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ABSTRACT 

A global response to DNA replication stress is replication fork reversal, which involves 

the slowing and reversal of replication forks accompanied by the annealing of nascent DNA 

strands to form pseudo-four-way junctions. Functionally, reversal is thought to enable replication 

forks to avert DNA damage while replication stress is resolved.  However, despite the protective 

functions of fork reversal, the annealed nascent arms of reversed forks a novel substrate that 

resembles one-end of a double stranded break, potentially susceptible to resection by milieu of 

nucleases such as CTIP, MRE11, EXO1 and DNA2. To prevent the undue processing of reversed 

replication forks, an extensive range of fork protection mechanisms are put into place. The most 

prominent of these mechanisms involves the Breast Cancer Susceptibility Proteins BRCA1 and 

BRCA2. Upon fork reversal, BRCA1 and BRCA2 directly influence the activity of the 

downstream effector protein RAD51, putatively by enabling it to form stable nucleofilaments on 

reversed fork substrates, which restricts the activity of nucleases and prevents the resection of 

stalled replication forks. In BRCA1/2 deficient cells CTIP, MRE11, EXO1 and DNA2 cooperate 

to elicit the long-range resection of forks that have undergone stalling and reversal. This long-

range resection of reversed forks is associated with endonucleolytic DNA double strand break 

(DSB) induction and consequent genomic instability, thereby establishing fork protection as an 

essential component of BRCA-mediated tumor suppression. Critically, fork degradation also 

underlies sensitivity of BRCA-deficient cells to chemotherapeutic agents. As a corollary to this, 

the restoration of fork protection is associated with acquired chemoresistance in BRCA-deficient 

cancers. Therefore, gaining a better understanding of the fundamental determinants of fork 

protection is essential to gaining a better understanding of the etiology and therapeutic response 

of BRCA-deficient cancers. 
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The first study reveals Proliferating Cell Nuclear Antigen (PCNA) K164-ubiquitination 

as a critical post-translational modification governing fork stability in a manner distinct from the 

BRCA-pathway. Through CRISPR/Cas9 mediated genome editing we create a homozygous 

PCNA-K164R mutation in human 293T and RPE-1 cells to render them completely devoid of 

PCNA ubiquitination. We show that PCNA-K164R cells are susceptible to DNA2-mediated fork 

degradation upon replication arrest by the ribonucleotide reductase inhibitor hydroxyurea (HU). 

We find that fork degradation in these cells is connected to their inability to mitigate replication 

associated gaps which interferes with Okazaki fragment (OF) synthesis and maturation, and 

consequently interferes with PCNA unloading from lagging strands. A direct result of this is the 

improper recycling of the PCNA-interacting histone chaperone CAF-1 which causes replication 

coupled nucleosome assembly defects, priming stalled forks for nucleolytic resection upon 

stalling and reversal. We further uncover a critical role for PCNA-ubiquitination in enabling the 

survival of BRCA-deficient cells upon treatment with PARP-inhibitors by suppressing single-

stranded DNA (ssDNA) gaps, a novel therapeutic vulnerability in BRCA-deficient cancers. 

In the subsequent study we reveal an unexpected central role for nucleosome assembly in 

determining BRCA-dependent fork protection. We find inactivation of CHAF1A (the p150 

subunit of CAF-1), through the activation of a compensatory replication-independent nucleosome 

assembly pathway dependent on the histone chaperone HIRA, restores fork stability to BRCA-

deficient cells. Critically, we reveal ASF1-dependent nucleosome assembly as a general 

mechanism ensuring fork stability which operates in epistasis with the BRCA-pathway. Lastly, 

we elucidate the importance of BRCA-mediated replication associated gap suppression in 

ensuring CAF-1-dependent nucleosome assembly, thereby ensuring fork protection. We show 

that BRCA-deficient cells accumulate both leading and lagging strand ssDNA gaps during 

replication stress. Lagging strand gaps elicit PCNA unloading defects due to incomplete OF 
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synthesis which result in a consequent CAF-1 recycling defect and impaired replication coupled 

nucleosome assembly. We therefore reveal CAF-1 as an essential effector of BRCA-mediated 

fork protection that operates through efficient replication associated gap suppression and PCNA 

unloading. These findings enable us to posit a model that unifies two major hallmarks of BRCA-

deficiency in cancer, i.e., replication fork degradation and replication coupled ssDNA gap 

accumulation, into a sequential mechanism underlying genomic instability connected by PCNA-

recycling and nucleosome assembly by CAF-1. 
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Chapter 1 

 

Literature Review: The Emerging Determinants of Replication Fork 

Protection 

Introduction 

The genome is at its most vulnerable during DNA replication since this process seldom 

progresses completely unobstructed. Several factors of endogenous and exogenous origin can 

pose obstacles to the progression of replication forks resulting in replication stress. A global 

response upon encountering replication stress involves the remodeling of replication forks to 

enable the annealing of nascent DNA strands, a process known as replication fork reversal. Fork 

reversal, intrinsically coupled to an initial fork slowing response, is thought to safeguard fork 

integrity by granting tolerance to transient replication stress. Mechanistically, the protective effect 

of fork reversal is thought to manifest in distinct ways: 1) Fork regression, which accompanies 

fork reversal, allows for the template lesion to be brought back into a double-stranded DNA 

configuration permissive to excision repair; 2) The regressed complementary arms of nascent 

DNA can potentially allow for the bypass of template DNA obstructions by employing the 

nascent strand of the sister chromatid as a template; 3) Fork reversal allows forks under stress to 

assume a dormant configuration until the replication stress can be resolved, thereby protecting 

them from adverse outcomes of unrestrained progression such as fork breakage. However, in 

certain genetic backgrounds or under conditions of prolonged fork arrest, reversal can render 

forks susceptible to nucleolytic resection. Excessive nucleolytic resection (also known as 

degradation) of reversed forks is often associated with the accumulation of chromosomal 

abnormalities. Fork degradation is thus a prominent mechanism of genome instability. In 
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addition, fork degradation is considered a major predictor of chemosensitivity and cellular fitness. 

The best described mechanism ensuring protection against fork degradation involves the BRCA 

proteins (comprised of the breast cancer susceptibility factors BRCA1 and BRCA2) and 

components of the Fanconi anemia (FA) tumor suppressor pathway, which are known effectors of 

homologous recombination (HR) in metazoan cells. These mechanisms rely on stabilizing 

RAD51 nucleofilaments on the regressed nascent DNA of reversed replication forks. However, 

recent work has revealed a multitude of additional factors and pathways which directly affect fork 

protection by either influencing RAD51 nucleofilament formation or through completely distinct 

mechanisms. In this review, we examine the recent advances in the understanding of the classical 

fork protection pathways, as well as the emerging determinants of fork protection.  

The Classical FA/BRCA Fork Protection Pathway 

The role of RAD51 in orchestrating protection of stressed replication forks was first 

documented in X. laevis egg extracts. It was observed that upon inhibiting the chromatin binding 

of RAD51, the nuclease MRE11 drives the accumulation of internal ssDNA gaps in replicating 

DNA1. Subsequently, a more general role for RAD51 in protecting nascent DNA was established 

in mammalian cells when it was revealed that loss of BRCA2, a known effector of the HR 

pathway, resulted in excessive MRE11-dependent resection of hydroxyurea (HU) – stalled 

replication forks2. This resection of nascent DNA occurred due to the inability of these cells to 

form stable RAD51 nucleofilaments, thereby resulting in a diminished ability of RAD51 to 

protect stalled replication forks. Subsequent studies established the role of the other core HR 

effector BRCA1 as well as the FA pathway components FANCA and FANCD2 as serving critical 

functions in RAD51 stabilization on nascent DNA, hence protecting stalled forks from 

degradation3. These initial studies also established chromosomal instability as a direct 
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consequence of fork degradation2,3, therefore identifying a major mechanism of genome 

instability and cancer predisposition associated with mutations in the BRCA and FA genes. In 

addition to this, the well appreciated role of BRCA1 and BRCA2 mutations in cancer 

predisposition has led to the BRCA pathway being most widely studied in the context of fork 

protection, with RAD51 as the primary effector. Indeed, perturbing RAD51 activity in WT cells 

through the ectopic expression of the BRC4 peptide (which sequesters RAD51 from chromatin) 

or of RADX (which competes with RAD51 for ssDNA) renders forks susceptible to degradation2–

4. Similar effects were observed upon treatment with B02, a small molecule inhibitor of RAD515.    

 

A critical enabler of excessive fork degradation in cells lacking a functional FA/BRCA-

pathway is fork reversal. However, the potential role of fork reversal in the resection of stalled 

forks was first established in the context of BRCA-proficient cells subjected to HU-mediated fork 

stalling. Specifically, cells subjected to prolonged HU treatment were found to exhibit fork 

degradation through an alternative pathway involving the nuclease DNA2 and the WRN 

helicase6. Importantly, this degradation was enhanced upon the depletion of RECQ1, a 

specialized helicase responsible for restarting reversed replication forks. Moreover, depletion of 

RAD51 rescued this degradation, in line with its previously established role in mediating fork 

slowing and reversal upon exposure to replication stress7. Subsequent work in BRCA-deficient 

systems showed that the SNF2 family translocases SMARCAL1, ZRANB3 and HLTF, which 

remodel replication forks into reversed fork substrates, are essential for the degradation of stalled 

forks5,8–10. Intriguingly, studies in BRCA-deficient cells also shed light on the surprising 

dichotomous roles of RAD51 in both protecting stalled replication forks upon formation of stable 

nucleofilaments, as well as promoting their degradation by orchestrating fork reversal9. These 

opposing roles of RAD51 were further exemplified through gradients of RAD51 depletion using 
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titrated RNA interference in BRCA-proficient cells, where partial RAD51 depletion promoted 

fork degradation but complete depletion rescued fork stability4. 

 

The study of fork reversal in BRCA2-deficient cells also provided valuable insights into 

the mechanisms underlying the pathological consequences of fork degradation. Specifically, in 

BRCA2-deficient cells, the degradation of reversed forks prompts a controlled induction of 

double strand breaks (DSBs) by MUS81, triggering a POLD3-mediated fork restart – highly 

reminiscent of the break induced replication (BIR) pathway of fork rescue10. Indeed, it was shown 

that RAD52 promotes MRE11-mediated degradation, setting the stage for fork cleavage, in line 

with its role in orchestrating BIR – dependent DNA synthesis, likely during mitosis11,12. However, 

it is still unclear whether BIR contributes to chromosomal aberrations in cells lacking BRCA1 or 

FA pathway function. 

Emerging Determinants of Fork Protection 

RAD51-dependent fork protectors 

Recent studies have revealed the existence of several previously unknown factors 

involved in the protection of stalled forks from degradation. Interestingly, these factors employ 

fork protection mechanisms often distinct from the FA/BRCA pathway. However, several of 

these mechanisms still rely on the fork protection activity of RAD51. A relatively well-studied 

enabler of RAD51-mediated fork protection is BOD1L which operates in the FA pathway of 

genome stability13. However, unlike the mechanism previously described for the FA pathway3, 

loss of BOD1L promotes fork degradation in a manner dependent on DNA2 rather than MRE11. 

Despite this, these observations remain in line with the role of excessive nuclease-mediated 
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resection as underlying genome instability in FA cells14. Further studies have revealed that the 

fork protection function of BOD1L occurs through its interaction with the histone 

methyltransferase SETD1A which triggers the histone chaperone function of FANCD2 to 

mediate RAD51 recruitment at stalled forks, in addition to inhibiting the pro-resection activity of 

CHD415. These functions of BOD1L-SETD1A likely explain the role of FANCD2 in protecting 

against fork degradation in BRCA-deficient cells16,17. Another recently described fork protection 

factor operating through RAD51 is WRNIP118. Specifically, WRNIP1 was shown to mediate both 

replication fork restart as well as protection through its distinct ATPase activity and RAD51 

stabilization functions, respectively. Interestingly, WRNIP1 depletion results in MRE11-

dependent fork degradation and does not enhance fork degradation in BRCA2 depleted cells, 

suggesting a potential epistasis through RAD51 stabilization. Despite protecting against two 

different nucleolytic degradation pathways, both BOD1L and WRNIP1 interact with BRCA2, 

implying their potential roles as effectors in BRCA-mediated fork protection13,18.  

A unique player in the RAD51-mediated fork protection pathway is RAD52. Despite its 

role in promoting MRE11-mediated degradation in BRCA2-deficient cells9, recent studies 

revealed that inactivation of RAD52 itself, in an otherwise BRCA-proficient background, 

predisposes forks to MRE11-mediated degradation19. This fork protection function is unrelated to 

any RAD51-stabilizing activity of RAD52. Rather, RAD52 likely functions to safeguard RAD51 

pools in cells upon induction of replication stress by counteracting the fork reversal function of 

SMARCAL1. Moreover, this function appears to operate independently of the RAD52-MUS81 

pathway of fork rescue. 
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RAD51-independent fork protectors  

The occurrence of fork degradation independently of defects in a RAD51-mediated fork 

protection mechanism was documented in HR-proficient cells subjected to prolonged HU-

mediated fork stalling6. As mentioned in previous sections, prolonged stalling triggers fork 

degradation through the alternative DNA2-WRN-associated pathway. This degradation is further 

exacerbated by inactivating the helicase RECQ1, which functions in resolving reversed fork 

intermediates.  Importantly, in later studies, using RADX depletion to ameliorate potential defects 

in RAD51 function failed to prevent fork degradation in this setting4. Functional evidence 

suggests that this DNA2-mediated degradation aids in the restart of stalled/reversed replication 

forks. Indeed, these findings appear to be in line with the previously described role of DNA2 in 

suppressing the prevalence of reversed forks in fission yeast, thereby presumably preventing fork 

collapse20.  

Interestingly, recent work has revealed novel players which operate specifically in 

protecting replication forks from undergoing degradation through the DNA2-WRN pathway. One 

such fork protection factor is ABRO1, a paralog of ABRAXAS, a BRCA1-interacting protein21. 

ABRO1-mediated fork protection occurs independently of RAD51-mediated protection. 

Interestingly, the inability of ABRO1-deficient cells to protect forks from the DNA2-WRN 

pathway of degradation correlates with pathological defects in genome maintenance, such as 

accumulation of mitotic defects and 53BP1 nuclear bodies. 

We recently uncovered an unexpected role for PCNA ubiquitination in protecting stalled 

replication forks from degradation through the DNA2-WRN pathway22. In line with the apparent 

mutual exclusivity of DNA2-WRN dependent fork degradation pathways and defects in RAD51-
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mediated fork protection, we found that suppression of fork degradation by PCNA ubiquitination 

does not involve RAD51 activity. Rather, defects in fork protection in cells unable to ubiquitinate 

PCNA at the K164 residue (PCNA-K164R cells) were associated with previously described 

defects in PCNA unloading from the lagging strand, caused by defective Okazaki fragment 

ligation 23 resulting from the inability to mitigate replication-associated gaps22. In accordance 

with previous literature24,25, the inability to unload PCNA from the lagging strand coincided with 

a loss of CAF-1 function in replication-associated nucleosome assembly, presumably caused by 

its abnormal sequestration through aberrant PCNA interactions. Indeed, we found that 

independent inactivation of factors governing each step, including: PCNA ubiquitination, LIG1 

(Okazaki fragment ligation), ATAD5 (PCNA unloading) and CAF-1, triggered DNA2-driven 

fork degradation. Similar to ABRO1, the BRCA-independent nature of the PCNA ubiquitination-

dependent fork protection was confirmed by the finding that loss of PCNA ubiquitination further 

exacerbated fork degradation in BRCA2-depleted cells. Like ABRO1, the failure to protect forks 

upon loss of PCNA ubiquitination was associated with pathological consequences such as HU-

induced DSBs and the accumulation of 53BP1 nuclear foci. 

Recent work has revealed roles for AND1 and TIM1, members of the fork protection 

complex (FPC, composed of TIM1, TIPIN, CLASPIN and AND1) in protecting stalled forks 

from MRE11-mediated degradation. A role for TIM1 in fork protection was identified through 

the characterization of the PCNA-interacting genome surveillance protein SDE2 and its function 

in preventing fork degradation26,27. Specifically, SDE2 was found to promote the association of 

TIM1 with replication forks, ensuring their protection from MRE11-mediated resection upon 

stalling. Similarly, AND1 was found to protect replication forks from MRE11-mediated 

degradation28. Importantly, it was observed that ssDNA at digested fork substrates efficiently 
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recruited RAD51 upon AND1 ablation, suggesting that RAD51 mediates fork protection 

independently of AND1 - and by extension the FPC. 

A unique fork integrity pathway depends on the Y-family polymerase POLK. Recent 

studies showed that inactivation of POLK results in MRE11-dependent degradation of stalled 

forks29. Notably, the ability of POLK to protect stalled forks appears to be linked to its role in 

restarting stalled replication forks in a manner dependent on the FA pathway. Furthermore, in line 

with known roles of Y-family polymerases in binding to ubiquitinated PCNA in order to mediate 

DNA damage tolerance30,31, the ubiquitin binding domain (UBD) of POLK is essential for fork 

restart. However, it remains unclear whether the interactions of POLK with ubiquitinated PCNA 

entirely account for its fork protection function since, as mentioned above, PCNA ubiquitination 

operates in a distinct fork stability pathway, which restricts degradation by DNA2-WRN22. 

Furthermore, whether the fork protection function of POLK depends on RAD51 stabilization, as 

seen with the FA/BRCA pathway, remains unclear. Aside from POLK, other Y-family 

polymerases have also shown to potentially help bolster fork integrity. Recent work revealed a 

dependence of FA mutant cells, which are hypersensitive to interstrand crosslink (ICL)-inducing 

agents, on POLI for fork protection and restart upon stalling32. Roles for POLN and POLK in 

promoting crosslink repair have also been reported33,34, suggesting a possible general function of 

Y-family polymerases in mitigating ICL-induced replication stress. 

Components of the non-homologous end joining (NHEJ) pathway of DSB repair have 

also been implicated in protecting the stability of stalled replication forks. Recent works have 

revealed a role for the NHEJ effector RIF1 in protection from the DNA2-WRN pathway of 

degradation35,36. Notably, this fork protection function occurs independently of 53BP1, but 

instead depends on interactions of the C-terminal domain of RIF1 with protein phosphatase 1 
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(PP1). DNA2-mediated degradation in RIF1-deficient cells was found to promote genome 

instability and sensitivity to replication stress, owing to defects in replication fork restart. 

Interestingly, in these studies, both DNA2 and WRN were found to be hyperphosphorylated in 

the absence of RIF1. However, if this hyperphosphorylation alters the function of DNA2-WRN at 

replication forks is unclear.  

Despite the well-documented role of the loss of 53BP1, a master regulator of NHEJ, in 

restoring HR in BRCA1 deficient cells, 53BP1 loss has not been previously reported to exhibit 

functions in fork protection37,38. Interestingly, in addition to promoting BRCA1-RAD51 

recruitment at DSBs, the 53BP1 interactor TPX2 was recently shown to function in protecting 

stalled replication forks39. This activity of TPX2 occurs in a manner parallel to the BRCA1 fork 

protection pathway and through its interaction with Aurora A. However, unlike in BRCA1-

deficient cells, loss of 53BP1 ameliorates fork stability in TPX2-deficient cells, revealing a 

previously unappreciated function of 53BP1 in fork protection. Moreover, recent work also 

revealed an unexpected role of 53BP1 in suppressing DNA2-mediated nascent strand degradation 

in BRCA-proficient cells40. Interestingly, this role of 53BP1 in replication fork protection was 

found to not be universally conserved, but rather stochastically dependent on cellular context and 

the nature of 53BP1 inactivation. These findings potentially reconcile the previously contrasting 

observations regarding the role of 53BP1 in maintaining replication fork stability36–39. 

 

Recently, the Ku complex was found to mediate fork protection in Schizosaccharomyces 

pombe41. It was shown that upon binding DNA ends of reversed replication forks, Ku suppresses 

extensive resection of these structures. Upon fork reversal, the removal of Ku by the MRN-Ctp1 

complex acts as a rate-limiting step prior to long range resection by EXO1. Intriguingly, the 

nuclease activity of MRE11 was found to be dispensable for the removal of Ku. This is in 
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contrast to previous reports of Ctp1 homologs Sae2 (S. cerevisiae) and CtIP (human) functioning 

to trigger the endonuclease activity of MRE11 at protein-blocked 5’ DNA ends42,43. In light of the 

well-documented role of the MRE11 nuclease activity in resecting forks, these observations 

suggest a differential regulation of MRE11 at forks without RAD51 protection defects, or perhaps 

simply a differential regulation of MRE11 at stalled forks in fission yeast.  

 

Despite its role in the initiation of fork resection, loss of CtIP was recently found to result 

in DNA2-mediated degradation of stalled forks44. While this activity appears to depend on its 

nuclease activity, CtIP-mediated fork protection was found to operate in the same pathway as 

BOD1L. Furthermore, loss of CtIP showed synergy with loss of BRCA1 in fork degradation and 

compromised the survival of BRCA1-deficient cells. Epistasis of CtIP with BOD1L in fork 

protection implies a possible indirect role of CtIP in contributing to RAD51-mediated 

stabilization13,15. Indeed, recent work characterizing loss-of-function CtIP mutations found in 

individuals with high breast cancer risk, revealed a function for CtIP in stabilizing RAD51 at 

replication forks, thereby protecting them from degradation45. The study of these mutations 

revealed that the fork-protective activity of CtIP depends on its Sae2-like domain and works by 

antagonizing the anti-recombinase activity of FBH1.  Similar to CtIP, the MRE11-interacting 

protein EXD2, was also revealed as a guardian of fork stability. Through its nuclease activity, 

EXD2 prevents the accumulation of reversed forks which may otherwise be degraded46. Similar 

to CtIP, which contributes to the survival of BRCA1-deficient cells, EXD2 is also required for 

cellular fitness in both BRCA1 and BRCA2 deficient cells. 
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Emerging insights into fork reversal pathways in fork degradation 

As alluded to in previous sections, fork reversal is an important prerequisite for nuclease-

mediated degradation of replication forks. In BRCA-deficient cells, fork reversal underlying fork 

degradation is RAD51-dependent. Importantly, RAD51 paralogs, namely RAD51B, RAD51C, 

RAD51D, XRCC2 and XRCC3, have also been revealed to be critical modulators of RAD51-

mediated fork reversal47. Specifically, the complex comprised of RAD51B,C,D and XRCC2 was 

found to be essential for fork slowing and reversal, thereby priming them for degradation in 

BRCA-deficient settings.  

RAD51-dependent fork reversal is typically catalyzed by the SNF2-family DNA 

translocases SMARCAL1, ZRANB3 and HLTF5,8–10.  Interestingly, despite having distinct fork 

substrate preferences48,49, depletion of each of the individual fork remodelers SMARCAL1, 

HLTF and ZRANB3 results in a complete rescue of fork stability in BRCA-deficient cells5. This 

suggests that, at least in the context of BRCA deficiency, SMARCAL1, HLTF and ZRANB3 may 

act cooperatively to mediate fork reversal, with each translocase playing an essential role (Fig. 

1.1A). Interestingly, in cells unable to ubiquitinate PCNA, we uncovered that fork degradation 

showed no dependence on HLTF, a partial dependence on ZRANB3 and a complete dependence 

on SMARCAL122 (Fig. 1.1B). The partial dependence on ZRANB3 in this context is somewhat 

expected since PCNA polyubiquitination at the K164 residue enhances the interaction with 

PCNA and the fork slowing/reversal function of ZRANB350,51. It remains unclear whether the 

lack of dependence on HLTF for fork reversal in PCNA ubiquitination-deficient cells reflects the 

role of HLTF in directly ubiquitinating PCNA52,53, which may contribute to fork slowing by 

ZRANB3. HLTF also possesses an intrinsic translocase activity dependent on its HIRAN domain 

and readily remodels replication forks in vitro, as well as in cells upon the induction of replication  
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Figure 1.1: Fork reversal factors and their impact on fork degradation. Fork degradation 

in the context of BRCA-deficiency requires a coordinated function of the SNF2-family 

translocases SMARCAL1, ZRANB3 and HLTF, in addition to RAD51, in order to mediate 

fork reversal (A). Inactivation of either of these translocases is sufficient to rescue fork 

stability in BRCA-deficient cells. Fork degradation in the context of PCNA ubiquitination 

primarily involves the fork reversal activity of SMARCAL1, whereas ZRANB3 and HLTF 

show reduced roles (B). Fork reversal and subsequent degradation in the context of 53BP1, 

FANCA, FANCC, FANCG, BOD1L or VHL inactivation depends on the helicase FBH1 (C). 

