
Loyola University Chicago Loyola University Chicago 

Loyola eCommons Loyola eCommons 

Master's Theses Theses and Dissertations 

9-1-2024 

Understanding the Mystery of R-Loops and Their Relationship to Understanding the Mystery of R-Loops and Their Relationship to 

Nucleolar Stress Nucleolar Stress 

Kevin Shane 
Loyola University of Chicago Graduate School 

Follow this and additional works at: https://ecommons.luc.edu/luc_theses 

 Part of the Molecular Biology Commons 

Recommended Citation Recommended Citation 
Shane, Kevin, "Understanding the Mystery of R-Loops and Their Relationship to Nucleolar Stress" (2024). 
Master's Theses. 4557. 
https://ecommons.luc.edu/luc_theses/4557 

This Thesis is brought to you for free and open access by the Theses and Dissertations at Loyola eCommons. It 
has been accepted for inclusion in Master's Theses by an authorized administrator of Loyola eCommons. For more 
information, please contact ecommons@luc.edu. 

https://ecommons.luc.edu/
https://ecommons.luc.edu/luc_theses
https://ecommons.luc.edu/td
https://ecommons.luc.edu/luc_theses?utm_source=ecommons.luc.edu%2Fluc_theses%2F4557&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/5?utm_source=ecommons.luc.edu%2Fluc_theses%2F4557&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ecommons.luc.edu/luc_theses/4557?utm_source=ecommons.luc.edu%2Fluc_theses%2F4557&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:ecommons@luc.edu


 

LOYOLA UNIVERSITY CHICAGO 

 

UNDERSTANDING THE MYSTERY OF R-LOOPS AND THEIR RELATIONSHIP TO 

NUCLEOLAR STRESS 

 

A THESIS SUBMITTED TO  

THE FACULTY OF THE GRADUATE SCHOOL 

IN CANDIDACY FOR THE DEGREE OF  

MASTER OF SCIENCE   

 

PROGRAM IN INTEGRATIVE CELL BIOLOGY 

 

BY 

 KEVIN SHANE 

CHICAGO, ILLINOIS 

AUGUST 2024 

  



 

 

 



iii 

 

ACKNOWLEDGEMENTS 

Thank you to my committee for giving me their time and effort to improve my way of 

thinking about science. My program director, Dr. Phong Le, was a welcoming and helpful 

presence throughout my time at Loyola. I would specifically like to thank Dr. Weihang Chai for 

allowing me to join her lab, her dedication in improving my science, and general advice about 

life. I would also like to thank the members of the Chai lab for their constant support and advice. 

They were always extremely friendly to me and gracious in answering any question I had. A 

special thank you to the administrative director of student academics and wellness, Anna 

Sofinski (Dauzvardis). Anna went above and beyond to help me every step of the way in the 

thesis process. Also, my friends from Loyola were a great support system and made pursuing this 

masters degree a great experience. Lastly, I would like to thank my family for supporting me, 

and putting up with me, during this process. 



iv 

 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS………………………………………………...…………….………iii 

 

LIST OF TABLES………………………………………………………………………….…….vi 

 

LIST OF FIGURES……………………………………………………………...………………vii 

 

LIST OF ABBREVIATIONS………………………………………………………..….…...…viii 

 

ABSTRACT...…………………………………………………………………………...…….....ix 

 

CHAPTER ONE: BACKGROUND AND RATIONALE OF THE RESEARCH...……..………1 

      How R-Loops Form……………..……………..………………………………….…………..1 

      Regulatory Role of R-Loops………..……………...……………………………….…………2 

      Effects of Abnormal R-Loop Accumulation in Cells…...………………….…………………4 

      Cell Capabilities in Resolving R-Loops..………………………………….……………….…5 

      Effects of R-Loop Formation on Gene Expression……...……………………………….……7 

      Detecting R-Loops and the Controversy Behind it……..………….………….……………....8 

      R-Loops, Cancer, and the Therapeutic Possibilities…..……………………………………....9 

      Senataxin ……………………………………………………………..……………………...10 

      Nucleolus and Nucleolar Stress………..…..………………………………………………...11 

      NPM1…………………..…………………………………………………………………….12 

      p53……………………………..……………………………………………………………..13 

      Fibrillarin……………………..……………………………………………………………...14 

      Actinomycin D. ……………………..……………………………………………………….14 

      Rationale of the Research…………………..………………………………………………..15 

 

CHAPTER TWO: MATERIALS AND METHODS…………….…………………………..….17 

      Cell Culture………………………..………………………………………………..………..17 

      Live-Cell Imaging to Visualize the Localization of Nuclear R-loops Upon Drug     

Treatment……………………………...………………………………………………………....17 

      Quantification of Live-Cell Imaging…………………………..…………………………….18 

      siRNA Transfection of Senataxin……..………………………………..................................18 

      Western Blotting……..…………………………………………………………....................19 

      Immunofluorescence………..………………………………………………………………..20 

      DNA Extraction and Quantification...…………..…………………………………………...21 

      Dot Blot……………………..………………………………………………………………..21 

      Dot Blot Quantification………..……………………………………………………………..22 

      Cell Viability Measurements……………..………………………………………………….22 

      Statistical Analysis……………………………………………………………………….22 

 

CHAPTER THREE: REULTS…………………………………………………………………..23 

I. DETERMINE WHETHER DNA DAMAGING OR DNA REPAIR INHIBITING 

CHEMOTHERAPEUTIC AGENTS AFFECT R-LOOP ABUNDANCE AND 

LOCALIZATION IN THE NUCLEUS …...………………….………………..…………...…...23



v 

 

II.: DETERMIINE WHETHER R-LOOPS ARE ENRICHED IN THE NUCLEOLUS AND 

WHETHER INCREASING THE ABUNDANCE OF R-LOOPS CAN ACTIVATE THE 

NUCLEOLAR STRESS PATHWAY.….…………………………………………..…………...34 

 

III: DETERMINE WHETHER INCREASING R-LOOP ABUNDANCE DECREASES CELL 

VIABILITY.………… ………………..………………………………………………………...42 

 

CHAPTER FOUR: DISCUSSION…………………………………………………….....……...45 

 

APPENDIX: Additional Data……………………………………………………………………48 

 

REFERENCE LIST……….……………………………………………………………………..50 

 

VITA……………………………………………………………………………………………..55 

 

 

 

 

 

 

 

 



vi 

 

LIST OF TABLES 

Table 1. List of DNA Damaging or DNA Repair Inhibiting Drugs Used…………………….…24



vii 

 

LIST OF FIGURES 

 

Figure 1. Nascent RNA Binding to Complimentary DNA is the Dominant Mechanism of R-Loop 

Formation……………………………………………………………………………………….....2 

 

Figure 2. Scheme of Dot Blot to Identify Relative R-Loop Abundance …...……….…………..25 

Figure 3. DNA Damaging and DNA Repair Inhibiting Agents Appear to Increase R-Loops…..25   

Figure 4. Scheme of Major Domains of RNaseH1 and its Catalytically Inactive Variant………28 

Figure 5. Effect of DNA Damaging and DNA Repair Inhibiting Agents on R-Loop Zone 

Localization and Abundance in U2OS Cells.…………………..……………………..................30 

 

Figure 6. Average R-loop Zones Per Treatment Counted Using Imaris Software. ……………..31 

Figure 7. Immunofluorescence Showing R-Loop Localization in the Nucleolus ……………....35 

Figure 8. Knockdown of SETX Likely Increases R-Loops …………………….……………….36 

Figure 9. Fibrillarin Rings Seen in Cells with Partial SETX Knockdown....………………. …..38 

Figure 10. SETX Knockdown Elevates p53 Expression in Cells .…………...……………....….41 

Figure 11. Cell Count Graph Showing No Clear Decrease After SETX siRNA Treatment with 

Olaparib, Cisplatin. ………………………………………….…………………………………..43 

 

APPENDIX 

Figure 1.  SETX Knockdown and Corresponding Dot Blot Membrane…………………..……..49



 
 

viii 

 

LIST OF ABBREVIATIONS 

SETX    Senataxin  

RNAPII Ribonucleic Polymerase II 

DNA     Deoxyribonucleic acid 

ds          Double stranded 

dsDNA Double stranded deoxyribonucleic acid 

DSB      Double strand breaks 

Lnc        Long non-coding  

FC         Fibrillar center 

DFC      Dense fibrillar center 

GC        Granular component 

MDM2/4 Mouse double murine 2/4 

HDM2   Human double murine 2 

AML     Acute Myeloid Leukemia 

HOXA  Homeobox A cluster  

BRD4    Bromodomain-containing Protein 4 

ATR      Ataxia telangiectasia and Rad3-related protein 

CHK1    Checkpoint kinase 1 

RNA      Ribonucleic acid 

DRIP     DNA-RNA immunoprecipitation 

NPM1    Nucleophosmin 1 

HBD-EGFP   Hybrid-enhanced green fluorescent protein 

HDM2   Human double murine 2 

PFA       Paraformaldehyde  

HRP       Horseradish peroxidase 

mL         Milliliter 

PBS       Phosphate buffered saline 

PBST     Phosphate buffered saline tween 

IF           Immunofluorescence 

U2OS    Human osteosarcoma cell line 

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase 

MDA-MB-231 Triple negative breast cancer cell line 

Act. D.  Actinomycin D. 

