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SUMMARY

The ATR kinase safeguards genomic integrity during S phase, but how ATR protects DNA 

replication forks remains incompletely understood. Here, we combine four distinct assays to 

analyze ATR functions at ongoing and newly assembled replication forks upon replication 

inhibition by hydroxyurea. At ongoing forks, ATR inhibitor (ATRi) increases MRE11- and EXO1-

mediated nascent DNA degradation from PrimPol-generated, single-stranded DNA (ssDNA) gaps. 

ATRi also exposes template ssDNA through fork uncoupling and nascent DNA degradation. 

Electron microscopy reveals that ATRi reduces reversed forks by increasing gap-dependent 

nascent DNA degradation. At new forks, ATRi triggers MRE11- and CtIP-initiated template 

DNA degradation by EXO1, exposing nascent ssDNA. Upon PARP inhibition, ATRi preferentially 

exacerbates gap-dependent nascent DNA degradation at ongoing forks in BRCA1/2-deficient cells 

and disrupts the restored gap protection in BRCA1-deficient, PARP-inhibitor-resistant cells. Thus, 
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ATR protects ongoing and new forks through distinct mechanisms, providing an extended view of 

ATR’s functions in stabilizing replication forks.

In brief

Leung et al. systematically investigated how ATR protects stressed replication forks using four 

distinct assays. At ongoing forks, ATR antagonizes fork uncoupling, prevents nascent DNA 

degradation from gaps, and promotes fork reversal, whereas at new forks, ATR prevents MRN-

CtIP-initiated template DNA degradation.

Graphical Abstract

INTRODUCTION

The integrity of the genome is constantly challenged by both intrinsic and extrinsic 

stresses that perturb the progression of replication forks. Intrinsic stresses arise from 

insufficient or imbalanced deoxynucleotide (dNTP) supplies, R-loops and transcription-

replication conflicts, DNA secondary structures, protein-DNA crosslinks, and reactive 

oxygen species.1,2 Extrinsic stresses include DNA lesions and/or adducts generated by 

chemical mutagens, UV light, and ionizing radiation.3 The ataxia telangiectasia and Rad3-

related (ATR) kinase is the master regulator of the replication stress response.4–6 In response 

to genotoxic stresses that compromise DNA replication, ATR is recruited to stressed or 

stalled forks by replication protein A (RPA)-coated single-stranded DNA (ssDNA) and 
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activated by TOPBP17–9 or ETAA1.10–12 Once activated, ATR and its downstream effectors 

play crucial roles in limiting origin firing, stabilizing stressed forks, and promoting fork 

restart. While the requirement of ATR for protecting stressed replication forks has been long 

appreciated, how exactly ATR acts at stressed forks is still unclear.

Several mechanisms have been proposed to explain the functions of ATR in protecting 

stressed forks. One of these mechanisms is to restrict the formation of ssDNA at replication 

forks. When cells are exposed to the replication inhibitor hydroxyurea (HU) and ATR 

inhibitor (ATRi), very high levels of ssDNA are generated, leading to exhaustion of RPA 

and replication catastrophe.13 Even in the absence of HU, ATRi increases the exposure of 

ssDNA in S phase, inducing replication catastrophe in a population of early S phase cells 

undergoing robust replication.14 Although ATR clearly suppresses ssDNA accumulation 

during DNA replication, how ssDNA is generated at stressed forks upon ATR inhibition 

remains unclear. A second mechanism by which ATR protects stressed forks is to prevent 

excessive cleavage of forks by nucleases. In human cells, inhibition of the ATR effector 

kinase Chk1 results in cleavage of replication forks by the MUS81 nuclease.15 In cells 

treated with HU and ATRi, DNA double-stranded breaks (DSBs) are generated by SLX4-

associated nuclease activities.16,17 In both human and budding yeast, loss of the ATR/Mec1 

pathway leads to unrestricted activity of the EXO1/Exo1 nuclease at replication forks.18,19 

In Xenopus extracts, ATR prevents DSB accumulation at stressed forks by enabling the 

MRE11 nuclease-mediated fork restart,20 suggesting that ATR not only prevents improper 

nuclease activities at stressed forks but also promotes proper nucleolytic processing. The 

third protective function of ATR at stressed forks is related to fork remodeling. When 

replication forks encounter impediments to fork progression, they undergo regression 

through a process called fork reversal, generating four-way DNA junctions known as 

reversed forks or “chicken feet.”21,22 Fork reversal stabilizes stressed forks and promotes 

their recovery under mild replication stress, but it can also lead to excessive nuclease 

cleavage and an increase of DSBs under high replication stress. ATR was shown to 

inhibit the fork reversal activity of SMARCAL1, reducing the formation of DSBs by SLX4-

associated nuclease activities.16 However, in response to DNA interstrand crosslinks (ICLs), 

ATR promotes reversed forks and global fork slowing.23 The mechanism by which ATR 

affects the levels of reversed forks still remains elusive.

Although ATR has been implicated in the regulation of ssDNA, nucleases, and fork 

remodeling at stressed forks, it is still largely unknown whether these functions of ATR 

are distinct or interconnected. A comprehensive understanding of the functions of ATR 

in fork protection is still lacking. One obstacle to assessing the relationships among ATR 

functions is the reliance of previous studies on different assays. While several assays have 

been successfully used to study the impact of ATR on stressed forks, it is not clear whether 

these assays reflect the same or different functions of ATR. In addition, it is not known 

whether ATR executes the same functions at all stressed forks or acts differently at distinct 

subsets of stressed forks. Of note, several studies using human and yeast cells suggest 

that the stability of ongoing replication forks and forks assembled under stress at newly 

fired replication origins may be differently regulated (see Discussion). For example, in cells 

treated with HU and ATRi, DSBs are rapidly induced at forks from newly fired origins, 

suggesting that ATR preferentially prevents the collapse of new forks.24 To obtain a more 
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comprehensive understanding of the functions of ATR in protecting stressed forks, we seek 

to use multiple assays to systematically analyze how ATR regulates ssDNA, nucleases, and 

fork remodeling at replication forks upon stress, and determine whether ATR carries out 

these functions differently at ongoing and new forks.

In this study, we used four distinct assays to mechanistically examine the functions of 

ATR at ongoing and new replication forks. We found that ATR prevents degradation of 

nascent DNA from PrimPol-generated ssDNA gaps at ongoing forks, suppresses uncoupling 

of ongoing forks, antagonizes template DNA nicking and degradation at new forks, and 

promotes fork reversal. Notably, in response to PARP inhibitor (PARPi), ATRi preferentially 

exacerbates nascent DNA degradation in BRCA1/2-deficient cells, and disrupts restored 

gap protection in BRCA1-deficient, PARPi-resistant cells, explaining the ability of ATRi to 

overcome PARPi resistance. Altogether, these results present a comprehensive view of the 

functions of ATR in protecting stressed forks, providing insights into the distinct roles of 

ATR at ongoing and new forks and opportunities to target ATR in cancer therapy.

