVIN expression [40]. RECQL4 also interacts with p53 and can sequester 

its transcriptional activity, ([45]; see the mitochondria section, Table 1). Consistent with promotion 

of tumor cell growth, RECQL4 over-expression is correlated with tumor aggressiveness in breast 

and prostate cancer and its suppression results in reduced proliferation [39,43]. Strikingly, in a 

prostate cancer focused study, suppressing RECQL4 to levels observed in non-malignant human 

epithelial cells is sufficient to reduce invasive growth and tumorigenic potential [39]. Another 

strategy that cancer cells use to survive is through the upregulation of drug efflux pumps, which 
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reduce the intracellular concentration of toxic chemotherapeutics [46]. Strikingly, RECQL4 

transcriptionally activates the efflux pump, MDR1, through RECQL4 interaction with 

transcription factor, YB1. Transcriptional activation of MDR1 by YB1 resulted in cisplatin 

resistance [44]. Besides its role in modulating proteins critical for cellular survival and drug 

resistance, RECQL4 can also support cancer progression and survival by its replicative and DNA 

repair roles as discussed below. Intriguingly, RECQL4 is located on chromosome 8q24, which is 

a particular hotspot for overexpression in cancer as it is near the oncogene, c-Myc [37,47]. It is 

unclear whether RECQL4 upregulation is simply a byproduct of being near c-Myc or purely 

coincidental.  

1.3 Multifaceted role in genomic stability 

As RECQL4 is associated with a multitude of diseases, RECQL4 has diverse roles in 

maintaining genomic stability and cellular homeostasis. Below we discuss the known roles of 

RECQL4 before leading into our studies deciphering role and regulation of Hrq1 and RECQL4 in 

mediating DNA crosslink repair. Figure 3 summarizes the diverse functions of RECQL4 

discussed.  
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Figure 3. RECQL4 roles in genomic maintenance 

a) RECQL4 (dark blue) is critical for replication initiation, RECQL4/xRTS is loaded following the pre-RC to mediate 

loading of DNA polymerase α and the CMG complex (light purple). The origin is indicated by a black and dark blue 

boxes and the MCM complex, consisting of MCM2-7, is shown with light blue boxes and MCM10 in a light blue box 

as well. b) RECQL4 interacts with the Shelterin complex [POT1-TRF1-TRF2 (teal-beige-pink proteins, respectively)] 

to resolve D-loops (blue and red DNA structure on right) and G-quadruplexes (light blue structured DNA on left). c) 

RECQL4 participates in DSB repair in a cell cycle dependent manner. RECQL4 functions with the KU complex (green 

circle) during G1 to mediate DNA end joining (NHEJ). During S/G2, RECQL4 cooperates with MRE11 (light blue 

pacman) to promote DNA end resection during homologous recombination (HR). d) RECQL4 stimulates the function 

of multiple BER proteins at different stages. At the initial stage of damage recognition, RECQL4 stimulates OGG1 

(light green protein) lyase activity, subsequently RECQL4 stimulates APE1 (purple protein) endonuclease activity, 

and finally RECQL4 stimulates FEN1 (yellow protein) incision and Pol β (light blue protein) DNA synthesis activities. 

e.) RECQL4 mediates repair of UV lesions through its interaction with XPA (yellow). XPA works to verify the 

damage following damage recognition and DNA unwinding by the TFIIH complex (complex of teal proteins). f.) 

RECQL4 interacts with p53 (green protein) to mediate mtDNA synthesis through Polγ (light blue) and to sequester a 

portion of p53 in the mitochondria. However, following DNA damage, the interaction between RECQL4 and p53 is 

lost and both proteins re-localize to the nucleus to mediate the DNA damage response. Created using biorender.com 
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1.3.1 Replication initiation 

The first clues that RECQL4 had a replication function was shown by Sangrithi et al who 

observed that both the N-terminus of human and frog RECQL4 have sequence similarity to the 

essential yeast replication initiation factor, Sld2 [48]. They demonstrated that immune-depletion 

of Xenopus RECQL4 (called xRTS) impairs replication initiation and nascent DNA synthesis in 

the Xenopus egg extract system. xRTS is loaded on chromatin following recruitment of the pre-

replication complex and is needed for loading of the ssDNA binding protein, RPA, as well as the 

assembly of DNA polymerase α (Figure 3a). Interestingly, the authors show that expression of 

only the N-terminal Sld2-like domain led to 20% rescue whereas the full-length protein is needed 

for complementation of depleted xRTS. Importantly, this replication defect in Xenopus extracts is 

complemented with recombinant human RECQL4. RECQL4 replication function is dependent on 

its helicase activity as mutating the conserved Walker B motif (RECQL4-D605A), needed for ATP 

hydrolysis, does not rescue a xRTS immuno-depleted extract. Whether this is true in human cells 

is still not known and further investigations are needed. These results suggest that there are 

multiple regions of RECQL4 needed for replication initiation. Similar findings were also observed 

by Matsuno et al who demonstrated that N-terminal domain of xRTS physically interacts with 

Xenopus Cut5 (TOPBP1 in humans), an essential replication initiation factor (Table 1) [49]. The 

interaction between Cut5 and xRTS is independent of the phosphorylation status of xRTS on its 

n-terminal Sld2-like domain. Unlike Xenopus, the human ortholog of Cut5, TOPBP1, does not 

directly interact with RECQL4 [50]. Therefore, there are likely key differences between Xenopus 

and human RECQL4 family members. 
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Table 1 RECQL4 protein interactions 

Process Protein Detection  
Methods* 

Interaction 
region Function References 

Localization p300 Co-IP, Co-Loc, Pull 
Down 1-408 aa RECQL4 cellular localization Dietschy 

Replication Cut5 Co-IP N-terminus DNA Replication, Xenopus Cut5 with xRTS Matsuno 
 MCM7 Co-IP, MS ND DNA Replication Xu 

 MCM10 Co-IP, MS, Pull 
Down 1-200 aa DNA Replication, inhibition of RECQL4 

helicase activity Xu 

 SLD5 Co-IP, MS ND DNA Replication Xu 

Telomere TRF1 Co-Loc ND Telomere maintenance, Stimulates RECQL4 
helicase activity Ghosh 

 TRF2 Co-IP ND Telomere maintenance, Stimulates RECQL4 
helicase activity Ghosh 

 WRN Co-IP ND RECQL4 stimulates WRN telomeric D-loop 
resolution Ghosh 

DSB Repair BLM Co-IP, Y2H 1-471 aa Increase RECQL4 retention time at DSB sites, 
BLM stimulation Singh 

 KU70 Co-IP N-terminus NHEJ, RECQL4 enhances KU complex DNA 
binding. KU inhibits RECQL4 helicase activity Shamanna 

 KU80 Co-IP ND NHEJ, RECQL4 enhances KU complex DNA 
binding. KU inhibits RECQL4 helicase activity Shamanna 

 MRE11 Co-Loc, IP, Pull 
Down N-terminus HR, DNA end resection Lu 

 RAD51 Co-Loc, Co-IP ND DSB Repair Petkovic 
BER APE1 Co-Loc ND APE1 endonuclease stimulation Schurman 

 FEN1 Co-Loc ND FEN1 incision stimulation Schurman 
 OGG1 Co-IP N-terminus Stimulates OGG1 AP lyase activity Duan 
 PARP1 Co-IP, PDS 833-1208 aa Base excision repair Woo 
 POL β ND ND Stimulates POLβ DNA synthesis activity Schurman 

NER XPA 
Co-IP, Co-Loc, 

Fractionation, Pull 
Down 

ND Nucleotide excision repair Fan 

Mitochondria p53 Co-IP, Co-Loc, 
Fractination 270-400 aa Sequestering p53 from nucleus, mtDNA 

synthesis De 

 TOM20 Pull Down 13-18 aa Mitochondrial import De 
* Abbreviations: Co-IP, Co-Immunoprecipitation; Co-Loc, Co-Localization; IP, immunoprecipitation; MS, mass spectrometry; 

ND, not determined; PDS, phage display.  
 

Like Xenopus, D. melanogaster RECQL4 is also critical for DNA replication and RECQL4 

knockout results in embryonic lethality and failure in cellular proliferation [51]. Although 

knockout of RECQL4 leads to embryonic lethality in flies, due to the powerful genetic tool of 

mosaicism researchers can study how RECQL4 knockout affects individual cells [51,52]. 

Importantly, similar to the Xenopus study, Drosophila RECQL4 helicase function is critical for 

replication as helicase dead Drosophila RECQL4 is not able to rescue the proliferation defect seen 



 

 12 

in null RECQL4 [53]. These results suggest that the RECQL4 family has a conserved replication 

function in replication initiation. 

Like frogs and flies, subsequent studies demonstrate that human RECQL4 has a critical 

role during replication initiation through loading the replicative helicase, CMG complex (CDC45-

MCM2-7-GINS) (Figure 3a; [50,54]). Using bimolecular fluorescence complementation assays 

as well as chromatin fractionation, Im et al showed that knockdown of RECQL4 leads to decreased 

interaction between CMG complex members resulting in its failure to load on chromatin [54]. 

RECQL4 was subsequently found by Xu et al to interact with CMG complex members, MCM7 

and SLD5, and another important replication initiation protein, MCM10 (Figure 1, Table 1) [50]. 

RECQL4 interaction with MCM7 and SLD5 is MCM10 dependent. Consistent with a role during 

replication initiation, RECQL4 interaction with the MCM7, SLD5, and MCM10 is enriched during 

G1/S.  Furthermore, siRECQL4 knockdown leads to decreased DNA synthesis [43,50]. Lastly, 

they demonstrated that MCM10 plays a critical role in regulating RECQL4 function by inhibiting 

its helicase activity in vitro. Interaction with MCM10 and subsequent inhibition of RECQL4, 

depends on RECQL4 phosphorylation state, as phospho-mimetic RECQL4 mutant (S89E, T93E, 

T139E) fails to interact with MCM10 [50]. The authors postulated that cyclin dependent kinase, 

CDK, mediated phosphorylation may regulate RECQL4 function in a cell cycle dependent manner. 

Later studies demonstrated that CDK-mediated phosphorylation can indeed modulate RECQL4 

activity, albeit during DSB repair [55]. It remains to be determined whether CDK-mediates 

RECQL4 replicative functions. 
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1.3.2 Multifaceted role during DNA repair 

1.3.2.1 Telomeric maintenance 

There are many clues that suggested that RECQL4 has an important role in telomere 

maintenance. First, RTS is a progeroid syndrome, which is often associated with telomere 

dysfunction. Similarly, RTS patients exhibit symptoms analogous to dyskeratosis congenita, 

another disease caused by telomere dysfunction [56,57]. Like RTS patients, mutations in another 

RecQ helicase, WRN, result in Werner syndrome. Werner patients share clinical features with RTS 

patients such as developmental abnormalities and premature aging [58–60]. It is thought that 

Werner syndrome symptoms are largely due to WRN’s crucial function in telomere maintenance 

[5,61]. Therefore, it was hypothesized that RECQL4 has an important role during telomere 

maintenance.  

In 2012, Ghosh et al demonstrated that RTS cells have more fragile telomeres compared to 

age/sex-matched normal fibroblasts by telomeric fluorescent in situ hybridization (FISH) [62]. 

Like RTS cells, RECQL4 knockdown also increases telomere fragility, telomere sister chromatid 

exchanges, and telomere dysfunction-induced foci (TIFs). TIFs are indicative of a DNA damage 

response occurring at the telomere [63]. TIFs are characterized by 53BP1 colocalization with the 

telomere binding and Shelterin complex component, TRF1. These findings demonstrate that 

RECQL4 protects telomeres from DNA damage.  

RECQL4 localizes to telomeres, where it interacts with multiple members of the Shelterin 

complex (Figure 3b, Table 1). The strongest interaction is between RECQL4 and TRF2. RECQL4 

interaction with TRF1 and TRF2 stimulates RECQL4-dependent D-loops resolution at both 

undamaged and oxidized telomeres in vitro. Since both RECQ helicases, RECQL4 and WRN, 

have critical telomere functions, it was hypothesized that WRN and RECQL4 cooperatively 
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function. Indeed, RECQL4 physically and functionally interacts with WRN (Table 1). RECQL4 

stimulates WRN-dependent D-loop unwinding at both undamaged and oxidized telomeric DNA 

in vitro. Further validating their roles in protecting telomeres from damage, both RECQL4 and 

WRN resolve oxidized telomeric D-loops better than undamaged D-loops [62]. The Bohr group 

also later demonstrated that RECQL4 can also unwind telomeric D-loops which contain thymine 

glycol, a potent replication fork stalling lesion, with even a greater affinity than telomeric D-loop 

containing 8-oxoG. Interesting in contrast with telomeric D-loops containing 8-oxoG, they 

observed that RECQL4 does not stimulate WRN ability to resolve telomeric D-loops with thymine 

glycol [64]. Together, RECQL4 has crucial roles in the repair of damage at telomere and telomeric 

DNA replication. 

1.3.2.2 Double-strand break repair 

DNA double-strand breaks (DSB) are considered the most lethal type of DNA damage, as 

single, unrepaired DSB results in cell death [65,66]. Early studies suggested that RECQL4 may 

function during DSB repair since a subset of RTS patients are sensitive to the DSB inducing agent, 

γ-irradiation [58,67]. RECQL4’s role in DSBR was further collaborated by the Stagljar group who 

demonstrated that upon treatment with the topoisomerase II inhibitor, etoposide, RECQL4 

colocalizes with ssDNA and RAD51 foci [68]. Furthermore, RECQL4 interacts with RAD51 by 

co-immunoprecipitation (Table 1). These early studies demonstrated that RECQL4 functions with 

RAD51 to repair DSBs.  

RECQL4 function in DSB repair is likely conserved as the Enomoto group demonstrated 

that its Xenopus homolog, xRTS, localizes to chromatin upon DSB induction [69]. Furthermore, 

xRTS loading depends on the DNA damage checkpoint proteins, ataxia-telangiectasia mutated 

(ATM) and DNA-dependent protein kinase, DNA-PK, but not RAD51.  These findings suggest 
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that xRTS may function upstream of RAD51 and perhaps to facilitate its loading. Consistent with 

xRTS role in DSB repair, the authors demonstrated that xRTS depletion led to prolonged γ-H2AX 

foci compared to mock-treated egg extracts. These early results from mammalian cells and 

Xenopus extracts were later corroborated by the Bohr group. In a 2010 study, Singh et al found 

that RECQL4 was recruited to laser-induced damage sites, where it colocalized with 53BP1 and 

γ-H2AX, by time-lapse microscopy [70]. Similar to Xenopus, RECQL4 deficient human cells delay 

DSB repair as prolonged 53BP1 foci are observed. However, unlike the Xenopus, human RECQL4 

is still recruited to damage sites, even in the absence of ATM. RECQL4 recruitment to DSB sites 

depends on its nuclear localization. Interestingly, it was shown that RECQL4 retention at DSB 

sites is diminished in the absence of another RecQ helicase, BLM, suggesting cooperativity 

between these two proteins (Figure 1b, Table 1) [71]. Although these studies suggested that 

RECQL4 functions during DSB repair, its precise role has remained enigmatic until recently.  

RECQL4 has roles during the two major DSB repair pathways, non-homologous end 

joining (NHEJ) and homologous recombination (HR) (Figure 3c; [55,72–74]). In 2014, Shamanna 

et al demonstrated that RECQL4 knockdown leads to decreased end-joining both in vitro and in 

vivo [72]. Cellular extracts from RECQL4 knockdown cells have decreased capacity to join DNA 

ends in vitro. This was recapitulated in vivo as RECQL4 knockdown leads to decreased NHEJ 

using a GFP reporter system and similar results were later confirmed by others [55,72,74]. 

Shamanna et al also demonstrated that RECQL4 physically and functionally interacts with the key 

NHEJ protein, KU70, in the N-terminus of RECQL4. Furthermore, the addition of RECQL4 

increases KU complex DNA binding in vitro [72]. KU complex interaction with RECQL4 was 

later confirmed in vivo (Table 1) [55,74]. Lu et al demonstrated that RECQL4 interacts with KU70 

in a cell-cycle dependent manner with increased interaction during the G1 stage when NHEJ is the 
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predominant DSB repair pathway (Figure 3c) [55,75]. Tan et al later demonstrated that RECQL4 

knockdown leads to decreased recruitment of KU80 to DSB sites [74]. These results suggest that 

RECQL4 works cooperatively with the KU complex to mediate NHEJ.  

RECQL4’s role during HR was first shown by Lu et al where it was found to promote DNA 

end resection, a critical step in early HR (Figure 3c) [73]. RECQL4 physically and genetically 

interacts with the key end resection proteins, MRE11 and CtIP. RECQL4 functions before CtIP 

but after MRE11. A later study demonstrated that the interaction between MRE11 and RECQL4 

is mediated by RECQL4 phosphorylation (S89/S251) by CDK1 and CDK2 during S/G2 cell cycle 

phase [55]. Phosphorylation of RECQL4 stimulates its helicase activity in vitro. RECQL4 helicase 

activity is critical for its function as a catalytically inactive mutant impairs end resection and HR 

[73]. Together, these findings demonstrate that RECQL4 functions with MRE11 to promote DNA 

end resection during HR. 

1.3.2.3 Base excision repair 

Base excision repair (BER) mediates repair of base damage that results from DNA 

methylation and oxidization as well as other types of base damage. The Hock group first 

hypothesized a potential role for RECQL4 during repair of base damage by postulating that 

cataracts observed in RTS patients could be due to the misrepair of oxidative damage in the eye 

lens. The authors showed that RECQL4 forms nuclear foci following exposure to the oxidative 

damaging agent, hydrogen peroxide (H2O2) [76]. Consistent with a function for RECQL4 in BER, 

RTS cells increase the amount of 8-oxo-guanine following H2O2 treatment compared to control 

cells. This increase in 8-oxo-guanine in RTS cells also correlates with decreased cell viability as 

well as more senescent cells. 
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Further evidence supporting a function for RECQL4 during BER was found by the Frank 

group who analyzed RECQL4 localization following exposure to a variety of DNA damaging 

agents. Utilizing a plasmid encoding GFP tagged RECQL4 and live-cell imaging, they found that 

RECQL4 is primarily nuclear and identified its nuclear localization sequence (NLS) (Figure 1b) 

[77]. Consistent with a function for RECQL4 in BER, RECQL4 re-localizes into distinct nuclear 

foci upon exposure to the oxidative DNA damaging agents, H2O2 and streptonigrin. Furthermore, 

RECQL4 foci colocalize with key BER proteins such as apurinic (AP) endonuclease 1, APE1, and 

the flap endonuclease, FEN1 (Table 1) [78]. Suggesting that the co-localization between RECQL4 

and BER proteins is functionally important, RECQL4 stimulates APE1 endonuclease (~4 fold 

stimulation) as well as FEN1 incision activities (~4.3-6 fold stimulation) in vitro (Figure 3d). 

Although no colocalization was observed between RECQL4 and the key BER polymerase, Pol β, 

RECQL4 can also stimulate DNA synthesis by Pol β in vitro (Figure 3d) [78]. 

Suggesting a direct interaction between RECQL4 and BER proteins, RECQL4 immuno-

precipitated with the 8-oxoguanine-glycosylase, OGG1, as well as a core member of the BER 

pathway, PARP1, through its C-terminus (Figure 1b; [77,79]).  Like APE1, FEN1, and Pol β, 

RECQL4 stimulates the AP lyase activity of OGG1 in vitro (Figure 3d).  RECQL4 interaction 

and subsequent stimulation of OGG1, upon oxidative stress, is induced by RECQL4 acetylation. 

RECQL4 acetylation is mediated by CREB-binding protein, CBP, which acetylates not only the 

five acetylation sites mentioned above (K376, K380, K382, K385, K386) but other undetermined 

sites as well as mutations of these sites did not abolish RECQL4 acetylation. Deacetylation of 

RECQL4 is mediated by deacetylase SIRT1. Suggesting that SIRT1 plays a key role in mediating 

RECQL4 activity during BER, RECQL4 deacetylation results in a decreased interaction between 

RECQL4 and OGG1 [79]. Therefore, RECQL4 acetylation plays a key role in the regulation of its 
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function during BER. Loss of RECQL4 results in misregulation of BER genes, as RTS cells fail 

to upregulate BER genes in response to oxidative damage by microarray analysis [78]. Together, 

these findings demonstrate that RECQL4 has a critical role during BER by stimulating the 

enzymatic activities of critical BER proteins, and that in its absence cells cannot properly activate 

an oxidative damage response. 