MTT    3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide 

MMC     Mitomycin C 

TRC       Transcription replication conflict 

siRNA    Small interfering RNA  

 

 



 
 

ix 

 

ABSTRACT 

 

Genomic instability is an increase in the likelihood of DNA mutations and genetic changes 

during cell division, a common feature in cancer cells. One cause of genomic instability comes 

from the aberrant formation of three-stranded nucleic acid structures called R-loops. R-loop form 

when an RNA strand hybridizes to its complementary strand of DNA, forming a stable 

RNA:DNA hybrid and displacing one free strand of DNA 1. Accumulation of unscheduled R-

loops can lead to replication stress, fork collision, gene expression changes, and double-strand 

breaks that are underlying causes of genome instability and the development of many diseases, 

including cancer 2. Many cancers, such as breast, lung, ovarian, and prostate, have all been found 

to have an accumulation of R-loops 3.  

The nucleolus is a membrane-less organelle inside the nucleus. It is where ribosomal DNA 

(rDNA) transcription, ribosomal RNA (rRNA) modification, and assembly of ribosomes occur 4. 

This is the most energetically intensive process in the cell 4,5. In cancer cells, nucleoli are 

typically increased in size and/or number due to the increased protein production a cancer cell 

needs to survive, a sign of poor prognosis in many cancer types 6,7. The nucleolus is also a sensor 

of cellular or genomic stress and can induce p53 activation upon stress 8.  

Due to the high volume of transcription occurring in the nucleolus, it is likely that a well-

regulated R-loop homeostasis is important to the proper functioning of the nucleolus. While it is 

well known that the nucleolus responds to a vast array of stressors, it is currently unknown if an 

increase in genomic R-loops can cause nucleolar stress. I hypothesize that increasing R-loop 

abundance in cells will cause nucleolar stress. In addition, increasing R-loop abundance will 



 
 

x 

 

sensitize cancer cells to DNA damage inducing or DNA repair inhibiting chemotherapeutic 

agents. I tested this hypothesis with the following aims. 

 

Aim 1. Determine whether DNA damaging or DNA repair inhibiting chemotherapeutic agents 

affect R-loop abundance and localization in the nucleus  

I hypothesized that the addition of DNA damage inducing or DNA repair inhibiting 

chemotherapeutic agents would alter R-loop abundance and localization in cells. My results 

show that selected DNA damage inducing or DNA repair inhibiting chemotherapeutic agents 

including Cisplatin and Olaparib slightly increase the abundance of R-loops in cells, but none of 

the tested chemotherapeutic agents alter the relative location of R-loops in the nucleus.  

 

Aim 2. Determine whether R-loops are concentrated in the nucleolus and whether increasing the 

abundance of R-loops can activate the nucleolar stress pathway 

 I hypothesized that R-loops were concentrated in the nucleolus, and increasing R-loops 

would activate the nucleolar stress pathway. My immunostaining results show that R-loops 

appear to be concentrated in the nucleolus and increasing R-loop abundance in cells partially 

activates the nucleolar stress pathway. 

 

Aim 3. Determine whether increasing R-loop levels decreases cell viability 

I hypothesized that increasing R-loop levels with an addition of DNA damaging, and 

DNA repair inhibiting drugs and knockdown of Senataxin would activate the nucleolar stress 

pathway leading to a decrease in cell viability. Unfortunately, no reliable data could be 



 
 

xi 

 

gathered from this aim. The results in this aim were unreliable due to an inconsistent cell 

counting method and low cell seeding density.     
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CHAPTER ONE  

BACKGROUND AND RATIONALE OF THE RESEARCH 

 

How R-loops Form 

The R-loop in its basic form is a three-stranded structure that occurs when an RNA strand 

hybridizes to its complementary DNA strand. The binding of the newly transcribed nascent RNA 

strand to its complimentary DNA strand causes the displacement of the unbound DNA strand, 

forming a three stranded structure in the genome (Figure 1).  R-loops are typically found in G-C 

rich and transcriptionally active regions of the genome 9. R-loops are believed to form naturally 

from transcription, from double strand breaks, and from defects in mRNA processing/export 9,10. 

It is observed that in regions of DNA with an increase in transcription there is also an increase in 

R-loops, further supporting the idea that they form during transcriptional processes. As RNA 

Polymerase II (RNAPII) moves along DNA during transcription, a strand of RNA forms behind 

it. Occasionally, the RNA can hybridize to its complimentary DNA strand, forming the 

RNA:DNA hybrid structure and displacing the other DNA strand (Figure 1), although, some data 

suggests that R-loops can also form during polymerase backtracking 1,11. The longer the nascent 

RNA strand exists near single-stranded DNA (ssDNA), the higher the likelihood that DNA and 

RNA will hybridize. This is why double strand breaks, causing RNA Polymerase II stalling, and 

nascent RNA processing/export defects can cause an increase in R-loops 9,12. Both issues involve 
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RNAPII stalling along with a newly formed RNA strand being trapped in between two single 

strands of DNA (Figure 1). This increased duration of time that the RNA strand spends in the 

ssDNA environment only acts to increase the likelihood that an R-loop forms. Due to this, there 

are multiple possible ways to accumulate R-loops and the cells must act quickly to export the 

pre-mRNA in an efficient manner, or otherwise risk R-loop accumulation. 

 

Figure 1: Nascent RNA Binding to Complimentary DNA is the Dominant Mechanism of R-

Loop Formation. Bottom left of the image shows R-loops forming by chance from 

transcription. Bottom right of the image shows RNA polymerase stalling due to a double strand 

break and forming an R-loop. 

 

Regulatory Role of R-Loops 

R-loops form constantly throughout the genome. The cell has a certain number of 

constant R-loops which has been approximated at 300 R-loops per cell with a half-life of 11 

minutes 13. It is believed that 27,000 R-loops are resolved per day per cell 14, and they occupy 

approximately 5% of the mammalian genome 15,16. R-loops are found throughout the genome, 

including repetitive sections like telomeres, centromeres, and non-coding repetitive regions 17-19. 
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The extensive existence of R-loops under normal physiological conditions means that not every 

R-loop is impairing the normal functions of the cell. It is known that if a cell has too few R-loops 

it will alter the gene expression of a multitude of genes 20, while having too many R-loops causes 

genomic instability and can lead to cancer or other neurologic disorders 21.  

R-loops play an important regulatory role in mitochondrial replication. R-loops residing 

in mitochondrial DNA could initiate strand asynchronous mitochondrial DNA replication along 

with determining the replication mechanism of choice in the circular mitochondrial DNA 

(mtDNA) 22. R-loops also play an important role in immunoglobulin (Ig) class switching − the 

region in the Ig genes where recombination or rearrangement occur 23. There are five different 

classes of immunoglobulin heavy chains, and switch regions are found on genes encoding every 

class type 24. Class switch recombination requires activated-induced cytidine deaminase (AID) 

inside B cells 25. AID only deaminates cytosines to uracils when the DNA is single stranded 26. 

R-loops are detectable at certain switch regions, and they provide specific target sites for AID 

recognition 23,27. Without R-loop formation in these precise locations, the immune system would 

likely not be as diverse and robust as it is. Another important regulatory function of R-loops is its 

role in preventing telomere shortening and cell senescence 28. Npl3 (RNA binding protein that 

plays a role in RNA biogenesis) binds to the long non-coding RNA transcribed from telomeric 

repeats (known as TERRA) and preserves R-loops at telomeres 28, 29. The stabilization of R-

loops at short telomeres promotes homology directed repair to extend telomere lengths, which in 

turn stops premature replicative senescence 28.  R-loops are also thought to prevent c-MYC 

activation along with regulating CRISPR processes 14,30. These examples show that R-loops are 

not all unwelcome and play some vital roles in the success of a cell. Without a tight regulation of
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 how many R-loops, where they are, and how long they are allowed to persist, the cell would 

probably not be able to function properly. There are likely more regulatory roles that R-loops 

play still waiting to be discovered. When one thinks of R-loops it is easy to only wonder about 

the negative effects they cause in cells, but one should remember they are vital for the success of 

a cell when properly regulated. 

Effects of Abnormal R-Loops Accumulation in Cells 

         Cells have lots of R-loops and must exist in a homeostatic quantity inside the cell or else 

chaos can unfold. Abnormal R-loop accumulation can lead to replication stress, double strand 

breaks, TRCs, transcription pauses, chromosome instability, and gene expression changes 1. 

Abnormal R-loop formation stalls DNA polymerases. The stalled replication can cause RNA 

Polymerases to disrupt fork progression, causing DNA damage, which is a hallmark of genomic 

instability 31. The cell can also simply cut out the entire R-loop, leaving a lone ssDNA inside the 

genome. DSB repair proteins are recruited to the cut site to fix the break. If these repair 

mechanisms make mistakes, it will lead to increased genome instability 32. Along with increased 

genomic instability, an increase in R-loops also changes the protein being made. Many R-loops 

are found in promoter and enhancer regions and could act as targets for transcription factors to 

promote gene expression. For example, the anti-sense lncRNA VIM-AS1 (vimentin antisense 

RNA 1) activates the VIM (vimentin) gene, which then forms an R-loop downstream, promoting 

NF-kB transcription factor recruitment 18. In addition, increased R-loops are found to turn off/on 

the expression of specific DNA repair or R-loop resolution genes that aid in R-loop resolution, 

further exacerbating the effects of increased R-loop formation 33. For all these reasons stated, it is 
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critical the cell be able to respond to increased R-loop formation quickly and accurately. 

Thankfully, the cell has many tools to fight back against aberrant R-loop accumulation.     