RESULTS

ATR suppresses distinct HU-induced alterations at ongoing and new replication forks

To investigate how ATR suppresses ssDNA formation at stressed forks, we first used three 

distinct DNA labeling-based assays to analyze the effects of ATRi on forks upon HU 

treatment. Furthermore, to test whether ATR functions differently at ongoing and new forks, 

we carried out the assays in the presence or absence of CDC7 inhibitors (CDC7i; XL-413 

and PHA-767491), which reduce the firing of replication origins even in the presence of 

ATRi.

First, we tested the effects of ATRi on pulse-labeled nascent DNA. Nascent DNA was 

sequentially labeled with 5-chloro-2-deoxyuridine (CldU, red) and 5-iodo-2′-deoxyuridine 

(IdU, green) in U2OS cells, and then cells were treated with HU for 5 h in the presence or 

absence of three distinct ATRis (VE-821, AZ20, AZD6738) and processed for DNA fiber 

analysis (Figure 1A). In this assay, degradation of IdU-labeled nascent DNA reduces the 

IdU/CldU ratio in replication tracts.25 All three ATRis significantly reduced the IdU/CldU 

ratio (Figure 1B), suggesting that the nascent DNA at HU-stalled forks is increasingly 

degraded upon ATR inhibition. The Chk1 inhibitor, MK-8776, also reduced the IdU/CldU 

ratio but to a slightly lesser extent compared with ATRi, whereas the combination of ATRi 

and Chk1i exerted the same effects as ATRi alone (Figure S1A). Thus, ATR prevents 

degradation of nascent DNA at stressed forks primarily through Chk1, but other ATR 

substrates may also contribute to this function.

Given that ATR limits the firing of replication origins, we asked whether ATRi affects 

the stability of nascent DNA by increasing origin firing. As expected, ATRi increased the 

percentage of DNA fibers containing newly fired origins, and this effect of ATRi was 

reversed by CDC7is in a dose-dependent manner (Figure S1B). The ATRi-induced nascent 

DNA degradation was observed even in the presence of CDC7i (Figures 1C and S1C), 

indicating that this effect of ATRi is largely independent of increased origin firing. We noted 

that the ATRi-induced reduction in the IdU/CldU ratio was slightly decreased by CDC7i, 
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which may reflect a contribution of CDC7 to nascent DNA degradation.26 These results 

suggest that nascent DNA degradation assay primarily analyzes ongoing forks, and that ATR 

plays an important role in protecting the nascent DNA at ongoing forks in response to HU.

Next, we tested whether ATRi affects the exposure of template DNA in response to HU. 

Increased exposure of template ssDNA at forks may reflect several changes in the fork 

structure, such as (1) uncoupling of the replicative helicase and DNA polymerases, (2) 

nascent DNA degradation, (3) ssDNA gap formation, and (4) resection of nascent DNA 

from DNA ends (Figure 1D). We labeled genomic DNA with BrdU for two consecutive 

cell cycles, and then briefly cultured cells in BrdU-free media to ensure that nascent DNA 

is not labeled. Subsequently, we treated cells with HU for 4 h in the presence or absence 

of ATRi and performed anti-BrdU staining under a non-denaturing condition. This assay 

specifically measures the exposure of non-nascent DNA as ssDNA at or behind replication 

forks. Because replication forks progress slowly in HU, the HU-induced BrdU staining 

mainly reflects the exposure of template ssDNA at stalled/collapsed forks. Both ATRi and 

Chk1i significantly increased the exposure of template ssDNA in HU-treated cells (Figures 

1E and S1D), suggesting that the fork structure is altered in the absence of the ATR-Chk1 

pathway.13,14 The induction of template ssDNA by ATRi still occurred robustly in CDC7i 

(Figures 1E and S1E), suggesting that increased new origin firing is not required. Thus, 

template ssDNA exposure assay primarily analyzes ongoing forks, and ATR suppresses one 

or more fork-remodeling/processing activities that expose template ssDNA at ongoing forks.

Last, we tested how ATRi affects the exposure of nascent ssDNA in response to HU. 

Increased exposure of nascent ssDNA may reflect the presence of ssDNA in the reversed 

arm of replication forks or degradation of template DNA from DNA ends (Figure 1F). 

We pulse-labeled nascent DNA with BrdU, treated cells with HU for 4 h in the presence 

or absence of ATRi, and then performed native anti-BrdU staining. Both ATRi and Chk1i 

drastically increased the exposure of nascent ssDNA (Figures 1G and S1F).16 Notably, 

the ATRi-induced increase of nascent ssDNA exposure was largely suppressed by CDC7i 

(Figures 1G and S1G), showing that this effect of ATRi is dependent on new origin 

firing. Thus, in contrast to nascent DNA degradation and template ssDNA exposure 

assays, the nascent ssDNA exposure assay primarily detects the effect of ATRi on new 

forks. Furthermore, ATR is critical for suppressing one or more fork-remodeling/processing 

activities that expose nascent ssDNA at new forks.

ATR prevents resection from PrimPol-generated gaps at ongoing replication forks

To understand how ATR prevents nascent DNA degradation at ongoing forks in response 

to HU, we sought to use nascent DNA degradation assay (Figure 2A) to identify the 

nuclease(s) and DNA structures involved. Treatment with Mirin, an inhibitor of the MRE11 

nuclease, and knockdown of the EXO1 nuclease partially reversed the effect of ATRi on 

nascent DNA degradation (Figures 2B, 2C, and S2A), In contrast, knockdown of DNA2, 

another nuclease implicated in DNA end resection, did not affect ATRi-induced nascent 

DNA degradation (Figure S2B). Thus, in response to HU, ATR protects the nascent DNA at 

ongoing forks from degradation by MRE11 and EXO1.
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Nascent DNA is degraded in BRCA1/2-deficient cells in response to HU.25,27 The 

degradation of nascent DNA in BRCA1/2-deficient cells is dependent on replication 

fork reversal,28–31 indicating that degradation is initiated from the reversed arm. Three 

translocases, HLTF, SMARCAL1, and ZRANB3, are all required for the nascent DNA 

degradation in BRCA1/2-deficient cells.28–30 To understand whether fork reversal is 

required for ATRi-induced nascent DNA degradation, we simultaneously knocked down 

HLTF, SMARCAL1, and ZRANB3, generating “triple-knockdown” cells (Figure S2C). 

Surprisingly, the IdU/CldU ratio was still significantly reduced by ATRi in triple-knockdown 

cells (Figure 2D), suggesting that ATRi-induced nascent DNA degradation is largely, if not 

completely, independent of fork reversal.

