
 

DISCOVERY OF A ROLE OF FMRP IN R-LOOP REGULATION AND 
GENOME MAINTENANCE THROUGH BREAK-SEQ ANALYSIS OF 

THE FRAGILE X GENOME 

 

by 

Arijita Chakraborty 

 

 

 

A Dissertation in the Department of Biochemistry and Molecular Biology 

 

 

 

Submitted in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy in the College of Graduate Studies of State University of New York, Upstate 

Medical University. 

 

 

 

Approved ___________________________  

                              Wenyi Feng  

Date_______________________________  

 

 



 ii 

TABLE OF CONTENTS 

TABLE OF CONTENTS ................................................................................................. ii 
 

LIST OF FIGURES ......................................................................................................... iv 
 

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

AUTHOR CONTRIBUTION ........................................................................................ vii 
 

ACKNOWLEDGEMENT ............................................................................................... ix 
 

ABSTRACT ..................................................................................................................... xii 
 

CHAPTER 1: INTRODUCTION .....................................................................................1 
1.1. Genome instability and human diseases ...................................................................2 
1.2. Fragile X syndrome ...................................................................................................5 

1.2.1. The discovery of fragile X syndrome  ...........................................................6 
1.2.2. Clinical features and molecular phenotype of fragile X syndrome ...............7 
1.2.3. The FMR1 gene and mutations that cause FXS .............................................9 
1.2.4. Model systems for fragile X syndrome ........................................................12 
1.2.5. Genetics of the FXS mouse model ...............................................................12 
1.2.6. Phenotypes displayed by FXS mouse model ...............................................14 
1.2.7. FXS fly model ..............................................................................................15 

1.3. Fragile X Mental Retardation Protein (FMRP) ......................................................17 
1.3.1. Expression and subcellular localization of FMRP .......................................17 
1.3.2. Tissue specific expression of FMRP ............................................................18 
1.3.3. Subcellular localization of FMRP isoforms .................................................19 
1.3.4. FMRP domain organization and structure  ..................................................20 
1.3.5. FMRP function and participation in cellular signaling pathway .................24 
1.3.5.1. FMRP cytoplasmic functions ....................................................................25 
1.3.5.2. FMRP nuclear functions ...........................................................................32 

1.4. R-loop and genome instability ................................................................................35 
1.4.1. R-loop formation and physiological roles ....................................................36 
1.4.2. Structure and genome distribution of R-loops .............................................40 
1.4.3. Pathological role of R-loops in DNA damage and association with human 
diseases ..................................................................................................................44 
1.4.4. Cellular factors that prevent and/or resolve R-loops ...................................47 
1.4.5. R-loops and human diseases ........................................................................49 

1.5. DNA double strand break formation due to replication stress ................................51 



 iii 

1.6. Discussion and hypothesis ......................................................................................55 
Figures............................................................................................................................58 
References ......................................................................................................................67 

 
 
CHAPTER 2: REPLICATION STRESS INDUCES GLOBAL CHROMOSOME 
BREAKAGE IN THE FRAGILE X GENOME ...........................................................84 

2.1. Introduction .............................................................................................................85 
2.2. Materials and Methods ............................................................................................89 
2.3. Results ...................................................................................................................102 
2.4. Discussion .............................................................................................................113 
Figures..........................................................................................................................119 
Tables ...........................................................................................................................140 
References ....................................................................................................................145 
 

CHAPTER 3: FMRP REGULATES R-LOOP THROUGH CHROMATIN 
INTERACTION .............................................................................................................152 

3.1. Introduction ...........................................................................................................154 
3.2. Materials and Methods ..........................................................................................156 
3.3. Results ...................................................................................................................166 
3.4. Discussion .............................................................................................................176 
Figures..........................................................................................................................181 
Tables ...........................................................................................................................203 
References ....................................................................................................................210 
 

CHAPTER 4: DISCUSSION ........................................................................................215 
4.1. Overall conclusion ................................................................................................216 
4.2. Genome-wide instability in FX genome suggests a potential role of FMRP in 
genome maintenance ....................................................................................................217 
4.3. FMRP interacts with the chromatin and regulates R-loop formation ...................218 
4.4. Absence of FMRP and genome instability potentially linked to increased protein 
synthesis .......................................................................................................................219 
4.5. Identification of novel cellular pathways dysregulated in FXS ............................220 
4.6. Future studies ........................................................................................................221  
Figure ...........................................................................................................................224 
References ....................................................................................................................226 

 
 
 
 
 
 
 



 iv 

 

LIST OF FIGURES 
 

CHAPTER 1 

Figure 1.1. Pedigree analysis of a family with ID examined by H.A. Lubs in 1969 .....58 
Figure 1.2. Schematic representation of CGG repeat expansion at the 5’UTR of the 
FMR1 gene and their clinical fate  .................................................................................59 
Figure 1.3. FMRP tissue distribution and domain organization ....................................60 
Figure 1.4. Metabotropic glutamate receptor theory of fragile X syndrome  ................62 
Figure 1.5. R-loop functions as intermediates in both cis and trans for key cellular 
processes ........................................................................................................................64 
Figure 1.6. Replication and transcription collision in the presence of R-loops in two 
orientations, head-on and co-directional  .......................................................................66 

 

CHAPTER 2 

Figure 2.1. Fragile X cells show elevated DNA damage under replication stress .......119 
Figure 2.2. DSB mapping by Break-seq in lymphoblastoid cells ................................121 
Figure 2.3. DSB association with genomic features ....................................................123 
Figure 2.4. DSB correlation with RLFSs and increased RNA:DNA hybrids in FX cells 
in vivo ..........................................................................................................................125 
Figure 2.5. FMRP expression suppresses RLFS-induced DSB formation ..................126 
Figure 2.6. FMRP expression ameliorates APH-induced DSB formation in FX cells 128 
Figure 2.7. Proposed model for FMRP R-loop regulation and DSB prevention .........129 
Figure S2.1. Validation of CGG repeat expansion at FMR1 locus and the absence of 
FMRP expression in the Fragile X cell lines used in this study ..................................131 
Figure S2.2. Lymphoblastoid cells and fibroblasts from FX have increased DNA 
damage .........................................................................................................................133 
Figure S2.3. Break-seq data quality check ...................................................................135 
Figure S2.4. Genomic Association Test (GAT) for correlations between DSBs and the 
“APH breakome” mapped by BLESS ..........................................................................137 
Figure S2.5. Control experiments for RLFS-induced DNA breakage and recombination 
frequency (RF) in yeast ................................................................................................138 
 

 
CHAPTER 3 
 

Figure 3.1. FMRP responds to replication stress and binds to the chromatin .............181 
Figure 3.2. FMRP chromatin binding sites are closely associated with RLFS ............183 
Figure 3.3. Mechanism of R-loop resolution by FMRP ..............................................185 
Figure 3.4. Mechanism of R-loop resolution by FMRP through protein-protein 
interaction ....................................................................................................................187 



 v 

Figure 3.5. UGT1 expression is affected in FX cells ...................................................188 
Figure 3.6. Absence of FMRP changes the transcriptome in lymphoblastoid cells ....190 
Figure 3.7. Association between FMRP-chromatin binding sites, RLFS and gene 
expression ....................................................................................................................192 
Figure 3.8. Association between FMRP-chromatin binding sites and APH induced 
DSBs in FX cells ..........................................................................................................194 
Figure S3.1. FMRP chromatin interaction ...................................................................196 
Figure S3.2. Correlated FMRP-binding sites, DSBs in FX-APH treated samples and 
RLFS lie in at-risk genes for FXS ................................................................................198 
Figure S3.3. FMRP and nucleic acid binding ..............................................................199 
Figure S3.4. RNA-seq analysis of FX and NM cells under replication stress  ............201 
Figure S3.5. STRING network showing the 63 genes containing FMRP binding site 
and RLFS within 1kb and DSBs identified in FX cells induced by APH ...................202 

 
 
CHAPTER 4 
 

Figure 4. Summary of current understanding of FXS ......................................................2 
 
 
 
 
 
 



 vi 

LIST OF TABLES 
 

CHAPTER 2 

Table 2.1. Statistical analysis of absolute distance between RLFSs and DSBs in the 
indicated categories on each chromosome using GenometriCorr  ...............................140 
Table S2.1. Number of consensus DSB peaks (detected in at least 2 replicates) in all 
categories defined by strain/treatment/comparison combinations  ..............................141 
Table S2.2. Select top Gene Ontology terms (p < 0.001) for “Biological pathways” 
associated with DSBs in the indicated groups .............................................................142 
Table S2.3. Correlation between DSBs and R-loops  ..................................................143 
Table S2.4. Number of genes containing DSBs in FX cells that overlap RLFSs or 
DRIP-seq signals ..........................................................................................................144 
 

 
CHAPTER 3 
 

Table 3.1. FMRP-bound genes containing overlapping DRIP-seq signals and/or RLFSs 
and aphidicolin-induced DSBs in FX cells ..................................................................203 
Table S3.1. Validated FMRP RNA substrate genes(Sethna et al., 2014) that contain 
FMRP chromatin binding targets and/or DSBs in the FX cell line.  Numbers in 
parentheses indicate the number of DSBs found in the given gene .............................205 
Table S3.2. Primers for ChIP-qPCR ............................................................................206 
Table S3.3. Oligonucleotides for R-loop generation and EMSA experiment .............207 
Table S3.4. All FMRP chromatin binding sites in genes that co-localize with RLFS  
within 1kb ....................................................................................................................208 
 

 



 vii 

AUTHOR CONTRIBUTIONS 

Chapters 1 and 4 were written solely by A. Chakraborty (AC).  

Chapter 2 was adapted from a primary research manuscript, a portion of which was 

submitted to Cell Reports and is currently under review. This chapter has been co-written 

with W. Feng with comments from all listed authors.   

o Figure 2.1 and S2.1A : Contributed by A.C. 

o Figure 2.2, 2.3, part of 2.4, and S2.3 : Contributed by A.C., A.B., E.H.,W.F., 

A.M.C, P.J. and V.K. 

o Figure 2.4. and S2.1B : Contributed by A.C. with help from J.L. 

o Figure 2.5 and S2.5.  Contributed by A.C., A.T. performed RNase H expression 

only. 

o Figure 2.6 : Contributed by J.L. and statistical analysis by V.K. 

o Figure S2.2B and S2.2C : Contributed by J.L. and A.C. 

o Figure S24 : Contributed by C.C. and S.H. 

o H.H. helped with microscopy experiments and image analysis. 

Chapter 3 is a manuscript in preparation written by AC with edits from W.F.  

o Figure 3.1 and 3.4 : Contributed by A.C. 

o Figure 3.2, 3.5, part of S3.1 and S3.2 : Contributed by A.C., B.H., W.F., P.J. and 

V.K. 

o Figure 3.3 and S3.3 : Contributed by A.D., P.S., L.D., A.BH., L.G. and X.X. 

o Figure 6,7,8,S4 and S5.  Contributed by AC., A.G. and W.F. 



 viii 

o H.H. helped with microscopy experiments and image analysis. 

W.F- Wenyi Feng, A.B.- Aimee Belak, E.H.-Elizabeth Hoffman, A.M.C.- Andrew 

McCulley, P.J.- Piroon Jenjaroenpun, V.K.- Vladimir Kuznetsov, J.L.-Jing Li, A.T.- 

Audrey Thorland, C.C.- Chun-long Chen, S.H.- Sami El Hilali, B.H.- Brian Haarer, A.D.-

Arijit Dutta, P.S.-Patrick Sung, L.D.- Leonardo Dettori, A.BH.- Alaji Bah, L.G.- Leticia 

Gonzalez, X.X.- X Xiaoyu Xue, A.D.- Andre Grageda and H.H.- Heidi Hehnly 

 

 

 

 

  



 ix 

ACKNOWLEDGEMENTS 

I would like to extend my deepest gratitude to each and every individual who 

have taken the time out of their lives to make this dissertation a resounding success.  The 

challenges and the rigors of the graduate school have not only helped me shape my 

scientific mind, taught me discipline and perseverance but also helped me discover an 

undeniable love for genetics and realize my future goals. 

There are not enough words to express my gratefulness for my thesis advisor, Dr. 

Wenyi Feng, for trusting me and most importantly, giving me the opportunity to learn.  

Her unflinching support, advice, constructive criticism and scientific intuition has 

motivated me to become an independent researcher.  She has also demonstrated what a 

hard-working scientist can accomplish.  She continues to inspire me as I challenge myself 

every day to achieve the pinnacle of success.   

I would also like to extend my gratitude to Drs. Xin Jie Chen, Frank Middleton, 

Patricia M. Kane and Leszek Kotula for their unwavering support and guidance over the 

years as members of my thesis advisory committee.  Their excellent feedback and 

thoughtful discussions have been instrumental in achieving my project goals.  I give 

thanks to Dr. Brian Howell and Dr. Mark Schmitt for serving in my qualifying exam 

committee.  My sincere thanks to Dr. Jason A. Horton, Dr. Alaji Bah and Dr. Sergei M. 

Mirkin for serving in my thesis defense committee. 

I am indebted to my collaborators, Drs. Vladimir Kuznetsov in the Department of 

Urology at SUNY Upstate, Piroon Jenjaroenpun in the University of Arkansas and Andre 

Grageda also in the Department of Urology at SUNY Upstate for lending me their 



 x 

computational expertise in the analysis of Break-seq, ChIP-seq and RNA-seq data, 

addressing technical problems and providing me with resources to complete a huge part 

of the project.  I give thanks to Dr Chun-long Chen and Sami El Hilali for helping with 

replication timing analysis.  I owe special thanks to Dr. Heidi Hehnly in the Department 

of Biology, Syracuse University for not only providing me with unrestricted access to all 

the tools available in her laboratory, but also dedicated time in teaching me the first steps 

of image acquisition, processing and analysis of fluorescence microscopy.  I give thanks 

to Dr. Xiaoyu Xue  and Leticia Gonzalez in the Department of Chemistry and 

Biochemistry at Texas State University for their contribution in the R-loop and FMRP 

binding experiments.  I give thanks to Drs. Patrick Sung and Arijit Dutta in the 

Department of Biochemistry and Structural Biology  in University of Texas at Saint 

Antonio for their contribution in R-loop and FMRP binding experiments. 

I would like to take this opportunity to thank both the present and past members 

of the Feng lab.  I owe special thanks to Dr. Brian Haarer who helped me get started with 

my thesis project, for providing me with support and resources, for extensive scientific 

discussions and finally for the much-needed sense of humor.  I cannot forget the 

invaluable support provided by Andrew McCulley in my initial years of PhD for training 

me with the basic skills of the lab, with Break-seq experiments and creating a friendly 

atmosphere.  I give thanks to Dr. Jie Peng for mentoring me in my rotation project and 

for his thoughtful comments and friendship.  I give thanks to Elizabeth Hoffman, Aimee 

Belak and Audrey Thorland for their contribution in Break-seq experiments and RNase H 

expression studies in yeast.  I would also extend my thanks to Jing Li for helping me with 

experiments with human fibroblast cell lines, Charlotte Logan for experiments with 



 xi 

cloning FMRP and its domains in PET-SUMO constructs and Leonardo G. Dettori for 

expression and purification of recombinant FMRP.  Finally, I would like to thank Ishita 

Joshi for insightful conversations on science and life in general.   

I wish to thank all the past and present staff members of the College of Graduate 

Studies.  I want to specially thank Cherylene Small, Jennifer Brennan and Tracy Balduzzi 

for taking the time and patience to answer all my queries, often in short notice.  I am 

extremely grateful to Terri Brown, who was a huge source of information and guided us 

almost as a parent through the intricacies of the graduate school.   

I give thanks to Department of Biochemistry for creating a fantastic research 

environment.  Special thanks to Penny McPhilmy and Sandra Jarvis, for their hard work 

and commitment keeps the department functioning efficiently.  

I am indebted to my family, specially my parents. Their love, sacrifice and 

encouragement has been a huge source of strength during the toughest of times.  Finally, 

I am thankful for all my friends whom I left behind in India and those that I have made 

here who will remain by my side as I move on to the next adventure!   

  



 xii 

ABSTRACT 

 

 TITLE:  Discovery of a role of FMRP in R-loop regulation and genome maintenance   

through Break-seq analysis of the Fragile X genome 

 AUTHOR:  Arijita Chakraborty 

SPONSOR:  Wenyi Feng 

 

Fragile X Syndrome (FXS) is a neurodevelopmental disorder caused by mutations in the 

FMRP translation regulator 1 (FMR1) gene and deficiency of its product, FMRP.  FMRP 

is known as a translation repressor whose nuclear function is poorly understood.  We 

investigated the global impact on genome stability due to FMRP loss.  We applied Break-

seq to a human cell line-based model for FXS and mapped genome-wide spontaneous 

and replication stress-induced DNA double strand breaks (DSBs) for the first time.  We 

report that the genomes of FXS patient-derived cells are inherently unstable and 

accumulate more than twice as many DSBs as those from normal cells.  The DSBs in 

FXS cells are enriched in neuron projection and synapse organization pathways.  We 

further demonstrate that replication stress-induced DSBs in FXS cells correlate with R-

loop forming sequences.  FMRP, and not an RNA-binding mutant FMRP-I304N, abates 

R-loop-induced DSBs during programmed replication-transcription conflict.  Moreover, 

exogenously expressed FMRP in FXS patient-derived cells reduces the replication stress-

induced DSB formation.  We conclude that the FXS cells are more susceptible to DNA 

replication stress.  Furthermore, we identified chromatin binding sites of FMRP for the 

first time in human lymphoblastoid cells.  Through mapping FMRP-bound chromatin loci 



 xiii 

in normal cells and correlating with FX-specific chromosome breaks, we identified novel 

FXS-susceptible genes.  We show that FX cells have reduced expression of the uridine 

diphosphoglucuronosyl transferase 1 family enzymes, suggesting defective xenobiotic 

metabolism.  In addition, using transcriptome analysis, we show that DNA repair genes 

are downregulated in FX cells under replication stress.  Finally, we report a direct binding 

interaction between FMRP and R-loop and that the C-terminal domain is important for 

this interaction.  Therefore, we propose that FMRP is a novel genome maintenance 

protein required for preventing R-loop formation during replication stress.  Our study 

provides new insights into the etiological basis for FXS.
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CHAPTER 1: GENERAL INTRODUCTION 

 

Arijita Chakraborty 

 

Department of Biochemistry & Molecular Biology,  

SUNY Upstate Medical University, 750 E. Adams Street, Syracuse, New York 13210 
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1.1. Genome instability and human diseases 

The stability of the genome is of utmost importance.  During cell proliferation, the 

cell cycles through specific cellular phases that are tightly controlled, which ensures that 

the genome is accurately copied and faithfully propagated into the next generation.  This 

requires error-free DNA replication before chromosomes segregate at the time of mitosis.  

To ensure that the genome is accurately duplicated, DNA replication is coordinated with 

DNA damage sensing and repair.  This is accomplished through checkpoints established 

at transitions or during a phase in the cell cycle (Barnum and O'Connell, 2014).  In the 

event that any of these processes function sub-optimally, cells will experience genome 

instability.  Genome instability is a result of genetic alterations, which can be divided into 

two broad categories depending on the type of change in the DNA.  Small-scale changes 

such as point mutations, addition and deletions, and large scale changes such as gain or 

loss in copy number (gene amplification and trinucleotide repeat [TNR] expansion or 

contraction), chromosomal translocation and gain or loss of chromosomes.  Genome 

instability can have either positive, negative or neutral effect in organisms.  While some 

alterations give selective advantages to the organism with increased survival rates or even 

genetic variation such as immunoglobulin gene diversification, others may have 

deleterious consequences manifested in the form of diseases (Aguilera and Garcia-Muse, 

2013).  However, the common events that ultimately result in instability are DNA breaks 

that occur as a result of replication stress.  Thus, failure to replicate properly is associated 

with cancer and neurological disorders.   

DNA structure is most susceptible to damage during the S-phase of the cell cycle.  

The replication fork has to overcome a variety of obstacles on its way, such as DNA 
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adducts, secondary structures and tightly bound DNA-protein complexes, which can 

result in replication fork (RF) pausing or even stalling (Aguilera and Gomez-Gonzalez, 

2008).  As mentioned before, in the event that RF progression is interrupted, eukaryotic 

cells trigger cell cycle checkpoints for surveillance of DNA integrity.  There are four 

major checkpoints throughout the cell cycle, and S-phase checkpoints are the most 

important for maintaining genome stability.  S-phase checkpoints recognize and respond 

to RF stalling and intra-S-phase damage and prevents RF collapse (Aguilera and Gomez-

Gonzalez, 2008; Lopes et al., 2001).  During replication stress, caused by replication 

inhibition or checkpoint inactivation, RFs can collapse resulting in replisome 

disassembly, ssDNA gaps and ssDNA or dsDNA breaks (Aguilera and Gomez-Gonzalez, 

2008; Sogo et al., 2002).   

The human genome consists of hotspots for instability known as fragile sites 

(Sutherland et al., 1998).  Chromosome fragile sites are gaps, constrictions or breaks 

observed in the metaphase chromosome spreads, induced by partially inhibiting 

replication.  Fragile sites can be categorized into rare and common fragile sites depending 

on their frequency of occurrence in the population and the type of replication inhibitor 

used to induce replication stress (Durkin and Glover, 2007).  Rare fragile sites (RFS) are 

observed in less than 5% of the population and are expressed under folate stress or 

deprivation of folate from the media, while common fragile sites (CFS) are observed in 

most individuals and predominantly induced by aphidicolin (DNA polymerase inhibitor) 

treatment (Glover, 2006; Sutherland, 2003).  RFSs occur mostly at repetitive DNA 

sequences.  Among the 22 RFSs induced by folate stress, more than 50% of them harbor 

repeats, and 83% of these repeat sites have a CGG trinucleotide repeat (Feng and 
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Chakraborty, 2017).  The question then arises, why are repetitive DNA sequence 

elements fragile?  The clue lies in the observation that these repeats can generate non-B 

DNA structures or alternative conformations of DNA with unusual secondary structures 

(Choi and Majima, 2011).  For example, the CGG repeats are reported to form hairpins, 

slipped strand structures, G-quadruplexes and i-tetra-plex structures (Fry and Loeb, 1994; 

Kang et al., 1995; Usdin and Woodford, 1995).  Moreover, CGG repeats are capable of 

pausing or stalling RFs reported both in vitro and in vivo (Samadashwily et al., 1997).  

These repeats are polymorphic in normal individuals but during gamete formation and 

meiosis they undergo dynamic mutations (expansion/contraction) resulting in the 

cytogenic expression under folate deprivation (Kremer et al., 1991).  The first rare fragile 

site—FRAXA, that appeared as a constriction or break in the long arm of the X 

chromosome and localized to CGG repeat expansion locus in the FMR1 gene 

(Sutherland, 2003).  The expanded repeat region is not only fragile in metaphase 

chromosome under replication stress but also undergoes extensive methylation leading to 

promoter silencing and absence of gene product FMRP in Fragile X Syndrome (Usdin et 

al., 2014).  Using immunocytochemistry and FISH studies, these repeat regions in the 

nucleus were stained with anti-gH2A.X antibody, a marker of DNA double strand break.  

CFSs are often linked to large genes and are most frequently altered in cancer 

(Debatisse et al., 2012; Helmrich et al., 2011).  CFSs do not have any specific sequence 

feature, although some of the cloned CFSs do harbor short interrupted AT-rich islands 

with high torsional flexibility and high propensity to form stable secondary structures, 

similar to the RFSs (Dillon et al., 2013; Elkon et al., 2010).  Moreover, AT/TA repeat 

element found in a frequently expressed CFS, FRA16D was shown to stall RFs (Zhang 
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and Freudenreich, 2007).  In addition, transcription dependent genome instability has 

been implicated in CFS formation.  The unscheduled formation of three-stranded nucleic 

acid structure at G-rich sequences in the genome, often occurring as a consequence of 

transcription are called R-loops.  When R-loops encounter an RF, it can result in a 

collision and DNA breaks expressed as a fragile site, i.e. FRA3B.  In addition to being 

associated with several different forms of cancer, CFSs have also been implicated in 

autism spectrum disorder, schizophrenia, intellectual disability and developmental delay 

(Feng and Chakraborty, 2017).   

In this chapter, the phenotypes of Fragile X Syndrome, the functions of FMRP, 

the effects of specific DNA structures on genome instability, DNA damage response and 

repair will be reviewed.   

 

1.2.  Fragile X Syndrome 

Fragile X syndrome (FXS) is a neurodevelopmental disorder, the most common 

cause for inherited intellectual disability (ID) and the second most common ID after 

Down Syndrome (Ciaccio et al., 2017).  The National Fragile X Foundation estimates the 

prevalence of the disease is approximately 1 in 4000 males and 1 in 6000 females.  

Females also display milder symptoms than males.  Apart from ID, FXS patients also 

display hyperactivity, macroorchidism and connective tissue disorder (Santoro et al., 

2012).  Currently there is no known cure for the disease and treatment is based on 

symptomatic relief and awareness.  While life expectancy of fragile X patients is 

relatively normal,  depending on the penetrance of the disease they are often unable to 

live an independent life.  Therefore, there is an urgent need to understand various aspects 
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of the disease and to address the questions that have been neglected so far that could 

possibly lead us to a therapeutic intervention.  The following section reviews the 

discovery, genetics and symptoms of FXS.  

  

1.2.1.  The discovery of Fragile X Syndrome:  

Fragile X Syndrome (OMIM #300624) was first discovered by Martin and Bell in 

1943 at the Queen Square hospital in London, when a child was examined for intellectual 

deficiencies (Martin and Bell, 1943).  In the following years, investigations into the 

family revealed at least 11 males suffering mostly from ID and in some cases a psychotic 

disorder spread over two generations.  Martin and Bell ultimately concluded that this 

neurological deficiency follows mendelian inheritance and is X-linked.  The conclusion 

was derived from the fact that the disease severely affected males (with a single X 

chromosome) but had little to no effect in females (two X chromosomes) and was later 

referred to as the Martin and Bell syndrome.  Twenty-six years since the discovery, 

Herbert Lubs examined another family with ID across generations (Lubs, 1969).  He 

broadened the definition of the syndrome by using cytogenetics to discover a 

chromosomal abnormality in the X-chromosome of individuals with ID, particularly in 

males and was inherited from a carrier mother (Fig.1.1).  He showed that the long arm of 

the X-chromosome isolated from blood cells of the proband frequently expressed a 

secondary constriction which was also observed in the mother’s X-chromosome albeit at 

a lower frequency.   

In the initial screening of FXS patients, macroorchidism or enlarged testes was 

not reported, however at around the same time as Lubs, two separate group of scientists 
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independently reported the association of macroorchidism with X-linked ID.  Later, Lubs 

followed up with the affected family and reported the appearance of enlarged testes along 

with the X-chromosome abnormality and ID in males (Lubs et al., 1984).  He also 

reported several facial abnormalities, i.e. large ears that were low-set, asymmetric facial 

features along with a prominent jaw.  This was the beginning of reporting of several 

associated symptoms of the disease summarized in the next section.  

 

1.2.2.  Clinical features and molecular phenotypes of Fragile X Syndrome 

The most prominent clinical feature of FXS patients is global developmental 

delay and ID.  They also have associated psychomotor delay observed at both walking 

age and age at which children learn and speak their first words (Alanay et al., 2007).  The 

presentation of ID is variable in both male and female and learning disabilities vary from 

normal, borderline or mild to severe ID (Garber et al., 2008).  The IQ of males vary 

between a mean value of 40–51 (Alanay et al., 2007; Garber et al., 2008; Musumeci et 

al., 1999).  In addition, 68% of full mutation males have an IQ score lower than 50 and 

18% of males have a score above 70 (Alanay et al., 2007).  Interestingly, this score 

directly correlates to the level of FMRP production in females (Ciaccio et al., 2017; 

Schneider et al., 2013).  Thus, individuals showing size-mosaicism with one full mutation 

and another premutation or grey zone or normal alleles have higher IQ than the those 

without any mosaicism.  This indicates that the absence of FMRP is directly responsible 

for ID.  FXS patients are also at high risk for developing more than one neuropsychiatric 

disorder.  Among the ones observed, FXS-Autism and FXS-Anxiety Disorder 

Hyperactivity Disorder (ADHD) is most extensively studied.  Thirty to fifty percent of 
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the Fragile X males and 25% females have Autism Spectrum Disorder (ASD) estimated 

to be a comorbidity with FXS (Ciaccio et al., 2017). 

Other than ID, anxiety disorder is another common feature in Fragile X (FX) 

patients.  Different studies have reported a range of prevalence as 58-65% (Bailey et al., 

2008; Cordeiro et al., 2011; Talisa et al., 2014).  Pervasive development disorder, 

stereotypies (related to hand/finger mannerisms), selective mutism, self-injurious 

behavior and aggressiveness (90% of FXS patients) are other features found in FXS 

patients (Alanay et al., 2007; Oakes et al., 2016; Roberts et al., 2016; Wheeler et al., 

2016).  

FX patients present a range of unique facial features.  For children with FXS, they 

are born with normal head circumference, with growth, the head circumference tends to 

reach higher centiles (Hagerman and Hagerman, 2002).  At puberty, most children will 

develop macrocephaly and with further growth, they develop a long and narrow face with 

prominent ears (Hagerman and Hagerman, 2002).  Other features include a prominent 

jaw, high-arched palate, puffiness around eyes, flat nasal bridge, facial hypotonia etc.  In 

addition to the above features, joint-hypermobility affects half of the patients along with 

flat feet indicating an association of FXS with connective tissue disorder (Ciaccio et al., 

2017; Davids et al., 1990).  However, biochemical and molecular investigations related to 

this association is largely lacking and thus these phenotypes remain unexplained.  

Similarly, FX patients also develop cardiac defects observed in connective tissue 

disorder.  The defects include, dilation of the aortic root (around 25%) and mitral valve 

prolapse (5-30%) (Davids et al., 1990; Pyeritz et al., 1982).  Hyperarousal and reduced 

parasympathetic vagal tone have also been reported (Klusek et al., 2015).  The 
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reproductive organs are also affected in males with macroorchidism seen in 80-95% of 

adult males (Ciaccio et al., 2017).  Interestingly, FX patients also have metabolic issues, 

they are usually overweight or obese with 53-61% of FXS adults presenting either 

obesity or overweight (Utari et al., 2010).  It was not surprising to observe that the HDL 

levels are reduced in the serum of all age groups and consequently, the triacylglycerol 

levels are higher than the general population (Lisik et al., 2016).  These symptoms 

indicate the involvement of other organs in the presentation of the disease which needs to 

be further investigated at the molecular level to establish the mechanism or cause of these 

symptoms.   

At the cellular level, FXS patients display abnormalities such as a postmortem 

investigation of human cortical tissue showed the presence of increased density of 

dendritic spines relative to unaffected individuals where most of the spines appeared 

elongated and immature .  Moreover, dysregulated protein expression and an imbalance 

of excitatory and inhibitory neural networks was also observed (Kazdoba et al., 2014). 

 

1.2.3. The FMR1 gene and mutations that cause FXS 

The FMR1 gene was first identified by Verkerk et al in 1991 in an attempt to 

clone a recurrent DNA break point observed in individuals with FXS (Verkerk et al., 

1991).  FMR1 is located at Xq27.3 cytogenetic band which overlaps with  the fragile site, 

FRAXA in FXS patients (Phalen, 2005).  The 38kb gene codes for the Fragile X Mental 

Retardation Protein (FMRP) and bears 5’-CGG-3’ repeat at the 5’ untranslated region 

(UTR) of the FMR1 gene (Fig. 1.2) (Eichler et al., 1993).  The repeat is polymorphic and 

ranges from 6 to 54 in normal individuals.  Consequently, Ashley et al cloned the mouse 
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FMR1 gene (Ashley et al., 1993b).  Interestingly, it has 97% sequence identity with the 

human ortholog including the CGG repeat in the 5’ UTR (Ashley et al., 1993b).  The 

promoter region of the FMR1 gene along with the transcription start site (TSS) is located 

immediately upstream of the CGG repeats and is devoid of the canonical TATAA-Box 

(Kumari and Usdin, 2001; Naumann et al., 2009; Smith et al., 2004)[22, 23].  Upstream 

to the promoter lies a methylation sensitive CpG island.   The FMR1 coding region 

consists of 17 exons with two alternative splice acceptor sites in exon 15 and one in 17.  

Subsequently, several isoforms of FMRP have been reported (Verkerk et al., 1993).  

A mutation in the unstable CGG repeat can expand from the normal 6-54 range to 

over 200.  Two different alleles are recognized based on the number of repeats and 

disease phenotype.  The premutation allele (PM) contains repeat length varying from 55-

200 while the full mutation allele (FM) contains repeats >200 and causes FXS (Santoro et 

al., 2012).  The consequences of PM and FM are very different at the molecular level 

leading to different pathologies (Fig. 1.2).   

A full mutation allele of FMR1 in most of the cases leads to hypermethylation of 

its promoter resulting in chromatin condensation and the silencing of the gene.  The 

methylation of FMR1 FM is a complicated process. There are three major theories 

explaining the silencing of FMR1.  Firstly, DNA methylation caused due to secondary 

structure formation in the repeat region can recruit DNA methyl transferases and trigger 

methylation of the promoter (Smith et al., 1994).  Secondly, binding of specific 

transcription factors that allow recruitment of histone methyl transferases (H3K9 

methylation) and signal chromatin condensation (Usdin et al., 2014).  Lastly, a recent 

theory by Colak et al is that the FM FMR1 mRNA hybridizes at the repeat locus forming 
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a thermodynamically stable RNA: DNA hybrid that can signal for repressed chromatin 

marks (Colak et al., 2014).  The absence or deficiency of FMRP on account of gene 

silencing is the cause of FXS as elaborated in the later sections of this chapter.  

PM alleles show an interesting enhanced gene activity through increased mRNA 

production (> 5 fold increase in lymphocytes) (Tassone et al., 2000a).  The reason behind 

increased mRNA production when the CGG repeat number varies from 50-200 is still 

unresolved. Moreover, protein levels of FMRP is moderately low in PM allele carriers 

but not completely absent, in some cases FMRP levels are same as wild type (Tassone et 

al., 2000a).  At the molecular level, a characteristic feature is the intra-nuclear inclusions 

(Hagerman et al., 2001; Tassone et al., 2000b).  Individuals with PM show three different 

kinds of disorders as reviewed by Hagermann et al.  They are neurodevelopmental 

problems that has overlapping symptoms with FXS (Autism, delay in development and 

low IQ) and is mostly caused due to deficits in FMRP, adult onset psychological 

disorders and fragile X associated tremor/ ataxia syndrome (FXTAS) (Hagerman et al., 

2001).   

FXTAS is a late onset neurodegenerative disorder that causes “intention tremor” 

and “gait ataxia” (Hunsaker et al., 2009).  At the cellular level, FXTAS is caused due to 

astrocyte and neuronal nuclear inclusions resulting in neuropathy with global brain 

atrophy (Tassone et al., 2000b).  RNA toxicity is a highly accepted theory explaining the 

molecular observation, also called “gain of function toxicity” due to increased mRNA 

production (Sellier et al., 2013).  No other mutation in the coding region of FMRP (unlike 

FXS) has been reported to trigger FXTAS indicating that protein function has very little 

role to play in the disease. 
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In this chapter and the chapters thereafter, we have addressed the cause of FXS 

due to the loss of FMRP and hence the rest of the chapter will solely focus on Fragile X 

Syndrome related symptoms.  