1.3.2.4 Nucleotide excision repair 

Nucleotide excision repair (NER) mediates repair of bulky DNA adducts such as 6-4 

photoproducts and cyclobutane pyrimidine dimers (CPD), which result from UV exposure [80,81]. 

Patients with defects in the canonical NER genes suffer from an inherited disorder called 

Xeroderma pigmentosum (XP). XP symptoms include profound sensitivity to the sun and an 

increased incidence of skin lesions and cancers. Multiple studies have implicated RECQL4 to have 

an important role during NER. For example, early studies reported that a subset of RTS patients 

were photosensitive, alongside developing erythema and other skin abnormalities [58,82]. Later 

reports demonstrated that cells from RTS patients have increased UV sensitivity, which is 

consistent with a role for RECQL4 during NER [83–85]. In a 2008 study by the Luo group, 

RECQL4 was found to re-localize into nuclear foci following UV irradiation [86]. Importantly, 

they showed that complementing RTS fibroblast cells with RECQL4 led to faster resolution of 

CPDs and increased survival following UV compared to the un-complemented RTS cells. To 

further validate RECQL4 role in CPD resolution, the Luo group observed that normal fibroblast 

cells resolved CPDs more slowly when RECQL4 is knocked down by siRNA. Suggesting a direct 

role for RECQL4 in NER, RECQL4 interacts and colocalizes with XPA, a critical NER protein, 

following UV treatment (Figure 3e, Table 1). XPA functions to verify the nucleotide damage and 

following which the DNA is unwound to facilitate DNA excision [80,81]. RECQL4 functions 
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downstream of XPA, as RECQL4 recruitment into UV-induced foci is diminished in XPA-null 

cells. Despite these studies, the exact function of RECQL4 during NER remains ambiguous.  

1.3.3 Mitochondrial maintenance 

Unlike WRN and BLM which are primarily nuclear, RECQL4 is localized to the cytoplasm 

as well as the nucleus. This is particularly intriguing because RECQL4 is the only RecQ helicase 

to have a mitochondrial localization sequence (Figure 1b, [45,87]). Furthermore, RECQL4 

dysfunction is associated with progeroid syndrome. Alongside telomere shortening, another major 

contributor to aging is mitochondrial dysfunction [88–92]. Therefore, RECQL4 was hypothesized 

to have a role in mitochondrial maintenance. The Bohr group demonstrated that human RECQL4 

localizes to the mitochondria both by immunofluorescence and cellular fractionation [93]. 

Furthermore, they showed RECQL4 depletion leads to increased mitochondrial DNA damage and 

decreased oxygen consumption rates. Together, these findings suggest that RECQL4 has a critical 

role in protecting the mitochondrial genome. 

Later studies by the Sengupta and Zhao groups confirmed RECQL4 mitochondrial 

localization [45,87,94] and RECQL4 interaction with the mitochondria importer, TOM20, was 

later described by De et al [45]. Intriguingly though, RECQL4 protein is undetectable in the 

mitochondria during S phase, likely due to its role in DNA replication [45]. RECQL4 

mitochondrial localization is important not only for RECQL4 function but also to recruit the tumor 

suppressor gene, p53, into the mitochondria under unperturbed conditions (Figures 1b and 3f, 

Table 1). RECQL4 and p53 colocalization to the mitochondria enables mitochondria polymerase, 

Polγ, to mediate mtDNA synthesis [45,95]. Another important function for the colocalization 

between RECQL4 and p53 in the mitochondria is to sequester a portion of p53 away from the 
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nucleus, thus inhibiting its transcriptional activity [45]. The authors postulated that p53 and 

RECQL4 interaction results in masking their respective NLS, keeping them in the mitochondria. 

However, upon DNA damage, p53 is recruited to the nucleus and the interaction between with the 

two proteins are lost and both proteins re-localize to the nucleus to mediate the DNA damage 

response (Figure 3f). 

Later studies corroborated the importance of RECQL4 for mitochondrial maintenance, as 

disruption of RECQL4 MLS results in bioenergetics dysfunction indicated by increased aerobic 

glycolysis [87]. The shift to utilizing aerobic glycolysis is called the Warburg effect and is 

commonly observed in cancer cells [96]. It was hypothesized that the increased aerobic glycolysis 

caused by loss of RECQL4 mitochondrial localization could drive tumorigenesis. Consistent with 

this notion, cells with defective RECQL4 mitochondria localization have increased invasive 

capability [87]. RECQL4 is critical for mitochondrial maintenance but its exact role remains 

elusive. Unlike other cellular compartments, mitochondria are more susceptible to oxidative DNA 

damage as oxygen radicals are constantly released during ATP production [97,98]. BER plays a 

key role in the repair of oxidative damage in mitochondrial DNA [99,100]. Therefore, one 

possibility is that RECQL4 may function to enhance the BER polymerase, Pol β activity, in the 

mitochondria as has been shown in the nucleus [78]. Future studies are needed to pinpoint the 

exact function of RECQL4 in mitochondrial genome maintenance. 

1.3.4 Does RECQL4 truly function in all of these pathways? 

As discussed above RECQL4 has been implicated to have roles in a multitude of pathways 

ranging from replication to NER to DSBR. But the cognizant question is does RECQL4 truly 

function in all of these pathways? The likely answer is no. RECQL4 has been implicated in these 
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pathways mainly through RTS cells sensitivity to damaging agents and protein-protein interactions 

studies. However, there are caveats to both approaches. First as mentioned, RTS can arise from 

mutations in other genes besides RECQL4 [21,22]. Thus, it is possible that the sensitivity that was 

observed in these cells were due to dysfunction in another gene. Secondly, there are technical 

limitations with some of the interaction studies that were performed. For example, in the Fan, 

Pekotvic, and Woo studies, the authors did not perform the co-immunoprecipitation experiments 

in the presence of ethidium bromide or benzonase [68,77,86]. Thus, it cannot be ruled out that 

these interactions are artifacts, mainly due to the DNA binding abilities of these proteins. 

Furthermore, in the Schurman study, they rationalized that since RECQL4 co-localize with BER 

proteins, APE1 and FEN1, that it may work together with them. This is not necessarily true as co-

localization does not indicate that they are interacting or necessarily that they are working together. 

It should be noted though that the authors did demonstrate that RECQL4 stimulates APE1 and 

FEN1 enzymatic activity suggesting that RECQL4 may have a role during BER [78]. So far, the 

strongest evidence points to RECQL4 roles during replication initiation and DSBR, however 

RECQL4 functions in these other pathways cannot be ruled out yet in particular its potential role 

during BER.  

1.4 Use of the budding yeast model system 

Unlike the other two diseases-associated RecQ helicases, BLM and WRN, RECQL4 has 

not been as well characterized. Due to RECQL4 roles during replication initiation, previous studies 

of mammalian RECQL4 were stymied due to technical difficulties, including the embryonic 

lethality of mouse knockout models thus another model system to study its function would be 



 

 22 

valuable [51,56,101,102].  Sgs1 was thought to be the only RecQ helicase in yeast as it has 

conserved functions with other human RECQ protein family members, such as WRN and BLM 

[103,104]. However, in 2008, Hrq1 was discovered through a computational screen by Barea et al. 

In this study, hydrophobic cluster analysis was used to find yeast genes that have similar 

hydrophobic regions to RECQL4, which could indicate similar structure [105]. They revealed 

Hrq1 as a potential a RECQL4 homolog. Further supporting this notion, AlphaFold structures of 

Hrq1 and RECQL4 are well-aligned (Figure 4a), particularly the helicase domains of Hrq1 and 

RECQL4 (Figure 4b) [106]. Please note that the alignment was performed with the helicase and 

C-terminal domains of Hrq1 and RECQL4, as AlphaFold was not confident in its prediction of the 

N-terminal domain of RECQL4. Thus, so far two computational analyses has revealed that Hrq1 

and RECQL4 may be homologs. Complementing these computational analyses, recent 

experiments were also performed to validate that Hrq1 and RECQL4 has some conserved function 

in genome integrity. For example, in vitro biochemical studies demonstrate that Hrq1 and 

RECQL4 bind and unwind similar DNA substrates including bubbles, D-loops, and poly(dT) forks 

(Table 2) [107]. The primary difference between yeast Hrq1 and human RECQL4 is that yeast 

encodes a separate Sld2 (synthetically lethal with Dpb11-1) protein whereas human RECQL4 is a 

fusion between Sld2-like domain at the N-terminus of the helicase (Figure 1). Because of this 

Hrq1 is non-essential, thus providing us with a potential model system to the role of RECQL4 

during genomic maintenance.  
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Figure 4. Alignment of AlphaFold structures of Hrq1 and RECQL4 

a) Alignment of Hrq1 (green) and RECQL4 (cyan) helicase and C-terminal domains. b) Alignment of Hrq1 (green) 

and RECQL4 (cyan) helicase domains. Structure alignment was performed using PyMOL [108]. 

 

Table 2 Equilibrium dissociation constants (Kd) and Michaelis constants (Km) for Hrq1 and RECQL4 

 Hrq1 RECQL4 
Substrate Binding Kd(nM) Unwinding Km (nM) Binding Kd (nM) Unwinding Km (nM) 
Poly (dT) ssDNA 3.45 ± 0.19 N/A 2.38 ± 0.15 N/A 
Random Fork N/D 113.9 ± 19.5 107.7 ± 32.5 14.7 ± 1.1 
3’ tail 140.7 ± 59.4 11.4 ± 43.4 21.8 ± 4.2 98.1 ± 17.8 
5’ tail 154.5 ± 44.6 - 101.6 ± 29.4 - 
Blunt dsDNA - - - - 
Bubble 36.1 ± 4.9 23.6 ± 2.2 16.8 ± 2.3 143 ± 56.1 
HJ 79.2 ± 22.7 - 90.1 ± 23.4 - 
D-loop 9.9 ± 0.7 1.6 ± 0.1 12.6 ± 1.8 5.7 ± 0.8 
G4 17.6 ± 2.2 14.1 ± 0.9 12.3 ± 2.5 38.4 ± 8.7 
Poly (dT) Fork 6.5 ± 0.5 12.6 ± 1.7 50.9 ± 10.4 21.7 ± 1.1 
Yeast Tel Fork 3.5 ± 0.4 2.0 ± 0.2 18.5 ± 3.1 9.2 ± 1.6 
Human Tel Fork 15.7 ± 1.7 23.0 ± 1.5 39.7 ± 8.3 35.4 ± 5.4 
Modified from Rogers et al 2017; N/D, not determined; N/A, not applicable 
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1.5 Limitations of yeast as a model organism 

Although Hrq1 has been predicted to have a similar structure to RECQL4 (Figure 4a,b) 

[105,106], it is missing some distinguishing features that RECQL4 possess such as the Sld2-

domain/MLS and the RQC domain (Figure 1). However, it should be noted that RECQL4 was 

long thought not to contain an RQC domain, and the RQC domain of RECQL4 was just recently 

identified [5,6,109,110]. Thus, it is possible that Hrq1 may also possess an unidentified RQC 

domain, nevertheless the structural differences between Hrq1 and RECQL4 suggest that Hrq1 may 

not fully recapitulate all of RECQL4 functions. Indeed, unlike RECQL4, Hrq1 does not seem to 

have roles during DSBR as hrq1Δ cells are not sensitive to DSB inducing agents, bleomycin and 

camptothecin [111]. Furthermore, so far Hrq1 has not been implicated to have any roles in the 

mitochondria as it does not contained a mitochondrial localization sequence and we observed 

Hrq1-YFP to be mainly in the nucleus (data not shown). All of this suggests that Hrq1 may not be 

a direct homolog for RECQL4. However, both Hrq1 and RECQL4 seems to have roles during 

repair of cisplatin-induced lesions as disruptions of these genes results in increased cisplatin 

sensitivity [43,44,111,112]. This suggests that Hrq1 may be a functional homolog for RECQL4 

during repair of cisplatin induced lesions. However, the other RecQ helicases such as BLM and 

WRN needs to be tested to determine whether they function and are regulated similarly to Hrq1 

following cisplatin exposure. This would provide insight into whether Hrq1 is truly a functional 

homolog to RECQL4 in mediating repair of cisplatin induced lesions. Another experiment that 

would support the notion that they are functional homologs would be to see if RECQL4 expression 

can rescue hrq1Δ cells cisplatin sensitivity. 
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1.6 Major hypotheses 

An early study examining the sensitivity of RTS cells to different genotoxic agents, found 

that RTS cells exhibit increased sensitivity to cisplatin [85]. Years later studies in budding yeast 

found knockout of HRQ1 results in increased cisplatin and MMC sensitivity [111,112]. 

Furthermore, Hrq1 helicase function is necessary for crosslink repair as catalytically inactive 

helicase mutant Hrq1-K318A, is more sensitive to both cisplatin and MMC [111]. Recent studies 

with mammalian cell lines demonstrated that RECQL4 knockdown results in increased cisplatin 

sensitivity [43,44]. This suggests that the RECQL4 family has a conserved role during DNA 

crosslink repair. DNA crosslinks are extremely deleterious lesions as they can stall transcription 

and replication and can hinder the recruitment of proteins involved in genome maintenance [113–

115]. Unrepaired DNA cross-links result in mitotic catastrophe and, ultimately, cell death [116]. 

DNA crosslinking agents, such as mitomycin C and cisplatin, are used as chemotherapeutics. 

Besides these exogenous sources, there are also endogenous sources of DNA crosslinking agents 

such as reactive aldehydes [117–120]. Reactive aldehydes are formed through normal metabolism 

and are extremely reactive and can interact with DNA to form crosslinks. Although Hrq1 and 

RECQL4 are needed for resistance of DNA crosslinking agents, the exact function and how these 

proteins are regulated during this process is still unknown [43,44,111,112].  

Since Hrq1 and RECQL4 are proposed to be homologs and are both needed for resistance 

of cisplatin-induced lesions. I hypothesized that Hrq1 and RECQL4 functions and is regulated 

similarly to each during processing of cisplatin-induced lesions. In this thesis, I expanded on the 

role of Hrq1 during DNA crosslink processing by mediating damage bypass through 

recombination and uncovered a role by the proteasome to regulate Hrq1’s levels. Utilizing a 
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combination of genetic and molecular biology, I uncovered the phenotypic consequences of its 

stabilization following cisplatin exposure; our results are summarized in Chapter II and III. 

If Hrq1 is indeed a functional homolog of RECQL4 during repair of cisplatin-induced 

lesion, then we should observe similar function and regulation of RECQL4 during this process. 

Indeed, we observed that RECQL4 is regulated similarly to Hrq1 following treatment of DNA 

crosslinking agents and that overexpression of RECQL4 leads to similar phenotypes to Hrq1. 

Importantly, our bioinformatic analysis reveals that high levels of RECQL4 are associated with 

increased tumor mutation burden and enrichment of genes involved in the homologous 

recombination pathway. These results are summarized in Chapter IV and V.  
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2.0 Regulation of Hrq1 by the ubiquitin proteasome system 

2.1 Introduction 

Although RECQL4 dysfunction is associated with hereditable diseases, recent studies have 

shown that overexpression of RECQL4 is linked to multiple cancer types such as breast, hepatic, 

gastric, and prostate [39,43,44,121]. Since both inactivation or overexpression of RECQL4 cause 

human disease and genetic instability, RECQL4 protein levels must be tightly regulated. However 

not much is known about how RECQL4 is regulated. Using budding yeast as a model system, we 

find that although Hrq1 is needed for cisplatin resistance it is paradoxically degraded by the 

proteasome following cisplatin exposure. We find that this degradation is lesion specific as 

treatment with other DNA damaging agents such as MMS, IR, and HU lead to no decrease of Hrq1 

protein level. Finally, we find that the E3 ubiquitin ligase, Rad16, mediates its degradation 

following cisplatin exposure. All together we uncovered a previously unidentified regulatory 

mechanism of Hrq1 during repair of cisplatin-induced lesions.   

2.2 Material and methods 

2.2.1 Yeast strains 

The yeast strains used are listed in Supplemental Table 1. All strains are isogenic to W303 

[122,123]. Yeast media and plates were prepared as previously described [124]. Strain construction 
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for knockouts and epitope tagging was performed as described in [125]. Experiments were 

performed to ensure that epitope tagging did not disrupt the function of the protein of interest. 

After transformation and selection, knockouts were verified by sequencing using primers that flank 

each gene; western blot or fluorescent microscopy was used to confirmed epitope tagging. 

2.2.2 Cycloheximide chase 

Cycloheximide chases in yeast were adapted from [126]. Yeast cultures were grown in 3 

ml SC medium (pH 5.8) or YPD overnight at 30˚C, and subsequently diluted to 0.2 OD600 in 35 

ml SC/YPD medium and grown until the cultures reached logarithmic phase. The translation 

inhibitor, cycloheximide (Sigma-Aldrich), was then added to a final concentration of 0.5 mg/ml. 

In addition to cycloheximide, DMSO (0.1%) or cisplatin (100 μg/ml) or MMC (100 μg/ml) diluted 

in DMSO was added to the culture and grown at 30˚C for the indicated time points. Cisplatin 

dosage was optimized by a previous post-doc in the lab. MMC dosage was chosen following a trial 

utilizing a range of MMC concentrations and there was no observable difference between the 

doses, thus the dose of MMC was chosen to match the dose of cisplatin. Where indicated in the 

text, cells were pretreated with proteasome inhibitor MG-132 (50 µM, SelleckChem S2619) for 

one hour prior to CHX addition. Equal amounts of cells (0.75 OD600) were taken at each time-

point, pelleted, supernatant was removed, and washed once with ddH2O. The pellets were flash 

frozen on dry ice. Protein was extracted from whole cell lysates by TCA precipitation as described 

and resuspended in 51 µl of loading buffer [127]. Thirteen µl of protein was run on a 10% SDS-

PAGE gel and transferred to a PVDF membrane by semidry transfer (Bio-Rad) at 13V for 2 hours 

15 min. Western blot using anti-Myc antibodies were used detect Hrq1-9Myc (α-Myc, mouse 
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monoclonal, Santa Cruz Biotechnology, 1:500) or Kar2 (α-Kar2, rabbit polyclonal, Santa Cruz 

biotechnology, 1:5000) as a loading control.  

2.2.3 Ubiquitin pulldown 

Ubiquitin pulldown protocol was modified from the Tansey Lab [128,129]. Briefly, pdr5Δ 

Hrq1-9myc and pdr5Δ Hrq1-7KR-6xHA strains were transformed with YEpHisUbStu, which 

expresses 6x-His-Ubiquitin under the CUP1 promoter. Cells were grown in SC-TRP medium to 

select for the YEpHisUbStu and grown to logarithmic phase. Expression of 6x-His-Ubiquitin 

expression was induced by addition of 500 μM CuSO4. After 2.5 hours of growth, MG-132 (50 

µM) was added then grown for another 45 minutes before addition of DMSO (0.1%) or cisplatin 

(100 µg/ml) and further grown for 45 minutes before being pelleted and frozen. The cell pellets 

were lysed using glass beads and ubiquitylated proteins were pulldown by affinity purification 

using Ni-NTA beads (ThermoFisher #88221). The Ni-NTA beads were then washed 3 times with 

10 mM, followed by 3 times with 17.5 mM, then finally 1 time with 20 mM imidazole. The protein 

bound to the beads was eluted in 50 ul of 2x Laemmli buffer with 0.8 M imidazole. The entire 

sample was loaded on 1.5 mm 8% SDS-PAGE gel and ran at 85 volts for 2 hours and transferred 

to PVDF membrane via semidry transfer (Bio-Rad) at 19 V for 2 hours and 30 minutes. We probed 

using α-Myc (1:500 Santa Cruz) or α-HA (1:5000 Abcam) to detect ubiquitylation status of Hrq1-

9xMyc or Hr1-7KR-6xHA. For each condition, we utilized densitometry (ImageJ) to quantify 

ubiquitylation amount by normalizing ubiquitylated band to the input. Photoshop was used to crop 

and grayscale the image. 
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2.2.4 Protein immunoprecipitation 

Hrq1-9myc pdr5Δ or Hrq1-7KR-6xHA pdr5Δ strains were grown overnight in 3 mL of 

YPD. Subsequently, the cultures were diluted to 0.2 OD600 in 100 ml of YPD. After 2 hours, MG-

132 (50 µM) was added for 45 minutes before addition of DMSO (0.1%) or cisplatin (100 µg/ml) 

for another 45 minutes before the cells were pelleted and frozen. The cell pellets were resuspended 

in lysis buffer [50 mM Tris, 100 mM NaCl, 2 mM MgCl2, 10% glycerol, 0.1% NP-40, 1x Pierce 

Protease Inhibitor (Thermo), 1x Phosphatase Inhibitor (Thermo), 2 mM PMSF]. Glass beads were 

added, and the mixture was vortexed for 5 minutes at 4ºC.  Next, 31.5 µl of 10% NP-40 was added 

and the mixture incubated on ice for 5 minutes. Afterwards, it was spun down at 5,000xg for 5 

minutes at 4ºC. 15 µl of the supernatants were set aside for the input and 15 µl of loading buffer 

was added.  The remaining 250 µl of the sample was incubated with 20 µl of washed magnetic 

anti-Myc or anti-HA beads at 4ºC for 3 hours on a rotator. The beads were washed four times with 

lysis buffer with 5 minutes incubations on ice between washes. Following the final wash, all the 

supernatants were removed and 25 µl of loading buffer was added to the beads. The samples were 

incubated at 65ºC for 10 minutes and then loaded on 10% SDS-PAGE gel and ran at 90 volts for 

2 hours and transferred to a PVDF membrane via semidry transfer (Bio-Rad) at 13 V for 3 hours. 