In addition to reversed forks, ssDNA gaps could also serve as an entry point for nucleases 

to degrade nascent DNA. The primase and DNA-directed polymerase PrimPol is capable of 

repriming for DNA synthesis ahead of stalled DNA polymerases, leading to ssDNA gaps 

at and behind forks.32–37 To test whether PrimPol is required for ATRi-induced nascent 

DNA degradation, we depleted PrimPol using siRNA (Figure S2D). The nascent DNA 

degradation induced by ATRi was completely suppressed by the loss of PrimPol (Figure 

2E), showing that PrimPol is required for this process. To test whether PrimPol promotes 

nascent DNA degradation by generating ssDNA gaps, we treated DNA fibers with or 

without the S1 nuclease, which specifically cleaves ssDNA.22 In the absence of S1, IdU 

tracts were shortened after ATRi treatment (Figure 2F, lanes 1–2), reflecting the degradation 

of nascent DNA. In the presence of S1, IdU tracts were shortened further (Figure 2F, 

lanes 2 and 6), confirming the presence of ssDNA gaps in nascent DNA. Importantly, in 

PrimPol knockdown cells, nascent DNA was no longer shortened after ATRi treatment even 

in the presence of S1 (Figure 2F, lanes 7–8), suggesting that the ssDNA gaps in nascent 

DNA are generated in a PrimPol-dependent manner and subjected to degradation. Given 

that the shortening of replication tracts by S1 requires cleavage of both daughter strands, 

ssDNA gaps are likely generated on both daughter strands by PrimPol and possibly DNA 

polymerase α-primase, and these gaps are protected by ATR (Figure 2G).

To confirm the findings of nascent DNA degradation, we used isolation of proteins on 

nascent DNA (iPOND) to capture the ssDNA-binding protein RPA at replication forks. 

Treatment with HU and ATRi increased the levels of RPA captured by iPOND (Figure S2E), 

indicating ssDNA accumulation at replication forks.24 Knockdown of PrimPol reduced the 

RPA captured by iPOND (Figure S2E), suggesting that PrimPol contributes to ssDNA 

accumulation. Furthermore, knockdown of EXO1 but not DNA2 reduced the RPA captured 

by iPOND (Figure S2F), supporting the idea that EXO1 but not DNA2 contributes to the 

nascent DNA degradation from ssDNA gaps. Thus, in cells treated with HU and ATRi, 

ssDNA gaps are formed and expanded at ongoing replication forks (Figure 2G).

In BRCA1/2-deficient cells, loss of stable RAD51 filaments results in nucleolytic 

degradation of reversed forks.25,27 Even in BRCA1/2-proficient cells, compromised RAD51 

function leads to fork degradation.24,29,31 In Xenopus egg extracts, RAD51 protects ssDNA 

gaps resulting from fork uncoupling.38 Consistent with previous studies,39,40 we found that 

HU-induced RAD51 foci were significantly reduced by ATRi (Figure S2G), supporting the 

possibility that ATR protects ssDNA gaps by recruiting RAD51.
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ATR promotes the accumulation of reversed replication forks

Given that fork reversal is not required for the effect of ATRi on nascent DNA degradation, 

we asked whether fork reversal occurs efficiently when ATR is inhibited. We treated 

cells with or without HU and used electron microscopy (EM) to quantify the fraction of 

replication forks carrying reversed arms (Figures 3A and 3B). As shown previously, HU 

treatment significantly increased fork reversal (Figures 3B and 3C).41 ATRi did not affect 

the levels of reversed forks in the absence of HU, but it decreased fork reversal by 50% 

in the presence of HU (Figures 3B, 3C, and S3A). Thus, ATR promotes fork reversal in 

response to HU.

We next investigated why fork reversal is inhibited by ATRi. We reasoned that degradation 

of nascent DNA at fork junctions may reduce the probability for the two nascent strands 

to form a reversed arm. This possibility predicts that inhibition of gap-initiated nascent 

DNA degradation should restore fork reversal. Indeed, knockdown of PrimPol almost fully 

rescued fork reversal in HU and ATRi (Figure 3C, lanes 4 and 8, S3A). In the presence of 

HU, ATRi did not significantly alter the fraction of forks displaying ssDNA gaps at junctions 

or internal gaps in daughter strands but increased the length of ssDNA in gaps (Figures 3A, 

3D, and 3E), suggesting that gaps are extended in ATRi. Importantly, PrimPol depletion in 

cells treated with HU and ATRi significantly reduced the fraction of forks displaying ssDNA 

gaps and the length of ssDNA in gaps (Figures 3D and 3E), supporting the idea that ssDNA 

is generated by extension of PrimPol-generated gaps. In addition, the levels of reversed forks 

in HU and ATRi were partially rescued by Mirin (Figure 3F, lanes 2 and 4), suggesting that 

MRE11-mediated nascent DNA degradation contributes to the reduction in fork reversal. 

The partial effect of Mirin is likely attributed to the involvement of both MRE11 and EXO1 

in nascent DNA degradation (Figures 2B and 2C). Thus, in cells treated with HU and ATRi, 

nascent DNA degradation from ssDNA gaps reduces the frequency of fork reversal (Figure 

3G).

ATR prevents helicase-polymerase uncoupling at ongoing replication forks

To understand how ATRi increases the exposure of template ssDNA at ongoing forks (Figure 

1E), we used template ssDNA exposure assay to investigate which factors are involved 

(Figure 4A). One possible mechanism to expose template ssDNA is through degradation 

of nascent DNA. Mirin and PFM-01, which inhibit the exonuclease and endonuclease 

activity of MRE11, respectively, both reduced ATRi-induced template ssDNA (Figure S4A). 

Knockdown of EXO1 but not DNA2 also modestly reduced template ssDNA exposure 

(Figure S4B). The combination of Mirin and EXO1 knockdown significantly reduced 

template ssDNA exposure (Figure 4B), suggesting that ATRi-induced exposure of template 

ssDNA is partially driven by MRE11 and EXO1.

Because nascent DNA degradation from ssDNA gaps may expose template ssDNA 

(Figures 2E and 2F), we tested whether PrimPol is involved. Surprisingly, ATRi still 

significantly increased template ssDNA exposure after PrimPol knockdown, although the 

levels of template ssDNA might be slightly reduced in PrimPol-depleted cells (Figure 4C). 

Furthermore, triple knockdown of HLTF, SMARCAL1, and ZRANB3 only slightly reduced 

template ssDNA (Figure 4D). These results show that ATRi-induced template ssDNA 
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exposure still occurs efficiently in the absence of PrimPol and fork reversal. In contrast 

to nascent DNA degradation assay, which relies on shortening of both nascent strands to 

detect changes in replication tracts, template ssDNA exposure assay can detect ssDNA 

even when it accumulates on one daughter strand. Indeed, inhibition of POLα modestly 

increased template ssDNA (Figure S4C), which is likely a result of defective lagging strand 

synthesis. Notably, in cells treated with POLα inhibitor (POLαi), ATRi induced higher 

levels of template ssDNA, suggesting that gaps on the lagging strand promote ATRi-induced 

template ssDNA exposure. These results raise the possibility that gaps on the lagging strand 

are sufficient to provide an entry point for MRE11 and EXO1 to degrade nascent DNA and 

expose template ssDNA.