                                                                                                                                                                                                                                                                                                      

1.2.4. Model systems for Fragile X Syndrome   

In order to better understand FXS, animal model systems were developed in 

several organisms such as mouse, fruit fly, rat and zebra fish.  In addition, human 

embryonic stem cells, iPSC cells, fibroblast, lymphoblastoid (B-lymphocytes 

immortalized by EBV) cells derived from fragile X fetus or patient respectively, have 

also been used as model systems to probe for specific aspects of FXS.  Among these 

systems, the most important are the mouse and fly model.  In this section, these two 

model systems will be discussed. 

 

1.2.5. Genetics of the FXS mouse models  

The first FXS mouse model developed was the Fmr1 KO mouse characterized by 

the Dutch-Belgian consortium (The Dutch-Belgian Fragile et al., 1994).  The generation 

of this KO mouse involved the insertion of neomycin gene in the exon five of the Fmr1 

gene which was targeted to the genome of mouse embryonic stem cells and transferred to 

pseudo-pregnant C57BL/6J mouse strain, which then generated off-springs.  These 

founder animals were then crossed with C57BL/6J mouse to generate the animals used 

for experiments.  Even though the experimental animals did not have any FMRP, there 

were detectable levels of abnormal Fmr1 mRNA(Yan et al., 2004).  To remove this 

anomaly from further investigations, a second KO mouse model was developed by 



 
13 

Mientjes et al, in which both the promoter and exon 1 was deleted, thus removing any 

traces of abnormal RNA or the protein (Mientjes et al., 2006).  However, it was soon 

elucidated that the two different strains were similar in mimicking the fragile X 

phenotype.  Since, in FXS patient FMR1 expression is often mosaic, a conditional mutant 

was developed to specifically remove FMRP expression in certain tissues by adding lox P 

sites between the promoter and exon 1 and separately expressing Cre-recombinase from 

tissue specific promoter (Koekkoek et al., 2005).   

While the absence of FMRP functionally mimicked FXS patients, it did not 

resemble the genotype or the repeat instability seen in FX.  In order to mimic the 

genotype of the disease a knock-in (KI) mouse model was generated with the number of 

repeats inserted were between 55-200 or pre-mutation alleles and with the expectation 

that dynamic mutations would result in a FX full mutation after several generations.  

These KI mice similar to human pre-mutation carriers displayed an inverse correlation 

between Fmr1 mRNA and FMRP expression and linear correlation with the repeat length 

(Dahlhaus, 2018).  Surprisingly in majority of the lines instability across generations 

which would result in a full mutation was not observed.  Only in some instances for 

repeat numbers >100, instability was observed that resulted in full mutation.  However, 

the promoter remained unmethylated and transcription was not affected (Entezam et al., 

2007).  The expression of the long repeat containing mRNA also did not generate a toxic 

FXTAS phenotype or even FXS phenotype indicating that genetics of FXS in human may 

not be similar to mice.  As Dahlhaus speculates, this may be due to differences in 

epigenetic control of genes between mice and humans, with a stricter regulation of genes 

in humans and a more relaxed control of genes in mice (Dahlhaus, 2018). 
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Despite the genotypic differences between mice and humans, the absence of 

FMRP function in both the organisms is the key to the disease.  Specific mutations within 

the coding regions of FMRP results in developmental delay or a Fragile X phenotype.  

One of the striking mutations is a single substitution of nucleotide (TàA) which results 

in the missense mutation; isoleucine to asparagine causing the expression of a 

functionally inactive FMRP.  Since such a mutation would be less challenging to mimic 

genetically in any model organism, a mouse model for FMRPI304N mutation was 

developed by  Zang et al.  The mutant mice produced similar levels of Fmr1 mRNA 

compared to the wild type and were analyzed for their tissue specific abnormalities and 

differences in behavior (Zang et al., 2009). 

 

1.2.6.  Phenotypes displayed by FXS mouse model 

The popularity of the Dutch-Belgian mouse model is due to its closest 

resemblance to the phenotypes observed in FXS patients.  One of the characteristic 

features of male FXS patient is machroorchidism or enlarged testes which is recapitulated 

in this mouse model (Slegtenhorst-Eegdeman et al., 1998).  Another key phenotype 

observed in this mouse model that is the presence of immature dendritic spine formation 

manifested as elongated spines in the dendrites of neurons and increased spine density 

compared to controls indicating that FMRP is crucial in dendritic spine formation and 

also regulating synaptic plasticity (Galvez et al., 2003; McKinney et al., 2005; 

Wisniewski et al., 1991).   

Analyses of long-term potentiation (LTP) and long-term depression (LTD), which 

are electrophysiological changes in the neurons, that are associated with learning and 
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memory, have shown abnormalities in neurotransmission in Fmr1 KO mice.  The LTD 

pathway induced by the activation of metabotropic glutamate receptor which initiates  

translation of proteins is exaggerated in Fmr1 KO hippocampus (Santoro et al., 2012).  

LTP as well as a decrease in AMPA receptor surface expression was observed in Fmr1 

KO mice (Kazdoba et al., 2014).  The dysregulated protein expression and imbalance of 

the excitatory network also mimicked phenotypes observed in FXS patients.  

A small percentage of FXS patients also suffer from childhood seizures, while the 

mice model does not undergo spontaneous seizure, they were susceptible to audiogenic 

seizure (Musumeci et al., 1999; Pacey et al., 2009).  In addition, Fmr1 KO mice show 

enhanced responses to auditory stimulus, a reflection of their hyperarousal behavior 

consistent with FX patients.  Fmr1 KO mice also showed signs of repetitive behavior 

which parallels clinical features observed in FXS (Kazdoba et al., 2014).  

Anxiety as mentioned earlier occurs in 90% of the patients and is one of the most 

important behavioral features of FXS, observed in both children and adults.  However, 

when anxiety-related behavior was assessed in the mice model, inconsistencies were 

noticed between different studies that used different methods for behavior assessment to 

look at differences in the genotypes.  Furthermore, several aspects of cognition and social 

communication phenotypes of Fmr1 KO mice are also inconsistent across different 

studies.  To make it worse some of the reported studies are, in fact opposite to the clinical 

phenotype of FXS such as the absence of robust cognitive impairments, enhanced 

prepulse inhibition and reduced anxiety in the mouse model (Kazdoba et al., 2014). 

 

1.2.7. FXS fly model 
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The homolog for human FMRP in Drosophila melanogaster was identified by 

Wan et al (Wan et al., 2000).  It was reported that unlike the other FMRP related proteins, 

FMR1 autosomal homolog 1 and 2 (FXR1 and FXR2) found in human, the fly genome 

encodes for only a single FMR1 homolog called dFmr1.  In total, the dFmr1 is 56% 

similar and 35% identical to the human FMRP although dFmr1 shares the RNA binding 

properties of both the mice and human FMRP. 

Soon after the discovery of the fly homolog of FMRP, Zhang et al designed four 

deletion mutants (D50M, D 83M, D113M, and D192N) in dfmr1 gene located in 

chromosome 3 (Zhang et al., 2001).  They created the mutants by deleting exons 1-4 by 

excising inserted P-elements at the 5’UTR of the gene.  Although the deletion mutants 

were viable as adult, they showed posture and locomotive defects.  Significant changes in 

glutamatergic NMJ (neuro-muscular junction synaptic terminals) synaptic terminals were 

observed in dfmr1 mutants.  It also showed upregulated expression of Map1b homolog 

futsch, indicating that this fly model recapitulates some of the symptoms of synaptic 

dysregulated protein expression as in human and mice.  Interestingly, overexpression of 

dFmr1 also caused similar defects (Zhang et al., 2001).  This indicated that the protein 

needs to be maintained at specific levels for proper function.  Following this report, 

Dockendorf et al, conducted an imprecise excision screen using D2-3 transposase to 

mobilize P-element inserted in the exon of dFmr1 (Dockendorff et al., 2002).  They 

generated two mutants, dfmr13 and dfmr12, in which most or all of the open reading 

frame was deleted.  The same study showed that dfmr13 mutant has arrythmic circadian 

activity and display deficits in courtship activity.  Overall, the mutant and WT strains in 

Drosophila helped in unraveling FMRP functions such as germ cell differentiation using 
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the miRNA pathway, cell proliferation through interaction with proto-oncogene cbl and 

involvement in piRNA pathway (Jiang et al., 2016).  

The fly model was also used to probe for the association of FMRP in DNA 

damage response.  Two contradictory studies were published.  The study by Liu et al, 

using the D50M strain showed the dfmr1 mutants are hypersensitive to genotoxic stress 

(both g-irradiation and hydroxyurea mediated replication stress) indicated by reduced 

survival and loss-of heterozygosity (Liu et al., 2012).  They showed increased DNA 

DSBs indicated by phosphorylated fly homolog of gamma-H2AX; H2Av upon genotoxic 

stress.  Additionally, treated mutants displayed increased apoptotic signal.  Finally, 

dFmr1 was shown to regulate cyclin B expression.  On the contrary, the second study 

using the same mutant strains as in the previous study, reported an involvement of 

dFmr1in DNA damage response such that they observed decreased phosphorylated H2Av 

in response to both HU (hydroxyurea) induced replication stress and UV (Zhang et al., 

2014).  Additionally, they showed chromatin binding of dFMRP as was also shown in the 

mice model (described in section 3.3.2).  These observations indicate that FMRP’s 

involvement in DNA damage response or DNA damage prevention needs to be revisited 

in multiple model systems including human cell lines. 

 

1.3. Fragile X Mental Retardation Protein (FMRP) 

1.3.1. Expression and subcellular localization of FMRP 

Verheij et al first reported the expression of FMRP in lymphoblastoid cells (B-

lymphocytes immortalized by Epstein-Barr virus) nearly two years after the cloning and 

identification of the FMR1 gene (Verheij et al., 1993).  In addition, Verheij reported the 
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presence of four isoforms with the molecular weight ranging from 74 kDa to 67 kDa, 

which was the first indication of the existence of splice variants of FMRP.   

 

1.3.2. Tissue specific expression of FMRP 

After the first evidence of FMRP expression was reported, investigations into its 

expression in various tissues was conducted.  Immunohistochemical staining of FMRP in 

human tissues indicated significant expression in the neurons of the cerebellum, 

specifically in the Purkinje cells, and in the cerebral cortex (Devys et al., 1993).  Staining 

was low in non-neuronal cells such as astrocytes and oligodendrocytes.  FMRP was also 

observed in epithelial tissues such as skin, where the highest staining was observed in the 

basal layer of the epidermis with dividing cells and gradually decreased in differentiated 

layer of cells.  Similar pattern was observed in esophagus, stomach, small and large 

intestine.  However, intensity of staining was lower than in the brain.  Furthermore,  

examination of the testes revealed intense staining in the spermatogonia.  Overall, this 

study showed ubiquitous expression of FMRP in the tissues with the greatest expression 

in brain and in the testis (Devys et al., 1993).  In addition to studies in human,  mRNA 

expression of Fmr1 in mouse indicated high expression in the brain (cerebellum, cortex 

and hippocampus) and seminiferous tubules in the testis (Hinds et al., 1993).  

Furthermore, significant expression was also seen in the esophagus, thymus, spleen, 

follicles in the ovary and the epithelium of eye, while negligible expression was observed 

in the heart and muscles.  More recently, the Human Protein Atlas database curated 

expression data from many human tissues, significantly high expression is observed in 

the cerebral cortex, cerebellum and hippocampus of the brain, testis, fallopian tube and 
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placenta in accordance with the previous studies (Thul et al., 2017; Uhlen et al., 2015) 

(Fig1.3A).  High expression was also observed in the urinary tract, respiratory tract and 

the small intestine.  A study conducted in human fetal brain also demonstrated high 

expression of FMRP in proliferating neuronal cells and retina (Abitbol et al., 1993).   

In summary, the tissue specific expression of FMRP underscores its importance in 

the brain and testis, the most affected organs in fragile X syndrome as described in the 

previous section.   

 

1.3.3. Subcellular localization of FMRP isoforms 

FMRP has several splice variants, currently 14 isoforms have been identified and 

archived in the Ensembl database (Cunningham et al., 2019).  Subcellular localization of 

these isoforms can indicate the underlying functions of FMRP within those subcellular 

compartments.  Immunohistochemical and immunofluorescence studies in human and 

mouse tissues had indicated a prominent localization of FMRP in the cytoplasm.  A 

detailed study in lymphoblastoid cells was conducted by Feng et al wherein they 

performed subcellular fractionation and showed that FMRP is predominantly cytoplasmic 

and it co-fractionates with polysomes (Feng et al., 1997b).  Other than the cytoplasm, 4% 

of FMRP was also found in the nucleus.  The same study also used electron microscopy 

to show that FMRP is localized in the nucleoplasm and nuclear pores in addition to being 

present in the cytoplasm and dendrites within a rat neuron.  FMRP was also located in the 

dendritic spines of the neurons of the rat cerebral cortex.  This was the first evidence of 

FMRP shuttling between the nucleus and cytoplasm, possibly to transport specific mRNA 

substrates.  In another  study, FMRP was found to be localized in the nucleolar fraction 
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(Taha et al., 2014).  Moreover, immunocytochemistry of FMRP in HeLa cells and in 

normal fibroblasts also revealed localization of FMRP in the Cajal bodies of the nucleus 

in yet another study (Dury et al., 2013).  In addition, they estimated that the nuclear 

fraction varies between 5-10% of the total FMRP.  Cajal bodies are regions in the nucleus 

often involved in mRNA processing and assembly of small nuclear ribonucleoproteins 

(snRNP), small nucleolar ribonucleoproteins, telomerase ribonucleoprotein, histone pre-

mRNA processing and recycling of spliceosome components (Matera et al., 2009; Matera 

and Wang, 2014; Novotny et al., 2011).  Interestingly, localization of FMRP in the Cajal 

bodies was not observed in murine cells in culture.  This indicated that despite 97% 

similarity between the human and murine FMRP, structural and functional differences 

between the species exist.  

Twenty isoforms have been predicted to be alternatively spliced from the full 

length FMR1 gene.  Alternative splicing affects essentially the presence of exon 12 and 

14 in FMRP.  FMRP ISO1 is the full-length isoform consisting of all exons, while ISO7 

lacks the exon 12.  Four of the other short FMRP isoforms; ISO4, 6, 10 and 12, do not 

harbor the NES signal and the RGG domains (discussed below) and have a C-termini 

different from the major proteins ISO1 and 7 (Dury et al., 2013).  All four of these 

isoforms were shown to have a nuclear localization when overexpressed transiently (Fig. 

1.3B) (Sittler et al., 1996).  Among the four isoforms,  ISO6 and ISO12 were shown to be 

localized in the Cajal bodies (Dury et al., 2013). 

 

1.3.4. FMRP domain organization and structure 
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FMRP domains could be categorized into three parts.  The N-terminal agenet 

domains, the central K-homology domains (KH) and the C-terminal intrinsically 

disordered region containing the RGG residues.  There are two N-terminal agenet 

domains in tandem and three KH domains.  FMRP also bears a nuclear localization 

sequence (NLS) and a nuclear export signal (NES) shown in Figure 1.3A.  Agenet 

domains are plant specific Tudor like domains that are predicted to bind methylated 

lysine/arginine in histones.  The first study showing such an  interaction was by Ramos et 

al (Ramos et al., 2006).  The study which expressed FMRP N-terminal domain (1-134 

residues), showed using NMR, that it is capable of binding methylated lysine but not 

methylated arginine or unmethylated amino acids.  Furthermore, both the two agenet-like 

domains contain one hydrophobic pocket but despite the structural similarities, the 

second domain is involved in binding interactions with its protein partner and not the first 

(Ramos et al., 2006).  A year later, Valverde et al solved the crystal structure for the KH1 

and KH2 domains and nine years later Myrick et al extended the N-terminal domain of 

FMRP to 1-213 amino acids and resolved the crystal structure to discover a third KH 

domain named KH0 (Valverde et al., 2007).  These high-resolution crystal structures 

revealed that the agenet domains contained a twisted five-stranded β-sheet.  A loop of 13-

residue connected Agenet1 to Agenet2.  The interface of the two agenet modules is 

mediated by two ion pairs that are conserved among the FMRP, FXR1, FXR2 and 

Drosophila melanogaster FMR proteins indicating there importance in folding and 

stability (Myrick et al., 2015).   

The K-homology domain ‘0’ spans residues 126–202 and is composed of three 

antiparallel β strands and three helices packed on one side of the sheet.  The structure of 
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the three domains; agenet (x2) and KH0 are arranged such that the agenet 1 domain 

shares an interface with KH0 domain, while agenet 2 is located opposite to KH0 and is 

connected by a loop.  The interface between Agenet1 and KH0 involves a large number 

of aromatic and hydrophobic interactions.  The KH domains whether present in single or 

multiple copies functions in recognition of ssDNA or RNA (Valverde et al., 2008).  

Additionally, multiple copies of KH domains can function either independently or co-

operatively in binding interactions.  The KH1 and KH2 domains are type I of the KH 

domains in which b-sheet is composed of three antiparallel strands adjoining the three a-

helices.  Within each KH domain there is a hydrophobic core that consists of buried 

hydrophobic residues and lies at the interface between the a-helices and b strands.  The 

importance of this hydrophobic core lies in the fact that the residues that make the core 

are conserved and a single naturally occurring mutation at one of the residues; Isoleucine 

304 to Asparagine causes Fragile X syndrome.  Circular dichroism spectroscopy of the 

central domain of FMRP showed that this mutation causes a decrease in secondary 

structure of the protein and also a slight decrease in its stability.  Both KH1 and KH2  

also have the canonical G-X-X-G motif (Valverde et al., 2007).  KH0 domain however 

does not have such a motif and instead has A-K-E-A.  Myrick et al also reported the 

formation of  a basic surface patch by both Agenet1 and the KH0 domain while Agenet2 

formed an acidic surface.  These structural  parameters can explain the binding of N-

terminal domain to not only methylated lysines but RNA as well.  It is noteworthy, that 

each of these KH domain related naturally occurring mutation causes some form of 

intellectual disability and developmental delay in patients without repeat expansion in the 

5’-UTR of FMR1(Sitzmann et al., 2018).  While R138Q mutation lies in KH0 domain 
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and is not structurally altered, I304N has been shown to cause structural changes.  

Additionally, I367N mutation located in a variable loop between the anti-parallel b 

strands of KH2 domain and G266E mutation located in the third b strand of KH1 domain 

has not been structurally probed yet but would be intriguing to understand.  Overall, these 

missense mutations underscore the importance of KH domain for FMRP function and 

stability as discussed below. 

While the N-terminal and central domain of FMRP is well characterized with high 

resolution crystal structure to support the possible folding of each domains, the C-

terminus structure and folding specifications is largely missing.  One clue regarding the 

structure of the C-terminus is the presence of the RGG box (527-558 amino acid).   The 

determination of the solution structure of this RGG box using circular dichroism showed 

random coil conformation (Ramos et al., 2003) which is flexible and unstructured and is 

confirmed by its low-complexity sequence made up of 44% glycines and 28% arginines.  

FMR1 RGG box contains nine RG repeats of which two are RGG repeats.  This RGG/RG 

motif is present in many other RNA binding proteins that also have intrinsically 

disordered regions (IDR).  Interestingly its RNA-binding properties are not clearly 

established especially the sequence specificity with which it recognizes RNA.  However, 

there are several reports showing that FMRP interacts with G-quadruplex structured RNA 

sc1 (Darnell et al., 2001; Phan et al., 2011; Ramos et al., 2003).  The low complexity 

region of FMRP comprises of the residues 445-632 (Fig. 1.3B) and was shown to phase 

separate and similar to full length FMRP, forms foci that do not have lipid membranes in 

the cytoplasm.  Additionally, the same study also showed that full length FMRP and only 

FMRP-low complexity region (LCR) formed liquid droplets in vitro with sc1 RNA. 
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Moreover, they showed that phosphorylation enhances and methylation of arginine 

residues reduces phase separation capability without affecting RNA binding (Tsang et al., 

2019).  The importance of this ability of FMRP in neuronal granules is activity-dependent 

translation in which depending on the stimuli, FMRP gets modified post-translationally 

which affects its ability to phase separate and assemble the translationally silenced 

granule (Tsang et al., 2019).  A major portion of eukaryotic proteins have a combination 

of structured as well as disordered regions and are equally important for the variety of 

functions that the protein can have in many different cellular conditions.  IDRs are 

involved in in diverse cellular functions.  For example, IDRs are frequently subjected to 

post-translational modifications that regulate the different functional states in which the 

protein can  be involved in the cellular processes (van der Lee et al., 2014).     

 

1.3.5.  FMRP function and participation in cellular signalling pathways 

Since the first study of FMRP expression 27 years ago, it has been considered 

largely, a cytoplasmic RNA binding protein, given its several RNA binding domains, that 

transports specific mRNA substrates from the soma to the neural projections in the 

neurons and regulate translation of these mRNAs at synaptic compartments.  The protein 

products of these mRNAs would then regulate memory and learning pathways that is 

associated with cognitive abilities (Fernandez et al., 2013).  Despite a clear presence of 

FMRP in the nucleus, it was long considered to be associated with transporting these 

RNAs into the cytoplasm and to neuronal synapses, a function associated with translation 

regulation.  However, more and more studies have started to appreciate and discover 

novel nuclear functions of FMRP that are independent of its translation regulation 
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capabilities.  In this section the cytoplasmic functions of FMRP is discussed and 

thereafter the current literature and thoughts on the nuclear function are described. 

 

1.3.5.1. FMRP cytoplasmic functions  

Analysis of the protein domains in FMRP gives us an insight into the possible 

functions of FMRP.  The presence of four RNA-binding domains (KH0, KH1, KH2 and 

RGG box) indicates a significant role of FMRP in RNA metabolism.  In vitro studies 

with FMRP recombinant protein have contributed to the understanding of its function 

(Brown et al., 1998; Gabus et al., 2004).  The first evidence of FMRP RNA binding was 

provided by Ashley et al, in which FMRP was translated in vitro from a full length cDNA 

in cell free system and was assayed for its binding with RNA, single stranded DNA and 

double-stranded DNA.  FMRP bound both sense and anti-sense FMR1 transcripts.  

Moreover, it bound polyU and polyG RNA homopolymer, ssDNA strongly and dsDNA 

with a much lower affinity (Ashley et al., 1993a).  The same investigation also showed 

that FMRP can bind 4% of human fetal brain mRNA and that FMRP is selective in its 

binding.  Subsequently, FMRP was found in association with polyribosomes indicating a 

function in the process of translation (Feng et al., 1997a; Khandjian et al., 1996).  The 

RGG motif was found to bind mRNA that folds into G-quadruplexes, which are 

secondary structures formed by non-watson and crick interactions. 

Yeast-three hybrid assays in conjunction with microarray identified around 400 

possible mRNA targets of FMRP (Brown et al., 2001; Dolzhanskaya et al., 2003; Zou et 

al., 2008).  This was followed by another study, in which isoforms 1 and 7 (exon 12 

spliced out) was overexpressed in HEK293 cells (human embryonic kidney cells) which 
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expresses approximately 90% of mRNA expressed in the brain.  UV crosslinking, high-

throughput sequencing with co-immunoprecipitation then detected ~6000 mRNA targets 

of FMRP (Darnell et al., 2011).  Interestingly, the study also found that majority of 

FMRP binding sites are located in the 3’UTR of the gene and in ORF.  Within the ORF, 

it mostly bound to the exons.  Among the identified mRNA targets nearly 40 has been 

validated by other methods (Santoro et al., 2012; Sethna et al., 2014).  A consensus in the 

common motifs in mRNA targets of FMRP has yet to be reached, but it can be speculated 

that FMRP interacts with its mRNA substrates through secondary structures such as G-

quadruplex as in case of Fmr1, MAP1b and Sema3F,  uridine rich sequences as in hASH, 

kissing complexes or through adaptor proteins such as brain cytoplasmic1 (bc1) protein 

(Santoro et al., 2012).  Furthermore, FMRP co-sediments with large polyribosome 

complexes in several different cells lines.  FMRP has been detected in RNA granules 

bound to its substrate in dendrites such as Map1b, RGS5, GABA Ad , eEF1A mRNAs and 

synapses in neurons as well as in stress granules which are higher order structures that 

harbour non-translating RNAs (Santoro et al., 2012).                                                             

Several functional studies provide evidence in support of FMRP as a translational 

repressor (Laggerbauer et al., 2001; Li et al., 2001; Mazroui et al., 2002; Stefani et al., 

2004).  FMRP sediments in the same fraction which contains polyribosomes in both 

neurons and other cells originating from other tissues.  This indicates that FMRP plays a 

role in translation.  Next, studies showed that the addition of puromycin, which disrupts 

actively translating polyribosome also reduces the sedimentation of FMRP indicating it 

was mostly associated with actively translating polyribosomes (Feng et al., 1997a).  In 

addition, its presence in stress granules suggests a role in translation inhibition (Didiot et 
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al., 2009).  Interestingly, the missense mutation, Ille304Asn in FMRP KH2 domain also 

disrupts its binding with polyribosome indicating that this residue is important for 

maintenance of a functional FMRP structure and that the domain is required for binding.  

Moreover, in a rabbit reticulocyte translation assay, FMRP reduced the amount of protein 

formed from brain poly(A) containing RNA.  More specifically FMRP reduced the 

protein yield from PTH (parathyroid hormone gene) transcript without degradation of the 

mRNA.  Alternatively, some of the targets of FMRP such as Map1b, CAMKIIa and 

Arc/Arg3 are overexpressed in synaptosomal fractions isolated from Fmr1 KO mice in 

accordance with the theory that with FMRP present, its translation would be suppressed.  

These results supports the notion that FMRP in majority of the cases reduces translation 

of its targets.  In contrast, FMRP can increase the translation of Sod1 mRNA and hASH1 

indicating that it can also upregulate the translation of some of its targets (Bechara et al., 

2009; Fahling et al., 2009).  Phosphorylation of a conserved serine located in the C-

terminal end of FMRP (S500 in hFMRP, S499 in mFMRP and S406 in dFMRP), imparts 

the translation inhibition property to FMRP and the activation of phosphatases to 

dephosphorylate FMRP which results into its disassociation from the ribosome and 

initiation of translation (Narayanan et al., 2007).  In addition, as mentioned earlier, 

methylation of the RGG box in the IDR region also prevents its association with 

polyribosomes and its ability to bind mRNA that forms G-quadruplex secondary structure 

thereby allowing translation to proceed (Blackwell et al., 2010; Dolzhanskaya et al., 

2006).   

The presence of multiple domains not only allows FMRP to bind to other 

proteins, RNA substrates and possibly other nucleic acid structures but also allows it to 
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participate and regulate cellular pathways.  Consequently, in the absence of FMRP these 

pathways are potentially dysregulated and contribute to the etiology of fragile X 

syndrome.  The discovery of the missing protein in FXS, mutations in which generate the 

most prominent disease phenotype of intellectual disability prompted researchers to 

investigate the role of FMRP in neurological pathways, specifically associated with 

memory and learning, some of which are described below and have been interrogated for 

therapeutic intervention.   

Metabotropic Glutamate Receptor–mediated long term depression (mGluR-LTD)  

Metabotropic glutamate receptor belong to the family of Group C of G-protein 

coupled receptors and bind glutamate, an excitatory  neurotransmitter (Niswender and 

Conn, 2010).  One of the major events that regulate learning and memory is synaptic 

plasticity in the hippocampus and amygdala of the brain (Martin et al., 2000).  Thus 

extensive research to identify how synaptic plasticity is altered in FXS has led to the 

understanding of the metabotropic-glutamate receptor mediated long-term depression 

pathway (LTD).  The pathway involves the regulation of translation at the post-synaptic 

space of the dendritically localized mRNA molecules by receptor mediated signalling.  

Upon binding of glutamate with its receptor (mGluR1/5), triggers a local burst of protein 

synthesis that induces the internalization of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR) via endocytosis of the receptor.  The mGluR-

theory proposes that FMRP functions downstream to mGluR and upstream to translation 

(Bear et al., 2004).  The mGluR signaling cascade involves the expression of proteins that 

fall in two major pathways—ERK and mTOR.  Normally, at the dendrites, FMRP 

represses translation of its mRNA substrates localized at the synapse.  Thirty seconds into 
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receiving a stimuli at the receptor, FMRP gets dephosphorylated by PP2A, the 

dephosphorylation causes the dissociation of FMRP from polyribosome (Narayanan et 

al., 2007).  This in turn triggers the translation activation of the repressed mRNAs.  After 

two minutes, PP2A activity decreases, possibly under the regulation of mTOR and by 5 

min poststimulation, normal levels of phosphorylated FMRP is restored.  Although it is 

not explicitly clear whether the existing FMRP molecules are reused by another round of 

phosphorylation or a newly synthesized and phosphorylated FMRP is transported into the 

synapse.  However, S6K1 is associated with phosphorylation of FMRP and translation of 

mRNA is inhibited again (Narayanan et al., 2008).  In the absence of FMRP, the 

pathways downstream to receptor stimulation functions constitutively, more specifically 

there is uncontrolled translation of mRNA into proteins that induces constant 

internalization of AMPAR and hence exaggerated LTD (Fig. 1.3).  Evidences in support 

of this theory are as follows (Santoro et al., 2012): 

i. mGluR-LTD is enhanced in the hippocampus of Fmr1 KO mice and no 

further protein synthesis is required. 

ii. Since the dephosphorylation of FMRP, after receptor stimulation, is 

associated with the release of translation inhibition from some of FMRP’s 

targets, the addition of mGluR agonist, DHPG causes the upregulation of 

translation of mRNAs associated with active-polyribosome in WT mice 

and not in Fmr1 KO neurons.   

iii. mGluR stimulation causes rapid increase in FMRP expression, which is 

then immediately decreased by ubiquitination and degradation of FMRP. 
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When the proteasome is inhibited, FMRP degradation is prevented which 

abolishes LTD. 

iv. Antagonist to the receptor, MPEP (2-Methyl-6-(phenylethynyl)pyridine) 

treatment can rescue some of the deficits in behaviour and cognition and 

dendritic spine morphology by restoring normal AMPA receptor 

internalization in several model systems of FXS such as mice, Drosophila 

melanogaster and zebrafish.   

v. mTOR signalling is enhanced in Fmr1 KO mice: supported by the 

observation that several of mTOR targets such as S6K and 4E-BP are 

phosphorylated at higher levels and increased levels of eIF4F- complex. 

vi. PI3-Kinase activates mTOR, and PI3K catalytic subunit p110b and PIKE 

are targets of FMRP and their levels are increased in Fmr1 KO mice.  

Moreover, the inhibition of PI3K reduces mTOR phosphorylation to 

normal levels, reduces protein synthesis and AMPAR internalization, 

restores normal spine density in synaptoneurosomes isolated from Fmr1 

KO mice.   

Metabotropic Glutamate Receptor–mediated long term potentiation (mGluR-LTP)  

One of the most prominent pathways that regulate synaptic plasticity is LTP 

(Nicoll, 2017).  There are a variety of signalling pathways that contribute to LTP such as 

NMDA receptor and metabotropic glutamate receptor.  In contrast to what LTD does, 

LTP increases the synaptic strength of a synapse.  Initial investigations into hippocampal 

LTP did not indicate any difference in Fmr1 KO mice compared to WT.  However, a 

change in the experimental technique showed reduced LTP in Fmr1 KO mice (Shang et 
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al., 2009).  Interestingly, both antagonists of group I mGluR and NMDA receptor 

inhibited LTP in WT mice.  Moreover, the addition of NMDAR antagonist did not further 

reduce the LTP in Fmr1 KO mice while the mGluR receptor did, indicating that both 

receptors mediate long term depression but mGluR receptor is the major pathway for 

LTP.  Similar to the observations made in the hippocampus, in amygdala there is reduced 

surface expression of AMPAR and impaired LTP (Santoro et al., 2012). 

 

Gamma-aminobutyric acid (GABA)-ergic pathway 

The normal functioning of neuronal networks is dependent on a balance between 

excitatory and inhibitory synaptic neurotransmission.  The major inhibitory 

neurotransmitter in the CNS is the gamma-aminobutyric acid (GABA) (Sigel and 

Steinmann, 2012).  GABA is formed by converting glutamate using the enzyme glutamic 

acid decarboxylase.  GABA receptors are ionotropic (GABA-A) or metabotropic 

(GABA-B).  GABA-A receptors are ligand-gated ion channels that selectively permit the 

influx of chloride ions and bicarbonate ions to decrease membrane excitability.  GABA-

A receptors are responsible for majority of fast synaptic inhibition and have been 

implicated in learning and memory, anxiety and depression.  One of the subunits of 

GABA-A, , is a substrate for FMRP and its mRNA is also localized to the dendrites 

(D'Hulst et al., 2006).  mGluR stimulation normally increases the expression of GABA-

A- subunit.  Interestingly,  mRNA expression of GABA-A-  is decreased by 50% in Fmr1 

KO mice (D'Hulst et al., 2006).  Additionally, other 7 subunits of GABA-A are also 

decreased in mRNA expression in the cerebral cortex.  Note that their expression doesn’t 

change in the cerebellum.  Indicating that different brain regions may experience 



 
32 

different level of transcriptional regulation in the absence of FMRP.  However in the fly 

model of FXS, all three subunits of GABA-A are down regulated.  GABA transmission 

in Fmr1 KO mice was shown to be altered in brain slices.  This also indicated that GABA 

agonists could be employed for therapy in FXS.  Several compounds that alter 

GABAergic signalling also rescued the fragile X phenotype of dFmr1 KO fly model in a 

screen (Chang et al., 2008). 

Other cellular pathways and roles performed by FMRP 

In addition to binding to mRNA, regulating their translation and modulating 

pathways in which the respective substrates participate, FMRP has been shown to bind 

ion-channels directly and regulate calcium signalling thereby controlling neuronal 

networks.  FMRP can bind several classes of K+ ion-channels through which it can 

regulate gating and affect action potential kinetics.  It is noteworthy that FMRP also 

translationally regulates ion-channel subunits, including repression of Kv3.1b K+ 

channels in mouse model and the activation of L-type Ca2+ channels in human cells 

(Davis and Broadie, 2017).  More recently FMRP’s role in development and ageing of 

ovaries have been demonstrated (Gleicher et al., 2010). 

 

1.3.5.2. FMRP nuclear function 

FMRP has been mostly considered to be a translation repressor that 

predominantly functions in the cytoplasmic and in the context of neurons at the synapses.  

However, in majority of the studies, FMRP was observed in the nucleus albeit in lower 

quantities that in the cytoplasm. This had prompted investigators to probe into FMRP’s 

nuclear function whether dependent or independent of its translation specific role in the 
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cytoplasm.  Emerging studies have shown that FMRP participates in several aspects of 

RNA metabolism, upstream to its translation role (Davis and Broadie, 2017).  In addition, 

it can possibly bind the chromatin and regulate response to DNA damage.  In this section 

some of the prominent studies underlying the nuclear role of FMRP will be discussed. 

Feng et al reported the presence of FMRP in the nucleus using subcellular 

fractionation (Feng et al., 1997b).  Studies conducted at around the same time also 

identified an NLS and NES sequence in FMRP.  Additionally,  several isoforms in which 

either the NES sequence is deleted or undergoes frame-shift due to splicing events as 

shown in Fig. 1.3 causes FMRP to predominantly localize in the nucleus.  Moreover,  a 

slightly more obscure study done 24 years ago reported an interaction of FMRP with 

ribosome precursor particle in the nucleolus using immunoelectron microscopy 

suggesting a nuclear function of FMRP and indicating an interaction with rRNA 

(Willemsen et al., 1996).  However, a clear function or role that follows this observation 

was not established.  In a more recent investigation by Taha et al,  FMRP was shown to 

bind nucleolin (protein present in the nucleus) and localize to the nucleolus using their 

NoLS (nucleolar localization sequence) found in the C-terminus of FMRP (Taha et al., 

2014).  Both these studies hinted at an RNA or ribosome transport associated role of 

FMRP.  Whether FMRP plays a role in binding DNA or has any transcriptional 

regulatory or even ribosome assembly associated role was never proposed.  In another 

study, FMRP was observed to bind Cajal bodies that as described before are regions in 

the nucleus often involved in mRNA processing and assembly of small nuclear 

ribonucleoproteins (snRNP) and small nucleolar ribonucleoproteins (Dury et al., 2013).  