Interestingly, in this context, BRCA2 aids in FBH1-mediated fork degradation by putatively 

bolstering RAD51 function against the RAD51-inhibitory effects of FBH1. 
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stress54–56. Overall, observations made in PCNA-ubiquitination deficient cells suggest that fork 

reversal may occur even without the coordinated activity of HLTF, ZRANB3 and SMARCAL1. 

Furthermore, each of these translocases have different fork substrate: SMARCAL1 shows a 

preference for leading strand-gaps, ZRANB3 for lagging strand gaps, and HLTF for 

unphosphorylated 3’-OH groups – potentially on leading strands or in the form of 

overhangs48,49,56,57. Therefore, the selective activity of any of the translocases could potentially 

result in differences in the reversed fork structure. These differences may define the mechanism 

of fork degradation with regard to the nucleases involved (MRE11-EXO1 vs. DNA2) as well as 

dependence on RAD51 nucleofilament formation for fork protection. For example, the MRE11 

nuclease is able to utilize its endonuclease activity and subsequently catalyze 3’-5’ resection, 

enabling it to potentially act on both arms of reversed replication forks and prime the long range 

5’-3’ resection activity of EXO158,59. Therefore, it is possible that MRE11-mediated degradation 

is preferable in symmetrical reversed fork structures. In contrast, DNA2 is only able to catalyze 

5’-3’ resection and is also known to show activity against 5’ ssDNA flaps arising during long-flap 

Okazaki fragment maturation60–62. This raises the possibility of DNA2 requiring an asymmetrical 

reversed fork structure composed of an exposed 5’ ssDNA end in order to act as the sole nuclease 

responsible for resection. We therefore propose that in PCNA ubiquitination-deficient cells, the 

selective activity of SMARCAL1 in recognizing leading strand gaps, in combination with the 

relative inactivity of ZRANB3, results in a preponderance of reversed fork structures revealing a 

5’ overhang. This 5’ overhang may be subsequently degraded by DNA2 independently of the 

initial endonuclease and 3’-5’ resection activity of MRE11 (Fig. 1.1B). 

Recently, fork degradation mechanisms which operate by catalyzing fork reversal 

independently of the SNF2-family translocases were uncovered40. Specifically, cells deficient of 

FANCA, FANCC, FANCG, BOD1L, VHL or 53BP1, showed fork degradation which depended 
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on RAD51 and the FBH1 helicase, previously found to catalyze fork reversal63. Importantly, fork 

degradation in these contexts can occur independently of SMARCAL1, ZRANB3 and HLTF 

(Fig. 1.1C). Furthermore, upon SMARCAL1, ZRANB3 and HLTF abrogation, FBH1-mediated 

fork reversal and degradation in a 53BP1-deficient background was found to be dependent on 

BRCA2. BRCA2 was also required for fork reversal and subsequent degradation upon inhibition 

of RAD51 with the specific inhibitor B02. These findings reveal a previously uncharacterized 

role of BRCA2 in catalyzing fork reversal, likely in the same pathway as FBH1 (Fig. 1.1C). 

These observations are further complemented by the inability of BRCA-deficient cells to mediate 

efficient replication fork slowing upon exposure to low levels of replication stress64. 

Conceptually, this could potentially underline the importance of BRCA2 in augmenting the 

function of RAD51 in restraining fork progression during replication stress. Additionally, the role 

of BRCA2 in mediating fork reversal could also offer a potential explanation for the dependence 

of BRCA-deficient cells on the concerted functions of SMARCAL1, ZRANB3 and HLTF in 

orchestrating fork reversal and subsequent degradation. Collectively, these findings reveal the 

existence of a number of fork remodeling pathways that directly influence the degradation of 

stalled replication forks.  

While reversed forks appear to be the primary substrate for nucleolytic degradation, 

alternative fork substrates susceptible to nuclease activity have also been reported. The initial 

observation of MRE11-dependent post-replicative ssDNA gaps in RAD51-depleted X. laevis 

extracts, implies the existence of an entry point for MRE11 behind replication forks1. Similar 

observations were later made in BRCA2-depleted X. laevis extracts8. Importantly, while fork 

reversal contributes to extensive fork degradation, MRE11-dependent post-replicative gap 

expansion could also contribute to nascent DNA loss. A recent study investigating the effect of 

HU-induced metabolic imbalances on replication forks showed that accumulation of reactive 
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oxygen species (ROS) triggers MRE11-dependent fork degradation as well gap accumulation65. It 

was revealed that ROS specifically triggers ATM-dependent MRE11 phosphorylation, essential 

for the degradation of both stalled forks as well as post-replicative gap extension in progressing 

forks in HR-deficient cells. Since the absence of ROS precludes the apparent MRE11 activity at 

stalled forks, it is possible that the combined activity of MRE11 at reversed fork junctions as well 

as behind replication forks underlies HU-induced nascent DNA degradation. In this scenario, the 

absence of post-replicative gaps should preclude MRE11-dependent fork degradation. However, 

recent work identified separation-of-function BRCA2 mutants which rescued post-replicative gap 

formation but not fork protection64. Overall, this suggests that while post-replicative gaps present 

a substrate for MRE11 activity, they may not be essential for the degradation of stalled forks, at 

least as measured by the DNA fiber assay. Nonetheless, it is possible that these gaps still play a 

role in enhancing nuclease-dependent fork instability. Further work will be needed to delineate 

their precise contribution.     

The emerging role of chromatin dynamics in fork protection 

The importance of nucleosome positioning and chromatin context during DSB resection 

is well documented66,67. This raises the question of whether nucleosome dynamics and chromatin 

states also affect the susceptibility of stalled replication forks to nucleolytic degradation. The 

presence of nucleosomes in double stranded DNA directly counteracts long range nucleolytic 

resection68. In recent work, we demonstrated that perturbing replication-associated nucleosome 

deposition by inactivating Chromatin assembly factor-1 (CAF-1), predisposes stalled forks to 

DNA2-dependent degradation (Fig. 1.2A)22. Indeed, previous research in yeast delineated the role 

of CAF-1 in establishing nucleosome periodicity, which closely correlates with Okazaki fragment 

length69,70. Importantly, in the context of PCNA ubiquitination deficiency, where the  
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inability to unload PCNA from lagging strands putatively sequesters CAF-1 away from active 

replication forks, the stability of reversed forks is compromised. This suggests a function of CAF-

1 in stabilizing reversed replication forks. The role of nucleosomes in protecting reversed forks 

Figure 1.2: The impact of histone modifications and nucleosome remodeling on 

replication fork stability. The ability to mediate efficient histone chaperone activity by 

CAF-1 and FANCD2 is associated with replication fork protection. The chaperone activity of 

CAF-1 is enabled by efficient PCNA unloading from the lagging strand, which in turn 

depends on Okazaki fragment ligation and efficient lagging strand gap-filling by 

ubiquitinated PCNA. The fork protective histone chaperone activity of FANCD2 depends on 

the histone methyltransferase activity of SETD1A, which in turn restricts the activity of the 

CHD4, a member of the repressive NuRD complex. HAT1 promotes replication fork 

protection putatively through histone acetylation as well as ensuring timely PCNA unloading 

(A). Nucleosome remodeling may contribute to fork degradation by enhancing the activity of 

nucleases to reversed fork substrates. CHD4 enables the resection of stalled replication forks 

in cells deficient in BRCA2 and FANCD2, by promoting the activity of MRE11. The 

methyltransferase activity of the PTIP interacting histone methyltransferases MLL3/4 

promote fork resection in BRCA-deficient cells by enabling the recruitment of MRE11. 

Similarly, the H4K8 acetyltransferase activity of PCAF promotes the recruitment of 

MRE11/EXO1 to stalled forks in BRCA-deficient cells. Finally, in yeast models, the 

methyltransferase and acetyltransferase activities of SET1 and GCN5 respectively are 

required for nucleosome remodeling events enabling the MRX complex to resect DNA at 

stalled replication forks (B). 
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was elucidated in further detail in RNF168-depleted systems, wherein histone H2A ubiquitination 

was found to be essential for fork progression, stability and restart71. Through psoralen-

crosslinking coupled with EM under denaturing conditions, reversed forks were found to be 

increased in RNF168-depleted cells, and to contain ssDNA bubbles consistent with standard 

nucleosome periodicity. These observations indicate that nucleosomes can assemble on reversed 

forks and influence replication fork dynamics. 

Chromatin remodelers were found to be important in determining the replication-coupled 

periodicity of nucleosomes70 and influence DNA resection66,67, suggesting their potential role in 

impacting fork stability. Interestingly, in yeast, the MRE11-RAD50-XRS2 (MRX) complex 

(equivalent to the MRN complex in metazoans), was shown to directly participate in chromatin 

remodeling to facilitate resection at stalled replication forks72. Specifically, MRX-associated 

remodeling depends directly on the activity of the yeast chromatin remodelers CHD1, ISW1 and 

the RSC complex, which in turn rely on the H3K4 methyltransferase and acetyltransferase 

activities of SET1 and GCN5 respectively, enabling increased chromatin accessibility (Fig. 1.2B). 

Similarly, in BRCA-deficient cells, the H3K4 and H4K8 methyltransferase activities of MLL3/4 

and PCAF, respectively, promote the resection of stalled replication forks (Fig 1.2B)38,73.  

Interestingly, histone modifications which increase chromatin accessibility and 

subsequent remodeling do not exclusively work to facilitate fork resection, but rather, can also 

promote fork protection. For example, a dependence on the H3K4 methyltransferase SETD1A for 

fork protection was observed in mammalian cells15. Here, the requirement of H3K4 methylation 

was found to restrict the activity of CHD4, an ATPase component of the repressive NuRD 

complex, and promote the histone chaperone activity of FANCD2, thereby assisting in fork 

stability (Fig. 1.2A). Conversely, depletion of CHD4 was shown to restore fork protection in 
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BRCA2-deficient cells by suppressing the recruitment of MRE11 at HU-stalled forks (Fig. 

1.2B)38. Similarly, the loss of the histone acetyl transferase HAT1, primarily associated with 

increased chromatin accessibility, also renders stalled forks susceptible to degradation (Fig. 

1.2A)74. Another fork protection factor putatively dependent on chromatin accessibility is 

FANCJ. Notably, loss of FANCJ is associated with both fork degradation as well as abnormal 

chromatin compaction via H3K9-trimethylation (H3K9me3) at nascent DNA upon treatment with 

HU75,76. However, it remains unclear whether excessive chromatin compaction at stressed nascent 

DNA in FANCJ deficient cells directly underlies fork degradation, or simply reflects a protective 

mechanism against excessive fork resection. Recent work in fission yeast implies that de novo 

chromatin compaction at replication forks during replication stress may indeed confer protection 

against fork instability77. Specifically, replication stress was shown to trigger H2BK33-

deacetylation and H3K9me3 accumulation at replication forks. Importantly, H2BK33-

deacetylation was found to prevent the untimely uncoupling of replisome components, thereby 

aiding fork restart and protecting against fork collapse.  

Collectively, these observations underline the importance and the context-dependency of 

histone modifications in directly enabling the activities of chromatin remodelers and histone 

chaperones, thereby defining the nucleosomal landscape for the resection of stalled forks.   

Fork Protection and the Impact on Cellular Survival 

Restoration of fork protection 

 Recent studies identified an association between the restoration of fork stability and 

chemoresistance in BRCA-deficient cells, making fork stability an important component of the 
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etiology of BRCA-mutant cancers5,38. As mentioned in earlier sections, a fundamental 

determinant of replication fork degradation is fork reversal mediated by the SNF2 family DNA2 

translocases SMARCAL1, ZRANB3 and HLTF5,8–10. Perturbing the activities of each of these 

fork remodelers restored not only fork protection but also resistance to cisplatin and PARP 

inhibitors (PARPi) in BRCA1-deficient cells5. However, the impact of abolishing fork reversal 

through translocase inactivation on genome stability in BRCA-deficient cells is less clear. While 

abolishing fork reversal by SMARCAL1 and ZRANB3 depletion rescued DSB formation and 

chromosomal aberrations in BRCA1/2-depleted cells treated with camptothecin (CPT)5, 

ZRANB3 loss in BRCA2-depleted cells was found to further exacerbate chromosomal 

abnormalities upon treatment with HU9. These divergent effects can be possibly explained by the 

differences in how HU and CPT create replication stress, thereby resulting in varied outcomes 

upon abolishing fork reversal in BRCA-deficient cells. Further work is needed to precisely 

reconcile these differences.  

 As mentioned in the previous section, loss of CHD4 restores both chemoresistance and 

fork protection in BRCA2-deficient cells38,78. A possible explanation for this is the function of 

CHD4 as a chromatin remodeler, acting in in a manner opposing SETD1A-mediated H3K4 

methylation thereby facilitating resection15. However, previous work has suggested that the 

mechanism of chemoresistance upon CHD4 depletion in BRCA2-deficient cells is through the 

enhancement of RAD18-mediated PCNA ubiquitination78. Since loss of PCNA ubiquitination 

enhances fork degradation in BRCA2-depleted cells22, it is plausible that PCNA ubiquitination 

triggered by CHD4 loss could bolster fork protection in BRCA2-deficient cells. However, loss of 

CHD4 in BRCA2-deficient cells may also contribute to chemoresistance independently of fork 

protection, by augmenting PCNA ubiquitination-dependent translesion synthesis (TLS). Similar 

to the loss of CHD4, inactivation of the NHEJ component PTIP and of the PTIP-interacting 
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H3K4 methyltransferases MLL3/4 also rescues fork stability and confers chemoresistance to 

BRCA2 deficient cells38. 

 Restoration of RAD51 function was recently shown to rescue fork stability in cellular 

backgrounds which fail to form stable RAD51 nucleofilaments at stressed replication forks. 

Specifically, the loss of RADX, a competitor of RAD51 in binding to ssDNA, restores fork 

protection in cells deficient in components of the FA/BRCA pathway4,79. Increasing RAD51 

binding to DNA by perturbing RADX restores fork protection independently of restoring the 

function of upstream FA/BRCA pathway components. On similar lines, in recent work we 

uncovered that loss of E2F7, a transcriptional repressor of RAD51, restores RAD51 recruitment 

to chromatin, thereby promoting fork stability in BRCA2-deficient cells80. 

 Through unbiased CRISPR knockout screens, we also established that loss of the 

acetyltransferase TIP60, previously described as a suppressor of 53BP181,82, confers resistance to 

the PARPi olaparib, and restores replication fork protection to BRCA2-deficient cells83. 

Importantly, the olaparib resistance upon TIP60 depletion was dependent on the NHEJ effectors 

53BP1 and REV7 and involved suppression of resection at olaparib-induced DSBs. However, it is 

unclear whether the restoration of fork stability in BRCA2-deficient cells upon TIP60-depletion 

also arises as a result of suppression of DNA resection, dependent on NHEJ components. 

Fork protection and cellular survival 

 Restoration of fork protection is associated with acquired chemoresistance5,38. However, 

much of recent work suggests that the restoration of fork protection may not always translate to 
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enhanced cell survival. Rather, this may depend on the context of the genetic background as well 

as the nature of replication stress encountered.  

 In the initial characterization of the function of BRCA2 in protecting stalled replication 

forks, it was found that HU-induced fork degradation did not directly translate into HU 

sensitivity2. This is in contrast to the role of fork protection in restoring chemoresistance to both 

BRCA1 and BRCA2-deficient cells38. Unlike the loss of BRCA2 function, loss of BRCA1 was 

found to confer sensitivity to HU84. This fork protection function occurs independently of the 

BRCA1-PALB2 interaction (and therefore its interaction with BRCA2), but rather depends on the 

interaction of BRCA1 with BARD184,85. This mutual independence of BRCA1 and BRCA2 in 

their fork protection activities might, in part, explain the observed differential impact of fork 

degradation on cellular survival. Inactivation of fork reversal has only been documented to restore 

chemoresistance to BRCA1-deficient cells5, suggesting a differential impact of SMARCAL1, 

HLTF and ZRANB3 inactivation in the context of either BRCA1 or BRCA2 deficiency on DNA 

damage accumulation and repair. Interestingly, BRCA1 deficient cells were shown to mount an 

adaptive response to cisplatin pre-treatment by upregulating PRIMPOL-mediated repriming, 

thereby counteracting fork reversal and degradation and ensuring cell survival86. 

 Fork protection defects are also a hallmark of FA pathway deficiency3,87. In the absence 

of FANCD2, aberrant activity of DNA2 was found to underlie defective ICL repair14, suggesting 

a role for FA-mediated fork protection at ICL-stalled forks. In line with this, inactivation of fork 

protection factors such as BOD1L-SETD1A, which operate in the same pathway as FANCD2 in 

preventing DNA2-mediated degradation of forks, underlies sensitivity to ICL-inducing 

agents13,15. Similarly, RAD51 mutations identified in individuals with FA-like presentation were 

shown to cause fork degradation and ICL sensitivity88. Importantly, recent work also revealed that 
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BRCA2 DNA-binding domain (DBD) mutants engender FA-like presentations, sensitivity to 

ICLs via excessive DNA2-mediated resection, and fork protection defects89. Intriguingly, unlike 

what was observed for BRCA15, fork reversal through SMARCAL1, HLTF and ZRANB3 did not 

play a role in ICL-induced fork resection in these BRCA2 DBD-mutant cells. Conceptually, these 

findings indicate overlapping functions of the BRCA pathway with the FA pathway of ICL 

repair, and highlight the importance of BRCA2-RAD51-mediated fork protection in cellular 

survival upon treatment with ICL-inducing agents.  

 Recent evidence has linked the restoration of fork protection to synthetic viability in 

BRCA-deficient backgrounds. Knockdown or genetic ablation of PARP1 was shown to restore 

viability to mouse embryonic stem cells (mESCs) bearing a homozygous genetic knockout of 

BRCA2 (BRCA2-KO)90. Importantly, it was found that loss of PARP1 had no effect in restoring 

HR, but rather restored fork protection to these cells. Similarly, loss of either PTIP or RADX, 

which promotes fork stability in BRCA-deficient cells, also restores synthetic viability to 

BRCA2-KO mESCs, without rescuing HR38,79.  

 In line with the role of fork protection in restoring viability, the further enhancement of 

fork degradation was shown to contribute to synthetic lethality in BRCA-deficient cells. BRCA-

deficient cells were found to be hyperdependent on FANCD2 for fork protection and survival16,17. 

However, FANCD2 was also found to enhance the recruitment of POLQ to damaged DNA, 

thereby promoting alternative end-joining17, in line with a role for POLQ in enhancing the 

survival of BRCA-deficient cells. Indeed, BRCA-deficient tumors were found to be dependent on 

POLQ-mediated alternative-NHEJ for survival91,92. Loss of CTIP function, which underlies fork 

degradation, also synergizes with the loss of BRCA1, resulting in a further exacerbation of fork 

degradation and synthetic sickness in BRCA1-deficient cells44. Similar to FANCD2, the 
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deubiquitinase USP1 was found to be required for fork protection in BRCA1 deficient cells, and 

loss of USP1 triggered lethality in these cells93. Lastly, loss of PRIMPOL results in fork 

degradation and exacerbates the growth defects of BRCA1-mutant cells86. Collectively, these 

observations highlight the importance of fork protection in determining cellular fitness in the 

context of BRCA deficiency. 

Fork stability and PARPi sensitivity  

 Restoration of fork stability often correlates with resistance to PARPi (Fig. 1.3A). 

Restoration of fork stability by abrogating fork reversal was shown to ameliorate PARPi 

sensitivity in BRCA1-deficient cells5. Similarly, RADX depletion, which restores fork protection 

in BRCA-deficient cells without rescuing HR, also restores PARPi resistance in BRCA2-deficient 

cells79. Furthermore, treatment with olaparib in concert with HU further enhances fork 

degradation in BRCA2-deficient cells94. The amelioration of PARPi sensitivity upon restoration 

of fork protection appears in many cases to be context-dependent. For example, abrogation of 

fork reversal has not been documented to improve survival upon PARPi treatment in BRCA2-

deficient cells. On similar lines, RADX inactivation, though  restoring fork protection to BRCA1-

deficient cells, does not impact the survival of these cells upon treatment with PARPi4. These 

observations indicate that conventional fork protection, while a contributing factor, may not be 

the primary determinant of PARPi sensitivity.   

A specific context in which PARPi sensitivity correlates with fork protection defects is that of the 

activation of ssDNA-induced innate immune response. Nucleolytic processing of stalled 

replication forks was shown to induce activation of the cGAS-STING pathway triggered by the 

presence of cytosolic ssDNA95. Furthermore, PARPi treatment was shown to trigger the 
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expression of interferon-stimulated genes and activation of the cGAS-STING pathway in 

BRCA2-deficient cells, owing to the presence of cytosolic DNA96. Similarly, in mouse models of 

BRCA1-deficient ovarian cancer, the cGAS-STING pathway was found to be critical for PARPi-

dependent reduction of tumor size97. It is therefore possible that, in the context of an intact innate 

immune signaling, restored fork protection becomes an important component of acquired PARPi 

resistance. Indeed, in orthotopic transplantation mouse models, acquired PARPi resistance of 

BRCA2-deficient tumors was found to coincide with restoration of fork stability38. This suggests 

that fork protection is a potential mechanism by which tumors avoid immune surveillance and 

become resistant to PARPi in vivo. 

 A significant body of work identified restoration of DSB repair as a major mechanism of 

acquired PARPi resistance. Our recent work showed that loss of E2F7 promotes PARPi resistance 

in BRCA2-deficient cells, and this correlates with both fork protection, and HR restoration80. 

BRCA2 DBD mutants which display fork protection defects (likely explaining their MMC 

sensitivity), also show sensitivity to PARPi89. While moderately compromised, HR was not 

abolished in these cells. Moreover, we recently showed that loss of the acetyltransferase TIP60 

confers PARPi resistance to BRCA2-deficient cells through the restoration of accurate end-

joining DSB repair83. In BRCA1-deficient cells, loss of 53BP1 or of the Shieldin complex, which 

is a critical effector of 53BP1-mediated NHEJ, restores HR and PARPi resistance37,98–104. 

Collectively, these findings underline the importance of intact DSB repair as a major determinant 

of PARPi resistance (Fig. 1.3A). 
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Another mechanism implicated in PARPi-mediated cytotoxicity is the trapping of PARP1 and 

PARP2 proteins on the chromatin. Trapped PARP1/2 could directly pose obstacles to DNA 

Figure 1.3: Proposed mechanisms of PARPi-mediated cellular lethality in BRCA-

deficient cells. The original models proposed fork degradation and DSB-induction as major 

mechanisms contributing to PARPi-mediated synthetic lethality in BRCA-deficient cells. 

Specifically, PARPi-induced trapping of PARP1/2 on the chromatin poses obstacles to 

replication fork progression thereby causing replication stress which putatively results in fork 

degradation and/or fork cleavage (A). A proposed alternative model suggests ssDNA gap 

induction as the major mechanism underlying PARPi-mediated cellular lethality. In HR-

deficient cells, PARPi can potentially create persistent ssDNA gaps by inhibiting timely fork 

slowing in the face of replication stress as well as interfering with the resolution of 

ribonucleotide excision intermediates owing to PARP-trapping. PARPi can also interfere with 

the resolution of Okazaki fragment ligation by inhibiting lagging strand gap-filling and cause 

the potential accumulation of trapped PARP at unligated Okazaki fragment intermediates. A 

combination of persistent ssDNA gaps and unligated Okazaki fragments may lead to cellular 

lethality in HR-deficient cells (B). 
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replication, and thereby potentially underlie fork degradation and DSB formation (Fig. 1.3A, B). 

The cytotoxic effects of trapped-PARP lesions were first described in DT40 chicken 

lymphoblasts, where the genetic depletion of PARP1 was found to suppress PARPi sensitivity105. 

Furthermore, recent studies revealed that loss of ALC1 drives PARPi sensitivity in HR-deficient 

cells by prohibiting the release of trapped PARP1 and PARP2 from chromatin106–108. Genome-

wide CRISPR screens have recently uncovered misincorporated ribonucleotides as a major source 

of PARP-trapping lesions109. Specifically, TOP1-mediated cleavage of misincorporated 

ribonucleotides was shown to underlie PARPi sensitivity in RNASEH2-knockout cells, 

suggesting a role of TOP1 cleavage products in engaging and subsequently trapping PARP1. 

PARP-trapping was also shown to contribute to the transcriptional repression of p21 leading to an 

unbridled increase in fork speed, which could potentially exacerbate the effect of trapped-PARP 

lesions encountered by the replication fork110. 