Cell Capabilities in Resolving R-Loops 

R-loops are more thermodynamically stable than dsDNA. This forces the cell to expend 

energy in order to enzymatically remove these structures 1. Cells without the function of 

resolving R-loops have little to no chance of survival, exhibiting the importance of R-loop 

resolving proteins. Multiple RNA-DNA helicases such as DDX5 and DDX21, Senataxin 

(SETX), and RNaseH enzymes, as well as DNA Topoisomerases are found to prevent the 

accumulation of R-loops 34-38. Senataxin and RNaseH (RNaseH1 and RNaseH2) enzymes have 

specialized ability to unwind RNA:DNA hybrids. RNaseH resolves R-loops by binding to the 

RNA-DNA hybrid region of the R-loop and cleaving the RNA strand. Once the RNA is 

degraded, the DNA strand can re-anneal to its complementary DNA partner, restoring the normal 

DNA double helix structure and resolving the R-loop 39. The RNaseH enzymes have two 

different forms in eukaryotes, RNase H1 and H2, both of which cleave RNA in R-loops. 

RNaseH1 works throughout the cell cycle and appears to become activated when R-loop 

abundance is increased 40. On the other hand, RNaseH2 has a much stricter cell cycle 

requirement of when it can be active and is crucial in G2/M phases 40. RNaseH1 is found in 

prokaryotes and eukaryotes while RNase H2 is found in all branches of life 41. Defects in 

RNaseH2 cause Aicardi-Goutiéres-Syndrome, a damaging neurologic disorder 42. Due to the 

serious effects relating to defects in RNaseH, it is important to continue research aiding in further 

understanding of RNaseH and the differences between RNaseH1 and RNaseH2. 
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SETX is a helicase that unwinds the RNA:DNA structure of the R-loop. It has a broad 

range of effects relating to decreasing R-loop abundance and maintaining genome stability. Its 

malfunction has been linked to notable neurologic disorders such as ALS4 (Amyotrophic Lateral 

Sclerosis Type 4) and AOA2 (Ataxia-Ocular Apraxia Type 2) 20. In addition to resolving 

RNA:DNA hybrids, it also plays a role in RNAPII transcription termination, regulating gene 

expression, and regulating TRCs 34, 20. SETX is believed to be associated with the transcription 

machinery. This association suggests that it may play a role in preventing R-loop formation 

during active transcription or in promptly resolving them should they form. Overall, the specific 

action of how SETX resolves R-loops is poorly understood, and the change in R-loop abundance 

upon SETX impairment could be due to the change in gene expression or aiding in transcription 

termination 34.  

Aside from the previously mentioned R-loop resolving enzymes, numerous proteins have 

been found to modulate R-loop abundance. These proteins can bind to, stabilize, resolve or 

degrade RNA:DNA hybrids, thereby orchestrating R-loop homeostasis. R-loopBase, a recently 

launched database, offers an exhaustive and current catalog of these R-loop regulators 43. As of 

now, nearly 1,200 proteins are recognized as either established or potential R-loop regulators in 

human cells 43. However, the specific regulatory mechanisms underlying the vast majority of 

these proteins remain to be elusive 43. These proteins are integral to diverse cellular processes, 

spanning DNA repair, replication, RNA processing, DNA topology, epigenetics, chromatin 

structure, transcription, non-coding RNAs, cell cycle management, and cellular stress 

responses43. The vast array of R-loop regulators underscores the pivotal role of R-loop 

homeostasis in maintaining normal cellular activities and ensuring genomic integrity.
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Effects of R-Loop Formation on Gene Expression  

Either the reduction of R-loop formation or overaccumulation of R-loops can cause 

drastic effects in gene expression. In previously mentioned neurologic disorders AOA2 and 

ALS4, there is a significant change in SETX function 20. In AOA2, SETX function is reduced, 

causing a major accumulation of R-loops, whereas in ALS4 the ability of SETX to resolve R-

loops is enhanced, resulting in less R-loops 20. In ALS4 patients, R-loop decrease occurs 

primarily in the TSS (transcription start site) and CPS (cleavage and polyadenylation site) 

regions of genes 20. Due to the lack of R-loops, TSS region is over-methylated, reducing mRNA 

levels of genes such as BAMBI, which helps regulate the TGF-β pathway 20. Similar results have 

been observed in the mTOR pathway 44. As R-loop abundance decreases, mTOR is 

downregulated, further supporting that a lack of R-loops decreases gene expression 44. mTOR 

controls embryonic stem cell commitment to trigger diapause 45 and is crucial in developing 

embryos among many other cellular processes. Researchers have demonstrated that the activity 

of DNA methyltransferase 1 (DNMT1) on dsDNA is 2.5-fold higher than on RNA:DNA hybrids, 

suggesting that DNMT1 is repelled by R-loops 45. DNMT1 functions by transferring a methyl 

group onto the C5 position of cytosine 46. The addition of a methyl group decreases gene 

transcription by inhibiting transcription factors from binding or recruiting gene repression 

proteins 46. When testing for R-loop vs methylation throughout the genome, researchers were 

able to determine that R-loops regulate methylation of more than 1,200 human genes 20. This 

result shows that R-loops play a crucial role in gene expression, providing another example of 

why R-loop levels exist in a homeostatic amount. The cell must tightly regulate when an R-loop 

is beneficial and when it is time to resolve R-loops. The epigenetic effects of R-loop on gene 
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silencing should not be underestimated either, with further research needed to determine the 

exact effects of R-loops on epigenetics. How the cell knows when to resolve an R-loop to permit 

methylation is an important and yet poorly understood question in which more research is 

needed. 

Detecting R-Loops and the Controversy Behind it 

The current options for detecting the location and quantity of R-loops are limited. One 

approach utilizes the S9.6 antibody, which binds to RNA:DNA hybrids (Figure 2). To map the 

location of R-loops in the genome, DRIP-seq (DNA-RNA immunoprecipitation using the S9.6 

antibody and then coupled with high throughput DNA sequencing) has been developed 47. The 

problem with the S9.6 antibody is that it non-specifically binds dsRNA, introducing potential 

errors in results 48, 49,50. An alternative technique employs a catalytically inactive RNaseH1 

variant (D210N), which binds to the RNA in the RNA:DNA hybrid without resolving the R-loop 

51. This variant is also used in a procedure known as R-ChIP, where R-loops are captured by 

chromatin immunoprecipitation using an antibody to pulldown D210N 52. Notably, studies 

indicate discrepancies between the results from the DRIP and the R-ChIP methods. Both RNase 

H1 and S9.6 seem to detect dsRNA at levels only 20 times lower than RNA:DNA hybrids 48. 

This quandary regarding the two detection methods presents major obstacles in obtaining 

reliable, accurate, and reproducible data regarding R-loop formation in the genome. Another 

advanced method, SMRF-seq, uses non-denaturing bisulfite R-loop footprinting coupled with 

high-throughput single molecule sequencing. It works by promoting the deamination of single-

stranded cytosines in the unbound strand of an R-loop, converting them to uracils 53, 54. Because 

SMRF-seq targets three-stranded structures, it offers high specificity. It can also achieve near 
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single-nucleotide resolution in NTERA-2 cells 53, 55. However, this technique has its drawbacks. 

It can't detect R-loops in highly methylated C and poly(A) tracts 56, 55 and may overestimate R-

loop numbers if there's ssDNA present in the cytosol or nucleus. Furthermore, it assumes stable, 

non-helical DNA in eukaryotes, which isn't always the case, potentially leading to 

underestimation 57,58, 59. Overall, each R-loop detection method comes with its own advantages 

and limitations. There isn't a universally superior method. For the most reliable results, 

researchers should consider employing multiple methods to cross-verify findings and account for 

potential discrepancies. 

R-Loops, Cancer, and the Therapeutic Possibilities  

One cancer in which R-loops are prevalent is Ewing Sarcoma, a cancer of the bone and 

soft tissue caused by a chromosomal translocation, most commonly t(11;22)(q24;q12), which 

results in a fusion gene known as EWS-FLI1 60,61. Ewing Sarcoma tumors show an increased R-

loop abundance when compared to other sarcoma tumors 60. In cancers with the mutated 

BRCA1, a decrease in function of BRCA1 has been found to cause an increase in global R-loops, 

inducing genomic instability, altering transcription and epithelial differentiation 62. Having a 

deficiency in BRCA1/SETX activity causes unrepaired ssDNA breaks on the non-bound strand 

of DNA at R-loop termination regions 63. Abnormal R-loop formation may also drive acute 

myeloid leukemia (AML). Data have indicated that R-loop formation is vital in maintaining 

HOXA gene family topologically associated domain integrity, which promotes β-catenin and its 

target gene expression, increasing AML leukemogenesis 64. The recent data on the prominent 

roles of R-loops in multiple different types of cancer suggests its power over the genome is quite 

large. This cancer data, combined with previously known data concerning R-loop’s ability to 
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effect transcription, genome instability, and DNA damage, indicate that it may be helpful to 

examine R-loop abundance and location in all types of cancer 65, 66. 