The study suggested a post-transcriptional processing role of FMRP.  Interestingly, a 
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recent study showed a binding interaction between FMRP interacts and alternative-

splicing-associated protein called RNA-binding protein 14 (RBM14) (Zhou et al., 2017).  

This interaction was shown to be dependent on RNA  and that they colocalize partially in 

the nucleus of hippocampal neurons.  In the absence of FMRP, specific splice variants of 

Protrudin and Tau proteins are decreased.  The same study also showed that FMRP 

enhances the binding of RBM14 to its pre-mRNA targets (Zhou et al., 2017).  Moreover, 

FMRP has been associated with RNA editing through interaction with ADAR protein 

studies done in fly, mice and zebrafish (Filippini et al., 2017; Shamay-Ramot et al., 

2015). 

Despite the presence of two agenet-like domains, evidence of chromatin binding 

by FMRP was mostly lacking until recently when a single study showed the absence of 

phosphorylation in H2A.X protein in response to DNA damage caused by the aphidicolin 

(APH) in Fmr1 KO mice-derived MEFS (Mouse embryonic fibroblasts) (Alpatov et al., 

2014).  Aphidicolin is a DNA polymerase inhibitor and previous investigations have 

shown that it can cause genome instability (Glover, 2006).  The phosphorylation of 

H2A.X, in the position of Ser139 occurs in response to a double strand break formation.  

gH2A.X is a part of DNA damage response (DDR) pathway.  Thus, the conclusion was 

that FMRP participates in DDR and in its absence H2A.X fails to get phosphorylated.  In 

addition, the study also showed, using RNAi in HeLa cells, the down regulation of FMRP 

and corresponding decrease in gH2A.X.  Moreover, they also showed an absence of 

BRCA1 phosphorylation on APH treatment.  In the contrary, HEK293 cells were  shown 

to have increased BRCA1 phosphorylation under vehicle treatment which increased 

slightly under APH treatment in the absence of FMRP.  In the same study, FMRP was 
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enriched in the APH treated chromatin fraction over vehicle control which indicated an 

interaction with the chromatin (Alpatov et al., 2014).  Next, the authors mutated specific 

residues in the agenet domain to show that FMRP fails to interact with isolated 

nucleosome upon mutation, although the specific methylation type of histone H3 was not 

identified.  This nuclear role of FMRP was shown to be independent of its translational 

regulation role.  Furthermore, the involvement with DDR pathway was shown to be 

important during spermatogenesis although how this function is importance in 

neurodevelopment was not been established.  Another study in Drosophila melanogaster 

published at around the same time as in MEFs also showed a similar phenotype in the 

decrease of fly phosphorylated H2Av in response to HU (hydroxyurea) induced 

replication stress or UV and an increased dFMRP in the chromatin fraction (Zhang et al., 

2014).  However, an increase in FMRP expression was noted under replication stress in 

the fly model which was not observed in the mice model or in human cell lines and both 

the agenet domains and the KH domains were able to bind chromatin in the fly model.   

 

1.4. R-loop and genome instability 

The chromatin is subjected to complex structural changes that involves important 

biological processes such as genome duplication or gene expression.  These changes may 

give rise to several non-B DNA structures and are often formed intentionally, serving as 

an intermediate or a function in the cells.  However, under specific circumstances these 

structures may accumulate and affect genome integrity.  One such structure is an R-loop.  

R-loops are often formed as a consequence of DNA transcription and performs important 

functions in gene regulation and DNA replication.  Uncontrolled and unscheduled 
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formation of R-loops have also been associated with DNA damage.  In this section we 

will discuss the formation, distribution and association of R-loops with genome 

instability and their role in human diseases, particularly in the context of Fragile X 

syndrome.  

 

1.4.1. R-loop formation and physiological roles 

R-loops are three stranded nucleic acid structure consisting of an RNA:DNA 

hybrid and a looped single-stranded DNA (ssDNA).  R-loops were first discovered in 

vitro when rRNA from Drosophila melanogaster was observed to hybridize to its 

homologous rDNA.  It was first reported in 1976 by Thomas et al on the development of 

a model system to study R-loops (Thomas et al., 1976; White and Hogness, 1977).  

Electron microscopy of this model system, which included an Eco RI fragment of 

Saccharomyces cerevisiae DNA cloned in to l-DNA which was complementary and 

hybridized to yeast 26S rRNA.  This model then showed a displaced ssDNA and a hybrid 

that resembled a D-loop observed during mitochondrial or bacterial replication, except 

that the duplex was DNA: RNA instead of DNA:DNA and hence the name R-loop.  

These R-loops were generated in the presence of 70% formamide and high temperature. 

But once formed, R-loops were stable even in the absence of formamide and presence of 

endonucleases.  Since these structures were observed in vitro under special conditions, 

research into their formation in vivo was not investigated soon after.  Eighteen years 

later, R-loops were observed as an intermediate associated with transcription in an 

attempt to understand the role of various topoisomerases in transcription in vitro.  

Topoisomerases are responsible for maintaining basic DNA topology, prevent positive 
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and negative supercoiling of the DNA (Drolet et al., 1994).  Machineries such as 

replication and transcription produce positive supercoiling in front of them (overwound 

DNA) and leave behind negatively supercoiled DNA.  R-loops were observed to form at 

negatively supercoiled DNA behind the transcription apparatus.  Inactivating Topo I in 

E.coli was associated with the accumulation of negatively supercoiled DNA indicating 

that Topo I was responsible for removing negative supercoiling and possibly the R-loops.  

In the following year, Drolet et al demonstrated that R-loop formation is dynamically 

regulated during transcription by multiple DNA topoisomerases and RNase H in vivo 

(Drolet et al., 1995). 

Since its discovery, R-loops have been associated with several cellular processes.  

Two major purposes of R-loops are to serve as intermediates in cellular pathways or 

regulate gene expression.  Studies in B-lymphocytes have shown that R-loops are key 

structures that facilitate immunoglobulin class switch recombination (CSR).  One popular 

model describing the role of R-loops in the switch (S) regions of the immunoglobulin 

locus involves the binding of mutator enzyme, activation induced cytidine deaminase 

(AID) (Chaudhuri et al., 2003).  Transcription along the S regions which contains G-rich 

repetitive sequences generate R-loops and subsequently forms single-stranded DNA 

(ssDNA) stretches (Daniels and Lieber, 1995; Reaban and Griffin, 1990).  AID then 

associates with the ssDNA in a transcription dependent manner and trigger deamination 

of cytosine followed by generation of a double strand break that induces recombination 

(Dickerson et al., 2003).  While the model which suggests that R-loops assists AID 

binding has not been validated yet in vivo, its presence in immunoglobulin locus has been 

confirmed (Pavri, 2017).  Similar to its role in CSR,  R-loops have been associated with 
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the CRISPR-Cas systems in which the guide-RNA forms an RNA:DNA hybrid that is 

recognized for targeted cleavage by the Cas9 (Jinek et al., 2012; Szczelkun et al., 2014).  

R-loops have also been observed to act as intermediates that initiate replication in 

bacteriophage T4, ColE1 plasmid in E.coli, rnhA mutants of E.coli and in mitochondrial 

DNA replication (Aguilera and Garcia-Muse, 2012).  Bacterial replication, also 

mimicked by mitochondria in eukaryotes involves the formation of transcription 

dependent RNA:DNA hybrid which is then processed by RNase H enzymes to generate a 

3’ end that is further extended by DNA polymerases (Itoh and Tomizawa, 1980; Kreuzer 

and Brister, 2010; Pohjoismaki et al., 2010; Xu and Clayton, 1996).  In addition to 

participating in specialized cellular processes as intermediates, R-loops have been 

implicated in regulation of gene expression by the virtue of its location in regulatory 

regions of the gene (Fig. 1.4).  The following examples highlight the role of R-loops in 

gene regulation: 

i. R-loops are associated with lncRNA that are antisense to the gene they 

regulate by recruiting transcription regulating factors.  For example, RASSF1 

gene locus also transcribes an antisense transcript (RASSF1 antisense RNA 1) 

from the opposite strand and in a convergent direction.  The antisense RNA 

forms an R-loop which induces the binding of polycomb repressive complex 2 

(PRC2) that results in the epigenetic silencing of RASSF1 promoter.  In 

contrast, another antisense lncRNA, VIM antisense RNA 1, activates the 

vimentin gene.  The transcription start site (TSS) of the VIM-AS1 is located 

downstream to the TSS of the vimentin gene and is able to generate an R-loop 

that recruits transcription activating factors of the NF-kB pathway.  However, 
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the mechanism of how R-loops positively or negatively regulate gene 

expression is unknown. 

ii. R-loops are associated with CpG- island enriched gene promoters.  DRIP-seq, 

DRIPc-seq and computationally predicted R-loop forming sites (RLFS) have 

revealed a unique association of R-loops to gene promoters (in vivo R-loop 

detection discussed below) (Ginno et al., 2012; Jenjaroenpun et al., 2015; 

Kuznetsov et al., 2018; Sanz et al., 2016).  R-loops are also enriched 

downstream to the transcription start site (TSS) and share a positive GC-

skewed motif (asymmetrical distribution of guanosine and cytosine in the two 

strands of DNA, with more guanosines in the non-template strand of DNA).  

Eighty-four percent of the promoter associated R-loops have been shown to 

harbor CpG islands.  CpG islands have been implicated in promoting gene 

silencing.  The presence of an R-loop protects CpG islands around promoters 

located at the 5’ end of the gene from methylation thereby promoting open 

chromatin and active transcription (Ginno et al., 2012).  Thus R-loops can 

regulate transcription by modulating the epigenome.   

iii. Transcription termination, particularly in gene dense regions have been 

associated with R-loops .  Genome-wide mapping of R-loops revealed the 

localization of R-loops in G-rich transcription termination sites (Sanz et al., 

2016).  The signal for R-loops had a broad peak around the gene poly 

adenylation site (PAS) and were specifically found in poly adenylation 

dependent genes.  The same article also showed a dependency of the RNA pol 

II release to the formation and location of R-loops relative to the PAS 
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regardless of the level of gene expression (Sanz et al., 2016).  The formation 

of R-loop structures at G-rich regions just beyond gene PASs can aid in the 

stalling of the RNA pol II, this pausing can then signal transcription 

termination through the recognition by senataxin helicase which unwounds 

the RNA:DNA hybrid and allows access to 5'-3' exonuclease Xrn2 that 

degrades the 3’transcript and release of Pol II (Skourti-Stathaki et al., 2011).  

Alternatively, 3’end R-loop formation can give rise to antisense transcription 

and can lead to the formation of double strand RNA and the recruitment of 

gene silencing complex such as DICER, AGO1 and AGO2.  DICER has been 

shown to release RNA pol II from the termination sites (Skourti-Stathaki et 

al., 2014).  In addition, R-loops at gene termini can recruit factors such as 

PAF1C, known for its role in transcription termination and 3’ end processing 

as shown by the co-occurrence of PAF1C ChIP-signals at 3’termini and 

DRIPc-seq signal (Sanz et al., 2016).   

iv. R-loops have also been associated with enhancers located in the intergenic 

regions (2kb away from annotated genes) thereby further regulating 

transcription (Kuznetsov et al., 2018).  

 

1.4.2. Structure and genome distribution of R-loops 

Physiological role of R-loops is determined by its structure and distribution in the 

genome.  R-loops in the mammalian genome has been characterized by specific sequence 

motifs as described in this section.  Genome-wide mapping, as mentioned before had 

identified GC-skew— with the non-template strand being positively GC skewed—an 
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important determinant of R-loop formation (Ginno et al., 2012).  Thus, co-

transcriptionally formed RNA:DNA hybrids contain a G-rich RNA such that the hybrid is 

thermodynamically more stable than dsDNA (Roberts and Crothers, 1992).  The stability 

of the hybrids depend on the length of the oligomer and the content of 

deoxypyrimidines/deoxypurines (Shaw and Arya, 2008).  Thus, once formed, removal of 

an R loop may require consumption of significant energy.  It was also determined, that 

the beginning of a R-loop is favored by the presence of G-clusters (R-loop initiation 

zone) and then the presence of discontinuous guanosines is sufficient to attain a stable R-

loop (R-loop elongation zone) (Roy and Lieber, 2009; Roy et al., 2008).  This simple 

sequence information was then mathematically modelled to predict R-loop forming 

sequences(RLFS) in the genomes of several organisms (Jenjaroenpun et al., 2015; 

Wongsurawat et al., 2012).  In addition to the computationally predicted R-loop sites, the 

use of a monoclonal antibody S9.6 from hybridoma cell lines that recognizes the 

RNA:DNA hybrid with high affinity has been used to immunoprecipitate R-loops and 

next-generation sequencing to map their location genome-wide (Chen et al., 2017; Ginno 

et al., 2012; Nadel et al., 2015; Sanz et al., 2016).  These studies provided a vast amount 

of information regarding the length and genome distribution of R-loops.  However, the 

variability in the studies have made it difficult to reach a consensus about the length of R-

loops.  The available DRIP-seq studies describe two different ranges of length 

distribution from human and yeast studies— a narrow sized length of 100-2,000bp which 

agrees with the computationally predicted RLFS and a wide sized length of 180-22,500 

bp.  The sizes depend on the method used to fragment the DNA prior to 

immunoprecipitation, while sonication yield shorter lengths, restriction endonucleases 
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obtain much larger regions owing to the infrequent distribution of their cut sites in the 

genome.  

The hybrid formed in the transcription bubble is unlikely to generate an R-loop by 

the virtue of the structure of RNA pol II.  Since the template DNA strand and the RNA 

has two different exit points, the hybrid is formed by the invasion and reannealing of the 

RNA strand with its complementary DNA strand.  Consequently,  an important driving 

force for the formation of the hybrid is negative supercoiling behind the RNA 

polymerase.  Topoisomerase IIIb has been identified in human cells to ameliorate 

negative supercoiling and regulate the formation of R-loops, an observation also made in 

E.coli as mentioned previously.  Structural studies on RNA:DNA hybrids alone with 

several sequence variations or bound to proteins have been done.  These studies agree 

that the hybrids do not conform to the strict A- or B- form of RNA or DNA helices 

respectively.  Instead they exist as mixtures or heteromerous duplexes of both.  In 

addition to that, R-loops also have a single stranded DNA which would then add another 

layer to the actual structure of the R-loop in the context of a chromosome and how 

accessible they are to various proteins (endonucleases, helicases and topoisomerases) 

which determines their stability and resistance towards resolution.  To answer these 

questions, an investigation conducted by Carrasco-Salas et al using R-loop sequences 

cloned in a plasmid and in vitro transcribed to determine the 3D architecture using atomic 

force microscopy generated what the authors named as R-loop objects (Carrasco-Salas et 

al., 2019).  These R-loop objects were further subdivided into ‘blobs’, ‘spurs’ and ‘loops’ 

depending on their appearance and DNA volume (the sequence of the original plasmid 

kept the same).  Majority of these objects shared the same initiation point of R-loop 
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formation but differed in their end point which was the determinant for the amount of 

ssDNA formed.  Another crucial result was that the sequence of the ssDNA and hence its 

ability to form secondary structures such as G4-quadruplex determined whether these R-

loop objects were formed at all.  Overall, these studies highlight the diversity of R-loops  

structures that can be formed in the genome which determines their stability, how they 

can be recognized, accessed and ultimately resolved.   

Initial discovery of R-loops during in vitro experiments had generalized the 

appearance of these structures as mere byproducts of transcription or intermediates that is 

required at specific regions of the genome and is less frequent or concerning.  However, 

the association of R-loops with genome instability and the advent of next-generation 

sequencing technology thereby mapping genome-wide have garnered more interest in R-

loops recently.  One of the most interesting observation is that R-loops are found in 

normal or wild type cells in greater numbers than previously thought.  For example, the 

distribution of R-loops in the genome of various organisms range from 5% in the 

mammalian genome to 10% in Arapidopsis thaliana (Sanz et al., 2016).  When these 

regions were annotated to known genomic features, R-loops were found in diverse 

genomic locations such as highly transcribed genes; rRNA and tRNA loci, transposable 

elements such as Ty elements in yeast, centromeres, telomeres, antisense RNAs and non-

coding RNAs.  In mammalian cells,  R-loops are found in actively transcribed genes and 

within genes they are preferentially at the promoter and 5’UTR and terminator sequences.  

This indicates that different cell type(tissue origin) and environmental conditions (signals 

such as drugs) and modulate the amount and location of R-loops formed in the genome.   
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1.4.3. Pathological role of R-loop in DNA damage and association with 

human diseases. 

So far, we have seen the presence of R-loops in key cellular processes that it 

regulates and in which they serve as intermediates.  Careful consideration of the 

physiological role of R-loops would entail tight regulation of its formation, such as in 

CSR regions or in the 5’end of genes near transcription start site or even in the stalling of 

transcription for termination.  Unscheduled formation or inability to remove R-loops can 

have dire consequences.  The first indication of R-loops linked to DNA damage was the 

observation of R-loops formation and increased DNA damage and recombination 

dependent on transcription in mutants involved in mRNA transport or pre-mRNA 

splicing factors (Huertas and Aguilera, 2003; Li and Manley, 2005; Paulsen et al., 2009).  

There are two possible means by which R-loops can cause DNA damage.  Firstly, 

the presence of ssDNA in the structure is susceptible to cleavage by NER pathway 

endonucleases or subjected to incorrect AID activity which then would be recognized or 

cleaved to form DSB by endonucleases.  Secondly, the most important and widely 

reported mechanism of DNA damage caused by R-loop is its ability to stall the 

replication fork and possibly cause double strand breaks (Garcia-Muse and Aguilera, 

2019).  The second mechanism is supported by the following studies;  Gan et al showed 

that in both E.coli and mammalian cells (HeLa and DT-40), R-loop mediated genome 

instability is dependent on active replication, in fact the same study also showed that in 

E.coli, R-loops can trigger replication fork stalling.  Overexpression of RNase H can 

reduce R-loop mediated chromosomal DNA rearrangement.  SRSF1, which regulates 

RNA splicing, depleted HeLa cells show increased DSBs due to increased R-loop 
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formation (Li and Manley, 2005).  When SRSF1 depleted cells also lack RNase H1, the 

replication forks in DNA combing experiments appeared asymmetrical, an indication of 

fork stalling (Gan et al., 2011).  Analysis of replication fork progression in yeast THO 

(involved in mRNA transport) mutants revealed a block or pause in a transcription 

dependent manner at the regions of R loops accumulation (Wellinger et al., 2006).  In 

addition, the same study showed that hyperrecombination is specifically observed when 

transcription is driven from S-phase active promoter.  Moreover, interference from R-

loops between the two machineries, transcription and replication, was observed in human 

cells in another study using DNA-combing analysis (Tuduri et al., 2009).  Together these 

studies indicate that R-loops can serves as an obstacle to the moving replication fork.   

Whether the interference of R-loop is due to its presence or in conjunction with a 

paused RNA polymerase has been investigated.  Transcription-replication collisions have 

been previously implicated in the generation of double strand breaks and recombination.  

A study by Prado and Aguilera in a yeast-based plasmid system with programmed 

transcription-replication conflict shows increased recombination frequency upon 

induction of transcription; an indication of double strand break formation (Prado and 

Aguilera, 2005).  The recombination frequency observed could be suppressed by the 

removal of Rad52, which repairs DSBs through homologous recombination pathway,  

indicating that DSB was indeed formed and triggered homologous recombination.  It is 

understandable that the addition of another stable structure (R-loop) that itself poses a 

threat to replication fork could either be a consequence or cause of the collision.  For 

example,  the transcription-dependent hyper-recombination phenotype observed in the 

yeast THO complex mutant, hpr1Δ (involved in co-transcriptional mRNP formation 



 
46 

compatible to be exported to the cytoplasm), requires transcription during S-phase.  The 

same mutant also shows the presence of R-loops (Wellinger et al., 2006).  Transcription-

replication (T-R) collisions can occur in two possible orientation depending on how the 

two machineries are facing each other while using the same DNA template (Fig. 1.5).  In 

head-on collision, one of the forks in the bi-directional replisome faces the transcription 

apparatus in a convergent orientation, while the meeting of the replication fork behind the 

transcription apparatus is a co-directional collision.  The same study by Prado and 

Aguilera in yeast  and another in bacteria has shown that, head-on collisions are more 

severe and often lead to DSBs relative to the co-directional collisions (Mirkin and 

Mirkin, 2005; Prado and Aguilera, 2005).  More recent studies have shown that R-loops 

occur as a consequence of T-R collisions in the head-on orientation in plasmid-based  

episomal system in human cells and in bacteria (Hamperl et al., 2017; Lang et al., 2017).   

Bacterial genomes is organized such that they minimize head-on collisions; the majority 

of genes, particularly the highly transcribed and essential genes, are expressed co-

directionally  and is responsible for decreased mutagenesis of essential genes (Lang et al., 

2017).  In contrast another study showed that R-loop formation is independent of the 

orientation of the collision. 

Several investigators have also reported the accumulation of R-loops in 

chromosome fragile sites (Groh et al., 2014; Helmrich et al., 2011).  Fragile sites are 

regions of the genome that are difficult to replicate, consists of repetitive sequences, 

shows DNA breaks under conditions of partial replication inhibition and often rearranged  

in several different cancers.  Further, the presence of R-loops trigger transcription-

replication and eventually fragility in long genes such as FHIT in the fragile site FRA3B 
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(Feng and Chakraborty, 2017; Helmrich et al., 2011).  Chromosome fragile sites are 

essentially of two types; rare vs common depending on the method of induction and the 

underlying sequence feature of the sites.  A survey on the presence of RLFS in genes 

present in rare fragile sites revealed high correlation. Similarly, 13 genes probed for 

correlation with RLFS present in common fragile sites showed correlation higher than 

genomic average (Feng and Chakraborty, 2017).   Thus, R-loops are present in fragile 

sites.  Whether their presence induces fragility requires more evidence.  Certainly, 

aphidicolin induced common fragile sites have a greater tendency to be associated with 

R-loop mediated breaks since reports have indicated increased R-loops in HeLa cells 

under aphidicolin mediated replication stress (Hamperl et al., 2017).  An elegant study by 

Madireddy et al showed that cells lacking enzymes that participate in Fanconi-Anemia 

(FA) pathway harbor breaks in common fragile sites.  Interestingly,  FANCD2 

homozygous deletion in lymphoblasts showed the presence of DNA:RNA hybrids in 

common fragile site FRA16D, which was removed on the overexpression of RNase H 

(Madireddy et al., 2016).  These studies ultimately lend support to the idea that R-loops 

pose a threat to the genome when formed in an uncontrolled manner.   

1.4.4. Cellular factors that prevent and/or resolve R-loops 

The association of unscheduled R-loop formation with genome instability 

necessitates the understanding of the various factors that cells employ to remove R-loops.  

In general, RNA metabolism related pathways and enzymes have been implicated in the 

removal of R-loops.  Experiments involving transcription elongation and mRNA export 

factor, THO-TREX complex and splicing factor SRSF1 has been shown to reduce R-loop 
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accumulation and their absence causes increased genome instability as described above 

(Dominguez-Sanchez et al., 2011).   

Apart from the aforementioned factors, one of the most reliable and interesting 

enzymes is the RNase H present in bacteria to eukaryotes.  This enzyme removes RNA 

ribonucleotides in an RNA:DNA hybrid (Cerritelli and Crouch, 2009).  Eukaryotes 

contain two types of RNase H enzyme, RNase H1 that specifically removes RNA bound 

to DNA in long stretches while RNase H2 remove small stretches of ribonucleotides 

hybridized to DNA and is also involved in ribonucleotide excision repair pathway.  The 

overexpression of RNase H has been repeatedly used to suppression of phenotypes that 

result due to excessive R-loop accumulation.  However, it is an energy consuming 

process and often may prove to be costly when the cell accumulates significant amount of 

R-loop.  Therefore, as back-up cells probably employ other energy efficient process such 

as unwinding the RNA:DNA hybrid using RNA-dependent helicases.  Examples of such 

helicases are senataxin, FANCM, BLM and DDX5 (Garcia-Muse and Aguilera, 2019).  

Another promising candidate is DHX9, that has been shown to unwind RNA:DNA 

hybrids in vitro and it has been shown to promote R-loop suppression in vivo.  In 

addition, DHX9 is involved in transcription termination similar to Senataxin and along 

with PARP1 (DNA damage response protein) it is able to prevent R-loop mediated DNA 

damage (Cristini et al., 2018).  

In addition to the RNA helicases, topoisomerases that remove negative 

supercoiling behind the transcription apparatus are also candidates for R-loop removal.  

In fact, a recent study on Topoisomerase IIIb implicated the enzyme in the resolution of 

R-loops and R-loop mediated DNA damage which can lead to cancer (discussed below).  



 
49 

Topoisomerase IIIb has been shown to relax negatively supercoiled DNA in vitro and it 

interacts with TDRD3, the absence of which causes R-loop accumulation in the C-MYC 

locus in mice (Yang et al., 2014).  Interestingly, this complex has also been shown to 

interact with FMRP in the cytoplasm (Xu et al., 2013).  

The increasing importance of R-loops in causing DNA damage and its association 

with human diseases requires a deeper understanding of unscheduled R-loop formation 

and the cellular resolving pathways that continues to emerge.   

 

1.4.5. R-loops and human diseases 

R-loop formation and its implication in genome instability such as its presence in 

chromosome fragile sites indicates its close association behind the etiology of human 

diseases.  Thus far, R-loops have been involved in the cause of several different types of 

cancers and neurological disorders. 

Tumor suppressor genes, BRCA1 and BRCA2 gene mutations has been 

associated with breast, ovarian and other specific cancers.  Both these genes are involved 

in DSB repair pathway involving homologous recombination.  Interestingly, both genes 

are involved in removal of R-loops,  BRCA1 and BRCA2 knockdown causes increased g-

H2A.X foci formation which happens simultaneously with increased R-loop foci 

formation (Richard and Manley, 2017).  10–20% of eosinophilic leukemias produce a 

truncated version of FIP1, which induces R-loop-mediated DNA damage, while FIP1 

knock down increases 53BP1 foci indicating DNA damage.  Altogether, partial loss of 

function of FIP1 and an ensuing increase in R-loop formation is a candidate for genomic 

instability in eosinophilic leukemia (Richard and Manley, 2017).   
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The most interesting observation is the association of R-loops with Tri-nucleotide 

repeat disorders.  R loops have been reported in the FMR1 and FXN gene loci.  LCLs 

derived from patients suffering from friedreich’s ataxia (FRDA) and fragile X syndrome 

(FXS) were used to show that the trinucleotide expanded repeat regions harbored R-

loops.  FRDA is the most frequently found ataxia that is inherited and is caused by GAA 

repeat expansion in the first intron of the frataxin gene (FXN) which ultimately causes 

the epigenetic silencing of the gene.  This epigenetic silencing is triggered by the 

presence of R-loops and was found to be associated with the repressive H3K9me2 

chromatin mark at FXN gene in Friedreich ataxia patient derived cells (Groh et al., 2014).  

A similar consequence, although by different means, R-loops have been found at the 

repeat region of FMR1 gene.  The expansion of the CGG repeat to greater than 200 

triggers hypermethylation of the promoter  region and transcriptional silencing of the 

gene.   It was observed that after transcription reactivation upon inhibition of 

methylation, R loops accumulate at the FMR1 gene in FXS patient derived cells.  In a 

study lead by Colak et al  in hESC derived from Fragile X syndrome fetus showed that 

the CGG repeat containing RNA invades and generates an RNA : DNA hybrid that 

essentially triggers the repressive chromatin marks responsible for gene silencing.  In 

contrast, expansion of the same CGG repeat to premutation stage (55-200 repeats) results 

in formation of R-loops that form hairpin structures in the extruded ssDNA and probably 

acts to activate or enhance transcription (Colak et al., 2014).  Since in FXTAS, 

uncontrolled mRNA production with the CGG repeats causes sequestration of CGG 

repeat binding proteins and CGG repeat-associated non-AUG-initiated (RAN) translation 

leads to polyglycine peptide that are toxic to the neurons and causes progressive 
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neurodegeneration.  This phenomenon was intriguing because the same loci and structure 

triggered opposite effect on transcription.  It also indicated that the length of the repeat 

and hence the R-loop formed somehow differed in their chromatin architecture and thus 

were recognized by different readers of chromatin marks which then modulated the 

chromatin  differently.    

R-loops have been associated with other neurological disorders such as ALS, 

Prader-Willi syndrome and Aicardi–Goutières syndrome which is caused by excessive R-

loop formation due to the absence of one the essential R-loop removal factors such as 

Senataxin, TREX, RNASH2, SNO116 etc (Richard and Manley, 2017).  

 

1.5. DNA double strand break formation due to replication stress 

Genome instability is caused by changes in the DNA sequence arising from 

normal DNA metabolizing processes such as replication, transcription and recombination 

or direct damage to the DNA base such as the formation of an abasic site or deamination 

of nucleotides; C, A, G or 5’-methyl G.  Direct DNA damages are caused by reactive 

oxygen species, lipid peroxidation, ultraviolet radiation, ionizing radiation and genotoxic 

agents such as MMS .  In the event that these damages are not repaired, mutations ensue 

leading to diseases.  Thus, in order to avoid permanent alteration of the genome and to 

ensure continued progression of the cell cycle phases a sophisticated network of DNA 

damage response (DDR) system is utilized by the cells.  The DDR system consists of the 

DNA damage repair, DNA damage tolerance and cell-cycle checkpoint pathways that 

monitor any changes in the DNA during the different cell cycle phases (G1, S, G2 and 

M), (Giglia-Mari et al., 2011).  The DDR system is a complex signaling network 



 
52 

regulated extensively by post-translation modification of proteins.  The importance of this 

system is underscored by the fact that dysregulated protein expression, loss or gain of 

function mutations in proteins participating in this pathway causes hereditary 

neurological disorders and cancer, i.e. mutations in BRCA1 and BRCA2 DNA repair 

proteins are associated with breast and other forms of cancer. 

During the S-phase of the cell cycle, there are factors that impede replication fork 

progression thereby causing replication stress (Mazouzi et al., 2016).  If these factors are 

not resolved or removed, they can lead to replication fork collapse and consequently to 

the formation of DSBs (Toledo et al., 2013).  Replication stress can be induced as the cell 

cycle progresses, through stochastic events or due to a disease condition by the 

dysregulation of oncogene expression.  The instability or slowing down of the replication 

fork can also be triggered by the use of replication inhibitors such as aphidicolin (APH), 

which inhibits DNA polymerases and has been traditionally associated with instability at 

common fragile sites as mentioned in the beginning of the chapter.  When replication 

stress results into a DNA double-strand break (DSB), the two complementary strands of 

the DNA double helix are broken simultaneously, in locations close to each other.  DNA 

DSBs can be sufficiently lethal because accumulation of these breaks in the cell can 

trigger the cell death system (Podhorecka et al., 2010).   

The DNA damage response is integrated by three PIKK kinases 

(phosphatidylinositol-3-kinase related kinases) called the Ataxia Telangiectasia Mutated 

protein (ATM), Ataxia Telangiectasia and Rad3 related protein (ATR) and DNA-

dependent protein kinase, catalytic subunit (DNA-PKcs) that phosphorylates a variety of 
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downstream substrates at a specific motif involving serine or threonine residues followed 

by a glutamine residue (Mazouzi et al., 2016). 

ATM and DNA-PKcs have been mostly associated to respond to DNA DSBs, 

although they have been reported to respond to other stimuli as well.  ATM is activated 

by two major cofactors depending on the stimulus ; NBS1, which is part of the MRN 

complex (for MRE11-RAD50-NBS1) and ATMIN (ATM interactor).  In response to 

direct DNA damage, the MRN complex leads to ATM activation, while ATMIN is 

required for ATM activation upon replication stress.  Replication stress mediated 

activation of ATM results in recruitment of DNA repair proteins such as 53BP1 to 

genomic locations susceptible to erosion, thus preventing these regions from degradation 

(Valverde et al., 2008).    

On the other hand, ATR functions as ATR–ATRIP kinase complex and is thought 

to be physically recruited to single-stranded DNA (ssDNA) which is coated with RPA 

protein, and then activated to phosphorylate its substrates.  These ssDNA can occur at 

persistent DSBs but are mostly generated at stalled replication forks.  ATR in 

coordination with its downstream effectors would eventually delay cell-cycle progression 

and also stabilize stalled replication forks.  Upon DNA damage, ATR through its effector 

kinase CHK1 phosphorylates CDC25A.  The phosphorylation of CDC25A then triggers 

ubiquitylation and consequently its degradation.  The absence of CDC25A causes 

reduction in cyclin-dependent kinase 2 (CDK2) activity in S phase.  In addition, the 

CHK1 also phosphorylates CDC25C, which creates a binding site for 14-3-3 proteins,  

this binding inhibits CDC25C function and further inhibits activation of the CDK1–
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cyclin B kinase and entry into the mitotic phase of the cell cycle (Thanasoula et al., 

2012). 

In response to double-stranded DNA breaks (DSBs), ATM and ATR are 

sequentially activated, and ATM is required for the nuclease-mediated resection of DNA 

ends and subsequent ATR activation .  A recent study showed that whereas dsDNA with 

blunt ends or short ssDNA overhangs efficiently activate ATM, the ability of dsDNA to 

activate ATM is attenuated by long ssDNA overhangs (Marechal and Zou, 2013). By 

contrast, ATR activation by dsDNA is enhanced by resection of DNA ends and 

lengthening of ssDNA overhangs. These results suggest that in the context of DSBs, the 

length of ssDNA overhangs is the key factor that determinates whether ATM or ATR is 

efficiently activated.   

DSBs can be repaired by several different mechanisms depending on the phase of 

the cell cycle.  The two ends generated at the break-point can be simply rejoined with 

little or no further processing of nucleotides through the; nonhomologous end joining 

pathway or NHEJ.  It mostly occurs in cells that are post-mitotic cells.  Alternatively, 

they can be repaired using homologous sequences via homologous recombination or HR 

pathway.  The break-point undergoes 5’-3’ resection and the 3'-OH group exposed can be 

used to prime DNA synthesis using a homologous region as a template following DNA 

strand invasion.  The newly formed DNA can have three possible fates – joined with the 

5' end of the resected strand to form a double Holliday junction, or displaced and 

reannealed or DNA synthesis can continue to the end of the chromosome.  In case the 

two homologous regions flank the DSB then they will anneal to each other causing the 

deletion of the intervening region through single-stranded annealing.  An additional 
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mechanism called microhomology-mediated end joining or MMEJ which shares 

components with both single-strand annealing NHEJ and that uses short homology 

stretches (usually 2-3 bp) flanking the DSB for repair (Hoeijmakers, 2009). 

DSBs has been responsible for many genomic alterations and understanding the 

mechanisms that are responsible for the causes of DNA damage at specific locations in 

the genome requires the identification of break-points. To that end, several methods have 

been developed over the past 10 years for the mapping of DSBs in the mammalian 

genome which utilizes next-generation sequencing to precisely map the position of the 

break in the genome.  In particular is Break-seq, which was reported to capture DSBs that 

had occurred in WT yeast strains and in check-point deficient strain with and without the 

presence of replication stress (Hoffman et al., 2015).  Break-seq utilizes end-repair 

enzyme which repairs the ends generated at the break position with nucleotide labelled 

with biotin, isolates labelled DNA using streptavidin interaction with biotin and 

sequencing of the labelled DNA reveals the break position at the nucleotide level.  