 We recently showed that PCNA-K164R cells, which have fork protection defects, are not 

sensitive to PARPi but instead exacerbate the PARPi sensitivity of BRCA-deficient cells22. This 

further indicates that fork protection is unlikely to be a universal determinant of PARPi 

resistance. Instead, we found that lack of PCNA ubiquitination synergizes with BRCA deficiency 

in suppressing the accumulation of ssDNA gaps, which correlates with the synergistic sensitivity 

to PARPi. This raises the possibility that persistent ssDNA gaps, rather than defects in fork 

protection, are responsible for PARPi sensitivity. This is further corroborated by recent work 

showing that PARPi treatment results in formation of replication associated gaps, potentially 

exacerbating the predisposition to gap formation of BRCA-deficient cells (Fig. 1.3B)64,111. In 

these studies, PARPi resistance was found to be associated with increased capacity to suppress 

PARPi-induced gaps. Furthermore, restoration of gap suppression in the absence of fork 

protection was sufficient to confer PARPi resistance to BRCA2- or FA-deficient cells. The role of 
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HR in suppressing ssDNA gaps is supported by the findings that RAD51 is required for post-

replicative gap filling in response to bulky DNA lesions or the absence of translesion 

synthesis1,112,113. However, the precise mechanism underlying the formation of PARPi-induced 

gaps remains unclear. One possibility could be related to the role of PARP1 in mediating fork 

slowing and reversal upon encountering replication stress114. As BRCA-deficient cells are 

defective in fork slowing/reversal and gap-filling8,22,40,64, unrestrained fork progression upon 

PARPi treatment could give rise to an accumulation of spontaneously occurring gaps resulting 

from endogenous replication stress in these cells. Another putative source of PARPi-induced 

ssDNA gaps is TOP1 cleavage products of misincorporated ribonucleotides109, which could 

become persistent due to the inhibition of ssDNA gap repair by PARP1. In both situations, the 

persistence of newly acquired replication-associated gaps could become exacerbated in the 

absence of BRCA-mediated post-replicative repair. Indeed, studies in X. laevis egg extracts 

established a role for RAD51 and BRCA2 in suppressing gaps both at the junctions of replication 

forks, as well as MRE11-dependent gaps behind them1,8, thus solidifying a bona fide connection 

between the BRCA/RAD51-mediated HR and novel gap evasion.  

 An unexpected role for PARP1 and PARP2 in ensuring the ligation of Okazaki fragments 

which escaped conventional ligation during S-phase DNA synthesis was recently revealed115. 

Perturbation of Okazaki fragment maturation through chemical inhibition of FEN1 in PARP1/2-

deficient cells was found to cause lethality. These observations suggest that an aberrant 

accumulation of unligated Okazaki fragments could itself be toxic to cells. Recent work including 

ours suggests that the inability to mitigate replication associated gaps, for example upon loss of 

PCNA ubiquitination, causes lagging strand synthesis defects through the preferential 

accumulation of lagging strand-associated gaps likely owing to frequent repriming by 

Polα22,116,117. This indicates the possibility that, upon PARPi treatment, ssDNA gaps preferentially 



28 

 

 

accumulate on the lagging strand in the absence of gap-filling pathways such as the BRCA 

pathway. Persistent lagging strand gaps undergoing delayed gap-filling in BRCA-deficient cells 

could later necessitate the engagement of PARP1/2 at unligated Okazaki fragment substrates. In 

this situation, PARPi could further exacerbate the prevalence of toxic unligated Okazaki 

fragments as well as lead to PARP-trapping lesions at these substrates, resulting in selective 

cytotoxicity in these cells.  

 In conclusion, while fork protection may confer PARPi-resistance in certain 

backgrounds, it is possible that mechanisms which allow cells to evade catastrophic DSB-

induction, PARP-trapping and ssDNA gap accumulation comprise the major channels by which 

PARPi resistance is restored. 

Concluding Remarks 

 In the past decade, replication fork degradation has emerged as a major mechanism 

underlying cancer-associated genome instability. Fork protection and its determinants have 

gained prominence in the context of BRCA deficiency. This is due to the fact that fork 

degradation observed in BRCA-deficient cells revealed fork protection as a major mechanism by 

which the BRCA pathway ensures genome stability. These findings are especially significant 

since they reveal a protective function of the BRCA pathway against replication stress, which is 

frequently encountered by cells undergoing DNA replication. Due to the relatively ubiquitous 

nature of replication stress, as opposed to DSBs – which represent the most severe form of DNA 

damage – replication fork protection can be regarded as a more clinically relevant mechanism by 

which genome stability is maintained by the BRCA pathway. In recent years, fork protection has 

also emerged as a major determinant cell survival and chemosensitivity, highlighting the inability 



29 

 

 

to protect replication forks as a therapeutic vulnerability in BRCA-deficient cancers. Therefore, 

gaining a better understanding of the underpinnings of fork stability has important implications in 

the etiology of BRCA-deficient cancers as well as other cancers susceptible to fork degradation.  

 Recent efforts in characterizing fork protection defects have yielded not only a better 

understanding of how the BRCA pathway orchestrates fork protection, but also revealed a 

multitude of other factors which govern fork stability. Importantly, these newly-emerging factors 

belong to pathways which either cooperate with the BRCA pathway or act independently of it in 

protecting replication forks. In this review, we examined these factors on the basis of their 

dependence on RAD51 to orchestrate fork protection, and the mechanisms of fork resection they 

protect against (MRE11, DNA2-WRN). We further examined the downstream effects of the loss 

of fork protection upon the inactivation of these pathways on genome stability, as well as the 

impact of their combined inactivation with the BRCA pathway on cell viability. We also explored 

the emerging role of nucleosome remodeling and chromatin dynamics as determinants of stalled 

fork resection. Importantly, histone modifications and nucleosome remodeling may have a direct 

impact on the accessibility of nucleases to stalled fork substrates, thereby influencing fork 

resection. 

 The inability to protect replication forks is associated with a vulnerability to treatment 

with chemotherapeutics in BRCA-deficient cells. Conversely, the artificial restoration of fork 

stability in BRCA-deficient cells has been shown to restore chemoresistance to these cells. This 

highlights the challenges in the treatment of BRCA-deficient cancers. In the last section, we 

examined mechanisms underlying the restoration of fork stability to BRCA-deficient cells. These 

include: restoration of the RAD51 fork protective function, inactivation of replication fork 

reversal, increasing the reliance of BRCA-deficient cells on proteins which bolster fork stability 



30 

 

 

(such as FANCD2, USP1 and PRIMPOL). Finally, we evaluated fork degradation as a 

mechanism contributing to PARPi-mediated synthetic lethality. Recent findings showed that fork 

degradation, though often associated with PARPi sensitivity, may not be universally causative of 

PARPi-mediated cellular lethality. Instead, a more significant correlation may be found between 

PARPi sensitivity and the inability to mitigate replication-associated ssDNA gaps. These gaps 

may arise as a result of the effect of PARPi in suppressing key functions of PARP1 in mediating 

replication fork slowing upon stress encounter, as well as inducing PARP-trapping as a result of 

the aborted resolution of misincorporated ribonucleotides during DNA replication. We suggest an 

importance of unligated Okazaki fragments as lesions potentially contributing to PARPi-mediated 

cellular lethality. Collectively, these observations imply a complex role of fork protection in 

determining progression as well as therapeutic outcomes in BRCA-mutant cancers. Furthermore, 

the breadth of the emergent determinants of fork stability discussed here, may indicate a more 

significant role of fork stability in cancer etiology than previously anticipated. 
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Chapter 2 

 

Uncovering the Role of PCNA-Ubiquitination in Maintaining Replication 

Fork Integrity 

Rationale 

 DNA replication is initiated at discrete replication origins and occurs in a continuous 

manner on the leading strand, catalyzed by DNA polymerase Polε. In contrast, lagging strand 

replication needs frequent re-priming by the Polα-primase complex, followed by processive DNA 

synthesis by Polδ. This results in short RNA-primed DNA fragments known as Okazaki 

fragments (OFs). An essential component of the replication machinery is the homotrimeric ring-

shaped protein Proliferating Cell Nuclear Antigen (PCNA), which encircles and slides along the 

DNA during DNA synthesis. PCNA is loaded at replication origins by the RFC1-5 complex, and 

unloaded upon replication termination by an alternative complex in which ATAD5 (Elg1 in 

yeast) replaces RFC123,118. During DNA synthesis, PCNA interacts with the replicative 

polymerases on each strand and enhances their processivities119,120. On the lagging strand PCNA 

recruits the Flap endonuclease (FEN1) which cleaves the RNA primer displaced by Polδ, and 

DNA ligase 1 (LIG1) which seals the resulting nick to complete OF maturation (OFM)121. 

Concomitant with DNA replication, PCNA promotes chromatinization of the newly synthesized 

DNA by recruiting the chromatin assembly factor CAF-1 and other histone chaperones122,123. 

These interactions are mediated by a motif termed PCNA-interacting peptide (PIP)-box119,124.  

 Unrepaired DNA lesions, secondary DNA structures, and other difficult to replicate 

sequences, can induce the arrest of the replicative polymerases, causing replication stress125,126. In 

response to replication stress, PCNA is mono-ubiquitinated by the RAD18 ubiquitin-ligase at 

lysine 164 (K164). This modification promotes a switch from the replicative polymerase to 
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specialized low-fidelity polymerases, which preferentially bind ubiquitinated-PCNA 

(UbiPCNA)30,31,119,120,127,128. These polymerases bypass replication obstacles to ensure efficient 

DNA replication, a process known as translesion synthesis (TLS)129,130.   

 In vertebrate cells, mono-ubiquitination is the prevalent form of modified PCNA, 

although poly-ubiquitination can also be detected52,53,131. While PCNA ubiquitination is induced 

upon replication stress, basal levels of mono-ubiquitinated PCNA can be detected in S-phase cells 

under unperturbed growth conditions30,52,53. This suggests that, in human cells, PCNA 

ubiquitination may play an important but so far elusive role in controlling replication fork 

progression and genome stability during normal S-phase. In the following sections we examine 

the role of PCNA-ubiquitination during unperturbed DNA replication as well as its role in 

determining the stability of stalled replication forks. We further study the impact of PCNA-

ubiquitination in ensuring efficient OFM, PCNA unloading, and replication coupled nucleosome 

assembly and the role of these processes in influencing the stability of replication forks during 

stress. Lastly, we also study the impact of PCNA-ubiquitination loss on fork stability and post-

replicative gap accumulation in the context of BRCA-deficiency, as well its potential role in 

influencing the survivability of BRCA-deficient cells upon treatment with the PARP-inhibitor 

Olaparib. 

Results 

Generation of PCNA-K164R mutant cells 

As PCNA is essential for cell proliferation, previous studies investigating the role of 

PCNA ubiquitination in human cell lines relied on siRNA-mediated depletion of endogenous 
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PCNA coupled with transfection of a K164R mutant or PCNA-ubiquitin fusion polypeptides 6. 

However, the residual expression from the endogenous PCNA locus and the artificial 

overexpression of the PCNA variants can complicate the analyses. In order to overcome these 

limitations, we employed CRISPR/Cas9 gene editing to introduce the K164R homozygous 

mutation in the endogenous PCNA gene, in 293T and RPE1 cell lines. Monoclonal cultures were 

initially screened for loss of PCNA ubiquitination by western blot using an antibody specific for 

ubiquitinated PCNA. Several K164R mutant 293T clones were obtained. However, the level of 

unmodified PCNA in these clones was reduced compared to the parental line, as shown for the 

clone KR5, in Fig. A1. The genome of 293T cells is considered pseudotriploid132. Cloning of 

individual PCNA alleles from the KR5 cell line followed by Sanger sequencing revealed, in 

addition to PCNA-K164R allele(s), other alleles in which the PCNA gene was inactivated 

through introduction of small insertions or deletions. To exclude phenotypes caused by reduced 

PCNA expression and off-target effects of CRISPR/Cas9, we created an isogenic pair by re-

expressing wildtype PCNA or the K164R mutant in the KR5 clone through a lentiviral expression 

system. The resulting cell lines, termed 293T-WT and 293T-K164R (or KR) from here on, show 

similar levels of unmodified PCNA between themselves and when compared to the parental cell 

line (Fig. 2.1A; Fig. A1). In contrast to 293T cells, RPE1 cells are near-diploid133. Two RPE1 

clones harboring the PCNA-K164R mutation endogenously were generated (Fig. 2.1B). Both 

clones showed similar levels of unmodified PCNA as the parental line. Sequencing of the 

genomic region confirmed that, in both clones, both PCNA alleles were homozygously edited 

with the desired mutation, and thus they were used for subsequent experiments without the 

complementation employed for 293T cells. 
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 As expected from the well-established role of PCNA in TLS, 293T-K164R cells showed 

reduced UV-induced mutagenesis rates (Fig. 2.1C) as measured by the SupF shuttle vector 

assay134 –in line with the role of PCNA ubiquitination in recruiting the TLS polymerase Polη to 

bypass UV-induced lesions30. Furthermore, both 293T-K164R and RPE1-K164R cells were 

Figure 2.1: Generation and characterization of PCNA-K164R cells. (A), (B) Western blot 

experiments assessing PCNA-ubiquitination in 293T (A) and RPE1 (B) PCNA-K164R (KR) 

mutants under endogenous conditions and upon exposure to UV induced replication stress. 

(C) UV-induced mutagenesis as measured by the SupF shuttle vector assay in 293T-WT and 

293T-K164R cells. The average of three independent experiments with standard deviations 

indicated as error bars is shown. Asterisks indicate statistical significance (t-test, two tailed, 

unequal variance). (D), (E)  Clonogenic survival assays showing the hypersensitivity of 293T-

K164R and RPE1-K164R cells to UV radiation (D) and Cisplatin (E). The average of three 

independent experiments with standard deviations indicated as error bars is shown. Asterisks 

indicate statistical significance (t-test, two tailed, unequal variance). 
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sensitive to DNA damaging agents that induce single-stranded DNA lesions, such as UV and 

cisplatin (Fig. 2.1D, E). 

Replication stress and increased fork speed in PCNA- K164R cells 

 Under unperturbed growth conditions, KR clones showed lower proliferation rates (Fig. 

2.2A), and a reduced proportion of cells undergoing DNA synthesis (Fig. 2.2B). As this pattern 

was reminiscent of cells experiencing increased levels of endogenous replication stress135, we 

next investigated expression of DNA damage markers. We observed that, under normal growth 

conditions, KR cells showed increased levels of CHK2 phosphorylation (Fig. 2.2C) and 53BP1 

chromatin foci (Fig. 2.2D,E), indicating DNA damage accumulation. These findings suggest that 

PCNA ubiquitination-deficient cells are unable to resolve endogenous replication stress, resulting 

in DNA damage accumulation under unperturbed growth conditions.    

 To evaluate the role of PCNA ubiquitination in replication fork progression, we 

employed the DNA fiber combing assay to measure replication dynamics in K164R cells. Under 

unperturbed growth conditions, both 293T-K164R and RPE1-K164R cells showed longer nascent 

tract length and increased replication fork speed (Fig. 2.3A, B). Previously, it was shown that the 

ZRANB3 translocase is recruited by K63-linked polyubiquitinated PCNA to mediate slowing of 

replication forks in the presence of replication stress 38. In line with this, we found that 293T-

K164R cells were unable to efficiently reduce fork speed in the presence of low levels (0.4mM) 

of the replication fork stalling agent hydroxyurea (HU) (Fig. 2.3C). This raises the possibility that 

the longer nascent tracts observed in KR cells under normal growth conditions may simply reflect 

the loss of ZRANB3 recruitment to stressed replication forks. To address this, we depleted 

ZRANB3 in wildtype cells. This did not result in longer nascent tracts (Fig. A2A, B), arguing 
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 against a role for ZRANB3-mediated fork slowing in controlling fork speed under normal growth 

conditions. 

 

 

Figure 2.2: Endogenous replication stress in PCNA-K164R cells. (A) Reduced rate of 

proliferation of 293T-K164R cells as measured by the ATP-based CellTiter-Glo assay. The 

average of three independent experiments with standard deviations indicated as error bars is 

shown. Asterisks indicate statistical significance (t-test, two tailed, unequal variance). (B) 

Reduced EdU incorporation and increased G2 accumulation in 293T-K164R cells as 

measured by EdU/PI flow cytometry. The average of three independent experiments with 

standard deviations indicated as error bars is shown. Asterisks indicate statistical significance 

(t-test, two tailed, unequal variance). (C) 293T-K164R cells exhibit increased CHK2-T68 

phosphorylation. (D), (E) Increased 53BP1 foci formation in 293T-K164R (D) and RPE1-

K164R cells (E). At least 50 cells were quantified for each condition. The mean values are 

marked on the graph, and asterisks indicate statistical significance (t-test, two-tailed, unequal 

variance). Representative micrographs are also shown.  
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PCNA ubiquitination protects stalled forks from degradation 

 To investigate if the abnormal replication fork characteristics described above are 

associated with defects in fork stability, we measured replication fork integrity in the presence of 

acute replication stress. Treatment with 4mM HU resulted in degradation of the nascent DNA 

tract in both 293T-K164R and RPE1-K164R cells, but not in the respective control cells (Fig. 

2.4A-D). Nascent tract degradation was observed under two different experimental conditions: 

when HU was added for 3h in between the IdU and CldU pulses and the IdU tract length was 

measured (Fig. 2.4A, B), and when HU was added for 4.5h after consecutive incubations with 

Figure 2.3: Increased fork speed in PCNA-K164R cells. (A), (B) DNA fiber combing 

experiments showing increased fork speed in 293T-K164R (A) and RPE1-K164R (B) cells. 

Each 1μm in fiber length was set to correspond to 2 kilobases of DNA. Median values are 

marked on the graph and listed at the top. Asterisks indicate statistical significance (Mann-

Whitney test, two-sided). Schematic representations of the assay conditions are also 

presented. DNA fiber combing experiment showing reduced fork slowing in 293T-K164R 

cells upon low-level replication stress exposure (C). The ratio of CldU to IdU tract lengths is 

presented, with the median values marked on the graph and listed at the top. Asterisks 

indicate statistical significance (Mann-Whitney test, two-sided). A schematic representation 

of the assay conditions is also presented. 
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thymidine analogs and the ratio of CldU to IdU tract-lengths was calculated (Fig. 2.4C, D). HU-

induced nascent strand degradation has been extensively described in the context of BRCA 

deficiency, where it is dependent on the activity of the MRE11 nuclease2–4. Surprisingly, MRE11 

inhibition using the inhibitor mirin did not suppress nascent tract degradation in KR cells (Fig. 

2.4C, D; Fig. A3A-C), indicating that a different fork degradation pathway operates in these cells. 

We further ruled out the involvement of other nucleases previously involved in nascent tract 

degradation, including EXO1, CTIP, and MUS8110,136 (Fig. A3D, E). In contrast, inhibition of the 

nuclease DNA2 with the specific inhibitor C5, or siRNA-mediated knockdown of DNA2, 

completely restored nascent tract length in both 293T-K164R and RPE1-K164R cells (Fig. 2.4C, 

D; Fig. A3F, G), indicating that DNA2 is the nuclease responsible for fork degradation upon loss 

of PCNA ubiquitination. The WRN helicase has been previously described as a cofactor for 

DNA2 in nascent tract degradation6. In line with this, WRN depletion also rescued HU-induced 

fork degradation in KR cells (Fig. A3F, G). 

 The K164 residue of PCNA is subjected not only to ubiquitination, but also to 

SUMOylation137,138. Depletion of the ubiquitin-ligase RAD18 recapitulated the PCNA-K164R 

phenotype, as it resulted in DNA2-mediated nascent tract degradation (Fig. A4A-C). Depletion of 

the SUMO-conjugating enzyme UBC9 did not affect fork stability (Fig. A4A, B). Finally, 

depletion of the ubiquitin-ligase UBC13, involved in PCNA poly-ubiquitination by K63-linked 

ubiquitin chains119,127 also resulted in DNA2-mediated nascent tract degradation (Fig. A4D-F). 

These findings indicate that K164 modification by ubiquitin, rather than SUMO, is necessary for 

replication fork protection.  



39 

 

 

 

Figure 2.4: PCNA-K164R cells exhibit DNA2-mediated nascent DNA degradation. (A), 

(B) DNA fiber combing assays showing faster replication fork progression in 293T-K164R 

cells (A) and two different clones of RPE1-K164R cells (B) under normal growth conditions, 

and nascent strand degradation upon HU treatment. The quantification of the IdU tract length 

is presented, with the median values marked on the graph and listed at the top. Asterisks 

indicate statistical significance (Mann–Whitney test, two-sided). Schematic representation of 

the assay conditions, and representative micrographs are also presented. (C), (D) HU-induced 

nascent strand degradation in 293T-K164R (C) and RPE1-K164R (D) cells is suppressed by 

incubation with the DNA2 inhibitor C5, but not by treatment with the MRE11 inhibitor mirin. 

The ratio of CldU to IdU tract lengths is presented, with the median values marked on the 

graph and listed at the top. Asterisks indicate statistical significance (Mann–Whitney test, two-

sided). A schematic representation of the assay conditions, as well as representative 

micrographs are also presented. (E) Immunofluorescence experiment showing that HU 

treatment augments 53BP1 foci formation in unsynchronized 293T-K164R cells. DNA2 

inhibition suppresses 53BP1 foci formation in KR cells. At least 50 cells were quantified for 

each condition. The mean values are marked on the graph, and asterisks indicate statistical 

significance (t-test, two-tailed, unequal variance). Representative micrographs are also shown. 

(F) Neutral comet assay showing that 293T-K164R cells accumulate DSBs upon HU 

treatment. DNA2 inhibition suppresses this accumulation. At least 100 cells were quantified 

for each condition. The mean values are marked on the graph, and asterisks indicate statistical 

significance (t-test, two-tailed, unequal variance). 
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 Next, we investigated the impact of DNA2-mediated fork degradation on genomic 

instability. HU treatment induced 53BP1 foci preferentially in KR cells compared to WT. 

Importantly, DNA2 inhibition suppressed HU-induced 53BP1 foci formation in KR cells (Fig. 

2.4E). Similar results were obtained for RPA foci (Fig. A4G). We also measured DSB formation 

using the neutral comet assay. Similar to the 53BP1 foci results, this experiment indicated that 

HU induces DSBs at higher rates in KR cells, which depends on DNA2 activity (Fig. 2.4F). 

These findings argue that, in KR cells, DNA2-mediated processing of stalled replication forks 

results in DSB formation and genomic instability. 

Impact of fork reversal enzymes on fork degradation in K164R cells  

 In BRCA-deficient cells, nascent tract degradation by MRE11 occurs upon fork 

reversal5,8–10. We investigated if fork reversal is also required for nascent tract degradation in KR 

cells. Fork reversal depends on RAD51 and the translocases HLTF, ZRANB3, and 

SMARCAL15,9,10,139,140. Depletion of RAD51 restored nascent tract integrity (Fig. 2.5A; Fig. 

A5A), indicating that fork reversal by RAD51 is also a prerequisite for nascent strand degradation 

in KR cells. We next investigated the involvement of translocases HLTF, ZRANB3 and 

SMARCAL1. Previously, individual depletion of each of these factors was shown to completely 

restore fork protection in BRCA-deficient cells, suggesting that they act in concert to perform 

fork reversal5,48. In contrast, in KR cells we observed differential impact of translocase depletion.  

Loss of HLTF did not restore fork protection, whereas ZRANB3 depletion partially rescued 

nascent tract degradation, and complete rescue was observed after depleting SMARCAL1 (Fig. 

2.5B; Fig. A5B). These findings demonstrate that, unlike in BRCA-mutant cells, fork reversal 
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in PCNA-K164R cells depends on SMARCAL1 and partially on ZRANB3 and does not involve 

HLTF activity. It was previously shown that fork reversal by ZRANB3 depends on UBC13-

catalyzed poly-ubiquitination of PCNA, which recruits ZRANB3 to stalled forks50,51. However, 

ZRANB3 knockdown partially rescued HU-induced nascent tract degradation in UBC13-depleted 

cells (Fig. A5C), similar to its effect in PCNA-K164R cells. In contrast, ZRANB3 knockdown 

fully suppressed nascent tract degradation in BRCA2-depleted cells (Fig. A5C), as previously 

Figure 2.5: Factors involved in fork reversal are required for nascent strand degradation 

in PCNA-K164R cells. (A) RAD51 depletion suppresses HU-induced nascent strand 

degradation in 293T-K164R cells. The ratio of CldU to IdU tract lengths is presented, with the 

median values marked on the graph and listed at the top. Asterisks indicate statistical 

significance (Mann–Whitney test, two-sided). A schematic representation of the fiber combing 

assay conditions is also presented. (B) Impact of DNA translocases HLTF, ZRANB3, and 

SMARCAL1 on HU-induced nascent strand degradation in 293T-K164R cells. The ratio of 

CldU to IdU tract lengths is presented, with the median values marked on the graph and listed 

at the top. Asterisks indicate statistical significance (Mann–Whitney test, two-sided). A 

schematic representation of the DNA fiber combing assay conditions is also presented. (C) 

Knockdown of RADX suppresses HU-induced nascent strand degradation in BRCA2-

deficient cells, but not in 293T-K164R cells. The ratio of CldU to IdU tract lengths is 

presented, with the median values marked on the graph and listed at the top. Asterisks indicate 

statistical significance (Mann–Whitney test, two-sided). A schematic representation of the 

assay conditions is also presented. 
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shown5,9. These findings suggest that ZRANB3-mediated fork reversal is only partially dependent 

on PCNA poly-ubiquitination, and it is not completely abolished in the absence of this 

modification. 