Due to R-loops ability to induce genomic instability and replication errors, there is a 

growing interest in deliberately promoting R-loop accumulation in cancer cells, with the 

rationale that excessive R-loop formation may compromise cell function, ultimately leading to 

cell death 67. Efforts are underway to exploit this vulnerability by intentionally augmenting R-

loop levels in cancer cells. One notable gene is BRD4, when silenced causes an increase in R-

loops 10. BRD4 regulates gene transcription by recruiting transcription proteins to acetylated 

histone residues 68,69. Previous research has inhibited BRD4, suppressing cell proliferation, and 

inducing apoptosis in various cancers including AML 70, large B cell lymphoma 71, and breast 

cancer 72. While the exact mechanism underlying the anti-proliferative effect of BRD4 inhibition 

is multifaceted, a significant contributing factor appears to be the increase of R-loops. It has been 

found that BRD4 inhibition leads to a reduction in ATR/CHK1, a cell cycle checkpoint regulator, 

causing cells with extensive impairments to prematurely enter mitosis 10. Furthermore, it reduces 

the transcription of genes involved in homologous recombination. Additionally, BRD4 loss 

increases R-loop-induced DNA damage throughout the genome, especially in genes that 

typically resolve R-loops, thereby further increases the amount of R-loops 10. This finding about 

BRD4 highlights the potential therapeutic impact of modulating R-loop abundance. Harnessing 

this approach might provide a promising avenue in cancer therapy and holds potential across a 

diverse range of cancer types. 

Senataxin  

Senataxin (SETX) is a helicase that unwinds the RNA: DNA portion of the R-loop73. It has
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a broad range of effects relating to decreasing R-loop abundance and maintaining genome 

stability. Its malfunction has been linked to notable neurologic disorders such as ALS4 

(Amyotrophic Lateral Sclerosis Type 4) and AOA2 (Ataxia-Ocular Apraxia Type 2)20. In 

addition to resolving RNA:DNA hybrids, it also plays a role in RNAPII transcription 

termination, regulating gene expression, and regulating TRCs (transcription replication 

collisions) 20,73. SETX is believed to be associated with transcription machinery. It is known that 

SETX interacts with polyadenylation binding factors and RNA Polymerase II 74. This association 

suggests that it may play a role in preventing R-loop formation during active transcription, or in 

promptly resolving them should they form. The interaction with transcription machinery and R-

loops further enhances the likelihood that SETX affects gene transcription in a variety of ways. 

Research has shown that decreasing abundance of SETX inside the cell leads to an increase in R-

loops in mice and humans furthering proving its role in R-loop resolution, and a promising gene 

to target in attempts to increase genomic R-loop abundance 75.  

Nucleolus and Nucleolar Stress: 

The nucleolus is the location in the nucleus where rDNA transcription, rRNA modification, 

and assembly of ribosomes occur. This is the most energetically intensive process in the cell 4,5. 

Nucleoli have three distinct compartments. The fibrillar center (FC), the dense fibrillar 

component (DFC), and the granular component (GC) 76. The FC is where transcription of rDNA 

occurs by RNA Polymerase I, the DFC is where rRNA processing proteins such as fibrillarin 

occupy, and the GC is the compartment in which rRNA processing and ribosome subunit 

assembly occurs along with other ribosomal proteins and nucleolar organizers such as NPM176. 

Typically, healthy nucleoli have an irregular shape with the GC found throughout the nucleolus 
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and the fibrillarin components exist separately, but inside, the GC of nucleoli76. In cancer cells, 

nucleoli are typically increased in size and/or number due to the increased protein production a 

cancer cell needs to survive, a sign of poor prognosis in many cancer types 6,7. 

Nucleolar stress is a loose term relating to a change in morphology or function of the 

nucleolus 76. Currently, known nucleolar stressors include anticancer agents, UV, hypoxia, heat 

shock, nucleotide depletion, and oxidative stress 77,78. Previous data has indicated that under 

conditions of hypoxia nucleolar R-loops increase and global transcription decreases79. Following 

nucleolar stress, nucleoli become spherical with NPM1 (GC) forming a spherical ring and 

fibrillarin (FC and DFC) concentrating in locations along the sphere 76. During the morphology 

change of nucleoli under conditions of stress; RPL5 (ribosomal protein L5), RPL11, and 5S 

rRNA are distributed differently inside the nucleoplasm. These proteins and rRNA then interact 

with MDM2 and MDM4 (HDM2 in humans), ubiquitin ligases for p53, and block MDM2 and 

MDM4 from interacting with p53 78,80. Other findings indicate that HDM2-p53 interaction is 

inhibited due to NPM1 translocation to the nucleoplasm and binding to HDM2 which allows for 

an increase in nucleolar p53 levels 78. Despite the exact mechanism being unclear, nucleolar 

stress causes p53 levels to increase. This allows p53 to recognize the nucleolar stress inside the 

cell and perform cell cycle arrest or apoptosis of that cell 81. 

NPM1 

NPM1is a protein that is concentrated in the nucleolus and is vital to the success of 

ribosome biogenesis and assembly. Inside the nucleolus, NPM1 exists in the granular component 

of the three-phase condensate. Overall, it plays a role in mRNA processing, chromatin 
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remodeling, and genomic stability along with its previously mentioned role 82. NPM1 is 

considered a good sensor of any cellular stress. Specifically, under conditions of nucleolar stress 

NPM1 will be translocated from the nucleolus into the nucleoplasm 78. When cells undergo drug 

treatments that stop rRNA transcription and early processing, NPM1 will translocate to the 

nucleoplasm 83.  Once the translocation of NPM1 to the nucleoplasm occurs, due to nucleolar 

stress, the protein will bind to and sequester MDM2 making the ubiquitin ligase unable to 

perform its function 82. This activity of sequestering MDM2 allows for an increase in the amount 

of p53 inside the cell. For these reasons, the location of concentrated NPM1 is a very useful 

strategy in determining when a cell is undergoing nucleolar stress, and accounts for the increased 

levels of p53 seen under nucleolar stress. However, other proteins such as RPL11 or RPL5 also 

can bind and sequester MDM2 regardless of NPM184. Due to this NPM1 should be seen as one 

of many possible indicators that a cell is undergoing nucleolar stress, but it is a good indicator, 

nonetheless. 

p53 

    A tumor suppressor protein is a protein that, once activated, acts to decrease the cells’ ability 

to further proliferate. p53 itself promotes cell arrest or apoptosis in cells once activated. 

However, p53 is an activator of proteins that specifically cause apoptosis or cell cycle arrest. 

Once activated, p53 increases the transcription of another tumor suppressor protein p21 or Bax 

78. Bax induces apoptosis in cells while p21 promotes cell cycle arrest to allow the cell time to 

fix whatever issues it is having 78. Levels of p53 are typically kept lower in a cell due to the 

ubiquitination of p53 by ubiquitin proteins. An important E3 ubiquitin ligase for this thesis is 

HDM2. HDM2 is the human form of MDM2 which ubiquitinates p53, signaling it for 
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degradation and keeping levels of p53 low. However, as previously mentioned, under nucleolar 

stress sequestering of MDM2 by proteins such as NPM1 causes the stability of p53, leading to 

higher levels of p53 and an activation of cell arrest or apoptosis. In studies with reduced binding 

of p53 to MDM2; levels of p53 are increased similar to how p53 levels are increased under 

conditions of nucleolar stress 85. 

Fibrillarin 

      Another protein vital in ribosome biogenesis is the protein fibrillarin which is heavily 

concentrated in the nucleolus. Fibrillarin has been highly conserved evolutionarily, showcasing 

its importance in the overall success of cells 86. Fibrillarin is concentrated in two compartments 

of the nucleolus, the FC and the DFC. Fibrillarin is a methyltransferase capable of modifying and 

degrading rRNA 87. It can methylate over 100 different sites and is vital for pre-ribosomal 

processing along with aiding in ribosome stability 88. Fibrillarin is an abundant nucleolar protein 

whose location changes under nucleolar stress. When cells are unstressed, fibrillarin generally 

appears spread out and in odd shapes found throughout the nucleus and in larger amounts in the 

nucleolus. Under nucleolar stress, the protein will aggregate to the edges of the nucleolus and 

prominent concentrated fibrillarin “caps” can be seen 76. Under immunofluorescence staining, 

fibrillarin can be highly useful in visualizing when the cell is undergoing nucleolar stress due to 

the fibrillarin “caps” in the shape of a donut. 

Actinomycin D. 

       The primary RNA polymerase involved in ribosome biogenesis is RNA Polymerase I 

(RNA Pol I). A consistently reliable way of causing nucleolar stress in cells is impairing the 

activity of Pol I. Actinomycin D (Act. D) induces its’ effects on the cell by binding to G/C rich 
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regions of DNA 89. At high concentrations (>800nM) Actinomycin D acts a very potent 

polymerase inhibitor leading to high levels of toxicity in cells 90. It has many anti-tumor 

capabilities, but Act. D.  is not useful in studying nucleolar stress at such high concentrations due 

to its effects on all polymerases leading to cell death. At concentrations between 2 nM and 100 

nM, Act. D. specifically targets RNA Polymerase I 90. This is likely due to the high levels of G/C 

content in ribosomal DNA causing low concentrations of Act. D. to preferentially intercalate at 

regions of DNA transcribed by RNA Pol I. Due to this, low doses of Act. D. will cause nucleolar 

stress in the cell by inhibiting the function of RNA Pol I. This makes Act. D. a very useful tool, 

as a control, to elicit nucleolar stress in cells while allowing other functions of the cell to remain 

as unperturbed as possible.  