Hoffman et al reported, using Break-seq, that these breaks tend to map in genes whose 

transcription was induced by hydroxyurea.  In addition, they were able to detect 

replication origins nearby leading to the hypothesis that replication inhibitors tend to play 

a dual role in both inhibit replication fork progression and triggering transcription from 

specific genes resulting in an unscheduled replication-transcription conflict that generates 

DSBs. 

 

1.6.  Discussion and Hypothesis 
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This chapter reviews studies conducted so far in understanding the etiology of 

FXS.  Almost 99.9% of patients with FXS have a trinucleotide repeat expansion in the 

5’UTR of the FMR1 gene that results in silencing of the FMR1 promoter and the loss or 

deficiency of its protein product FMRP.  This was the first indication that the clinical 

features, i.e. intellectual disability and developmental delay, was due to the absence of 

FMRP and underscored its function in synaptic plasticity.  This idea was further 

supported by the discovery of patients with rare mutations of FMRP in its coding region, 

that also presented symptoms of FXS.  In line with this notion, studies in various model 

systems provided evidences of dysregulated synaptic plasticity in the absence of FMRP.  

Furthermore, FMRP with its RNA binding domain was shown to regulate translation of 

mRNA localized to the neuronal dendrites of the hippocampus.   

Once dysregulated pathways in synaptic plasticity was discovered, researchers 

worked towards developing therapeutics that target these pathways including the 

excitatory metabotropic glutamate receptor 5 (mGluR5) and the inhibitory γ-

aminobutyric acid (GABA) pathways.  However, targeting each of these pathways had 

demonstrated recovery in animal models but not in FXS patients and failed clinical trials.  

This lack of translation might be due to oversimplification of the disease mechanisms.  

To counter this problem targeting a combination of two pathways was also applied 

(Zeidler et al., 2017).  However, targeting both the excitatory and inhibitory pathways 

caused slight worsening of the social behavior phenotype.  While the authors indicated 

that this result was suggesting a requirement of further fine-tuning of the two opposing 

networks in the neurons, there can be an alternative explanation.  The result may indicate 

that FMRP is functioning in pathways other than the ones being currently considered as 
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targets.  In addition, FMRP’s substrates may not be limited to mRNA but other nucleic 

acid structures such as ssDNA, R-loops and the chromatin.  In that case, FMRP 

potentially regulates its known substrates and other unknown targets upstream to 

translation (transcription, post-transcriptional processing and regulation of transcription 

dependent harmful structures that trigger DNA damage). 

Our current understanding of functions of FMRP in the nucleus, specifically 

studies on FMRP’s DNA damage response role has conflicting results in the fly model.  It 

prompts the question whether genome instability does occur in the absence of FMRP in 

human cells? Whether DNA damage response, specifically g-H2A.X formation is 

affected?  

We hypothesize that FMRP with its multiple domains, capable of binding more 

than one type of nucleic acid and histone modifications, is involved in maintaining 

genome stability and that in its absence DNA damage is inevitable.
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Figures  

 

 

 

 

Figure 1.1. Pedigree analysis of a family with ID examined by H.A Lubs in 1969.  The 

proband is indicated by an arrow in generation IV.  The proband, his brother and mother (III-1) 

showed abnormal X-chromosome with constriction.  The frequency was low for the mother.  

Both the proband and his brother had ID.  The inheritance pattern indicates that the affected trait 

is X-linked and mendelian.  Modified from Lubs, 1969. 
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Figure 1.2. Schematic representation of CGG repeat expansion at the 5’UTR of the FMR1 

gene and their clinical fate.  CGG repeat numbers below 54 produces normal mRNA amount 

and FMRP.  Expansion of CGG repeat number between 55-200 causes increased transcription but 

low FMRP production.  CGG repeat expansion beyond 200, causes hypermethylation of the 

promoter and silencing of FMR1, the lack of FMRP results in FXS. 
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Figure 1.3.  FMRP tissue distribution and domain organization. (A) Tissue specific 

expression of FMRP according to human protein atlas.  Figure is a screenshot from the webpage, 

https://www.proteinatlas.org/ENSG00000102081-FMR1/tissue (B) FMRP domain structure of 
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the full-length protein ISO1 and some of its alternatively spliced forms that migrates to the 

nucleus. IDR-intrinsically disordered region.  Modified from Dury et al , 2013 
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Figure 1.4. Metabotropic glutamate receptor theory of fragile X syndrome. (A) mRNA is 

transported to the post-synaptic space bound to FMRP on polysomes.  Stimulation of the mGluR 
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in the post-synaptic neuron causes dephosphorylation of FMRP.  FMRP disengages from the 

polyribosome-mRNA complex and protein synthesis begins.  Newly synthesized proteins trigger 

AMPA receptor internalization and long-term depression (LTD).  (B) In the absence of FMRP, 

translation proceeds constitutively and increased AMPA receptor internalization causing 

exaggerated LTD.  Modified from Santoro et al, 2012. 
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Figure 1.5.  R-loop functions as intermediates in both cis and trans for key cellular 

processes. (A) The S regions of the immunoglobulin locus are responsible for changes in the 

class of antibodies produced by activated B-lymphocytes.  This locus undergoes class switch 

recombination aided by the formation of  R-loops which provides a ssDNA for AID to deaminate 

cytosines, induce DSB and trigger repair and recombination.  AID-Activation induced cytidine 

deaminase.  (B) CRISPR-Cas system also involves a guide RNA generated in trans that invades 

the duplex DNA at a locus targeted for cleavage or DSB generating an RNA:DNA hybrid and a 

ssDNA.  crRNA-CRISPR RNA, tracrRNA- transactivating crRNA.  (C) Mitochondrial DNA 

replication is initiated by R-loops.  Transcription through Ori H locus containing conserved 
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sequence blocks (CSB), generates an R-loop, the RNA in the hybrid is then cleaved at specific 

sequences by RNase H1.  The RNA sequences left behind serves as primers for replication by 

POL γ.  (D) Similar to mitochondria, replication through ColE1 origin in E.coli utilizes 

RNA:DNA hybrid formation, which is eventually cleaved to generate primers for replication.  
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Figure 1.6.  Replication and transcription collision in the presence of R-loops in two 

orientations, head-on and co-directional.  Head-on collisions are more severe than co-

directional collisions.  
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1.1. Introduction 

Fragile X syndrome (FXS) is responsible for the most common form of inherited 

intellectual disability and autism (Santoro et al., 2012).  In majority of patients, FXS is 

caused by (CGG)n trinucleotide repeat expansion exceeding 200 copies in the 5’-

untranslated region of FMR1 gene located on Xq27.3 (Fu et al., 1991; Verkerk et al., 

1991).  This repeat expansion mutation then leads to heterochromatin formation and 

epigenetic silencing (Coffee et al., 2002; Pieretti et al., 1991).  Studies have shown that 

both full mutation-size (>200 copy) and carrier-size (50-200 copy) (CGG)n repeats 

capable of stalling replication forks (Gerhardt et al., 2014; Voineagu et al., 2009) , 

generating double strand break (DSB) and chromosome fragile site formation (Krawczun 

et al., 1985), hence the name of the disease.  FXS can also manifest as a result of 

mutations in the FMRP coding sequence despite normal range of (CGG)n repeats, 

highlighting FMRP’s functional importance for the etiological basis for FXS (Ciaccio et 

al., 2017).   

FMRP is an RNA binding protein and is estimated to bind ~4% of the mRNAs in 

the brain and regulate their translation (Ashley et al., 1993).  It is clear that FMRP has 

multi-faceted functions.  The best understood cellular function of FMRP is a translational 

repressor in the metabotropic glutamate receptor (mGluR)-mediated long-term depression 

(LTD) pathway (Bear et al., 2004).  The absence of FMRP permits increased level of 

protein synthesis at postsynaptic dendrites and prolonged LTD thus causing many of the 

symptoms of FXS (Bear et al., 2004; Darnell et al., 2011; Nakamoto et al., 2007; Niere et 

al., 2012).  Genome-wide studies have identified over 6,000 FMRP-interacting mRNAs, 

many of which are involved in synaptic signaling and function, described in chapter 1 



 86 

(Ashley et al., 1993; Brown et al., 2001; Darnell et al., 2011).  Only a small percentage of 

these putative FMRP targets have been validated by independent methods (Sethna et al., 

2014) and mGluR antagonist drugs have yet to show efficacy in human patients despite 

preclinical success in animal models (Erickson et al., 2017).  Consistent with its role as a 

translation repressor, FMRP is predominantly located in the cytoplasm and associates 

with the polysomes (Darnell et al., 2011; Khandjian et al., 2004).  However, FMRP is 

also present in the nucleus (Feng et al., 1997).  Moreover, FMRP has been found to 

interact with its mRNA substrates in the nucleus (Kim et al., 2009).  Thus, FMRP likely 

plays a role in the nucleocytoplasmic shuttling of the mRNA cargos.  But its additional 

nuclear function(s) remains elusive. 

A recent study reported that FMRP is enriched in the nucleus during replication 

stress, suggesting a chromatin-related function of FMRP (Alpatov et al., 2014).  The 

authors showed that fmr1
-/- mouse embryonic fibroblasts produce decreased γH2A.X 

staining, compared to control cells, during replication stress by aphidicolin (APH, a DNA 

polymerase inhibitor).  This observation led to the conclusion that cells lacking FMRP 

are deficient in the DNA damage response (Alpatov et al., 2014).  Consistent with this 

observation it was reported that Drosophila dFMRP1-deficient cells also show decreased 

γH2A.X foci formation when cells were treated with hydroxyurea, an inhibitor of 

ribonucleoreductase that results in reduced nucleotide pools (Zhang et al., 2014).  On the 

other hand, these dFMRP1-deficient cells were also shown to be hypersensitive to 

genotoxic chemicals including HU, increased chromosome breaks, and increased 

γH2A.X foci formation upon irradiation (Liu et al., 2012).  Therefore, it remains unclear 
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whether cells lacking FMRP sustain increased or decreased level of DNA damage despite 

a consensus view that FMRP is involved in DNA damage response.   

In this study we set out to ask if the lack of FMRP leads to genome instability.  

We employed lymphoblastoid cell lines and fibroblasts derived from FXS patients with a 

full mutation of FMR1 and unaffected controls and subjected them to a multitude of 

queries.  We consistently observed increased level of DNA damage, manifested as 

increased γH2A.X staining and long comet tails in a single molecule DNA breakage 

assay, occurring both spontaneously and inducible by APH, in patients-derived cells 

compared to cells from control individuals.  More importantly, we proceeded to map—

for the first time—genome-wide DNA double strand breaks (DSBs) in lymphoblastoid 

cells derived from a FXS patient using Break-seq, a NextGen technology we previously 

developed (Hoffman et al., 2015).  We demonstrated that Break-seq when adapted to the 

mammalian cell system maintains high sensitivity and specificity, owing to the 

innovative approach of encapsulating cells in agarose plugs to minimize in vitro 

production of DSBs.  Additionally, lymphoblastoid cells have been used to reveal genetic 

basis for a range of neurological disorders including FXS (Kollipara et al., 2017; 

Nishimura et al., 2007; Pansarasa et al., 2018).  Using this system, we showed that the 

FXS patient’s cells exhibited more than two-fold increase of the number of DSBs 

genome-wide.  We further demonstrated that the global DSB formation upon replication 

stress was enriched at R-loop forming sequences (RLFSs), where the RNA transcript 

hybridizes to homologous DNA on the chromosome, yielding an RNA:DNA hybrid and a 

displaced DNA single strand.  Despite their many roles in normal cellular functions, R-

loops can initiate conflicts between transcription and replication by creating a barrier to 
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replication fork progression, causing chromosome breakage (Garcia-Rubio et al., 2018; 

Hamperl et al., 2017).  We present evidence that FMRP when provided exogenously can 

reduce DSBs within genes prone to R-loop formation during transcription, particularly 

during programmed replication-transcription conflicts in a model system in S. cerevisiae.  

We further demonstrate that exogenously expressed FMRP in FXS patient-derived cells 

reduced the APH-induced DSB formation. 
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Material and Methods 

Cell line growth and drug treatment conditions.  Human EBV transformed 

lymphoblastoid cell lines, GM06990 (control) and GM03200 (Fragile X), and fibroblast 

cell lines, GM00357 (control) and GM05848 (Fragile X), were purchased from Corielle 

institute.  Lymphoblastoids were grown in RPMI1640 (Corning cell gro), supplemented 

with GlutaMAX (GIBCO), 15% heat-inactivated FBS (Fetal Bovine Serum, Benchmark), 

100 IU/mL penicillin and 100 μg/mL streptomycin (Corning cell gro) at 37°C with 5% 

CO2.  Fibroblast cells were cultured in MEM culture media with 15% FBS (Corning), 1X 

GlutaMAX, 100 IU/mL penicillin and 100 μg/mL streptomycin.  Cells were treated at a 

density of 0.4-0.5x106 cells/ml or 30-40% confluency for lymphoblastoids and fibroblasts, 

respectively, with APH (A. G. Scientific) at the indicated concentrations, solvent (DMSO, 

0.02%, same as the concentration in the APH-treated samples) only, or nothing, for 24 h 

before harvest.   

Cloning.  EGFP was PCR amplified from pcDNA3-EGFP (Addgene #13031) using 

forward primer, 5’-CGAGGTTAACATGGTGAGCAAGGGCGAGGAG-3’ 

(pcDNA3_RMEGFP_JL_FWD2), and reverse primer, 5’-

ATTCGTTAACCTTGTACAGCTCGTCCATGCC -3’ (pcDNA3_RMEGFP_JL_REV2), 

and cloned into pMSCVpuro (Addgene) at the HpaI site to create pMSCVpuro-EGFP.  

Full length FMR1 was PCR amplified from pFRT-TODestFLAGHAhFMRPiso1 

(Addgene #48690) using forward primer, 5’-

TAACGAATTCATGGACTACAAGGACGACGAT-3’ (pFRT_RMFMRP_JL_FWD2), 

and reverse primer, 5’-GGTAGAATTCTTAGGGTACTCCATTCACGAG-3’ 
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(pFRT_RMFMRP_JL_REV2), and cloned into pMSCVpuro-EGFP at EcoRI site, 

creating pMSCVpuro-EGFP-FMRP. 

Lentiviral-assisted cell transfection.  pMSCVpuro-EGFP-FMRP and pMSCVpuro-

EGFP constructs were packaged into retrovirus using Phoenix-AMPHO producer cells 

(ATCC) following the manufacturer’s protocol.  Briefly, Phoenix cells grown in DMEM 

medium to 30-40% confluence in a 100 mm-plate were transfected with 20 µg plasmid 

DNA, followed by incubation at 37°C for 48 hr with a medium change at 24 hr.  At 48 hr, 

the supernatant containing virus (T1) was collected, passed through a 0.45-µm filter, and 

used immediately for infection, while the remaining cells was used for second round of 

virus collection after the addition of 8 ml fresh DMEM.  A second production of virus 

(T2) was collected after 24 hr, processed as described above and used for a second round 

of infection.  GM05848 (FX) cells were transduced for two rounds with retrovirus 

produced above, pooled and subjected to 2 µg/ml puromycin selection for 3 days.  Cells 

were passaged after reaching confluency and maintained in DMEM containing 0.25 

µg/ml puromycin.  FMRP expression was confirmed with Western Blot.  

Flow cytometry for cell cycle analysis.  Approximately 1.5-2x106 cells from the Break-

seq experiments were harvested for flow cytometry.  Cells suspended in 1 ml of PBS 

were slowly added to chilled absolute ethanol and stored in -20ºC.  Fixed cells were 

pelleted at 250xg for 15 m at room temperature and then rehydrated with 5 ml PBS for 15 

m.  Cells were again pelleted and resuspended at 0.5x106 cells/ml in propidium iodide 

solution (40 μg/ml propidium iodide, 100 μg/ml RNase A in PBS) and incubated for 20 

m at 37ºC.  Cells were passed through filter-topped flow tubes (BD Falcon) using a luer-
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lock syringe and analyzed using Becton Dickinson Fortessa Cell Analyser (BD 

Biosciences).  Data were analyzed by FlowJo. 

Flow cytometry for quantification of cells stained for gH2A.X.  Approximately 3x106 

lymphoblastoids were treated with APH, DMSO or nothing.  For compensation control, 

an additional 3x106 cells were subjected to 2 flashes of UV irradiation at 20 µJ/cm2 and 

allowed to recover for 4 h before harvest.  Cells were treated with 1:500 diluted Zombie 

Aqua (Violet, Biolegend) to stain dead cells, followed by a wash in FACS buffer (2% 

FBS in PBS).  Cells were then fixed in 500 μl of 4% paraformaldehyde, permeabilized by 

500 μl methanol, and stained with 100 μl of a 1:50 dilution of anti-gH2A.X (Cell 

signaling #5763S) in dilution buffer (0.5% BSA in 1x PBS) for 1 h.  Cells were then 

centrifuged and washed in dilution buffer followed by 1x PBS.  Cells were resuspended 

in FACS buffer and filtered through filter-topped flow tubes (BD falcon) using a luer-

lock syringe.  Samples were analyzed using Becton Dickinson Fortessa Cell Analyser 

(BD Biosciences) and data analyzed by FlowJo.  Dead cells were removed from the 

analysis.  Stained but untreated NM cells were used to generate a baseline for 

fluorescence.  Cells with DNA damage were gated based on fluorescence intensities (FI) 

higher than the baseline.  Percentage of cells with DNA damage were calculated based on 

the number of cells above the baseline FI and total live cells. 

Immunocytochemistry and microscopy.  For lymphoblastoid cells: Approximately 

3x106 cells having undergone drug treatment described above were washed twice in PBS 

before fixing with 500 µl of methanol or 4% paraformaldehyde in microfuge tubes.  For 

firbroblasts: Approximately 1x105 cells were plated on poly-D-lysine (Sigma Aldrich)-
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coated coverslips and cultured for 72 h, followed by drug treatment for 24 h.  For both 

lymphoblastoid cells and fibroblasts: Cells were washed with 500 µl PBS twice, fixed 

with 500 µl 2-4% paraformaldehyde for 20 m at room temperature followed by gentle 

washing with PBS three times.  Cells were then blocked with 500 µl PBSAT (1% BSA, 

0.5% Triton X in PBS), followed by incubation with 100 µl of primary antibody solution 

for 1 h or overnight, washed with PBSAT, and incubation with 100 µl secondary 

antibody for 1 h.  Cells were then washed with PBSAT followed by PBS,  and 

resuspended in mounting media (Prolong Diamond antifade plus DAPI, Invitrogen) 

before being placed as a drop onto microscope slides.  Coverslips were carefully placed 

on top of the mounted drops and allowed to solidify for 24 h before imaging on Leica 

STP 800 wide-field fluorescence microscope (for lymphoblasts) or Leica SP8 confocal 

(for fibroblasts).  Antibodies used for immunostaining include the following: primary 

antibodies (anti-γH2A.X, Cell Signaling #9817S, 1:400; S9.6, Kerafast #ENH001, 1:250; 

and anti-Lamin A&C, Novus Biologicals #NBP2-25152, 1:500) and secondary antibodies 

(Alexa fluor 488, 568, and 647 [a-chicken and a-rabbit], Invitrogen #A21206, A10037, 

A21449, A21244 respectively, 1:400). 

To quantify γH2A.X staining signals maximum projection of 3D image stacks 

acquired from 2D imaging planes with a step size of 0.2 micron along the z-axis was 

performed using the MetaMorph software (Molecular Devices).  Image stacks were 

deconvolved using the AutoQuant software.  In Fiji, DAPI was used to create region of 

interest (ROI) of nuclei in γH2A.X channel for individual cells.  Maximum intensity 

projections adjusted for background in Fiji were used to quantify γH2A.X intensities in 

ROI for 28-35 cells per experiment in three independent experiments.  To determine R-
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loop signals in the nucleus, 2D single plane images from two biological replicate 

experiments were acquired and analyzed.  Lamin staining was used to define the nuclear 

periphery, which was overlayed with S9.6 channel to measure integrated density in Fiji.  

Representative images adjusted for background and contrast are shown.  Statistical 

analysis was done using GraphPad Prism 7 and values were plotted in Kaleidagraph.   

Single cell gel electrophoresis assay.  Neutral comet assay was performed using the 

TREVIGEN reagent kit (cat# 4250-050-K) according to the manufacturer’s instructions.  

Comet images were analyzed using the CaspLab software (Konca et al., 2003).  

Break-seq.  Lymphoblastoids GM03200 and GM06990 were used for Break-seq analysis.  

Three independent experiments were performed, wherein Set A and B were technical 

replicates from the same experiment and Set D and E were biological replicates.  

Break-seq library construction.  Break-seq procedures were as described previously with 

modifications (Hoffman et al., 2015).  5x106 cells were embedded into 0.5% Incert low-

melting point agarose in PBS and cast into plugs.  The agarose plugs were then incubated 

at 50ºC overnight in 6 ml of lysis buffer (0.5 M EDTA, 1% Sarkosyl, 200 µg/ml 

Proteinase K).  The DNA in the agarose plugs was then end-labelled in-gel using the 

End-It Kit (Epicentre) with biotinylated dNTP mix (1 mM dTTP, dCTP, dGTP, 0.84 mM 

dATP, 0.16 mM Biotin-14-dATP).  Plugs were then treated with β-Agarase (NEB) to 

digest agarose and release DNA.  DNA sample was then sonicated using a Covaris M220 

using the snap-cap DNA 300 bp shearing protocol.  DNA was then processed using a 

PCR Cleanup Kit (Qiagen) and run on agarose gel to verify the fragmentation pattern of 

DNA and quantified on a Nanodrop.  10-11 µg of DNA was then end repaired (Epicentre) 
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and purified by the PCR Cleanup Kit (Qiagen).  The DNA was then A-tailed by A-tail 

Kit (NEB) or Klenow exo- (NEB E6054A) and purified by PCR Clean-up Kit (Qiagen), 

followed by quantification on a Nanodrop.  M270 Dynabeads (Life Technologies) were 

used to purify biotinylated DNA.  The amount of DNA bound to beads was calculated by 

measuring the quantity of DNA in the flow through.  DNA-bound beads were then 

resuspended in ligation mix containing Illumina adaptors (50 µM adaptor-1, 50 µM 

adaptor-2, 1x T4 ligase buffer, 3 µl T4 DNA ligase) and incubated overnight at room 

temperature on a roller.  400 ng of DNA bound to beads was used for PCR amplification 

using KAPA Hotstart Ready Mix (KAPA).  Each sample was given a specific index 

primer for multiplexing.  PCR product was then run on agarose gel to verify 

amplification and quantity.  AMPure beads (Agencourt) were used to remove free 

adaptors and the final product was analyzed on agarose gel.  Break-seq libraries were 

sequenced on Illumina Hi-Seq 2500 with 100 or 150 bp paired-end reads, followed by 

Break-seq data analysis.  Adaptor sequences and index primer sequences were previously 

described (Hoffman et al., 2015).  

Break-seq DSB peak identification.  Raw sequence reads were obtained from Illumina 

Hi-seq 2500 and then aligned to the UCSC human genome assembly, GRCh37/hg19 

(http://hgdownload.soe.ucsc.edu/goldenPath/hg19/bigZips/), using Bowtie 2 

(http://bowtie-bio.sourceforge.net/bowtie2/index.shtml) in the “--local” mode.  The PCR 

duplicate reads were removed using Picard MarkDuplicates 

(http://broadinstitute.github.io/picard).  The non-redundant mapped sequence reads were 

sorted and then converted to BAM files using SAMtools (Li et al., 2009) 

(http://samtools.sourceforge.net/) and subjected to subsequent processing with Model-
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based Analysis for ChIP-seq (MACS version 2.1.1, https://pypi.python.org/pypi/MACS2) 

using two-sample analysis between break-seq samples (treatment) and whole genome 

sequencing data (control) using the callpeak function in MACS2 with a p value <1e-5.  

For identification of PacI-digested breaks, DSB peaks with perfect match to PacI motif 

(TTAATTAA) were mapped onto the hg19 reference genome with Bowtie.  

IntersectBED function from BEDtools (Quinlan and Hall, 2010) was then used to find 

overlap between PacI motif sites and peaks identified through MACS2.  These 

overlapping peaks were considered PacI sites found in the Break-seq sample.   

Random permutation tests for identification of PacI sites.  The shuffleBed function in 

BEDtools was used to randomly permute the genomic locations of DSBs identified as 

PacI sites with default parameters to generate random genomic locations as a null 

distribution, preserving the size of DSBs and number of DSBs per chromosome.  The 

fraction of sequences containing PacI motif was calculated.  One thousand iterations of 

this process was performed.  The distribution of the PacI-positive fractions was then 

compared to that from the experimental dataset and One Sample Student’s t-test was 

performed. 

Break-seq library complexity calculation and identification of consensus DSB peaks in 

replicate experiments.  All biological replicates for each sample (strain/treatment 

combination) were pooled for assessement of library complexity by preseq (Daley and 

Smith, 2013).  All 23 Break-seq peak files were analyzed in DiffBind (Ross-Innes et al., 

2012) for consensus DSB peak identification.  Consensus DSB peaks were defined as 

those that appear in at least two replicate experiments, regardless of the total number of 

replicates, for each sample (cell line/treatment).  Aphidicolin-treated samples (0.03 µM 
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and 0.3 µM) were combined to form a composite APH-treated sample, for both NM and 

FX cells, and consensus DSB peaks were then extracted similarly as described. 

Correlation between DSBs and other genomic features.  The association between DSBs 

and other genomic features including RLFSs and DRIP-seq signals was determined using 

the bedtools annotate function.  Multiple data sets of DRIP-seq were concatenated (cat 

GSE70189_NT2_DRIPc_peaks GSM1720615_NT2_DRIP_1_peaks 

GSM1720616_NT2_DRIP_2_peaks GSM1720617_NT2_DRIP_RNaseA_peaks 

GSM1720618_NT2_DRIP_RNaseH_peaks GSM1720619_K562_DRIP_peaks.clip > 

composite.DRIP), sorted (sort -k1,1 -k2,2n composite.DRIP > composite.DRIP.sorted) 

and then merged into a composite data set using the bedtools merge function (bedtools 

merge –i composite.DRIP.sorted > composite.DRIP.sorted.merged).  The significance of 

the association or p value was calculated using the fisher exact test (fisher) in BEDtools.  

Calculation of DSB coverage over RLFS and annotation of genes associated with DSBs 

were performed with the binOverFeature and annotatePeakInBatch functions from the 

ChIPpeakAnno R package, respectively (Zhu et al., 2010).  

Calculation of replication timing for DSB regions.  Replication timing data were 

derived from Repli-seq data of lymphoblastoid GM06990 cells (accession: 

ENCSR595CLF) publicly available from ENCODE 

(https://www.encodeproject.org/replication-timing-series/ENCSR595CLF/).  An S50 

(0<S50<1) value, defined as the fraction of the S phase at which 50% of the DNA is 

replicated (50% of the cumulative enrichment), was computed for any 50-kb segment of 

the genome (Hansen et al., 2010).  The cumulative enrichment was calculated for each 

sliding window of 50 kb at a 1-kb step size by linear interpolation of enrichment values in 
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6 evenly divided temporal windows of the S phase, as previously described (Chen et al., 

2010).   If a given 50-kb segment was not significantly enriched in any window in the S 

phase, no S50 value was attributed (S50=NA).  Approximately 5% of the genome fell in 

this category.  The DSB regions were then assigned the same S50 values as that of the 

50-kb segment in which they reside.  For FX cells DSBs on the Y chromosome were 

excluded from further analysis due to the lack of replication timing data in the reference 

genome of GM06990.   Finally, the DSBs with assigned replication timing values were 

further parsed into early (S50<0.5) and late (S50>0.5) replicating domains.  The resulting 

distribution of DSBs in the early and late replicating domains was subjected to a 

Genomic Association Test (GAT) to determine if the DSBs were enriched in either of the 

two domains through 1000 randomized simulation (Heger et al., 2013).   

Genomic association tests for correlation between DSBs and CFS cores and the 

“APH.breakome”.  The DSB regions with assigned replication timing indices (early vs. 

late, see above) were compared to previously published finely mapped CFS core 

sequences (Savelyeva and Brueckner, 2014) and the “APH.breakome” (Crosetto et al., 

2013), using the Genomic Association Tester (GAT) software (Heger et al., 2013).  In all 

tests the DSBs were set as segments and the other datasets as annotation, with the 

genomic regions previously assigned with S50 values as workspace (i.e., excluding those 

regions with S50 value of “NA”) and default parameter for sampling rounds (--num-

samples=1000). 

Western blot.  For yeast whole cell extracts, a single colony was inoculated in 10 ml SC-

HIS-URA and grown overnight.  Cells were centrifuged at 3000 rpm for 5 m, frozen and 

stored at -80˚C until further use.  Frozen cell pellets were thawed in 250 µl TBS [50 mM 
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Tris pH 7.5 / 100 mM NaCl / Halt protease inhibitor cocktail (Thermo scientific)].   Cell 

suspension was vortexed at 4˚C for 15 m after the addition of 200 µl sterile glass beads, 

followed by centrifugation at 13500 rpm at 4 ºC for 10 m.  The supernatant was retained 

and protein concentration was determined by Bradford assay (BioRad).  Approximately 

25µg of proteins were analyzed on 10% SDS-PAGE followed by western blots using 

monoclonal anti-FLAG-M2-Peroxidase (HRP) (Sigma Aldrich, 1:2000) and anti-β actin 

(MP Biochemical, 1:4000). 

Yeast strains and plasmids.  Yeast strains used in this study were BY4741 (MATa 

his3Δ1 leu2Δ0 ura3Δ0 met15Δ) and its isogenic derivative rnh1Δ (MATa ura3Δ0 leu2Δ0 

his3Δ1 met15Δ0 rnh1Δ::KAN, EUROSCARF collection (Entian et al., 1999)).  Yeast 

cells were either grown in YEPD or synthetic complete (SC) media with specific amino 

acids omitted as indicated.   All yeast strains were grown at 30ºC with horizontal shaking 

for liquid cultures.  Yeast centromeric plasmids pARS-GLB-OUT (OUT) and pARS-

GLB-IN (IN) containing GAL-OUT/IN recombination constructs were provided by and 

described previously (Prado and Aguilera, 2005).  Specifically these plasmids were 

designed with the leu2Δ3’::leu2Δ5’ direct-repeat recombination system under the GAL1 

promoter.  The plasmid also contains ARSH4, URA3, CEN6 and the 83 bp (C-A1-3)n 

telomeric sequences from pRS304 lacking the EcoRI site at the polylinker.  Human gene 

sequences for recombination assay (see below) were cloned between the direct-repeat 

recombination system (leu2Δ3’:sequence: leu2Δ5’) using BglII.  The following primers 

containing BglII site in the forward and BamHI site in the reverse were used for the 

described sequences: a) control-1_F-5’-TCagatctTCAGGCTGCACATTCTTTTC-3’ and 

control-1_R-5’-CTCggatccTGCTTTCACTGCAGTTCC-3’; b) control-2_F-5’- 
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CTCagatctTGATAATTACAAGGTACACGTTATTGC-3’ and control-2_R-5’-

CTCggatccTTGGTTAGGATAATAAGCACTATGG-3’; c) RLFS-1_F-5’-

CTCagatctGTAGACGCCTCACCTTCTGC-3’  and RLFS-1_R-5’- 

CTCggatccTGCGGGTGTAAACACTGAAA-3’; d) RLFS-2_F-5’- 

CTCagatctCATAACTAAGCACTGTATGCC-3’ and  RLFS-2_R-5’- 

CTCggatccCCTAGGGACAAGGGGAGGTA-3’. 

The above sequences were PCR amplified from human genomic DNA.  

Sequences were inserted in two orientations due to compatibility of ends generated by 

BglII and BamHI and both the orientations were used to measure recombination 

frequencies for all sequences.   The sequences were inserted in both the IN and the OUT 

constructs.  pFRT-TODestFLAGHAhFMRPiso1 plasmid (Addgene) was used to 

subclone an SpeI/BclI-digested CMV-FMRPiso1 fragment into pRS316 at the XbaI and 

BamHI cloning sites.  The resulting construct, pRS316-CMV-FMRPiso1, was then 

digested with NotI and EcoRI to obtain the CMV-FMRPiso1 fragment.  The fragment 

was subcloned into pRS313 digested with NotI and EcoRI producing the final construct 

pRS313-CMV-FMRPiso1.  pRS313-CMV-FMRPiso1I304N was generated using the 

same procedure from the pFRT-TODestFLAGHAhFMRPiso1I304N plasmid (Addgene). 

Recombination frequency assay.  The IN and OUT plasmids were first transformed in 

BY4741 or rnh1Δ and selected in SC without uracil in 2% glucose.  The fluctuation assay 

was performed as previously described with modifications (Prado and Aguilera, 2005).  

Briefly, selected transformants were streaked onto SC-URA+2% Glucose and SC-

URA+3% Galactose.  Plates were incubated for 4 days at 30ºC to suppress or induce 

transcription through the GAL1 promoter respectively.  Six single colonies for every 
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sample were re-suspended in 1 ml –N media (1.61 g/l YNB without (NH4)2SO4 or amino 

acids, 94 mM succinic acid and 167 mM NaOH) and sonicated.  Serial dilutions were 

prepared for each of the six colonies per sample: 1:15, 1:150 and 1:1500 in a 96-well 

plate.  100 μl of diluted samples were plated in SC-URA+3% Galactose for calculation of 

totals.  For calculation of recombinants; 100 µl from undiluted was plated onto SC-LEU-

URA+3% Galactose.  Plates were incubated for 3 days at 30ºC, and colonies were 

counted to calculate recombination frequency as follows: 

no. of recombined colonies/(total no. of cells plated*dilution factor)*10
4
 

Recombination frequency was calculated for each of the six colonies per sample and the 

median value was used as the recombination frequency of a sample.  Three independent 

experiments were conducted for each construct and treatment (glucose and galactose) and 

standard deviations were calculated for graphical representation and to estimate error. 

For experiments with FMRP expression the IN and OUT plasmids with or without 

RLFS were co-transformed with pRS313-CMV-FMRPiso1, pRS313-CMV-

FMRPiso1I304N or pRS313 into BY4741 and selected in SC-URA-HIS+2% glucose.  

Recombination frequency assay was conducted as described above with the totals plated 

in SC-URA-HIS+3% galactose and the recombinants were plated in SC-LEU-URA-

HIS+3% galactose. 

Gene ontology analysis and identification of pathways that are potentially altered by 

treatment.  Gene ontology analyses were performed via DAVID Bioinformatics tools 

(https://david.abcc.ncifcrf.gov), DiffBind, or WebGestalt (http://webgestalt.org). 
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Statistical analysis.  Two-way ANOVA test followed by Tukey’s multiple testing for all 

pair-wise comparisons was performed for all experiments unless otherwise noted.  

Annotation for P values in figure legends regardless of statistical test type are: *, p<0.05; 

**, p<0.01; ***, p<0.001; ****, p<0.0001.  Error bars denote standard deviation unless 

otherwise noted. 
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1.2. Results 

Fragile X cells show elevated DNA damage under replication stress.   

We chose cells derived from individuals diagnosed with FXS (henceforth “FX”) 

and unaffected control individuals (henceforth “NM”) from two tissue origins for this 

study.  Lymphoblastoid cells derived from an individual with a full mutation of FMR1 

(GM03200) and an unaffected individual with a normal FMR1 (GM06990) were used for 

the majority of the study, unless otherwise noted.  Select experiments also employed 

fibroblasts from an individual with a full mutation of FMR1 (GM05848), in comparison 

to those derived from a sex- and age-matched unaffected control (GM00357).  We 

confirmed the CGG repeat expansions, ~570 repeats in GM03200 and ~730 in GM05848, 

by Southern blot analysis and the lack of FMRP expression by western blot in the FX cell 

lines (Supplemental Fig. S2.1).   