The degradation of nascent DNA at collapsed forks may also expose template ssDNA. To 

test this possibility, we knocked down MUS81 (Figure S4D), which is implicated in Chk1i-

induced fork collapse.15 In neutral comet assay, ATRi increased DSBs in HU-treated cells, 

and this increase was not observed in MUS81 knockdown cells (Figure S4E). However, 

knockdown of MUS81 did not suppress ATRi-induced template ssDNA exposure (Figure 

S4F). Consistently, in cells treated with HU and ATRi, knockdown of MUS81 did not 

reduce the levels of RPA captured by iPOND (Figure S4G). Furthermore, inhibition of the 

endonuclease activity of MRE11, which is implicated in fork collapse,42 did not reduce 

ATRi-induced DSBs in HU (Figure S4H), suggesting that the effects of MRE11 on template 

ssDNA exposure are not attributed to DSB formation. Thus, nascent DNA degradation 

from collapsed forks is unlikely a major mechanism driving ATRi-induced template ssDNA 

exposure.

Functional uncoupling of the replicative helicase and DNA polymerases is a mechanism 

to expose template ssDNA and activate the ATR checkpoint.43 The human replication 

fork proteins Timeless and Tipin, as well as their yeast homologs, interact with both the 

replicative helicase and DNA polymerases, coupling the helicase to DNA synthesis.44–47 

Indeed, knockdown of Tipin increased HU-induced template ssDNA even in the absence 

of ATRi (Figures 4E and S4I), supporting the idea that fork uncoupling is a mechanism 

to expose template ssDNA. Importantly, while ATRi and Tipin knockdown each increased 

template ssDNA similarly, the combination of ATRi and Tipin knockdown did not increase 

template ssDNA further (Figure 4E), suggesting that they act through the same mechanism. 

Similarly, knockdown of Timeless also increased template ssDNA exposure, and this effect 

was largely unchanged by ATRi (Figures S4J and S4K). Thus, in cells exposed to HU and 

ATRi, replication fork uncoupling is likely the main driver of template ssDNA exposure 

(Figure 4F). Notably, ATRi-induced replication tract shortening was still observed in Tipin 

knockdown cells (Figure S4L), showing that nascent DNA degradation still occurs at 

uncoupled forks.

Together, the results above suggest that ATRi has two distinct effects at ongoing forks. ATRi 

induces fork uncoupling, driving most of the template ssDNA exposure. In addition, ATRi 

also induces MRE11-and EXO1-mediated nascent DNA degradation from ssDNA gaps, 

increasing the overall exposure of template ssDNA.
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ATR prevents degradation of template DNA at new replication forks

To understand how ATR suppresses nascent ssDNA exposure at replication forks generated 

at newly fired origins (Figure 1G), we used the nascent ssDNA exposure assay to identify 

the factors involved. The presence of ssDNA in the reversed arm or degradation of template 

DNA from DNA nicks or ends could lead to nascent ssDNA exposure (Figure 5A). In 

cells treated with HU and ATRi, the exposure of nascent ssDNA was not reduced by 

triple knockdown of HLTF, SMARCAL1, and ZRANB3 (Figure 5B), nor knockdown of 

PrimPol (Figure 5C). These results suggest that neither fork reversal nor ssDNA gaps in 

nascent DNA contribute significantly to ATRi-induced nascent ssDNA exposure. To test 

whether the collapse of new forks is involved, we carried out neutral comet assay. Consistent 

with previous studies, ATRi increased DSBs in HU-treated cells,13,24 and this increase 

was suppressed by CDC7i (Figure 5D), confirming that ATRi induces collapse of new 

forks. SLX4 associates with MUS81 and other structure-specific nucleases and promotes 

fork collapse in cells treated with HU and ATRi.16,17 Depletion of SLX4 or MUS81 did 

not reduce nascent ssDNA exposure (Figures 5E, S4D, and S5A), suggesting that SLX4-

associated nucleases are not involved. Although fork reversal and the cleavage of reversed 

forks by SLX4-associated nucleases48 contribute to fork collapse, they are not critical for 

ATRi-induced nascent ssDNA exposure.

In contrast to the depletion of SLX4 and MUS81, knockdown of MRE11 reduced ATRi-

induced nascent ssDNA exposure (Figures 5F and S5B). Interestingly, the exposure of 

nascent ssDNA was significantly reduced by PFM-01 but not by Mirin (Figure 5G), 

suggesting that the endonuclease activity of MRE11 is involved. To exclude the possibility 

that the effect of PFM-01 is attributed to altered replication, we knocked down CtIP, which 

stimulates the endonuclease activity of the MRN complex.49 CtIP knockdown also reduced 

nascent ssDNA exposure (Figures 5H and S5C). Notably, the effect of CtIP knockdown on 

nascent ssDNA exposure was no longer observed when origin firing was inhibited by CDC7i 

(Figure 5H), suggesting that CtIP specifically acts on new forks. Knockdown of EXO1 but 

not DNA2 also decreased the exposure of nascent ssDNA (Figure 5F). Thus, in cells treated 

with HU and ATRi, the endonuclease activity of the MRN-CtIP complex processes template 

DNA at new forks, which allows degradation of template DNA by EXO1 and exposure of 

nascent ssDNA (Figure 5I). Of note, the endonuclease activity of MRE11 did not contribute 

to the formation of ATRi-induced DSB in HU (Figure S4H), suggesting that MRE11 nicks 

template DNA without causing DSBs. Furthermore, nascent ssDNA exposure was increased 

by Tipin knockdown independently of ATRi (Figure S5D), suggesting that the nicking and 

degradation of template DNA may be triggered by uncoupling of new forks. These results 

raise the possibility that uncoupling of new forks generates a structure in which template 

DNA can be nicked by MRN-CtIP, providing an entry point for EXO1 to degrade template 

DNA and expose nascent ssDNA.

ATR prevents resection from PARP inhibitor-induced ssDNA gaps at ongoing forks

We and others recently showed that PARPi induces ssDNA gaps in nascent DNA during 

replication,35,50–52 raising the possibility that ATRi stimulates nascent DNA degradation 

from ssDNA gaps in PARPi-treated cells. To test this possibility, we used nascent DNA 

degradation assay to analyze the effects of ATRi in BRCA1-proficient U2OS cells treated 
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with Olaparib (PARPi, Figure 6A). Cells were pulse-labeled with CldU and IdU and 

then exposed to PARPi in the presence or absence of ATRi. ATRi reduced the IdU/CldU 

ratio in PARPi-treated cells and this effect was largely unchanged by CDC7i (Figure 6A), 

suggesting that nascent DNA is increasingly degraded at ongoing forks upon ATR inhibition. 

Importantly, ATRi-induced nascent DNA degradation was dependent on PrimPol (Figure 

6B), but not HLTF, SMARCAL1, and ZRANB3 (Figure S6A). Thus, ATRi increases nascent 

DNA degradation at ongoing forks in PARPi-treated cells, and this effect is dependent on 

ssDNA gaps but not reversed forks.