 Besides its role in fork reversal, RAD51 is also critical for the protection of reversed 

forks. The inability to stabilize RAD51 at stalled replication forks renders them susceptible to 

nucleolytic processing2–4,8. To test if the fork protection defect observed in KR cells is caused by 

defective RAD51 loading on reversed forks, we depleted RADX. RADX antagonizes RAD51 

accumulation at stalled forks, and its depletion results in enhanced RAD51 binding to reversed 

forks4,79. While RADX knockdown suppressed nascent tract degradation in BRCA2-deficient 

cells, it failed to restore fork protection in KR cells (Fig. 2.5C; Fig. A5D), arguing that the 

nascent tract degradation in KR cells is not caused by deficient RAD51-mediated fork protection.  

 Previously, DNA2-mediated nascent tract degradation was described in cells depleted of 

RECQL1, which restarts stalled replication forks upon prolonged fork arrest (treatment with 

4mM HU for 6h)6. To test if the fork protection defect in KR cells is caused by defective 

RECQL1-mediated fork restart, we depleted RECQL1 in both WT and KR cells. Under 

experimental conditions used to detect nascent tract degradation in KR cells (4mM HU for 4.5h), 

we did not observe any impact of RECQL1 knockdown in either WT or KR cells (Fig. A5E, F). 

These findings argue against an involvement of RECQL1 in the fork protection defect observed 

in KR cells. 

 

 



43 

 

 

 

Figure 2.6: Defective Okazaki fragment maturation results in nascent strand 

degradation. (A), (B) DNA fiber combing assays showing that depletion of LIG1 (A) or 

FEN1 (B) results in faster replication fork progression under normal conditions and induce 

nascent strand degradation upon fork arrest. The quantification of the IdU tract length is 

presented, with the median values marked on the graph and listed at the top. Asterisks indicate 

statistical significance (Mann–Whitney test, two-sided). Schematic representations of the 

assay conditions are also presented. (C) Chromatin fractionation experiment showing 

increased PAR chain formation in KR cells under normal growth conditions, indicative of 

defective Okazaki fragment maturation. Cells were treated as indicated with a PARG inhibitor 

(PARGi) for 45 min prior to harvesting to block PAR chain removal. LIG1 depletion was used 

as positive control for defective Okazaki fragment maturation. Chromatin-associated LaminB1 

was used as loading control. (D) Loss of LIG1 is epistatic with the PCNA-K164R mutation for 

fork progression and HU-induced nascent strand degradation in 293T cells. The quantification 

of the IdU tract length is presented, with the median values marked on the graph and listed at 

the top. Asterisks indicate statistical significance (Mann–Whitney test, two-sided). A 

schematic representation of the assay conditions is also presented. (E) BrdU-alkaline comet 

assay showing accumulation of ssDNA gaps under normal replication conditions in 293T-

K164R and RAD18-knockout 293T and U2OS cells. At least 100 cells were quantified for 

each condition. Center line indicates the median, bounds of box indicate the first and third 

quartile, and whiskers indicate the 10th and 90th percentile. Asterisks indicate statistical 

significance (t-test, two-tailed, unequal variance). A schematic representation of the assay 

conditions, and representative micrographs, are also presented. 
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Okazaki fragment ligation underlies fork protection 

 The ~30% increase in fork speed observed in KR cells is reminiscent of cells depleted of 

DNA replication factors involved in OFM such as LIG1 and FEN1110,141. Consistent with these 

findings, we also observed that depletion of LIG1 or FEN1 results in longer nascent tracts (Fig. 

2.6A, B; Fig. A6A). Thus, we investigated if perturbing OFM also results in nascent DNA 

degradation upon fork stalling. Under identical conditions as those used for detecting nascent 

tract degradation in KR cells (4mM HU for 3h), LIG1 or FEN1 depletion showed a similar fork 

protection defect (Fig. 2.6A, B). These findings indicate that defects in OF maturation result in 

nascent DNA degradation upon replication stress. 

 Using synthetic genetic array analyses in yeast, we previously uncovered a genetic 

similarity between the PCNA-K164R mutation and inactivation of lagging strand synthesis 

factors. Moreover, previous work in fission yeast uncovered a lagging strand synthesis defect in 

PCNA-K164R cells142. Coupled with the fork protection defect similarities described above, these 

findings raise the question of whether PCNA-K164R cells have defects in OF maturation. 

Previously, it was shown that LIG1 depletion in human cells results in increased poly-ADP-ribose 

(PAR) chain formation on chromatin, as detected upon inhibition of poly(ADP-ribose) 

glycohydrolase (PARG) by a specific inhibitor115. As increased chromatin PAR chain formation 

may represent a marker of OFM defects, we measured PAR chain formation in KR cells. Similar 

to LIG1 depletion, PAR chain formation was enhanced in KR cells (Fig. 2.6C). Confirming that 

PAR chains are caused by accumulation of unligated Okazaki fragments, their formation was 

suppressed upon short treatment with emetine, an inhibitor of lagging strand synthesis which 

prevents formation of Okazaki fragments, uncoupling leading and lagging strand replication115 

(Fig. A1.6B). These findings argue that LIG1-mediated Okazaki fragment ligation is 



45 

 

 

compromised in PCNA-K164R cells. Importantly, depletion of LIG1 or FEN1 but did not further 

exacerbate nascent strand degradation, nor did it further increase fork speed, in KR cells (Fig. 

2.6D; Fig. A6C, D). This epistatic interaction indicates that LIG1-mediated OFM and PCNA 

ubiquitination may operate in the same fork protection genetic pathway.  

 As PCNA ubiquitination recruits non-canonical polymerases to DNA, we hypothesized 

that upon endogenous replication stress, the inability to recruit specialized polymerases in KR 

cells may result in accumulation of single stranded gaps which could hinder OF ligation on the 

lagging strand. To test this, we performed an alkaline comet assay on cells labeled with BrdU, 

allowing us to specifically detect single stranded gaps in newly replicated DNA. KR cells showed 

an increase in DNA gap formation under normal replication conditions, as did RAD18-knockout 

cells (Fig. 2.6E; Fig. A6E, F). Previously, the TLS polymerase Polκ was shown to be recruited by 

ubiquitinated PCNA to perform gap filling during nucleotide excision repair (NER)143. POLK 

depletion resulted in nascent tract degradation, which was partially dependent on DNA2 (Fig. 

A6G, H). In contrast, depletion of the REV1 polymerase did not affect fork stability (Fig. A6I, J). 

These findings show that PCNA ubiquitination suppresses accumulation of under-replicated 

DNA, which may otherwise interfere with OF ligation on the lagging strand.  

PCNA retention on chromatin drives fork degradation  

 We next investigated how OFM defects interfere with fork stability. Previous work in 

yeast showed that PCNA is removed from DNA by Elg1 upon DNA Ligase I (Cdc9 in yeast) –

mediated joining of OF23. Indeed, knockdown of ATAD5 or LIG1 in 293T cells resulted in 

increased number of PCNA chromatin foci (Fig. 2.7A; Fig. A7A, B). Importantly,  
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Figure 2.7: Abnormal retention of PCNA on chromatin drives replication fork 

degradation by altering nucleosome deposition. (A) PCNA immunofluorescence showing 

increased PCNA retention on chromatin in 293T-K164R cells, or upon LIG1 depletion. At 

least 65 cells were quantified for each condition. The mean values are marked on the graph, 

and asterisks indicate statistical significance (t-test, two-tailed, unequal variance). 

Representative micrographs are also shown. (B) ATAD5 knockdown results in DNA2-

mediated nascent strand degradation upon HU-induced replication fork arrest, which is 

epistatic to the K164R mutation. The ratio of CldU to IdU tract lengths is presented, with the 

median values marked on the graph and listed at the top. Asterisks indicate statistical 

significance (Mann–Whitney test, two-sided). (C) Micrococcal nuclease sensitivity assay 

showing altered nucleosome deposition in 293T-K164R cells, as well as upon depletion of 

LIG1, ATAD5, or CHAF1A. A quantification of the signal intensity is also shown. (D) 

CHAF1A depletion results in HU-induced degradation of nascent DNA by DNA2 nuclease. 

The ratio of CldU to IdU tract lengths is presented, with the median values marked on the 

graph and listed at the top. Asterisks indicate statistical significance (Mann–Whitney test, 

two-sided). 
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293T-K164R cells also showed increased number of PCNA chromatin foci under otherwise 

unperturbed conditions (Fig. 2.7A), indicating prolonged PCNA retention on chromatin. DNA 

fiber-combing experiments showed that, similar to LIG1 depletion, ATAD5 knockdown in WT 

cells results in HU-induced degradation of the nascent strand by DNA2 (Fig. 2.7B). However, 

ATAD5 knockdown in KR cells or in LIG1-depleted cells did not further exacerbate the fork 

protection defect, indicating that ATAD5 participates in the UbiPCNA–LIG1 genetic pathway of 

fork protection. These findings show that increased PCNA retention on chromatin caused by 

defects in OF ligation or PCNA unloading, results in nascent tract degradation upon fork arrest 

and reversal. 

 Elg1-deficient yeast cells exhibit nucleosome assembly defects, ascribed to sequestration 

of the PCNA-interacting CAF-1 histone chaperone in PCNA complexes on chromatin, which 

reduces CAF-1 availability for chromatin assembly at the replication fork24. In line with this, 

depletion of ATAD5 in human cells was shown to result in accumulation of PCNA chromatin 

structures which contain CAF-1 but do not actively perform DNA synthesis118. Thus, we 

investigated if nucleosome deposition is altered upon inactivation of the UbiPCNA–LIG1–

ATAD5 genetic pathway. Micrococcal nuclease (MNase) sensitivity assays showed that 

chromatin was more accessible to nucleolytic digestion in KR, LIG1-depleted, and ATAD5-

depleted cells (Fig. 2.7C), consistent with a reduction in nucleosome compaction75. This defective 

nucleosome packaging mirrors that observed upon depletion of the CAF-1 complex subunit 

CHAF1A (Fig. 2.7C, Fig. A7C), suggesting that retention of PCNA on chromatin in KR cells, or 

upon LIG1 or ATAD5 depletion, sequesters CAF-1 away from active nucleosome deposition 

sites and thus interferes with its chromatin assembly function. CHAF1A depletion resulted in 

DNA2-mediated nascent tract degradation upon HU treatment (Fig. 2.7D), similar to what we 

previously observed upon inactivation of the UbiPCNA–LIG1–ATAD5 genetic pathway. 
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Altogether, these findings indicate that in KR cells, enhanced PCNA retention on chromatin 

results in altered nucleosomal packaging likely due to aberrant CAF-1 localization (Fig. 2.7C; 

Fig. A.1.7D). This nucleosomal packaging defect renders stalled forks susceptible to DNA2-

mediated degradation under acute replication stress (Fig. 2.7D; Fig. A7E). 

Loss of PCNA ubiquitination enhances the effects of BRCA-deficiency 

 In BRCA-deficient cells, fork protection correlates with resistance to cisplatin and 

PARPi5,38,79. BRCA2 depletion in KR cells enhanced nascent tract degradation upon HU 

treatment (Fig. 2.8A), indicating that they operate separately to maintain fork stability. Moreover, 

a synergistic increase in 53BP1 foci formation was observed in BRCA2-depleted KR cells under 

normal growth conditions (Fig. 2.8B). Next, we investigated if loss of BRCA2 potentiates the 

replication-dependent DNA damage observed in KR cells, using the BrdU alkaline comet assay. 

BRCA2 depletion did not affect the amount of DNA damage accumulated in newly replicated 

DNA during DNA synthesis (1h chase time after BrdU pulse), in either WT or KR cells (Fig. 

2.8C). However, 5 hours after DNA synthesis, BRCA2-depleted KR cells retained a significant 

amount of damage in BrdU-positive DNA, compared to BRCA2-depleted WT cells or BRCA2-

proficient cells (Fig. 2.8C). Neutral comet assays indicated that this DNA damage accumulating 

in BRCA2-depleted KR cells under normal growth conditions is not represented by DSBs (Fig. 

A8A). Overall, these findings indicate that ssDNA gaps which accumulate during DNA 

replication under normal conditions in PCNA-K164R cells, can be repaired through a BRCA2-

dependent mechanism. 

 As replication fork stability may represent an important component of the response to 

PARPi in BRCA-deficient cells5,38,79, we next investigated the impact of PCNA ubiquitination  
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on olaparib sensitivity. While the KR mutation by itself did not result in olaparib sensitivity, it 

enhanced the sensitivity of BRCA1- or BRCA2-depleted cells (Fig. 2.9A,B; Fig. A8B-D).  

Figure 2.8: Genetic interaction between PCNA ubiquitination and the BRCA pathway. 

(A) DNA fiber combing assay showing that concomitant loss of BRCA2 and PCNA 

ubiquitination enhances nascent strand degradation upon HU-induced fork arrest. The ratio 

of CldU to IdU tract lengths is presented, with the median values marked on the graph and 

listed at the top. Asterisks indicate statistical significance (Mann–Whitney test, two-sided). A 

schematic representation of the fiber combing assay conditions is also presented. (B) 

Immunofluorescence experiment showing synergistic increase in 53BP1 foci formation in 

unsynchronized K164R cells upon BRCA2 depletion. At least 100 cells were quantified for 

each condition (pooled from two experiments). The mean values are marked on the graph, 

and asterisks indicate statistical significance (t-test, two-tailed, unequal variance). 

Representative micrographs are also shown. (C) BrdU-alkaline comet assay measuring 

ssDNA gaps under normal replication conditions in BRCA2-depleted 293T cells at 1 and 5 h 

after BrdU pulse. At least 100 cells were quantified for each condition. Center line indicates 

the median, bounds of box indicate the first and third quartile, and whiskers indicate the 10th 

and 90th percentile. Asterisks indicate statistical significance (t-test, two-tailed, unequal 

variance). A schematic representation of the assay conditions is also presented. 
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Moreover, knockdown of other components of the PCNA ubiquitination-dependent fork 

protection pathway described here, namely RAD18 and ATAD5, also enhanced the olaparib 

sensitivity of BRCA2-knockout HeLa cells (Fig. 2.9C, D). These findings show that PCNA 

ubiquitination provides an alternative mechanism for fork protection and replication stress 

suppression in BRCA-deficient cells and determines PARPi sensitivity in these cells. 

 

  

Figure 2.9: Loss of PCNA-ubiquitination sensitizes BRCA-deficient cells to PARP-

inhibition. (A), (B) Clonogenic survival experiments showing that loss of PCNA 

ubiquitination does not result in olaparib sensitivity, but it drastically increases the olaparib 

sensitivity of BRCA1-depleted (A) and BRCA2-depleted (B) cells. The average of three 

experiments, with standard deviations indicated as error bars, is shown. Asterisks indicate 

statistical significance (t-test, two-tailed, unequal variance) comparing WT siBRCA1/2 to KR 

siBRCA1/2. (C), (D) Clonogenic survival experiments showing that depletion of RAD18 (C) 

or ATAD5 (G) increases the olaparib sensitivity of BRCA2-knockout HeLa cells. The average 

of three experiments, with standard deviations indicated as error bars, is shown. Asterisks 

indicate statistical significance (t-test, two-tailed, unequal variance) comparing BRCA2KO 

siControl to BRCA2KO siRAD18/siATAD5. 
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Chapter 3 

 

Lagging Strand Gap Suppression Connects BRCA-Mediated Fork Protection 

to Nucleosome Assembly by Ensuring PCNA-Dependent CAF-1 Recycling 

Rationale 

 RAD18-mediated ubiquitination of PCNA at the lysine 164 (K164) residue is a 

prominent response of eukaryotic cells to replication stress. This modification enables the post 

replicative repair (PRR) of ssDNA gaps through translesion synthesis (TLS)30,127,128,144,145. In the 

previous section we generated PCNA-K164R mutant human cell lines, completely deficient in 

PCNA ubiquitination, and demonstrated an essential role of ubiquitinated PCNA in preventing 

the nucleolytic degradation of stalled replication forks. Mechanistically, we showed that fork 

degradation in PCNA-K164R cells is caused by the accumulation of lagging strand gaps, which 

sequester PCNA as OF ligation is impaired. Since CAF-1 forms a tight complex with PCNA, it is 

also sequestered in these PCNA complexes in the wake of replication forks, thus impeding 

replication-coupled nucleosome assembly in these cells and priming stressed forks for nucleolytic 

degradation.  

Recent publications have revealed a previously underappreciated role of the BRCA-

RAD51 pathway in suppressing the accumulation of replication-associated single stranded DNA 

(ssDNA) gaps. Gap mitigation by the BRCA pathway occurs through two distinct mechanisms: 1) 

by restraining fork progression during replication stress, thereby suppressing excessive 

PRIMPOL-mediated fork repriming64,146–148; and 2) by promoting RAD51-dependent PRR of 

gaps1,8,112,149. Importantly, replication-associated gaps have been connected to PARP inhibitor 

(PARPi) sensitivity in BRCA-deficient cells64,111,147,150. Interestingly, Okazaki fragment 

processing defects have also been identified in BRCA-deficient cells111,150. 
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In this section we investigate the role of BRCA-RAD51 mediated gap suppression in 

ensuring replication fork stability. We assess the impact of BRCA-deficiency on lagging strand 

DNA synthesis during replication stress, its subsequent influence on PCNA-CAF1 recycling and 

the associated putative nucleosome assembly defects in priming stalled replication forks for 

degradation. We additionally characterize an alternative nucleosome assembly pathway 

dependent on HIRA and the histone H3 isoform H3.3 in restoring fork stability to BRCA-

deficient cells upon the genetic inactivation of CHAF1A. We further define nucleosome assembly 

as an underlying determinant of replication fork stability. 

Results 

CAF-1 inactivation rescues fork stability in BRCA-deficient cells 

We previously showed that replication-coupled nucleosome assembly mediated by CAF-

1 is critical for the stability of stalled replication forks. We therefore sought to investigate the 

effect of CAF-1 inactivation on fork stability in cells deficient in either BRCA1 or BRCA2 

function. To assess fork stability, we subjected cells to consecutive labeling with the nucleotide 

analogs IdU and CldU, respectively, for 30 minutes each followed by fork arrest with 4mM 

hydroxyurea (HU) for 4 hours. Fork stability was investigated by measuring the ratios of CldU 

tract lengths to adjacent IdU tract lengths, allowing us to control for potential changes in fork 

speed brought about by CAF-1 inactivation. Strikingly, depletion of CHAF1A (the largest subunit 

of the CAF-1 complex, also known as p150) fully restored fork stability to HeLa-BRCA2KO as 

well as to RPE1-p53KOBRCA1KO cells, while causing fork degradation in their respective BRCA 

proficient counterparts (Fig. 3.1A, B; Fig. B1A, B). To rule out potential siRNA off-target 

effects, we employed CRISPR/Cas9 to knock-out CHAF1A in 293T and HeLa 
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Figure 3.1: Loss of CAF-1 promotes fork stability in BRCA-deficient cells. (A), (B) DNA 

fiber combing assays showing that CHAF1A depletion results in HU-induced fork resection in 

wildtype cells, but suppresses this degradation in BRCA2-knockout HeLa cells (A) and in 

BRCA1-knockout RPE1 cells (B). The ratio of CldU to IdU tract lengths is presented, with the 

median values marked on the graph. The p-values (Mann-Whitney test) are listed at the top. 

Schematic representations of the DNA fiber combing assay conditions are also presented. (C), 

(D) DNA fiber combing assays showing that CHAF1A knockout in 293T (C) or HeLa (D) 

cells results in HU-induced fork degradation, which is suppressed by BRCA2 knockdown. 

The ratio of CldU to IdU tract lengths is presented, with the median values marked on the 

graph. The p-values (Mann-Whitney test) are listed at the top. Schematic representations of 

the DNA fiber combing assay conditions are also presented. 
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cells (Fig. B1 C, D). Similar to CHAF1A depletion using siRNA, both 293T and HeLa CHAF1A-

knockout (CHAF1AKO) cells displayed fork degradation upon HU treatment (Fig. 3.1C, D). 

Importantly, BRCA2 depletion caused fork degradation in wildtype, but not in CHAF1AKO HeLa 

and 293T cells (Fig. 3.1 C, D; Fig. B1E, F). These findings indicate that loss of CAF-1 promotes 

fork degradation in wildtype cells but suppresses this degradation in BRCA-deficient cells. 

Restoration of RAD51 loading on chromatin promotes fork protection in BRCA-deficient 

settings4,80. We therefore sought to assess the impact of CHAF1A inactivation on chromatin-

bound RAD51 levels in BRCA1 and BRCA2-depleted cells. Upon treatment with the 

topoisomerase I inhibitor camptothecin (CPT), depletion of CHAF1A did not affect RAD51 foci 

formation in BRCA-proficient HeLa cells and failed to ameliorate the reduction in RAD51 foci 

formation observed in BRCA1 and BRCA2 depleted cells (Fig. 3.2A, B; Fig. B1G). Treatment 

with the RAD51 inhibitor B02 was previously shown to elicit nascent DNA resection at stalled 

forks in BRCA-proficient cells4,5. In line with this, treatment with B02 resulted in HU-induced 

fork degradation in wildtype HeLa and 293T cells; In contrast, B02 did not cause fork 

degradation in HeLa-BRCA2KO cells depleted of CHAF1A (Fig. 3.2C), or in 293T-CHAF1AKO 

cells depleted of BRCA2 (Fig. 3.2D). Collectively, these results indicate that CHAF1A 

inactivation restores fork stability to BRCA-deficient cells in a RAD51-independent manner. 

Reversal of stalled replication forks is an essential prerequisite to nascent DNA resection in 

BRCA-deficient cells5,8–10. Thus, we investigated if the suppression of fork degradation observed 

upon CHAF1A depletion in BRCA-deficient cells simply reflects a defect in fork reversal. 
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Figure 3.2: CHAF1A loss restores fork stability to BRCA-deficient cells in a RAD51-

independent manner. (A), (B) RAD51 immunofluorescence experiment showing that 

CHAF1A depletion does not restore CPT-induced RAD51 foci in BRCA1 or BRCA2-

depleted cells. HeLa cells were treated with 1μM CPT for 1h followed by media removal and 

chase in fresh media for 3h. Representative micrographs (A) and quantifications (B) are 

shown (scale bar represents 10μm). At least 50 cells were quantified for each condition. The 

median values are represented on the graph, and the p-values (Mann-Whitney test) are listed 

at the top. (C), (D) Inhibition of RAD51 by B02 treatment does not restore HU-induced fork 

degradation in CHAF1A-depleted HeLa-BRCA2KO cells (C), or in BRCA2-depleted 293T-

CHAF1AKO cells (D). The ratio of CldU to IdU tract lengths is presented, with the median 

values marked on the graph. The p-values (Mann-Whitney test) are listed at the top. 

Schematic representations of the DNA fiber combing assay conditions are also presented. I. 

SIRF assay showing that PARP1 binding to nascent DNA is increased upon CHAF1A 

depletion in HeLa-BRCA2KO cells, indicating stabilization of reversed replication forks. At 

least 40 positive cells were quantified for each condition. The p-values (Mann-Whitney test) 

are listed at the top. A schematic representation of the SIRF assay conditions is also 

presented. 
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PARP1 is a critical enabler of fork reversal114. The presence of PARP1 at nascent DNA 

has been previously used as an indirect readout for fork reversal46. Under prolonged replication 

arrest, stable reversed replication forks are marked by PARP1. In contrast, forks undergoing 

resection lose nascent DNA on regressed arms and no longer retain the structural configuration 

resembling four-way junctions, thus precluding the presence of PARP1. We therefore used the 

SIRF (in situ detection of proteins at replication forks) assay, a proximity ligation-based approach 

(PLA)5,151, to assess PARP1 binding to nascent DNA upon HU treatment. To account for 

potential baseline discrepancies arising from variabilities in EdU uptake due to gene knockdowns 

or drug treatments, we normalized the PARP1-biotin PLA signal in each condition using the 

fluorescence signal from the corresponding biotin-biotin control (signifying EdU uptake). Similar 

to inhibition of MRE11 using mirin, depletion of CHAF1A increased PARP1 levels at nascent 

DNA in HeLa BRCA2KO cells (Fig. 3.2E; Fig. B1H, I). Importantly, abolishing fork reversal by 

depleting the fork remodeling translocase ZRANB3 restored PARP1 levels to similar levels 

across all conditions, indicating no baseline differences in PARP1 recruitment to nascent DNA 

(Fig. 3.2E; Fig. B1H, I). These results suggest that loss of CHAF1A does not preclude fork 

reversal, but rather promotes the stability to reversed forks in BRCA deficient cells. 