We then analyzed genome instability in these cells by partially inhibiting 

replication with aphidicolin (APH, a DNA polymerase inhibitor) and causing a 10-20% 

increase of cells in S phase (Fig. 2.1A).  Both cell lines showed dose-dependent increase 

of chromosome breaks upon APH treatment, evidenced by elevated levels of γH2A.X (a 

marker for DNA DSBs) staining per nucleus using fluorescence microscopy (Fig. 2.1B 

and Supplemental Fig. S2.2A).  This observation was confirmed in FX-derived 

fibroblasts (Supplemental Fig. S2.2B&C).  Quantification of population of cells with 

γH2A.X expression using flow cytometry further corroborated that FX cells showed more 

than two-fold increase of γH2A.X level compared to controls, with and without 

replication stress (Fig. 2.1C&D).  These results suggested that loss of FMRP caused 
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heightened levels of DSB formation both spontaneously and upon APH-induced 

replication stress.  We next performed neutral Comet assay to investigate DSB formation 

at a single cell level.  The results were consistent with the γH2A.X staining 

experiments—FX cells showed higher level of DSBs than their control counterparts (Fig. 

2.1E).  Additionally, the comet tail length distribution suggests that FX cells present 

comets with longer tails, often severed from the comet heads, indicating more severe 

DNA damage in the FX cells than in control cells (Fig. 2.1F).  These results established 

that the FX genome is more prone to DNA damage upon replication stress than the 

control genome, thus prompting further investigation into the nature of genome instability 

in the FX cells.   

Genome-wide DSB mapping by Break-seq.   

Here we adapted Break-seq, a powerful technology we first developed in yeast 

(Hoffman et al., 2015), to the mammalian system and mapped genome-wide chromosome 

breaks in untreated cells and cells treated with APH or with equal volume of the vehicle, 

dimenthyl sulfoxide (DMSO) (Fig. 2.2A).  Each strain/treatment combination was 

represented by at least two independent experiments.  First, as a proof-of-principle we 

mapped DSBs produced by in vitro PacI-digestion of DNA from FX cells treated with 

DMSO or 0.03 µM APH (Fig. 2.2B).  More than 96% of DSBs mapped in these two 

samples corresponded to a known PacI site (p < 2.2e-16 in random permutation tests with 

1000 iterations, see Methods), with ≥83% concordance between them (Fig. 2.2B).  Of the 

151,583 PacI sites in the human hg19 genome, 84,458 (56%) and 87,727 (58%) were 

mapped in the DMSO and APH samples, respectively.  These results provided a 

benchmark for Break-seq with > 97% specificity and > 56% sensitivity (the in-gel 
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digestion efficiency of PacI was estimated at ~70%, suggesting a true Break-seq 

sensitivity of ~80%) .  Break-seq library qualities were assessed by read classification 

and hierarchical clustering (Supplemental Fig. S2.3A-C).  At the current sequencing 

depth recurrent DSBs were identified although Break-seq libraries were not saturated 

(Supplemental Fig. S2.3D).  For each strain/treatment combination, for instance 

“FX_0.03 µM APH”, “Consensus DSBs” from at least two replicate experiments, 

regardless of the total number of replicates, were derived (Fig. 2.2C).  The DSBs from 

0.03 µM and 0.3 µM APH-treated samples were further pooled into a composite dataset 

of “FX_APH”, for each cell line, followed by comparison with the DMSO-treated control 

to identify DSBs shared by DMSO- and APH-treatment as well as those specific to each 

treatment (Fig. 2.2C).  DSB hotspots were distributed throughout the genome and with 

apparent enrichment in the peri-centric regions (Fig. 2.2D).   

In all experiments, FX cells produced 2-2.5 fold more DSBs than NM cells with 

or without drugs (Fig. 2.3A and Supplemental Table S2.1), consistent with high levels of 

γH2A.X signal observed in FX cells.  X chromosome showed the highest density of 

DSBs in APH-induced FX cells, at approximately eight DSBs per Mb of DNA (Fig. 

2.3B).  Overall, 83%, 16% and 62% of DSBs in the untreated, DMSO-treated, and APH-

treated NM cells, respectively, were found in the corresponding treatments of FX cells 

(Fig. 2.3C).  This result suggested that spontaneous DSBs were largely concordant 

between the two cell lines.  We examined the relative dissimilarity between DSBs in 

DMSO-treated NM and FX cells.  We found that untreated and DMSO-treated FX cells 

only shared 8% common DSBs, in contrast to 78% concordance between untreated and 

DMSO-treated NM cells.  These observations suggested that DMSO treatment caused FX 
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cells to “reprogram” DSB formation compared to NM cells.  Lastly, in both cell lines the 

dual treatment of DMSO and APH enhanced existent DSBs (from DMSO treatment 

alone), with a greater extent of new DSB induction in the FX cells: there were 82% and 

67% concordance between DMSO-treated and dual APH-treated samples for NM and FX 

cells, respectively.  Here we concluded that drug treatment in FX cells elicited a different 

response than in NM cells.  We proceeded to investigate the mechanism of DSB 

induction. 

 

DSBs and replication timing.   

APH-induced DSBs are definable as a genomic feature called common fragile 

sites (CFSs) (Glover et al., 1984).  We systematically compared the APH-induced DSBs 

mapped in our study to 1) fourteen reported CFS core sequences (Savelyeva and 

Brueckner, 2014); and 2) a list of DSBs mapped by a genome-wide technique named 

BLESS in APH-treated HeLa cells (“APH.breakome”) (Crosetto et al., 2013).  We did 

not find significant (p < 0.001) correlation between DSBs in our study with the CFS 

cores.  Closer scrutiny of the experimental conditions in CFS studies led us to conclude 

that this apparent discrepancy stemmed from the differential usage of organic solvent for 

APH, i.e., ethanol vs. DMSO (see Discussion).  However, we indeed observed significant 

correlation between replication stress-induced DSBs in NM and FX cells with the 

“APH.breakome” (p < 0.001, Supplemental Fig. S2.4A), which employed the same 

solvent, DMSO, as in our study.   
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CFSs have been characterized by late replication timing (Hellman et al., 2000; Le 

Beau et al., 1998; Palakodeti et al., 2004; Wang et al., 1999).  So we asked if the APH-

induced DSBs in our study were located in late-replicating sequences.  Using published 

Repli-seq data for GM06990 cells (Hansen et al., 2010) we divided the genome into 50-

kb early- or late-replicating segments and calculated the percentage of DSBs in each 

segment.  The majority of DSBs (at least 60%) were associated with late-replicating 

sequences in all samples (Fig. 3D).  Moreover, the concordant DSBs (those that were 

shared between our data and the “APH.breakome”) were also associated with the late 

replicating regions for both NM and FX cells (Supplemental Fig. S2.4B, p < 10E-3).  

Interestingly, a subset of the stress-induced DSBs in FX cells that were concordant with 

the APH.breakome sites was also associated with early replicating regions, highlighting a 

mechanism of DSB formation that is independent of the late replication timing archetype 

(Supplemental Fig. S2.4C, p < 10E-3).  This observation is reminiscent of a previous 

study reporting early replicating fragile sites in actively transcribing genes in B cells 

challenged with hydroxyurea, which induces replication stress through limiting 

nucleotide pool (Barlow et al., 2013). 

Therefore, we next inspected the distribution of DSBs with respect to genes.  

Approximately 30 to 40% of DSBs in all samples occurred in genic regions with a 

dominant presence in introns.  NM cells had 33% of spontaneous DSBs (from untreated 

cells) within genes, compared to 37% for FX cells.  We do not know whether this 

increase in genic association for DSBs in FX cells is related to higher level of 

transcription in FX cells.  However, it has been shown that FMRP knock-out mouse 

neurons exhibit increased gene expression compared to control neurons (Korb et al., 
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2017).  Vehicle treatment increased the genic association to 41% for DSBs in NM cells, 

followed by a return to 36% with APH (Fig. 2.3E).  In contrast, FX cells showed constant 

level of DSB-gene association with 36% and 38% in vehicle- and APH-treated conditions, 

respectively (Fig. 2.3E).  Interestingly, the percentage of DSBs that fall in the early 

replicating regions is correlated with the percentage of DSBs within genes (Fig. 2.3F).  

Together these results suggested two types of APH-induced chromosome breakage—

those in the intergenic regions that undergo delayed replication and those in the gene-rich 

early replicating regions that might experience elevated level of gene transcription.   

Next we annotated the genes neighboring spontaneous DSBs within a 5-kb 

maximal distance.  For DSBs in NM cells there was no significant (p < 0.001) GO (Gene 

Ontology) enrichment.  In contrast, spontaneous DSB-associated genes in FX cells were 

enriched in “neuron projection development”, “synapse organization” and “neuron cell-

cell adhesion” (Fig. 2.3G).  This result suggested that neuronal developmental genes were 

susceptible to chromosome breakage in the FX background even without replication 

stress.  Moreover, APH treatment further enhanced the GO enrichment in the same 

pathways (Fig. 2.3H).  A complete list of pathways associated with DSBs in all samples 

is shown in Supplemental Table S2.2.  Notably, many genes previously validated as 

FMRP-binding mRNAs such as HCN1, GSK3B, PAK1, and MTOR, showed specific DSB 

formation in FX cells (Fig. 2.3I).  This result indicated that FMRP, in addition to 

regulating mRNA translation of its target genes, also maintains the stability of genomic 

loci where these genes reside.  

Preferential association between drug-induced DSBs and R-loop forming sequences 

in FX cells.   
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If the gene-associated DSBs were due to drug-induced replication-transcription 

conflict at actively transcribing genes, DSBs might correlate with R-loops, which are co-

transcriptional structures.  We surveyed a database of R-loop forming sequences (RLFSs) 

predicted by a previously described algorithm (Wongsurawat et al., 2012) for correlation 

with DSBs.  Untreated cells did not show enrichment of spontaneous DSBs at RLFSs; 

however, DMSO-treated NM and FX cells both showed significant enrichment of DSBs 

at RLFSs (Supplemental Table S2.3, enrichment ratios of 1.746 and 1.493, respectively).  

Notably, DSBs in APH-treated NM cells were no longer enriched at RLFSs 

(Supplemental Table S2.3, enrichment ratio 0.927) whereas those in APH-treated FX 

cells remained associated with RLFSs (Supplemental Table S2.3, enrichment ratio 1.498).  

These results were corroborated by the absolute distance measurements between DSBs 

and RLFSs (Table 2.1) using GenometriCorr (Favorov et al., 2012).  We concluded that 1) 

DMSO elicits transcriptional response, possibly through oxidative stress (see Discussion), 

in both NM and FX cells and cause DSBs at RLFSs within actively transcribing genes; 2) 

replication inhibition by APH triggers NM cells to deploy a mechanism to protect genes 

from DSBs at RLFSs, whereas FX cells lacked such a mechanism.  Consistent with our 

interpretations we note that comparing the vehicle- and APH-treated samples, NM cells 

underwent a decrease from 41% to 36% in DSB-gene association, whereas FX cells 

showed the opposite trend increasing from 36% to 38% (Fig. 2.3E, brackets).  In fact, 

APH-specific DSBs in FX cells (DSB Group “FXdmso.FXaph.uniquetoFXaph”) showed 

the greatest association with genes (58.8%) compared to DSBs in any other category 

(Supplemental Table S2.4).  Aggregated distribution of DSBs around RLFSs showed an 

enrichment of DSBs immediately downstream of the RLFS start as well as immediately 
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upstream of the RLFS end, specifically in the drug-treated FX cells (Fig. 2.4A&B).  

Overall, these results led us to conclude that FX cells form DSBs at RLFSs when treated 

with DMSO, a response that is further enhanced by APH.  We also compared the DSBs 

to a composite list of DRIP-seq (DNA:RNA hybrid Immunoprecipitation followed by 

sequencing) signals, generated by merging all DRIP-seq signals in NT2 and K562 cell 

lines to minimize cell type-specific differences (Sanz et al., 2016).  The results largely 

recapitulated the comparison between DSBs and RLFSs (Supplemental Table S2.3).   

The strong correlation between DSBs and RLFSs in FX cells is most pronounced 

on chromosomes 1, 13, 14, 15, 21, and 22, which contain ribosomal DNA (rDNA) 

clusters, followed by chromosomes 2, 6, and 12 (Table 2.1).  Notably, the DSBs on the 

rDNA-bearing chromosomes were not confined to the rDNA loci.  We used 

immunofluorescence to validate that FX cells indeed accumulate R-loops, or RNA:DNA 

hybrids, upon replication stress using the S9.6 antibody.  RNA:DNA hybrid signals in the 

nucleus were significantly increased upon APH treatment compared to vehicle-treated 

sample in FX cells, in contrast to a moderate increase in NM cells (Fig. 2.4C&D).  

Moreover, the RNA:DNA foci appeared to be enriched in dark areas of the nucleus, 

which were characteristic of the nucleoli (Fig. 2.4C, insets).  This result supported the 

notion that DSBs showed preferential association with RLFSs on the nucleolar resident 

chromosomes.  Therefore, we hypothesized that FMRP is required for R-loop prevention 

during replication stress. 

Ectopic expression of FMRP, but not the FMRP-I304N mutant, reduces RLFS-

induced DSBs.   
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To test the hypothesis that FMRP prevents R-loop formation we employed a 

modified yeast-based recombination assay (Prado and Aguilera, 2005) to measure DSB 

frequency resulting from programmed transcription-replication conflict induced by 

human RLFSs (Fig. 2.5A).  We chose this model system for its simplicity and perspicuity.  

By co-expressing human RLFSs and FMRP, for which there is no known yeast ortholog, 

we were able to specifically analyze the interaction between these entities.  In the absence 

of RLFS insertion there was a 4.7-fold enhancement of recombination frequency (RF) on 

the plasmid with convergent replication and transcription compared to a co-directional 

configuration (Supplemental Fig. S2.5A), consistent with the previous observation (Prado 

and Aguilera, 2005).  Two human RLFSs, when inserted in the sense direction, each 

caused elevated RF over the control sequence (non-RLFS), in the convergent replication-

transcription configuration specifically (2 and 4 fold, p=0.0024 and p<0.0001, 

respectively, Supplemental Fig. S2.5B).  RF was further enhanced in a strain lacking 

RNase H1, an enzyme known to resolve R-loops by degrading the RNA:DNA hybrid: ~2 

and 1.5-fold for sense and anti-sense orientation, respectively, for RLFS-1; and ~1.2 fold 

for both sense and anti-sense orientations, for RLFS-2 (Supplemental Fig. S2.5B&C).  

Because RLFS-2 already induced high RF, further enhancement by eliminating RNaseH1 

was only moderate.  Next we asked if ectopic expression of FMRP would decrease 

RLFS-induced DSBs.  Expression of empty vector did not alter the RLFS-induced RF 

(comparing Supplemental Fig. S2.5B to Supplemental Fig. S2.5D).  A significant drop in 

RF was observed for expression of FMRP (2 and 1.6 fold for RLFS-1 and RLFS-2, 

respectively) or a positive control, RNaseH1, but not for a non-specific RNA binding 

protein She2, compared to empty vector (Fig. 2.5B).  Finally, a mutant FMRP containing 
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an I304N substitution in the KH2 domain, a rare de novo mutation that led to FXS (De 

Boulle et al., 1993; Siomi et al., 1994), no longer suppressed RF (Fig. 2.5B).  We also 

verified that FMRP and FMRP-I304N showed similar levels of protein expression in 

yeast (Supplemental Fig. S2.5E).  The I304N mutation abolishes FMRP binding to 

mRNA and the polysome (Feng et al., 1997).  Our results thus suggest that the KH2 

domain is also involved in interaction with R-loops. 

Ectopic expression of FMRP reduces APH-induced DNA damage in the FXS 

patient-derived fibroblasts.  To further confirm that the DNA damage sensitivity 

phenotype was indeed due to FMRP deficiency, we tested if the said phenotype can be 

rescued by ectopic expression of FMRP in the FXS patient-derived cells.  Using a 

lentiviral delivery method, we transduced the FX-deficient fibroblast cells (GM05448) 

with a plasmid carrying EGFP-FMR1 fusion, or a plasmid carrying EGFP alone as a 

negative control.  We then subjected the resulting cell lines to APH treatment at 

increasing concentrations.  Cells expressing EGFP-FMRP (test group) showed reduced 

gH2A.X signals in the nucleus compared to control cells expressing EGFP alone (Fig. 

2.6A).  Quantification of results recapitulated the dose-dependent increase of gH2A.X 

signals by APH treatment in the test group (One-way ANOVA, p= 0.00018), albeit not in 

the control group (One-way ANOVA, p=0.34) (Fig. 2.6B).  More importantly, cells 

carrying EGFP-FMR1 showed systematically reduced DNA damage by APH compared 

to cells carrying EGFP alone (Two-way ANOVA, p = 5.49E-06). We also confirmed that 

the expression of EGFP-FMRP was only detected in the cells carrying the EGFP-FMRP 

plasmid both by anti-GFP and by anti-FMRP in western blots (Fig. 2.6C). Therefore, we 
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concluded that the replication stress-induced DNA damage in FX cells was due to the 

absence of FMRP.  
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DISCUSSION 

FX cells are intrinsically unstable and more susceptible to replication stress-induced 

chromosome breakage on a genome-wide scale.   

The main discovery from our study is the inherent genome instability in FX cells.  

Our study marks the first demonstration of genome-wide chromosomal breakage in FX 

cells, with or without replication stress by APH.  This represents a novel development in 

our understanding of the FXS biology.  FX cells were molecularly characterized by a 

fragile site named FRAXA at the FMR1 locus on the metaphase chromosome, 

specifically induced by folate stress, in individuals with full mutation of the CGG repeat 

expansion.  While there were abundant studies measuring FRAXA site expression, 

relatively few compared the number of common fragile sites (CFSs), which are induced 

by APH, in FX cells to controls.  One study reported more than three-fold increase of the 

CFS frequencies in FX patients (27.9%) compared to unaffected controls (7.9%) when 

their cells were treated with APH (Murano et al., 1989).  However, the authors did not 

emphasize this finding and concluded that age difference between the test and control 

groups may have confounded the results.  We surmise that this was an unexpected 

finding which led to the downplayed conclusion.  We also note that these earlier studies 

were based on a cytological screening method with low resolution and sensitivity, guided 

by primary focus on detecting FRAXA in the FX cells.  It is owing to the Break-seq 

technology with its unparalleled sensitivity that the detection of global DSB formation in 

the FX genome was enabled, a testament to the utility of Break-seq in other disorders 

with underlying etiological basis of genome instability.  The global induction of DSBs in 

the FX genome also corroborated the observed increased DSB formation assayed by 
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γH2A.X staining and Comet assay.  It is noteworthy that our observation of increased 

γH2A.X staining in human FXS patient-derived lymphoblastoid cells contrasts the 

reduced γH2A.X staining in fmr1
-/-

 mouse embryonic fibroblasts (Alpatov et al., 2014).  

We surmise that the vastly different origins of cells as well as different nature of 

mutations (repeat expansion vs. exon removal in human vs. mouse, respectively) were 

responsible for these observations.   

Notably, the DSBs in our study showed significant correlation with those 

identified by a similar DSB mapping method applied to the human genome (Crosetto et 

al., 2013).  In contrast, comparison between our DSBs to previously identified core 

sequences of CFSs did not yield statistically significant correlation.  We believe this was 

at least partially due to differential usage of solvents for APH in the literature.  Since the 

first documented usage of ethanol and DMSO as solvents for APH and the induction of 

CFSs (Glover et al., 1984), different laboratories have taken to use either solvent for their 

studies.  To the best of our knowledge direct comparison between these two solvents in 

CFS induction has only been documented in a single study using two subjects (Kuwano 

and Kajii, 1987).  This study demonstrated that increasing concentrations of ethanol, but 

not DMSO, synergistically increased APH-induced CFSs.  It also showed that ethanol 

treatment alone induced CFS formation at a frequency of 2-9% when administered at a 

range between 0.02% and 1%.  Unfortunately, the effect of DMSO alone on CFS 

induction was not measured.  Among the studies from which the CFS core sequences 

were derived (Savelyeva and Brueckner, 2014) (Table 2.1 therein), all but one study used 

ethanol as the solvent.  The study by Zimonjic et al (Zimonjic et al., 1997) used either 

ethanol or DMSO to map the FRA3B site and the results were an undifferentiated 
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mixture.  In contrast, our study as well as the BLESS study (Crosetto et al., 2013) used 

DMSO as the solvent for APH.  Therefore, it appears that CFS formation is a product of 

both APH treatment and other undefined cellular effects by ethanol or DMSO, rendering 

comparison between studies that employ differential usage of these solvents rather 

tenuous.  

Our study showed that DMSO sensitizes RLFS regions for DSBs in both NM and 

FX cells.  DMSO is one of the most common solvents for organic compounds and 

facilitates the delivery of drugs across cellular membranes.  It is also known as an 

antioxidant with a protective role for human tissues by interacting with the hydroxyl 

group on various substances.  Its protective role is exemplified in its ability to reduce the 

damaging effect on DNA molecules by radiation.  However, depending on the 

concentration and cellular context DMSO can function as an antioxidant or a pro-oxidant 

(Kang et al., 2017; Liu et al., 2001; Perez-Pasten et al., 2006; Sadowska-Bartosz et al., 

2013).  Moreover, its potential genome-damaging effect has not yet been evaluated in 

mammalian cells to the best of our knowledge.  Fortuitously we discovered that 0.02% 

DMSO (the concentration at which we used to dissolve APH) can cause chromosome 

breakage at least in human lymphoblastoids through an unknown mechanism.  Thus, it is 

imperative to understand the full cellular and genomic impact by DMSO to inform drug 

treatment involving DMSO as a solvent. 

A potential role of FMRP in mediating R-loop formation during replication stress. 

Our study also provided an explanation for why the FX genome is inherently 

unstable.  We showed that there are two types of DSBs in FMRP-deficient FX cells: 
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those occurring in both control and FX cells in gene-poor regions with delayed 

replication timing and those occurring specifically in FX cells near R-loop forming 

sequences within genes.  The latter suggests that FMRP plays a role in preventing R-loop 

formation during replication-transcription conflicts.  We demonstrated that FX cells 

indeed accumulate R-loops upon replication stress.  We then honed in on those “at-risk” 

genes harboring DSBs in the FX genome and found them to be enriched in the neuronal 

differentiation and synapse organization pathways.  Many of these genes were previously 

identified as mRNA substrates bound and regulated by FMRP on the polysomes.  These 

results led us to hypothesize that FMRP binds to its gene substrates on the chromatin 

during transcription, prior to transporting the mRNAs to the ribosomes for translation.  

We observed that DMSO or APH treatment caused DSBs to gravitate towards RLFSs in 

FX cells, whereas only DMSO, and not APH treatment, elicited the same response in NM 

cells.  The implications for these results are two-fold.  First, they suggest that DMSO 

induces a strong transcriptional response and can cause DSB formation at RLFSs.  

Second, replication stress by APH activates FMRP and lowers the incidence of DSBs at 

RLFSs compared to DMSO in NM cells.  Hence, in the absence of FMRP FX cells fail to 

protect their genome upon replication stress.  This notion is supported by the fact the on 

addition of FMRP in the FX cells, we were able to observe reduced DNA damage.  These 

results are consistent with an FMRP function in genome maintenance. 

This new function of FMRP is supported by its ability to suppress RLFS-induced 

recombination during programmed replication-transcription conflict, that is dependent on 

its KH2 RNA-binding domain.  Our results suggest a scenario where FMRP interacts 

with transiently formed R-loops during transcription and facilitates the passaging of 
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replication forks traversing towards the transcription machinery so as to prevent 

chromosome breakage.  This new function is also consistent with the known affinity of 

FMRP for, in descending order of degree, RNA, ssDNA and dsDNA (Ashley et al., 1993), 

three substrates which are all present in an R-loop.  Alternatively, FMRP can mediate R-

loop formation by forming complex with other R-loop interacting proteins.  For instance, 

FMRP can form complex with TOP3B and TDRD3, which have been shown to prevent 

R-loop formation at cMYC/Immunoglobulin DSB sites (Nott and Tsai, 2013).  FMRP 

was also reported to interact with the THO/TREX complex, a mRNP transporter known 

to be involved in R-loop prevention (Dominguez-Sanchez et al., 2011), through affinity 

purification (Hein et al., 2015).   

A potential mechanism linking increased protein synthesis to genome instability in 

the absence of FMRP.   

Our data suggested that RNA:DNA hybrids localized to dark areas of the nucleus, 

likely the nucleolus, in FX cells.  These results are consistent with the observed 

correlation between DSBs and RLFSs, preferentially occurring on rDNA-bearing 

chromosomes, which are resident of the nucleolus.  Are rDNA-bearing chromosomes 

prone to DSBs simply by virtue of being proximal to the nucleolus as a locale, or is there 

an underlying cause for these chromosomes to generate RLFS-associated DSBs?  We 

favor the latter explanation.  While the 45S rDNA array residing on the short arms of five 

acrocentric chromosomes (13, 14, 15, 21, and 22) defines the nucleolus, the 5S rDNA 

array is a resident of chromosome 1 and the 5S and 45S rDNA arrays are not in close 

proximity spatially in human lymphoblastoid cells (Yu and Lemos, 2016).  This suggests 

that DSB-RLFS association on these chromosomes is not mediated by proximity to the 
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nucleolus per se.  Instead we reason that the act of transcription on the chromosomes 

containing 45S rDNA subjects them to increased R-loop formation and chromosome 

breakage.  FMRP deficiency leads to elevated level of protein translation (Darnell et al., 

2011), which would be reliant on increased rate of ribosome production.  Consequently, 

FX cells must sustain high level of rRNA transcription to meet the demand and thus relay 

the stress, likely torsional in nature, from the rDNA loci intra-chromosomally onto the 

remainder of the chromosome.  Torsional stress of the chromosome, when combined with 

replication stress, would then induce heightened replication-transcription conflicts and 

chromosome breakage.     

In summary, our study led us to a model where FMRP guards its gene substrates 

from the nucleus to the cytoplasm (Fig. 2.6).  While its main function is a translation 

regulator on the polysomes, FMRP increases its nuclear presence to prevent R-loop 

formation and chromosome breakage during heightened replication-transcription 

conflicts.  We note that FX cells also produce spontaneous DSBs at a higher level than 

NM cells, and these spontaneous DSBs are not correlated with RLFSs.  This suggests that 

FMRP has additional protective role(s) towards the genome without external replication 

stress.  Recent studies have shown that FMRP deficiency causes imbalance of epigenetic 

modifications due to unregulated protein synthesis (Korb et al., 2017; Li et al., 2018).  It 

is plausible that the spontaneous chromosome breakage in FX cells is a result of altered 

histone modifications predisposing specific regions of the chromatin to breakage.  These 

attributes make FMRP a novel mediator of transcription and replication to prevent R-loop 

accumulation and ensure genome integrity, thereby maintaining synaptic plasticity in 

neuronal cells.  
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Figure 2.1. Fragile X cells show elevated DNA damage under replication stress.  (A) Cell 

cycle distribution analyzed by flow cytometry.  Three independent experiments were conducted, 

and one representative experiment is shown.  (B) Increased g-H2A.X foci formation in FX 

lymphoblastoid cells in APH.  (C&D) Analysis of g-H2A.X signal under APH induction by flow 

cytometry.  Live and g-H2A.X-positive cells were gated by Zombie Aqua dye (staining for dead 

cells) and g-H2A.X signals from untreated NM cells.  The same gate was applied to all other 

samples for quantification of percentage of cells with g-H2A.X signals greater than those gated 

cells (solid red boxes).  Ten thousand cells were analyzed in each of three independent 

experiments.  Two-way ANOVA followed by Sidak’s multiple testing was performed.  (E&F) 

DSB formation measured by neutral Comet assay.  Three independent experiments were 

performed (n>50 in each) and all trended similarly.  A representative experiment is shown for 

Tail Moment measurement.  One-way ANOVA followed by Sidak’s multiple testing was 

performed.  Error bars denote standard errors of mean.  Tail Lengths from one representative 

experiment are shown in box plot (F).  Representative images of comets with short or long Comet 

tail length are shown.   
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Figure 2.2. DSB mapping by Break-seq in lymphoblastoid cells.  (A) Break-seq workflow.  (B) 

Break-seq sample read pile-up of a PacI site leading to the identification of a “peak” in the 

“proof-of-principle” experiment. Table denotes total PacI sites identified in DMSO- and (0.03 
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µM) APH-treated FX cells.  (C) Schematic for Break-seq analysis.  Sequence reads were aligned 

with Bowtie2, while normalized for copy number variation by whole genome DNA sequencing 

(“Total DNA”), for NM and FX cells, respectively (shown as an example for FX cells), during 

the peak calling step in MACS2.  DSB peaks found in at least two replicate experiments for each 

strain/treatment combination were identified as “Consensus DSBs” by DiffBind.  Peaks from 

different APH treatments (0.03 μM and 0.3 μM) were then pooled into a single set of “FX_ APH” 

DSBs, in contrast to the control data sets. The consensus DSBs for each strain/treatment 

combination were compared with each other (e.g., between “FX_APH” and “FX_DMSO”) to 

identify overlaps and condition-specific DSBs, ready for further comparison with genomic 

features such as RLFSs.  The DSBs identified in all categories have been deposited in the GEO 

database under the accession number GSE124403.  (D) Whole genome distribution of DSBs in 

the indicated categories. 
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Figure 2.3. DSB association with genomic features.  (A) Plot of total number of DSBs in each 

of the indicated categories.  (B) DSB density (per Mb of DNA) across each chromosome for the 

indicated categories.  (C) Venn diagrams compare concordance between NM and FX cells for 

every treatment.  (D) Distribution of DSBs in early vs. late replicating regions of the genome, as 

defined by Hansen RS et al, in the indicated samples.  See Methods for details.  (E) Distribution 

of DSB peaks relative to genes in the indicated samples. Genic features include introns, exons, 5’- 

and 3’-UTRs, promoters, and the immediately downstream (<1 kb from the 3’-UTR) regions 

(ImmediateDownstream).  (F) Correlation between DSBs associated with genes and with early 

replication timing sequences.  (G&H) Gene Ontology terms for genes associated with DSBs in 

FX untreated (G) and APH-treated (H) samples.  Plotted are the BH (Benjamini-Hochberg) 

adjusted p values for the GO terms.  (I) Examples of genes containing drug-induced DSBs 

specifically in the FX cells.  Top tier of the plots is annotated DSB positions in genes labeled red 

or blue for Watson- or Crick-strand-encoded, respectively.  Bottom tier show sequence read 

distribution in each data track with increasing numbers following a blue to red color scale. 
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Figure  2.4. DSB correlation with RLFSs and increased RNA:DNA hybrids in FX cells in 

vivo.  (A&B) Aggregated DSBs from the indicated samples around the start (A) or the end (B) of 

RLFS in a 4000 bp window centering on the RLFS.  (C) Confocal images of immunofluorescence 

staining with S9.6 antibody.  Nuclear boundary is traced by Lamin staining (Inset 1).  The 

RNA:DNA hybrid signals are enriched in dark areas of the nucleus that are likely the nucleoli 

(arrowhead in Inset 2).  Scale bar, 20 μm. (D) Quantification of nuclear S9.6 signals in two 

independent experiments (n>=33 in each) using one-way ANOVA with multiple comparisons. 
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Figure 2.5. FMRP expression suppresses RLFS-induced DSB formation.  (A) A non-

functional LEU2 marker containing two inserted direct repeats and driven by a galactose-

inducible GAL1 promoter was placed next to an origin of replication (ARSH4) such that the 

direction of transcription is convergent or co-directional with respect to the direction of the 
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proximal replication fork.  Upon galactose induction, convergent replication and transcription 

would induce DSBs and homologous recombination repair to generate a functional LEU2, 

resulting in leucine prototrophy.  Two RLFSs from the human genome (RLFS1-1 from the 

promoter of FMR1 and RLFS-2 from intron 5 of Fragile Histidine Triad) were inserted between 

the direct repeats to test for enhanced DSB and recombination.  A non-RLFS sequence without 

predicted R-loop forming propensity and with similar G-richness in both strands served as control.  

All sequences were similar in size (~500 bp).  The RLFSs were inserted in the sense or anti-sense 

orientation with respect to LEU2 transcription (i.e., G-rich strand on the non-template or template 

strand, respectively), with the sense orientation expected to preferentially induce R-loop 

formation.  The control sequence was also inserted in two orientations and no difference in RF 

was observed between them (Fig. S5C).  RF is calculated based on the percentage of leucine 

prototrophs after plating.  (B) The effect of ectopic expression of indicated genes on the pRS313 

plasmid, under the CMV promoter, on RLFS-induced RF.  See Figure S5 for additional control 

experiments. 
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Figure 2.6. FMRP expression ameliorates APH-induced DSB formation in FX cells. (A) FX 

fibroblast cells (GM05848) carrying pMSCVpuro-EGFP or pMSCVpuro-EGFP-FMRP were 

treated with up to 1 μM APH and compared for γ-H2A.X foci formation. (B) Quantitation of the 

γ-H2A.X immunofluorescence signals in (A&B). At least 30 nuclei were analyzed for each 

treatment group. The experiments were repeated twice and similar results were obtained. (C) 

Western blots using α-GFP and α-FMRP demonstrate the presence of EGFP and EGFP-FMRP 

fusion protein in FX cells carrying pMSCVpuro-EGFP or pMSCVpuro-EGFP-FMRP, 

respectively.  
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Figure 2.7. Proposed model for FMRP R-loop regulation and DSB prevention. (A) 

Illustration of a normal cell without any treatment, showing FMRP in the cytoplasm and in the 

nuclear periphery possibly engaged in mRNA transport. (B) Under replication stress induced by 

DMSO and APH, FMRP increases its presence in the nucleus. At the junction of convergent 

replication and transcription, FMRP in conjunction with R-loop processing factors such as the 

THO-TREX complex, is involved in R-loop removal and avoidance of a deleterious collision 

(inset). dsDNA, double-stranded DNA. (C) In FX cells increased protein synthesis rate demands 

high level rRNA production on the rDNA-bearing chromosomes, which in turn causes increased 

level of (RNA Pol II) transcription elsewhere on these chromosomes, represented by the 

chromosome loops tethered to the nuclear pores for active transcription. Absence of FMRP 

Nucleus
Nucleolus

FMRP

R loops

rDNA-bearing 
chromosomes

REPLICATION 
STRESS

Non-rDNA-bearing 
chromosomes

A B

RNA 
Pol II

DSB

mRNA

DNA Replication 
Complex

dsDNA

LOSS OF FMRP 
IN FXS

C

FMRP

RNA 
Pol II

THO/TREX

THO/TREX

?

ssDNA

RNA:DNA hybrid



 130 

permits stable R-loop formation and DSBs upon collision of replication and transcription (inset). 

ssDNA, single-stranded DNA.  
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Figure S2.1. Validation of CGG repeat expansion at FMR1 locus and the absence of FMRP 

expression in the Fragile X cell lines used in this study. (A) The restriction map of the 5.2 kb 

EcoRI fragment in the FMR1 locus and probe position used for Southern blots are shown. The 

probe was synthesized by PCR amplification from genomic DNA isolated from GM06990 using 

the following primers: FMR1-F, 5’-TGGCTTCTCTTTTCCGGTCT-3’; FMR1-R, 5’-
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GGGTTACCTTTTGCCTCCTT - 3’. (B) Southern blots of EcoRI-digested genomic DNA from 

the indicated cell lines. A band corresponding to 5.2 kb (containing 30-50 CGG repeats) was seen 

in the normal cell lines. In contrast, two bands corresponding to ~7.0 kb and ~7.4 kb were 

identified in the FX lymphoblastoid and fibroblast lines, which correspond to ~590 and 730 CGG 

repeat expansion, respectively. (C) Western blots confirming the absence of FMRP expression in 

both lymphoblastoid and fibroblast lines of FX cells.  
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Figure S2.2. Lymphoblastoid cells and fibroblasts from FX have increased DNA damage. 