The blots were probed using α-Myc (1:500 Santa Cruz) or α-HA (1:5000 Abcam) antibodies to 

detect Hrq1 and α-ubiquitin (1:1000 Santa Cruz) antibodies to detect ubiquitylated Hrq1-9xMyc 

or Hr1-7KR-6xHA. For each condition, we utilized densitometry (ImageJ) to quantify 

ubiquitylation amount by normalizing ubiquitylated band to the amount of Hrq1 pulled down. 

Photoshop was used to crop and grayscale the image. 
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2.3 Results 

2.3.1 Degradation of Hrq1 is lesion specific 

Previous reports demonstrate that Hrq1 is important during DNA crosslink repair 

[107,111]. Consistent with prior studies [107,111], we observe that hrq1Δ cells are cisplatin 

sensitive compared to wild-type (WT) cells (Figure 5a). Since Hrq1 is needed for resistance to 

DNA crosslinking agents, we reasoned that Hrq1 protein levels may increase upon cisplatin 

exposure. To address this, we 9xMyc tagged Hrq1 on its C-terminus at its endogenous locus and 

promoter. We verified that 9xMyc-Hrq1 was functional upon exposure of the HRQ1-9myc yeast 

strain to cisplatin by comparing its growth to the parental WT strain (Appendix A: Supplemental 

Figure 1). Although Hrq1 is needed for cisplatin resistance, we paradoxically observe that Hrq1 

steady state levels significantly decrease upon cisplatin exposure (Figure 5b). Importantly, Hrq1 

degradation is specific to cisplatin since other types of DNA damage, such as methyl 

methanesulfonate (MMS; an alkylating agent), ionizing radiation (IR; which induces double-

strand breaks), or hydroxyurea (HU; which depletes dNTP pools), have no detectable effect on 

Hrq1 steady state levels (Figure 5b). These results suggest that the reduced Hrq1 protein levels 

observed are specific to cisplatin.  
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Figure 5. Although Hrq1 is needed for cisplatin resistance, it is degraded by the proteasome upon cisplatin 

exposure. 

a) HRQ1-null cells are sensitive to cisplatin. Wild-type (WT) or hrq1∆ disrupted cells were five-fold serially diluted 

on medium containing 30 µg/ml cisplatin and/or 0.1% DMSO, grown for 48 hours at 30˚C, and photographed. b) 
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Hrq1 level is stable following treatment with other DNA damaging agents. Exponentially growing cells with Hrq1-

9xMYC were treated with the indicated drugs (0.3% MMS, 100 µg/ml cisplatin, 100 Gy IR, 100 mM HU)  for 2 hours 

before being harvested for western. c) Hrq1 protein levels are decreased upon cisplatin treatment. Exponentially 

growing cells with Hrq1-9xMYC were incubated with cycloheximide in the presence or absence of 100 µg/ml cisplatin 

and/or 0.1% DMSO. Quantification of the proportion of Hrq1 remaining relative to time 0 (before CHX addition) and 

the loading control, Kar2. The experiment was performed five times with mean and standard error plotted. d) The 

proteasome degrades Hrq1 following cisplatin exposure. PDR5 disrupted cells were untreated (0.1% DMSO), cisplatin 

treated, or pretreated for one hour with 50 µM MG-132 before cisplatin addition with 0.1% DMSO. Cycloheximide 

chases were performed the same as b). e) Hrq1 is ubiquitylated in vivo. Lanes 1 (whole cell extract, WCE without 

pulldown, 10% input) serves as the control whereas lane 2 is the pulldown showing ubiquitylated Hrq1 as indicated. 

Lanes 3 and 4 is after treatment with cisplatin, where lane 3 is WCE and lane 4 is pulldown showing increased 

ubiquitylated Hrq1.  

2.3.2 Hrq1 is ubiquitylated and marked for degradation following cisplatin treatment 

Next, we sought to determine if the reduced Hrq1 protein levels observed in cisplatin-

treated cells are due to protein degradation. To measure Hrq1 protein stability, we performed 

cycloheximide chase experiments and analyzed cells for Hrq1 protein every 20 minutes for 120 

minutes following cycloheximide addition (Figure 5c). Consistent with our previous observations, 

cisplatin treatment led to a decrease in Hrq1 protein levels, where approximately 50% of Hrq1 

remains 30 minutes following cycloheximide addition, whereas in DMSO treatment more than 

50% of Hrq1 still remains at 120-minutes mark (Figure 5c).  

 

Proteasomal degradation is an important regulatory mechanism to ensure proper and timely 

DNA repair for many DNA repair proteins [130]. Therefore, one possibility is that Hrq1 protein 

levels are regulated by the 26S ubiquitin proteasome system (UPS) following DNA damage. To 
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determine whether Hrq1 is degraded by the UPS following cisplatin treatment, we performed 

cycloheximide chase experiments in the presence of the proteasome inhibitor, MG-132 (Figure 

5d). Hrq1 protein levels were stabilized following cisplatin exposure when the UPS is inhibited 

(Figure 5d). Note that in order to keep the intracellular concentration of MG-132 high, the drug 

efflux pump, PDR5, is also disrupted [131]. We next determined whether Hrq1 is ubiquitylated by 

performing a ubiquitin pulldown experiment. We observe that Hrq1 is indeed ubiquitylated as 

observed as a smear and that Hrq1 ubiquitylation increases 30% following cisplatin exposure 

(Figure 5e; compare 6xHis-Ub pulldown lanes 2 and 4). These findings are strengthened by 

performing the reciprocal experiment where Hrq1 was pulled down and then blotted for ubiquitin 

(Appendix A: Supplemental Figure 1). It is interesting that even in the absence of damage Hrq1 

is seemingly ubiquitylated. This ubiquitylation could be a result of its cell cycle regulation, 

discussed further below, however it cannot be rule out that there could be some technical artifact 

from this experiment such as Hrq1 being pull-downed non-specifically by Ni-NTA. We are 

currently repeating these experiments with IgG magnetic beads to address this potential issue. 

However together, these results suggest that Hrq1 is degraded by the proteasome following 

cisplatin treatment. 

2.3.3 Degradation of Hrq1 is trigged by intrastrand crosslinks 

As cisplatin can cause both inter- and intra-strand crosslinks, we sought to determine which 

of these lesion(s) are triggering the degradation of Hrq1. To this, we repeated the cycloheximide 

chase experiment with MMC, which as stated creates predominantly interstrand crosslinks and 

UV-C which induces 6-4 photoproducts and cyclobutane pyrimidine dimers (CPDs), both of which 

cause similar types of DNA distortions to intrastrand crosslinks. We observed that MMC treatment 
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does not lead to decreased Hrq1 protein levels (Appendix Figure A: Supplemental Figure 2a) 

while UV-C treatment led to a reduction of Hrq1 protein levels (Appendix Figure A: 

Supplemental Figure 2b). These data suggest that Hrq1 degradation is induced in response to 

DNA intrastrand crosslinks.  

2.3.4 Hrq1 is regulated by the E3 ubiquitin ligase, Rad16 

Since Hrq1 protein levels are regulated by the proteasome, we sought to identify the E3 

ubiquitin ligase that targets Hrq1. In S. cerevisiae, there are 60-100 E3 enzymes, so we prioritized 

E3 enzymes known to regulate DNA damage response proteins. For example, the NER gene, Rad4 

(mammalian XPC), functions upstream of Hrq1 during crosslink repair, and its protein levels are 

regulated by the UPS following DNA damage [111,132]. Therefore, one possibility is that Rad4 

and Hrq1 are targeted by the same E3 enzyme, Rad16 [133,134]. Thus, we examined whether 

Rad16 regulates Hrq1 protein levels. Indeed, we found that Hrq1 protein levels are largely 

stabilized in rad16∆ cells in both untreated and cisplatin treated conditions (Figure 6a). These 

results show that loss of RAD16 E3 ubiquitin ligase results in Hrq1 protein stabilization following 

cisplatin exposure. 
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Figure 6. Hrq1 protein levels are stabilized in the absence of the E3 Ub-ligase, RAD16 

a) Deletion of Rad16 stabilizes Hrq1 following cisplatin exposure. Hrq1-9xMYC expressing wild-type (WT) or 

rad16∆, cells were incubated with cycloheximide in the presence or absence of 100 µg/ml cisplatin and/or 0.1% 

DMSO. Note blot from Figure 5c was reshown for comparison. b) Quantification of the proportion of Hrq1 remaining 

relative to time 0 (before CHX addition) and the loading control, Kar2, are plotted on the graph in log scale from WT 

and rad16∆ cells. Each experiment was performed three to 5 times with standard error plotted. Note that the WT 

cisplatin treated time course is replotted from Figure 5c, for direct comparison to rad16∆ cisplatin treated cells. 

 

We also examined potential E2 enzymes that regulate Hrq1. In yeast, there are only thirteen 

known E2s. Of the E2 enzymes only two, Ubc13 and Rad6, are associated with the DNA damage 

response. To test whether either of these two genes may regulate Hrq1, we knocked out either 

RAD6 or UBC13 in a Hrq1-9myc tagged strain and performed cycloheximide chase experiments. 

Disruption of either UBC13 or RAD6 only led to a mild stabilization of Hrq1 (Appendix A: 

Supplemental Figure 3). These results suggest there are likely additional E2s that regulate Hrq1 

protein levels. Or perhaps Rad6 and Ubc13 can compensate for each other, if this is the case then 

a double knockout of RAD6 and UBC13 may lead to increased Hrq1 stabilization.   
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2.4 Discussion 

It is intriguing that degradation of Hrq1 is triggered by intrastrand adducts induction. Rad4, 

whose degradation is triggered by similar types of DNA lesions, is one of the classic examples of 

a DNA repair protein being degraded following repair. In the case of Rad4, it has been 

hypothesized that its degradation is a way to negatively regulate Rad4 activity, perhaps to prevent 

excessive DNA repair intermediates from accumulating. Studies in mammalian cells demonstrated 

that recruitment of downstream factor, XPG, is perturbed in cells where XPC is stabilized [135]. 

This is consistent with the notion that Rad4/XPC degradation is needed to prevent DNA repair 

intermediates from accumulating and for completion of the repair process itself. Future studies 

will be needed to determine whether stabilization of Hrq1/RECQL4 leads to more DNA repair 

intermediates or perturbed recruitment of any downstream repair factors.  

 

Besides Rad4/XPC, there are many other DNA repair proteins that are regulated by the 

ubiquitin-proteasome system, including DNA helicases such as BLM and F-box DNA helicase 

(FBH1) [136]. Degradation of these key helicases is critical for dictating which pathway is used 

as well as for preventing the accumulation of toxic DNA repair intermediates. For example, BLM 

is marked for degradation by the ubiquitin ligase MlB1 during G1 to limit its end-resection activity 

thus promoting non-homologous end joining (NHEJ) [137]. While in the case of FBH1, it was 

shown that it needed to be degraded following UV damage to remove it from DNA and allow for 

the subsequent recruitment of Pol η to mediate lesion bypass [138]. It is still unknown whether 

degradation of Hrq1 is needed for pathway choice or recruitment of downstream factors. In the 

next chapter we discuss some of the consequences of Hrq1 stabilization.  
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3.0 Hrq1 has a role during post-replicative repair/damage tolerance 

3.1 Introduction 

To determine why Hrq1 needs to be degraded following cisplatin exposure, we need to 

further identify its function during DNA crosslink repair. Knowing Hrq1 function during this 

process could provide insights into the potential consequences if Hrq1 is not degraded following 

cisplatin exposure. DNA crosslinking agents, such as cisplatin and MMC, can induce two types of 

damage including, interstrand crosslinks (ICL) and intrastrand crosslinks. In ICLs, the Watson and 

Crick strands are covalently linked. However, the same DNA strand is covalently linked to itself 

in an intrastrand crosslink  [116,139–141]. Due to the different nature of the crosslinks, the 

mechanism of how these two adducts are repaired is also unique. While there are some key 

differences in how ICLs are repaired from yeast to man, during replication-coupled ICL repair, the 

steps are largely conserved [113–115,142]. Following damage recognition, endonucleases nick 

either side of the damaged DNA, which then mediates exonuclease to come in and degrade the 

damaged DNA. This “unhooking” step results in a ssDNA gap. This gap may be filled in by the 

post-replicative repair (PRR) pathway [142–146]. The PRR pathway consists of an error-prone 

and error-free branch. Utilization of the different branches is mediated by PCNA (Pol30 in yeast) 

ubiquitylation. For example, in both yeast and humans mono-ubiquitylation of PCNA at lysine 

164 (K164) recruits error-prone translesion synthesis polymerases to fill the gap [147]. On the 

other hand, polyubiquitylation of the same K164 residue on PCNA results in error-free homology-

directed repair [148]. In contrast to ICLs, intrastrand crosslinks are primarily repaired by the 

nucleotide excision repair (NER) pathway [149–152]. However, if the replication fork encounters 
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the intrastrand crosslink and stalls, then the PRR and DNA damage tolerance pathways can 

mediate bypass of this adduct using the mechanism described above [147,148,153,154]. 

Subsequently NER, will excise and degrade the damaged DNA and the gap with be filled using 

DNA polymerases and ligases. We find that like RECQL4, Hrq1 is cell cycle regulated with 

protein levels peaking is S/G2 suggesting that it may have a function during DNA replication. 

Consistent with this we find that Hrq1 mediates recombination during replication to bypass 

intrastrand crosslinks. By mutating conserved and predicted ubiquitylation residues in Hrq1, we 

were able to stabilize its levels following cisplatin exposure. We find that by stabilizing or 

overexpressing Hrq1, we observed increased recombination and mutation following cisplatin 

exposure. Overall, we find that Hrq1 has function during replication to bypass intrastrand 

crosslinks, however it is degraded by the proteasome to prevent excess recombination and 

mutation.   

3.2 Material and methods 

3.2.1 Cell cycle analysis 

Cells expressing Hrq1-9myc were grown overnight in 4 ml YPD at RT, and subsequently 

diluted to 0.2 OD600 in 30 ml YPD and grown to logarithmic phase at RT. Alpha factor (Genescript) 

diluted in DMSO was added to a final concentration of 10 μM, and cells were arrested in G1 for 3 

hours. The asynchronous control sample was removed directly prior to alpha-factor addition. To 

release the cells from alpha-factor, the yeast was pelleted, washed twice in an equal volume of 

water, and transferred into 30 mL YPD medium. Samples of equal amounts of cells were taken 
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every 20-minutes for FACS and protein analysis. Protein samples were prepared as described 

above, with the exception that Clb2 (G2/M cyclin) was also analyzed (rabbit polyclonal, Santa 

Cruz Biotechnology, 1:2000). FACS samples were pelleted and washed once with water before 

being fixed with 70% EtOH and stored in the dark at 4ºC. Subsequently, the samples were treated 

with protease and RNase and DNA was stained with propidium iodide and analyzed by FACS as 

described [127]. 

 

3.2.2 Serial dilutions, cisplatin and mitomycin C plates 

The indicated cultures were grown in 4 ml SC medium (pH 5.8) for cisplatin exposure or 

YPD for MMC exposure overnight at 30˚C, and subsequently diluted to 0.2 OD600 and grown for 

2.5 hours until the cultures reached logarithm phase. The cultures were five-fold serially diluted 

starting at 0.2 OD600 and 5 µl were spotted on the indicated plates and grown for 2 days at 30˚C 

before being photographed. Photoshop was used to crop and enhance the contrast of the images, 

and subsequently converted to black and white images in the Figures.  

Cisplatin (SelleckChem S1166) was dissolved to 100 mg/ml stock solution in dimethyl 

sulfoxide (DMSO). Synthetic complete (SC) plates containing the indicated doses of cisplatin, 

were made by diluting the stock solution. Cisplatin was handled in the dark and plates were stored 

in the dark and used within 24 hours. 

MMC (SelleckChem S8146) was dissolved to 50 mg/ml stock solution in dimethyl 

sulfoxide (DMSO). YPD plates containing the indicated doses of MMC, were made by diluting 

the stock solution. MMC was handled in the dark and plates were stored in the dark and used 

within 24 hours. 
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3.2.3 Direct repeat recombination assay 

Direct repeat recombination assays were performed as described [155] except that the 

cultures were grown overnight in SC with 2% galactose either with or without cisplatin. In this 

assay, two leu2 heteroalleles are disrupted with EcoRI and BsteII, respectively, with an intervening 

URA3 gene. Total recombination is measure by restoration of a function LEU2 gene, which allows 

yeast to grow on plates that lack leucine. The experiment was done in with nine individual colonies 

in each condition and repeated. Recombination rate was calculated and graphed alongside the 

median from the two experiments. Mann-Whitney test was used to determined significance.  

3.2.4 Canavanine mutagenesis assay 

Mutagenesis assay protocol was adapted from Godin et al. 2016 [156]. Two individual 

colonies of wild-type (WT), Hrq1-7KR, Hrq1-OE were grown in 3 ml of SC with 2% galactose, 

to induce Hrq1-overexpression, either with or without cisplatin overnight at 30ºC to saturation. 

Subsequently, the culture was diluted to 2 OD600 and 200 µl was plated onto SC-ARG+CAN 

plate or further diluted 100,000-fold and 200 µl was plated onto SC plate (these plates were made 

with galactose). The plates were incubated for 3 days at 30ºC. Plates were scanned and colonies 

were counted using OpenCFU software [157]. Mutation rate was calculated by counting colonies 

that grew on SC-ARG+CAN vs total colonies that grew on SC. For each trial, a mean rate was 

calculated and graphed alongside the median from multiple experiments. Mann-Whitney test was 

used to determined significance.  
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3.3 Results 

3.3.1 Hrq1 is cell cycle regulated 

As stated above, DNA crosslinks are repaired using different pathways depending upon the 

cell cycle stage. For example, during replication, DNA intrastrand crosslinks are bypassed by the 

PRR pathway and then subsequently repaired by NER. Therefore, to determine whether Hrq1 

functions during a specific cell cycle stage, we asked whether its protein levels are cell cycle 

regulated. We synchronized Hrq1-9xMYC expressing cells in G1 with alpha factor and released 

them into fresh medium to enable cell cycle progression. Protein extracts were made from equal 

cell numbers every 20 minutes and Hrq1 protein levels analyzed and compared to Kar2, 

endoplasmic reticulum protein, as a loading control and Clb2 as a G2/M regulated cyclin. 

Consistent with a role during replication, Hrq1 protein levels begin to peak in S/G2 at 40 min after 

alpha factor release whereas Clb2 protein peaks starting at 60 min (Figure 7a). Cell cycle 

progression was confirmed by FACS analysis (Figure 7a). These results demonstrate that Hrq1 is 

enriched during S/G2, the cell cycle stage when PRR functions. 
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Figure 7. Hrq1 functions during error-free post-replicative repair 
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a) Hrq1 expression peaks during S/G2. Hrq1-9xMYC expressing cells were either untreated (asynchronous, AS) or 

cell cycle arrested in G1 with α-factor. The α-factor arrested cells were subsequently released into fresh YPD medium 

(0 min) and grown for 120 min. Protein samples from the indicated time points were analyzed by western blot for 

Hrq1 (anti-MYC), the G2/M cyclin, Clb2, (anti-Clb2), or a loading control, Kar2 (anti-Kar2). The cell cycle stage was 

analyzed FACS. b) Schematic of post-replicative repair pathways. When the replication fork stalls, Pol30 (yellow 

trimer) is initially monoubiquitylated (Ub, purple circle) via Rad6-Rad18 (light and dark blue circles) on lysine 164 

(K164). Monoubiquitylation of PCNA recruits the error-prone translesion synthesis polymerases, i.e. Rev1 (gray 

circle) to bypass the lesion. Alternatively, PCNA is further poly-ubiquitylated by Rad5-Ubc13-Mms2 (light, medium, 

and dark purple complex). Polyubiquitylation of PCNA mediates error-free repair through template switching, which 

is a homolog directed process. A bypass intermediate is shown with the newly synthesized DNA in red and the lesion 

as a yellow star. c) Hrq1 functions in the same pathway as Pol30. The indicated yeast strains were five-fold serial 

diluted onto SC medium containing DMSO and/or SC medium containing the indicated amount of cisplatin. The plates 

were photographed after 2 days of incubation at 30˚C in the dark. d) Hrq1 functions in the same pathway as Rad5 and 

Ubc13. Serial dilutions of the indicated yeast strains were performed as described in c). e) Hrq1 functions in a different 

pathway than Rev1. Serial dilutions of the indicated yeast strains were performed as described in c). 