ATRi disrupts the restored gap protection in BRCA1-deficient and PARPi-resistant cells

To investigate whether ATRi affects nascent DNA degradation in BRCA1-deficient cells 

after PARPi treatment, we analyzed the BRCA1-deficient ovarian cancer cell line UWB1 

and UWB1+B1, a UWB1 derivative line complemented with wild-type BRCA1. ATRi 

reduced the IdU/CldU ratio in both UWB1 and UWB1+B1, but the effect in UWB1 

was significantly more pronounced (Figure 6C, lanes 1–2 and 5–6), showing that ATRi 

preferentially exacerbates nascent DNA degradation in BRCA1-deficient cells. Importantly, 

knockdown of PrimPol suppressed ATRi-induced nascent DNA degradation in both UWB1 

and UWB1+B1 (Figure 6C, lanes 3–4 and 7–8), showing that degradation initiates from 

ssDNA gaps in both contexts. In contrast, triple knockdown of HLTF, SMARCAL1, 

and ZRANB3 did not suppress ATRi-induced nascent DNA degradation in UWB1 and 

UWB1+B1 (Figure S6B). Thus, fork reversal, which is required for HU-induced nascent 

DNA degradation in BRCA1-deficient cells, is dispensable for ATRi and PARPi-induced 

degradation. In the presence of PARPi, IdU tracts in both UWB1 and UWB1+B1 cells 

were significantly shortened by S1 even in the absence of ATRi (Figure 6D, lanes 1, 3, 5, 

7), consistent with our previous finding that PARPi induces ssDNA gaps regardless of the 

BRCA1 status.35 ATRi pronouncedly increased the shortening of IdU tracts by S1 in UWB1 

than in UWB1+B1 (Figure 6D, lanes 3–4 and 7–8), suggesting that ATRi preferentially 

exacerbates ssDNA gaps in BRCA1-deficient cells. Similarly, in the presence of PARPi, 

ATRi preferentially stimulated nascent DNA degradation and increased S1 cleavage of 

IdU tracts in BRCA2 knockdown cells compared with control cells (Figures S6C–S6E). 

Furthermore, in BRCA2 knockdown cells, PrimPol depletion reduced the ATRi-induced 

shortening of nascent DNA in the presence of S1 (Figure S6E), suggesting that ATRi also 

exacerbates PARPi-induced and PrimPol-generated ssDNA gaps in BRCA2-deficient cells.

Finally, we asked whether the degradation of nascent DNA from ssDNA gaps in BRCA1-

deficient cells contributes to PARPi sensitivity. To address this question, we tested SYr12 

and SYr13, two UWB1 derivative lines that acquired PARPi resistance.39 After PARPi 

treatment, the IdU/CldU ratio was decreased in UWB1 and UWB1+B1 (Figure 6E, lanes 

1–2, 4–5), suggesting that PARPi alone is sufficient to induce nascent DNA degradation. 

This effect of PARPi was more pronounced in UWB1, which is consistent with the defective 

gap protection in BRCA1-deficient cells.36 ATRi further reduced the IdU/CldU ratio in 

UWB1 and UWB1+B1, and the effect was also more pronounced in UWB1 (Figure 6E, 

lanes 2–3, 5–6). Similar observations were made in BRCA2 knockdown cells (Figure 

S6D). These results suggest that PARPi preferentially induces nascent DNA degradation 

in BRCA1/2-deficient cells, and this process is exacerbated by ATRi. Compared with UWB1 
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cells, SYr12 and SYr13 cells displayed higher IdU/CldU ratios after PARPi treatment 

(Figure 6E, lanes 1–2, 7–8, 10–11), showing that gap protection is partially restored. 

Notably, ATRi significantly reduced the IdU/CldU ratios in SYr12 and SYr13 (Figure 

6E, lanes 8–9, 11–12), showing that ATR inhibition disrupts the restored gap protection. 

The ATRi-induced nascent DNA degradation in SYr12 and SYr13 cells was dependent on 

PrimPol (Figure 6F), but not HLTF, SMARCAL1, and ZRANB3 (Figure S6F), suggesting 

that the degradation in resistant cells also initiates from ssDNA gaps but not reversed forks. 

Importantly, loss of PrimPol reduced the sensitivity of UWB1, UWB1+B1, SYr12, and 

SYr13 to the combination of PARPi and ATRi (Figure 6G), showing that ssDNA gaps are a 

key determinant of ATRi sensitivity and the ability of ATRi to overcome PARPi resistance 

is dependent on ssDNA gaps. Together, these results suggest that restored gap protection 

in BRCA1-deficient cells is associated with PARPi resistance, and that ATRi disrupts the 

restored gap protection to overcome PARPi resistance.

DISCUSSION

While it is well appreciated that the stability of replication forks is critical for genomic 

integrity, whether all replication forks respond to stress in the same way remains unclear. 

In fission yeast, increased recombination intermediates and homologous integration hotspots 

are detected at origins.53 In budding yeast, loss of the replication checkpoint leads to fork 

arrest and collapse in close proximity to active origins.54 In mammalian cells, DNA breaks 

are detected near origins when cells progress through S phase in HU.55 When human 

cells are exposed to HU and ATRi, non-homologous end-joining proteins are recruited to 

replication forks in a CDC7-dependent manner, suggesting that DSBs are preferentially 

formed at new forks.24 Although these studies implied that the stress response at ongoing 

and new forks may be different, molecular details are lacking. In this study, we used four 

different assays, including (1) nascent DNA degradation, (2) template ssDNA exposure, 

(3) nascent ssDNA exposure, and (4) EM, to analyze the effects of ATRi on HU-stalled 

replication forks. We found that some of these assays have distinct preferences for ongoing 

or new forks. By combining these assays, we provide evidence that ATR plays distinct roles 

at ongoing and new forks. Our results not only support the concept that ATR functions 

differently at distinct subpopulations of replication forks, but also provide insights into the 

unique stress responses at ongoing and new forks.

Our data suggest that ATR suppresses ssDNA formation at forks through multiple 

mechanisms. Using nascent DNA degradation assay, we found that ATR protects nascent 

DNA against MRE11 and EXO1-mediated degradation from ssDNA gaps at ongoing forks 

(Figure 7A). Consistently, in both human and budding yeast, the ATR/Mec1 pathway 

restricts EXO1/Exo1 activity at stalled forks.18,19 Using template ssDNA exposure assay, 

we found that ATR suppresses helicase-polymerase uncoupling at ongoing forks (Figure 

7A). Given that helicase-polymerase uncoupling is a stress-induced mechanism to activate 

ATR,43 ATR acts in a feedback loop to prevent further fork uncoupling, thereby avoiding 

fork collapse. Our finding is consistent with a recent study using fission yeast,56 and 

it establishes an anti-uncoupling function of ATR in human cells. ATRi-induced ssDNA 

formation at ongoing forks may occur in two phases. In the first phase, fork uncoupling 

drives the formation of ssDNA on one or two daughter strands. In the second phase, priming 
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and repriming by POLα-primase and PrimPol leave ssDNA gaps on lagging and leading 

strands, respectively, providing entry points for MRE11 and EXO1 to degrade nascent DNA. 