(A) Box plots for γ-H2A.X immunofluorescence staining of lymphoblastoid cells under the 

indicated conditions from Figure 1B. Plotted are mean intensity values of fluorescence per 

nucleus in three independent experiments (n≥28 nuclei counted for each experiment). One-way 

ANOVA test followed by Tukey’s multiple comparison test were performed. (B&C) Fibroblast 

cell line from a FX individual shows increased DNA damage compared to a sex and age matched 

control fibroblast cell line. Two independent experiments were performed, and one representative 

experiment is shown here. At least 41 nuclei per sample were analyzed in each experiment. 

Representative images for γH2A.X staining in FX and NM cells under the indicated treatment (B) 
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and quantification of γH2A.X signals per nucleus (C) are shown. Two-way ANOVA test 

followed by Sidak’s multiple testing was performed. Scale bar, 10 μm.  
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Figure S2.3. Break-seq data quality check. (A&B) Break-seq library quality assessed by read 

classifications. “R1” and “R2”, Read 1 an Read 2, respectively. Samples with the same treatment 

were merged to assess overall sequencing depth in (B). (C) Break-seq experiments correlation 
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heatmap generated by plot (FX.breakseq) in DiffBind. Note that FX_dmso has three instead of 

four replicates due to the removal of a dubious experiment (SetD_FX_dmso). (D) Break-seq 

library complexity of FX and NM cells (“obs” and “exp” stand for observed and expected library 

complexities, respectively). Libraries from biological replicates for each treatment condition were 

merged for complexity measure.  
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Figure S4. Genomic Association Test (GAT) for correlations between DSBs and the “APH 

breakome” mapped by BLESS. Log2 transformation of the fold enrichment values (ratios of 

observed to expected number of DSBs) are reported for the whole genome (A), the late 

replicating regions (B), and the early replicating regions (C). Those samples marked with an 

asterisk indicate p values ≤ 0.001.  
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Figure S5. Control experiments for RLFS-induced DNA breakage and recombination 

frequency (RF) in yeast. (A) RF is dependent on transcriptional activation. One-way ANOVA 

followed by Tukey’s multiple testing was performed. (B) Insertions of RLFS elements from the 

human genome can further induce RF, specifically when inserted in the “sense” orientation with 

respect to transcription. (C) The RLFS-induced RF can be further enhanced by deletion of rnh1, 

the gene encoding for RNase H1. Note the change of scale on the Y-axis in (C). (D) Cells bearing 
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a second plasmid, pRS313, which appeared to have little effect on RF, serve as control for the 

experiments in Fig. 3B. (E) FMRP and FMRP-I304N show similar expression levels in yeast. 

Cells transformed with a plasmid with or without an RLFS in the LEU2 gene cassette, together 

with a plasmid with or without the CMV-driven and FLAG- tagged FMR1 or FMR1-I304N, were 

analyzed by Western blot using the anti-FLAG antibody. Actin served as a loading control.  
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TABLES 

Table 2.1.  Statistical analysis of absolute distance between RLFSs and DSBs in the indicated 

categories on each chromosome using GenometriCorr.  Shown are the projection test p-values (P) 

and projection test observed to expected ratios (R).  Samples with R values greater than 3.5 are 

shown in bold. 

Chr FX.Untreated FX.DMSO FX.APH NM.Untreated NM.DMSO NM.APH 

P R P R P R P R P R P R 

1 0.355 1.041 2.22e-16 3.799 1.07e-14 2.764 0.224 1.239 0.086 1.514 0.353 0.816 

2 0.314 0.644 2.21e-11 3.625 1.55e-10 2.629 0.236 1.212 1.73e-06 3.797 0.010 1.850 

3 0.446 0.691 1.29e-06 3.028 1.81e-07 2.579 0.329 0.000 0.024 2.283 0.131 1.430 

4 0.283 0.398 2.39e-05 3.008 1.44e-10 3.227 0.355 0.801 0.036 2.209 0.199 1.281 

5 0.217 0.348 1.09e-06 3.244 1.63e-08 2.799 0.244 0.000 0.007 2.553 0.148 1.382 

6 0.090 0.000 6.36e-07 3.746 5.08e-04 2.065 0.336 0.000 0.134 1.533 0.028 0.000 

7 0.489 0.868 6.30e-06 2.515 4.01e-10 2.575 0.108 0.000 0.104 1.483 0.126 1.339 

8 0.150 0.298 4.34e-06 2.965 1.06e-04 2.085 0.182 1.362 0.203 1.294 0.131 0.407 

9 0.301 0.413 3.91e-07 3.217 4.19e-12 3.197 0.174 1.392 0.016 2.174 0.109 0.461 

10 0.137 0.289 2.85e-07 3.279 3.85e-09 2.806 0.302 1.041 0.088 1.638 0.373 1.012 

11 0.070 0.233 7.45e-05 2.213 0.001 1.643 0.118 0.000 0.047 1.708 0.123 0.528 

12 0.044 0.000 4.91e-11 4.040 7.32e-09 2.743 0.209 0.000 0.076 1.703 0.350 1.040 

13 0.372 0.000 9.55e-08 6.960 8.71e-10 5.431 0.347 0.000 0.482 0.000 0.260 0.000 

14 0.190 1.333 8.41e-06 3.516 6.05e-11 3.813 0.035 2.782 5.87e-04 4.219 0.103 1.620 

15 0.109 1.655 3.62e-07 4.231 2.64e-11 3.926 0.377 0.000 0.054 1.962 0.088 1.636 

16 0.050 0.214 0.00e-00 5.667 0.00e-00 4.522 0.484 0.769 0.060 1.626 0.291 1.112 

17 0.056 0.221 2.62e-08 3.289 7.21e-13 3.158 0.322 0.434 0.353 1.048 0.165 1.273 

18 0.103 1.786 1.14e-04 3.962 3.54e-04 2.763 0.144 1.498 0.061 2.238 0.237 1.191 

19 0.057 0.459 2.32e-04 1.941 2.88e-07 1.916 0.162 0.446 0.429 0.999 0.065 0.635 

20 0.456 0.803 5.62e-04 2.831 9.08e-08 3.164 0.135 1.568 0.039 2.140 0.218 1.239 

21 0.230 0.000 5.01e-09 7.108 2.22e-13 6.001 0.426 0.000 0.014 2.812 0.432 0.895 

22 0.093 0.000 1.80e-09 5.343 3.99e-10 3.764 0.462 0.646 0.016 2.142 0.009 2.158 

X 0.184 1.351 0.081 1.482 0.098 1.339 0.113 1.636 0.024 2.132 0.077 1.555 

ALL 5.47e-06 0.528 0 3.162 0 2.684 0.041 0.715 8.93e-14 1.976 0.150 1.088 



Table S2.1.  Number of consensus DSB peaks (detected in at least 2 replicates) in all categories defined 

by strain/treatment/comparison combinations.  

DSB category1 Number of 

DSBs FX.APH 18473 
FX.APH003 16796 
FX.APH03 2112 
FX.DMSO 9167 
FX.NT 4149 
FXdmso.FXaph.overlap 6177 
FXdmso.FXaph.uniquetoFXaph 12296 
FXdmso.FXaph.uniquetoFXdmso 2984 
FXdmso.FXnt.overlap 322 
FXdmso.FXnt.uniquetoFXdmso 8845 
FXdmso.FXnt.uniquetoFXnt 3827 
  
NM.APH 7002 
NM.APH003 3506 
NM.APH03 2161 
NM.DMSO 3927 
NM.NT 2111 
NMdmso.NMaph.overlap 3209 
NMdmso.NMaph.uniquetoNMaph 3792 
NMdmso.NMaph.uniquetoNMdmso 714 
NMdmso.NMnt.overlap 1651 
NMdmso.NMnt.uniquetoNMdmso 2276 
NMdmso.NMnt.uniquetoNMnt 458 
  
FXdmso.NMdmso.overlap 644 
FXdmso.NMdmso.uniquetoFXdmso 8523 
FXdmso.NMdmso.uniquetoNMdmso 3283 
FXnt.NMnt.overlap 1753 
FXnt.NMnt.uniquetoFXnt 2396 
FXnt.NMnt.uniquetoNMnt 358 
FXaph.NMaph.overlap 4369 
FXaph.NMaph.uniquetoFXaph 14104 
FXaph.NMaph.uniquetoNMaph 2633 
1Strain=FX, NM; Treatment=NT (untreated), DMSO, APH003 (0.03 µM APH), APH03 (0.3 µM APH), 

APH (composite of APH003 and APH03); Comparison=overlap (shared by two samples), uniquetoXXxx 

(unique to the sample indicated). 
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Table S2.2.  Select top Gene Ontology terms (p < 0.001) for “Biological pathways” associated with DSBs 

in the indicated groups. 

DSB Group Biological pathway  P value # of genes 
FX_UNTREATED neuron projection development 1.12E-05 100 
 nervous system development 2.08E-05 214 
 regulation of cell morphogenesis 2.08E-05   66 
 synapse organization 5.29E-05   40 
 regulation of neuron projection development 6.25E-05   58 
 neuron development 8.09E-05 109 
 neuron cell-cell adhesion 0.00015     9 
 neuron projection morphogenesis 0.00018   70 
 ion transmembrane transport 0.00025 107 
 inorganic ion transmembrane transport 0.00048   85 
FX_DMSO cell projection organization 0.00030 187 
 localization 0.00030 717 
 cell part morphogenesis 0.00050 131 
 inorganic ion transmembrane transport 0.00052 118 
 neuron development 0.00075 146 
 cell projection morphogenesis 0.00086 126 
FX_APH positive regulation of GTPase activity 6.76E-06 180 
 regulation of cell morphogenesis 7.35E-06 139 
 nervous system development 1.15E-05 504 
 regulation of cell projection organization 4.09E-05 152 
 neuron projection development 5.56E-05 213 
 regulation of neuron projection development 9.09E-05 119 
 cell adhesion 0.000107 405 
 chemical synaptic transmission 0.000107 163 
 movement of cell or subcellular component 0.000199 415 
 cell projection assembly 0.000212 113 
 vesicle-mediated transport 0.000347 343 
 synaptic vesicle localization 0.000569   46 
 microtubule-based process 0.000596 160 
 synaptic vesicle cycle 0.000681   41 
 dendrite development 0.000733   63 
 cytoskeleton organization 0.000784 271 
NM_UNTREATED None   
NM_DMSO None   
NM_APH regulation of cell projection organization 2.20E-06 108 
 regulation of cell morphogenesis 1.56E-05   94 
 cell projection organization 3.97E-05 201 
 regulation of neuron projection development 0.000217   80 
 neuron projection development 0.000559 135 
 neuron development 0.000559 154 
 nervous system development 0.000646 305 
 cellular component morphogenesis 0.000646 186 
FX_DMSO_RLFS_overlap flavonoid glucuronidation 0.000136     8 
 cellular glucuronidation 0.000208     8 
 uronic acid metabolic process 0.000499     8 
 flavonoid metabolic process 0.000499     8 
 flavonoid biosynthetic process 0.000499     7 
 glucuronate metabolic process 0.000499     8 
FX_APH_RLFS_overlap single-organism membrane organization 0.001285   84 
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Table S3.  Correlation between DSBs in various groups and 169222 computationally predicted RLFSs (1) 

and 108011 composite DRIP-seq signals merged from all DRIP-seq data sets (NT2 and K562) (2).  Note 

the merged DRIP-seq dataset has 6.6 times the coverage of the RLFSs.   

DSB group Number 
of DSBs 

Query 
(RLFS or 
DRIP-seq 
signals) 

Number of DSBs 
overlapped with 
RLFS or DRIP-seq 
signals 

P value 
Left 

P value 
Right 

P value 
Two-tail 

 Ratio 

FX.NT 4149 RLFS 133 2.34E-43 1 4.37E-43 0.358 

FX.DMSO 9167 RLFS 1294 1 3.71E-37 6.24E-37 1.493 

FX.APH 18473 RLFS 2323 1 1.25E-66 2.02E-66 1.498 

NM.NT 2111 RLFS 129 7.31E-13 1 1.36E-12 0.552 

NM.DMSO 3927 RLFS 659 1 1.22E-34 1.82E-34 1.746 

NM.APH 7002 RLFS 554 0.045261 0.95877 0.089567 0.927 

FX.NT 4149 DRIP-seq 526 7.62E-14 1 1.54E-13 0.717 

FX.DMSO 9167 DRIP-seq 2658 1 1.07E-155 1.55E-155 1.914 

FX.APH 18473 DRIP-seq 4137 1 1.36E-80 2.21E-80 1.422 

NM.NT 2111 DRIP-seq 389 0.64755 0.37359 0.73422 1.02 

NM.DMSO 3927 DRIP-seq 1229 1 2.21E-90 2.98E-90 2.083 

NM.APH 7002 DRIP-seq 1326 1 1.57E-06 2.93E-06 1.157 

 

P values were calculated using bedtools Fisher’s Exact Test. “NT”, untreated.
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Table S4.  Number of genes containing DSBs in FX cells that overlap RLFSs or DRIP-seq 

signals. 

 

DSB Group Total DSBs Genes containing 

DSBs* 

Genes containing 

DSBs that overlap 

RLFSs* 

Genes containing 

DSBs that overlap 

DRIP-seq signals* 

FXdmso.FXaph.overlap   6177 (28.8%)   4121 (27.8%)   894 (33.1%) 2364 (37.8%) 

FXdmso.FXaph.uniquetoFXaph 12296 (57.3%)   8715 (58.8%) 1427 (52.9%) 3113 (49.8%) 

FXdmso.FXaph.uniquetoFXdmso   2984 (13.9%)   1990 (13.4%)   378 (14.0%)   778 (12.4%) 

FXdmso.FXaph.total 21457 (100%) 14826 (100%) 2699 (100%) 6255 (100%) 

     

NMdmso.NMaph.overlap   3209 (41.6%)   2484 (41.4%)   523 (50.7%) 1240 (41.3%) 

NMdmso.NMaph.uniquetoNMaph   3792 (49.2%)   2524 (42.1%)   153 (14.8%)   718 (23.9%) 

NMdmso.NMaph.uniquetoNMdmso     714 (  9.3%)     990 (16.5%)   356 (34.5%) 1042 (34.7%) 

NMdmso.NMaph.total   7715 (100%)   5998 (100%) 1032 (100%) 3000 (100%) 

 

* Percentages in parentheses indicate the percentage of DSBs or genes in each of the three 

categories (e.g., XX.XX.overlap, XX.XX.uniquetoXXaph, and XX.XX.uniquetoXXdmso) over 

the sum of the three categories. 
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3.1. Introduction 

Fragile X mental retardation protein (FMRP), is an RNA binding protein, the 

absence of which causes Fragile X syndrome (FXS).  FXS is a neurodevelopmental 

disorder caused due to mutations in the FMR1 gene and manifested in the form of 

cognitive impairement and developmental delay (Ciaccio et al., 2017).  Mutations in the 

FMR1 gene results in heterochromatin formation and epigentic silencing of the gene in 

most FXS patients.  In certain rare cases, individuals with intellectual disability and 

developmental delay also harbor mutations in the FMRP coding region (Sitzmann et al., 

2018).  Studies in animal models, have provided evidence that FMRP regulates 

translation of mRNA localized at the dendrites of hippocampal neurons (Laggerbauer et 

al., 2001; Stefani et al., 2004).  Moreover, FMRP inhibits the translation of one-third of 

its mRNA substrates possibly through the formation of neuronal granules (El Fatimy et 

al., 2016).  Thus, FMRP regulates protein synthesis at the synpases and modulates 

signaling in a multitude of cellular pathways such as metabotropic glutamate receptor 

mediated long-term depression (mGluR-LTD) (Santoro et al., 2012).  In addition, FMRP 

regulates mTOR, ERK and GABAergenic pathways (Erickson et al., 2017).  This allows 

FMRP to regulate neuronal development such as synapse maturation and plasticity (Doll 

and Broadie, 2016).  In the absence of FMRP, mGluR-LTD is exaggerated and long term 

potentiation is slightly inhibited (Huber et al., 2002; Shang et al., 2009).  These two 

pathways are the major regulators of synpatic plasticity, which is essential in memory and 

learning. 

FMRP is able to directly bind mRNA and suppress its translation (Banerjee et al., 

2018).  Alternatively, it has been demonstrated to bind micro-RNA and components of 
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the RISC complex and associate with polyribosomes to block translation.  Apart from 

translational regulation, FMRP appears to be involved in several pathways associated 

with RNA metabolism such as pre-mRNA splicing and RNA transport (Sudhakaran et al., 

2014; Zhou et al., 2017).  The contribution of these pathways in disease etiology have 

only started to emerge suggesting that FMRP has a more diverse role than previously 

thought and its subcellular localization is not limited to the cytoplasm.  The ability of 

FMRP to participate in multiple processess in the cell is attributed to several of its protein 

domains, two N-terminal Agenet domain, three K-homology (KH) domain and a C-

terminus RGG domain.  The presence of a nuclear localization sequence (NLS) and a 

nuclear export signal (NES) allows FMRP to shuttle between the nucleus and the 

cytoplasm.  Moreover, FMRP harbors a C-terminus is intrinsically disordered region, 

allowing it to phase-separate (Tsang et al., 2019), a property that FMRP uses in activity-

dependent translation in neurons.  Intrinsically disordered region containing proteins 

often phase-separate and form membrane-less organelles such as nucleolus (transcription 

and ribosome biogenesis), nuclear speckles (regulation of transcription and splicing), 

cajal bodies (regulation of snRNPs and snoRNPs) etc. (Mitrea and Kriwacki, 2016).  

Interestingly, specific isoforms of FMRP has been observed in the cajal bodies (Dury et 

al., 2013).  Furthermore, a study also reported a nucleolar localization sequence in FMRP 

(Taha et al., 2014a). 

Finally, it has never been explored whether FMRP binds its mRNA substrates on 

the chromatin, prior to their transport into the cytoplasm for translation.  Subcellular 

localization of FMRP is predominantly cytoplasmic with approximately 4% nuclear 

FMRP (Feng et al., 1997).  However, it has been reported that at least specific isoforms 
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of the human FMRP are localized in the nucleus (Dury et al., 2013; Taha et al., 2014b).  

A recent study also demonstrated a chromatin-dependent role of FMRP during the DNA 

damage response, where nuclear fraction of FMRP increases under DNA replication 

stress (Alpatov et al., 2014).  Therefore, it stands to reason that FMRP plays a role on the 

chromatin and has global impact on chromosome stability.  

In the previous chapter we reported elevated DNA damage in FMRP deficient, 

Fragile X patient-derived cells compared to an unaffected control.  Furthermore, we 

found that this DNA damage is associated with increased R-loop formation in fragile X 

cells.  Finally, we observed a reduction in DNA damage when FMRP was ectopically 

expressed in FX cells.  Therefore, we hypothesize that FMRP regulates genome stability 

through chromatin interaction and by controlling R-loop formation.  We test this 

hypothesis in the current chapter.  Lymphoblastoid cells have been previously used to 

reveal genetic basis for a range of neurological disorders including FXS (Baron et al., 

2006; Brown et al., 2001; Horike et al., 2005; Iwamoto et al., 2004; Meloni et al., 2002; 

Nishimura et al., 2007; Yasuda et al., 2011).  Using this system, we show for the first 

time the association of FMRP with the chromatin genome-wide and its localization 

adjacent to R-loops.  R-loops are co-transcriptional RNA:DNA hybrids and despite their 

positive role in specific biological functions in the cell, R-loops have been widely 

associated with genome instability.  In addition, we show a binding interaction between 

FMRP and R-loop in vitro.  Our results lends support to our previous investigation of a 

genome protective role of FMRP in circumvention of R loop formation during active 

transcription of neuronal genes and other pathways, many of which have not yet been 

linked to FXS. 
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3.2. Methods and Materials 

Cell line growth and drug treatment conditions.  Human EBV transformed 

lymphoblastoid cell lines, GM06990 (control) and GM03200 (Fragile X), and fibroblast 

cell lines, GM00357 (control) and GM05848 (Fragile X), were purchased from Corielle 

institute.  Lymphoblastoids were grown in RPMI1640 (Corning cell gro), supplemented 

with GlutaMAX (GIBCO), 15% heat-inactivated FBS (Fetal Bovine Serum, Benchmark), 

100 IU/mL penicillin and 100 μg/mL streptomycin (Corning cell gro) at 37°C with 5% 

CO2.  Fibroblast cells were cultured in MEM culture media with 15% FBS (Corning), 1X 

GlutaMAX, 100 IU/mL penicillin and 100 μg/mL streptomycin.  Lymphoblastoid cells 

were treated, at a density of 0.4-0.5x106 cells/ml, with 0.03 µM, 0.3 µM, or 0.6 µM 

aphidicolin [APH] (A. G. Scientific), solvent (DMSO, 0.02%, same as the concentration 

in the APH-treated samples) only, or nothing, for 24 h before harvest.  Fibroblasts were 

treated at 30-40% confluency with the same drug concentrations. 

 

Co-immunoprecipitation (Co-IP).  Approximately 6-7 x106 cells were used for each IP 

reaction. Cells were resuspended in 1 ml IP lysis buffer [25 mM Tris-HCl pH 7.5 / 150 

mM NaCl / 1% NP-40 / 1 mM EDTA / 5% glycerol / Halt protease inhibitor cocktail 

(Thermo scientific) / Halt phosphatase inhibitor cocktail (Thermo scientific)] and 

incubated on ice for 1 h.  Cell lysates were centrifuged at 10,000 rpm for 10 min.  Protein 

concentration in the supernatant was determined using Pierce protein assay reagent 

(Thermo Scientific).  50 μl of Dynabeads protein G (Invitrogen) per reaction were 

incubated with 200 µl antibody binding buffer [1X PBS/ 0.02% Tween 20] and 5 µg of 
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anti-FMRP (Covance), or anti-DHX9 (Santa Cruz Biotechnology), or IgG (Biolegend) in 

a rotator for 10 m at room temperature.  The immuno-complex was rinsed with 200 µl 

antibody binding buffer at room temperature, followed by incubation with 500 µg of cell 

lysate per reaction at 4ºC overnight.  After incubation the supernatant was saved as flow-

through (FT) and the beads were washed twice with IP lysis buffer without NP-40, saving 

each wash.  50 µl 2X Laemmli buffer was added to the beads and boiled for elution, 

before analysis on 8% SDS-PAGE gels and western blotting using anti-FMRP (Cell 

signaling, 1:500), anti-GAPDH (Thermo scientific, 1:4000) or anti-DHX9 (Santa Cruz 

Biotechnology, 1:500). 

 

Subcellular fractionation.  GM06990 and GM03200 cells were grown to a density of 

0.4-0.5x106 cells/ml with >90% viability.  Cells were treated for 24 h with APH, DMSO 

or nothing.  Samples were collected as aliquots of approximately 5x106 cells, washed 

twice with PBS, then frozen for storage.  Each thawed aliquot of cells was resuspended in 

500 μl Farham’s lysis buffer without NP-40 [5 mM PIPES pH 8.0 / 85 mM KCl / Halt 

protease inhibitor cocktail] and incubated on ice for 2 m.  Fifty-μl of the cell lysate thus 

prepared was collected as a whole cell extract control and the remaining lysate was spun 

at 1300xg for 4 m to pellet nuclei.  The supernatant served as the crude cytoplasmic 

fraction.  The nuclear pellet was resuspended in 150 μl Farham’s lysis buffer and 

incubated for 20-30 m at 4ºC and served as the nuclear fraction. Equal volume of 2X 

Laemmli buffer were added and samples were boiled and later sonicated.  Approximately 

3x105 cell equivalent per fraction was used for electrophoresis on a 12% SDS-PAGE gel, 

followed by western analysis.  Densitometry of autoradiogram was done using ImageJ 
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(https://imagej.nih.gov/ij/) to calculate the percentages of FMRP in the nuclear and 

cytoplasmic fractions.  

 

Western blot.  For protein expression in human cell lines, whole cell lysates were 

prepared in lysis buffer [50 mM Tris-HCl pH 7.5 / 0.5 M NaCl / 10 mM MgCl2 / 1% NP-

40 / Halt protease inhibitor cocktail / Halt phosphatase inhibitor cocktail] and at least 20 

µg of proteins were analyzed by 10% SDS-PAGE before western blotting.  The following 

antibodies were used: anti-FMRP (Covance, 1:1000), anti-UGT1A (Santa Cruz 

Biotechnology, 1:250), anti-CYP2C9 (Invitrogen, 1:1000), anti-Histone H3 (Cell 

Signaling, 1:500) and anti-GAPDH (Thermo scientific, 1:2000).   

 

Immunocytochemistry and microscopy.  Approximately 3x106 cells having undergone 

drug treatment described above were washed twice in PBS before fixing with 500 µl 4% 

paraformaldehyde in microfuge tubes.  Cells were washed with 500 ml 1X PBS twice, 

fixed with 500 ml 4% paraformaldehyde for 20 m at room temperature, followed by 

gently washing with 1X PBS three times.  Cells were then blocked with 500 ml PBSAT 

(1% BSA, 0.5% Triton X in 1X PBS), followed by incubation with 100 ml of primary 

antibody solution for 1 h, washed with PBSAT, and incubation with 100 ml secondary 

antibody for 1 h.  Cells were then washed with PBSAT followed by PBS and resuspended 

in mounting media (Prolong Diamond antifade plus DAPI, Invitrogen) before being 

placed as a drop onto microscope slides.  Coverslips were carefully placed on top of the 

mounted drops and allowed to solidify for 24 h before imaging on Leica STP 800 wide-

field fluorescence microscope.  Antibodies used for immunostaining include the 
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following: primary antibodies (anti-FMRP, Cell signaling, 1:200 and S9.6, Kerafast, 

1:500;) and secondary antibodies (Alex fluor 488 and 568 Invitrogen, 1:400).  To 

determine localization of FMRP and R-loop in the nucleus, 3D image stacks were 

acquired from sixty-one 2D imaging planes with a step size of 0.11 micron using 

Metamorph.  For images shown in Fig. 1, a single Z-plane image at approximately the 

center of the stack was shown for each sample.  DAPI was used to create a ROI which 

was overlaid and colored white to indicate nucleus.  Images were adjusted for 

background and contrast and smoothed using a gaussian blur of 0.7 in Fiji. 

 

Chromatin Immunoprecipitation with next generation sequencing (ChIP-seq). 

Cell collection.  GM06990 and GM03200 cells were grown to log phase with a viability 

>90%. Cell fixation, harvest and IP were conducted according to Richard Myers lab 

ChIP-seq protocol.  Briefly, cells were fixed with 1% formaldehyde for 10 m at room 

temperature and then blocked with 0.125 M glycine.  Cells were then washed twice with 

cold PBS. Cells were collected at a density of 2x107 cells per ChIP reaction, snap frozen 

in liquid nitrogen and stored at -80ºC until further use.  For ChIP, cells were thawed in 

ice with 1ml Farham’s lysis buffer [5 mM PIPES pH 8.0 / 85 mM KCl / 0.5% NP-40 / 

Halt protease inhibitor cocktail (Thermo scientific)] for 5 m.  Nuclei were prepared by 

centrifuging the lysate at 2000 rpm for 5 m.  The nuclear pellet so generated was 

resuspended in 300 μl RIPA [1X PBS / 1% NP-40 / 0.5% sodium deoxycholate / 0.1% 

SDS / Halt protease inhibitor cocktail].  Samples were sonicated in a Bioruptor 

(Diagenode) at high setting for a total time of 40 m, 30 s ON, 30 s OFF at 4ºC.  The 

sonicated mixture was centrifuged at 13,500 rpm for 15 m at 4ºC and the volume of 
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supernatant was adjusted to 1 ml with RIPA buffer.  One hundred μl of this mixture was 

set aside as ‘input’.  The rest was used for immunoprecipitation.  Both the aliquots were 

snap frozen in liquid nitrogen and stored at -80ºC. 

Immunoprecipitation.  400 μl M280 Dyna beads sheep anti-mouse IgG (life 

technologies) was added to 1 ml freshly prepared PBS with 5 mg/ml BSA and Halt 

protease inhibitor cocktail (1X).  The magnetic beads were washed 3 times in PBS/BSA.  

10 μg of monoclonal anti-FMRP antibody (Covance) was mixed with the beads and 

incubated overnight at 4ºC with agitation.  Next day, the antibody solution was removed 

and the beads were washed 3 times with PBS/BSA.  The 900 μl sonicated nuclear 

fraction was thawed and added to the beads and mixed well.  The samples were incubated 

overnight at 4ºC with agitation.  The next day beads were washed 5 times with cold LiCl 

wash buffer [100 mM Tris pH 7.5, 500 mM LiCl,  1% NP-40, 1% sodium deoxycholate].  

This was followed by a single wash in TE buffer [10 mM Tris-HCl pH 7.5, 0.1 mM 

EDTA].  200 μl of IP elution buffer [1% SDS, 0.1 M NaHCO3] was added to the beads, 

mixed and incubated at 65ºC for 2 h with vortexing every 30 m.  The 100μl ‘input’ was 

thawed and together with the supernatant from the immunoprecipated sample was 

reverse-crosslinked at 65ºC overnight.  The samples were then used for library 

preparation. 

Library preparation.  DNA from all samples (input and immunoprecipated) was isolated 

using Qiagen PCR clean-up kit.  The samples were then End-repaired in 100 μl reaction 

[1X End-repair buffer (33 mM Tris-acetate, pH 7.8, 66 mM potassium acetate, 10 mM 

magnesium acetate, and 0.5 mM dithiothreitol), 250 μM dNTP mix, 1 mM ATP, and 3 μl 

End-It enzyme (Epicentre)] for 45 m at room temperature.  DNA was purified using 
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Qiagen PCR purification column and eluted in 32 μl elution buffer.  The End-repaired 

DNA was then A-tailed using standard conditions with Klenow (NEB E6055A) and 

Qiagen column purified. A-tailed DNA was used to ligate adaptors with T4 DNA ligase 

(ligation reaction mix containing 30 nM each of Solexa Adapter 1 and Adapter 2, 

incubated at room temperature overnight with agitation) and purified using Qiagen 

purification column in 50 μl elution buffer.  DNA was then amplified by PCR (18 cycles) 

using PlexP1 primer and Illumina Index primers (2, 5, 6 and 12) [98ºC, 5 m, followed by 

18 cycles of 98ºC, 20 s; 65ºC, 15 s; 72ºC, 1 m, followed by 72˚C, 5 m].  The PCR 

products were purified by AmPure beads (Agencourt) to remove free adapters according 

to manufacturer’s recommendations and the resulting DNA was subjected to paired-end 

(2x150 bp) sequencing on the Illumina Nextseq-500 platform. 

ChIP-seq data analysis.  Raw sequence reads obtained from Hiseq then aligned to the 

UCSC human genome assembly, GRCh37/hg19 

(http://hgdownload.soe.ucsc.edu/goldenPath/hg19/bigZips/), using Bowtie 2 

(http://bowtie-bio.sourceforge.net/bowtie2/index.shtml) in the “--local” mode.  The PCR 

duplicate reads were removed using Picard MarkDuplicates 

(http://broadinstitute.github.io/picard).  The non-redundant mapped sequence reads were 

converted to BAM files using SAMtools and subjected to subsequent processing with 

Model-based Analysis for ChIP-seq (MACS version 1.4.1).  Identification of FMRP-

binding sites was done using two-sample analysis between ChIP samples from GM06990 

(treatment) and GM03200 (control) with the callpeak function and applying a p value < 

0.05.   
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ChIP-qPCR.  ChIP was conducted as before, we additionally used IgG along with FMRP 

antibody as a control in GM06990 cells only.  After immunoprecipitation and DNA 

isolation, the ChIP’ed DNA and the input DNA w diluted 1:10 in water.  The PCR 

reaction was carried out in 10 µl volume.  5 µl of iTaq Universal Sybergreen Supermix 

(BioRad), 300 nm of forward and reverse primers (Table S8), 3 µl DNA and water made 

up the reaction mixture.  CFX connect real time system (BioRad) was used for qPCR 

with the following thermal cycling protocol; 95ºC for 30 s, cycle: 95ºC for 10 s and 58ºC 

for 30 s. This was followed by melt curve analysis from 65ºC to 95ºC by an increment of 

0.5ºC for 5 s. 45 cycles were used for every reaction. 

 

RNA-seq.  NM and FX cells were either treated with DMSO, 0.3 µM APH or left 

untreated for 24 h before harvest.  3X106 cells were harvested for RNA-seq.  RNA was 

extracted using the Qiagen RNeasy Plus Mini Kit. The RNA was run on an Agilent 2100 

Bioanalyzer using the RNA 6000 Nano Chip to assess RNA quality and quantity.  1ug of 

total RNA was used as input to the Illumina TruSeq Stranded Total RNA Library Prep 

Kit Ribo Zero Gold H/M/R. 

Library size was assessed using the DNA 1000 chip on the Bioanalyzer, and the libraries 

were quantified using a Qubit fluorometer.  Pair-end sequencing was run on an Illumina 

NextSeq 500 instrument.  A total of four replicates were processed for treatment/ 

conditions out of which three were biological replicates.  

RNA-seq analysis.   Raw reads were obtained from Illumina Base space and pair-end 

reads were merged.  Merged sequence reads were then aligned to the UCSC human 

genome assembly, GRCh37/hg19 using STARfusion aligner.   The BAM files generated 
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by STARfusion were then subjected to featureCounts (Liao et al., 2014) for the 

generation of read counts per gene.  RNA-seq expression count obtained from 

featureCounts was log2 transformed, mean normalized, and value trimmed prior to 

differential gene expression analysis as described.  After log2 transformation of 

expression count, mean normalization was performed by calculating the mean expression 

for each replicate per condition and cell type (say FX-APH-M1).  Then mean of the 

replicate means for each unique cell type and condition was calculated (FX-APH-M).  A 

correction coefficient was then calculated by dividing a replicate’s gene expression mean 

by their cell type and condition’s mean (CC=[FX-APH-M1/FX-APH-M]).  The log2 

transformed expression count of each gene was then multiplied by this correction 

coefficient.  This normalization was to correct for any variation within a given cell type 

and condition.  Due to the presence of a mixed distribution in gene expression, a cutoff 

value of ‘2’ of the log2 transformed expression was used to determine genes which are 

not expressed as compared to genes that are expressed.  Fold change was calculated by 

subtracting Log2 mean expression values and then calculating 2 to the power of this 

value.  Significance was determined by one-way ANOVA.  The Benjamini & Hochberg 

method was used to calculate false discovery rate (FDR).  Upregulated and 

downregulated genes were determined by have a fold change of  >0 and <0 of log2 fold 

change respectively.  In addition, significantly up or downregulated genes are determined 

by a p-value <0.01.  

GO analysis for RNA-seq.  Pathway analysis was performed using Enrichr (Chen et al., 

2013; Kuleshov et al., 2016).  Tables were generated using all significant DEGs, as well 

as significant up and downregulated DEGs.  Databases used for this analysis include GO 



 
164 

Molecular Function 2018, GO Cellular Component 2018, GO Biological Process 2018, 

WikiPathways 2019 Human, KEGG 2019 Human, Reactome 2016, InterPro Domains 

2019, and Panther 2016.  Pathway analysis was also performed using FDR significant 

(FDR <= 0.05) genes for each pair.  

 

Cloning and protein purification.  Full-length human cDNA FMRP was subcloned into 

a pET-SUMO Vector (Invitrogen).  Using the pET-SUMO-FMRP plasmid as a template, 

FMRPI304N was generated via QuikChange Site-Directed Mutagenesis (Agilent).  