3.3.2 Epistatic relationship between hrq1Δ and the early responders of PRR 

Previous studies in plants, fission yeast, and budding yeast have confounding results as to 

whether Hrq1 functions during PRR [112,158,159]. Therefore, it remains controversial as to the 

role of Hrq1 during crosslink repair. To determine if Hrq1 has a role in PRR, we carefully and 

systematically examined the genetic relationship between HRQ1 and multiple members of the PRR 

pathway. We combined HRQ1 mutants with disruption of PRR genes and tested these mutants for 

increased cisplatin sensitivity. Since Rad6/Rad18 ubiquitylates Pol30 during early PRR steps 

(Figure 7b), we began our analysis with rad6∆ cells. When compared to wild-type, rad6∆ cells 

are sensitive to 2.5 μg/ml cisplatin whereas hrq1∆ cells are sensitive to 30 μg/ml cisplatin. Yeast 
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disrupted with both HRQ1 and RAD6, exhibit sensitivity comparable to rad6∆ alone (Figure 7c). 

These results suggest that HRQ1 likely functions in the PRR pathway downstream of RAD6.  

 

After Rad6/Rad18 mono-ubiquitinates PCNA, PCNA becomes poly-ubiquitylated on 

lysine 164 during error-free PRR (Figure 7b). At the same time, PCNA can be independently 

SUMOylated on lysine 127, which recruits the DNA helicase Srs2 (not drawn). To address whether 

HRQ1 functions downstream of PCNA ubiquitylation, we examined the genetic relationship 

between HRQ1 and PCNA ubiquitylation/sumo mutants, POL30-K164R and POL30-

K127R/K164R. Disruption of HRQ1 in combination with POL30-K164R or POL30-

K127R/K164R, results in cisplatin sensitivity comparable to either POL30 single mutants (Figure 

7d). These results are consistent with HRQ1 functioning downstream of POL30 

ubiquitylation/sumoylation during PRR. 

3.3.3 Epistatic relationship between hrq1Δ and mediators of template switch branch 

We next asked whether Hrq1 functions in the “error-free” template switching or “error-

prone” translesion synthesis branches of PRR. To do this, we first examined the genetic 

relationship between HRQ1 and members of the “error-free” branch of PRR, RAD5-UBC13-

MMS2, which polyubiquitylates PCNA (Figure 7b). Cells with both HRQ1 and RAD5 disrupted 

exhibit cisplatin sensitivity comparable to a RAD5 single mutant (Figure 7e). These findings are 

consistent with a plant study demonstrating that RAD5 functions in the same pathway as HRQ1, 

and contrast with a budding yeast study, where HRQ1 was found to function independently of 

RAD5 [112,158,159]. Potential reasons behind these discrepancies are discussed below. 

Suggesting that HRQ1 does indeed function during TS, we observe similar genetic results with 



 

 46 

another PRR member, UBC13, where hrq1∆ ubc13∆ double mutants exhibit cisplatin sensitivity 

to ubc13∆ (Figure 7e). Together, these results suggest that HRQ1 functions in the “error-free” 

branch of PRR.  

3.3.4 Synthetic lethality between hrq1Δ and rev1Δ  

Next, we determined if HRQ1 also functions in the “error-prone” translesion synthesis 

branch of PRR by examining the genetic relationship between HRQ1 and REV1, a translesion 

synthesis polymerase. We observe that hrq1∆ rev1∆ double mutant cells exhibit increased cisplatin 

sensitivity in comparison to either a hrq1∆ or a rev1∆ single mutant (Figure 7f; 20 µg/ml 

cisplatin). These results suggest that Hrq1 functions primarily in the “error-free” branch of PRR. 

3.3.5 Hrq1 function in ICL repair is distinct from intrastrand crosslink repair 

Loss of HRQ1 results in sensitivity to different types of DNA crosslinking agents including 

cisplatin and MMC. While both cisplatin and MMC cause ICLs and intrastrand crosslinks, 

cisplatin damage results in 90-95% intrastrand crosslinks whereas mitomycin C results in 90-95% 

ICLs. Therefore, by using MMC, we asked if Hrq1 has a similar function during ICL repair when 

ICLs are the predominant lesion. To address this, we examined hrq1∆ cells for sensitivity to MMC 

either alone or in combination with a rev1∆ or ubc13∆ mutant (Appendix A: Supplemental 

Figure 4a). As reported in a prior study [111], hrq1∆ cells are MMC sensitive (Appendix A: 

Supplemental Figure 4a). Like cisplatin induced DNA damage, the hrq1∆ rev1∆ double mutant 

exhibits increased MMC sensitivity compared to the single mutants (Appendix A: Supplemental 

Figure 4a). These results suggest that HRQ1 and REV1 are functioning in different pathways upon 
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MMC exposure. However, in contrast to what we observed with cisplatin damage, a hrq1∆ ubc13∆ 

double mutant exhibits increased MMC sensitivity compared to the single hrq1∆ or ubc13∆ 

mutants (Appendix A: Supplemental Figure 4a). These results suggest that Hrq1 function in ICL 

repair may be functionally distinct from intrastrand crosslink repair. 

To validate Hrq1 role in bypass of DNA intrastrand adducts, we performed genetic analysis 

using UV-C, which induces primarily 6-4 photoproducts and cyclobutane pyrimidine dimers. 

Suggesting a role in template switch, we find that a hrq1Δ rad5Δ double mutant has similar 

sensitivity to UV-C compared to rad5Δ (Appendix A: Supplemental Figure 4b). We observe 

similar results with UBC13, as a hrq1Δ ubc13Δ double mutant has similar sensitivity to UV-C as 

a ubc13Δ single mutant (Appendix A: Supplemental Figure 4b). Suggesting HRQ1 functions in 

a different pathway to TLS, a hrq1∆ rev1∆ double mutant exhibits increased UV-C sensitive 

compared to the single mutants (Appendix A: Supplemental Figure 4c). Together these results 

strengthen the conclusion that Hrq1 functions during intrastrand crosslink repair via PRR. 

3.3.6 Overexpression or stabilization of Hrq1 leads to increased recombination and 

mutation 

Since we find that Hrq1 functions during “error-free” PRR during intrastrand crosslink 

repair and is regulated by the 26S proteasome, we sought to determine if misregulation of Hrq1 

protein levels alter PRR. To do this, we determined the lysine residues that catalyze Hrq1 

degradation upon cisplatin exposure (Figure 8a). Hrq1 is 1077 amino acids and contains 77 

lysines. To identify potential ubiquitylation sites, we analyzed Hrq1 protein using UbPred, which 

predicts five ubiquitinated lysines (K164, K219, K221, K366, K872) [160]. UbPred utilized a 

random forest approach, where the classification algorithm was trained using positive and negative 
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ubiquitylation sites. In addition, we included two lysines that are conserved between Hrq1 and its 

mammalian ortholog, RECQL4 (K839, K938), as well as one lysine (K366), which is both 

predicted to be ubiquitylated by UbPred and conserved with RECQL4 [160,161]. We mutated 

these seven lysine residues to arginine at the endogenous HRQ1 locus and herein refer to this 

mutant as Hrq1-7KR. We next determined whether mutating these Hrq1 lysine residues results in 

Hrq1 protein stabilization. To test this, we performed cycloheximide chases on Hrq1-3xHA and 

Hrq1-7KR-6xHA. HA tagged was chosen in this case was because the plasmid used to place Hrq1 

under GAL promoter had an HA tag. To keep it consistent with the OE strain, the 7KR strain was 

also tagged with HA, as we would use the OE and 7KR strains in the same experiments. Initial 

efforts to tag WT Hrq1 with 6xHA failed, thus we performed the experiments with Hrq1-3xHA. 

However, we later made a Hrq1-6xHA strain and confirm that it behaved similarly to Hrq1-3xHA. 

As previously observed, Hrq1 protein levels are reduced upon cisplatin treatment (Figure 8b). In 

contrast, Hrq1-7KR protein expression remains similar in both cisplatin treated and untreated 

conditions (Figure 8b). It is interesting to note that the Hrq1-7KR mutant is not fully stabilized, 

suggesting that additional lysine residues may contribute to Hrq1 degradation independently of its 

DNA damage response function. These results suggest that the Hrq1-7KR mutant protein levels 

are misregulated in response to cisplatin. 

 



 

 49 

 



 

 50 

Figure 8. Hrq1 protein levels are stabilized following cisplatin exposure by mutating the predicted Hrq1 

ubiquitylated lysine residues to arginine 

a) Schematic of Hrq1 with lysines residues that are predicted to be ubiquitylated (K164, K219, K221, K872) or 

conserved between Hrq1 and RecQL4 (K366, K839, K938) is shown. The helicase domain is indicated in red (287-

496 aa, InterPro). b) Hrq1 protein levels are stabilized in Hrq1-7KR compared to WT. Cycloheximide chase 

experiments were performed in Hrq1-3xHA or Hrq1-7KR-6xHA expressing cells. Equal number of cells were 

collected every 30 minutes for 120 minutes. Experiment was performed in duplicate and a representative image (image 

was processed using Photoshop as described above) is shown. c) Hrq1-7KR shows similar ubiquitylation in treated 

versus untreated conditions. Lanes 1 (whole cell extract, WCE without pulldown, 10% input) serves as the control 

whereas lane 2 is the pulldown showing ubiquitylated Hrq1 as indicated. Lanes 3 and 4 is after treatment with cisplatin, 

where lane 3 is WCE and lane 4 is pulldown showing similar levels of ubiquitylated Hrq1 as untreated condition. d) 

Overexpression or stabilization of Hrq1 leads to increased recombination following cisplatin treatment. Each 

measurement (dots) and the median value from three experiments (horizontal bar) were plotted. ** represents p<0.01, 

*** represents p<0.001 e) Overexpression or stabilization of Hrq1 leads to increased mutagenesis following cisplatin 

treatment. Each measurement (dots) and the median value from two experiments (horizontal bar) were plotted. * 

represents p<0.05, ** represents p<0.01.  

 

In Figure 5e, we show that Hrq1 is ubiquitylated and that its ubiquitylation increases 30% 

upon cisplatin exposure. Since Hrq1-7KR protein levels are stabilized upon cisplatin, we examined 

whether Hrq1-7KR ubiquitylation is altered. To address this, we performed ubiquitin pulldown 

experiments in the presence or absence of cisplatin as described in Figure 5e. Unlike wild-type 

Hrq1, we do not detect increased ubiquitylation of the Hrq1-7KR mutant upon cisplatin treatment 

(Figure 8c). To confirm these findings, we performed the reciprocal experiment where Hrq1-7KR 

was pulled down and then subsequently blotted for ubiquitin (Appendix A: Supplemental Figure 

1c). However, we are unable to reliably detect ubiquitylated Hrq1-7KR either in the presence or 

absence of cisplatin (Appendix A: Supplemental Figure 1c). Together, these experiments 
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suggest that mutation of these seven lysine residues results in deregulation of Hrq1 ubiquitylation 

upon cisplatin exposure resulting in its protein stabilization (Figure 8b). 

 

We have thus far identified a function for Hrq1 in error-free PRR to mediate intrastrand 

crosslink repair and found that Hrq1 is ubiquitylated and targeted for degradation upon cisplatin 

treatment. Therefore, we hypothesized that Hrq1 may need to be degraded for completion of PRR. 

Since Hrq1 functions during template switching, which is a recombination-based pathway, we 

asked whether stabilization of Hrq1 protein levels leads to increased recombination. To test this, 

we utilized the Hrq1-7KR mutant strain. At the same time, we created a strain where we induce 

Hrq1 over-expression (Hrq1 OE) by replacing HRQ1’s endogenous promoter with a galactose-

inducible/dextrose-repressible GAL1 promoter. GAL-3xHA-Hrq1 results in an approximately 

five-fold increase in Hrq1 expression compared to Hrq1-3xHA (Appendix A: Supplemental 

Figure 5a). Therefore, we used a Hrq1-7KR strain characterized above for our studies but treated 

the cells in the same manner as the GAL-3xHA-Hrq1 cells to enable direct comparisons between 

the two strains.  

 

Using the Hrq1-7KR-6xHA mutant and the GAL-3xHA-Hrq1 strains, we performed a 

direct repeat recombination assay in the presence of galactose containing rich medium. We find 

that over-expression or stabilization of Hrq1 results in a 1.5 to 2-fold increase in total 

recombination compared to WT cells following cisplatin treatment (Figure 8d). We tried to 

perform this assay utilizing hrq1Δ cells, but they were too sensitive, and all the cells die. These 

results suggest high levels of Hrq1 following cisplatin exposure results in increased recombination. 

Yeast that grew on -Leu plates were replica plated onto 5-fluorooritic acid (5-FOA) plates, to 
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counter-select for yeast that has a functional URA3 gene. However, due to the high background 

the software could not reliably differentiate between the colonies. We plan to repeat these 

experiments but instead of replica-plating on 5-FOA plates, we will plate on SC-Leu-Ura alongside 

Sc-Leu plates.  

 

Although recombination during template switching is considered “error-free”, aberrant 

template switching can result in increased DNA mutations [162,163]. Therefore, we examined 

whether Hrq1 over-expression or stabilization increases mutagenesis. To measure mutation rates, 

we performed a canavanine mutagenesis assay. This assay measures mutations in the CAN1 

permease gene, which enables cell viability upon exposure to the toxic arginine analog, 

canavanine. We observe over two-fold increase in mutation rates in Hrq1 over-expressing or 7KR 

cells in the presence cisplatin in comparison to WT cells (Figure 8e). In untreated conditions, the 

mutation rates in Hrq1 over-expressing or 7KR cells were similar to WT cells (Figure 8e). These 

results suggest that Hrq1 must be tightly regulated following cisplatin exposure to prevent excess 

recombination and mutagenesis. 

 

Lastly, it is possible that preventing the degradation of Hrq1 results in accumulation of 

toxic DNA repair intermediates. To test this hypothesis, we examined the sensitivity of Hrq1-7KR 

cells upon cisplatin exposure (Appendix A: Supplemental Figure 5b). Surprisingly, we do not 

observe decreased cell viability of Hrq1-7KR cells compared to WT (Appendix A: Supplemental 

Figure 5b). This suggests that stabilization of Hrq1 during PRR may result in DNA repair 

intermediates that are ultimately resolved using an alternative pathway. Although we do not 

observe cisplatin sensitivity in the Hrq1-KR mutant, overexpression of the HRQ1-7KR (by using 
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a galactose inducible promoter) results in cell lethality even in the absence of DNA damage 

(Appendix A: Supplemental Figure 5c). 

3.4 Discussion 

Previous studies presented conflicting results as to whether Hrq1 functions during PRR 

[112,158,159]. There are multiple explanations for this discrepancy. For example, in S. pombe 

polyubiquitylation of PCNA (Pol30) triggers both TS and TLS. Therefore, the synthetic lethality 

observed between fission yeast HRQ1 and factors that mediate PCNA polyubiquitylation may be 

due to function in TLS rather than an independent function in TS [158]. Separation-of-function 

alleles are needed to differentiate between these two functions. Our study also contradicts another 

in S. cerevisiae, which found that Hrq1 functions independently of PRR [112]. It is possible that 

there are background strain differences since we used W303, and the other group used the YPH499 

genetic background (derived from YNN216). It is important to note that our study here performed 

extensive genetic analysis at each step of the PRR pathway whereas the other study only analyzed 

RAD5 and REV3, another TLS polymerase, mutants [112]. It is also important to note that HRQ1 

has been proposed to have a function in NER as well to mediate repair of cisplatin induced lesions 

[112,158]. Thus, the mild synthetic sickness they observed between HRQ1 and RAD5/REV1 may 

be due to HRQ1 function during NER. Furthermore, we find that our results are consistent with 

UV-C damage as well (Appendix A: Supplemental Figure 4). Altogether, we provide strong 

evidence that Hrq1 promotes recombination during TS to mediate repair of intrastrand crosslinks.  
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Recent studies S. pombe and A. thaliana showed that there is synthetic sickness between 

HRQ1 and MUS81 in repair of cisplatin-induced lesions. Consistently, we observe the same 

phenomenon in S. cerevisiae where the double knockout of HRQ1 and MUS81 has increased 

sensitivity compared to the single knockouts (Appendix A: Supplemental Figure 6a). It is 

postulated that Mus81 is needed to resolve recombination intermediates that may arise in the 

absence of HRQ1. Mus81 is canonically thought to act as a Holliday junction resolvase; however, 

it also has a role in cleaving stalled replication forks to mediated replication restart [154,164]. 

Thus, it is possible that in the absence of HRQ1, there might be an increased amount of stalled 

replication forks, which would need to be cleaved by Mus81 to mediate replication restart. We 

observed similar synthetic sickness between HRQ1 and SLX4 (Appendix A: Supplemental 

Figure 6a). Slx4 is another endonuclease that functions as a Holliday junction resolvase and has 

roles during replication. It is important to note that in the absence of HRQ1, there are increased 

gross chromosomal rearrangements (GCRs) following MMC treatment, which could be indicated 

of more double-strand breaks that could result from replication fork collapse [111]. This assay 

needs to be repeated with cisplatin to determine whether intrastrand crosslinks can also result in 

increased GCRs in the absence of HRQ1.  

 

Consistent with a role for Hrq1 in recombination during replication, we observed a 

synthetic sickness between HRQ1 and RAD27 (Appendix A: Supplemental Figure 6b). RAD27 

is the homolog to FEN1 and is critical in Okazaki fragment maturation. Early studies indicated 

that in the absence of RAD27, HR genes are critical for cellular survival [165]. This is likely 

because HR genes can mediate recombination to fill in the gaps that form in rad27Δ cells. If 

replication gaps are not filled, this can lead to a DSB where HR genes would then be required for 
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their repair. HRQ1 is not needed for DSB repair directly, as hrq1Δ cells are not sensitive to DSB 

inducing agents such as camptothecin and bleomycin [111].  Therefore, the synthetic sickness 

observed between hrq1Δ and rad27Δ could be due Hrq1 mediating recombination during 

replication. Lastly, we found that HRQ1 is epistatic to RAD51, since the double hrq1∆ rad51∆ 

mutant exhibits similar cisplatin sensitivity to a rad51Δ single mutant (Appendix A: 

Supplemental Figure 6c). This result suggests that Hrq1 works with Rad51, which is also 

consistent with a role for Hrq1 during recombination.  

 

Although epistasis and synthetic lethality/sickness are powerful genetic tools, they are not 

without their limitations. For example, rad6Δ cells are exquisitely sensitive to cisplatin (Figure 

7c) thus almost any double knockout in combination with rad6Δ would look like a rad6Δ. This 

could lead to misinterpretation where genes that are not involved in the RAD6 pathway look like 

they are. Thus, genetic relationship needs to be determined with multiple genes along the pathway 

to get a better sense to whether the gene of interest belongs in the pathway of interest. Furthermore, 

in epistatic relationships, sensitivity is used to gauge whether a gene is “upstream” or 

“downstream” of another gene, while this could be useful it also has its limitations. This is because 

sensitivity is broad phenotype which could result from multiple sources. For example, although 

RAD6 is famous for its role during damage tolerance/post-replicative repair, it can also function 

with BRE1 to regulate cell cycle progression through transcriptional regulations [166]. Because of 

its multiple roles during cellular homeostasis, RAD6-null cells are slow growing thus it may look 

more “sensitive” and thus “upstream” of another gene which may not have as many cellular 

functions.  
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A synthetic lethality or sickness relationship is defined when ε < 0 in the formula ε=WAB-

WA*WB. Where the fitness of the double mutant is less than the fitness of the multiplication of the 

single mutants [167]. Based on that calculation, we observed a rather mild synthetic sickness 

between hrq1Δ and rev1Δ (Figure 7f). A potential explanation for this mild phenotype could be 

due to the fact that there are multiple TLS polymerases and there are redundancies between the 

TLS polymerases. For example, Rad30, POL η homolog, mediates bypass of UV induced lesions, 

thus it is possible that it could also mediate bypass of cisplatin-induced intrastrand crosslinks [168]. 