Rationale of the Research 

       There is a lack of research regarding whether aberrant R-loops alone can increase nucleolar 

stress. However, it is known that cellular levels of tumor suppressor p53 increase after nucleolar 

stress in comparison to non-stressed cells 8. Understanding if aberrant R-loops alone elicits 

nucleolar stress will expose a new method for causing nucleolar stress. It is important to test if 

this increase in nucleolar stress correlates with a decrease in cell viability due to the increased 

p53 levels caused by nucleolar stress. This will allow R-loops to be targeted in cancer cells to 

induce cell death through the nucleolar stress pathway, which was previously unknown. Testing 

this will involve tracking R-loop abundance and localization (tested by dot blot, IF, and live-cell 

imaging) under differing conditions of stress such as DNA damage inducing and repair inhibiting 

agents, determining if a possible increase in R-loops can cause nucleolar stress (tested by IF) and 

p53 accumulation in cells (tested by western blot), and if this p53 activation causes
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 increased cell death or growth arrest (tested by counting cells after treatment). I hypothesize that 

increasing R-loops will cause an increase in nucleolar stress, activating p53, and resulting in 

increased cell death. 

   This manuscript aims to understand a possible new way to attack cancer cells. To 

understand the manuscript, one must understand the research is very limited in literature. The 

idea behind the research done in this manuscript was inspired by the background. Recently, the 

studying of R-loops has become more prevalent. This has allowed more understanding in the 

scientific community. From new literature regarding nucleolar stress and R-loops, it appears that 

these two processes have a wide array of causes; some of which are the same. This increased 

understanding has allowed new predictions/hypothesis to be made from previous data. The new 

prediction for this manuscript was that two phenomena inside cells could be linked. If the 

connection between R-loop and nucleolar stress is confirmed, this link could present a novel 

method to attack cancer cells. However, proving the link between these two very common 

phenomena inside cells is a difficult task to undertake and will require many different approaches 

to confirm. 
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CHAPTER TWO 

MATERIALS AND METHODS 

Cell Culture 

All cells were cultured in 10% calf serum (CS)/Dulbecco’s Modified Eagle Medium 

(DMEM). Cells were incubated at 37°C in 5% CO2. U2OS and HBD-EGFP U2OS cells used.  

Live-Cell Imaging to Visualize the Localization of Nuclear R-loops Upon Drug Treatment 

Osteosarcoma cell line U2OS stably expressing doxycycline-inducible HBD-EGFP were 

used in live cell imaging. This cell line was created in the Chai lab prior to me joining the lab 

(unpublished). Basically, the catalytically inactive RNase H1 (the hybrid-binding domain, HBD) and 

the nuclear-localization signal (NLS) are fused to EGFP, and cloned into the pLVX-Puro lentiviral 

vector that contains a tet-on doxycycline inducible promoter. Upon addition of doxycycline, HBD-

EGFP is expressed and binds to, but does not resolve, nuclear R-loops. This method allows for 

direct visualization of nuclear R-loops in live cells.  

Cells were seeded in 6-well dishes and allowed to attach overnight. Post seeding all wells 

were given 100 ng/mL of doxycycline. Then, one well was given 1 μM of Olaparib overnight 

and another was given 2.5 μM overnight. The next day other chemotherapeutic agents were 

added to the remaining wells before imaging. CPT was added for one hour to a final 

concentration of 1 μM, MMC was added for one hour to a final concentration of 10 μM, MMS 

was added for one hour to a final concentration of 1μM, Cisplatin was added for one hour to a 
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concentration of 50 μM, Camptothecin (CPT) was added for one hour to a concentration of 1 

μM, along with a control well that only received doxycycline. Cells were imaged on a Nikon  

Eclipse Ti2 inverted fluorescent microscope at 40x.  

Quantification of Live-Cell Imaging  

Quantification of live cell imaging was done by counting R-loop “zones” manually and 

then averaging the number of zones per cell for each treatment. R-loop zones were green 

concentrated dots seen in each cell. The green dot was the visualization of the catalytically 

inactive RNase H1 bound to R-loops, thus allowing visualization of R-loops. Quantification was 

also confirmed by IMARIS 8.0.2 software (Oxford Instruments) measuring individual 

fluorescence points bigger than 3μm in diameter after activation of the catalytically inactive 

RNase H1.  

siRNA Transfection of SETX  

U2OS and HBD-EGFP U2OS cell lines were used for transfection. Cells were seeded at 

70-85% confluency in a 6-well plate and allowed to attach overnight. The next day a master mix 

was made of 300 μL of OPTI-MEM and 18 μL of RNAiMAX (Invitrogen). A control Eppendorf 

tube was made with 150 μL of OPTI-MEM and 2 μL of 20 μM siControl (Dharmacon, targeting 

sequence- uuc ucc gaa cgu guc acg u). Next, a Senataxin Eppendorf tube was made with 150 μL 

of OPTI-MEM and 2 μL of 20 μM siSETX (Dharmacon, targeting sequence- gag aga auu auu 

gcg uac u). 150 μL of the master mix tube was added into the control tube. This was repeated for 

the SETX tube. Both tubes, now containing 300 μL of solution, incubated for 5 minutes at room 

temperature to allow mixing. The siControl tube was then added dropwise to one well. Then, the 

siSETX tube was added dropwise into a different well. Lastly, one well was left untouched from 
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any siRNA. The transfection was given 48-72 hours to proceed before cells were removed from 

their wells.  

Western Blotting 

       Cells were collected in a pellet and re-suspended in 1% CHAPS buffer (Nuclease free water 

mixed with OmniPur CHAPS powder to a final concentration of 1%) on ice for 30 minutes 

before being spun down at 4°C at 21,100 rpm for 15 minutes. A portion of lysate was taken out 

and mixed with an equal volume of 2X SDS loading buffer/0.2M DTT. This solution was then 

heated at 95°C for 5 minutes. After, the lysate mixture was loaded onto an SDS-PAGE gel. A 

10% gel was made for actin, GAPDH, or p53 while a 6% gel was made for Senataxin. The gels 

were run at either 120V for 90 minutes or 150V for one hour in running buffer. The gels were 

then transferred to the transfer apparatus (Invitrogen PowerEase Touch 350W) and run at 20V 

for 90 minutes in transfer buffer. After transfer, the membranes were blocked for one hour on a 

room temperature shaker in 5% non-fat milk/ 1x phosphate-buffered saline with Tween 20 

(PBST). Then, primary antibodies were diluted in 1x PBST and placed in a pouch overnight. 

Anti-SETX (Bethyl, A301-104A-T) antibodies were diluted 1:2,000, while anti-Actin (Millipore, 

MAB1501) antibodies were used at a final concentration of 1:60,000, anti-GAPDH was used at a 

final concentration of 1:60,000 (Proteintech, HRP-60004), and anti-p53 was used at a final 

concentration of 1:500 (BD Biosciences, 554169). The next day both membranes were washed 

four times for five minutes each in 1x PBST. Secondary antibodies were added to each 

membrane in 5% non-fat milk/PBST and placed on a tilter for one hour at room temperature. 

HRP goat anti-rabbit (Vector Laboratories, PI-1000) for the SETX membrane is diluted 

1:10,000. HRP horse-anti mouse (Vector Laboratories, BA-2000-1.5) was diluted 1:5,000. After
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secondary antibody had finished the membranes were washed three times for five minutes eachin 

1x PBST before applying chemiluminescence solution (ThermoFisher, Super Signal West 

Femto) at 1:5 concentration, and imaging on an iBright imager. 

Immunofluorescence  

       Cells grown on chamber slides were fixed with 4% PFA in 1x PBS for 10 minutes at r.t. 

Then cells were washed three times in 1x PBS aspirating out the PBS immediately. After 

fixation, cells were permeabilized on a shaker for 15 minutes. Cells were then washed three 

times in 1x PBS for five minutes each. After this, cells were blocked in 10% BSA/1x PBS for 

one hour in a humidified container at 37°C for one hour. Next, cells were given two primary 

antibodies. The first primary antibody was given at concentrations of 1:1,000 or 1:500 of anti-

Fibrillarin (ThermoFisher, MA3-16771) in 1x PBS. The second antibody was given at 

concentrations of 1:100 or 1:200 of anti-NPM1 (ThermoFisher, PA1-029) in 1x PBS. After 

incubated at 37°C for one hour in a humidified container, cells were washed three times in 1x 

PBS for five minutes each. Then, anti-IgG conjugated to goat anti-mouse Alexa fluor-488 

(Invitrogen, A11029, 1:250) and anti-IgG conjugated to goat anti-rabbit Alexa fluor-649 

(Thermo Scientific, KB1311197, 1:500) antibody mixtures were made. Both secondary 

antibodies were diluted in 1x PBS. Cells were then placed in dark on a room temperature shaker 

for one hour. After, cells were washed in 1x PBS three times, once for five minutes, once for 

three minutes, and once immediately removed, all washes in the dark. The chamber slide then 

went through an ethanol series (70% ethanol for one minute, 85% ethanol for one minute, and 

100% ethanol for one minute) in the dark. The chamber slide was allowed to air dry until ethanol 

had evaporated. 10-15 μL of mounting medium containing DAPI (VectorLabs) is added to a
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cover slip. The cover slip was placed over the chamber slide and clear nail polish was 

addedaround the edges of the cover slip. Chamber slide was then stored in a -20°C freezer until 

imaging.   

DNA Extraction and Quantification 

Genomic DNA was extracted with PureLink Genomic DNA Mini Kit (Invitrogen) 

without RNase A. Isolated genomic DNA was collected in autoclaved milliQ water instead of 

elution buffer. Quantification was obtained using NanoDrop 2000.  