Again, using the pET-SUMO-FMRP plasmid as a template, FMRP-C-IDR(445-632) was 

PCR amplified and subcloned into empty pET-SUMO vector (Invitrogen).  FMRP and 

FMRPI304N expression and purification was conducted as described in Tsang et al, 

2019.  FMRP-C-IDR was expressed and purified as described in Vernon et al 2018. 

 

Electrophoretic mobility shift assay.  DNA or RNA was labelled with 5’ P-32 as 

described in the figures, 3.3 and S3.3.  The three strands were annealed with the molar 

ratio of 1.2:1.2:1 (1 represents the P-32 labeled strand), by gradually decreasing 

temperature from 95 ºC to 4 ºC.  Sample was loaded onto to a 6.5% TAE Polyacrylamide 

gel, the band which corresponds to the R-loop structure was excised.  R-loop structure 

was then eluted and concentrated from the gel.  The oligo sequences are listed in Table 

S3.3.   

Binding assay.  1 ul of 5X binding buffer was mixed with 1 ul of 10mM MgCl2, 1 ul 

K+300, 1ul water.  This mix was then aliquoted into reaction tubes on ice and incubated 

for 10 min.  To this mix, 1 ul of R-loop or other structures (ssDNA, ds DNA and RNA) 
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were added along with 5 ul of protein at concentrations mentioned in figure legend.  This 

final mixture was incubated for 10 min at 37 ºC.  For specific reactions, 1 μl 10% SDS, 1 

μl Proteinase K were added and incubated at 37 ºC for 5 min.  

Polyacrylamide gel electrophoresis.  To each reaction, 3.5 μl orange G loading dye was 

added and loaded onto 7% TBE Native gel.  The gel was run at 110V for 70 minutes at 4 

ºC.  Gel was vacuum dried for 2 hr at 65 ºC on gel dryer and exposed to screen overnight.  

Imaging was done using molecular imager and Quantity One program in CENT 409. 

 

Statistical analysis.  Two-way ANOVA test followed by Tukey’s multiple testing for 

pair-wise comparisons was performed for all experiments unless otherwise noted.  Error 

bars are represented by standard deviation unless otherwise noted.  Annotation for P 

values in figure legends regardless of statistical test type are: *, p<0.05; **, p<0.01; ***, 

p<0.001; ****, p<0.0001.  GraphPad Prism 7 has been used for all statistical analysis 

unless otherwise noted. 
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3.3. Results 

FMRP responds to replication stress in human lymphoblastoid cells. 

We have shown in chapter 2, that Fragile X cells have elevated DNA damage 

genome-wide under replication stress.  This suggested that the absence of FMRP 

rendered the Fragile X genome susceptible to damage particularly under replication 

stress.  Therefore we asked whether FMRP responds to replication stress.  Alpatov et al 

had previously reported the nuclear localization of FMRP under APH induced replication 

stress in mouse embryonic fibroblasts [MEFS] (Alpatov et al., 2014).  Here, we 

demonstrate that under APH induced replication stress, FMRP in an unaffected human 

lymphoblastoid cell line (here on, NM) migrates to the nucleus (Fig. 3.1A).  While the 

total level of FMRP was unchanged upon APH treatment (Fig. 3.1C), the nuclear fraction 

of FMRP nearly doubled in the presence of 0.3 μM APH relative to DMSO (Fig. 3.1B).  

However, increasing APH concentrations did not result in further increase of the nuclear 

fraction of FMRP (Fig. 3.1B), while GAPDH (cytoplasmic) and Histone H3 (nuclear) 

loading controls maintained their subcellular localization with or without replication 

stress (Figure S3.1A).  This observation suggested that FMRP might be interacting with 

the chromatin in the NM cells similar to the observation made by Alpatov et al in MEFS.  

Moreover, the amount of FMRP (> 28-36 % ) present in the nucleus is probably 

sufficient to control the DNA damage induced by APH.    

Next, we wanted to visualize the localization of FMRP relative to R-loops in the 

lymphoblastoid cells.  Immunocytochemistry and microscopy revealed a distinct staining 

pattern of FMRP which was distributed in the cytoplasm and at the periphery of the 
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nucleus (Fig. 3.1D) in untreated and DMSO treated NM cells.  Upon induction with 

APH, FMRP was observed to migrate into the nucleus, particularly at 0.3 μM APH 

similar to the fractionation experiments.  This result further supported the idea that FMRP 

is interacting with the chromatin and responds upon replication stress.  RNA:DNA 

hybrid, which is a part of an R-loop, was stained eusing S9.6 monoclonal antibody from 

chapter 2.  The S9.6 signal was enhanced with the addition of APH, indicating that R-

loop production is increased on APH treatment.  Interestingly,  FMRP signals appear to 

be closely associated with the S9.6 signals suggesting an interaction between the protein 

and nucleic acid structure. 

FMRP interacts with the chromatin.  

FMRP is a mutlidomain protein, with two agenet domains,  three K-homology 

domains and an RGG domain.  These domains could be points for interaction with the 

chromatin.  From the previous chapter, we hypothesized that one of the possible 

chromatin substrates for FMRP are the R-loops.  We tested this hypothesis by first 

performing a ChIP-seq experiment to identify FMRP chromatin-binding sites.  We 

initially demonstrated the specificity of the anti-FMRP antibody for immunoprecipitation 

(Fig. S3.1B).  Using this antibody we compared the ChIP-seq signals from the NM cell 

line to those of the FX cell line and identified 5238 sites that were enriched in the NM 

cells as putative FMRP chromatin-binding sites (Fig. 3.2A).  Among these FMRP-

binding sites, 54.8% are located in 2432 genes, predominantly in the introns (44.7%) 

(Fig. 3.2B).  We then used ChIP-qPCR to validate select top FMRP-binding genes 

(DLG1, CLNK, ASTN2 and ANK1) by way of verifying the efficacy of ChIP-seq 

methodology (Fig. S3.1C).   
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We predicted that FMRP interacts with its mRNA substrates on the chromatin 

during transcription prior to transporting them into the cytoplasm for translation.  Sixteen 

of the thirty-six previously validated mRNA substrates of FMRP (Sethna et al., 2014) 

were identified as its chromatin-binding sites and/or APH-induced DSBs in FX cells 

(from Chapter 2), with 4 genes (GRIA1, GRM5, MTOR, and PTEN) containing both (Fig. 

S3.1E and Table S3.1), consistent with the roles of glutamate receptors and mTOR 

signaling in FXS.  We validated these genes as well using qPCR (Fig. S3.1C).  This 

indicates that for at least these mRNA substrates, FMRP is associated at the chromatin 

suggesting a co-transcriptional role of FMRP at these locations in the genome.  

FMRP chromatin binding sites are associated with RLFSs.   

To investigate whether FMRP interacts with R-loops at the context of the 

chromatin, we determined the association of FMRP binding sites (FBSs) with R-loop 

forming sites (RLFS).  Surprisingly, only 283 FBS in 191 genes overlapped with RLFS 

(Fig. 3.2D).  These subset of FBSs with overlapping RLFSs also showed relatively lower 

ChIP signals than stand-alone FBSs (Fig. S3.1D), indicating genes where these two 

features overlap are under-represented in the genome (p-value = 0.133).  However, the 

absolute distance between FBSs and RLFSs was significantly shorter than expected (Fig. 

3.2E).  Moreover, FBSs with overlapping RLFSs are enriched at the promoter and 

transcription start site (Fig. 3.2D), a pattern that was not observed for stand-alone FBSs.  

Therefore, we concluded that FBSs tend to be adjacent to, rather than overlapping with, 

RLFSs.  We then honed in on 487 genes harboring overlapping or adjacent (< 1 kb apart) 

FBSs and RLFSs (Table S3.4).  Expression of these genes was enriched in the brain (p-

value = 5.7E-2) and particularly, in amygdala (p-value = 3.0E-2).  There was also a 
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moderate enirchment of genes in “learning or memory” (p = 6.7E-1, Fig. 3.2C), many of 

which also harbor DSBs from our Break-seq studies, indicating genes overlapping with 

RLFS and FMRP are important for the central nervous system and maybe susceptible to 

dysfunction in FMRP’s absence.  

 

FMRP binds R-loop and R-loop resolving factors.  

We predicted that FMRP contacts the chromatin at the vicinity of an R-loop.  In 

that case, FMRP, using its multiple domain, may have more than one contact point in and 

around an R-loop.  We first tested the possibility of FMRP binding with R-loops with a 

5’-overhang (a scenario closer to the in vivo condition, Fig 3.3A).  To do this, we 

analyzed the ability of purified full length FMRP to directly bind to an R-loop 

synthesized in vitro.  Using electrophoretic mobility shift assay (EMSA), we demonstrate 

for the first time, that FMRP binds to an R-loop structure at a concentration as low as 10 

nM by observing a shift in the position of the R-loop to higher molecular weight (Fig 

3.3B).  We had expressed human FMRP in an yeast model system to show that it reduces 

R-loop mediated DSBs in chapter 2.  This result suggested that FMRP might directly 

bind the R-loop structure and prevent DSBs through an unknown mechanism.  In the 

same assay, we had expressed mutant FMRPI304N.  This mutant is unable to associate 

with polyribosomes and individuals with this mutation display Fragile X like symptoms.  

Therefore, we tested the ability of the purified mutant FMRPI304N to bind to the R-loop 

structure of the same sequence.  We observed poor to no binding of FMRPI304N for all 

concentrations of the protein tested and keeping the concentration of R-loop same as in 

the previous experiment (Fig. 3.3C).  This result could explain the inability of the mutant 
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protein to prevent and reduce R-loop mediated DSBs in the yeast model system.  In 

addition, it further highlights the importance of the KH domain in FMRP’s various roles. 

An R-loop structure has multiple points at which FMRP can bind.  While the 

previous experiment indicated the involvement of a binding interaction between KH2 

domain and R-loops, we were interested to know whether other FMRP RNA binding 

domains also partcipate in R-loop binding.  We expressed and purified the C-terminal 

intrinsically disordered region (IDR) of FMRP (residues 445-632).  This region has 

previously been shown to bind RNA substrates that have secondary structures such as a 

G-quadruplex (Blice-Baum and Mihailescu, 2014; Vasilyev et al., 2015).  We proceeded 

to test the binding between FMRP-C-IDR and three different R-loop structures; 5’-

overhang RNA, 3’-overhang RNA and no overhang RNA:DNA hybrid.  Surprisingly, we 

observed binding between C-IDR for all R-loop structures tested (Fig. 3.3D,E&F).  

Interestingly, the RNA:DNA hybrid without any overhang bound more strongly that the 

substrates with overhangs.  No major differences were observed between binding of 5’ 

overhang and 3’overhang (Fig. 3.3D,E&F).  This data suggested that the C-terminus of 

FMRP maybe directly contacting the RNA:DNA hybrid.  While the full length normal 

and mutant FMRP did not show any binding interaction with ssDNA, the C-IDR region 

was observed to bind ssDNA and dsDNA as well.  The C-IDR bound the RNA molecule, 

which is complementary to the DNA in the hybrid, poorly and indicating either the RNA 

does not form a secondary structure or is too short in length (30 nt tested) for the 

interaction.   

So far, FMRP has not been reported to harbor any enzymatic properties required 

for R-loop resolution such as, helicase, topoisomerase or endonuclease activity. 
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Therefore we speculated that FMRP plays a role in recognition of an R-loop forming site, 

and resolves R-loops by recruiting other factors to the site of an R-loop (Fig. 3.3A).  

Therefore, we asked if FMRP interacts with proteins known to participate in RNA:DNA 

hybrid resolution.  Co-immunoprecipitation studies detected an interaction between 

FMRP and DHX9 (Fig. 3.4B and C), a helicase that has been shown to suppress R-loop 

formation and prevent chromosome breakage (Chakraborty and Grosse, 2011; Cristini et 

al., 2018).  We also show an interaction, previously identified between FMRP and FXR1 

as a control (FMR1 autosomal homolog 1) (Zang et al., 2009).  In addition, the complex 

pulled down by DHX9 also contained Top IIIb along with FMRP (Fig. 3.4B).  Top IIIb  

has recently been implicated in the prevention of R-loops by reducing negatively 

supercoiled DNA behind RNA polymerase II.  

 

Identification of novel genes with coalesced sites of FMRP-binding sites and DSBs.   

Finally, we reasoned that the FMRP-binding genes may be at heightened risk for 

DSBs in FX cells and identifying these genes can lead to the discovery of novel FXS-

associated genes.  We found that the genes associated with the 5238 FMRP-binding sites 

were enriched in flavonoid/xenobiotics metabolism (p = 0; Fig. 3.5A).  In chapter 2, we 

had shown that genes containing overlapping RLFSs and drug-induced DSBs in the FX 

cells were also enriched in polysaccharide metabolism, including flavonoid 

glucuronidation.  The end step of phase II xenobiotics metabolism is glucuronidation 

catalyzed by the uridine diphosphoglucuronosyl transferases (UGTs) comprised of the 

UGT1 and UGT2 families.  The UGT1 family is derived from a single gene locus 

through alternative splicing and joining of an isoform-specific exon 1 with four common 
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exons 2-5 (Fig. 3.5B).  The UGT1 family, and not UGT2, contain co-localized FMRP-

binding sites and FX cells-specific DSBs, the latter of which can potentially impact the 

expression of all isoforms by virtue of residing in the intron preceding the common exons 

2-5 (Fig. 3.5C).  Only UGT1A1 is possibly spared because the DSBs precede exon 1 

sequence for UGT1A1.  Two phase I xenobiotics metabolic genes, CYP2C9 and 

CYP2C19, also contain FX-specific and drug-induced DSBs (Fig. S3.2.A&B).  We report 

that untreated FX cells showed ~2 fold reduction of UGT1 expression compared to NM 

cells, and greater reduction was seen in drug-treated FX lymphoblastoid cells (Fig. 3.5D).  

In addition, in fibroblasts, UGT1 expression is also reduced in FX cells under replication 

stress (Fig. 3.5E).  Similarly, FX lymphoblastoid cells showed reduction of CYP2C9 

expression (Fig. S3.2C).   

Trancriptome analyses reveals pathways dysregulated in the absence of FMRP 

To understand how the presence or absence of FMRP affects gene expression, 

particularly of those genes that harbor FMRP binding sites, we conducted RNA-

sequencing.  We used total RNA extracted from both normal and fragile X 

lymphoblastoid cells with or without treatment.  We first estimated the number of genes 

that were turned ‘on’ or ‘off’ in FX cells relative to the NM cells.  We observed that more 

genes are expressed in the absence of FMRP for all treatment conditions (Fig. S3.4A),  

for untreated and solvent control, the numbers are almost twice that of genes lacking 

expression.  This indicates a significant change in the transcriptome due to the loss of 

FMRP in FX cells.  Although the number of turned ‘on’ genes are similar among the 

different conditions, the number of turned ‘off’ genes is slightly increased in APH.  This 

difference in response to APH compared to its controls, prompted us to estimate the 
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number of genes ‘on’ or ‘off’ within each cell line relative to its controls.  We found that 

the addition of DMSO to both cell lines trigger gene transcription and this response is 

stronger in normal cells compared to fragile X (Fig. S3.4C).  When APH (dissolved in 

DMSO) is compared to no drug conditions (untreated), less genes are turned on and more 

genes are turned off.  This indicates that cellular response to APH treatement is to reduce 

gene transcription.  Therefore, when APH treatment (DMSO+APH) is compared to 

DMSO treatment, number of genes turned on are lower, while turned off genes are 

higher.  We were curious about whether we can observe a similar pattern for 

differentially expressed genes.  Therefore, we estimated the number of genes that had 

expression significantly higher (upregulated) or lower (downregulated) in FX cells 

relative to the normal genes.  We found a similar pattern (Fig. S3.4B) where more genes 

were upregulated in the control treatments.  Interestingly, we found a vast number of 

genes downregulated under APH treatment compared to the controls.  FX-cell line 

specific changes in gene expression show that, upon DMSO addition, gene expression is 

induced, although not as robustly as NM cells (Fig. S3.4D).  Altogether, FX cells appear 

to follow a similar pattern as NM cells, however, the response is not as strong.  Thus, the 

results suggests that the loss of FMRP reduces the ability of FX cells to respond to stress.  

In chapter 2, we had observed more DSBs associated with genes in DMSO treated 

samples compared to APH treatment in NM cells.  On the contary, in FX cells the 

percentage of DSBs did not vary as drastically between treatments echoing the reduced 

transcriptomic response observed in this chapter.  This observation further verifies the 

notion that transcription was indeed inducing DNA DSB formation in DMSO samples.   
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Next, we annotated the differentially expressed genes in FX.  In the absence of any 

treatment, genes involved in non-coding RNA processing; rRNA (adjusted p-value 

1.28E-32), ribosome assembly (adjusted p-value 2.30E-05) and ribosomal proteins 

(adjusted p-value 4.46E-60) required for ribosome assembly and function are 

downregulated in FX relative to NM cells.  In addition, other associated pathways such as 

nonsense mediated m-RNA decay, eukaryotic translation initiation and cap-dependent 

translation are also affected in FX cells (Fig. 3.6A).  This result indicates that the absence 

of FMRP is affecting rRNA processing and ribosome assembly.  Interestingly, pathways 

upregulated in FX cells are also upregulated in cancer.  For example, IFITM3 (Interferon-

inducible Transmembrane Protein 3) has been recently associated with bone metastasis of 

prostate cancer cells (Liu et al., 2019).  DMSO treatment also upregulated genes in FX 

that share similar pathways as in untreated condition (Fig. 3.6B).  Surprisingly, we 

observed a downregulation of pathways involved in DNA repair (adjusted p-value 2.19E-

13) in addition to genes involved in rRNA processing and ribosome assembly under APH 

treatment.  This suggested the inability of FX cells to repair DSBs associated with APH 

induced stress (Fig. 3.6C).  Furthermore, G2/M checkpoint genes which is upregulated as 

a reponse to genome instability under normal conditions is also downregulated in FX 

cells (Fig. 3.6C).  We probed further into the affected DNA repair function and observed 

several genes in the mismatch repair, nucleotide excision repair and homologous 

recombination were downregulated in FX cells under APH stress (Fig. 3.6D).  In contrast 

to the pathways downregulated in the FX cells compared to NM cells,  genes involved in 

oncogenesis (breast cancer, glioma etc.) are upregulated in FX cells in both untreated and 

APH treated conditions (Fig. 3.6C).    
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Association between FMRP binding sites in genes and gene expression 

We further investigated the association between FMRP binding to chromatin and 

gene expression.  We predicted to see dysregulated expression of FMRP binding genes 

(genic FBS) in FX cells.  We found 24% of genes with a genic FBS has dysregulated 

gene expression in FX cells under untreated conditions relative to NM cells (Figs. 3.7A).  

Among the differentially expressed genes, more genes were upregulated compared to 

downregulated genes with FBS in FX cells in controls (Figs. 3.7A).  The addition of APH 

increased the number of genic FBS with dysregulated expression, more genes were 

downregulated compared to upregulated in FX cells (Figs. 3.7A).  Next, we asked 

whether the list of 487 genes (Table S3.4) with genic FBS overlapping or adjacent to 

RLFS are differentially expressed in FX cells with or without treatment.  We found 63 

genes with decreased expression in FX cells under APH treatment that also contains FBS 

and RLFS.  These genes are involved in pathways required for synapse formation, 

neuronal transmission such as through kainate receptors and DNA DSB repair (Fig. 

3.7B).  In addition, 54 upregulated genes also had co-localized FBS and RLFS.  These 

upregulated genes participate in ErbB2 and EGFR signalling pathway.  EGFR and ErbB2 

belong to the human epidermal growth factor (HER) family of receptors.  Upregulation of 

these signalling pathways is associated with cancer (Fig. 3.7C).  In particular, EGFR and 

EGFRvIII mutant amplification is frequently observed in glioblastoma multiforme 

(GBM) (An et al., 2018).  Interestingly, a FXS patient with GBM has been reported 

(Kalkunte et al., 2007). 
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We also investigated the expression of genes that suffered DSBs in FX cells under 

APH treatment.  We found 142 genes that specifically code for proteins and are also 

differentially expressed (Fig. 3.8A).  The top 2 genes; COL5A2 and SMARCA1 in the 

heatmap, are downregulated at all conditions in FX cells compared to normal cells.  The 

DNA repair genes containing DSBs are also moderately downregulated in FX cells. 

Furthermore, these differentially regulated genes are present in Fanconi Anemia pathway 

and pathways involved in SUMOylation of proteins that are transcription co-factors or 

methylating proteins (Fig. 3.8B).  Finally we asked what is the association of genic FBSs 

containing an RLFS (within <1kb distance) and DSBs (Fig. 3.8C, Table 1).  We found 63 

genes with all the three signatures nearby.  These genes are shown as nodes in a string 

network (Fig. S3.5).  While most genes do not seem to participate in similar pathways, 

one prominent network is observed.  CNTNAP2 (Contactin-associated protein-like 2) is 

involved in the conduction of nerve impulses and is in the center of the hub with 

interaction with AMPH (amphiphysin) a synaptic vesicle associated protein, CTNND2 

(delta 2 catenin gene encoding the delta catenin protein) which has been implicated in 

autism and MACROD2 (O-Acetyl-ADP-Ribose Deacetylase), also associated with 

autism spectrum disorder (Jones et al., 2014).   

3.4. Discussion 

A role of FMRP in regulation of translation has been well established.  The 

suppression of translation by FMRP is a major function, the absence of which causes 

exaggerated signalling through metabotropic glutamate receptor I and dysregulated 

synpatic plasticty in fragile X syndrome.  In the previous chapter we had reported a 
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genome maintenance role of FMRP.  In the absence of FMRP we had observed 

exaggerated DNA damage.  We mapped the double strand breaks to regions with R-loop 

forming sites.  Moreover, we observed increased R-loop formation, particularly in dark 

areas of the nucleus, suggesting the nucleolus.  FMRP binds to specific mRNA targets 

through several of its KH domains and regulates translation in the cytoplasm.  In 

addition, FMRP through its nuclear localization sequence and nuclear export signal can 

shuttle between the nucleus and the cytoplasm.  Thus, we were interested in 

understanding whether FMRP interacts with the chromatin and if so how does this 

interaction allow FMRP to resolve/prevent R-loops.  A previous study had indicated a 

chromatin-dependent role of FMRP in DNA damage response (Alpatov et al., 2014).  In 

line with that study we observed increased FMRP in the nucleus in the presence of APH 

induced replication stress.  Subcellular fractionation experiments indicated a chromatin 

accumulation of FMRP under APH treatment.  

In order to investigate FMRP function at the chromatin we performed ChIP-seq 

analysis.  We discovered more than 5000 FMRP binding sites, with majority of the sites 

located in genes.  We hypothesized that FMRP interacts with R-loop at the chromatin and 

prevents DSBs in normal cells.  We demonstrated that FMRP is present adjacent to an R-

loop.  Moreover, we demonstrate that FMRP binds to an R-loop structure.  Furthermore, 

a substitution mutation in FMRP’s KH2 domain abolishes its ability to bind to the R-loop 

structure.  The most important finding is the binding of FMRP C-terminus IDR region to 

an R-loop, particularly with the hybrid without any RNA overhang.   

Even though FMRP has the ability to bind mRNA, it lacks the enzymatic property 

to unwind the RNA:DNA hybrid similar to a helicase or digest one of the hybrid strands 
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to resolve the R-loop similar to a bona fide R-loop resolving factor.  We predicted that 

FMRP probably functions as a recognition factor and a scaffold that interacts with R-loop 

resolving factors such as DHX9 (an RNA helicase) which was present in a complex with 

FMRP in normal cells.  A human interactome analysis in HeLa cells had revealed an 

interaction between FMRP and the THO-TREX complex which functions at the interface 

of transcription elongation and mRNA export (Hein et al., 2015).  Depletion of subunits 

in the hTHO complex causes DNA damage that is R-loop dependent (Dominguez-

Sanchez et al., 2011).  THOC1, a subunit of the THO/TREX complex was present in the 

same complex as FMRP, DHX9 and other THOC proteins.  This suggests that FMRP 

forms a docking site for factors that resolves R-loops and ensures proper transcription 

and RNA export.  Our co-immunoprecipitation experiments showed an interaction with 

Topoisomerase IIIb.  The loss of Topoisomerase IIIb causes R-loop mediated genome 

instabilty in lymphoblasts.  Moreover, topoisomerase IIIb has been shown to remove 

negative supercoiling which causes R-loops.  This result suggests that FMRP not only 

resolves R-loops through interaction with RNA helicases, it ensures the removal of 

negative supercoils behind the RNA pol II  and thereby prevents further R-loop 

formation. 

Identification of novel cellular pathways dysregulated in FXS   

Neuronal development genes appeared susceptible to strand breakage in FX cells 

even without drug treatment from our previous study.  Additionally, genes containing 

overlapping RLFSs and drug-induced DSBs in FX cells are enriched in flavonoid 

glucuronidation.  Moreover, genes containing FMRP-binding sites are also enriched in 

flavonoid metabolism.  These results led us to hypothesize that FX cells, when under 
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stress, are defective in glucuronidation of xenobiotics.  Glucuronidated flavonoids have a 

reported protective role towards a range of neurological disorders (Docampo et al., 2017).  

Conversely, decreased glucuronidation of xenobiotics such as bisphenol A has been 

observed in patients with Parkinson’s Disease (Landolfi et al., 2017).  Finally, metabolic 

profiling of FMR1 premutation carriers who have intermediate (55-200 copies) CGG 

repeat expansion but nevertheless manifest FMRP deficiency, showed elevated levels of 

glucuronic acid (Giulivi et al., 2016).  We found FX-specific DSBs in genes coding for 

the most important enzymes in phase I (cytochrome P450 enzymes, specifically CYP2C9 

and CYP2C19) and phase II (UGTs, specifically the UGT1A subfamily isoforms) 

xenobiotics metabolic pathways.  We further demonstrated that both UGT1 and CYP2C9 

expression levels are reduced in FX cells.  The UGT1A subfamily enzymes glucuronidate 

bilirubin, xenobiotic phenols, and a wide range of psychotropic drugs (de Leon, 2003).  

Bilirubin glucuronidation is catalyzed by UGT1A1, the single enzyme that may be spared 

by DSB formation at the UGT1 locus.  Consistently, we have not come across any report 

of hyperbilirubinemia in FXS patients.  Therefore we suggest that FX individuals are 

defective in metabolizing xenobiotics and psychotropic drugs, which can lead to 

neurotoxicity and further perils of the neurological functions.     

Downregulated DNA repair in FXS  

The absence of FMRP in FX cells is associated with increased DSBs and DNA 

damage.  In addition to the R-loop resolving capabilities of FMRP, our RNA-seq analysis 

revealed decreased expression of DNA repair genes in the absence of FMRP and under 

replication stress.  Specifically, genes in mismatch repair, base and nucleotide excision 

repair, homologous recombination and DNA-topoisomerase crosslink repair are 
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downregulated.  This result is in concordance with a previous investigation in 

lymphoblastoid cells isolated from FX patients which showed decreased expression of 

DNA repair genes involved in fanconi anaemia pathway, base-excision repair and 

nucleotide-excision repair.  Furthermore, differentially regulated genes that also suffer 

DSB in FX cells under APH treatment are enriched in Fanconi Anemia pathway.  

Fanconi anemia (FA) pathway proteins are involved in replication fork protection 

(FANCD2), interstrand cross-link repair and participates in the repair of other DNA 

lesions such as double-strand breaks.  Decreased DNA repair could also result in 

instability at trinucleotide repeat loci in the FMR1 gene in FXS and possibly the 

appearance of chromosome fragility in metaphase chromosome spreads.  FANCD2 is 

also required for stability at common fragile sites (Howlett et al., 2005).  In addition to 

DNA repair, FANCD2 prevents R-loop formation (Garcia-Rubio et al., 2015).  Our study 

reports that FMRP binds 3 out of 19 FA genes, one of which, FANCD2 has decreased 

expression in FX-APH samples.  Moreover, FANCD2, FANCI and BRCA1 genes harbor 

DSBs in FX-APH samples.  In addition, 12 genes that have genic FBS such as TDP1, 

EYA3,  XRCC5, PMS1, MSH3 and SMCA1, also have downregulated expression in FX-

APH samples over NM.  Two other DNA repair helicases, BLM and RECQL possibly 

involved in R-loop resolution is downregulated.  This suggests that FMRP not only 

participates in resolution of R-loops by interacting with the chromatin, it can potentially 

modulate the transcription of R-loop resolving factors and DSB repair genes through an 

unknown mechanism, further aggravating DNA damage accumulation in Fragile X cells.   
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Figures 

 

  

 

Figure 3.1.  FMRP responds to replication stress and binds to the chromatin. (A) Subcellular 

fractionation of FMRP.  Western blot showing, whole cell extract (W), cytoplasmic fraction (C) 

and nuclear fraction (N) of lymphoblastoid cells from unaffected control (NM) with and without 

replication stress.  GAPDH and Histone H3 serve as cytoplasmic and nuclear controls, 

respectively.  Two independent experiments were conducted, and one representative experiment 

is shown.  (B) Quantification of FMRP intensity shows increased percentage of FMRP in the 

nuclear fraction under APH stress.  Percentage of nuclear fraction of FMRP expressed as the 

percentage of the band intensity for “N” over that of the sum of “N” and “C” for each condition.  
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Error bars indicate standard error of mean in two independent experiments.  One-way ANOVA 

followed by Tukey’s multiple comparison test. (C) Total FMRP level expressed as ratio of FMRP 

over GAPDH in the whole cell extracts (n=2). (D) Co-localization of FMRP and RNA:DNA 

hybrids.  Immunofluorescence images of untreated, DMSO and APH treated NM cells co-stained 

for RNA:DNA hybrids (cyan), FMRP (magenta) and nucleus (yellow, outlined).  Immuno-

staining is shown in a single Z-plane. Scale bar, 5 µm. 
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Figure 3.2.  FMRP chromatin binding sites are closely associated with RLFS. (A) 

Distribution of FMRP binding sites (FBSs) across all chromosomes from ChIP-seq analysis in 
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SeqMonk browser and (B) FBS distribution with respect to genes. (C) Learning and memory 

genes containing FBS and RLFS.  All except SLC6A1 and KRAS also contain DSBs, albeit not 

within 1 kb distance to FBS, in FX cell). (D) Distribution of the FBSs inside genic regions, and in 

regions upstream of TSS (Transcription Start Sites) and TES (Transcription End Sites).  Red, 

green and blue lines represent distribution of 5238 FBSs, 283 FBSs with overlapping RLFS and 

4955 FBSs without overlapping RLFS, respectively.  (E) Observed absolute distance between 

FBSs and RLFSs (blue) compared to the expected distance if uncorrelated (black line).  
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Figure 3.3. Mechanism of R-loop resolution by FMRP. (A) Model showing a possible method 

of R-loop resolution.  FMRP binds chromatin at the vicinity of the R-loop formed behind the 

RNA pol II and about to encounter an approaching replisome.  FMRP interacts and recruits other 

proteins, such as endonuclease or helicase to resolve RNA:DNA hybrids.  (B, C) FMRP and R-

loop binding assay with full length FMRP.  Electrophoretic mobility shift assay showing bindings 

between R-loop structure with 5’ overhang and FMRP (B) and FMRPI304N mutant (C).  FMRP 

concentrations; 5 nM,10 nM, 20 nM, 40 nM, 80nM.  The last lane for all gels contain reactions of 

R-loop and FMRP at 80 nM and treated with 10% SDS and Proteinase K (PK).  R-loop 

concentration is maintained at 4 nM.  (D, E & F) C-terminus IDR region of FMRP binding with 

various R-loop structures. C-IDR binding with 5’-overhang R-loop (D), 3’-overhang R-loop (E) 

and no overhang R-loop (F). FMRP concentrations; 5 nM,10 nM, 25 nM, 50 nM, 100 nM, 200 

nM and 400 nM. R-loop concentration is maintained at 1 nM. The R-loop structure contains 30 

bp of dsDNA on either side of the bubble, 30 nt of ssDNA in the bubble, 30 bp of RNA:DNA 

hybrid and a 30 nt 5’ RNA tail or 3’RNA tail. Asterisk indicates p32 label on the strand.   
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Figure 3.4. Mechanism of R-loop resolution by FMRP through protein-protein interaction. 

(A) Co-immunoprecipitation of FMRP by immunoprecipitation with anti-FXR1 monoclonal 

antibody and immunoblotted for FMRP and FXR1.  GAPDH served as negative control. (B) Co-

immunoprecipitation of FMRP by immunoprecipitation with anti-DHX9 monoclonal antibody 

and immunoblotted for FMRP, DHX9 and TOP IIIβ.  GAPDH served as negative control.  The 

black asterisks indicate the lower band of a doublet signal for DHX9 in the “IP-DHX9” lane is 

the DHX9 protein, which is accumulated in the immunoprecipitated complex and absent in the 

IgG-precipitated control complex (“IP-IgG” lanes).  IB: Immunoblot. (C) Co-

immunoprecipitation of DHX9 by immunoprecipitating with anti-FMRP monoclonal antibody 

and immunoblotted for FMRP and DHX9.  GAPDH served as negative control.  LE: long 

exposure, SE: short exposure.  Shown here are two separate experiments of the reverse IP. 
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Figure 3.5.  UGT1 expression is affected in FX cells (A) Biological processes derived from 

WebGestalt (WEB-based GEne SeT AnaLysis Toolkit) that are enriched for those genes bound 

by FMRP; FDR, false discovery rates. (B) Schematic representation of UGT1 subfamily 

alternative splicing isoforms. (C) UCSC genome browser screen shot of FX-specific DSBs shown 
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as vertical bars (upstream of the gene, cyan box; in the intron preceding the common exons 2-5, 

orange boxes) in UGT1 family genes. (D & E) Representative Western blots of UGT1 protein 

expression with GAPDH as control and quantification using ratio of UGT1 to GAPDH derived 

from three biological replicates.  Error bars denote standard deviation and P values that are < 0.05 

from Two-way ANNOVA test are shown for GM6990 and GM3200 (D).  UGT1A protein 

expression in GM00357 and GM05848 fibroblasts (left) and its quantification for a single 

experiment is shown in the right (E).  
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Figure 3.6.  Absence of FMRP changes the transcriptome in lymphoblastoid cells. (A, B & 

C) Volcano plots of -Log10 (p-value) versus the Log2 (fold change) of transcript levels for all 

genes.  Relative to NM, significantly different genes in FX for that condition with -log10 p value 

greater than 2 are shown in red and marked by black line (upregulated, >0 and downregulated, 

<0).  (A) Transcript levels in untreated FX cells relative to NM,  under DMSO treatment (B) and 

under APH treatment (C). Top relevant biological pathways derived from Enrichr analysis that 

are enriched for those genes significantly downregulated or upregulated in FX cells relative to 

NM are also listed for each category. (D) Heatmap showing major top 20 DNA-repair genes with 

downregulated expression in fragile X cells under untreated, DMSO and APH treated conditions 

relative to unaffected control (Normal).  The colors represent Log2 transformed foldchange, red-

upregulated, green-downregulated and black indicates no change. 
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Figure 3.7. Association between FMRP-chromatin binding sites, RLFS and gene expression.  