Loss of CAF-1 averts DNA damage and drives chemoresistance in BRCA deficient cells 

Previous work showed that fork degradation drives DNA damage-induced 

chromosomal rearrangements in BRCA-deficient cells2,3,38. Thus, we next investigated if 

CHAF1A inactivation could avert DNA damage accumulation in BRCA-deficient cells. 
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We assessed replication- coupled DNA damage by immunofluorescence detection of 

γH2AX in cells treated with CPT, known to elicit nascent strand degradation5. 

 

 

Figure 3.3: Loss of CAF-1 suppresses genomic instability in BRCA-deficient cells. (A), 

(B). γH2AX immunofluorescence experiment showing that CHAF1A depletion suppresses 

CPT-induced DNA damage accumulation in BRCA1 or BRCA2-depleted cells. HeLa cells 

were treated with 1μM CPT for 1h followed by media removal and chase in fresh media for 

3h. Representative micrographs (scale bar represents 10μm) (A) and quantifications (B) are 

shown. At least 50 cells were quantified for each condition. The mean values are represented 

on the graph, and the p-values (t-test, two-tailed, unequal variance) are listed at the top. (C), 

(D). Neutral comet assay showing that CHAF1A depletion suppresses CPT-induced DSB 

formation in BRCA1 or BRCA2-depleted cells. HeLa cells were treated with 100nM CPT for 

4h. Representative micrographs (C) and quantifications (D) are shown. At least 85 nuclei 

were quantified for each condition. The mean values are represented on the graph, and the p-

values (t-test, two-tailed, unequal variance) are listed at the top. 
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Indeed, while BRCA1 and BRCA2-depleted HeLa cells exhibited increased γH2AX levels upon 

CPT treatment, γH2AX levels were ameliorated upon co-depletion of CHAF1A (Fig. 3.3A, B; 

Fig. B2A). We also measured the accumulation of DNA double stranded breaks (DSBs) in these 

cells, using the neutral comet assay. Similar to γH2AX induction, treatment with CPT resulted in 

increased comet tail moments in BRCA1 and BRCA2-depleted HeLa cells, which was rescued 

upon co-depletion of CHAF1A (Fig. 3.3C, D). These findings show that restoration of fork 

stability to BRCA-deficient cells upon CHAF1A depletion is associated with suppression of 

DNA damage accumulation in these cells. 

Restoration of fork stability is considered a driver of chemoresistance in BRCA-deficient 

cells38. By employing clonogenic survival assays, we next investigated the impact of CHAF1A 

inactivation in BRCA-deficient cells on cisplatin sensitivity. CHAF1A co-depletion significantly 

rescued cisplatin sensitivity in Hela cells depleted of BRCA1 or BRCA2 (Fig. 3.4A, B). Cisplatin 

chemotherapy is the mainstay therapeutic approach in ovarian cancer treatment. We thus 

investigated if CHAF1A levels impact the chemosensitivity of BRCA-mutant ovarian tumors in 

clinical samples. Analyses of survival and matched genotype and expression data from TCGA 

datasets indicated that CHAF1A expression can stratify the survival of individuals with BRCA2-

mutant ovarian tumors: high CHAF1A expression trended towards increased survival, while low 

CHAF1A expression trended towards reduced survival (Fig. B2B). This is in line with our 

clonogenic survival results showing that CHAF1A depletion causes cisplatin resistance in 

BRCA2-deficient cells. Taken together, these observations suggest that CHAF1A inactivation can 

enable BRCA-deficient cells to avert replication-coupled DNA damage, thereby driving 

chemoresistance and potentially exacerbating adverse clinical outcomes in patients with 

BRCA1/2 mutated cancers. 
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Nucleosome assembly ensures replication fork protection 

Since the cellular function of CAF-1 is in nucleosome deposition, we next sought to 

investigate if nucleosome assembly is a general determinant of fork stability in BRCA-deficient 

cells. The histone chaperone Anti-Silencing Factor 1 (ASF1) operates upstream of two distinct 

nucleosome assembly mechanisms: a CAF-1 dependent co-replicational process depositing the 

H3 isoform H3.1, and replication-independent processes involving the histone chaperones HIRA 

and DAXX, depositing the H3.3 isoform152–155. To test if inactivating ASF1 rescues fork stability 

in BRCA-deficient cells, we depleted ASF1A (one of the two human ASF1 paralogs) either 

alone, or in conjunction with BRCA1 or BRCA2 in HeLa cells. ASF1A knockdown elicited 

nascent DNA resection in BRCA-proficient cells, but, in contrast to CHAF1A depletion, failed to 

rescue fork resection in cells depleted either of BRCA1 or BRCA2 (Fig. 3.5A; Fig. B3A). 

This suggests that alternative ASF1-dependent nucleosome assembly pathways could compensate 

Figure 3.4: CHAF1A inactivation drives chemoresistance in BRCA-deficient cells. (A), 

(B) Clonogenic survival experiments showing that CHAF1A co-depletion in BRCA2-

knockdown (A) or BRCA1-knockdown (B) HeLa cells promotes cisplatin resistance. The 

average of three experiments, with standard deviations indicated as error bars, is shown. 

Asterisks indicate statistical significance (two-way ANOVA). 
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Figure 3.5: Determinants of CHAF1A-mediated fork protection. 

(A) DNA fiber combing assay showing that ASF1A depletion results in HU-induced fork 

degradation in wildtype cells, but does not affect this degradation in BRCA1 or BRCA2-

depleted HeLa cells. The ratio of CldU to IdU tract lengths is presented, with the median 

values marked on the graph. The p-values (Mann-Whitney test) are listed at the top. A 

schematic representation of the DNA fiber combing assay conditions is also presented. (B) 

DNA fiber combing assay showing that ASF1A co-depletion restores HU-induced fork 

degradation in CHAF1A-knockdown HeLa-BRCA2KO
 cells. The ratio of CldU to IdU tract 

lengths is presented, with the median values marked on the graph. The p-values (Mann-

Whitney test) are listed at the top. A schematic representation of the DNA fiber combing assay 

conditions is also presented. (C) DNA fiber combing assay showing that inhibition of 

nucleases MRE11 (by treatment with mirin) or DNA2 (by treatment with C5) suppresses HU-

induced fork degradation caused by CHAF1A or ASF1A loss in HeLa cells. The ratio of CldU 

to IdU tract lengths is presented, with the median values marked on the graph. The p-values 

(Mann-Whitney test) are listed at the top. A schematic representation of the DNA fiber 

combing assay conditions is also presented. (D), (E) DNA fiber combing assay showing that 

depletion of DNA translocases SMARCAL1 and ZRANB3 suppresses HU-induced fork 

degradation caused by CHAF1A knockdown in HeLa cells (D) or in CHAF1AKO 293T cells 

(E). The p-values (Mann-Whitney test) are listed at the top. A schematic representation of the 

DNA fiber combing assay conditions is also presented.  
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for CHAF1A inactivation in BRCA-deficient cells, to restore fork stability. Indeed, co-depleting 

CHAF1A and ASF1A in HeLa BRCA2KO cells restored fork degradation, suggesting that fork 

stability upon CHAF1A inactivation in BRCA-deficient cells depends on ASF1 (Fig. 3.5B; Fig. 

B3B). These results suggest that ASF1-dependent nucleosome assembly is an essential 

component of fork protection and determines fork stability in the context of BRCA-deficiency.  

The observed epistasis between the inactivation of ASF1A and BRCA proteins led us to 

examine if ASF1-dependent nucleosome assembly elicits fork protection through mechanisms 

similar to the BRCA pathway. Loss of BRCA1 or BRCA2 function renders stalled forks 

susceptible to resection by the MRE11 and DNA2 nucleases2,3,38,40. Similar to this, depletion of 

either CHAF1A or ASF1A in HeLa cells elicited nascent DNA resection, which could be rescued 

by inhibition of MRE11 or DNA2 using the small molecule inhibitors mirin and C5 respectively 

(Fig. 3.5C). Next, we tested if fork reversal was also required for fork degradation in this context. 

Fork degradation in CHAF1A-knockdown HeLa cells, as well as in CHAF1AKO 293T cells, was 

rescued upon depletion of the fork remodeling enzymes SMARCAL1 and ZRANB3 (Fig. 3.5 

D,E; Fig. B3C, D). These results indicate that nucleosome assembly is a general determinant of 

replication fork stability, and that the inactivation of nucleosome assembly elicits fork resection 

through mechanisms similar to those operating in BRCA-deficient cells. 

Restoration of fork stability upon CAF-1 inactivation in BRCA-deficient cells depends on 

compensatory nucleosome assembly pathways 

ASF1A was shown to be part of two mutually-exclusive nucleosome assembly 

complexes involving the CAF-1 and HIRA histone chaperones, responsible for the deposition of 

H3.1 and H3.3 respectively155. HIRA-mediated histone deposition was previously shown to 
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compensate for the inactivation of CAF-1-mediated replication-dependent nucleosome 

assembly156. Since restoration of replication fork stability is an important component of cell 

survival in BRCA-deficient cells157, to gain insights into a potential role for HIRA in rescuing 

replication fork stability, we assessed if HIRA promotes cell survival in BRCA-deficient cells 

upon CHAF1A inactivation. We queried publicly available CRISPR screening data for the 

relative dependence of BRCA1-deficient cells on HIRA and CHAF1A. We observed a linear 

regression of CHAF1A and HIRA gene dependency scores (CERES; lower scores correspond to 

higher dependencies), showing that BRCA1-proficient cells tend to dependent on both CHAF1A 

and HIRA for survival (Fig. 3.6A). This implies a general pattern of reliance on nucleosome 

assembly pathways. Strikingly, in cells carrying deleterious BRCA1 mutations, a lower survival 

dependency on CHAF1A correlated with a greater dependency on HIRA and vice-versa, 

suggesting that BRCA1-deficient cells rely on HIRA for cell survival in the absence of CHAF1A 

(Fig. 3.6A). It was previously shown that the histone chaperone DAXX can also cooperate with 

ASF1 in H3.3-dependent nucleosome assembly152. In contrast to HIRA, an increased dependence 

on CHAF1A did not correlate with increased DAXX dependency in BRCA1-proficient cells (Fig. 

3.6B). Moreover, in BRCA1-deficient cells, an increased dependency on DAXX was not 

associated with a reduced dependency on CHAF1A (Fig. 3.6B). These observations suggest that 

upon CHAF1A inactivation, BRCA-deficient cells rely on HIRA and not on DAXX to mediate 

nucleosome assembly and ensure cell survival.  

We next investigated if the recruitment of HIRA to stalled forks was differentially 

regulated in BRCA-deficient cells. SIRF assays showed that depletion of BRCA1 or BRCA2 

results in increased recruitment of HIRA to HU-stalled forks (Fig. 3.6C, D). As a control, siRNA-

mediated depletion of HIRA in HeLa cells resulted in an acute decrease in SIRF signal, 
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confirming the specificity of this approach in detecting HIRA binding to nascent DNA (Fig. 

B4A). Importantly, CHAF1A depletion had no effect on the differential recruitment of HIRA to 

Figure 3.6: Fork protection upon CAF-1 loss in BRCA-deficient cells requires the 

histone chaperone HIRA. (A), (B) Linear regressions of (A) HIRA Gene Effect (CERES) vs. 

CHAF1A Gene Effect (CERES) and (B) DAXX Gene Effect vs. CHAF1A Gene Effect 

(CERES) in Cancer Cell Line Encyclopedia (CCLE) cell lines containing either wildtype 

BRCA1 or BRCA1 with deleterious mutations are shown. A lower CERES score corresponds 

to greater survival dependency. (C), (D) SIRF assay showing that HIRA binding to nascent 

DNA is increased upon BRCA1 or BRCA2 depletion in HeLa cells. Representative 

micrographs (scale bar represents 10μm) (C) and quantifications (D) are shown. At least 40 

positive cells were quantified for each condition. The p-values (Mann-Whitney test) are listed 

at the top. A schematic representation of the SIRF assay conditions is also presented. E. DNA 

fiber combing assay showing that HIRA co-depletion restores HU-induced nascent strand 

resection in CHAF1A-knockdown HeLa-BRCA2KO cells. The ratio of CldU to IdU tract 

lengths is presented, with the median values marked on the graph. The p-values (Mann-

Whitney test) are listed at the top. A schematic representation of the DNA fiber combing 

assay conditions is also presented. 
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stalled forks in BRCA-proficient and BRCA-deficient cells (Fig. B4B), suggesting that BRCA1/2 

inactivation and not CHAF1A inactivation guides the differential presence of HIRA at stalled 

replication forks. In contrast to HIRA, DAXX levels at stalled replication forks in BRCA1/2 

depleted cells showed no change compared to BRCA-proficient cells (Fig. B4C), suggesting that 

HIRA rather than DAXX may be preferentially operational at stalled forks in BRCA-deficient 

cells.  

Based on these findings, we next investigated if the HIRA-H3.3 pathway of nucleosome 

assembly was responsible for restoring fork stability to BRCA-deficient cells upon CHAF1A 

loss. Indeed, co-depletion of HIRA or of H3.3 reversed the fork rescue elicited by CHAF1A 

knockdown in BRCA2KO cells (Fig. 3.6E; Fig. B4D-F). To further assess the fork-protective 

properties of HIRA, we depleted HIRA in wildtype HeLa cells. Unlike the depletion of ASF1A, 

CHAF1A, or DAXX, HIRA knockdown did not elicit nascent DNA resection upon fork stalling 

(Fig. B4G, H), suggesting that HIRA-mediated fork protection is selectively activated during 

CHAF1A loss in BRCA-deficient cells. Altogether, these findings suggest that loss of CAF-1 

triggers HIRA-mediated nucleosome assembly to protect stalled replication forks in BRCA-

deficient cells. 

BRCA-deficient cells exhibit CAF-1 recycling defects during replication stress 

Since HIRA-mediated fork protection in BRCA1/2-deficient cells is triggered only upon 

the inactivation of CHAF1A, we sought to track the dynamics of CHAF1A at stalled forks in 

these cells. Replication fork stalling is accompanied by the unloading of PCNA and CAF-179,158. 
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SIRF experiments showed similar CHAF1A levels at unperturbed replication forks in BRCA-

proficient and BRCA1/2- depleted HeLa cells (Fig. 3.7A, B; Fig. B5A). However, upon HU-

induced replication arrest, BRCA-proficient cells showed lower levels of CHAF1A on EdU 

labeled DNA, while CHAF1A levels remained virtually unchanged in BRCA1/2-depleted cells 

(Fig. 3.7A, B), suggesting a potential defect in CAF-1 unloading from stalled forks in BRCA- 

Figure 3.7: CAF-1 unloading defects in BRCA-deficient cells. (A), (B) SIRF assay 

showing that CHAF1A unloading from nascent DNA upon replication fork arrest is deficient 

in BRCA1 or BRCA2-depleted HeLa cells. To induce fork arrest, cells were treated with 

4mM HU after EdU labeling. Representative micrographs (scale bar represents 10μm) (A) 

and quantifications (B) are shown. At least 30 positive cells were quantified for each 

condition. The p-values (Mann-Whitney test) are listed at the top. A schematic representation 

of the SIRF assay conditions is also presented. (C) SIRF assay showing that, in BRCA1 or 

BRCA2-depleted HeLa cells, CHAF1A is retained on nascent DNA behind the replication 

fork after recovery from replication stress. Cells were labeled with EdU in the presence of 

low-dose HU (0.4mM for 30mins) to induce replication stress, washed, and chased for 4h in 

fresh media containing 50μM thymidine. At least 35 positive cells were quantified for each 

condition. The p-values (Mann-Whitney test) are listed at the top. A schematic representation 

of the SIRF assay conditions is also presented. 
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Figure 3.8: BRCA-deficient cells exhibit CAF-1 recycling defects. (A) SIRF assay showing 

that simultaneous treatment with 25μM B02 and 4mM HU elicits CHAF1A unloading defects 

in HeLa cells. At least 25 positive cells were quantified for each condition. The p-values 

(Mann-Whitney test) are listed at the top. A schematic representation of the SIRF assay 

conditions is also presented. (B) DNA fiber combing assay showing that CHAF1A 

knockdown restores fork protection to wildtype HeLa cells treated with the RAD51 inhibitor 

B02. The ratio of CldU to IdU tract lengths is presented, with the median values marked on 

the graph. The p-values (Mann-Whitney test) are listed at the top. A schematic representation 

of the DNA fiber combing assay conditions is also presented. (C) SIRF assay showing that 

prior replication stress reduces the levels of CHAF1A at ongoing replication forks in BRCA1 

or BRCA2-depleted HeLa cells. Cells were subjected to low-dose HU (0.4mM for 30 mins) to 

induced replication stress, chased in fresh media for 4h to recover from replication stress, then 

labeled with EdU. At least 40 positive cells were quantified for each condition. The p-values 

(Mann-Whitney test) are listed at the top. A schematic representation of the SIRF assay 

conditions is also presented. (E) DNA fiber combing assay showing that CHAF1A 

overexpression suppresses HU-induced fork degradation in BRCA1 or BRCA2-depleted 

HeLa cells. CHAF1A expression is under the control of the tetracycline responsive element 

(TRE), and is induced upon doxycycline (DOX) treatment. The ratio of CldU to IdU tract 

lengths is presented, with the median values marked on the graph. The p-values (Mann-

Whitney test) are listed at the top. A schematic representation of the DNA fiber combing 

assay conditions is also presented.  

 



67 

 

 

deficient cells. 

We recently showed that in PCNA ubiquitination-deficient K164R cells, the chromatin 

unloading of PCNA-CAF-1 complexes is defective since these complexes are retained on 

spontaneously accumulating ssDNA gaps on the lagging strand, which preclude Okazaki 

fragment maturation behind replication forks. Interestingly, recent work from several laboratories 

has demonstrated that BRCA-deficient cells are also prone to gap accumulation during replication 

stress, owing to their inability to restrain replication fork progression40,64,111,146. Altogether, these 

findings led us to hypothesize that replication stress-induced ssDNA gap accumulation in BRCA-

deficient cells may retain CAF-1 on lagging strands, similar to the situation we previously 

described in PCNA-K164R cells. To test this, we performed SIRF experiments with EdU labeling 

in the presence of a low dose of HU which elicits gap formation but does not result in replication 

fork arrest64. While the recruitment of CHAF1A to replication forks remained unchanged, 

BRCA1/2-depleted cells showed a persistent retention of CHAF1A at EdU-labeled DNA after a 

4h thymidine chase (Fig. 3.7C). Importantly, CHAF1A retention defects were not observed in 

BRCA1/2-depleted cells under endogenous (non-HU treatment) conditions (Fig. B5A). In 

contrast, the in-situ inactivation of RAD51 function using simultaneous treatments with B02 and 

HU, as opposed to the prior genetic inactivation of BRCA1/2, was enough to elicit CHAF1A 

unloading defects in BRCA-proficient HeLa cells (Fig. 3.8A). Additionally, HU-induced fork 

degradation caused by B02 treatment could also be rescued by CHAF1A depletion (Fig. 3.8B), 

similar to what we observed in BRCA-deficient cells. These findings argue that the inability of 

BRCA-deficient cells to restrain replication forks during replication stress gives rise to post-

replicative ssDNA gaps prior to fork arrest and drives abnormal CHAF1A retention at stalled 

replication forks.  
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We previously showed that PCNA-dependent sequestration of CHAF1A at gaps behind 

replication forks drives nucleosome assembly defects and fork degradation in PCNA 

ubiquitination-deficient K164R cells. We thus hypothesized that, in BRCA-deficient cells, CAF-1 

chromatin retention at replication stress-induced ssDNA gaps left behind forks, reduces its 

availability at ongoing replication forks; this would cause nucleosome  deposition defects, and 

prime nascent DNA for degradation upon fork stalling. To test this, we pre-treated cells with a 

low dose of HU, and investigated the recruitment of CHAF1A at EdU labeled DNA after a 4h 

chase. CHAF1A signal was significantly lower in BRCA1/2-depleted cells than in BRCA-

proficient cells (Fig. 3.8C), suggesting that its availability for ongoing replication forks is reduced 

when ssDNA gaps accumulate behind forks. Moreover, bolstering CHAF1A levels by using a 

doxycycline inducible overexpression system completely rescued fork stability in cells depleted 

of BRCA1 and BRCA2 (Fig. 3.8D; Fig. B5B). Taken together, these findings suggest that the 

retention of CAF-1 at ssDNA gaps behind the replication fork reduces its availability at ongoing 

replication forks, causing impaired nucleosome assembly which drives fork degradation in 

BRCA-deficient cells. 

Lagging strand gaps cause CAF-1 recycling defects in BRCA-deficient cells 

PRIMPOL-mediated repriming has recently been shown to promote ssDNA gap 

accumulation in BRCA-deficient cells86,112,146–149. We therefore asked if PRIMPOL activity could 

potentially drive HU-induced gap accumulation in BRCA-deficient cells. We employed the BrdU 

alkaline comet assay to measure the accumulation of replication-associated ssDNA gaps159. 

Importantly, the BrdU alkaline comet assay can detect ssDNA gaps in situations where only one 

of the complementary nascent DNA strands bears gaps, as opposed to the previously described S1 

nuclease-based approach, where the readout necessitates the simultaneous presence of leading  
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Figure 3.9: Accumulation of lagging strand gaps in BRCA-deficient cells. (A), (B) BrdU 

alkaline comet assay showing that PRIMPOL depletion reduces, but does not abolish 

replication stress-induced ssDNA accumulation in BRCA2-knockout HeLa cells, indicating 

the presence of PRIMPOL-independent gaps. Representative micrographs (A) and 

quantifications (B) are shown. At least 45 nuclei were quantified for each condition. The 

mean values are represented on the graph, and the p-values (t-test, two-tailed, unequal 

variance) are listed at the top. A schematic representation of the assay conditions is also 

presented. (C), (D) SIRF assay showing that, upon replication stress, LIG1 knockdown 

induces PAR chain formation in wildtype HeLa cells, but not in BRCA1 or BRCA2-depleted 

HeLa cells upon treatment with a low dose of HU (0.4mM), indicating the prevalence of 

lagging strand gaps in these cells. Representative micrographs (scale bar represents 10μm) 

(C) and quantifications (D) are shown. At least 35 positive cells were quantified for each 

condition. The p-values (Mann-Whitney test) are listed at the top. A schematic representation 

of the SIRF assay conditions is also presented. 
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and lagging strand gaps. HeLa-BRCA2KO cells labeled with BrdU in the presence of a low dose 

of HU exhibited a greater olive tail moment compared to wildtype HeLa cells, indicating the 

presence of more ssDNA gaps (Fig. 3.9A, B). In line with previous findings, depletion of 

PRIMPOL with two separate siRNAs completely rescued ssDNA gap formation in HeLa-

BRCA2KO cells under a low dose of HU as detected by measuring DNA fibers treated with S1 

nuclease (Fig. B6A, B). In addition, we did not observe differences in replication-associated 

ssDNA gaps in HeLa-BRCA2KO cells under unperturbed DNA replication conditions (Fig. 

A2.6B). Importantly, in contrast to the S1 nuclease assay, the BrdU alkaline comet assay showed 

only a partial rescue of HU-induced ssDNA gaps by PRIMPOL depletion in HeLa-BRCA2KO 

cells (Fig. 3.9 A, B; Fig. B6A). Due to the continuous nature of DNA synthesis on the leading 

strand, it was previously suggested that PRIMPOL likely serves as a dedicated leading strand 

primase during replication stress160. We thus hypothesized that PRIMPOL-independent gaps may 

in part be explained by gaps on the lagging strand which form in a Polα-dependent manner. 