Notably, while nascent DNA degradation assay relies on degradation of both nascent strands 

to detect shortening of replication tracts, template ssDNA exposure assay can detect ssDNA 

even when it is exposed on one daughter strand. This difference between the two assays 

may explain why PrimPol loss prevents shortening of replication tracts in nascent DNA 

degradation assay but does not affect template ssDNA exposure substantially. Using the 

nascent ssDNA exposure assay, we found that ATR prevents the exposure of nascent ssDNA 

by restricting the activities of MRN-CtIP and EXO1 at new forks (Figure 7A). While the 

endonuclease activity of MRE11 is required for nascent ssDNA exposure, it does not drive 

DSB formation. These results suggest that a structure generated by uncoupling of new 

forks may allow MRN-CtIP to nick template DNA without forming DSBs, providing an 

entry point for EXO1 to degrade template DNA and expose nascent ssDNA. In contrast to 

MRN-CtIP, MUS81 contributes to ATRi-induced DSB formation but not nascent ssDNA 

exposure in HU. It is possible that template DNA degradation cannot be initiated efficiently 

at MUS81-generated DSBs.

Our EM analysis clarifies the role of ATR in fork reversal. Upon ATR inhibition, the levels 

of reversed forks detected by EM are reduced, which is consistent with a previous study.23 

However, our EM data suggest that ATR functions indirectly in the accumulation of reversed 

forks. ATR inhibition leads to degradation of nascent DNA from PrimPol-generated gaps, 

which reduces the nascent DNA that can form the reversed arm (Figure 7A). Consistent with 

this possibility, the budding yeast Exo1 processes stalled forks to counteract fork reversal 

in checkpoint defective cells.57 Interestingly, an increase of fork reversal was observed in 

yeast rad53 mutant cells, which are compromised for the Mec1/ATR pathway,58 suggesting 

that the regulation of fork reversal may be different between yeast and human cells in some 

ways. It should be noted that our data do not exclude the possibility that ATR directly 

regulates the activities of fork reversal factors.16 The impact of ATR on nascent DNA may 

outweigh its other effects and increase the overall levels of reversed forks.

Our results also reveal an intricate relationship between ATR and PrimPol-mediated 

repriming. On the one hand, ATR promotes the accumulation of reversed forks and may 

indirectly reduce the use of PrimPol at stressed forks. On the other hand, when PrimPol is 

active at stressed forks, ATR protects nascent DNA against degradation from ssDNA gaps. 

Through these functions, ATR suppresses the genomic instability arising from ssDNA gaps. 

A recent study reported that Chk1 promotes PrimPol activity by directly phosphorylating 

PrimPol,59 raising the possibility that ATR may promote PrimPol-mediated repriming and 

protect ssDNA gaps at the same time. Our results show that PrimPol still generates ssDNA 

gaps when cells were acutely treated with ATRi. It is possible that the function of PrimPol 

is only partially dependent on ATR and Chk1. It is also possible that the dephosphorylation 

of PrimPol occurs slowly, which limits the effects of acute ATR inhibition on PrimPol. 

Finally, ATR may affect repriming through factors other than PrimPol independently of 

Chk1, making the effects of ATR and Chk1 on repriming not identical. Although the role of 

ATR in repriming still requires further investigations, ATR clearly acts to protect the genome 

against the instability arising from ssDNA gaps.
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BRCA1/2-deficient cells are unable to protect nascent DNA in HU, reflecting a defect in 

the protection of stalled forks.25,27 In HU, the degradation of nascent DNA in BRCA1/2-

deficient cells is dependent on fork reversal.28–30 Based on the HU-induced nascent DNA 

degradation in BRCA1/2-deficient cells, defective fork protection has been linked to PARPi 

sensitivity.29,39,60,61–63 However, in contrast to HU, PARPi prevents the accumulation of 

reversed forks,64 raising a question as to whether the fork protection defects of BRCA1/2-

deficient cells in HU are relevant in PARPi. We and others showed that the ssDNA gaps 

in BRCA1/2-deficient cells are critical for their PARPi sensitivity.29,35–37,52,65 In this study, 

we show that PARPi alone is sufficient to induce nascent DNA degradation and this effect 

is more pronounced in BRCA1/2-deficient cells (Figure 6E and S6D), consistent with 

the role of BRCA1/2 in protecting ssDNA gaps.36 Notably, ATRi enhances nascent DNA 

degradation in a ssDNA gap-dependent manner, and this effect is also more pronounced 

in BRCA1/2-deficient cells (Figures 6C and S6E). These results suggest that the function 

of ATR in protecting ssDNA gaps at ongoing forks is not only relevant in HU but also in 

PARPi, particularly in BRCA-deficient cells (Figure 7B).

When BRCA1-deficient cells acquire PARPi resistance, they regain the ability to protect 

forks in HU39 and protect ssDNA gaps in PARPi (Figure 6D), suggesting that the two 

protective activities are linked. It is possible that the loading of RAD51 to reversed forks 

in HU and to ssDNA gaps in PARPi protect both structures from nucleolytic degradation. 

Indeed, we detected the loading of RAD51 to HU-stalled forks and PARPi-induced ssDNA 

gaps by iPOND in previous studies,35,39 and HU-induced RAD51 focus formation requires 

ATR activity (Figure S2G). While loss of the protective function of RAD51 at ssDNA gaps 

does not induce DSBs right away, it promotes gap expansion and generates persistent gaps 

that are converted to DSBs in a cell cycle-dependent manner.35 An RNF168- and PALB2-

mediated pathway was shown to promote RAD51 loading independently of BRCA1,66 

providing a possible mechanism to restore fork/gap protection in BRCA1-deficient cells. 

Importantly, in the presence of PARPi, ATRi induces robust nascent DNA degradation in 

BRCA1-deficient, PARPi-resistant cells, showing an effective strategy to overcome PARPi 

resistance (Figure 7C). Thus, compared with HU-induced nascent DNA degradation from 

reversed forks, PARPi-induced nascent DNA degradation from ssDNA gaps is a more direct 

measurement of the functional status of fork/gap protection in PARPi-treated tumor cells. 

When applied to patient-derived tumor cells and organoids,61 this assay is likely useful 

for monitoring the fork/gap protecting activities against PARPi, allowing us to predict the 

PARPi response of tumors and assess therapeutic strategies to overcome PARPi resistance.

Limitations of the study

It is important to note that the assays used in this study analyze replication forks at different 

levels. While the nascent DNA degradation assay and EM analyze individual replication 

forks, template and nascent ssDNA exposure assays analyze fork populations in individual 

cells. The various DNA structures protected by ATR may be present at different positions of 

the same forks, at different subsets of forks, or even in distinct subpopulations of replicating 

cells. It should also be noted that each of these assays has limitations. For example, EM 

cannot detect DNA gaps that are too small or too far from fork junctions. DNA breaks too 

distal or too close to fork junctions are also undetectable by EM. The S1 nuclease does not 
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distinguish ssDNA at fork junctions and internal gaps in daughter strands. It is important to 

consider these limitations when the assays are used in future studies.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Inquiries about methods, reagents, or data should be directed to the lead 

contact, Lee Zou (lee.zou@duke.edu).

Materials availability—This study did not generate unique materials and reagents.

Data and code availability

• All data reported in this paper will be available from the lead contact upon 

request.