(A) Venn diagram showing mRNA expression pattern of genes with FBS (genic FBS) under 

different conditions in FX cells relative to normal. (B&C) Pathways enriched with genes having 

co-localized FBS and RLFSs (within 1 kb of each other) and down regulated expression (B) or 
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upregulated (C) in Fragile X cells over control under APH treatment.  Enrichr web-based tool was 

used to generate the bar graph. 
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Figure 3.8. Association between FMRP-chromatin binding sites and APH induced DSBs in 

FX cells. (A)  Heatmap showing major FX-APH unique DSBs containing genes obtained from 

Chapter 2 and their dysregulated expression in fragile X cells under untreated, DMSO and APH 

treated conditions relative to unaffected control (Normal).  The colors represent Log2 

transformed expression data, red-upregulated, green-downregulated and black indicates no 

change.  The genes with arrow heads are in DNA repair pathway (B) Pathways enriched with 

genes with dysregulated expression and harbor DSBs from (A). (C) Venn diagram showing the 

association of co-localized FMRP binding sites and RLFSs (within 1 kb of each other) and FX-

APH induced DSBs obtained from Chapter 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
196 

 

 

 

 

Figure S3.1.  FMRP chromatin interaction. (A) Nuclear fraction of control proteins,  GAPDH 

shows minimum occupancy in the nucleus while Histone H3 shows maximum occupancy 

indicating the purity of fraction. Nuclear fraction calculated as in Figure 1A. (B) Western blot 

showing immunoprecipitation (IP) of FMRP with monoclonal antibody specific for FMRP. (C) 

ChIP-qPCR validation of top FMRP binding substrates revealed by ChIP-seq.  Relative 

enrichment ratio [Target gene/ negative control (NC)] were plotted on the Y axis.  Error bars 

stand for standard errors in three independent experiments.  (D) ChIP-seq enrichment ratios for 

fractions of FMRP chromatin binding sites with (pink) or without (green) overlapping RLFSs.  
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(E) Integrated Genome Viewer (IGV) screen shot of genes harboring FMRP chromatin-binding 

sites. Sixteen previously validated mRNA substrates for FMRP, here shown as FMRP chromatin-

binding sites and/or for APH-induced DSBs in FX cells (from Chapter 2).  
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Figure S3.2.  Correlated FMRP-binding sites, DSBs in FX-APH treated samples and RLFS 

lie in at-risk genes for FXS. IGV screenshots for CYP2C9 (A) and CYP2C19 (B).  (C) 

Representative Western blots of CYP2C9 protein expression with GAPDH as control and 

quantification using ratio of CYP2C9 to GAPDH derived from three biological replicates.  Two-

way ANOVA followed by Sidak’s multiple comparison test.   
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Figure S3.3. FMRP and nucleic acid binding. (A, B) Full length FMRP and nucleic acid 

binding assay.  Electrophoretic mobility shift assay showing bindings between ssDNA (3’-5’ 

DNA strand from Fig. 3B) and full length FMRP (A) or FMRPI304N mutant (B). The ssDNA 90 

nt.  FMRP concentrations; 2.5 nM, 5 nM, 10 nM, 20 nM, 40nM.  The last lane for all gels 

contains reactions of ssDNA and FMRP at 40 nM and treated with 10% SDS and Proteinase K 

(PK). ssDNA concentration is maintained at 4 nM. 
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(C, D, E) C-terminus IDR region of FMRP binding with nucleic acids. Electrophoretic mobility 

shift assay showing bindings between FMRP C-IDR and RNA (30 nt, A5 from Table S4.) (C) or 

ssDNA (60 nt, B2) or dsDNA (60bp, B2+B3). FMRP concentrations; 5 nM,10 nM, 25 nM, 50 

nM, 100 nM, 200 nM and 400 nM. R-loop concentration is maintained at 1 nM.  
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Figure S3.4.  RNA-seq analysis of FX and NM cells under replication stress. (A & B) A 

summary of gene expression from RNA-seq analysis.  (A) number of genes turned ON or OFF in 

FX-cells when compared to NM cells with or without APH and (B) number of genes upregulated 

or downregulated in FX-cells when compared to NM cells with or without APH (C & D) 

Summary of genes expression from RNA-seq analysis,  (C) number of genes turned ON or OFF 

in both FX and NM cells in treated conditions relative to control treatment (D) number of genes 

upregulated or downregulated in both FX and NM cells in treated conditions relative to control 

treatment.  
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Figure S3.5.  STRING network showing the 63 genes containing FMRP binding site and 

RLFS within 1kb and DSBs identified in FX cells induced by APH .  
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TABLES 

Table 3.1.  FMRP-bound genes containing overlapping DRIP-seq signals and/or RLFSs 

and APH-induced DSBs in FX cells. 

Ch Start(bp)1 End(bp)1 Strand Gene 
symbol 

Gene description ChIP Fold 
Enrichme

nt 

ChIP 
rank 
order 

1 201099931 201129199 - ASCL5 Achaete-scute family bHLH 
transcription factor 5 

6.92 2831 

1 201099931 201129199 - TMEM9 Transmembrane protein 9 6.92 2831 

1 212114867 212134784 - INTS7 Integrator complex subunit 7 8.27 1353 

2 200774640 200778413 + C2orf69 Chromosome 2 ORF 69   

3 15078938 15119145 - MRPS25 Mitochondrial ribosomal protein 
S25 

5.65 4195 

3 15078938 15119145 + NR2C2 Nuclear receptor subfamily 2 
group C member 2 

8.78 863 

3 15078938 15119145 - ZFYVE20 Rabenosyn, RAB effector   

3 182814501 182819437 - MCCC1 Methylcrotonoyl-CoA carboxylase 
1 

6.44 3307 

4 1316141 1357082 + MAEA Macrophase erythroblast attacher 4.81 4885 

4 1316141 1357082 + UVSSA UV stimulated scaffold protein A 6.45 3294 

4 107009616 107016797 - TBCK2 TBC1 domain containing kinase 7.09 2489 

5 102475767 102484342 + PPIP5K2 Diphosphoinositol 
pentakisphosphate kinase 2 

8.31 1317 

6 24412159 24424576 - GPLD1 Glycosylphosphatidylinositol 
specific phospholipase D1 

  

6 24412159 24424576 + MRS2 Magnesium transporter 2 7.76 1688 

8 82594681 82601060 - IMPA12 Inositol monophosphatase 1 4.57 4994 

8 82594681 82601060 - SLC10A5 Solute carrier family 10 member 5   

11 63984375 64055141 - BAD Bcl2 associated agnosit of cell 
death 

  

11 63984375 64055141 + DNAJC4 DnaJ Hsp40 family member C4    

11 63984375 64055141 + FERMT3 Fermitin family member 3   

11 63984375 64055141 + FKBP2 FK506 binding protein 2 4.09 5132 

11 63984375 64055141 + GPR137 G protein-coupled receptor 137 6.99 2732 

11 63984375 64055141 + KCNK4 Potassium two pore domain 
channel subfamily K member 4 

  

11 63984375 64055141 + NUDT22 Nudix hydrolase 22   

11 63984375 64055141 + PLCB3 Phospholipase C beta 3   

11 63984375 64055141 - PPP1R14B Protein phosphatase 1 regulatory 
inhibitor subunit 14B 

4.09 5132 

11 63984375 64055141 - TRPT1 tRNA phosphotransferase 1   

11 63984375 64055141 + VEGFB Vascular endothelial growth factor 
B 
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15 67060709 67081676 + SMAD62 SMAD family member 6 5.49 4379 

17 40810566 40848216 - CCR10 C-C motif chemokine receptor 10   

17 40810566 40848216 + CNTNAP2 Contactin associated protein 2 4.74 4925 

17 40810566 40848216 - EZH1 Enhancer of zeste 1 polycomb 
repressive complex 2 subunit 

  

17 40810566 40848216 - PLEKHH3 Pleckstrin homology, MyTH4 and 
FERM domain containing H3 

  

17 40810566 40848216 + TUBG2 Tubulin gamma 2   

17 74001557 74016636 + CDK3 Cyclin-dependent kinase 3   

17 74001557 74016636 - EVPL Envoplakin 3.97 5163 

17 74001557 74016636 + TEN1 TEN1, CST complex subunit   

17 75460560 75506521 + SEPT9 Septin 9 3.58 5216 

19 49942746 49982425 + ALDH16A
1 

Aldehyde dehydrogenase 16 family 
member A1 

4.04 5142 

19 49942746 49982425 + FLT3LG Fms related tyrosine kinase 3 
ligand 

  

19 49942746 49982425 - PIH1D1 PIH1 domain containing 1   

19 49942746 49982425 - SLC17A7 Solute carrier family 17 member 7   

19 56168525 56220300 + CCDC106 Coiled-coil domain containing 106   

19 56168525 56220300 + EPN1 Epsin 1 4.09 5132 

19 56168525 56220300 - NLRP9 NLR family pyrin domain 
containing 9 

  

19 56168525 56220300 + U2AF2 U2 small nuclear RNA auxiliary 
factor 2 

  

20 13353685 13369510 + GAPDHP2 Glyceraldehyde-3-phosphate 
dehydrogenase pseudogene 2 

  

20 13353685 13369510 - TASP1 Taspase 1 7.28 2301 

22 28730162 28737265 - TTC28 Tetratricopeptide repeat domain 28 7.2 2365 

1 Chromosome coordinates for the overlapped region between FMRP binding sites and DRIP-seq regions. 
2 Genes also containing overlapping APH-induced DSBs and RLFSs. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
205 

Table S3.1.  Validated FMRP RNA substrate genes(Sethna et al., 2014) that contain 

FMRP chromatin binding targets (“FMRP ChIP targets”), and/or DSBs in the FX cell 

line.  Numbers in parentheses indicate the number of DSBs found in the given gene. 

 

 

 

 

Gene Symbol Gene Name 
FMRP ChIP 

targets 
FX_DMSO_APH
_common DSBs 

FX_DMSO
_specific 

DSBs 

FX_APH_
specific 
DSBs 

App Amyloid beta precursor protein Yes No Yes (1) No 

Gria1 Glutamate ionotropic receptor AMPA type 
subunit 1  

Yes No No Yes (1) 

Grin2a Glutamate ionotropic receptor NMDA type 
subunit 2a 

No No No Yes (1) 

Grin2b Glutamate ionotropic receptor NMDA type 
subunit 2b 

No No No Yes (2) 

Grm5 Glutamate metabotropic receptor 5 Yes No No Yes (3) 

Gsk3b Glycogen synthase kinase 3 beta Yes Yes (1) No No 

Hcn1 Hyperpolarization activated cyclic nucleotide 
gated potassium channel 1 

No Yes (4) Yes (2) Yes (5) 

Homer 1 glutamate receptor, ionotropic, N-methyl D-
aspartate 2A  

No No No Yes (1) 

Kcnc1 Potassium voltage-gated channel subfamily C 
member 1 

Yes No No No 

Kcnd2 Potassium voltage-gated channel subfamily D 
member 2 

Yes No Yes (1) No 

Map1b Microtubule associated protein 1B Yes No No No 

Mtor Mechanistic target of rapamycin Yes No No Yes (1) 

Pak1 P21 (RAC1) activated kinase Yes Yes (2) No No 

Pik3cb Phosphatidylinositol-4,5-bisphosphate 3-
kinase catalytic subunit beta 

Yes No No No 

Pten Phosphatase and tensin homolog Yes No No Yes (1) 

Rgs5 Regulator of G-protein signaling 5 No No No Yes (1) 
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Table S3.2.  Primers for ChIP-qPCR  
 

Gene name 
Primer 
Name 

Sequence 

ANK1 
ANK1-F 5'- CTTAGAGGGTGAGGCAGACG-3' 

ANK1-R 5'- ACATCCAGGTGTTTGGCTTC-3' 

ASTN2 
ASTN2-F 5'-GTGCTGAGCTTCACACGGTA-3' 

ASTN2-R 5'-AGAGCTGCAGGGTGAACAAT-3' 

CLNK1 
CLNK-F 5'-TGTCCCATCTCCTCAGGAAC-3' 

CLNK-R 5'-GCCCAATTCTGCCTCTTTCT-3' 

DLG1 
DLG1-F 5'-AGCTTTTCCTTGGAGTGGGTA-3' 

DLG1-R 5'-ATACTTGTGCGGGGGAAGAG-3' 

GRIA1 
GRIA1-F 5'-CCTTCCTGGGGATCTTCTCT-3' 

GRIA1-R 5'-ACTTGGCCTTGGAGAGGTTT-3' 

GRM5 
GRM5-F 5'-GCTTAGAATCCAATGGGGATG-3' 

GRM5-R 5'-CCAAAGTGCTGCGAGTACAG-3' 

MTOR 
MTOR-F 5'-GGCTCAGAGTGGCCTAAAAA-3' 

MTOR-R 5'-GCGTGTCCTCTAGGCATTGT-3' 

PTEN 
PTEN-F 5'-AAACAGATTTGCAGGGTTGG-3' 

PTEN-R 5'-CCTCTCACTATGTTGCCCAAG-3' 

UGT1A 
UGT1A-F 5'-TGAAGGCAGAGAAAAGGGGT-3' 

UGT1A-R 5'-CTTCAGGGAGTTCTTTGGCG-3' 

NC_Chr16:63868961- 63869080 
NC_F 5'-TGAGAGACCAGCCCATCAAG-3' 

NC_R 5'-GGTTCCAAGCTTCCTCTCCT-3' 
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Table S3.3. Oligonucleotides for R-loop generation and EMSA experiment 
 
 

Na
me  

Type Size  Sequence 

A1 
DNA partially 
complementary 

to A2 
90 nt 

5’-
CATTGCATATTTAAAACATGTTGGATCCCACGTTGCATGCTGATAGCCTACTAGA
GCTGCATGAATTCAAATGACCTCTTATCAAGTGAC-3’ 

A2 DNA 90 nt 
5’-
GTCACTTGATAAGAGGTCATTTGAATTCATGGCTTAGAGCTTAATTGCTGAATCT
GGTGCTGGGATCCAACATGTTTTAAATATGCAATG-3’ 

A3 RNA with 5' 
overhang 60 nt 

5’-
GUGCUACGAUGCUAGUCGUAGCUCGGGAGUGCACCAGAUUCAGCAAUUAAGC
UCUAAGCC-3’ 

A4 RNA with 3' 
overhang 60 nt 

5’-
GCACCAGAUUCAGCAAUUAAGCUCUAAGCCGCUGACGGCUCGAUGCUGAUCG
UAGCAUCG-3’ 

A5 
RNA with no 

overhang 30 nt 
5’-GCACCAGAUUCAGCAAUUAAGCUCUAAGCC-3’ 

B2 DNA 60 nt 

5'-
ACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACATCTTTGCCCACCTGCAGGTT
CACCC-3' 

B3 
DNA 

complementary 
to B2 

60 nt 

5'-
GGGTGAACCTGCAGGTGGGCAAAGATGTCCCAGCAAGGCACTGGTAGAATTCG
GCAGCGT-3' 
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Table S3.4.  All FMRP chromatin binding sites in genes that co-localize with RLFS  

within 1kb distance 

 

Gene Symbol 
NPHP4 TRABD2B KIAA0907 JMJD1C SENP8 NEDD4L 
LUZP1 AGBL4 KIRREL JMJD1C-AS1 PML PTPRM 
BCL9 SSBP3 USF1 TSPAN14 COX5A PPP4R1-AS1 
CASZ1 TTC4 ARHGAP30 SLC16A12 ACSBG1 PPP4R1 
IGSF21 MROH7-TTC4 POGK HECTD2 NTRK3 PIEZO2 
WNT4 FGGY KIAA0040 HECTD2-AS1 LINC00925 TTC39C-AS1 
RPL11 CYP2J2 SEC16B SLC25A28 CLCN7 C18orf21 
SRRM1 GNG5 FAM163A FGF8 ZNF200 MOCOS 
SYF2 MCOLN2 TMEM9 SH3PXD2A OTOA DYM 
HMGN2 LPPR5 IGFN1 LHPP VWA3A RTTN 
DHDDS LOC100129620 IKBKE ANO9 HEATR3 ZNF516 
EYA3 SYCP1 PARP1 OTUB1 BEAN1 ZNF534 
EPB41 PRKAB2 SLC35F3 LIPT2 WWOX GNG7 
CSMD2 NBPF25P CTNNA3 ATHL1 PKD1L2 CLPP 
MACF1 FAM231D UBTD1 KCNQ1 CDH13 ELAVL1 
ZFP69 LOC388692 SLK TRIM21 CFAP52 ZNF426 
ZNF684 S100A10 ADARB2 RASSF10 LRRC48 ZNF561 
HIVEP3 LOR ADARB2-AS1 ARNTL TOM1L2 ILF3 
RNF220 KCNN3 KIAA1217 NAV2 SMTNL2 LOC100420587 
KIAA1549L RIT1 ARHGAP22 LUZP2 USP6 CHST8 
FKBP2 TMBIM6 TMEM120B MAPK1IP1L ZNF232 FCGBP 
PPP1R14B SLC4A8 LOC100996679 TBPL2 GAS7 SLC1A5 
GAL3ST3 TNS2 MIPEPP3 PELI2 EVPLL DHDH 
PPME1 LOC283335 SACS SGPP1 PROCA1 ALDH16A1 
C2CD3 R3HDM2 N4BP2L1 RAD51B FLOT2 IL4I1 
LOC283214 GLI1 LINC00458 PTPN21 MYO18A SIGLEC17P 
CREBZF FAM19A2 GPR180 TDP1 MYO1D LOC101928517 
CCDC89 IRAK3 SOX21 KCNK13 AP2B1 LENG9 
ME3 CPSF6 SOX21-AS1 CYP46A1 LRRC37A11P CDC42EP5 
FUT4 LGR5 DNAJC3 WDR25 MSL1 EPN1 
PIWIL4 MYF6 NALCN OTUD7A CNTNAP1 ZNF776 
NPAT BTG1 FAM155A THBS1 ACSF2 SNTG2 
PKNOX2 UBE3B COL4A1 FSIP1 ABCC3 ADCY3 
CLEC2A SH2B3 CDC16 GATM PRKCA PDE11A 
LOC100506314 LHX5-AS1 CHD8 LOC100129973 SLC39A11 ITGAV 
HEBP1 LHX5 DHRS1 MYO5C EVPL PARD3B 
KRAS FBXO21 NOP9 GNB5 SEPT9 PXDN 
FAR2 TESC-AS1 FANCM LINC01169 TMEM235 MYT1L 
KMT2D KSR2 CNIH1 SMAD6 CCDC57 ALLC 
IDH3G RHOF SOCS4 MYO9A TTC39C FLJ33534 
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Gene Symbol 
N6AMT1 FNDC3B ZBED3-AS1 LAMA2 ERICH1-AS1 LOC101926966 
C21orf62-AS1 MCCC1 GPR98 SLC35D3 KBTBD11-OT1 LOC728730 
C21orf62 XXYLT1 TTC37 RPS6KA2 KBTBD11 SRBD1 
SMIM11 DLG1 ARSK CHN2 MIR4659B PRKCE 
KCNJ6 DLG1-AS1 EPB41L4A-AS1 YAE1D1 MIR4659A NRXN1 
SH3BGR F11-AS1 SNORA13 TNPO3 AGPAT5 SPTBN1 
KRTAP10-7 RNF212 GFRA3 TPI1P2 XKR6 LOC100129434 
TSPEAR MAEA PSD2 SLC37A3 DLC1 CCDC85A 
SYN3 UVSSA EIF4EBP3 SDK1 SGCZ EXOC6B 
IGLL5 HAUS3 SRA1 GLCCI1 LOC101929172 DCTN1-AS1 
APOL4 POLN ANKHD1-EIF4EBP3 JAZF1 LOC286059 DCTN1 
TNRC6B HTT-AS ANXA6 JAZF1-AS1 SLC25A37 DNAH6 
ITGA9-AS1 TBC1D14 SAP30L NEUROD6 ADAM32 LOC442028 
ARL8B CLNK SAP30L-AS1 DPY19L1 ZMAT4 IL1R1 
SLC6A1 CD38 MGAT4B AMPH ANK1 TMEM163 
SLC6A1-AS1 LCORL SQSTM1 CDK13 MTFR1 KIF5C 
MRPS25 ERVMER34-1 RNF130 HECW1 CASC9 RPRM 
SH3BP5 NKX6-1 BAI3 ADCY1 IMPA1 ACVR1C 
BTD C4orf36 KLHL32 EGFR SLC45A4 LOC101927196 
AMIGO3 DNAJB14 TMEM181 ZNF138 TSNARE1 FSIP2 
GMPPB LAMTOR3 WRNIP1 MAGI2 KIFC2 CLK1 
RNF123 TBCK GFOD1 PPP1R9A FOXH1 LOC654841 
GNAT1 COL25A1 ATXN1 ATXN7L1 C9orf129 LINC00471 
IL17RD PRDM5 SOX4 DOCK4 PLGRKT USP40 

LRIG1 KLHL2 TRIM26 
TMEM229
A SLC24A2 SPP2 

EOGT DDX60L STK19 STRIP2 PAX5 NDUFA10 
FOXP1 GALNTL6 HLA-DRB1 COPG2 PRKACG ATRN 
SENP7 HMGB2 MIR3934 LINC-PINT TMEM2 MACROD2 
MYH15 ENPP6 UQCC2 LRGUK PCSK5 DLGAP4 
HCLS1 SORBS2 ITPR3 MKRN1 GAS1 LOC149684 
PTPLB THBS4 ENPP4 FAM115A SHC3 MAFB 
MYLK-AS1 CTD-2201I18.1 RCAN2 MIR548I4 HEMGN PIGT 
CHCHD6 SLC25A48 RNU6-71P CNTNAP2 TBC1D2 EYA2 
LOC101927123 CTNND2 MB21D1 MIR548T BSPRY ATP9A 
RHO DROSHA MYO6 PRKAG2 ASTN2 TSHZ2 
EPHB1 SETD9 BVES DPP6 CNTRL AURKA 
IL20RB MIER3 BVES-AS1 LINC01006 SCAI CSTF1 
ESYT3 LINC01336 SCML4 NCAPG2 SWI5 TCFL5 
LOC440982 POC5 FYN PRKDC CERCAM LINC00176 
MECOM ZBED3 PTPRK DEPTOR MIR1268A PRPF6 
PRDM12 MED27 FCN2 CAMSAP1 RAB9A SH3KBP1 
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4.1. Overall	Conclusion	

In the beginning of the thesis, we started by asking whether the loss of FMRP 

triggers genome instability.  We have predominantly used two type of human cell lines, 

lymphoblastoid cells and fibroblasts from unaffected individuals and from fragile X 

patients as a model system to answer the aforementioned question.  Using multiple 

approaches, we showed for the first time, that the fragile X (FX) genome has elevated 

DNA DSBs, particularly under replication stress.  Using Break-seq, we reported genome-

wide DNA DSBs in both normal (NM) and fragile X (FX) cells and that the number of 

DSBs in FX cells was more than twice that of NM cells.  Thus, we conclude that the FX 

genome is unstable relative to the NM genome.  Furthermore, we provide evidence in 

both yeast-based recombination system and in human fibroblasts, that the exogenous 

expression of human FMRP and not FMRPI304N mutant reduces DSBs.  In addition, we 

have observed localization of FMRP into the nucleus upon aphidicolin induced 

replication stress.  These evidence suggested a role of FMRP in maintaining genome 

stability in addition to its canonical role of translational regulation in the cytoplasm 

(Banerjee et al., 2018; Santoro et al., 2012).  We also found an association of increased 

DNA damage due to FMRP loss with increased R-loop formation.  Therefore, we 

hypothesized that FMRP regulates R-loops and prevents DNA DSBs in the nucleus as 

shown in our model (Fig 2.7).  Consequently, we identified chromatin binding sites of 

FMRP, which were closely associated with R-loop forming sites.  In addition, we 

demonstrated a novel binding interaction between FMRP and R-loop in vitro, with a 

particularly efficient binding between FMRP C-terminal intrinsically disordered region 

and R-loop.  Thus, we propose a genome maintenance role of FMRP, such that it 
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regulates R-loop formation through chromatin interaction and recruitment of R-loop 

resolving factors (Fig. 3.3A) thereby preventing DSBs.  Finally, we identified  novel 

cellular pathways, which maybe dysregulated in FXS and can be possible targets for 

therapeutic intervention as summarized in Fig 4 (top panel) as the current understanding 

of FXS.  

 

4.2. Genome-wide instability in FX suggests a potential role of FMRP in genome 

maintenance 

Fragility or DNA damage has been previously associated with FXS.  The 

appearance of a break, gap or constriction in the long arm of X-chromosome in 

metaphase chromosome spreads, isolated from Fragile X patient-derived cells has long 

been documented and used for diagnostic purposes (Sutherland, 2003).  This break-point, 

also called FRAXA is the first rare fragile site associated with a syndrome, is expressed 

upon deprivation of folate induced replication stress (Harvey et al., 1977).  Apart from 

the localization of DNA damage in metaphase chromosome, Kumari et al reported 

gH2A.X staining at the 5’-CGG repeat region in FMR1 gene indicating DNA DSBs at 

that location in FX patient-derived lymphoblastoid cells upon folate deprivation (Kumari 

et al., 2009).  While several studies documented FRAXA, expression of fragility by 

aphidicolin mediated replication stress in Fragile X is mostly lacking.  Our findings, that 

the FX genome is unstable even in the absence of replication stress is a significant 

advancement in the understanding of the Fragile X biology.    

A possible role of FMRP in DNA damage response was reported in both fmr1 KO 

mice and in Drosophila melanogaster.  In contrast to the studies conducted in mouse 
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embryonic fibroblasts, we have reported increased H2A.X phosphorylation upon 

aphidicolin induced replication stress.  The differences in our findings could be attributed 

to the usage of different model systems.  While their study was conducted in exon 

interrupted knock out of fmr1 gene in mice and partial silencing using siRNA in human 

cancer cell line HeLa, we conducted our studies in human lymphoblastoid cells and 

fibroblasts isolated from Fragile X patient or unaffected individual (Alpatov et al., 2014).  

Lymphoblastoid cell lines and fibroblast have been previously used for FXS studies and 

H2A.X phosphorylation was observed under folate deprived replication stress in 

lymphoblastoid cells (Kumari et al., 2009; Kumari et al., 2014; Pal and Bhattacharya, 

2019).  Nevertheless, we observed increased FMRP in nuclear fraction on APH mediated 

replication stress, corroborating the findings of Alpatov et al.  Furthermore, ectopic 

expression of FMRP in FX-fibroblasts rescued the DNA damage phenotype lending 

support to the proposed role of FMRP in genome maintenance.   

 

4.3.  FMRP interacts with the chromatin and regulates R-loop formation 

Break-seq analysis of genome-wide chromosome breakage in FX cells indicated 

two different methods of DSB formation.  DSBs that occur in regions of delayed 

replication timing and gene-poor regions, were shared between NM and FX cells, while 

DSBs specifically occurring in FX cells were found near R-loop forming sequences 

within genes.  This result suggested a role of FMRP in regulation of R-loop mediated 

replication-transcription collision and DSBs.  R-loops have been associated with 

transcription dependent replication fork pausing in yeast THO (of the THO/TREX 

complex involved in mRNA ) mutants and genome instability.  In addition, using DNA 
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combing analysis, R-loops were observed to be an obstacle to the replication fork.  Using 

a plasmid-based recombination system in yeast, Prado and Aguilera had shown that 

programmed transcription-replication collisions can generate DSBs (Prado and Aguilera, 

2005).  Using the same system, we have shown that the incorporation of R-loop forming 

sequences (RLFS) as opposed to non-RLFS sequences triggered DSBs.  FMRP 

expression and not its mutant was able to reduce DSBs in plasmid-based system.  

Moreover, as a control we showed that the expression of RNase H also reduced DSBs.  

RNase H enzyme has been shown to cleave the RNA strand of the RNA:DNA hybrid in 

an R-loop.  This indicated that FMRP resolved R-loops and prevented DSB-induced 

recombination.  Consequently, we identified chromatin binding sites of FMRP which 

were closely associated with RLFS.  Moreover, we reported full length FMRP and its C-

terminus binding to R-loop using electrophoretic mobility shift assay.  Furthermore, we 

observed interaction between FMRP and DHX9, an RNA helicase implicated in R-loop 

resolution (Cristini et al., 2018).  This prompted a model that shows FMRP recognizing 

R-loops in the chromatin and recruiting R-loop resolving factors to remove R-loops, 

allowing transcription and replication to progress as normal and prevent double strand 

breaks.   

 

4.4. Absence of FMRP and genome instability potentially linked to increased protein 

synthesis  

We have shown that increased RNA:DNA hybrid formation in FX-fibroblast at 

regions of the nucleus that appears to be dark with nuclear lamin stain, indicating a 

nucleolar accumulation of R-loops.  45s rDNA is localized in the nucleolus which is 
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transcribed into the 5.8S, 18S and 28S rRNA by RNA pol I.  pre-rRNA is processed and 

along with RPL and RPS proteins is used to assemble ribosomal subunits in the nucleolus 

(Bassler and Hurt, 2019).  The absence of FMRP will cause increased translation of 

mRNA which in turn increases the demand for ribosomes and rRNA transcription.  A 

study using FX-fibroblast and fibroblasts from unaffected control for investigating 

incorporation of L-[4, 5 3H] leucine into protein was conducted to measure basal protein 

synthesis rates.  Mean incorporation rate in FX-fibroblast was 56% higher than normal 

controls (Kumari et al., 2014) indicating increased protein synthesis in FX-cells.  The 

demand for ribosome, would require rRNA production and thus increased transcription of 

rRNA, resulting in R-loops.  This increased transcription would propagate as stress along 

the chromosomes bearing rDNA such as the acrocentric chromosomes (Chr 13,14,15 and 

20).  This stress, along with replication stress could further induce replication-

transcription collision and DSBs.  We observed increased DSBs in these chromosomes in 

FX-APH samples correlated with R-loops.   

 

4.5. Novel cellular pathways are dysregulated in FXS 

Double strand breaks identified by Break-seq indicated that neuronal development 

genes are susceptible to DSBs.  Interestingly, we identified genes involved in 

glucuronidation of flavonoids that suffer breakage and bears RLFS sequence in drug-

induced FX cells.  In addition, we observed enrichment of genes involved in flavonoid 

metabolism which also share FMRP binding sites.  This indicated a stress depended 

dysregulation of xenobiotic metabolism.  We identified genes; UGT1A subfamily and 

CYP2C9 and CYP2C19 participating in Phase I and Phase II of xenobiotics metabolism 
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containing FMRP binding sites, RLFS and DSBs.  We reported that protein expression of 

UGT1A and CYP2C9 was reduced in FX cells under replication stress (Fig. 4).  The 

identification of downregulated drug-metabolism genes has not been implicated in FXS 

pathology before.  The usage of psychotropic drugs to reduce symptoms of anxiety and 

ADHD, where males have been issued 68% and females 38% of drugs was reported in a 

survey in FXS (Laxman et al., 2018).  This would increase the chances of reduced drug 

elimination and increased toxicity in FXS patients.  Thus, administration of such drugs 

would need monitoring.  However, this pathway needs to be more thoroughly 

investigated in multiple cell lines, especially in cells isolated from liver of FXS patients 

where the genes are highly expressed.  In addition to the xenobiotic metabolism pathway, 

we observed downregulation of DNA repair genes required for DSB repair such as 

FANCD2, RBBP8, BRIP1, RAD51, particularly under replication stress in FX cells.  

Moreover, FANCD2, FANCI, BRCA1 also harbor FMRP binding sites.  This would 

suggest that DNA repair is affected in FXS and could explain the increased amount of 

DSBs that FX cells sustain particularly under replication stress. 

Finally, our study marks a technological advancement in mapping chromosome 

breaks by Break-seq.  To this date, Break-seq has shown efficacy in yeast (Feldman and 

Peterson, 2019; Hoffman et al., 2015) and multiple mammalian cell systems including 

suspension cell culture (this study), adherent cell culture and 3D organoids (unpublished 

data).  Thus, we believe Break-seq holds tremendous potential as a powerful tool for 

genome discoveries. 

 

4.6. Future studies  
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Our study provides a new perspective in the understanding of FXS biology.  Our 

findings indicate a role of FMRP in resolution of R-loops.  However, the mechanism of 

resolution of R-loops requires more rigorous investigation.  We attempted to address the 

mechanism by demonstrating the binding interaction between FMRP and a specific R-

loop sequence.  FMRP contains multiple domains with which it can preferably bind R-

loops (contains three nucleic acid strands).  It is imperative to understand the domains 

involved in R-loop binding, particularly to uncover all the point(s) of contact between 

FMRP and an R-loop in the context of the chromatin.  We have reported the inability of 

full length FMRPI304N, a mutation in the KH2 domain, to bind R-loop with 5’-

overhang.  However, we observed robust binding between FMRP C-IDR which does not 

include the KH2 domain affected in the mutant.  Therefore, we need to address how the 

mutation affects the structure of the full length that is propagated to the C-terminus and 

renders it incapable in R-loop binding.  Structural studies on binding interactions between 

R-loop and full length FMRP, FMRP mutants, FMRP domains (N-terminal domain, 

KH1-KH2 domain, C-IDR) would reveal and provide better understanding of the 

mechanism of R-loop binding. 

Another important question that needs to be addressed is the protein-protein 

interactions of FMRP in the context of R-loop resolving factors.  Mass-spectrometry 

analysis of FMRP immunoprecipitated complex in nuclear fractions can uncover not only 

interactions with R-loop resolving factors such as THO-TREX complex and RNA 

helicases but other unique interactions that regulates FMRP’s nuclear function (Hein et 

al., 2015).  In addition,  FMRP has four nuclear isoforms (ISO 4, 6, 10 and 12, Fig. 1.3) 

generated through alternative splicing (Dury et al., 2013; Sittler et al., 1996).  It would be 
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interesting to understand whether these isoforms affect R-loop formation and their 

involvement in genome maintenance.   

DRIP-seq (DNA:RNA immunoprecipitation with sequencing) studies in the 

lymphoblastoid cells, would help in identification and mapping of R-loop locations in 

vivo thereby providing a more accurate estimation of R-loops formed in these cells 

(Ginno et al., 2012; Sanz et al., 2016).  The current study utilizes the predicted R-loop 

forming sites to correlate with DSBs and FMRP binding sites.  Since epigenetic changes 

between cell lines and stress conditions regulate transcription, R-loop formation will be 

dependent on and subject to change in different cell lines and stress conditions.  Hence, 

DRIP-seq will help us identify more relevant genes dysregulated in FXS.  

Lastly, FMRP’s role as a genome maintenance protein identified in this study 

needs to be further investigated in neuronal cells  (Fig. 4).  A system similar to the one 

used by Colak et al, wherein hESCs isolated from FXS fetus were differentiated into 

neuronal cells (Colak et al., 2014).  This unique system, closely resembling a developing 

FXS patient, would help in establishing the validity of the current study and further use 

for therapeutic intervention.  
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Figure 
 
 
 

 
 
 
 
Figure 4. Summary of current understanding of FXS.  In this study we have shown that the 

absence of FMRP causes increased DSBs genome-wide under aphidicolin induced replication 

stress. The absence of FMRP, which normally regulates R-loop formation, causes increased R-

loops and consequently increased DSBs in lymphoblastoid cells (top inset).  We also show that 

the presence of R-loop forming site, DSB site and FMRP binding site in the UGT1 locus 
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ultimately results in reduced UGT1 expression (shown in solid grey arrow) and possibly 

dysregulated xenobiotic metabolism due to reduced glucoronidation.  UDPGA-Uridine 

diphosphoglucoronic acid, UDP-Uridine diphosphate.  It has been previously established that the 

absence of FMRP, which normally repressed translation of specific mRNA substrates, causes 

constitutive protein synthesis.  Translation proceeds constitutively with or without metabotropic 

glutamate receptor (mGluR) stimulation and continuous AMPA receptor internalization at the 

post synaptic neuron thereby causing exaggerated long-term depression (LTD).  We now ask 

whether FMRP’s genome maintenance role in the nucleus, discovered in this study is also 

important in the nucleus of a neuron.   
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