If Rad30 and Rev1 could compensate for each other, then hrq1Δ rad30Δ rev1Δ cells should be 

more sensitive than hrq1Δ rad30Δ or hrq1Δ rev1Δ. Overall, although epistasis and synthetic 

lethality/sickness have technical limitations it is still a critical genetic tool, and when combined 

with functional assays it becomes a powerful discovery tool. 

 

Overexpression/stabilization of Hrq1 alone seems to be well tolerated, as there are no 

noticeable growth defects and no increased sensitivity to genotoxic agents. However, it is still 

unclear what are the long-term effects of Hrq1 overexpression/stabilization and whether it could 

lead to increased genomic instability. It is interesting that overexpression of Hrq1-7KR resulted in 

decreased viability even in the absence of treatment. In this scenario, it is possible that the 

decreased viability is due to accumulation of Hrq1 on the DNA which could stalled DNA 

replication and transcription. Stalled DNA replication and transcription could lead to replication 

fork collapse which would result in a DSB, which is lethal to the cell if left unrepaired.  

Lastly, it is possible that the increased mutations that arise from Hrq1 overexpression or 

stabilization could be due to increased utilization of TLS polymerases, such as Rev1. However, 

overexpression of HRQ1 in a rev1Δ background did not increase cisplatin sensitivity compared to 
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a rev1Δ single mutant (Appendix A: Supplemental Figure 6d). These results suggest that there 

is no increased dependency on REV1 when HRQ1 is overexpressed. It is still possible that one of 

the other TLS polymerases, such as Rad30, are causing this increase in mutations. However, it is 

important to note that Rev1 is thought to be the main TLS polymerase in bypassing cisplatin-

induced DNA lesions [168]. Furthermore, there are other error-prone DNA repair pathways that 

may be involved to repair cisplatin-induced DNA damage such as break-induced replication (BIR) 

and single-strand annealing (SSA) [154,169]. Future studies can test whether knocking out BIR 

factor, POL32, or SSA factor, RAD52, in an Hrq1 overexpressed or stabilized strain will reduce 

mutation rates following cisplatin exposure.  
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4.0 RECQL4 has a conserved role during cisplatin resistance and is similarly regulated 

4.1 Introduction 

The RecQ family of DNA helicases is highly conserved. In fact most of what is known 

about Bloom syndrome patients was first shown in yeast, as sgs1Δ cells phenocopied what was 

seen in these patients including increased sister-chromatid exchange (SCEs), premature aging, and 

meiotic and telomeric defects [103,170,171]. So naturally, we wanted to determine how much was 

conserved from Hrq1 to RECQL4. We find that, like Hrq1, RECQL4 levels decrease following 

cisplatin exposure. Furthermore, we find that RECQL4 functions in a different pathway than the 

TLS polymerase, REV1, suggesting that it may have a role during TS. Suggesting that RECQL4 

may mediate recombination, overexpression of RECQL4 leads to increased RAD51 foci formation 

and that this is partly due to its helicase function. Lastly, we observed that this increase in RAD51 

foci formation was not due to increased DSBs or ssDNA from RECQL4 overexpression. Overall, 

we observed a conserved regulatory mechanism between Hrq1 and RECQL4, that similar to Hrq1, 

RECQL4 functions in a separate pathway from REV1 and suggesting a role in recombination, high 

levels of RECQL4 is associated with increased RAD51 foci formation.  
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4.2 Material and methods 

4.2.1 Mammalian cell culture 

U2OS cells (ATCC) were cultured in DMEM w/ 10% FBS and 1x penicillin-streptomycin 

(Life Technologies: 100 U/mL penicillin, 100 μg/mL streptomycin) at 5% CO2. 

4.2.2 Mammalian cycloheximide chase 

Mammalian CHX chases were adapted from the yeast protocol and performed using U2OS 

cells. Cells were seeded into 6-well plates at 75,000 cells per well and were grown for three days 

in 10% FBS-DMEM. The cells were then treated with CHX (50 μg/ml) and 0.39% DMSO, 50 μM 

cisplatin (diluted in DMSO), or 75 µM acetaldehyde (Sigma-Aldrich). One well of each 6-well 

dish per time-point was collected and lysed in RIPA buffer [150 mM NaCl, 50 mM Tris-HCL pH 

7.2, 1% Triton X-100, 0.5 Na-deoxycholate, 0.1% SDS, 1mM EDTA, 1x Pierce Protease Inhibitor 

(Thermo), 1x Phosphatase Inhibitor (Thermo)]. Protein concentration was measured via Bradford 

assay, equal amount of protein was run on a 10% SDS-PAGE gel, transferred to PVDF membrane, 

and blotted for endogenous RECQL4 (rabbit polyclonal, Cell Signaling, 1:500, WB) and γ-tubulin 

((mouse monoclonal, Sigma Aldrich, 1:5000) or GAPDH (mouse monoclonal, UBP Bio, 1:1000) 

as a loading control. The blots were scanned, the images were cropped using Photoshop. ImageJ 

was used to determine relative protein quantity by mean gray value measurement. It was then 

normalized to the loading control and to timepoint zero.  
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4.2.3 Cell proliferation (MTS) assay 

Cells were seeded at 50,000/well in a 6 well dish. The next day 30 nM of siRNAs were 

transfected using INTERFERin (VWR #89129-930) per manufacturer’s instructions. After 48 

hours, the cells were then seeded at 5,000 cells/well in a 96-well plate, the remaining cells were 

used for western to confirm protein knockdown levels. The next morning, cells were treated with 

the indicated concentration of cisplatin. After 72 hours of treatment, 20 µl of MTS reagent was 

added to the media and allowed to incubate in the dark for two hours. Growth was measured by 

absorbance at 490 nm.  

4.2.4 Clonogenic survival assay 

Initial seeding and siRNAs transfection were performed as described for the MTS assays, 

except that after the 48 hours of siRNA treatment, the cells were then seeded 250 cells/well in a 6-

well plate. The next morning, cells were treated with the indicated concentration of cisplatin. After 

24 hours of treatment, cells were washed with PBS and fresh medium was added. Colonies were 

grown for 17 days. For staining, cells were washed twice with PBS before being fixed with 

methanol for 20 minutes and stained with crystal violet solution (0.5% crystal violet, 20% 

methanol) for 30 minutes. Colonies were counted using ImageJ plugin, ColonyArea [172]. Each 

condition was plated in triplicate and the experiment was independently performed three times. 

Results are plotted as a normalized area, where in the treated conditions were normalized to the 

untreated conditions.  
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4.2.5 Annexin V/PI staining 

Initial seeding and siRNAs transfection were performed as described for the MTS assays, 

except that after the 48 hours of siRNA treatment, cisplatin was added at 1 µM and the cells were 

treated for 24 hours. Cells were then harvest for staining according to manufacturer protocol 

(ab14085). Accuri C6 was used to quantify the number of apoptotic/dead cells.  

4.2.6 Immunostaining and imaging 

U2OS cells were seeded at 50,000 cells/well in a 6-well dish that contained a coverslip in 

each well. The next day, the cells were transfected with an empty plasmid or plasmid expressing 

RECQL4 under a CMV promoter. 72 hours following transfection, the cells were treated with or 

without cisplatin for one hour in the dark. Afterwards, the cells were washed with PBS and fresh 

medium was added. The treated cells were allowed to recover for 2 hours. The coverslip was then 

removed and fixed with 4% PFA for 20 minutes in the dark at 4˚C. After fixation, the sample was 

treated with extraction buffer and then washed and incubated overnight with α-RAD51 (1:2000). 

Subsequently, the samples were washed and then incubated with Goat anti-Rabbit IgG Alexa Fluor 

488 (1:2000) for an hour at RT. Following secondary antibody incubation, the samples were 

washed then mounted onto a slide using Prolong Gold solution with DAPI. The slides were 

allowed to dry overnight before imaging. Foci were image with Nikon-TiE, RAD51 foci was 

quantified using ImageJ plug-in, Fiji. 
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4.2.7 Neutral comet assay to detect DSBs and ssDNA 

Initial seeding and transfection and cisplatin treatment are the same as described for the 

immunofluorescence experiments with the exception that a coverslip was not added. Following 

the 2 hours recovery, the cells were trypsinized and washed before being resuspended in PBS at 

100,000 cells per milliliter. Subsequently, the cells were combined with molten LMAgarose (Cat# 

4250-050-02) at 1:10 (cells: agarose) ratio, and immediately 30 μl was pipetted onto two 20-well 

CometSlideTM (Cat# 4252-02K-01). The mixture solidified at 4ºC before being immersed in 

chilled lysis solution (Cat# 4250-050-01) overnight. Subsequently, the slides were washed three 

times with 1x S1 nuclease buffer (50 mM NaCl, 30 mM sodium acetate, pH 4.6 and 5% glycerol). 

S1 nuclease (ThermoFisher #18001016) at 20 U/ml in S1 nuclease buffer and 50 mM NaCl was 

added to one of the two slides and incubated for 30 min at 37 ºC. As a control, the other slide was 

incubated with the same solution, but without S1 addition. The slides were then washed three times 

in chilled neutral electrophoresis buffer (100 mM Tris base, 300 mM sodium acetate). Afterwards, 

the slides equilibrated in the neutral electrophoresis buffer for 30 minutes at 4ºC. The slides were 

then placed in a chilled electrophoresis unit (Cat# 4250-05-ES) and submerged with chilled 

electrophoresis buffer. Electrophoresis was then run at 21 volts for 45 minutes at room temperature 

(RT). After electrophoresis, the slides were transferred to DNA precipitation buffer (6.7 ml of 7.5 

M ammonium acetate and 43.3 ml 95% EtOH) and incubated at RT for 30 minutes. Following 

DNA precipitation, the slides were immersed in 70% EtOH and incubated for 30 minutes at RT. 

The slides were then allowed to dry overnight at RT and subsequently stained using SYBR Gold 

solution (1 ul of SYBR in 30 ml Tris-EDTA buffer, pH 7.5) for 30 minutes at RT. Afterwards, 

excess SYBR solution was removed, and the slides were dried overnight at RT. Comets were 

imaged with Nikon-TiE and quantified using Comet Assay IV software by Instem.  
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4.3 Results 

4.3.1 RECQL4 protein level decreases following cisplatin or acetaldehyde exposure 

We next sought to determine whether there is a conserved regulatory role for human 

RECQL4 following cisplatin exposure. We used U2OS cells since they are commonly used in 

DNA repair studies and Rothmund-Thompson patients with RECQL4 mutations are predisposed 

to osteosarcomas. Since RECQL4 is needed for cisplatin resistance, we hypothesized that similar 

to Hrq1 its protein levels may also decrease follow cisplatin exposure. To test this hypothesis, we 

repeated our cycloheximide chase experiments in the U2OS cell line. Similar to yeast Hrq1, 

RECQL4 protein levels decrease following cisplatin exposure in comparison to the untreated 

control (Figure 9a).  

We next determined whether this phenomenon holds true with an endogenous crosslinking 

agent, acetaldehyde. Acetaldehyde is known as the toxic byproduct of alcohol metabolism, but it 

is also naturally produced from the breakdown of various foods including yogurt, apples, etc. 

[118,119]. Acetaldehyde is highly reactive and can produce intrastrand crosslinks [117,120]. Like 

cisplatin, RECQL4 levels decrease following acetaldehyde exposure (Figure 9b). Together, these 

results suggest that there is a conserved regulatory mechanism between yeast Hrq1 and human 

RECQL4 during intrastrand crosslinks repair.  
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Figure 9. RECQL4 functions in a separate pathway from REV1 and is degraded following DNA crosslinks 

a) RECQL4 levels decrease following cisplatin treatment. U2OS cells were incubated with 50 μg/ml cycloheximide 

in the presence or absence of 50 µg/ml cisplatin. Protein extracts were analyzed by western blot for endogenous 

RECQL4 protein levels (α-RECQL4) or a loading control, Tubulin (γ-Tubulin), at the indicated time points. 

Quantification of the proportion of RECQL4 remaining relative to time 0 (before CHX addition) and the loading 

control, Tubulin, are plotted on the graph in log scale. Both untreated and treated conditions were normalized to time 

0 in their respective conditions. Each experiment was performed in triplicate with standard error plotted. b) RECQL4 

protein levels decrease following acetaldehyde treatment. U2OS cells were incubated with 50 μg/ml cycloheximide 
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in the presence or absence of 50 µg/ml acetaldehyde. Protein extracts were analyzed by western blot for endogenous 

RECQL4 protein levels (α-RECQL4) or a loading control, GAPDH (α-GAPDH), at the indicated time points. 

Quantification of the proportion of RECQL4 remaining relative to time 0 (before CHX addition) and the loading 

control, GAPDH, are plotted on the graph in log scale. Both untreated and treated conditions were normalized to time 

0 in their respective conditions. Each experiment was performed in triplicate with standard error plotted. c) Cisplatin 

exposed U2OS cells exhibit decreased viability when both RECQL4 and REV1 are knocked down by siRNA. MTS 

assay was performed on after 72 hr exposure to the indicated dose of cisplatin. Western is shown to confirmed 

knockdown of proteins, note since RECQL4 and REV1 are of similar size, the same samples were loaded twice to 

detect RECQL4 and REV1. Each experiment was performed three times with mean and standard errors plotted. d) 

Decreased cell viability following cisplatin exposure when both RECQL4 and REV1 are knocked down. Clonogenic 

survival assay with siControl (scrambled siCon), siRECQL4, siREV1, and siRECQL4 siREV1 treated cells with or 

without cisplatin. Each condition was plated in triplicate for each experiment and the experiment was performed three 

times with mean and standard errors plotted.  

4.3.2 Knockdown of REV1 and RECQL4 results in increased cisplatin sensitivity 

Since we find that Hrq1 functions in the error-free branch of PRR, we hypothesized that 

RECQL4 functions similarly. To test this, we determined the cisplatin sensitivity of U2OS cells 

with siRNA knockdown of RECQL4 alone or in combination with the error-prone PRR 

polymerase, REV1. Using an MTS assay, we find that both siRECQL4 and siREV1 individually 

treated cells are cisplatin sensitive (Figure 9c). If RECQL4 and REV1 function in the same PRR 

branch, we expect that siRNA knockdown of both RECQL4 and REV1 will result in similar 

cisplatin sensitivity as one of the single knockdown. However, if RECQL4 and REV1 function in 

different pathways, we expect increased cisplatin sensitivity when both RECQL4 and REV1 are 

knocked down. Consistent with RECQL4 and REV1 functioning in different pathways, we observe 

increased cisplatin sensitivity in the double treated siRECQL4 siREV1 cells using both MTS and 
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clonogenic survival assays (Figure 9c,d, respectively). These results suggest that, like HRQ1, 

RECQL4 may function in the error-free PRR pathway. However, functional studies are needed to 

validate these genetic results. One such experiment could be to determine whether mutation rates 

increase after cisplatin treatment in RECQL4 knock-down cells, which would suggest an increased 

utilization of TLS polymerases when RECQL4 levels are low. 

4.3.3 Knockdown of RECQL4 does not increase apoptosis following cisplatin exposure 

Consistent with other studies, we found that knockdown of RECQL4 in U2OS cells resulted 

in increased sensitivity to cisplatin (Figure 9c,d). We wanted to determine whether this decrease 

in cell number following cisplatin treatment in RECQL4 knockdown cells was due to increased 

number of cells undergoing apoptosis. To test this, we performed Annexin V/PI staining following 

24 hours of cisplatin treatment. We observed that RECQL4 knockdown did not lead to a noticeable 

increase in apoptosis, indicative of cell death (Figure 10a,b). As this was the case, we next wanted 

to test whether there was an increase in senescence. To do this, we performed western blot analysis 

to examine p21 levels following RECQL4 knockdown and observed increased p21 levels 

compared to the control conditions (Figure 10c). These results suggest that senescence may be 

increased upon RECQL4 knockdown. However other senescence markers, such beta-galactosidase 

and γ-H2AX staining and loss of Lamin B1, are needed to validate the senescence phenotype 

observed in RECQL4 knockdown U2OS cells [173,174]. It should be noted that the p21 

experiment was only performed once and is currently being repeated. However, in support of our 

preliminary findings, another study utilizing primary fibroblasts showed that RECQL4 

dysfunction either by knockdown or helicase mutations leads to increased senescence, which might 

result from increased/persistence DNA damage [175]. Together, these results suggest that the 
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decrease cell number/colony observed may be due to senescence however more studies are needed 

to validate this conclusion.  

 

Figure 10. Knockdown of RECQL4 does not lead to increased apoptosis but instead increased senescence 

a) Annexin V/PI staining following RECQL4 knockdown with or without cisplatin. b) Quantification of apoptotic 

cells from two experiments. c) Knockdown of RECQL4 leads to increased p21 protein levels. p21 was normalized to 

tubulin, siRQ4 was normalized to siCon.   

4.3.4 Overexpression of RECQL4 results in increased RAD51 foci formation and decreased 

tail moment 

Since yeast Hrq1 over-expression led to increased recombination, we examined whether 

over-expression of human RECQL4 also leads to increased recombination. To do this, we created 

a plasmid that over-expressed RECQL4 (Appendix A: Supplemental Figure 7a) and measured 

these cells for RAD51 focus formation in the presence or absence of cisplatin. RAD51 is a central 
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homologous recombination protein that is relocated to DNA repair sites following DNA damage. 

Suggesting that there is increased recombination, we find that RECQL4 over-expression results in 

a significant increase in the number of cells with RAD51 foci in both untreated and cisplatin treated 

cells (Figure 11a; p < 0.0001 for both). The number of RAD51 foci per cell were determined 

utilizing an ImageJ plug-in, Fiji. To be counted as a focus, it must be at least a certain size, that 

size was optimized from the cisplatin treated condition in each experiment. RAD51 foci from all 

conditions in an individual experiment were counted utilizing the same parameter. Since RECQL4 

is a DNA helicase, we asked whether its helicase activity would be crucial for RAD51 focus 

formation upon cisplatin exposure. Suggesting that RECQL4 DNA unwinding activity likely 

contributes to RAD51 focus formation, we observe that that RECQL4 helicase mutant, RECQL4-

K508A, exhibits reduced RAD51 foci compared to RECQL4 over-expressing cells (Figure 11a; 

p <0.01). All of this suggests RECQL4 may have a role in mediating recombination. However 

RAD51 has other roles besides recombination, thus it should be tested whether RECQL4 

overexpression can lead to increased SCEs to determine whether RECQL4 overexpression results 

in increased recombination.  
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Figure 11. Overexpression of RECQL4 results in increased RAD51 foci and decreased tail moment 

a) Overexpression of RECQL4 results in increased RAD51 foci, which is dependent on its helicase activity. U2OS 

cells were transfected with an empty plasmid or a plasmid expressing RECQL4 or RECQL4-K508A under a CMV 

promoter. The cells were either mock or cisplatin treated for one hour and after a two-hour recovery, imaged for 

RAD51 foci or DAPI by immunofluorescence. RAD51 foci were quantified from 200 cells per condition for each 

experiment. The experiment was performed three to five times and the median was graphed. Representative images 

are shown. b) Overexpression of RECQL4 results decreased tail moment following cisplatin exposure, which is 

dependent on its helicase activity. U2OS cells were treated similarly to the immunofluorescence experiment, before 

being harvested for neutral comet assay. At least 40 comets were counted per condition for each experiment. The 

experiment was performed four times and the mean and standard deviation was graphed.  
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The RAD51 foci observed upon RECQL4 over-expression could be indicative of increased 

DSB formation, recombination, or even ssDNA from excess RECQL4-mediated DNA unwinding. 

To examine whether RECQL4 overexpression leads to increased DSB formation, we performed 

neutral comet assays. We find that RECQL4 over-expression in untreated or cisplatin-treated cells 

do not increase tail moments compared to the empty control U2OS cell line (Figure 11b). 

Intriguingly, RECQL4 over-expression decreases tail moments upon cisplatin exposure. 

Suggesting that RECQL4 helicase activity is critical to prevent DSB formation following 

cisplatin, the RECQL4 helicase mutant, RECQL4-K508A, has similar tail moments to the empty 

control (Figure 11b). These finding are consistent with a role for RECQL4 in preventing DSB 

formation and fork collapse, perhaps, by enabling lesion bypass through TS.  