Dot Blot  

Eppendorf tubes were filled with 15 μL of autoclaved milliQ water containing 750 ng of 

DNA. Two tubes per treatment. One tube was given 2.5U of RNase H1 (NEB, M0297S or 

M0523S) and RNase H buffer with the tube containing a final volume of 17 μL. RNase H1 was 

given as a control for nonspecific binding of the S9.6 antibody. The S9.6 antibody recognizes 

RNA:DNA antibodies with a high affinity and allows for visualization for relative R-loop 

abundance in genomic fragments. The other tube was given 2 μL of RNase H buffer (NEB 

M0297S or M0523S). Tubes were then placed in a 37°C water bath for 20-25 minutes. From 

each tube, a 2 μL drop of the solution was added onto a nitro cellulose membrane a total of six 

times (12 μL total). This was repeated for the other tube, directly under the prior six drops. Then, 

the genomic content was crosslinked to the membrane with UV light (Stratagene UV Stratlinker 

1800). After this, cells were blocked in 5% non-fat milk/ 1x PBST for one hour on a rocker. 

Next, the membrane was split in half (so there are now three “drops” per treatment/tube on each 

membrane). One half of the membrane was given an anti-dsDNA (Abcam, ab27156) primary 
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antibody in 5% milk/ 1x PBST at 1:5,000 concentration. The other half of the membrane was 

given an anti-S9.6 (Sigma, MABE1095) primary antibody in 5% milk/ 1x PBST at 1:5,000 

concentration or 1:2,000 concentration. Both membranes were then placed on a rocker at 4 

degrees overnight. Next, the membranes were washed three times for five minutes each in1x 

PBST. After this, a HRP horse-anti mouse secondary antibody was added to both membranes at 

1:8,000 for one hour on a room temp tilter. Cells were then imaged using a 1:5 concentration of 

SuperSignal West Femto solution.  

Dot Blot Quantification 

    Images were taken on an iBright imager and the fluorescence in each dot was calculated for 

using iBright ™ analysis software. Relative abundance of R-loops was calculated for each 

treatment by subtracting the RNase H1-treated samples from the RNase H1-untreated samples to 

remove nonspecific binding of the S9.6 antibody from the relative R-loop count and allow for a 

more accurate relative fluorescence quantification. Relative fluorescence quantification allowed 

for a more accurate quantification of the relative number of R-loops in each treatment.  

Cell Viability Measurements 

Cells transfected following the “siRNA Transfection of Senataxin protocol” were then 

given 2.5 μM Olaparib overnight, 50 μM Cisplatin for 1 hour, or no chemotherapeutic agent. 

After the chemotherapeutic agent treatments had finished cells were trypsinized and stained in 

equal parts trypan blue and cell mixture before counting cells at 10x using a hematocytometer. 

Cells were counted in 4 chambers of a hematocytometer twice for each treatment. 

Statistical Analysis 

       Statistical analysis done using GraphPad Prism.        
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CHAPTER THREE: RESULTS 

 

I.  DETERMINE WHETHER DNA DAMAGING OR DNA REPAIR INHIBITING 

CHEMOTHERAPEUTIC AGENTS AFFECT R-LOOP ABUNDANCE AND 

LOCALIZATION IN THE NUCLEUS 

I hypothesize that DNA damaging or DNA repair inhibiting chemotherapeutic agents will 

change R-loop formation, either the abundance or the localization or both. To test this, I used 

two approaches to (1) measure the R-loop abundance and (2) monitor the localization of R-loops 

inside cancer cells after addition of chemotherapeutic agents that cause DNA damage or inhibit 

DNA repair. Table 1 lists the chemotherapeutic agents used in this study and their methods of 

action. 
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Table 1: List of DNA Damaging or DNA Repair Inhibiting Drugs Used 

1. Determine the effect of DNA damaging or DNA repair inhibiting chemotherapeutic agents on 

R-loop abundance using a dot blot. 

To measure the relative R-loop abundance, the dot blot method was used  91 (Figure 2). 

Briefly, total genomic DNA was isolated from cells after drug treatments. An equal amount of 

DNA was split in half, treated with or without RNase H1, and dotted on two membranes. Each 

sample was dotted in triplicate to get a better overall representation of genomic material 

contained in each sample. One membrane was probed with the S9.6 antibody, which binds 

specifically to RNA:DNA hybrids 91. The second membrane was probed with the antibody 

recognizing double stranded DNA (dsDNA), which acts as a loading control for overall genomic 

material dotted onto each membrane. RNase H1 treated samples acted as a control to exclude 

signals caused by any non-specific recognition of the S9.6 antibody. The results in Figure 3 

suggested that R-loop abundance did change after chemotherapeutic addition. Figure 3 suggests 

that the tested chemotherapeutic agents caused a relative increase in R-loop abundance. 

Drug MOA Effect on the cell 

Olaparib  Inhibits poly ADP‐ribose polymerase Block the repair of single‐strand DNA 

breaks  

Cisplatin Covalent binding of platinum to purine 

bases causing cross-linking of bases 

DNA damage and DNA replication 

impairment 

Camptothecin (CPT) Affects topoisomerase I, allowing DNA 

cleavage, but inhibiting subsequent 

ligation 

DNA damage  

Mitomycin C (MMC) Alkylating agent that inhibits DNA 

synthesis by cross-linking 

complementary DNA strands 

DNA damage, translation stalling, and 

can inhibit DNA replication 

Methyl methanesulfonate (MMS) Alkylating agent that acts on DNA 

by preferentially methylating guanine 

and adenine bases 

DNA damage and replication issues 
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Figure 2: Scheme of Dot Blot to Identify Relative R-Loop Abundance. Figure shows when 

RNase H1 is added to cells and how membranes dots are ordered before antibody is added. The 

dots given RNase H1 were labeled “RH+” and dots without RNase H1 were labeled “RH-” 

 

3a 
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3b 

 

Figure 3: DNA Damaging and DNA Repair Inhibiting Agents Appear to Increase R-Loops. 

(a) Image of the dot blot membrane after drug treatment, S9.6 antibody, and RNase H (RH+) 

Addition. Image shows dot intensity of dsDNA and S9.6 antibodies on the membrane. (b) Graph 

of Quantified Relative R-Loop Abundance. Done by subtracting the RH+ channels from the RH- 

channels of the same treatment. Fluorescence intensity normalized to no drug treatment data.  

Dot blot indicates the drug treatmetns chosen likely increase R-loop abundance in cells. 

However, results were from one experiment, therefore no statistical significance could be 

determined.  

 

      Figure 3 indicates, with the dot blot method, that R-loop abundance increases after a 2.5 μM 

Olaparib 16-hour treatment, 50 μM Cisplatin 1 hour treatment, and 10 μM MMC 1 hour 

treatment. This can be seen due to the higher S9.6 intensity (binding of S9.6 antibody which 

identifies R-loops) when compared to dsDNA (overall genomic abundance in each dot) dot 

intensity in each treatment type. These results seem to show that DNA damage inducing and 
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DNA repair inhibiting chemotherapeutic agents likely increase nuclear R-loop abundance. 

2. Determine the effect of DNA damaging or DNA repair inhibiting chemotherapeutic agents on 

R-loop localization using live-cell imaging and a catalytically inactive RNase H1 variant. 

To determine whether the chemotherapeutic drugs alter the localization of R-loops in the 

nucleus, a catalytically inactive RNase H1 variant (HBD) fused to EGFP was stably expressed in 

the osteosarcoma cancer cell line U2OS (Figure 4). HBD is the RNA:DNA hybrid binding 

domain of RNase H1 and lacks the catalytic domain. Nuclear-localization signal (NLS) was 

added to HBD so that HBD only recognizes nuclear R-loops. In addition, the expression of 

HBD-EGFP is under the control of doxycycline. Upon addition of doxycycline, HBD is 

transcribed to bind to, but not resolve, nuclear R-loops (Figure 4).
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4b 

 

Figure 4: Scheme of Major Domains of RNase H1 and its Catalytically Inactive Variant. (a) 

Comparing protein domains of WT RNase H1 and HBD-EGFP RNase H1. (b) The RNase H1 

hybrid-binding domain (HBD) and the nuclear-localization signal (NLS) are fused to EGFP, and 

cloned into the pLVX-Puro lentiviral vector that contains a tet-on inducible promoter. Cells stably 

expressing the doxycycline-inducible HBD-EGFP were made by lentiviral transduction. Cells were 

then given doxycycline to activate the promoter to transcribe the catalytically inactive RNase H1, 

then 16 hours later cells fluoresce where the catalytically inactive RNase H1 had bound to R-loops.   
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       Live-cell imaging showed that HBD-EGFP signals were clustered in nuclei, forming large 

green fluorescent dots (Figure 5a), which we termed “R-loop zones”. Drug treatments did not 

affect the appearance of R-loop zones. They consistently clustered in large green, fluorescent 

dots as seen in Figure 5a. To determine whether drug treatments altered the number of R-loop 

zones, I counted R-loop zones both manually and using the Imaris imaging analysis software. In 

manual counting, the number of R-loop zones per cell was manually counted, then the total 

number of zones was divided by total cells counted to find the average number of zones per cell 

after treatment (Figure 5b). I also used the Imaris 8.0.2 software to count the number of 

fluorescent dots with a diameter bigger than 3 μm inside the nucleus. The R-loop zone count was 

kept consistent by choosing a fluorescent size that removed most background but recognized 

cellular R-loop zones. The drugs treatments were repeated three times and the number of R-loop 

zones in each HBD-EGFP-U2OS cell was plotted (Figure 6a). The overall average R-loop zones 

per cell was plotted in Figure 6b to allow an easier comparison to the manually counted method 

in Figure 5b.   
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5a 

 

 

5b 

 

Figure 5: Effect of DNA Damaging and DNA Repair Inhibiting Agents on R-loop Zone 

Localization and Abundance in U2OS Cells. (a) This live-cell image is an example of what 

live-cell images look like after activation of the catalytically inactive RNase H1. Green dots were 

termed “R-loop zones”. (b) 100 ng/mL of doxycycline was added 16 hours prior to drug 

treatment to induce HBD-EGFP expression (Olaparib was added at the same time as 

doxycycline). All other treatments were given for one hour. The count of total R-loop zones was 



31 
 

 

 

divided by number of cells counted for each treatment type. Almost all DNA damaging or DNA 

repair inhibiting drugs caused a likely increase in average R-loop zones. However, this 

experiment was only done once. Olaparib and Cisplatin show the largest average likely increase 

in R-loop zones per cell. Error bars indicate mean with SEM, while p-value was calculated using 

a one-way ANOVA test with multiple comparisons. Only Olaparib and Cisplatin showed 

significance.  