Unligated Okazaki fragments result in the chromatin accumulation of poly(ADP-ribose) 

(PAR) chains in S-phase, which can be detected upon inhibition of the poly(ADPribose) 

glycohydrolase (PARG) enzyme115. Indeed, SIRF experiments on cells subjected to PARG 

inhibition (PARGi) showed that depletion of the OF ligase LIG1 in wildtype cells results in 

increased PAR chain formation (Fig. B6C, D). We reasoned that, when gaps occur on the lagging 

strand, the nicked DNA structure which is the substrate of LIG1 during OF ligation is not formed, 

since DNA synthesis on the OF is not completed. Thus, LIG1 depletion should increase PAR 

chain signal in cells with completed OF synthesis, but not in cells which accumulate gaps 

precluding nick formation. Under normal conditions, PAR SIRF experiments showed no 

difference in PAR chromatin levels in BRCA-proficient and BRCA1/2-depleted cells (Fig. B6C, 

D). LIG1 depletion yielded a detectable increase in PAR SIRF signal but failed to elicit 
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Figure 3.10: Lagging strand gaps drive CHAF1A and HIRA accumulation at stalled 

forks. (A), (B) SIRF assay showing that Pola inhibition suppresses the increased CHAF1A 

retention in BRCA1 or BRCA2-depleted HeLa cells. Representative micrographs (scale bar 

represents 10μm) (A) and quantifications (B) are shown. At least 35 positive cells were 

quantified for each condition. The p-values (Mann-Whitney test) are listed at the top. A 

schematic representation of the SIRF assay conditions is also presented. (C), (D). SIRF assay 

showing that RPA1 co-depletion restores HIRA levels to the same levels in wildtype and 

BRCA1 or BRCA2-knockodown HeLa cells. Representative micrographs (scale bar 

represents 10μm) (C) and quantifications (D) are shown. At least 30 positive cells were 

quantified for each condition. The p-values (Mann-Whitney test) are listed at the top. A 

schematic representation of the SIRF assay conditions is also presented. 
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differences between BRCA-proficient and BRCA1/2-depleted cells, suggesting that Okazaki 

fragment synthesis remains largely unperturbed in BRCA-deficient cells under normal growth 

conditions. We next performed SIRF to detect chromatin PAR chains after subjecting cells to 

EdU labeling under a low dose of HU. Interestingly, HU-induced replication stress resulted in a 

modest reduction in SIRF signal in BRCA1/2-depleted cells which was drastically exacerbated 

upon the depletion of LIG1 (Fig. 3.9C, D). This suggests that BRCA-deficient cells accumulate 

incompletely synthesized Okazaki fragments due to lagging strand gap formation upon 

encountering HU-induced replication stress. We next sought to directly test if frequent Polα-

mediated repriming during transient HU induced replication stress prior to fork stalling, could 

drive lagging strand gap accumulation and CAF-1 recycling defects in BRCA- deficient cells. 

The retinoid ST1926 was previously shown to abolish Polα activity resulting in replication fork 

uncoupling at sufficiently high doses161. Indeed, treatment of HeLa cells with 10μM ST1926 

induced maximal chromatin bound RPA levels within 5 minutes (Fig. B6E, F), indicating a robust 

and immediate inhibition of Polα activity. We next performed SIRF on EdU-labeled cells 

subjected to a high dose of HU in the presence of ST1926. Strikingly, Polα inhibition, while 

having a minimal impact on BRCA-proficient cells, completely suppressed CHAF1A retention at 

stalled forks in BRCA1 and BRCA2- depleted cells (Fig. 3.10A, B). These results suggest that 

frequent Polα-mediated lagging strand repriming during replication stress is responsible for the 

CHAF1A recycling defects in BRCA-deficient cells. 

Replication-associated ssDNA gaps are likely to be immediately coated by the RPA 

complex. Interestingly, the recruitment of HIRA to DNA during transcription has been shown to 

be dependent on RPA1162. We wondered if RPA-coated ssDNA could account for the increased 

presence of HIRA observed at stalled forks in BRCA-deficient cells. Indeed, depletion of RPA1 

restored HIRA at stalled forks to similar levels in both BRCA-proficient and BRCA1/2-depleted 
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cells (Fig. 3.10C, D; Fig. B6G). Taken together, these results suggest that the prevalence of 

lagging strand gaps, caused by Polα-dependent repriming, drives the aberrant retention of CAF-1 

at stressed replication forks in BRCA-deficient cells.  Furthermore, RPA complexes coating 

ssDNA at these gaps recruit HIRA in the proximity of HU-arrested forks in BRCA-deficient 

cells. 

PCNA unloading ensures CAF-1 mediated fork protection in BRCA-proficient cells 

We previously showed that PCNA-K164R cells exhibit PCNA-unloading defects owing to their 

inability to mitigate lagging strand ssDNA gaps, therefore interfering with CAF-1 recycling at 

replication forks. Interestingly, similar to BRCA-deficient cells, CHAF1A depletion also rescued 

fork stability in PCNA-K164R cells (Fig. B7A, B). Thus, we sought to test if PCNA unloading 

defects cause the CAF-1 retention at stalled forks observed in BRCA-deficient cells. Indeed, 

similar to what we observed for CHAF1A, SIRF experiments revealed an abnormal retention of 

PCNA at stalled replication forks in BRCA1/2-depleted cells upon treatment with a high dose of 

HU (Fig. 3.11A, B). Importantly, Polα inhibition completely abrogated this abnormal PCNA 

retention, indicating that lagging strand gaps are responsible for the PCNA unloading defects in 

BRCA-deficient cells.  

Since the results described above suggested that CAF-1 retention on ssDNA gaps 

promotes fork degradation in BRCA-deficient cells, we next assessed if correcting this defective 

PCNA unloading could restore fork stability to these cells. Recent work showed that the 

bromodomain extra-terminal (BET) family of proteins, namely BRD2, BRD3 and BRD4, form 

complexes with ATAD5 and inhibit its PCNA unloading activity163,164. We reasoned that 

inactivating these BET proteins would enhance PCNA removal from DNA and thus reverse the 
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effect of PCNA unloading defects in BRCA-deficient cells. Strikingly, depleting BRD3 and 

BRD4 restored fork stability to HeLa-BRCA2KO cells (Fig. 3.12A; Fig. A2.7C). Importantly, co-

depletion of CHAF1A with either BRD3 or BRD4 restored nascent fork degradation to HeLa-

BRCA2KO cells, suggesting that correction of PCNA unloading defects in BRCA-deficient cells 

restores fork stability in a CAF-1-dependent manner. 

To more directly assess the role of PCNA unloading in ensuring fork stability in BRCA-

deficient cells, we next created PCNA variants exhibiting reduced chromatin retention. We 

previously obtained a clonal line in pseudotriploid human 293T cells bearing genetic knockouts 

Figure 3.11: BRCA-deficient cells display PCNA unloading defects dependent on Polα-

mediated repriming during replication stress. (A), (B) SIRF assay showing deficient 

PCNA unloading from nascent DNA upon replication fork arrest in BRCA-depleted HeLa 

cells. Pola inhibition by treatment with 10μM ST1926 suppresses this defect, indicating that 

this PCNA retention on nascent DNA occurs at lagging strand gaps. Representative 

micrographs (scale bar represents 10μm) (A) and quantifications (B) are shown. At least 50 

positive cells were quantified for each condition. The p-values (Mann-Whitney test) are listed 

at the top. A schematic representation of the SIRF assay conditions is also presented. 
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Figure 3.12: Restoring PCNA unloading rescues fork stability in BRCA-deficient cells. 

(A) DNA fiber combing assay showing that co-depletion of BRD3 or BRD4 restores HU-

induced fork degradation in CHAF1A-knockdown HeLa-BRCA2KO
 cells. The ratio of CldU 

to IdU tract lengths is presented, with the median values marked on the graph. The p-values 

(Mann-Whitney test) are listed at the top. A schematic representation of the DNA fiber 

combing assay conditions is also presented. (B), (C) Chromatin fractionation experiments 

showing that ATAD5 (B) or LIG1 (C) knockdown increases the chromatin levels of wildtype 

PCNA, but not those of PCNA-C81R and D150E variants. MRE11 is used as a control for the 

chromatin fraction. LIG1 depletion is confirmed by western blot. ATAD5 depletion is 

confirmed by RT-qPCR, since no antibody was available to use to verify depletion by western 

blot. The average of two technical replicates is shown. (D). DNA fiber combing assay 

showing that BRCA2 knockdown causes HU induced fork degradation in 293T cells 

expressing wildtype PCNA, but not in 293T cells expressing PCNA variants with deficient 

chromatin retention. The ratio of CldU to IdU tract lengths is presented, with the median 

values marked on the graph. The p-values (Mann-Whitney test) are listed at the top. A 

schematic representation of the DNA fiber combing assay conditions is also presented. (E) 

DNA fiber combing assay showing that CHAF1A knockdown suppresses HU-induced fork 

degradation caused by B02 treatment in 293T cells expressing wildtype PCNA, but not in 

293T cells expressing PCNA variants with deficient chromatin retention. The ratio of CldU to 

IdU tract lengths is presented, with the median values marked on the graph. The p-values 

(Mann-Whitney test) are listed at the top. A schematic representation of the DNA fiber 

combing assay conditions is also presented. 
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of four out of five endogenous PCNA alleles, with the final allele encoding a PCNA-K164R 

mutation (293T-PCNAK164R(hyp)). Importantly, we showed that these cells exhibit lower 

endogenous PCNA expression and the stable complementation with wildtype PCNA restored 

near-wildtype characteristics to these cells, thus establishing their suitability for complementation 

with potential PCNA mutants. Studies in S. cerevisiae have characterized point mutations on 

PCNA’s trimer interface that interfere with stable homotrimer formation23,165–167. We generated 

two of the corresponding mutations, namely PCNA-C81R and PCNA-D150E, in human PCNA 

(Fig. B7D). Using a lentiviral expression system, we stably complemented 293T-

PCNAK164R(hyp) cells with either PCNA-WT, PCNA-C81R or PCNA-D150E variants (Fig. 

A2.7E). We next tested if these mutations could ameliorate PCNA unloading defects caused by 

ATAD5 or LIG1 depletion. As expected, ATAD5 depletion increased chromatin-bound PCNA in 

293T-PCNA-WT cells, however, 293T-PCNA-C81R and 293T-PCNA-D150E cells exhibited no 

increase in PCNA chromatin association upon ATAD5 depletion (Fig. 3.12C). Similarly, LIG1 

depletion also increased chromatin-bound PCNA levels in 293T-PCNA-WT cells, in line with 

Okazaki fragment ligation being a prerequisite for PCNA unloading23. In contrast, LIG1 

knockdown failed to cause PCNA chromatin retention in 293T-PCNA-C81R and 293TPCNA-

D150E cells (Fig. 3.12B). These results confirm that PCNA-C81R and PCNA-D150E mutants 

have reduced chromatin retention and can correct PCNA unloading defects in human cells.  

We next assessed if PCNA-C81R and PCNA-D150E can ameliorate fork degradation in 

BRCA-deficient cells. Indeed, while both BRCA2 depletion as well as RAD51 inhibition using 

B02 elicited fork degradation in 293T-PCNA-WT cells, fork stability remained intact in 293T-

PCNA-C81R and 293T-PCNA-D150E cells (Fig. 3.12D, E; Fig. B7F). Importantly, while 

CHAF1A depletion restored fork stability to B02-treated 293T-PCNA-WT cells, it caused fork 
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degradation in B02-treated 293T-PCNA-C81R and 293T-PCNA-D150E cells. (Fig. 3.12D, E; 

B7G). These results suggest that, in cells with impaired BRCA/RAD51 function, the restoration 

of PCNA unloading rescues fork stability by reinstating CAF-1 function at replication forks. 

Taken together, these observations imply that CAF-1 is a direct effector of the BRCA/RAD51 

pathway of fork protection whose function is ensured by lagging strand gap suppression and 

efficient PCNA unloading (Fig. B8A). 
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Chapter 4 

 

Discussion 

Nucleosome assembly is a determinant of replication fork stability 

Replication-coupled nucleosome assembly depends on the PCNA-interacting histone 

chaperone CAF-1 168,169. In the previous sections, we outlined distinct genetic backgrounds 

susceptible to replication fork degradation, i.e., PCNA-K164R – deficient in PCNA-

ubiquitination - and BRCA-deficiency, as exhibiting a functional inactivation of CAF-1 during 

replication stress. In both backgrounds, CAF-1 inactivation at replication forks was associated 

with the inability of PCNA-K164R and BRCA-deficient cells to mitigate replication associated 

gaps, resulting in the inefficient recycling of PCNA-CAF-1 complexes at stressed replication 

forks. Furthermore, CAF-1 inactivation in BRCA- and PCNA-ubiquitination proficient cells 

elicited fork degradation through similar mechanisms as previously documented in models of HR 

deficiency, involving the activity of DNA2 and MRE11 nucleases2,3,38, as well as fork reversal 

dependent on ZRANB3 and SMARCAL15,8–10.  

CAF-1 mediated nucleosome assembly depends on its interaction with ASF1, which 

packages H3/H4 heterodimers that are subsequently used by CAF-1 to assemble (H3/H4)2 

tetramers on replicating chromatin170–173. CAF-1 preferentially interacts with the canonical 

histone isoform H3.1155. ASF1 also participates in replication-independent deposition of histone 

H3.3, by cooperating with the histone chaperone HIRA155,174. In humans, two ASF1 paralogs 

exist: ASF1A and ASF1B. Of the two, only ASF1A is capable of interacting with both CAF-1 

and HIRA, and appears to do so in a mutually exclusive manner155,175,176. Interestingly, we 

observed ASF1A inactivation to be epistatic with BRCA1/2 deficiency in eliciting fork 
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degradation, further suggesting a role for nucleosome assembly as an effector of BRCA-mediated 

fork stability. In line with this, restoring CAF-1 activity at replication forks in BRCA-deficient 

cells by either CHAF1A overexpression or the restoration of PCNA-unloading rescued fork 

stability. Lastly, we uncovered that fork rescue upon the inactivation of CHAF1A in BRCA-

deficient cells was dependent on ASF1A and operated through the compensatory HIRA/H3.3 

pathway of nucleosome assembly. Fork rescue upon CHAF1A inactivation was also observed in 

PCNA-K164R cells, which exhibit similar defects in ssDNA gap suppression and PCNA 

unloading as BRCA-deficient cells. These collective observations are consistent with the previous 

findings showing that nucleosomes act as a barrier to DNA resection by nucleases68 and may 

reflect a role of nucleosome assembly as a determinant of canonical fork stability mechanisms. 

Recently published work revealed a role for CAF-1 and ASF1-dependent nucleosome 

assembly in promoting HR by mediating RAD51 recruitment to ssDNA through MMS22L-

TONSL177. It is therefore possible that the inactivation of CAF-1 and ASF1 directly results in 

fork instability by impairing RAD51-mediated fork protection. In the present work, we reveal that 

fork stability in BRCA-deficient cells upon CHAF1A inactivation occurs in a manner dependent 

on ASF1A, HIRA and H3.3. Importantly, treatment with the RAD51 inhibitor B02 fails to elicit 

fork degradation under these conditions, suggesting that HIRA-mediated restoration of fork 

stability occurs in a RAD51-independent manner. These observations suggest that, in the context 

of replication stress, nucleosome assembly acts as the major determinant of fork stability and 

operates independently of the role of RAD51 in mediating HR. 

Our observations indicate that the fork protective activity of HIRA only operates when 

CAF-1 and the BRCA pathway are simultaneously inactivated. Previous studies have revealed a 

compensatory role of HIRA in filling nucleosome gaps on the genome in the absence of the CAF-
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1156. However, the inactivation of CHAF1A in BRCA-proficient cells does not trigger HIRA 

mediated fork protection. We speculate that this selective activation of HIRA is caused by its 

recruitment to RPA-coated ssDNA accumulating in BRCA-deficient cells, proximal to stalled 

forks. Nevertheless, the activation of HIRA-mediated fork protection still necessitates the 

inactivation of CHAF1A. A possible explanation for this could be the mutual exclusivity of 

ASF1A interactions with CAF-1 and HIRA. Indeed, ASF1 has previously been shown to ensure 

the supply of S-phase (H3.1-containing) histones during replication stress178. Therefore, it is 

possible that the absence of CAF-1 relieves ASF1A of its S-phase histone buffering constrains, 

enabling it to participate in H3.3-dependent nucleosome assembly with HIRA. Furthermore, the 

RPA-dependent accumulation of HIRA at stalled forks in BRCA-deficient cell may prime HIRA 

to mediate efficient nucleosome assembly thereby preventing fork degradation upon CAF-1 loss 

(Fig. B8B). 

Inadequate gap evasion during DNA replication contributes to lagging strand synthesis defects 

In our work we revealed that PCNA-K164R cells accumulate spontaneous replication-

associated gaps during unperturbed DNA replication putatively due to endogenous replication 

stress. We further found that forks speed and fork stability defects in PCNA-K14R cells operate 

epistatically with the inactivation of Okazaki fragment maturation factors FEN1 and LIG1. 

Additionally, in asynchronous cells, PCNA-K164R contributed to enhanced chromatin bound 

poly(ADP ribose) chains which could be suppressed by the lagging strand synthesis inhibitor 

emetine, suggesting that PCNA-K164R cells accumulate unligated Okazaki fragments115 arising 

from unmitigated replication-associated gaps on the lagging strand. Importantly, we found that 

the resolution of post-replicative gaps in PCNA-K164R cells depended on the BRCA-pathway, 

thereby suggesting that the BRCA-pathway operates as a parallel pathway to PCNA-
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ubiquitination dependent translesion synthesis in mediating ssDNA gap repair. Furthermore, 

PCNA-K164R, while not eliciting PARPi sensitivity, synergistically sensitized BRCA-deficient 

cells to the PARP-inhibitor Olaparib, in line with later works revealing persistent ssDNA gaps, 

potentially those on lagging strands, as lesions that govern PARPi sensitivity in BRCA-deficient 

cells64,111,148,150. Indeed recent work has revealed that ssDNA arising on lagging strands as a result 

of FEN1 inactivation, sensitizes cells to cells to PARPi179.  

A recent body of literature revealed a role for the BRCA-RAD51 pathway in suppressing 

ssDNA gap formation by restraining fork progression during replication stress64,111,112,146,148. In 

this context, replication-associated gap accumulation is found to occur in a manner dependent on 

the PRIMPOL primase, which allows for repriming and continued fork progression during 

replication stress. Recent evidence suggests that PRIMPOL-mediated repriming and subsequent 

gap induction during replication stress is enhanced in the absence of sufficient fork reversal, a 

downstream outcome of fork slowing during replication stress7,51,86,149,180. In models of 53BP1 

inactivation and partial RAD51 inhibition, BRCA2 was recently documented to participate in the 

generation of a reversed fork substrate necessary for nucleolytic resection40. These collective 

observations suggest that the BRCA-pathway, through fork restraint and reversal, prevents 

excessive PRIMPOL-mediated repriming at stressed forks, thereby suppressing ssDNA gap 

formation. 

While active fork restraint ensures BRCA-mediated gap evasion during replication stress, 

the mechanistic basis of spontaneous gap formation during DNA replication under endogenous 

conditions in PCNA-K164R cells is less clear. Increased rates of fork progression can potentially 

underlie replication stress110. Therefore, it is possible that the observed increased fork progression 

rates in PCNA-K164R cells underlie spontaneous replication-associated gap induction. However, 
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while depletion of FEN1 and LIG1 increases fork speed to similar levels and in a manner epistatic 

with PCNA-K164R, LIG1 depletion did not increase replication associated gap accumulation in 

PCNA-ubiquitination proficient cells (data not shown). This suggests that modest increases in 

fork speed, as observed in PCNA-K164R or FEN1/LIG1 depleted cells are not sufficient to 

explain increased replication-associated gap accumulation. The SNF2 family translocases HLTF 

and ZRANB3 are required for fork slowing and reversal during replication stress48,50,51,56,57,57,180. 

Importantly, HLTF is known to catalyze PCNA-ubiquitination52,53, while the fork remodeling 

activities of ZRANB3 depend on polyubiquitinated PCNA50,51. Our data suggest that that PCNA-

K164R cells show no dependence on HLTF and only a partial dependence on ZRANB3 fork 

reversal. Therefore, it is possible that increased fork speeds upon perturbing Okazaki fragment 

synthesis and processing necessitate an enhanced involvement of ZRANB3 and HLTF in 

restricting gaps arising from endogenous replication obstacles in a manner dependent on 

ubiquitinated PCNA. Loss of ZRANB3 and HLTF activity in the context of abolished PCNA-

ubiquitination could therefore explain the increase in replication-associated gap accumulation in 

PCNA-K164R cells. Notably, we did not observe fork degradation upon ZRANB3 inactivation 

alone. However, the lack of fork degradation in this context could be reflective of 1) the absence 

of fork acceleration upon ZRANB3 inactivation; 2) the presence of HLTF activity; 3) the context 

specificity of ZRANB3 function loss upon abolishing PCNA-ubiquitination vs. the complete 

inactivation of ZRANB3, which could affect global replication fork reversal. Interestingly, as 

opposed to ZRANB3 inactivation, suppressing PCNA-polyubiquitination through UBC13 

inactivation elicited fork degradation, further supporting a possible context-specific function of 

ZRANB3 in suppressing fork progression and gap accumulation during replication stress. 

Despite the well-documented emerging role of PRIMPOL in gap induction in BRCA-

deficient cells, its impact on leading versus lagging strand gap induction is not well understood. 
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The major experimental approach employed to detect replication-associated gaps involves 

measuring the shortening of DNA tracts upon treatment with the S1 nuclease, which specifically 

digests ssDNA substrates, in DNA fiber spreading experiments181. In this assay, for a detectable 

shortening of replication tracts upon S1 treatment, gaps likely need to be present on both the 

leading and the lagging strands. In our studies, we show that while PRIMPOL depletion in HeLa-

BRCA2KO cells completely abolishes replication tract shortening upon treatment with the S1 

nuclease, it only partially suppresses ssDNA gaps detected by the BrdU alkaline comet assay. 

This raises the question of the mechanism by which PRIMPOL-independent gaps occur. Recent 

work in reconstituted eukaryotic DNA replication systems revealed that fork progression is 

disproportionately impeded by leading strand obstacles, while lagging strand obstacles are 

efficiently bypassed via inherently frequent Polα-mediated repriming116,117. Repriming by 

PRIMPOL is thus likely to occur mostly on the leading strand, giving rise to leading strand 

ssDNA gaps160. This raises the possibility that the PRIMPOL-independent ssDNA gaps detected 

in BRCA2-deficient cells by BrdU alkaline comet assays could, in part, be Polα-dependent 

lagging strand gaps. Indeed, taking advantage of the fact that S-phase chromatin-bound PAR 

chains specifically form at fully synthesized but unligated OFs115, we demonstrate that BRCA-

deficient cells accumulate lagging strand discontinuities during replication stress. 

The unloading of PCNA from lagging strands can only occur upon OF ligation23. 

Importantly, we and others have shown that loss of PCNA ubiquitination, which ensures efficient 

lagging strand synthesis, results in PCNA unloading defects158. Thus, PCNA unloading represents 

a surrogate marker for OF synthesis and ligation defects. In our work, we show that PCNA 

unloading is defective upon replication stress in both PCNA-K164R as well as BRCA-deficient 

cells. Moreover, PCNA-unloading defects in BRCA-deficient cells, which only manifest in the 

presence of exogenously added replication stress, can be rescued upon Polα inhibition, solidifying 
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their connection to lagging strand synthesis defects.  This further supports the notion that 

incompletely synthesized OFs accumulate in BRCA-deficient cells. Indeed, recent studies have 

also reported OF processing defects in BRCA-deficient cells111,150. In conclusion, in combination 

with previous studies, we provide significant evidence that lagging strand gaps comprise a direct 

and therapeutically relevant consequence of gap evasion defects in PCNA-K164R and BRCA-

deficient cells. 

PCNA-unloading and CAF-1 recycling connect gap evasion to replication fork stability 

The classical FA/BRCA modality of replication fork protection asserts a role for stable 

RAD51 nucleofilaments on reversed fork arms  in acting as a direct obstacle to nuclease mediated 

resection2–4,8,79. However, recent evidence suggests that RAD51 at replication forks may also 

assemble at PRIMPOL-dependent gaps that occur proximal to the replication fork experiencing 

stress112. Further evidence, as discussed above, suggests that the BRCA-pathway possesses a 

latent role in orchestrating replication fork reversal and, therefore, could participate in restraining 

forks during replication stress40. These observations suggest that the BRCA/RAD51 pathway may 

actively act at stressed replication forks to 1) restrain uncoupled forks by catalyzing reversal and 

2) initiate the rapid repair of post-replicative ssDNA gaps, thereby offering a potential 

mechanistic explanation for the recently defined role of the BRCA/RAD51-pathway in 

suppressing replication-associated ssDNA gaps1,8,64,111,112,146,148,150. Through our studies in PCNA-

K164R cells, we revealed replication-associated ssDNA gaps as critical enablers of fork 

instability owing to their direct impact on lagging strand DNA synthesis and the subsequent 

unloading and recycling of PCNA. In line with this, we also detected PCNA unloading defects in 

BRCA-deficient cells, and correcting these defects restored fork stability in a CAF-1 dependent 
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manner. This leads us to speculate that gap-evasion followed by PCNA unloading and CAF-1 

recycling may be a major effector mechanism operating downstream of previously characterized 

fork protection pathways. This raises the possibility that, in addition to the formation of stable 

RAD51 nucleofilaments on reversed forks, ssDNA gap evasion may be a major accessory of the 

BRCA/RAD51 pathway of replication fork protection with PCNA-CAF1 recycling and 

nucleosome assembly as effectors. Interestingly, cells deficient of the PCNA unloader ATAD5 

have recently been characterized to be defective in RAD51-mediated fork slowing and reversal182. 