It is possible that the increased RAD51 foci observed may be due to more ssDNA caused 

by RECQL4 DNA unwinding. To examine whether RECQL4 over-expression results in more 

ssDNA, we quantitated the tail moments following S1 nuclease treatment. If more ssDNA is 

present, the S1 nuclease will degrade the ssDNA resulting in more DSBs. We find that treatment 

with S1 nuclease did not lead to increased neutral tail moments in RECQL4 overexpressed cells 

suggesting that RECQL4 overexpression does not result in increased ssDNA (Figure 11b). 

Overall, our studies suggests that RECQL4 over-expression does not significantly increase either 

DSBs or ssDNA. Therefore, the increased RAD51 foci observed upon RECQL4 overexpression 

could be due to increased recombination happening at the replication fork. 
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4.4 Discussion 

Unlike some of the other DNA helicases, RECQL4 has a critical role in DNA replication. 

So, besides the reasons discussed above why DNA helicases might need to be degraded following 

damage, since RECQL4 has a critical role in DNA replication initiation, it is easy to hypothesize 

that it needs to be degraded to ensure proper cell cycle progression. Our preliminary data suggests 

that this might be one of the reasons RECQL4 is degraded, as RECQL4 overexpression results in 

an increased level of cyclin B1 (G2/M) compared to the empty control (Appendix A: 

Supplemental Figure 8a). Studies suggest that cells transitioning from G2 to M phase are 

particularly sensitive to DNA damaging agents [176,177]. Thus, it possible that RECQL4 needs 

to be degraded to prevent transitioning to M-phase, where DNA damaging agents are particularly 

lethal. As we performed transient transfections to over-express RECQL4, there is a possibility that 

would we see an even more pronounced cell cycle arrest if we sorted out cells where RECQL4 is 

overexpressed. Or perhaps another way around this is to create a stable cell line where we can 

induce RECQL4 overexpression. That way we can gauge the effect of RECQL4 overexpression on 

cell cycle progression and at the same time test whether these cells have increased sensitivity to 

cisplatin. Besides overexpression, it would be critical to determine which residues lead to RECQL4 

stabilization. There are three conserved lysine residues in RECQL4: K568, K991, and K1101. 

Future studies should test whether mutation of these residues stabilizes RECQL4 following 

cisplatin exposure. Lastly, it should be noted that we did not observe cell cycle defects when we 

overexpressed/stabilized Hrq1 in the presence or absence of cisplatin (Appendix A: 

Supplemental Figure 8b). These results suggest that there are some differences between the two 

homologs, and that Hrq1 degradation is mainly due to a response to DNA damage. 
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It is interesting that even in the absence of damage RECQL4 knockdown leads to increased 

cellular senescence [175]. RECQL4 as mentioned has roles in replication, DNA damage response, 

and telomere maintenance. Dysfunction in any of these processes could lead to cellular senescence. 

However, it is important to note that RECQL4 knockdown leads to persistent DNA damage as 

observed by more 53BP1 and γH2AX foci, indicating that low levels of RECQL4 leads to an 

increased in endogenous DNA damage [175]. As aldehydes are a potential endogenous source of 

DNA crosslinks, it would be interesting whether treatment with aldehyde dehydrogenase inhibitors 

leads to increased cellular senescence in RECQL4 knockdown cells.  

Since RECQL4 overexpression leads to increased RAD51 foci and decrease neutral comet 

tails following cisplatin exposure, it is tempting to speculate that RECQL4 mediates recombination 

at stalled replication forks to prevent replication fork collapse. This could be tested by knocking 

down RECQL4 and performing a neutral comet assay with and without cisplatin. It is important to 

note that besides its role in recombination, RAD51 has roles during DNA fork regression and fork 

protection also discussed further below.   

4.5 Acknowledgement 

Phoebe Parker helped quantify the number of RAD51 foci as well as tail moments from 

the neutral comet assay. 
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5.0 Bioinformatic analysis reveals elevated RECQL4 results in similar phenotypes 

5.1 Introduction 

Our results from yeast cells demonstrated that high levels of Hrq1 are associated with 

increased recombination and mutation (Figure 8d,e). Our preliminary data with mammalian cells 

indicates that high levels of RECQL4 may also be associated with increased recombination, as 

RECQL4 overexpression is associated with increased RAD51 foci formation. Thus, we then 

wondered how much of this is seen in patients. Utilizing a bioinformatic approach, we find that 

high levels of RECQL4 are seen more in tumors than normal tissue matched samples. Like our 

experimental results, we observed that high levels of RECQL4 are associated with increased tumor 

mutation burden and RAD51 enrichment.  

5.2 Material and methods 

5.2.1 Bioinformatic analysis 

R version 3.6.1. was used for all the bioinformatic analysis. RECQL4 expression in 

different samples was determined by first transcriptomic data from The Cancer Genome Atlas 

(TCGA) and Molecular Taxonomy of Breast Cancer International Consortium (METABRIC). 

TCGA data were downloaded from GSE62944 and Log2 (TPM+1) values were used for 

downstream analysis. For the METABRIC data set, normalized probe intensity values were 
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obtained from Synapse (Syn1688369). For genes with multiple probes, probes with the highest 

inter-quartile range (IQR) were selected to represent the gene.  

  

Tumor mutation burden (TMB) calculation was performed as previous described [178]. 

Briefly, TCGA mutation annotation files from 982 patients were downloaded from FireBrowse 

and mutation subtypes were summarized using “maftools” package. Mutations subtypes were 

classified into truncated (nonsense, frame-shift deletion, frame-shift insertion, splice-site) and non-

truncated mutations (missense, in-frame deletion, in-frame insertion, nonstop). TMB was 

calculated as 2X Truncating mutation numbers + non-truncating mutation numbers.  

 

Pathway enrichment was performed by gene set variation analysis (GSVA). Using the 

GSVA program, we inputted the TNBC transcriptomic data from TCGA and METABRIC, and 

we used the defined 50 Hallmark gene sets from molecular signature database (MSigDB) as our 

gene sets. The program then provided which pathways and genes were enriched, we then stratified 

the results based on RECQL4 expression. Clinical and pathological outcome was based on analysis 

from a (Silver et al. 2010) study where cisplatin was given as a neoadjuvant therapy in 24 TNBC 

tumors. Transcriptomic data were downloaded from GSE18864. Clinical response to cisplatin was 

measured as progressive disease (PD), stable disease (SD), partial response (cPR), complete 

response (cCR). For clinical response, good and poor responders were defined as patients with 

cPR/cCR status and PD/SD status respectively. Pathological response to cisplatin was monitored 

by Miller Payne metric score (grade 1 is no significant tumor reduction and grade 5 is compete 

tumor reduction) [179]. Good and poor responders were defined as patients with a Miller Payne 

Score of 4-5 or 0-3 respectively. 
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5.3 Results 

5.3.1 Overexpression of RECQL4 leads to increased tumor mutation burden and RAD51 

enrichment 

We find that Hrq1/RECQL4 over-expression results in genomic instability, which is a 

cancer hallmark. Therefore, we asked whether RECQL4 is over-expressed in breast tumors relative 

to normal tissue. By examining mRNA levels of RECQL4 in TCGA, we observe that RECQL4 

expression is increased in tumors versus normal tissues (Figure 12a). Several tumor types where 

RECQL4 is overexpressed are treated with cisplatin, including breast cancer. Therefore, we 

focused on breast cancer where we can delineate between breast cancers that are classically treated 

with cisplatin versus those that are not. Estrogen receptor negative (ER-) breast cancers are 

generally more aggressive and typically treated with cisplatin including TNBC, an ER- breast 

cancer subtype [180]. In contrast, ER+ breast cancers are classically treated with hormone therapy 

[180]. When compared to ER+ breast cancers, ER- breast cancers have elevated levels of RECQL4 

expression (Figure 12b). Our result is consistent with another study where RECQL4 expression 

was elevated in more aggressive cancers [43]. 

 

As elevated Hrq1 protein levels in yeast result in increased mutations, we postulated that 

increased human RECQL4 expression correlates with increased tumor mutation burden. Indeed, 

when examining ER- cancers, high levels of RECQL4 correlates with increased mutational burden 

(Figure 12c).  
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When yeast Hrq1 is over-expressed, we find that both mutations and recombination are 

increased (Figure 8d,e). Therefore, we asked whether over-expression of RECQL4 results in 

increased expression of recombination genes. Using the METABRIC and TCGA mRNA 

expression datasets, we examined which cellular pathways are enriched in RECQL4 over-

expressing ER- tumors. This analysis revealed that cell cycle progression, transcriptional 

regulation, and DNA repair are enriched in RECQL4 high subset of TNBC (Figure 12d). Upon 

further analysis, we find that high levels of RECQL4 significantly correlates with genes in the HR 

pathway and specifically with RAD51 (Figure 12e). These results are consistent with our yeast 

and mammalian studies here suggesting that high levels of RECQL4 correlate with increased 

mutations and recombination. 
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Figure 12. High RECQL4 expression coincides with increased recombination, mutations, and tumorigenesis 

a) RECQL4 expression is elevated in tumors in comparison to adjacent normal tissue. RNAseq data from tumors and 

normal tissue matched samples was acquired from TCGA. The data was normalized by transcripts per million (TPM), 

then analyzed for RECQL4 expression. Box and whisker plots graph the median of the data alongside the 25th and 75th 

percentile. The number of samples alongside p-value are shown using Mann-Whitney U test. b) RECQL4 expression 

is higher in ER- breast cancer. Transcriptome data from TCGA (RNA-seq) and METABRIC (microarray) was 

analyzed for RECQL4 expression in ER- (blue) and ER+ (red) cancers. Log2 (TPM+1) and normalized probe intensity 

were used respectively. Box and whisker plots alongside each data point was graphed. The number of samples 

alongside p-value are shown using Mann-Whitney U test. c) Elevated levels of RECQL4 are associated with increased 

tumor mutation burden. The expression of RECQL4 in ER- breast tumors from TCGA was divided into quartiles 

based upon expression level. The mutation burden between the least expressing tumors (Quartile 1 – Q1, blue) and 

the highest expressing tumors (Quartile 4 – Q4, red) was analyzed. Box and whisker plots alongside each data point 

was graphed. The number of samples alongside p-value are shown. Annotated mutational data from ER- breast cancer 

was acquired from Firebrower. The mutational data was categorized using “maftools” in R. Tumor mutation burden 

was scored as described (Wang et al 2019). Significance was determined by Mann-Whitney U test. d) High expression 

of RECQL4 correlates with enrichment of DNA repair, G2M checkpoint, MYC Targets V1, E2F Targets 1 and 2 in 

TNBC. Gene set variation analysis (GSVA) was performed on TNBC gene expression data from both TCGA and 

METABRIC using the 50 Hallmark gene sets from MSigDB. Correlation between TCGA and METABRIC datasets 

was plotted for enriched pathways. e) Homologous recombination and RAD51 is enriched in TNBC tumors expressing 

high levels of RECQL4. GVSA results of “KEGG Homologous Recombination” gene set (MSigDB M11675) was 

parsed for the top 20 DNA repair genes enriched in TNBC tumors expressing high levels of RECQL4. HR pathway 

was enriched by GSVA analysis in RECQL4 high expressing TNBC compared to loss expressing TBNC. Box and 

whisker plots alongside each data point was graphed. The number of samples alongside p-value are shown using 

Mann-Whitney U test. f, g) RECQL4 expression serves as a predictor for clinical outcomes. High expression of 

RECQL4 correlates with positive response to cisplatin and favorable clinical outcome (Good responder). Analysis 

from a (Silver et al 2010) study where cisplatin was given as a neoadjuvant therapy in 24 TNBC tumors. Lower 

expressing RECQL4 tumors are shown as blue dots and high expressing RECQL4 tumors are shown as red dots. 

Clinical response to cisplatin was measured as progressive disease (PD), stable disease (SD), partial response (cPR), 
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complete response (cCR). Good and poor responders were defined as patients with cPR/cCR status and PD/SD status 

respectively. Increased RECQL4 expression correlates with a good clinical response as determined by Mann-Whitney 

U test. Pathological response to cisplatin was monitored by Miller Payne metric score (grade 1 is no significant tumor 

reduction and grade 5 is compete tumor reduction) and graphed based on RECQL4 expression. Good and poor 

responders were defined as patients with a Miller Payne Score of 4-5 or 0-3 respectively. Increased RECQL4 

expression correlates with a good pathological response as determined by Mann-Whitney U test. 

5.3.2 High levels of RECQL4 correlates with positive therapeutic response to cisplatin 

In tumor cells, DNA repair defects can result in therapeutic sensitivity. Since RECQL4 

overexpression leads to increased genomic instability, we asked whether RECQL4 expression may 

predict therapeutic response to cisplatin. In cisplatin-treated TNBCs, tumors with elevated 

RECQL4 expression have a better clinical response compared to tumors with lower RECQL4 

expression (Figure 12f,g). This suggests that increased RECQL4 levels may provide a prognostic 

marker for therapeutic response to cisplatin.  

5.4 Discussion 

Although high levels of RECQL4 are associated with tumorigenesis (Figure 12a), the 

potential underlying mechanisms of how RECQL4 could promote tumorigenesis are still being 

elucidated. First, RECQL4 is associated with replication initiation, which could be beneficial for 

cancer cells which are rapidly dividing and proliferating. Secondly, RECQL4 is critical in DNA 

repair, whereas chemotherapeutic agents are classically DNA damaging agents, such ionizing 

radiation and cisplatin, thus high levels of RECQL4 can mediate repair allowing cancer cells to 
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survive and progress even in the presence of excess DNA damage. Lastly, RECQL4 has a role in 

telomere maintenance, which could be advantageous for cancers as they need to maintain telomere 

length to survive. Here, we defined another manner of how RECQL4 dysregulation could promote 

tumor progression by potentially mediating recombination, which could lead to genomic 

instability, a hallmark of cancer.  

 

Besides increased recombination, RECQL4 dysregulation could also lead to increased 

mutations as observed in our TNBC analysis. We also repeated this analysis in ovarian cancer 

where we saw positive correlation with tumor mutation burden and RECQL4 expression levels 

(Appendix A: Supplemental Figure 7b). Increased mutations could be advantageous or 

deleterious for cancer cells. For example, mutations in certain oncogenes can lead to constitutive 

activation thus promoting tumorigenesis, one classic example being the BRAF V600E mutation 

[181]. Also, mutations could also lead to restoration of function allowing for cancer to combat 

chemotherapeutics, such as restoration of RAD51C and RAD51D in ovarian cancer to acquire 

resistance to PARP inhibitors [182]. However, mutations have also been implicated to have a 

positive impact in immunotherapy due to production of neoantigens [183,184]. For example, there 

are studies that have indicated that increased mutational load led to increased response to anti-

PD1/PDL-1 therapy [185]. Thus, it would be interesting to determine whether increased mutations 

associated with RECQL4 could serve as a predictive marker for therapeutic response to 

immunotherapy treatment. To our knowledge this has not been investigated. However there have 

been studies linking RECQL4 expression levels to cisplatin response. For example, a recent study 

showed that gastric cancer cell lines with higher expression of RECQL4 correlates with cisplatin 

resistance [44]. However, in our studies we saw that elevated levels of RECQL4 correlated with a 
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better response to cisplatin (Figure 12f,g). The difference between these two results could simply 

be because one is in a cell system while the other is in patients, where the immune system may 

have a role. It would also be interesting to determine whether there would be a synergistic effect 

with cisplatin and immunotherapy treatment in patients with increased levels of RECQL4.  

5.5 Acknowledgement 

The bioinformatic work done in this section was performed by Zheqi Li and Nolan 

Priedigkeit from Adrian Lee’s lab. I repeated the tumor mutation burden analysis with ovarian 

cancer data.  
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6.0 Discussion and future directions 

Here we identified a role for Hrq1 in mediating bypass of intrastrand crosslinks during 

replication. Although Hrq1 is needed for bypassing intrastrand crosslinks, it is paradoxically 

degraded by the proteasome following damage. Overexpression or stabilization of Hrq1 leads to 

increased recombination and mutation. We extended this study to mammalian cells showing that 

there is likely a conserved regulatory mechanism shared between Hrq1 and RECQL4, as RECQL4 

protein levels also decrease following cisplatin exposure. Overexpression of RECQL4 results in 

increased RAD51 foci following cisplatin exposure. Lastly, our bioinformatic analysis reveals that 

high levels of RECQL4 are associated with increased RAD51 expression and increased tumor 

mutation burden.  

Our current working model is after a DNA intrastrand crosslink occurs during DNA 

replication, the crosslink can stall the fork, which leads to mono-ubiquitylation of PCNA by 

Rad6/Rad18 (Figure 13). Subsequently, the lesion is bypassed by the translesion polymerase, 

Rev1, or alternatively, polyubiquitylation by Rad5-Ubc13-Mms2 promotes a template switching 

mechanism. Our model shows that Hrq1 mediates template switching and is subsequently 

ubiquitylated by Rad16 and degraded by the proteasome (Figure 13). After the replication fork 

bypasses the damage, then NER mediates removal of the intrastrand crosslink. In this chapter, we 

will discuss the outstanding questions and the broader implications of our work.  
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Figure 13. Model of Hrq1/RECQL4 function during replication-associated intrastrand crosslink repair 

6.1 Does RECQL4 belong in error-free template switch pathway 

The big question that remains is whether RECQL4 also has a function in the error-free 

template switching pathway during post-replicative repair. DNA damage repair or tolerance during 

replication is critical for our genomic integrity. In fact, work from Bert Vogelstein and Cristian 
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Tomasetti suggests that errors that arise during replication should be considered one of the major 

determinants of cancer development alongside genetics and environmental factors [186,187]. One 

of the major players during replication is the damage tolerance/PRR pathway. This pathway as 

discussed is composed of error-prone TLS branch and “error-free” template switch (TS) branch. 

Our results from budding yeast indicate that Hrq1 has a function during TS. Our initial results in 

mammalian cells suggest that RECQL4 may function similarly to Hrq1 as there is a synthetic 

sickness between RECQL4 and REV1 following cisplatin exposure. Moreover, RECQL4 is also 

cell-cycle regulated with protein levels peaking in S-phase and has a high affinity to DNA fork 

substrates with a Kd in the nanomolar range (Table 2, [107]).  

To determine whether RECQL4 acts in the TS pathway, future studies should test whether 

RECQL4 is epistatic to the Rad5 homologs, HLTF and SHPRH, following cisplatin treatment 

[188–190]. Furthermore, TS can occur with or without fork regression [162,191]. As RECQL4 can 

potentially mediate DNA fork regression due to its DNA annealing and unwinding activities, it 

would be interesting to determine what RECQL4 function is during this process. In vitro 

replication fork regression assays could be performed to test RECQL4s ability to mediate fork 

regression[192,193]. Another approach would be to use electron microscopy to determine whether 

RECQL4 overexpression leads to increased fork regression following cisplatin exposure. 

Determining RECQL4 function during DNA crosslink repair would provide insights into how 

RECQL4 dysfunction contributes to diseases such as cancer. 

6.1.1 How does Hrq1/RECQL4 get recruited to replication fork? 

If RECQL4 does indeed have a role during TS, the question then becomes how does 

Hrq1/RECQL4 get recruited to the replication fork? Is this recruitment dependent on DNA 
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damage? It is well characterized how TLS polymerases are recruited to stalled replication forks, 

as they have a putative PCNA interacting motif (PIP boxes) alongside a ubiquitin interacting motif. 

It is because of these two motifs, TLS polymerases can interact with ubiquitylated PCNA. 

However, it is still unknown how poly-ubiquitylation of PCNA can trigger TS. Furthermore, 

whether this poly-ubiquitylation of PCNA lead to recruitment of proteins involved in this pathway 

is still unclear. To test whether PCNA poly-ubiquitylation leads to recruitment of Hrq1/RECQL4, 

we could perform chromatin fractionation experiments where factors, Rad5-Ubc13-Mms2 (HLTF-

UBE2N-UBE2V2), that mediated poly-ubiquitylation of PCNA are knockdown [194]. Would 

knockdown of these factors lead to decreased Hrq1/RECQL4 at the chromatin?  

When the fork stalls the replicative helicase and DNA polymerases become uncoupled, the 

replicative will continue ahead of the polymerase leading to excess ssDNA. RPA will bind to the 

ssDNA, not only to protect it but also serve as a platform for many proteins perhaps even RECQL4. 