• This study does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—U2OS and HEK293T cell lines were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/

streptomycin (P/S), and 2 mM L-glutamine. The ovarian cancer cell line UWB1.249 and 

its derivatives, UWB1+B1, SYr12, and SYr13 were cultured in 1:1 Roswell Park Memorial 

Institute (RPMI) 1640-Mammary Epithelial Cell Growth Medium (MEGM) supplemented 

with 3% FBS and 1% P/S. UWB1+B1 cells were maintained with 200 μg/mL G-418 and 

SYr12 and SYr13 cells were cultured with 1 μM Olaparib. All cell lines were incubated at 

37◦C with 5% CO2.

METHOD DETAILS

RNA interference—Cell transfection was carried out by reverse transfection with 

RNAiMAX and 4 nM silencer select siRNAs, unless stated otherwise. Experiments were 

initiated 48 h after transfection.

DNA fiber assay—DNA fiber assays were performed as described previously.35 In brief, 

cells were labeled for the indicated time with CldU (50 μM), washed twice with prewarmed 

media, and incubated in fresh warm media containing IdU (100 μM) for the indicated time. 

Cells were then incubated with HU (4 mM), HU and ATRi (10 μM VE-821, 1 μM AZ20, 5 

μM AZD6738), HU, ATRi, and Mirin (50 μM), HU, ATRi, and PFM-01 (100 μM), or HU, 

ATRi, and CDC7i (5 μM XL-413, 0.1 μM PHA-767491) for 5 h. In conditions where cells 

were further incubated with S1 nuclease, cells were washed twice with prewarmed media 

and S1 nuclease treatment was carried out according to previously published protocols.22 

Cells were washed with phosphate-buffered saline (PBS) and permeabilized with CSK100 

buffer (100 mM MOPS at pH 7, 100 mM NaCl, 3 mM MgCl2, 300 mM sucrose, 0.5% 

Triton X-100) for 10 min at room temperature (RT). Cells were washed once with PBS and 
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once with S1 nuclease buffer (30 mM sodium acetate at pH 4.6, 10 mM zinc acetate, 5% 

glycerol, 50 mM NaCl) before incubation for 30 min at 37◦C in 1.5 mL of S1 nuclease 

buffer + 20 U of S1 nuclease. S1 nuclease buffer was then replaced with PBS + 0.1% 

bovine serum albumin (BSA) and cells were collected using a cell lifter. Cell suspensions 

containing ~3000 cells (in 3 μL) were then dropped onto clean microscope slides for 2 min. 

Cells were then lysed with DNA fiber lysis buffer (7 μL; 200 mM Tris-HCl at pH 7.4, 

0.5% SDS, 50 mM EDTA) and slides were incubated for 8 min at RT before tilting at a 

15◦ angle to stretch the fibers. Slides were then fixed in 3:1 methanol/acetic acid solution 

for 5 min at −20◦C and allowed to dry overnight. DNA fibers were denatured in 2.5 M 

HCl for 1 h, washed five times with 1X PBS for 1 min and blocked for 30 min at 37◦C 

in PBS + 0.05% Tween 20 (PBS-T) containing 2% BSA in a humid chamber. Slides were 

then incubated with mouse anti-BrdU (BD Biosciences 347580; clone B44, 1:50) and rat 

anti-BrdU (BU1/75 (ICR1), Abcam ab6326, 1:100) antibodies in PBS-T + 2% BSA for 

1 h at 37◦C in a humid chamber. Slides were washed three times for 5 min in PBS-T 

before incubation with 1:100 anti-mouse and anti-rat secondary antibodies conjugated to 

Alexa Fluor 488 and Alexa Fluor 594, respectively for 1 h at 37◦C in a humid chamber. 

Slides were further washed three times for 5 min in PBS-T and mounted with Prolong 

Gold. Images were captured using NIS element software with a Nikon i90 microscope and 

analyzed using Fiji software. Statistical analyses were performed in GraphPad Prism v9.

Immunofluorescence

Anti-BrdU: U2OS cells were cultured on #1.5 22x22-mm coverslips (Fisher Scientific 

12–542-B) in 6-well plates. Cells were pre-extracted for 10 min at 4◦C in PBS + 0.5% 

Triton X-100 followed by fixation for 10 min at RT in 3% paraformaldehyde (PFA) and 

2% sucrose. Cells were further fixed with 100% methanol for 10 min at −20◦C, allowed 

to dry for 1 min at RT, and then washed twice with PBS. Cells were then incubated with 

blocking solution consisting of PBS-T and 2% BSA for 30 min at RT. After, coverslips 

were incubated with mouse anti-BrdU (BD Biosciences 347580; clone B44, 1:250) and 

rabbit anti-PCNA (Abcam ab18197, 1:500) primary antibodies at 37◦C for 1 h. Coverslips 

were washed three times for 5 min in PBS-T and incubated for 1 h at RT with secondary 

antibodies (1:500) conjugated with Alexa Fluor 488 (BrdU) or Alexa Fluor 594 (PCNA). 

Coverslips were then washed three times with PBS-T and stained with DAPI (1 μg/mL) and 

mounted on microscope slides with ProLong Gold. 10 fields per coverslip were acquired 

using NIS elements software with a Nikon i90 microscope. Images were scored using 

MATLAB and statistical analyses were performed in GraphPad Prism v9.

Rad51: U2OS cells were seeded on 12 mm coverslips 24 h prior to treatment. Cells were 

treated with DMSO, HU (4 mM), or HU (4 mM) and ATRi AZD6738 (10 μM) (Selleck, 

S7693) for 5 h. Coverslips were incubated in 0.5% NP-40 in PBS for 2.5 min on ice 

and fixed with 2% PFA for 10 min at RT. Coverslips were then washed twice for 10 

min in PBS, permeabilized with 0.5% Triton X-100 in PBS for 10 min, and blocked in 

2% BSA, 2% horse serum, 0.25% for Triton X-100 in PBS overnight. Primary incubation 

was performed overnight in blocking solution using the anti-RAD51 antibody (Abcam; 

ab133534; 1:100). Coverslips were then washed three times using PBS containing 0.25% 

Tween 20. Secondary incubation was performed in PBS using Alexa 488 conjugated goat 
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anti-rabbit antibody (ThermoFisher A11008; 1:500) for 1 h at room temperature. Coverslips 

were then washed three times in PBS containing 0.25% Tween 20, stained with DAPI, 

and mounted using Mowiol (Sigma-Aldrich 81381). Cells were imaged using the Nikon 

i90 microscope, quantified using FIJI, and statistical analyses were performed in GraphPad 

Prism v9.