It is therefore possible that the initial inability to complete lagging strand synthesis in gap-evasion 

defective models could entail further fork restraint defects, thereby exacerbating fork instability.   

Despite sharing gap suppression and PCNA unloading defects, PCNA-K164R cells and 

BRCA-deficient cells experience fork degradation through distinct mechanisms. While BRCA-

deficient cells display fork degradation through both MRE11 and DNA2 dependent mechanisms, 

fork degradation in PCNA-K164R cells is independent of MRE11 and depends on DNA2 alone. 

These divergent mechanisms could potentially arise as a consequence of differences in reversed 

fork substrates upon fork stalling. We showed that PCNA-K164R cells undergo fork reversal in a 

manner independent of HLTF and only partially dependent on ZRANB3, as opposed to BRCA-

deficient cells that show an equal dependence on SMARCAL1, HLTF and ZRANB3 for fork 

degradation5. As speculated on in the literature review, in PCNA-K164R cells, a near complete 

dependence on SMARCAL1, which prefers leading strand uncoupled fork substrates, could lead 

to an asymmetric reversed fork configuration that is only compatible with the 5’-3’ exonuclease 

activity of DNA2, as opposed to MRE11/EXO1 which relies on an initial 3’-5’ processing by 

MRE11 on putatively symmetrical reversed fork substrates prior to long range resection by 

EXO158,59. Regardless, the presence of nucleosomes inhibits resection by both EXO1 as well as 
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DNA268 and thus may act as a deterrent to fork resection by mechanisms inclusive of either one 

or both of these nucleases.  

Future Directions 

 In BRCA-deficient cells, replication associated gaps are subject to MRE11-dependent 

processing, leading to gap expansion1,8,65,112,149. These extended gaps underlie the reliance of 

BRCA-deficient cells on PRR mechanisms and enhance sensitivity to chemotherapeutics and 

PARPi in these cells64,111,148,149. The effect of nucleosome deposition on limiting the nucleolytic 

processing of gaps remains to be ascertained. In our work, we showed that CHAF1A inactivation 

in BRCA-deficient cells promotes the activity of HIRA recruited at ssDNA gaps. Therefore, it is 

possible that CHAF1A inactivation in BRCA-deficient cells may restrict gap expansion by 

MRE11 through a mechanism similar to that observed in the context of reversed replication forks. 

Further studies assessing replication-associated ssDNA gap formation involving BrdU alkaline 

comet assays and S1 nuclease assays are required to assess this possibility. Additionally, the 

effect of CHAF1A inactivation on PARPi sensitivity remains to be ascertained as any effect on 

ssDNA gap expansion upon CHAF1A inactivation is likely to affect the survivability of BRCA-

deficient cells to these treatments.  

 Despite sharing defective PCNA unloading as an underlying mechanism predisposing to 

fork instability, the concomitant loss of BRCA-function in PCNA-K164R cells results in additive 

fork degradation. These observations indicate that PCNA-ubiquitination and the BRCA pathway, 

through their participation in replication associated gap avoidance, likely act as parallel pathways 

ensuring PCNA recycling. Recent evidence revealed temporal distinctions between gap 

avoidance pathways dependent on RAD51/template switching and translesion synthesis149, 
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suggesting that PCNA recycling may be differentially regulated depending on which gap 

avoidance pathway is engaged. Through SIRF experiments, we characterized PCNA-CHAF1 

recycling defects in BRCA-deficient cells exposed to replication stress (Fig. 3.7A, B, C; Fig 3.11 

A, B). However, the kinetics of PCNA unloading in PCNA-K164R cells remain to be precisely 

defined in mammalian systems. Our observations of spontaneous gap accumulation in PCNA-

K164R cells under endogenous conditions suggest that PCNA unloading defects may be 

operational in these cells independently of exogenous replication stress, leading to global 

nucleosome assembly defects, in line with what we observed in MNase sensitivity assays in 

asynchronous 293T PCNA-K164R cells (Fig. 2.8C). SIRF studies in the presence or absence of 

exogenous replication stress are needed to characterize the precise nature of PCNA unloading 

defects in PCNA-K164R cells. 

Unloading of PCNA depends on the alternative RLC complex involving ATAD5118,182. 

Interestingly, we observed that while ATAD5 depletion elicited fork degradation in PCNA-WT 

cells, it did not further enhance fork degradation in PCNA-K164R cells (Fig. 2.8B). Subsequent 

experiments using BRD3 and BRD4 inactivation to disinhibit ATAD5 activity in BRCA-deficient 

cells restored fork stability via restored CHAF1A function (Fig. 3.12A), suggesting ATAD5 

function is also dysregulated in BRCA-deficient cells during replication stress. Thus, the absence 

of additive fork degradation upon ATAD5 inactivation in PCNA-K164R cells as opposed to 

BRCA inactivation in PCNA-K164R cells is counterintuitive to our understanding of how 

ATAD5 regulates PCNA unloading and fork stability. One possibility underlying these 

differential effects may be related to the role of ATAD5 in augmenting RAD51-mediated fork 

reversal through PCNA unloading. It is possible that both PCNA-K164R cells and ATAD5 

inactivated cells experience fork reversal defects, thereby restricting the prevalence of fork 

substrates required for nucleolytic resection upon the combined inactivation of ATAD5 and 



88 

 

 

PCNA-ubiquitination. Regardless, the precise mechanisms underlying fork degradation upon 

ATAD5 inactivation such as the involvement of MRE11, as well as the SNF2 family translocases 

SMARCAL1, ZRANB3 and HLTF remain to be characterized. Furthermore, the effect of 

ATAD5 inactivation in BRCA-deficient cells remains to be ascertained. Lastly, experiments 

using PCNA-C81R and PCNA-D150E cells with combinatorial RAD18 and BRCA1/2 

inactivation are required to further characterize the universality of PCNA unloading as a 

mechanism underlying RAD51 and PCNA-ubiquitination dependent fork stability. 

Through our work we elucidate nucleosome assembly as a major fork stability 

mechanism operating through the suppression of ssDNA gaps. However, whether this mechanism 

of fork stability acts as an accessory to pathways independent of the BRCA proteins or PCNA-

ubiquitination is unknown. A classical BRCA-independent fork protection pathway involves the 

Fanconi anemia family of proteins3,15,76. FA proteins have been extensively characterized to 

participate in ICL repair, but their role in suppressing ssDNA gap accumulation is less 

understood. This also raises questions regarding whether nucleosome assembly is important for 

fork protection via the FA pathway as well. Indeed, latest work suggests that FANCD2 facilitates 

strand exchange by promoting the binding of RAD51 to ssDNA, in addition to the fact that 

FANCD2 acts to restrain fork protection during replication stress87,183. Therefore, cells deficient 

in fork protection through the loss of FA pathway activity may be subject to similar PCNA-

CHAF1A recycling constraints as BRCA-deficient cells. Further studies are required to assess 

this possibility. These studies can be further extended to other RAD51-dependent and RAD51-

independent fork protection pathways outlined in the literature review. 

In vivo psoralen crosslinking in combination with electron microscopy studies recently 

revealed that reversed replication forks undergo regular chromatinization and display standard 
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nucleosome periodicity71. However, it remains unknown whether nucleosome assembly on 

reversed forks is essential for replication fork stability as measured by the DNA fiber assay. 

Using the association of PARP1 with nascent DNA as a proxy for reversed fork prevalence, we 

showed that HIRA mediated nucleosome assembly upon CHAF1A inactivation stabilizes 

reversed forks in BRCA-deficient cells (Fig. 3.2E). However, due to the limited resolution of the 

DNA fiber combing approach, as opposed to electron microscopy, it remains unclear whether the 

stabilized structures represent fully intact reversed fork structures with unresected reversed arms, 

or simply a partially resected structure with stable daughter strands only behind replication fork 

junctions. In vitro studies have revealed that stable RAD51 nucleofilaments on structures 

resembling reversed replication forks antagonize DNA resection4,8. Therefore, further studies 

employing electron microscopy of psoralen crosslinked replication fork intermediates would be 

needed to ascertain whether nucleosome assembly is protective of reversed arms in stalled fork 

structures from nucleolytic resection, and the relative contribution of RAD51 nucleofilaments 

versus the presence of nucleosomes in ensuring this protection. The bacterial Holliday junction 

binding protein RuvA, has been used as a proxy for the detection of reversed fork intermediates 

owing to its preference for X-shaped recombination intermediates as opposed to Y-shaped 

replication fork junctions19. Ectopically expressed RuvA constructs used in conjunction with 

chromatin fractionation or SIRF assays may be employed to further augment electron microscopy 

studies in ascertaining the nature of stalled fork substrates dependent on nucleosome-dependent 

protection against resection.  
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Chapter 5 

 

Materials and Methods 

Cell culture techniques 

Human 293T, RPE1, HeLa, and U2OS cells were grown in DMEM supplemented with 

10% Fetal Calf Serum. To generate PCNA-K164R cells, the gRNA sequences used were: 

TTTCACTCCGTCTTTTGCACAGG for 293T cells and GCAAGTGGAGAACTTGGAAATGG 

for RPE1 cells. The sequences were cloned into the pX458 vector (pSpCas9BB-2A-GFP;  

obtained from Addgene). Cells were co-transfected with this vector and a repair template 

spanning the K164 genomic locus but containing the K164R mutation (AAA-AGA codon 

change). Transfected cells were FACS-sorted into 96-well plates using a BD FACSAria II 

instrument. Resulting monoclonal cultures were screened by western blot for loss of PCNA 

ubiquitination using an antibody specific for this modification. For verification of positive cell 

lines, the targeted genomic region was PCR amplified from genomic DNA, cloned into 

pBluescript, and multiple clones were Sanger-sequenced to ensure that all alleles are identified. In 

the 293T KR5 clone obtained, no wildtype allele was discovered, and at least one K164R allele 

was found. In addition, several other alleles bearing insertions or deletions at that position, 

introducing frameshifts and premature subsequently stop codons, were identified. No truncated 

forms were detectable by western blot. In RPE cells, only alleles with the K164R mutation were 

detected. For exogenous PCNA expression, pLV-puro- CMV lentiviral constructs encoding 

wildtype, K164R, D150E or C81R variant were obtained from Cyagen. Infected cells were 

selected by puromycin. RPE1-p53KO-BRCA1KO
 were obtained from Dr. Alan D’Andrea 

(Dana-Farber Cancer Institute, Boston, MA)93. For doxycycline-induced CHAF1A 
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overexpression, the pLV[Exp]-Puro-TRE>hCHAF1A lentiviral construct (Cyagen) was used. 

Infected cells were selected by puromycin. 

For RAD18 and CHAF1A gene knockout, the commercially available CRISPR/Cas9 KO 

plasmids were used (Santa Cruz Biotechnology sc-406099 and sc-402472 respectively). 

Transfected cells were FACS-sorted into 96-well plates using a BD FACSAria II instrument. 

Resulting colonies were screened by western blot. The BRCA2-knockout HeLa cells were 

previously published80. 

Protein techniques 

Denatured whole cell extracts were prepared by boiling cells in 100mM Tris, 4% 

SDS, 0.5M β-mercaptoethanol. Chromatin fractionation was performed as previously 

described184. Briefly, cells were treated with 1% Triton-X and the pellet was isolated using 

centrifugation at 4ᵒC. Antibodies used for Western blot were: CHAF1A (Cell Signaling 

Technology 5480); ASF1 (Santa Cruz Biotechnology sc-53171); BRCA1 (Santa Cruz 

Biotechnology sc-6954); BRCA2 (Calbiochem OP95); ZRANB3 (Invitrogen PA5-65143); 

SMARCAL1 (Invitrogen PA5-54181); HIRA (Abcam 129169); DAXX (Invitrogen PA5-79137); 

RPA1 (Cell Signaling Technology 2198); LIG1 (Bethyl A301- 136A); MRE11 (GeneTex 

GTX70212); PCNA (Cell Signaling Technology 2586); ubiquitinated PCNA (Cell Signaling 

Technology 13439); BRD3 (Bethyl A302-368A); BRD4 (Bethyl A700-005); GAPDH (Santa 

Cruz Biotechnology sc-47724); CHK2 (Cell Signaling Technology 2662); pCHK2-T68 (Cell 

Signaling Technology 2661); CHK1 (Cell Signaling Technology 2360); pCHK1-S317 (Cell 

Signaling Technology 2344); EXO1 (Santa Cruz Biotechnology sc-56092); WRN (Santa Cruz 

Biotechnology sc-5629); CTIP (Santa Cruz Biotechnology sc-271339); MUS81 (Santa Cruz 
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Biotechnology sc-47692); RAD18 (Cell Signaling Technology 9040); UBC9 (Santa Cruz 

Biotechnology sc-10759); RAD51 (Santa Cruz Biotechnology sc-8349); ZRANB3 (Bethyl A303-

033A); HLTF (Santa Cruz Biotechnology sc-398357); RECQL1 (Santa Cruz Biotechnology sc-

166388); PAR chains (ENZO ALX-804-220); LaminB1 (Abcam ab16048); LIG1 (Santa Cruz 

Biotechnology sc-271678); REV1 (Santa Cruz Biotechnology sc-393022); POLK (Santa Cruz 

Biotechnology sc-166667); Vinculin (Santa Cruz Biotechnology sc-73614); FEN1 (Santa Cruz 

Biotechnology sc-28355); UBC13 (Santa Cruz Biotechnology sc-376470). 

Gene knockdowns 

 For gene knockdown, cells were transfected with Stealth siRNA (Life Tech) using 

Lipofectamine RNAiMAX reagent. AllStars Negative Control siRNA (Qiagen 1027281) 

was used as control. Gene knockdown was confirmed by western blot or qRT-PCR, and 

representative results are shown. The siRNA targeting sequences used were: BRCA2: 

GAGAGGCCTGTAAAGACCTTGAATT; EXO1: CCTGTTGAGTCAGTATTCTCTTTCA; 

WRN: TGGGCTCCTGCAGACATTAACTTAA; CTIP: 

GGGTCTGAAGTGAACAAGATCATTA; MUS81: TTTGCTGGGTCTCTAGGATTGGTCT; 

RAD18: CATATTAGATGAACTGGTATT; UBC9: TAAACAAGCCTCCTTCCCACGGAGT; 

RAD51: CCATACTGTGGAGGCTGTTGCCTAT; HLTF: 

TGCATGTGCATTAACTTCATCTGTT; ZRANB3: TGGCAATGTAGTCTCTGCACCTATA; 

SMARCAL1: CACCCTTTGCTAACCCAACTCATAA; RECQL1: 

ACAGGAGGUGGAAAGAGCTTATGTT; REV1: GAAATCCTTGCAGAGACCAAACTTA; 

POLK: CAGCCATGCCAGGATTTATTGCTAA; ATAD5: 

GGTACGCTTTAAGACAGTTACTGTT; BRCA1: AATGAGTCCAGTTTCGTTGCCTCTG; 

LIG1: Silencer Select ID s8173/4 (Life Technologies); FEN1: Silencer Select ID s5104 
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(Life Technologies); CHAF1A#1: Silencer Select ID s19499 (Life Technologies); CHAF1A#2: 

HSS115231; UBC13 Silencer Select ID: s14595 (Life Technologies); RADX: ON-TARGETplus 

J-014634-21 (Dharmacon); PRIMPOL #1: GAGGAAACCGTTGTCCTCAGTGTAT (Horizon 

Discovery); PRIMPOL #2: 39536; ASF1A#1: CAGAGAGCAGTAATCCAAATCTACA; 

ASF1A#2: s226043; HIRA#1: HSS111075; HIRA#2: HSS186934; DAXX: s3935; H3F3A: 

s51241; H3F3B: s226272; RPA1: s12127; BRD3: s23901; BRD4: s15544. 

Comet assay  

For the BrdU alkaline comet assay, cells were incubated with 100μM BrdU for in the 

presence or absence of 0.4mM HU as indicated, followed by media removal, PBS wash, and 

incubation in fresh media for the indicated times. Cells were harvested and subjected to the 

alkaline comet assay using the CometAssay kit (Trevigen 4250-050) according to the 

manufacturer’s instructions. Slides were stained with primary anti-BrdU (BD 347580) and 

secondary Alexa Fluor 568 (Invitrogen A11031) antibodies. Slides were imaged using a Nikon 

Eclipse TE2000-U microscope. The percent tail DNA or the olive tail moments were calculated 

using CometScore 2.0 software. For the neutral comet assay, cells were treated as indicated, 

harvested, and the assay was performed using the CometAssay kit (Trevigen 4250-050) according 

to the manufacturer’s instructions. Slides were imaged and the tail moments were calculated 

using the CometScore 2.0 software. 

DNA fiber assay  

Cells were incubated consecutively with 100μM CldU and 100μM IdU for the indicated 

times. Hydroxyurea and nuclease inhibitors (50μM mirin for MRE11 inhibition or 30μM C5185
 for 
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DNA2 inhibition) were added as indicated. Next, cells were harvested and DNA fibers were 

obtained using the FiberPrep kit (Genomic Vision EXT-001). DNA fibers were stretched on glass 

coverslips (Genomic Vision COV-002-RUO) using the FiberComb Molecular Combing 

instrument (Genomic Vision MCS-001). Slides were incubated with primary antibodies (Abcam 

6326 for detection of CIdU; BD 347580 for detection of IdU; Millipore Sigma MAB3034 for 

detection of DNA), washed with PBS, and incubated with Cy3, Cy5, or BV480 –coupled 

secondary antibodies (Abcam 6946, Abcam 6565, BD Biosciences 564879). Following mounting, 

slides were imaged using a Leica SP5 confocal microscope. At least 70 tracts were quantified for 

each sample. 

S1 nuclease fiber spreading assay 

The S1 nuclease treatment in combination with DNA fiber spreading for the detection of 

replication-associated ssDNA gaps was done as previously described181. Briefly, exponentially 

growing cells were labeled with 100μM IdU and 100μM CldU for the indicated times in the 

presence or absence of 0.4mM HU. After labeling, cells were washed with PBS and 

permeabilized with CSK100 buffer (100mM NaCl, 10mM MOPS pH 7, 3mM MgCl2, 300mM 

sucrose, 0.5% Triton X-100) for 10 minutes at room temperature. Permeabilized cells were 

subjected to subsequent washes with PBS and S1 nuclease buffer (30mM sodium acetate, 10mM 

zinc acetate, 5% glycerol, 50mM NaCl, pH 4.6). Nuclei were then treated with either 20U/ml S1 

nuclease (Invitrogen 18001016) or S1 buffer without nuclease for 30 minutes at 37ᵒC. After 

treatment, nuclei were washed with PBS, collected in PBS with 0.1% BSA, and centrifuged at 

7000 RPM for 5 minutes. The pelleted nuclei were resuspended in PBS, and 2μL of the solution 

was spotted on microscopy slides, followed by lysis with 8μL lysis buffer (200mM Tris–HCl pH 

7.5, 50mM EDTA, 0.5% SDS) and spreading. Slides were allowed to dry, followed by fixation 
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with methanol and acetic acid (3:1) for 5 minutes, followed again by drying. Dried slides were 

rinsed in distilled water and denatured with 2.5M HCL for 90 minutes. Slides were then washed 

with PBS followed by staining and imaging in accordance with the DNA fiber combing protocol 

outlined above. At least 45 tracts were quantified for each condition. 

Functional assays  

For Clonogenic survival experiments, 1000-2000 cells (depending on plating 

efficiency) were seeded in 6-well plates. For UV sensitivity, cells were treated 24 h after 

seeding. For cisplatin and olaparib treatment, cells were seeded in indicated drug 

concentrations for 24 and 72 h respectively, followed by media change. Two weeks later, 

colonies were stained with Crystal violet. For time-course proliferation experiments, 500 

cells were seeded in wells of 96-well plates, and cellular viability was scored at indicated 

days using the CellTiterGlo reagent (Promega G7572). EdU incorporation was assayed 

using the Click-iT Plus kit (Invitrogen C10633) according to the manufacturer’s 

instructions. 

Translesion synthesis SupF assay 

The SupF assay was performed as previously described134. Cells were transfected with 

UVC-irradiated (1000J/m2) pSP189 (SupF) plasmid. Three days later, the plasmid was recovered 

using a miniprep kit (Promega), DpnI digested and transformed into MBM7070 indicator 

bacteria. Transformants were selected on plates containing 1mM IPTG and 100μg/ml X-gal. The 

ratio of white (mutant) to total (blue + white) colonies was scored as mutation frequency. 
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Immunofluorescence 

In the first study, cells were seeded on sterile glass coverslips coated with Poly-L Lysine 

(Sigma P8920) as per manufacturer’s instructions and allowed to incubate for 24h. For RPA and 

53BP1 foci detection, cells were fixed with 3.7% paraformaldehyde for 15min, followed by three 

washes with PBS. Cells were then permeabilized with 0.5% Triton X-100 for 10min. After two 

washes with PBS, slides were blocked with 3% BSA in PBS for 15min, followed by incubation 

with the primary antibody diluted in 3% BSA in PBS, for 2h at room temperature. After three 

washes with PBS, the secondary antibody was added for 1h. Slides were mounted with DAPI-

containing Vectashield mounting medium (Vector Labs). For PCNA foci detection, cells were 

pre-extracted with 0.5% Triton X-100, followed by one PBS wash and methanol fixation for 

30min at -20ᵒC. After two washes with PBS, cells were blocked with 3% BSA in PBS for 15min. 

Primary and secondary antibody treatments as well as mounting were performed as mentioned 

above. Primary antibodies used for immunofluorescence were: 53BP1 (Bethyl A300-272A); 

RPA32 (Abcam ab2175); PCNA (Cell Signaling Technology 2586). Secondary antibodies used 

were AlexaFluor 488 or AlexaFluor 568 (Invitrogen A11001, A11008, A11031, and A11036). 

Slides were imaged using a DeltaVision Elite microscope. The number of foci/nucleus was 

quantified using ImageJ software. For the PCNA immunofluorescence, in order to remove non-S-

phase cells, only cells with at least 2 foci, corresponding to the top three quartiles in wildtype, 

were included in the quantification. 

In the second study, for RAD51 and γH2AX staining, cells were seeded in either 4-well 

or 8-well chamber slides and allowed to incubate for 24hrs. Following this, cells were subjected 

to indicated drug treatments, followed by washing with PBS, extraction with 5% Triton-X for 10 

min and then fixed with ice-cold methanol for 30min. The cells were incubated with primary 

antibodies for either 1hr at 37ᵒC or overnight at 4ᵒC. Secondary antibody treatment for carried out 
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at 37ᵒC for 1hr. Antibodies were diluted in 3% BSA. Primary antibodies used were: RAD51 

(Abcam ab133534); gH2AX (Millipore 05-636); RPA2 (Abcam ab2175). Secondary 

antibodies used were AlexaFluor 488 or AlexaFluor 568 (Invitrogen A11001, A11008, 

A11031, and A11036). Slides were imaged using a DeltaVision Elite microscope. The 

nuclear intensity or foci/nucleus was quantified using ImageJ software. 

In situ analysis of protein interactions at replication forks (SIRF)  

Cells were seeded in 8-well chamber slides at 50% confluency. The following day, cells 

were labeled with 50μM 5-Ethynyl-2'-deoxyuridine (EdU) and treated with HU and other drugs 

as indicated. Cells were then extracted with 0.5% Triton-X in PBS for 10 minutes at 4ᵒC, 

followed by fixation with 4% formaldehyde in PBS for 15 minutes. Fixed samples were then 

blocked with 3% BSA in PBS at 37ᵒC. After blocking, samples were subjected to a Click-iT 

reaction with Biotin Azide for 30 minutes, followed by incubation with primary antibodies in 1% 

BSA and 0.05% Triton-X in PBS at 4ᵒC overnight. Primary Antibodies used were: Biotin (mouse: 

Jackson ImmunoResearch 200-002-211; rabbit: Bethyl Laboratories A150-109A); PARP1 (Cell 

Signaling Technology 9542); CHAF1A (Cell Signaling Technology 5480); HIRA (Abcam 

129169); DAXX (Invitrogen PA5-79137); PAR (R&D systems 4335-MC-100); PCNA (Cell 

Signaling Technology 13110). Following primary antibody treatment, cells were subjected to the 

PLA reaction using the Duolink kit (Millipore Sigma) according to the manufacturer’s 

instructions. Nuclear fluorescence signal was acquired using a DeltaVision Elite fluorescence 

microscope. For data analysis, cells positive for PLA fluorescence signal between biotin and the 

protein of interest were identified and the PLA foci were counted. To control for variabilities in 

EdU uptake, foci counts of each sample were normalized to the respective biotin-biotin control 
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using the geometric mean of the PLA fluorescence signal from positive cells and represented as 

PLA signal. 