Consistent with this idea a study from the Bohr’s group identified that RECQL4 and RPA co-

localized via immunofluorescence [195]. Furthermore, utilizing in vitro biochemical assays they 

identified that RPA stimulates RECQL4 helicase activity. Thus, it is possible that RECQL4 gets 

recruited to stalled replication forks via an interaction with RPA. However, the potential 

interaction between RPA and RECQL4 needs to be tested by other approaches such as co-IP with 

and without damage.     

Lastly, if we do observe RECQL4 enriched at the chromatin following damage, this still 

does not necessarily mean it is being recruited to the replication fork. One technique that could be 

utilized to test whether RECQL4 is at fork is isolation of proteins on nascent DNA (iPOND). This 

technique allows for temporal analysis of proteins that are recruited to replication forks, this is 

done by labeling newly synthesized DNA with 5-ethynyl-2’-deoxyuridine (EdU), followed by 



 

 86 

crosslinking proteins to the DNA. The EdU labeled DNA can be linked to biotin using click 

chemistry, this facilitates purification of by a streptavidin-biotin purification. The protein of 

interest can then be identified by western blot. To date iPOND has only been done with 

hydroxyurea and methyl methanesulfonate [196–199]. Performing iPOND and mass-spectrometry 

in the absence or presence of cisplatin could determine whether RECQL4 is present at the 

replication fork as well as other key factors. 

6.1.2 How does Hrq1/RECQL4 mediate recombination 

Overexpression of Hrq1 or RECQL4 correlates with increased recombination or increased 

RAD51 foci respectively. It is important to note that RAD51 has roles outside of recombination, 

discussed below, nevertheless this section will focus on its roles in recombination. The question 

now becomes how does Hrq1/RECQL4 mediate recombination? Although recombination is a 

complex process involving a multitude of proteins, which can either promote or antagonize the 

process, it can be broken down to a few core steps. The first step is substrate availability, which in 

this case is ssDNA, which can arise from various sources such DNA resection, CMG (replicative) 

helicase run-off at stalled replication forks, or DNA unwinding [200,201]. The second step is 

binding of ssDNA by RPA to prevent nucleolytic degradation and/or secondary structure 

formation [202–204]. Third is the displacement of RPA for RAD51, which will facilitate homolog 

search and recombination  [205,206]. DNA helicases have the ability to be pro- and/or anti-

recombinogenic [207–209]. One classic example is the RecQ helicase, Sgs1/BLM, where it can 

promote recombination by mediating DNA end resection, but it can also antagonize RAD51 

loading thus suppressing recombination [171,208,210,211].  
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Unlike BLM, RECQL4 only has pro- recombinogenic activity, as observed in our studies 

and others, where it promotes DNA end resection during repair of DSBs [73]. We wanted to test 

whether RECQL4 overexpression would lead to increased ssDNA. We saw that there was not an 

increase of ssDNA following RECQL4 overexpression (Figure 11b), but this was examined at a 

fixed point in time, and therefore, we cannot rule out that RECQL4 overexpression may lead to 

increased ssDNA. Moreover, a possible technical limitation of this assay is that ssDNA cleavage 

by the S1 endonuclease may be inhibited by RPA. Thus, it is possible that RECQL4 overexpression 

may lead to increased ssDNA but was just not picked up by this assay. In fact, we noticed that 

overexpression of RECQL4 leads to increased phospho-CHK1, which is indicative of increased 

ssDNA and/or replication stress (Appendix A: Supplemental Figure 8c). However, this 

phenotype may be simply due to RECQL4’s role in replication initiation. Future studies should 

test the effects of Hrq1/RECQL4 overexpression on RPA foci formation as well as chromatin 

association with or without cisplatin exposure. This would give us insights on whether there is 

increased ssDNA as well as whether RPA is being displaced to mediated RAD51 loading which 

DNA helicases such as FBH1 have been shown to do. Of course, this should be correlated with 

RAD51 foci and chromatin loading and be analyzed over time, which would provide additional 

kinetic information. 

6.2 RAD51 and fork regression/protection 

We observed that RECQL4 overexpression results in increased RAD51 foci. Although 

RAD51 is canonically known as a central recombinase, recent studies have indicated RAD51 has 

other roles including fork regression and fork protection. Following fork stalling, fork regression 
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is critical to limit ssDNA accumulation, provide time and space, place the lesion in the context of 

dsDNA for repair, and enable HR-mediated processes [154,212]. Although it is still unknown how 

RAD51 mediates fork regression, it has been suggested that its strand exchange activities is not 

required for this process [213]. Once the regressed fork is formed, RAD51 is also critical for 

protecting the fork from enzymatic degradation. If the regressed arm is left unprotected, it is 

susceptible to degradation from EXO1 or DNA2 [214–216]. Consistent with a role in fork 

protection, RAD51 destabilizing mutant, RAD51-T131P, has impaired fork protection activity 

[217]. Since RAD51 has roles during these processes, it will be critical to determine whether 

RECQL4 has any role in promoting these processes. Above we already discussed possible assays 

that could be used to determine whether RECQL4 can drive DNA regression. If RECQL4 has roles 

in mediating RAD51 during fork protection, then we should see less nascent DNA degradation 

following RECQL4 overexpression. To look at fork protection, we can perform a modified fork 

protection assay. Following transient transfection with empty control or RECQL4, we can then 

pulse with 5-chloro-2’-deoxyuridine (CldU) followed by 5-iodo-2’-deoxyuridine (IdU) following 

by treatment with or without cisplatin. Nascent DNA degradation can be gauged by calculating 

the ratio of Idu/CldU, nascent DNA degradation following fork regression would lead to a lower 

IdU/CldU ratio. If RECQL4 in mediate fork protection through RAD51, then RECQL4 

overexpression should result in higher IdU/CldU compared to the empty control.  

6.3 Hrq1/RECQL4 and DNA protein crosslink repair 

Besides intrastrand crosslinks; acetaldehyde, cisplatin, and UV could also induce DNA-

protein crosslinks (DPCs), where proteins are covalently linked to the DNA. DPCs are highly toxic 
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lesions as they can interfered with normal DNA metabolism. Furthermore, DPCs can stalled DNA 

replication and transcription, which could lead to replication fork collapse and ultimately cell death 

[218]. Whether or not Hrq1 or RECQL4 has a role during DPC repair needs to be investigated. 

Human SPRTN and yeast Wss1 are proteases that mediated repair of DPCs by degrading proteins 

that are covalently linked to the DNA [218,219]. If Hrq1 has a role during DPC repair, one would 

expect that in the absence of Wss1, there will be increased dependency in Hrq1. This could be 

tested by determining the genetic relationship between Hrq1 and Wss1, if Hrq1 is needed for DPC 

repair, then deletion of HRQ1 in a wss1Δ cells should result in increased sensitivity to DPC 

inducing agents. Similar experiments could be performed in mammalian cells to determine 

whether RECQL4 knockdown in SPRTN knockdown cells will resulted in increased sensitivity to 

DPC inducing agents.   

6.4 Role of ubiquitylation in regulating RECQL4 function and level 

It is still unclear what mediates RECQL4 degradation and whether its degradation is lesion 

specific. Early on, RECQL4 was shown to interact with ubiquitin ligases, UBR1 and UBR2, of the 

N-end rule pathway [220]. However, in this study they were unable to detect ubiquitylated 

RECQL4 in HeLa cells and RECQL4 was relatively stable. It should be of note though that these 

assays were done without damage, so it is possible that ubiquitylation and subsequent degradation 

of RECQL4 is dependent on DNA damage.  

Indeed, this seems to be the case, as recent studies demonstrated that RECQL4 is 

ubiquitylated during DSBR. However, these studies have conflicting results. Lu et al observed that 

RECQL4 is ubiquitylated by DDB1-CUL4A following CDK1/CDK2 phosphorylation at S89 and 
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S251. Ubiquitylation of RECQL4 results in increased RECQL4 recruitment to chromatin and sites 

of laser-induced DSBs [55]. However, a later study by Tan et al demonstrated that RECQL4 is 

ubiquitylated at K876, K1048, and K1101 by RNF8 with the help of WRAP53β. In this case, 

RECQL4 ubiquitylation led to dissociation of RECQL4 from DSBs sites [74]. The second study 

did not interrogate whether ubiquitylation of RECQL4 by RNF8 is facilitated by CDK1/CDK2 

phosphorylation or not. Furthermore, the study by Lu et al did not determine where DDB1-CUL4A 

ubiquitylates RECQL4. Thus, it is possible that the ubiquitylation sites are different, where 

ubiquitylation by DDB1-CUL4A leads to accumulation of RECQL4 whereas RNF8-mediated 

ubiquitylation leads to its dissociation. It is also possible that DDB1-CUL4A and RNF8 compete 

to dynamically regulate RECQL4 at DSB sites. Additional studies are needed to differentiate 

between these possibilities. In these studies, they demonstrated that ubiquitylation of RECQL4 is 

critical in regulating its function during DSBR, but they did not test whether ubiquitylation of 

RECQL4 leads to its degradation. However, it is interesting to note that we did not observe 

decreased Hrq1 protein levels following IR treatment. These results are consistent with another 

study which also noted no change in RECQL4 protein levels following IR treatment as well [221]. 

However, there was a recent study that show RECQL4 is marked for degradation after 

treatment with bleomycin by the E2/E3 ubiquitin-conjugating enzyme, UBE2O, to negatively 

regulate RECQL4 function during DNA end resection [222]. It was subsequently noted that 

UBE2O overexpression induces RECQL4 degradation and thereby inhibits HR-mediated DSB 

repair as measured by DR-GFP [222]. The discrepancies between this study and the Shamanna 

study could arise from the fact that they used different cell lines, HEK293T and U2OS 

respectively. 
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To date the only DNA damaging agent that has been shown to induce RECQL4 degradation 

is bleomycin as shown in the Huang study. We showed that RECQL4 is also degraded following 

cisplatin and acetaldehyde. It would be interesting to test whether other DNA damaging agents 

evokes a similar response as RECQL4 has been implicated in multiple DNA repair pathways. Due 

to the similarities of lesions that UV and cisplatin causes, the most pertinent source of DNA 

damage to test would be UV.  

6.5 RECQL4’s role and regulation during NER? 

Besides its potential role in TS to bypass intrastrand crosslinks, one of the more interesting 

future directions would be to dissect Hrq1/RECQL4 potential role during NER. As discussed, a 

subset of RTS patients have increased UV sensitivity. Furthermore, studies in yeast and 

mammalian cells demonstrated that decreased levels of Hrq1/RECQL4 lead to increased UV 

sensitivity. Is this UV sensitivity simply due to its role during replication to bypass these lesions 

or is there something more? Supporting the notion that RECQL4 may function during canonical 

NER, RECQL4 forms foci and interacts with XPA following UV treatment, although this may be 

an artifact.[86] However in yeast, it has been shown that Hrq1 can interact with Rad14, yeast 

homolog of XPA, via Y2H [223], however other assays are needed to confirm this interaction. 

Nevertheless, if Hrq1/RECQL4 does have a role during this process, the question becomes what 

could RECQL4 be doing? Due to RECQL4 helicase activity as well as its high affinity to DNA 

bubble substrates (Table 2), could it perhaps aid in DNA unwinding following damage 

recognition? If this is the case, then one could expect recruitment of downstream factors such as 

endonuclease, XPF, to be diminished if RECQL4 knockdown following UV irradiation.   
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Our preliminary results suggest that Hrq1 is degraded following UV exposure, induces 6-

4 photoproducts and CPDs, (Appendix A: Supplemental Figure 2), it is intriguing to speculate 

that RECQL4 may also be degraded following UV irradiation. This should be tested by performing 

cycloheximide chases following UV irradiation. Ubiquitylation and subsequent degradation plays 

a key role in orchestrating lesion “hand-off” in NER [224]. For example, it has been suggested that 

DDB2 that persists at damaged DNA needs to be degraded to allow for efficient recruitment of 

downstream factors, such as the TFIIH complex [225]. It has been suggested that RECQL4 

interacts with XPA following UV irradiation. Could there perhaps be a similar regulatory 

mechanism where if RECQL4 stays at the damaged site too long it would disrupt recruitment of 

downstream factors? A stabilization mutant of RECQL4 would help address these questions. But 

for now, simply overexpressing RECQL4 and measuring recruitment of downstream factors 

following UV irradiation could be analyzed. Another way would be to determine which protein 

marks RECQL4 for degradation. Our studies demonstrated that in yeast, the E3 ubiquitin ligase, 

Rad16, helps regulate Hrq1 protein levels. Rad16 has no sequence homolog, but it functions 

similarly to UV-DDB [226]. As Rad16 binds to UV-damaged DNA and ubiquitylates yeast XPC 

homolog, Rad4 [133,227], it would be intriguing if UV-DBB could regulate RECQL4 protein 

levels during repair of UV-induced lesions.  

Another approach would be to test if VCP/p97 could mediate RECQL4 degradation. 

Valosin-containing protein (VCP)/p97 is an AAA ATPase which has been implicated to be 

involved in protein turnover and degradation [228,229]. Moreover, VCP/p97 has been implicated 

to remove ubiquitylated DNA repair proteins from the DNA to mediate timely repair [228–230]. 

Recently there have developments of p97 inhibitors, so we can test the hypothesis that p97 could 



 

 93 

mediate RECQL4 degradation [231]. If p97 has a role in mediating RECQL4 degradation, then 

treatment with p97 inhibitors should lead to stabilization of RECQL4 following damage.    

6.6 Friend or foe: tumor suppressor or therapeutic target 

The RecQ family of helicases has been labeled the “Guardians of the Genome”, whose 

function is to maintain genomic stability and thus prevent disease [1,3–6]. However, there have 

been recent studies that have suggested that RecQ helicases have oncogenic potential [43,232]. In 

fact, high levels of RECQL4 are associated with multiple types of cancer, such as breast and gastric 

[43,44]. That leads to the question whether RECQL4 functions as a tumor suppressor or is it a 

viable target for cancer therapeutics, perhaps both. Of course, the idea of targeting DNA repair 

proteins for cancer treatment is not new. One of the most famous examples is the development of 

PARP inhibitors (PARPi) to treat HR-deficient tumors [233–236]. The idea being that inhibition 

of PARP will lead to unrepaired ssDNA breaks, which could eventually lead to a collapse 

replication fork where HR factors would have to repair the resultant DSB (alternative models 

discussed below). Besides PARPi there has been a recent interest to develop DNA ligase inhibitors 

as most DNA repair processes require DNA ligases for completion [237–240]. 

Like DNA ligases inhibitors, there has been recent interest in inhibiting RECQL4 as a 

therapeutic target as it is involved in multiple DNA repair pathways. RECQL4 is also an attractive 

therapeutic target because inhibiting it could block tumor cell proliferation due to its role in 

replication initiation [47]. However, given RECQL4’s importance in replication initiation, 

targeting RECQL4 would have off target affects due to causing cellular death to both proliferating 

normal and cancer cells. Inhibitors that block RECQL4’s helicase function may be a potential 
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therapeutic target. However, studies in Xenopus suggest that RECQL4 ATPase activity is critical 

for replication initiation. Another approach would be to create inhibitors that disrupt RECQL4 

interaction with its protein partners (Figure 1, Table 1). However, to date, there is still not a full 

crystal structure of RECQL4. The closest is from the Kisker group where they have a crystal 

structure encompassing the ATPase domain and a large fraction of the C-terminus (427-1116 aa)  

[241]. With the advance of AlphaFold and other computational approaches, perhaps one day we 

will be able to accurately predict the full protein structure of RECQL4.   

Since high levels of RECQL4 are seen in multiple tumor types, it could potentially serve 

as an attractive biomarker for cancer progression. Our studies indicate that in TNBC patients, 

RECQL4 expression could serve as a predictive biomarker for cisplatin response. However it 

should be noted that since RECQL4 has a role in processing of cisplatin induced lesions, there 

have been studies that implicated that high levels of RECQL4 results in resistance to cisplatin in 

gastric cancer cell lines [44]. This is in direct contrast to what we just shown. It is possible that the 

increased mutations observed with RECQL4 over-expression elicits a tumor immune response that 

is not observed in cultured cells or perhaps the small sample size or cohort analyzed may be 

distinct. Thus, more studies are needed to explain the differences that was observed in cell lines 

versus our results.  

6.7 Limitations of bioinformatic approaches 

Although bioinformatic approaches are powerful tools, all results that come from these 

analyses need to be validate experimentally before drawing any major conclusion. For example, 

we observed that ER- tumors that had higher expression of RECQL4 had increased tumor mutation 
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burden. However, this is correlation and does not necessarily mean that high levels of RECQL4 

led to increased mutations in these tumors. To test whether high levels of RECQL4 could lead to 

increased mutations, we can perform a HPRT mutagenesis assay with or without cisplatin 

following overexpression of RECQL4 [242]. If high levels of RECQL4 can lead to increased 

mutations, then we should see increased mutations in RECQL4 overexpression cells versus the 

empty control. Our results indicates that high levels of RECQL4 is correlated with enrichment of 

HR genes, which is consistent with our yeast data that high levels of HRQ1 may lead to increased 

recombination. However, this also needs to be tested. If RECQL4 can promote recombination, 

then we should observe increased SCE in cells that overexpressed RECQL4. It would also be 

interesting to take tumor tissues and stain for RECQL4 and RAD51 to see whether they co-

localized or their expressions correlate with each other. Overall although our bioinformatic studies 

demonstrate results that are consistent with our yeast data, these are still correlation studies and 

experimental studies are needed to validate these results.   

6.8 Replication gaps suppression by RECQL4 

Loss or inhibition of Rad27/FEN1 results in increased dependency in HR factors 

[165,243,244]. It has been suggested that HR factors are needed to suppress replication gaps that 

arise from unprocessed Okazaki fragments when Rad27/FEN1 is inhibited. In yeast, we observed 

synthetic sickness between rad27Δ and hrq1Δ, as the double knockout strain is more sensitive to 

cisplatin than the single knockout strains (Appendix A: Supplemental Figure 6b). This suggests 

that Hrq1 may play a role in replication gap suppression. It would be interesting to determine if 

we would observe a similar genetic interaction between FEN1 and RECQL4. This is particularly 
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important given the recent work by the Cantor lab, that suggests replication gap accumulation is 

one of the key determinants in therapeutic response to PARPi in HR-deficient tumors [245,246]. 

If we do observe similar genetic interactions between FEN1 and RECQL4, perhaps we can target 

FEN1 in tumors that have low RECQL4 expression.  

6.9 Concluding remarks 

In this work, we expanded the role of Hrq1 to mediate intrastrand crosslinks repair. 

Furthermore, we identified that Hrq1 is degraded by the proteasome following induction of 

intrastrand crosslinks. We find that stabilization or overexpression of Hrq1 results in increased 

recombination and mutations following damage. We then extended this work in U2OS cells and 

observed that human RECQL4 is regulated similarly to yeast Hrq1 and that RECQL4 

overexpression is associated with increased recombination. Importantly, we found that treatment 

with an endogenous aldehyde, acetaldehyde, also leads to a decrease in RECQL4 levels. 

Suggesting that dysregulation of RECQL4 could perhaps lead to genomic instability in tissues that 

are exposed to high levels of aldehydes. Lastly, we extended our work analyzing breast cancer 

tumor samples and observed that high levels of RECQL4 is associated with increased RAD51 

expression and tumor mutation burden. Our studies provide additional insights into how 

dysregulation of RECQL4 could lead to genomic instability, which is a hallmark of cancer.  
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Appendix A Supplemental Figures 

 

Appendix A.1 Supplemental Figure 1 9-Myc tagging Hrq1 does not result in cisplatin sensitivity 

a) Hrq1-9myc cells displayed similar cisplatin sensitivity compared to WT cells. The indicated yeast strains were five-

fold serial diluted onto SC medium containing DMSO and/or SC medium containing the indicated amount of cisplatin. 
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The plates were photographed after 2 days of incubation at 30˚C in the dark. b) Hrq1 ubiquitylation levels are increased 

upon cisplatin exposure. Hrq1 WT strain was treated with or without 100 µg/ml cisplatin. Subsequently, Hrq1 was 

pulldown using Myc beads then analyzed by western blot for Hrq1 (α-MYC) and ubiquitin levels (α-UB). The mean 

with standard error was graph from two experiments. c) Ubiquitylated Hrq1-7KR was not detected. Hrq1-7KR strain 

was treated with or without 100 µg/ml cisplatin. Subsequently, Hrq1 was pulldown using HA beads then analyzed by 

western blot for Hrq1 (α-MYC) and ubiquitin levels (α-UB). 