 

6a 
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6b 

 
Figure 6: Average R-loop Zones Per Treatment Counted Using Imaris Software. (a) This 

graph shows Imaris 8.0.2 analyzation of R-loop Zones per HBD-EGFP U2OS cell after drug 

treatments. Not the average. Identical experiments were done a total of 3 times. Error bars 

indicate mean with SEM. P value calculated using a one-way ANOVA test.  (b) This graph is the 

mean of all three drug treatments (the number above each bar graph) from Figure 6a to allow an 

easier comparison to 5b which was the average R-loop zones per cell. Similar trend seen as in 

Figure 5b. 100 ng/mL of doxycycline was added 16 hours prior to drug treatment to induce 

HBD-EGFP expression (Olaparib was added at the same time as doxycycline). All other 

treatments were for one hour.  

 

      In Figures 5b and 6, a trend was observed in which most of the chemotherapeutic agents 

likely increased the average number of R-loop zones per cell, regardless of analysis method. 

However, statistical significance was only seen between Olaparib and Cisplatin in one 

experimental test. This is not enough data to confirm if these chemotherapeutic agents increase 

R-loop numbers in cells, but the trend points towards a likely increase. In both Figures 5b and 6, 

the count of R-loop zones was done to determine if chemotherapeutic drugs influenced the 

number of R-loop zones. The data indicated that a 16-hour treatment of 2.5 μM Olaparib, a 1-

hour treatment of 50 μM Cisplatin, and a 1-hour treatment of 10 μM MMC caused the largest 

average increase with most chemotherapeutic agents causing an increase in average R-loop zones 

per cell. 

2.517
2.828 2.973 3.098

2.711 2.556

0

0.5

1

1.5

2

2.5

3

3.5

Dox(+) only 1 μM 
Olaparib

2.5 μM 
Olaparib

50 μM 
Cisplatin

10 μM MMC 1 μM CPT

M
ea

n
 R

-L
o

o
p

 Z
o

n
es

 P
er

 C
el

l

Treatment Type

Mean R-Loop Zones Per Cell After Treatment



33 
 

 

 

      Overall, this chapter was important in aiding the future directions and goals of the project. It 

was determined that R-loop locations remain consistently in large fluorescent dots inside the 

nucleus. It was vital in determining that DNA damaging and DNA repair inhibiting 

chemotherapeutic agents likely increase R-loops inside cells. Showing this using multiple R-loop 

detection methods increases confidence in these results. This raises the possibility that an 

increase in R-loops may be an understudied reason for the drugs’ success against cancer. It also 

allowed for overnight treatment of 2.5 μM Olaparib and a one-hour treatment of 50 μM Cisplatin 

to be used in future experiments to reliably increase R-loops inside of cells.  
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II.   DETERMIINE WHETHER R-LOOPS ARE ENRICHED IN THE NUCLEOLUS AND 

WHETHER INCREASING THE ABUNDANCE OF R-LOOPS CAN ACTIVATE THE 

NUCLEOLAR STRESS PATHWAY 

      As previously mentioned in the background, the nucleolus is the site of ribosome biogenesis 

in cells and requires up to 80% of a cells energetic demands 4. It has been shown in previous 

literature that nucleolar stress causes a translocation of proteins inside the nucleolus to the 

nucleoplasm, leading to activation of tumor suppressor p53 8. Known nucleolar stressors include 

hypoxia, UV, heat, nutrient starvation, DNA damage, and viral proteins 78. 

      R-loop zones imaged in live cell-imaging then prompted us to hypothesize that nuclear R-

loops were mainly localized in the nucleolus. To test this, an immunofluorescence experiment 

was performed to determine if nucleolin and HBD-EGFP (R-loops) are within the same 

proximity. HBD-EGFP-U2OS cells were given doxycycline, fixed, and stained with the anti-

nucleolin antibody. Nucleolin is a protein primarily located in the nucleolus, making it a useful 

marker of nucleoli locations 92. Images in Figure 7 show a clear co-localization of R-loops to the 

nucleolus. This indicates that R-loops are concentrated in the nucleolus and further experiments 

regarding the effect of R-loops on the nucleolus could be examined.
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Figure 7:  Immunofluorescence Showing R-Loop Localization in the Nucleolus. (a) Cells 

shown are HBD-EGFP-U2OS cells. This image shows each channel of the immunofluorescence 
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image. The bottom right channel is a merged image of HBD-EGFP cells and nucleolin showing a 

distinct co-localization of HBD-EGFP (R-loops) to nucleolin (nucleolus) without drug treatment. 

(b) Enlarged image of each channel in the immunofluorescence image. The bottom right channel 

is a merged image of HBD-EGFP/ nucleolin channel showing the co-localization between R-

loops and nucleolin. 

 

 I then hypothesized that R-loop increases could induce nucleolar stress. The potent 

RNA:DNA helicase SETX was chosen to be knocked down in cells, which has been shown to 

increase R-loop levels in cells when SETX abundance is lower 73.  

The results of the SETX knockdown was validated by western blotting (Figure 8a). A dot 

blot was performed to confirm an increase in R-loops after SETX knockdown (Figure 8b).  

8a 

 

8b 
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8c 

 

Figure 8: Knockdown of SETX Likely Increases R-Loops. (a) Western blot showing 

successful knockdown of SETX. (b) Dot blot membrane showing dsDNA and S9.6 (R-loop) dot 

intensity with the graph showing the dot blots relative abundance of R-loops after accounting for 

S9.6 non-specific binding. Fluorescence intensity normalized to no drug treatment. The graph 

from two different SETX knockdowns. Data non-significant due to not enough data. Likely 

increase in R-loops after SETX knockdown but could not be confirmed. Error bars are of mean 

with SEM. 

 

        It appears there was a probable increase in R-loops after SETX knockdown (Figure 8b). 

Next, I analyzed if nucleolar stress was induced by an increase in R-loops. A common way of 

assessing nucleolar stress is through the visualization of translocated nucleolar proteins out of the 

nucleolus 78. Well-studied nucleolar proteins that translocate under nucleolar stress are NPM1 

and fibrillarin. Fibrillarin, under nucleolar stress, will form rings or caps around the nucleolus 

while NPM1 will translocate to the nucleoplasm from the nucleolus  78. This is when NPM1 is 

sequestering p53 ubiquitinases, allowing p53 levels to increase in cells. To visualize the 
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translocation of NPM1 and fibrillarin, which would indicate nucleolar stress, an 

immunofluorescence was performed. Two controls were introduced in the imaging. One control 

was siControl cells given Actinomycin D to induce nucleolar stress. At low concentrations <10 

nM, Act. D acts as a potent RNA Polymerase I inhibitor causing nucleolar stress 93. This was 

done to verify what should be seen in a cell that has activated the nucleolar stress pathway. 

Another control was untreated siControl cells, with lower R-loop levels relative to siSETX cells, 

to visualize nucleolar proteins in cells that have not activated the nucleolar stress pathway. Cells 

were fixed and stained with antibodies probing for NPM1 and fibrillarin and then imaging was 

carried out (Figure 9).  

9a 
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Figure 9: Fibrillarin Rings Seen in Cells with Partial SETX Knockdown. (a) siControl cells 

with no increase in R-loops showing typical staining pattern of fibrillarin and NPM1. No 

nucleolar stress seen. (b) siSETX cells showing fibrillarin caps after an increase in R-loops. 

Fibrillarin caps are circled. Clear sign of nucleolar stress in Fibrillarin, however, NPM1 did not 

appear to translocate into the nucleoplasm as much as expected. Nucleolar stress pathway likely 

partially activated. (c) siControl cells given 8 nM of Act. D for 4 hours to induce nucleolar stress. 

Fibrillarin cap seen and circled. A translocation of NPM1 into the nucleoplasm is also seen. 

Nucleolar stress seen. Nucleolar stress pathway likely activated (9b).   