Cellular gene dependency analyses  

Cellular dependency data was obtained from the DepMap Public 21Q3 dataset using the 

DepMap portal (depmap.org/portal). Gene knockout effects (CERES) from project Achilles 

CRISPR screens were obtained for BRCA1-wildtype cell lines and for cell lines bearing a 

deleterious mutation for BRCA1 in accordance to the Cancer Cell Line Encyclopedia Project 

(CCLE)186–188. CHAF1A and HIRA gene effects were then plotted as a regression for BRCA1-

wildtype and BRCA-mutant samples. P-values for the likelihood of non-zero slopes were 

ascertained.  

TCGA dataset analyses 

Genomic, transcriptomic, and survival data for ovarian cancer samples (Cancer Genome 

Atlas Research Network, 2011), part of The Cancer Genome Atlas (TCGA), were obtained from 

cBioPortal189. Survival datasets were sorted by BRCA2-status and all BRCA2-mutant samples 

were used for subsequent analyses. Samples were divided into two groups based on CHAF1A 

expression status in the patient tumor samples: high (0-50th percentile) and low (51st-100th 

percentile). Mantel-Cox log ranked t test was used for statistical analyses of the data sets using 

Prism software. 
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Quantification of gene expression by real-time quantitative PCR (RT-qPCR) 

Total mRNA was purified using TRIzol reagent (Life Tech). To generate cDNA, 1μg 

RNA was subjected to reverse transcription using the RevertAid Reverse Transcriptase Kit 

(Thermo Fisher Scientific) with oligo-dT primers. Real-time qPCR was performed with PerfeCTa 

SYBR Green SuperMix (Quanta), using a CFX Connect Real-Time Cycler (BioRad). The cDNA 

of GAPDH gene was used for normalization. Primers used were: H3F3A for: 

TCTGGTGCGAGAAATTGCTC; H3F3A rev: TCTTAAGCACGTTCTCCACG; H3F3B for: 

CGAGAGATTCGTCGTTATCAG; H3F3B rev: TGACTCTCTTAGCGTGGATG; ATAD5 for: 

AGGAAGAGATCCAACCAACG; ATAD5 rev: ATGTTTCGAAGGGTTGGCAG; GAPDH for: 

AAATCAAGTGGGGCGATGCTG; GAPDH rev: GCAGAGATGATGACCCTTTTG; 

PRIMPOL for: TTCTACTGAAGTGCCGATACTGT; PRIMPOL rev: 

TGTGGCTTTGGAGGTTACTGA; RADX for: ATGATGTGACGATCTCAGATGGG; RADX 

rev: CCCCTGGCCTATCCTTTTCTC. 

Micrococcal nuclease sensitivity assay 

Cells were trypsinized, washed with PBS and lysed with cold NP-40 lysis buffer (10mM 

Tris-HCL, 10mM NaCl, 3mM MgCl2, 0.5% NP-40, 0.15mM spermine and 0.5mM spermidine) 

for 5min. The resulting nuclei were washed once and resuspended in MNase digestion buffer 

(10mM Tris-HCl, 15mM NaCl, 60mM KCl, 1mM CaCl2, 0.15mM spermine and 0.5mM 

spermidine). Resuspended cells were digested with 2.5U MNase in digestion buffer for the 

indicated times. The reaction was stopped by adding an equal volume of the MNase stop buffer 

(100mM EDTA, 10mM EGTA, 15mM NaCl, 60mM KCl and 2% SDS) followed by proteinase K 

digestion (final concentration of 0.0375μg/μl) at 37ᵒC overnight. DNA was isolated using phenol-
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chloroform extraction and subsequently subjected to RNAse A digestion. Samples were run on 

1.6% agarose gels and visualized using GelRed. Signal intensities were quantified using Icy 

software (Institut Pasteur).  
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Appendix A 

 

Supplementary Information to Chapter 2 

Figure A1 

 
 

 

 

Figure A2 

 

 

Figure A2: Fork degradation does not depend on ZRANB3 loss of function. (A) ZRANB3 

depletion does not affect fork speed under normal growth conditions, or nascent strand 

degradation upon fork arrest. The quantification of the IdU tract length is shown, with the 

median values marked on the graph and listed at the top. Statistical significance (Mann-

Whitney test, two-sided) and a schematic representation of the DNA fiber combing assay 

conditions are also presented. (B) Western blot showing ZRANB3 depletion upon siRNA-

mediated knockdown. 

Figure A1: Generating isogenic 293T PCNA-WT and PCNA-K164R cells. Western blot 

showing PCNA and ubiquitinated PCNA levels in parental and the KR5 clone obtained 

through CRISPR/Cas9-mediated editing of the PCNA gene in 293T cells. The KR5 clone was 

complemented by re-expression of wildtype or K164R PCNA from a lentiviral construct, to 

restore normal PCNA levels. 
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Figure A3 
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Figure A3: DNA2 degrades stalled replication forks in PCNA-K164R cells. (A) MRE11 

inhibition by mirin suppresses HU-induced nascent strand degradation in BRCA2-

knockdown cells, but not in 293T-K164R cells. The ratio of CldU to IdU tract lengths is 

presented, with the median values marked on the graph and listed at the top. Statistical 

significance (Mann-Whitney test, two-sided) and a schematic representation of the DNA fiber 

combing assay conditions are also presented. (B) Western blot showing BRCA2 depletion 

upon siRNA-mediated knockdown. (C) DNA2 inhibition by C5, but not MRE11 inhibition 

by mirin, suppresses HU-induced nascent strand degradation in RPE1-K164R cells. The 

quantification of the IdU tract length is shown, with the median values marked on the graph 

and listed at the top. Statistical significance (Mann-Whitney test, two-sided) and a schematic 

representation of the DNA fiber combing assay conditions are also presented. (D) Depletion 

of nucleases CTIP, EXO1, and MUS81 does not suppress HU-induced nascent strand 

degradation in 293T-K164R cells. The ratio of CldU to IdU tract lengths is presented, with 

the median values marked on the graph and listed at the top. Statistical significance (Mann-

Whitney test, two-sided) and a schematic representation of the DNA fiber combing assay 

conditions are also presented. (E) Western blots showing CTIP, EXO1, and MUS81 depletion 

upon siRNA-mediated knockdown. (F) Knockdown of DNA2 or WRN suppresses the HU-

induced nascent strand degradation in 293T-K164R cells. The ratio of CldU to IdU tract 

lengths is presented, with the median values marked on the graph and listed at the top. 

Statistical significance (Mann-Whitney test, two-sided) and a schematic representation of the 

DNA fiber combing assay conditions are also presented. (G) Western blots showing DNA2 

and WRN depletion upon siRNA-mediated knockdown. 
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Figure A4 
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Figure A4: Impact of PCNA modification by ubiquitin or SUMO on fork stability. (A) 

Depletion of RAD18, but not of UBC9, results in HU-induced nascent strand degradation. 

The ratio of CldU to IdU tract lengths is presented, with the median values marked on the 

graph and listed at the top. Asterisks indicate statistical significance (Mann-Whitney test, 

two-sided). A schematic representation of the DNA fiber combing assay conditions is also 

presented. (B) Western blots showing RAD18 and UBC9 depletion upon siRNA-mediated 

knockdown. (C) Depletion of RAD18 results in HU-induced nascent strand degradation 

mediated by DNA2. The ratio of CldU to IdU tract lengths is presented, with the median 

values marked on the graph and listed at the top. Asterisks indicate statistical significance 

(Mann-Whitney test, two-sided). A schematic representation of the DNA fiber combing assay 

conditions is also presented. (D) Depletion of UBC13 results in HU-induced nascent strand 

degradation, similar to depletion of RAD18. The ratio of CldU to IdU tract lengths is 

presented, with the median values marked on the graph and listed at the top. Asterisks 

indicate statistical significance (Mann-Whitney test, two-sided). A schematic representation 

of the DNA fiber combing assay conditions is also presented. (E) Western blot showing 

UBC13 depletion upon siRNA-mediated knockdown. (F) Depletion of UBC13 results in HU-

induced nascent strand degradation mediated by DNA2. The ratio of CldU to IdU tract 

lengths is presented, with the median values marked on the graph and listed at the top. 

Asterisks indicate statistical significance (Mann-Whitney test, two-sided). A schematic 

representation of the DNA fiber combing assay conditions is also presented. (G) 

Immunofluorescence experiment showing that HU-induced RPA32 foci formation is 

suppressed by DNA2 inhibition in 293T-K164R cells, but not in wildtype cells. At least 75 

cells were quantified for each condition. The mean values are marked on the graph, and 

asterisks indicate statistical significance (t-test, two-tailed, unequal variance). Representative 

micrographs are also shown.  
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Figure A5 

 

Figure A5: Impact of fork reversal on nascent strand degradation in PCNA-K164R cells. 

(A) Western blot confirming RAD51 depletion upon siRNA-mediated knockdown. (B) 

Western blots showing depletion of HLTF, ZRANB3 and SMARCAL1 upon siRNA-

mediated knockdown. (C) Knockdown of ZRANB3 fully suppresses HU-induced nascent 

tract degradation in BRCA2-depleted RPE1 cells, but only partially suppresses HU-induced 

nascent tract degradation in UBC13-depleted cells. The ratio of CldU to IdU tract lengths is 

presented, with the median values marked on the graph and listed at the top. Asterisks indicate 

statistical significance (Mann-Whitney test, two-sided). A schematic representation of the 

assay conditions is also presented. (D) RT-qPCR experiment showing reduction in RADX 

mRNA levels upon siRNA-mediated knockdown. Two technical replicates are shown, with 

the lines representing the means. (No antibody was available to us for verifying the depletion 

by Western blot.) (E) RECQL1 is not involved in the nascent tract degradation observed in 

K164R cells upon HU exposure, as its knockdown does not induce fork degradation in 

wildtype cells, and does not the affect the degradation observed in KR cells. The ratio of CldU 

to IdU tract lengths is presented, with the median values marked on the graph and listed at the 

top. Asterisks indicate statistical significance (Mann-Whitney test, two-sided). A schematic 

representation of the assay conditions is also presented. (F) Western blot confirming RECQL1 

depletion upon siRNA- mediated knockdown. 
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Figure A6 
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Figure A6: Impact of Okazaki fragment maturation factors and TLS polymerases on 

replication fork protection. (A) Western blots confirming LIG1 and FEN1 depletion upon 

siRNA-mediated knockdown. (B) Chromatin fractionation experiment showing that PAR 

chain formation in PCNA-K164R and LIG1-depleted 293T cells is suppressed upon 

incubation with 2μM emetine for 90 min. Cells were treated as indicated with a PARG 

inhibitor (PARGi) for 45min prior to harvesting to block PAR chain removal. Chromatin-

associated LaminB1 was used as loading control. (C), (D) DNA fiber combing assay showing 

that LIG1 (C) or FEN1 (D) depletion in RPE1 cells does not further increase fork progression 

rate and HU-induced degradation in K164R cells. The quantification of the IdU tract length is 

presented, with the median values marked on the graph and listed at the top. Asterisks 

indicate statistical significance (Mann-Whitney test, two-sided). A schematic representation 

of the assay conditions is also presented. (E), (F) Western blots showing the loss of RAD18 

expression in 293T (E) and U2OS (F) RAD18-knockout cells, as well as the level of PCNA 

ubiquitination in these cells. (G) POLK depletion results in HU-induced nascent strand 

degradation which is partially dependent on DNA2 enzymatic activity. The ratio of CldU to 

IdU tract lengths is presented, with the median values marked on the graph and listed at the 

top. Asterisks indicate statistical significance (Mann-Whitney test, two-sided). A schematic 

representation of the fiber combing assay conditions is also presented. (H) Western blot 

confirming POLK depletion upon siRNA-mediated knockdown. (I) DNA fiber combing 

assay showing that REV1 depletion does not cause degradation of arrested replication forks. 

The ratio of CldU to IdU tract lengths is presented, with the median values marked on the 

graph and listed at the top. Asterisks indicate statistical significance (Mann-Whitney test, 

two-sided). A schematic representation of the assay conditions is also presented. (J) Western 

blot confirming REV1 depletion upon siRNA-mediated knockdown. 
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Figure A7 
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Figure A7: PCNA chromatin retention in ATAD5-depleted cells and consequences on 

fork stability. (A) Immunofluorescence experiment showing increased PCNA chromatin 

retention upon ATAD5 depletion. At least 65 cells were quantified for each condition. The 

mean values are marked on the graph, and asterisks indicate statistical significance (t-test, 

two-tailed, unequal variance). Representative micrographs are shown. (B) RT-qPCR 

experiment showing reduction in ATAD5 mRNA levels upon siRNA-mediated knockdown. 

Two technical replicates are shown, with the lines representing the means. (C) Western blot 

confirming CHAF1A depletion upon siRNA mediated knockdown. (D), (E) Proposed model 

depicting the UbiPCNA–LIG1–ATAD5–CAF-1 genetic pathway. Under unperturbed growth 

conditions (D), PCNA ubiquitination is required for efficient lagging strand synthesis by 

mediating gap-filling behind progressing replication forks. Forks arrested at endogenous 

lesions, whether on the lagging or leading strand, require PCNA ubiquitination-mediated TLS 

for restart. On the leading strand (not shown), repriming downstream of the lesion (perhaps 

by PrimPol) mediates replication restart in the absence of PCNA ubiquitination. In contrast, 

on the lagging strand, continuous initiation of new Okazaki fragments by Pola allows 

unhindered movement of the replication fork, alleviating the need for downstream repriming. 

In the absence of PCNA ubiquitination, persistent gaps are formed between the lesion and the 

previous OF. These gaps interfere with OF maturation and subsequent PCNA unloading. By 

sequestering the CAF-1 chromatin assembly complex, PCNA retention on the lagging strand 

alters the efficiency of chromatin establishment which results in replication forks 

encountering a sparse chromatin organization. As nucleosomal spacing regulates OF priming, 

inactivation of the UbiPCNA–LIG1–ATAD5–CAF-1 pathway results in longer OFs which 

initiate further ahead of lagging strand synthesis. HU treatment (E) induces fork arrest and 

reversal. In PCNA-K164R, cells fork reversal is reduced but forks that do reverse, through 

the activity of SMARCAL1 and potentially ZRANB3, have an asymmetric structure with a 

5’-overhang in the regressed arm because of the increased length of the OF fragment 

previously generated. This abnormal reversed fork structure is a preferred substrate for 

DNA2, leading to uncontrolled resection. 
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Figure A8 

 

   

Figure A8: Genetic interaction between PCNA ubiquitination and the BRCA pathways. 

(A) Neutral comet assay showing no increase in DSBs upon BRCA2 knockdown in 293T-

K164R cells under normal growth conditions. At least 100 cells were quantified for each 

condition. The mean values are marked on the graph, and asterisks indicate statistical 

significance (t-test, two-tailed, unequal variance). (B) Western blot showing BRCA1 

depletion upon siRNA-mediated knockdown. (C), (D) Representative images of the 

clonogenic assays showing increased olaparib sensitivity of BRCA1-depleted (C) or BRCA2-

depleted (D) 293TK164R cells. 
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Appendix B 

 

Supplementary Information to Chapter 3 

Figure B1 

  

Figure B1: Confirmation of gene knockdowns. (A), (B) Western blots showing CHAF1A 

depletion in BRCA2-knockout HeLa cells (A) and in BRCA1-knockout RPE1 cells (B). (C), 

(D) Western blots showing CHAF1A knockout in 293T (C) and HeLa (D) cells. (E), (F) 

Western blots showing BRCA2 depletion in CHAF1A-knockout 293T (E) and HeLa (F) cells. 

(G) Western blots showing CHAF1A co-depletion with BRCA1 or BRCA2 in HeLa cells. (H) 

Representative micrographs of the PARP1 SIRF experiment (scale bar represents 10μm). (I) 

Western blots showing CHAF1A co-depletion with ZRANB3 in HeLa-BRCA2KO
 cells. 
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Figure B2 

 

 

 
  

Figure B2: Impact of CAF-1 loss in BRCA-deficient cells. (A) Western blots showing 

CHAF1A co-depletion with BRCA1 or BRCA2 in HeLa cells. (B) Analyses of BRCA2- 

mutant ovarian TCGA cancer dataset showing that high CHAF1A levels are associated with 

increased survival, while low CHAF1A levels are associated with reduced survival. Mantel-

Cox log ranked t test was used for statistical analyses (n=14, p=0.0590). The difference 

observed is not significant, likely because of the small number of BRCA2-mutant samples in 

the dataset. 
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Figure B3 

 

 

  

Figure B3: Confirmation of gene knockdowns. (A) Western blots showing ASF1A co-

depletion with BRCA1 or BRCA2 in HeLa cells. (B) Western blots showing ASF1A co-

depletion with CHAF1A in HeLa-BRCA2KO cells. (C) Western blots showing CHAF1A co-

depletion with SMARCAL1 or ZRANB3 in HeLa cells. (D) Western blots showing ZRANB3 

and SMARCAL1 depletions in 293T-CHAF1A. 
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Figure B4 
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Figure B4: Impact of nucleosome deposition by HIRA on BRCA-deficient cells. (A) SIRF 

assay confirm that the HIRA PLA signal is specific since it is reduced upon HIRA depletion 

by siRNA. At least 20 positive cells were quantified for each condition. The p-values (Mann-

Whitney test) are listed at the top. A schematic representation of the SIRF assay conditions is 

also presented. (B) SIRF assay showing the impact of CHAF1A co-depletion on HIRA 

binding to nascent DNA in BRCA1 or BRCA2-knockdown HeLa cells. At least 65 cells were 

quantified for each condition. The p-values (Mann-Whitney test) are listed at the top. A 

schematic representation of the SIRF assay conditions is also presented. (C) SIRF assay 

showing that DAXX binding to nascent DNA is unchanged upon BRCA1 or BRCA2 

depletion in HeLa cells. DAXX depletion by siRNA reduces the PLA signal, confirming its 

specificity. A schematic representation of SIRF assay conditions is also presented. At least 30 

positive cells were quantified for each condition. The p-values (Mann-Whitney test) are listed 

at the top. A schematic representation of the SIRF assay conditions is also presented. (D) 

Western blots showing HIRA co-depletion with CHAF1A in HeLa-BRCA2KO
 cells. (E) DNA 

fiber combing assays showing that co-depletion of HIRA or of H3.3-encoding genes H3F3A 

and H3F3B restores HU induced nascent strand degradation in CHAF1A-depleted HeLa-

BRCA2KO
 cells. The ratio of CldU to IdU tract lengths is presented, with the median values 

marked on the graph. The p-values (Mann-Whitney test) are listed at the top. A schematic 

representation of the DNA fiber combing assay conditions is also presented. (F) RT-qPCR 

experiment showing reduction in H3F3A and H3F3B mRNA levels upon siRNA-mediated 

knockdown. The average of two technical replicates is shown. (No antibody was available to 

us for verifying the depletion by Western blot.) (G), (H) DNA fiber combing assays showing 

the impact of the depletion of histone chaperones HIRA and DAXX on HU-induced nascent 

strand degradation in HeLa cells. The ratio of CldU to IdU tract lengths is presented, with the 

median values marked on the graph (G). The p-values (Mann-Whitney test) are listed at the 

top. A schematic representation of the DNA fiber combing assay conditions is also presented. 

Western blots confirming the knockdowns (H) are also presented. 
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Figure B5 

 

  

Figure B5: CHAF1A recycling in BRCA-deficient cells. (A) SIRF assay showing that, in 

the absence of replication stress, CHAF1A recycling is not impaired in BRCA1 or BRCA2-

depleted HeLa cells. Cells were labeled with EdU, washed, and chased for 4h in fresh media 

containing 50μM thymidine. At least 25 positive cells were quantified for each condition. The 

p-values (Mann-Whitney test) are listed at the top. A schematic representation of the SIRF 

assay conditions is also presented. (B) Western blots showing doxycycline-induced CHAF1A 

overexpression, and BRCA1 or BRCA2 knockdown in these cells. 
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Figure B6 
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Figure B6: PRIMPOL independent lagging strand synthesis defects in BRCA-deficient 

cells. (A) RT-qPCR experiment showing reduction in PRIMPOL mRNA levels upon siRNA-

mediated knockdown. The average of two biological replicates is shown. (No antibody was 

available to us for verifying the depletion by Western blot.) (B) S1 nuclease fiber spreading 

assays showing that fork shortening upon HU-induced replication stress is completely 

rescued by PRIMPOL depletion in HeLa-BRCA2KO
 cells. The p-values (Mann-Whitney test) 

are listed at the top. A schematic representation of the DNA fiber spreading assay conditions 

is also presented. (C) SIRF assay showing that, under normal growth conditions (in the 

absence of replication stress), LIG1 knockdown induces PAR chain formation similarly in 

wildtype and BRCA1 or BRCA2-depleted HeLa cells. At least 25 positive cells were 

quantified for each condition. A schematic representation of the SIRF assay conditions is also 

presented. (D) Western blots showing LIG1 co-depletion with BRCA1 or BRCA2 in HeLa 

cells. (E), (F) immunofluorescence experiment showing the impact of Polα inhibition by 

treatment with 10μM ST1926 on RPA2 chromatin foci in HeLa cells. Representative 

micrographs (scale bar represents 50μm) (E) and quantifications (F) are shown. At least 40 

cells were quantified for each condition. The mean values are represented on the graph. (G) 

Western blots showing RPA1 co-depletion with BRCA1 or BRCA2 in HeLa cells. 
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Figure B7 
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Figure B7: Correcting PCNA unloading defects. (A) DNA fiber combing assays showing 

that CHAF1A depletion results in HU-induced fork degradation in wildtype cells, but 

suppresses fork degradation in 293T-PCNAK164R cells. The ratio of CldU to IdU tract lengths is 

presented, with the median values marked on the graph. The p-values (Mann-Whitney test) are 

listed at the top. A schematic representation of the DNA fiber combing assay conditions is also 

presented. (B) Western blots showing CHAF1A depletion in 293T cells. (C) Western blots 

showing CHAF1A co-depletion with BRCA3 or BRD4 in HeLa-BRCA2KO
 cells. (D) 

Alignment of yeast and human PCNA, indicating the PCNA mutations performed. (E) Western 

blots showing the expression of PCNA variants in PCNA-hypomorph 293T cells. (F) Western 

blots showing BRCA2 depletion in 293T cells expressing PCNA variants. (G) Western blots 

showing CHAF1A depletion in 293T cells expressing PCNA variants. 
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Figure B8 
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Figure B8: Schematic representations of the proposed models. (A) Model for CAF-1 

recycling defects as the underling factor responsible for fork degradation in BRCA deficient 

cells. In BRCA-proficient cells, stressed replication forks are slowed, minimizing 

replication-associated gap formation. BRCA-deficient cells show impaired fork restraint 

during replication stress, instead undergoing repriming. On the leading strand, forks are 

reprimed by PRIMPOL leaving behind leading strand gaps. On the lagging strand, forks 

reprime through Pola-mediated initiation of the subsequent OF, leaving behind lagging 

strand gaps. Both leading and lagging strand gaps can also be efficiently repaired by BRCA-

mediated PRR. On the lagging strand, the BRCA pathway mediates gap suppression and 

ensures timely OF ligation, allowing unloading of PCNA-CAF-1 complexes and subsequent 

CAF-1 recycling to ongoing forks. This ensures proper nucleosome assembly, protecting 

forks from nucleolytic degradation if they arrest and reverse at a later time. In BRCA-

deficient cells, gaps on the lagging strand accumulate and retain PCNA-CAF-1 complexes 

since OF ligation cannot take place. This reduces the availability of CAF-1 at ongoing 

replication forks, resulting in nucleosome deposition defects. In turn, this predisposes forks 

to nucleolytic degradation upon their reversal. (B) Model for restoration of fork stability and 

chemoresistance upon CAF-1 loss in BRCA-deficient cells. In wildtype cells, efficient gap 

repair and subsequent OF ligation allows effective CAF-1 recycling and proper nucleosome 

assembly. In BRCA-deficient cells, ssDNA gaps accumulate and are coated by RPA, which 

promotes recruitment of HIRA. However, the presence of CAF-1, sequestered in PCNA 

complexes at lagging strand gaps, inhibits HIRA activity, possibly by competing for ASF1. 

Loss of CAF-1 releases HIRA activity, resulting in efficient nucleosome assembly and 

subsequent fork protection. 
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