 

 

 

Appendix A.2 Supplemental Figure 2 Hrq1 levels are largely unchanged following MMC treatment, but 

decreases following UV treatment 

a) Hrq1 protein levels are unchanged upon MMC treatment. Exponentially growing cells with Hrq1-9xMYC were 

incubated with cycloheximide in the presence or absence of 100 µg/ml MMC and/or 0.1% DMSO. Quantification of 

the proportion of Hrq1 remaining relative to time 0 (before CHX addition) and the loading control, Kar2. The 

experiment was performed three times with mean and standard error plotted. b) Hrq1 protein levels decreases upon 

UV-C treatment. Exponentially growing cells with Hrq1-9xMYC were incubated with cycloheximide in the presence 

or absence of 100 µg/ml MMC and/or 0.1% DMSO. Quantification of the proportion of Hrq1 remaining relative to 

time 0 (before CHX addition) and the loading control, Kar2. The experiment was performed three times with mean 

and standard error plotted. 
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Appendix A.3 Supplemental Figure 3 Hrq1 protein levels are mildly stabilized in the absence the E2 Ub-

conjugating enzyme, UBC13, or the E2 Ub-conjugating enzyme, RAD6 

a) Hrq1-9xMYC expressing ubc13∆ or rad6∆ cells were incubated with cycloheximide in the presence or absence of 

100 µg/ml cisplatin and/or 0.1% DMSO.  Protein extracts were analyzed by western blot for Hrq1 protein levels (α-

MYC) or a loading control, Kar2 (α-Kar2), at the indicated time points. b) Quantification of the proportion of Hrq1 

remaining relative to time 0 (before CHX addition) and the loading control, Kar2, are plotted on the graph in log scale 

from ubc13∆ or rad6∆ cells. Each experiment was performed in triplicate with standard error plotted. Note that the 

WT cisplatin treated time course is replotted from Figure 1C, for direct comparison to ubc13∆ or rad6∆ cisplatin 

treated cells. 
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Appendix A.4 Supplemental Figure 4 Hrq1 function in ICL repair is distinct from intrastrand crosslink repair 

a) Hrq1 functions in a different pathway as Rev1 and Ubc13 to repair ICL. The indicated yeast strains were five-fold 

serial diluted onto YPD medium containing DMSO and/or YPD medium containing the indicated amount of MMC. 

The plates were photographed after 2 days of incubation at 30˚C in the dark. b) Hrq1 functions in the same pathway 

as Rad5 and Ubc13 to repair intrastrand adducts. The indicated yeast strains were five-fold serial diluted onto YPD 

medium before being treated with the indicated dosages of UV-C. The plates were photographed after 2 days of 

incubation at 30˚C in the dark. c) Hrq1 functions in different pathway as Rev1 to repair intrastrand adducts. The 

indicated yeast strains were five-fold serial diluted onto YPD medium before being treated with the indicated dosage 

of UV-C. The plates were photographed after 2 days of incubation at 30˚C in the dark. 
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Appendix A.5 Supplemental Figure 5 High level of Hrq1-7KR results in cell lethality 

a) Hrq1-7KR protein levels are similar to WT in basal conditions. The indicative strains were grown overnight in 2% 

galactose, subsequently TCA was performed and western was run to determined protein level. b)  Stabilization or 

overexpression of Hrq1 does not lead to increased cisplatin sensitivity. The indicated yeast strains were five-fold serial 

diluted onto SC medium containing DMSO and/or SC medium containing the indicated amount of cisplatin. The plates 

were photographed after 2 days of incubation at 30˚C in the dark. Plates that were used with Hrq1-OE (GAL-HRQ1, 

galactose inducible/dextrose repressible promoter) strains were made with galactose instead of glucose medium. c) 

Overexpression of the Hrq1-7KR mutant results in cell lethality. The indicated yeast strains were grown overnight in 

SC medium containing raffinose. Subsequently they were five-fold serial diluted onto galactose SC plates. The plates 

were photographed after 2 days of incubation at 30˚C in the dark.  
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Appendix A.6 Supplemental Figure 6 Hrq1 functions with Rad51 to mediate recombination  

a) b) Hrq1 functions in a different pathway than Mus81, Slx4, and Rad27 to repair cisplatin induced lesions. The 

indicated yeast strains were five-fold serial diluted onto SC medium containing DMSO and/or the indicated amount 

of cisplatin. The plates were photographed after 2 days of incubation at 30˚C in the dark. c) Hrq1 functions in the 

same pathway as Rad51 to repair cisplatin induced lesions. The indicated yeast strains were five-fold serial diluted 

onto SC medium containing DMSO and/or the indicated amount of cisplatin. The plates were photographed after 2 

days of incubation at 30˚C in the dark. d) Overexpression of Hrq1 does not rescue rev1Δ. The indicated yeast strains 

were five-fold serial diluted onto SC medium with 2% galactose containing DMSO and/or indicated amount of 

cisplatin. The plates were photograph after 2 days of incubation at 30˚C in the dark. 
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Appendix A.7 Supplemental Figure 7 High RECQL4 levels is associated with increased tumor mutation burden 

in ovarian cancer. 

a) pCMV-RECQL4-KA promotes similar overexpression compared to pCMV-RECQL4. Protein extracts from cells 

3 days post-transfection. Endogenous RECQL4 was detected using α-RECQL4, GAPDH served as a control. b) 

Elevated levels of RECQL4 are associated with increased tumor mutation burden in ovarian cancer. The expression 

of RECQL4 in ovarian tumors from TCGA was divided into quartiles based upon expression level. The mutation 

burden between the least expressing tumors (Quartile 1 – Q1, blue) and the highest expressing tumors (Quartile 4 – 

Q4, red) was analyzed. Box and whisker plots alongside each data point was graphed. The number of samples 

alongside p-value are shown. Annotated mutational data from ovarian cancer was acquired from Firebrower. The 

mutational data was categorized using “maftools” in R. Tumor mutation burden was scored as described (Wang et al 

2019). 
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Appendix A.8 Supplemental Figure 8 Unlike yeast, RECQL4 overexpression is associated with cell cycle defects 

a) Three-day post transfection, the cells were treated with the indicated dosages of cisplatin (µM) for an hour, before 

protein was extracted. Transfected RECQL4-myc was detected using α-myc, cyclin B1 served as the G2/M marker, 

GAPDH served as a control. b) Stabilization or overexpression of Hrq1 lead to no cell cycle defects. The indicated 

strains were either untreated (asynchronous, AS) or cell cycle arrested in G1 with α-factor. The α-factor arrested cells 

were subsequently released into fresh YPD medium or YPD medium containing cisplatin (100 µg/ml) and grown for 

180 min. Samples were taken even 20 minutes and subsequently fix and stained with propidium iodide. The cell cycle 

stage was analyzed FACS. c) RECQL4 overexpression leads to increased phosphor-CHK1. Protein extracts from cells 

3 days post-transfection. Endogenous RECQL4 was detected using α-RECQL4, GAPDH served as a control, 

phosphor-CHK1 was normalized to total CHK1 levels. Quantification is the average from two separate experiments.  
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Appendix B Supplemental Tables 

Appendix B.1 Supplemental Table 1: Yeast strains and plasmids 

Yeast strains 

Appreviated 
Genotype Strain ID Genotype 

Strain 
Background Reference 

WT W9100-17D 
MAT a ADE2 leu2-3,112 his3-11, 
15 ura3-1 TRP1 lys2Δ RAD5 W303 This study 

Hrq1-9myc KBY642-1 

MAT a ade2-1 can1-100 leu2-
3,112 trp1-1 ura3-1 LYS2 RAD5 
Hrq1-9myc:HISMX6 W303 This study 

pdr5Δ Hrq1-
9myc KBY872-4D 

MAT a Hrq1-9myc::HIS3MX6 
pdr5::hphNT1 ADE2 his3-11,15  
leu2-3,112  trp1-1  ura3-1 lys2∆ 
RAD5  W303 This study 

pdr5Δ Hrq1-
9myc UB KBY1346 

MAT a Hrq1-9myc::HIS3MX6 
pdr5::hphNT1 ADE2 his3-11,15  
leu2-3,112  trp1-1  ura3-1 lys2∆ 
RAD5 CUP-6His-UB W303 This study 

pdr5Δ Hrq1-
7KR UB KBY1347 

MAT a Hrq1-7KR-6HA::KanMX 
pdr5::hphNT1 ADE2 his3-11,15  
leu2-3,112  trp1-1  ura3-1 lys2∆ 
RAD5 CUP-6His-UB W303 This study 

rad16Δ Hrq1-
9myc KBY1293-1 

MAT a ade2-1 can1-100 leu2-
3,112 trp1-1 ura3-1 LYS2 RAD5 
Hrq1-9myc:HISMX6 
rad16::hphNT1 W303 This study 

rad6Δ Hrq1-
9myc KBY1326 

MAT a ade2-1 can1-100 leu2-
3,112 trp1-1 ura3-1 LYS2 RAD5 
Hrq1-9myc:HISMX6 
rad6::KanMX W303 This study 

ubc13Δ Hrq1-
9myc KBY1291-1 

MAT a ade2-1 can1-100  his3-
11,15  leu2-3,112 ubc13::TRP1  
ura3-1 LYS2 RAD5 Hrq1-
9myc:HIS3MX6 W303 This study 

Hrq1-OE KBY1348 

MAT a ADE2 leu2-3,112 his3-11, 
15 ura3-1 TRP1 lys2Δ RAD5 
GAL1-3HA-HRQ1 W303 This study 
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Supplemental Table 1 continued 

Hrq1-7KR KBY1349 

MAT a ADE2 leu2-3,112 his3-11, 
15 ura3-1 TRP1 lys2Δ RAD5 
HRQ1-7KR-6HA::KanMX W303 This study 

WT CAN1 KBY 824-29A 
MAT alpha ADE2 TRP1 LYS2 
CAN1  W303 Gaines et al. 2015 

Hrq1-OE CAN1 KBY1350 
MAT alpha ADE2 TRP1 LYS2 
CAN1 GAL1-3xHA-HRQ1 W303 This study 

Hrq1-7KR 
CAN1 KBY1351 

MAT alpha ADE2 TRP1 LYS2 
CAN1 HRQ1-7KR-6HA::KanMX W303 This study 

WT DRR KBY225-9C 

MAT alpha ADE2 his3-11 
leu2∆EcoRI::URA3-
HO::leu2∆BsteII  lys2∆ trp1-1 W303 This study 

Hrq1-OE DRR KBY1352 

MAT alpha ADE2 his3-11 
leu2∆EcoRI::URA3-
HO::leu2∆BsteII  lys2∆ trp1-1  
GAL1-3HA-HRQ1 

W303 

This study 

Hrq1-7KR DRR KBY1353 

MAT a ADE2 his3-11 
leu2∆EcoRI::URA3-
HO::leu2∆BsteII  lys2∆ trp1-1 
HRQ1-7KR-6HA::KanMX 

W303 

This study 

rad6Δ W9197-7A 
MAT a rad6::KanMX TRP1 ADE2 
LYS2 ura3-1 leu2-3,112 his3-11,15 W303 Boehm et al. 2016  

hrq1Δ  KBY640-3A 

MAT alpha hrq1::hphNT1 ADE2 
leu2-3,112 his3-11,15ura3-1 trp1-
1 lys2∆ RAD5 

W303 
This study 

rad6Δ hrq1Δ  KBY1325 

MAT alpha hrq1::hphNT1 
rad6::KanMX ADE2 leu2-3,112 
his3-11,15ura3-1 trp1-1 lys2∆ 
RAD5 

W303 

This study 

Pol30-
K127,164R R1350 

MAT a ADE2 his3-11,15 
bar1::LEU2 trp1-1 LYS2 ura3-1 
RAD5 pol30-K127R,K164R 

W303 
This study 

Pol30-K164R R1351 

MAT a ADE2 his3-11,15 
bar1::LEU2 trp1-1 LYS2 ura3-1 
RAD5 pol30-K164R W303 This study 

Pol30-
K127,164R 
hrq1Δ KBY1313-2B 

MAT a ADE2 his3-11,15 
bar1::LEU2 trp1-1 LYS2 ura3-1 
RAD5 pol30-K127R,K164R 
hrq1::hphNT1 W303 This study 

Pol30-K164R 
hrq1Δ KBY1314-6B 

MAT a ADE2 his3-11,15 
bar1::LEU2 trp1-1 LYS2 ura3-1 
RAD5 pol30-K164R hrq1::hphNT1 W303 This study 

rad5Δ  KBY851-5C 
MAT alpha ADE2 TRP1 lys2 
rad5::natNT2 W303 This study 

rad5Δ hrq1Δ KBY1305-2A 
MAT a ADE2 TRP1 
hrq1::kanMX4 rad5::natNT2 W303 This study 
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Supplemental Table 1 continued 

ubc13Δ  KBY1145-2A 

MAT alpha ADE2 LYS2 TRP1 
leu2-3,112 ura3-1 ubc13::HIS3 
RAD5 W303 This study 

ubc13Δ hrq1Δ KBY1297-1D 

MAT alpha ADE2 hrq1::kanMX4 
ubc13::HIS3 TRP1 ura3-1 leu2-
3,112 RAD5 W303 This study 

rev1Δ KBY1322-1 

MAT a ADE2 leu2-3,112 his3-
11,15 ura3-1 TRP1 lys2∆ RAD5 
rev1::KanMX W303 This study 

rev1Δ hrq1Δ KBY1323-4D 

MAT a ADE2 leu2-3,112 his3-
11,15 ura3-1 TRP1 lys2∆ RAD5 
rev1::KanMX hrq1::hphNT1 W303 This study 

 

Plasmids 

Name Background Purose 
Selection 
marker  Reference 

pFA6a-HIS pFA6a 
Knockout yeast gene with HIS3 
Marker HIS, Amp This study 

pFA6a-hphNT1 pFA6a 
Knockout yeast gene with hphNT1 
Marker HYG, Amp This study 

pFA6a-KanMX pFA6a 
Knockout yeast gene with KanMX 
Marker G418, Amp This study 

pFA6a-natNT2 pFA6a 
Knockout yeast gene with natNT2 
Marker NAT, Amp This study 

pFA6a-TRP1 pFA6a 
Knockout yeast gene with HIS3 
Marker TRP1, Amp This study 

pYM14 PYMN 6HA C terminal tag G418, Amp This study 

pYM19 pYM 9Myc C terminal tag HIS, Amp This study 

pYM-N24 pYM 
Place gene of interest under GAL1 
promoter, N-terminal 3-HA tag NAT, Amp This study 

pHrq2 YIplac211 
Intergration vector which contains 
Hrq1-7KR to preform mutagenesis Amp This study 

YEpHisUbStu Yep 
2µ plasmid for pCUP-6xHis-
ubiquitin expression TRP1, Amp This study 

pCMV-3B pCMV Empty control plasmid Kan This study 
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Supplemental Table 1 continued 

pKB-240 pCMV 

N terminal Myc tagged RECQL4 
under CMV promoter, to 
overexpress RECQL4 Kan This study 

pKB-999 pCMV 

N terminal Myc tagged RECQL4-
K508A under CMV promoter, to 
overexpress RECQL4-K508A Kan This study 
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Supplemental Table 2: PCR Oligonucleotide and siRNAs 

 
PCR Oligonucleotide 

Name Sequence Purpose 

Hrq1-S1 

CATATTGAGATGGTTAAGGTCGTAGAAAAG
AAATGTTCATTTGAGAAGGAAAAATGCGTA
CGCTGCAGGTCGAC 

Knockout/Tagging of HRQ1 

Hrq1-S2 

GTAGTAGAATAGAGTATTTATATTCGGTTTA
CAAACTACAAATAGCGTGCTCAATCGATGA
ATTCGAGCTCG 

Knockout/Tagging of HRQ1 

Hrq1-S3 

GAGCTACGAAAGACGATACTCATACAAATG
AAATCATTAAAAAAGAGATATGACGTACGC
TGCAGGTCGAC 

Tagging of HRQ1 

Hrq1-S4 

CCACTCCCTTGACCTGCTGACTTCAGTTTCT
TTTTGATAGGTCCTTCCTCCATCGATGAATT
CTCTGTCG 

Tagging of HRQ1 

Hrq1-Seq_F CAGAAGAGAAAGGCATACCGTC Sequencing of HRQ1 
Hrq1-Seq_R CTGTGCATCAACAAGGTGACAG 
Hrq1-Seq1 AACGCTCATGGTCTGCAA Internal primers for 

sequencing of HRQ1 to 
confirm mutagenesis 
  

Hrq1-Seq2 AGCCAGAGGAAAGAGCTT 
Hrq1-Seq3 CCCACTATCAATGGCGAA 
Hrq1-Seq4 AGGATCATCGATGCCATC 

Prd5-S1 

AGACCCTTTTAAGTTTTCGTATCCGCTCGTT
CGAAAGACTTTAGACAAAAATGCGTACGCT
GCAGGTCGAC Knockout of PDR5 

Prd5-S2 

AAAAAGTCCATCTTGGTAAGTTTCTTTTCTT
AACCAAATTCAAAATTCTATTAATCGATGA
ATTCGAGCTCG 

Pdr5-Seq_F AACCTTATGGCTGTTCGC Sequencing of PDR5 
Prd5_Seq_R CCGATGAGATAACCTAGG 
Pol30-Seq_F CGTACTTTGCTTCCTCTG Sequencing of POL30 
Pol30-Seq_R GAAACCCTGAATACCACG 

Rad16-S1 

GTAATTTTAGATACTCTTGGCCGTATAACTG
GTGTACCAACTGAAAAATCATGCGTACGCT
GCAGGTCGAC Knockout of RAD16 

Rad16-S2 

GAAGAAAATGCGTTGTATCCTTTGCTACAC
ATGGTCTTAGACAACTTACCTGAATCGATG
AATTCGAGCTCG 

Rad16-Seq_F GCACAGATAGGACCTTAAGG Sequencing of RAD16 
Rad16-Seq_R GAGTCGGCCATTCCAATA 
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Supplemental Table 2 continued 

Rev1-S1 

ACAGATTTTCTCAAAATAAATCGATACTGC
ATTTCTAGGCATATCCAGCGATGCGTACGCT
GCAGGTCGAC Knockout of REV1 

Rev1-S2 

TTCGCAAACTGCGTGTTTACTGTATGCTGAA
ATGTTTTTTTTTTTTTAATTCAATCGATGAAT
TCGAGCTCG 

Rev1-Seq_F GGCAACCTTTAAGCACCA Sequencing of REV1 
Rev1-Seq_R GAGTCGGCCATTCCAATA 

siRNAs 
Name Sequence Purpose 

siCon 
Dharmacon, ON-TARGETplus, Non-targeting 
siRNA #1, Catalog #D-001810-01 siRNA control 

siRECQL4 
CAAUACAGCUUACCGUACA, Dharmacon, 
Custom siRNA, ON-TARGETplus RECQL4 knockdown 

siREV1 
Dharmacon, ON-TARGETPlus, REV1, Catalog# J-
008234-05 REV1 knockdown 
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Appendix B.3 Supplemental Table 3: Antibodies 

 

Antibodies 

Name Catalog Species Purpose Dilution 

C-Myc 
Santa Cruz Biotechnology #sc-
40 

Mouse 
monoclonal Western 1:500 

Clb2 
Santa Cruz Biotechnology #sc-
9071 

Rabbit 
polyclonal Western 1:2000 

Kar2 
Santa Cruz Biotechnology #sc-
33630 

Rabbit 
polyclonal Western 1:5000 

RECQL4 Cell Signaling #2814 
Rabbit 
polyclonal Western 1:500 

γ- tubulin Sigma Aldrich #T5326 
Mouse 
monoclonal Western 1:5000 

GAPDH UBP Bio #Y1040 
Mouse 
monoclonal Western 1:1000 

REV1 
Santa Cruz Biotechnology #sc-
393022 

Mouse 
monoclonal Westwern 1:1000 

Ubiquitin 
Santa Cruz Biotechnology # sc-
8017 

Mouse 
monoclonal Western 1:1000 

RAD51 Abcam #ab63801 
Rabbit 
polyclonal Immunofluorescence 1:2000 

Anti-Mouse 
HRP 

Jackson ImmunoResearch 
Laboratories #115-035-003 Goat Western 1:10000 

Anti-Rabbit 
HRP 

Jackson ImmunoResearch 
Laboratories #111-035-003 Goat Western 1:10000 

Anti-Rabbit IgG 
Alexa Fluor 488 ThermoFisher #A-11034 Goat Immunofluorescence 1:2000 
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