 

The results from Figure 9 suggest that cells with an increase in R-loops have activated the 

nucleolar stress pathway. Figure 9a shows no clear concentration of fibrillarin along with NPM1 

concentrated in dots not throughout the nucleoplasm. This is what is expected in a cell with no 

nucleolar stress pathway activation. Translocation of fibrillarin into caps/donut shapes outside of 

the nucleolus were seen in siSETX cells (Figure 9b). This is a clear sign of the activation of the 

nucleolar stress pathway. However, NPM1 did not appear to translocate into the nucleoplasm. It 

is possible that the nucleolar stress pathway was partially activated. Fibrillarin in Figure 9b and 

9c both appear similar further indicating the activation of the nucleolar stress pathway in siSETX 

cells. This further indicates the activation of the nucleolar stress pathway in siSETX cells 

because cells in Figure 9c were given Actinomycin D. which acted as a positive control for 

nucleolar stress.   

To further test if the nucleolar stress pathway was activated after an increase in nuclear 

R-loops, abundance of p53 needed to be determined. As previously mentioned, after the 

nucleolar stress pathway has been activated, an increase in p53 is seen in the cell due to the 

translocation of nucleolar proteins’ sequestering of p53 ubiquitinase HDM2. This allows p53 

levels to increase relative to cells that have not activated the nucleolar stress pathway. To 
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determine if p53 levels were increased after an increase in nuclear R-loops, a western blot was 

performed probing for p53 after SETX knockdown (Figure 10). 

 

Figure 10: SETX Knockdown Elevates p53 Expression in Cells. The results from the western 

blot indicate an increase of p53 in siSETX cells when compared to siControl cells. These results 

add evidence that the nucleolar stress pathway was partially activated in cells with an increase in 

R-loops. 

 

The results from the western blot indicate that in cells with an increase in R-loops, an 

increase in p53 is seen when compared to cells that have fewer R-loops. The western blot for 

p53, along with the immunofluorescence, adds increasing evidence that cells with an increase in 

R-loops are experiencing an activation of the nucleolar stress pathway. 

p53
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III.  DETERMINE WHETHER INCREASING R-LOOP ABUNDANCE DECREASES CELL 

VIABILITY  

Next, it was questioned whether this increase of R-loops and possible activation of the 

nucleolar stress pathway could cause a change in cell viability. The objective of this chapter was 

to determine if increasing R-loops using the DNA damaging drug Cisplatin or DNA repair 

inhibiting drug Olaparib, combined with a knockdown of SETX, would cause R-loops to 

increase so much that cell viability would decrease. Based on previous experiments, knocking 

down SETX causes R-loops to likely increase (Figure 8), with cells effected showing signs that 

the nucleolar stress pathway was activated (Figures 9 and 10). Previous research also indicated 

adding DNA damaging or DNA repair inhibiting drugs increase R-loop abundance in cells 

(Figures 5 and 6). I hypothesized that by combining both R-loop increasing methods, cell 

viability would decrease in cancer cells. To perform this experiment, SETX needed to be 

knocked down with a siRNA transfection, and a western blot was required to show the 

knockdown (Appendix 1a). After that, a dot blot was required to ensure an R-loop increase 

occurred after the SETX knockdown (Appendix 1b). The quantification of R-loop abundance 

from this experiment was included in Figure 8. 

 Lastly, SETX knockdown and control cells were treated with either 16 hours of 2.5 μM 

Olaparib, 1 hour of 50 μM Cisplatin, or no drug treatment. Olaparib and Cisplatin were chosen as 

the drugs to be added to the cells due to their consistent and relatively large increase in R-loop 



43 
 

 

 

abundances compared to other chemotherapeutic agents tested (Figures 3, 5b, and 6). Cell 

viability was tested to determine if cell death had occurred more in cells with the highest increase 

in R-loops. This was done by seeding 10,000 cells per well in a 48 well plate for siSETX and 

siControl cells. The cells were stained with trypan blue and counted twice per well using a 

hematocytometer after addition of Olaparib, Cisplatin, or no drug treatment. Cells had to be 

seeded at only 10,000 cells per well due to a large number of cells needed for the western blot 

and dot blot in Appendix 1. The two cell counts per well were averaged and quantified to give an 

overall number of cells in the well (Figure 11).  

 

Figure 11: Cell Count Graph Showing No Clear Decrease After SETX siRNA Treatment 

with Olaparib, Cisplatin. The graph shows no consistent trend in cell viability with any 

treatment on the cells. Cells seeded at 10,000 cells per well in a 48 well plate. Four wells per 

treatment and each well counted twice with the average of the well graphed. Results compared to 

control are all non-significant. Error bars indicate mean with standard deviation. 
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The results show no clear connection or statistical significance between drug treatments 

or cells with a knockdown in SETX. It is likely that the results are inaccurate, and the method 

chosen to count cells did not work. Additionally, 10,000 cells were seeded in each cell making 

the results more inaccurate due to the cell count being below 10,000 for siControl and no drug 

treatment cells. It is possible that using such a small initial seeding of cells and a relatively 

inaccurate counting method contributed to the results in Figure 11. Unfortunately, no conclusions 

can be gathered from the cell viability data.



45 
 

 

 

CHAPTER FOUR 

DISCUSSION 

                                

        The study of R-loops and their relationship with nucleolar stress has been understudied 

 and many mysteries remain about the relationship between R-loops and nucleolar stress. The 

aim of this manuscript was to gain an insight on the possibility that R-loops could be a source of 

nucleolar stress, and that increasing R-loops in cells could be a way to kill cancer cells. The data 

indicated that several DNA damage inducing or DNA repair inhibiting drugs likely increase R-

loop levels, and this could be an understudied impact on their effectiveness as successful 

chemotherapeutic agents (Figures 3, 5, and 6). This was also determined using multiple different 

mechanisms, further increasing the reliability of the results.  

       The immunofluorescence results show the co-localization between R-loops and nucleolin 

(Figure 7), suggesting that R-loops are heavily concentrated in the nucleolus. Figure 7 results 

indicate that the nucleolus and R-loops may contain a valuable interaction to a cells success. This 

allows for the possibility of all kinds of discoveries to be made regarding the connection between 

R-loops and the nucleolus. By showing that depletion of Senataxin likely causes an increase in 

R-loops (Figure 8), this confirmed literature data and showed that knocking down Senataxin 

could be used to artificially increase R-loops in cells. This result also showcases the 

effectiveness of SETX as an RNA:DNA helicase. The Immunofluorescence staining of NPM1 

and fibrillarin had important impacts on this manuscript. Under conditions with increased R-

loops in cells due to the SETX knockdown fibrillarin caps were seen, indicating an activation of 
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the nucleolar stress pathway (Figure 9). This was a promising result suggesting the nucleolar 

stress pathway was activated in cells that had an increase in R-loops from a SETX knockdown. 

However, the lack of translocation of the nucleolus into the nucleoplasm was not evident. This 

meant the immunofluorescence data could not confirm if the nucleolar stress pathway was 

activated. Luckily, there was another way to test if the nucleolar stress pathway had been 

activated. The other method for detecting if there was activation of the nucleolar stress was to 

test for p53 abundance. By comparing p53 abundance in cells that had a knockdown of SETX 

versus cells that did not it was possible to gain a better insight. The data from the p53 western 

blot confirmed an increase in p53 in cells with more R-loops (Figure 10). This led to the 

conclusion that knocking down SETX can cause a likely activation of the nucleolar stress 

pathway, but due to the NPM1 data it may not have been a complete activation.  Lastly, it was 

necessary to test for changes in cell viability in cells with a combination of the two methods that 

increase R-loops. The two methods were adding DNA damage inducing or DNA repair 

inhibiting drugs, which likely increased R-loop levels in cells, with a knockdown of SETX to 

further increase R-loop levels in cells. This experiment yielded no meaningful result (Figure 11). 

       There were experiments that could have been done in a better way. For example, imaging 

data could have been quantified in a better way, specifically NPM1 translocation from the 

nucleolus to the nucleoplasm. Next, the S9.6 antibody is one of the most accurate antibodies at 

detecting R-loops in cells; however, it is not perfect and does recognize other genomic products 

besides R-loops. This causes the results to be more difficult to reproduce, making the results 

more questionable. Also, the cell viability assay failed, likely due to the small number of cells 
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that were originally seeded and poor method of choice to count cells. It is unfortunate that a clear 

result could not be obtained from the cell viability data.  

     Future directions from this manuscript include knocking down different R-loop helicases to 

understand if that could cause signs of nucleolar stress. Considering SETX showed signs of 

being a potent RNA:DNA helicase, it would be useful to understand other proteins SETX 

interacts with to achieve R-loop resolution. It may also be useful to determine if decreasing R-

loop abundance can activate the nucleolar stress pathway. Lastly, gaining insight on where in the 

genome R-loops increase after a SETX knockdown could be valuable information. This could be 

achieved using sequencing data.  

     To conclude, this manuscript determined that DNA damage inducing and DNA repair 

inhibiting chemotherapeutic drugs cause a likely increase in R-loops, R-loops are localized in the 

nucleus, a knockdown of SETX likely causes an increase in R-loops, this increase in R-loops is 

likely the cause of the translocation of nucleolar proteins such as fibrillarin, and an increase in R-

loops can possibly increase levels of p53 in cells; likely due to the activation of the nucleolar 

stress pathway.  
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APPENDIX 

Additional Data  
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1a 

 

1b 

 

Figure 1: SETX Knockdown and Corresponding Dot Blot Membrane. (a) SETX Membrane 

is shown indicating decreased levels of SETX in siSETX cells after siRNA transfection. (b) Dot 

blot membrane showing fluorescence of the S9.6 antibody and dsDNA antibody on their 

membranes in siControl and siSETX cells. The data of quantified relative R-loop abundance 

from this dot blot was combined with the graph in Figure 8b. 
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