Isolation of proteins on nascent DNA (iPOND)—iPOND was performed as 

previously described.35,67 Briefly, HEK293T cells were pulse-labeled with 10 μM EdU for 

15 min. Fork samples were immediately fixed with 1% formaldehyde in PBS. To look at 

proteins behind the replication fork, cells were washed twice with prewarmed media and 

incubated in fresh media containing HU (4 mM) and VE-821 (10 μM) or an equal volume of 

DMSO prior to fixation. Formaldehyde was then quenched with 0.125 M glycine and cells 

were collected by scraping with a cell lifter. Cells were washed with PBS and permeabilized 

in PBS + 0.25% Triton X-100 for 30 min at RT. EdU was then labeled with biotin by click 

chemistry by resuspending cells in reaction buffer (1X PBS, 2 mM CuSO4, 10 mM sodium 

ascorbate, 1 μM biotin azide) and incubating for 2 h at RT. Cells were washed with PBS, 

resuspended in 1 mL lysis buffer (100 mM HEPES pH 8, 1% SDS), and sonicated with a 

4710 series ultrasonic homogenizer (Cole-Parmer) at setting 3 three times for 30 s at 4◦C 

interspersed with 1 min incubations on ice. Lysates were spun at 13,000 rpm for 10 min 

at RT, and supernatant was collected and quantified using a Pierce BCA protein assay kit 

(Thermo Fisher Scientific 23227). Protein concentrations were normalized and diluted 1:1 

in 100 mM HEPES (pH 8). To each sample, a prewashed streptavidin agarose bead slurry 

(100 μL; Millipore Sigma 69203–3) was added, and the bead-lysate mixtures were incubated 

with rotation overnight at 4◦C. Beads were then successively washed for 5 min on a rotating 

platform with lysis buffer, low-salt wash buffer (20 mM Tris-HCl at pH 8, 150 mM NaCl, 

2 mM EDTA, 1% Triton X-100), high-salt wash buffer (20 mM Tris-HCl at pH 8, 500 mM 

NaCl, 2 mM EDTA, 1% Triton X-100), 50 mM Tris-HCl pH 8, and 1% SDS. Beads were 

then resuspended in 2X sample buffer (100 mM Tris-HCl pH 6.8, 12% glycerol, 3.5% SDS, 

0.2 M DTT), boiled for 30 min and processed for immunoblotting.

Immunoblots—Cells were resuspended and lysed in lysis buffer (100 mM Tris-HCl, pH 

6.8, 1% SDS), sonicated for 10 s with a 4710 series ultrasonic homogenizer (Cole-Parmer), 

and boiled for 5 min. Protein concentrations were normalized using a Pierce BCA protein 

assay kit (Thermo Fisher Scientific 23227) and mixed 1:1 with 2X SDS-PAGE loading 

buffer (sample buffer, 100 mM Tris-HCl, pH 6.8, 12% glycerol, 3.5% SDS, 0.2 M DTT). 

Samples were boiled for 5 min, loaded on Bolt Bis-Tris Plus 4–12% gels, and run at 120 

V for 70–90 min. Proteins were transferred onto PVDF membranes using a CBS Scientific 

electrophoretic blotting liquid transfer system (EBX-700) for 90 min at 110 V. Membranes 

were blocked in 5% milk (Boston Bioproducts, P-1400) in Tris-buffered saline with 0.05% 

Tween 20 (TBS-T) for 1 h at RT and then incubated overnight with primary antibodies 

at 4◦C with mild shaking. Primary antibodies were incubated in 5% milk in TBS-T at a 

concentration of 1:1000, except for EXO1 (1:500), GAPDH (1:500), H3 (1:20,000), RPA70 

(1:2000) and PrimPol (1:50). Antibodies are listed in the reagent table. Membranes were 

washed three times with TBS-T for 10 min and incubated for 1 h at RT with secondary 

antibodies conjugated to horseradish peroxidase. Membranes were then washed three times 
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with TBS-T for 10 min and developed using enhanced chemiluminescence (ECL Bio-Rad 

1705061) substrate. Signals were detected using a Chemidoc imaging system (Bio-Rad) 

with ImageLab v6.0.1. software.

Cellular fractionation—Cells were trypsinized, washed with PBS, and incubated for 5 

min on ice in hypotonic buffer (10 mM HEPES pH 7.9, 50 mM NaCl, 0.1 mM EDTA, 0.5 M 

sucrose, 1 mM DTT, 20 mM N-Ethylmaleimaide (NEM), 0.5% Triton X-100, 1X protease 

inhibitor cocktail (PIC, Millipore Sigma P8340)), followed by centrifugation at 1300 g at 

4◦C. Supernatant (S1) was transferred into a new tube, centrifuged at 15,700 g for 15 min at 

4◦C and transferred to a new tube with an equivalent volume of 2X sample buffer (100 mM 

Tris-HCl at pH 6.8, 12% glycerol, 3.5% SDS, 0.2 M DTT). The pellet was further washed 

with HS-ii-A hypotonic buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 

mM EGTA, 1 mM DTT, 20 mM NEM, 1X PIC) and resuspended in HS-ii-C hypertonic 

buffer (10 mM HEPES pH 7.9, 500 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM 

DTT, 20 mM NEM, 0.1% NP-40, 1X PIC) and incubated for 15 min at 4◦C. The pellet was 

centrifuged at 15,700 g for 5 min at 4◦C and the supernatant (S2) was transferred it a new 

tube with an equivalent volume of 2X sample buffer prior to combining with S1 (soluble 

fraction). The remaining pellet was resuspended in 2X sample buffer (nuclear fraction).

Cell viability assay—Cells were seeded in 96-well flat-bottom plates at a density of 2000 

cells/well following 24 h of PrimPol siRNA knockdown. Stock solutions of each drug were 

prepared in sterile water or dimethyl sulfoxide (DMSO) as appropriate and further diluted in 

growth medium. Cells were allowed to grow for 6 days in drug containing medium (VE-821, 

SelleckChem S8007, Olaparib, SelleckChem S1060) and cell viability was measured 

with the CellTiter-Glo Luminescent Cell Viability Assay (Promega G7572) following 

manufacturer’s instructions. Luminescence was then measured with a PerkinElmer Envision 

2103 multilabel plate reader. Viability was calculated as the luminescence signal ratio 

of treated versus untreated samples. Analysis and statistical test were performed using 

Microsoft Excel and GraphPad Prism v9.

Neutral comet assay—To visualize double-strand DNA breaks, U2OS cells were either 

treated with ATRi (VE-821, 10 μM) and HU (4 mM) for 5 h following siRNA knockdown 

of SLX4 or MUS81 or co-treated with CDC7i (XL-413, 5 μM) or PFM-01 (100 μM). Breaks 

were measured with CometAssay Single Cell Gel Electrophoresis Assay (R&D Systems 

4250–050-K) following manufacturer’s instructions. At least 100 comet images from each 

condition were scored using OpenComet software.68

Electron microscopy (EM)—For EM analysis of replication intermediates, 

approximately 5 x 106 siControl or siPrimPol cells were collected immediately after 

treatment with either HU (4 mM), ATRi (VE-821, 10 μM) or Mirin (50 μM) for 2 h. 

DNA was cross-linked by incubating with 10 μg/mL 4,5′,8-trimethylpsoralen followed by 

a 3-min exposure to 366 nm UV light on a precooled metal block, for a total of three 

rounds. Cells were lysed and genomic DNA was isolated from the nuclei by proteinase 

K digestion and chloroform-isoamyl alcohol extraction. Genomic DNA was purified by 

isopropanol precipitation and digested with PvuII HF with the appropriate buffer for 4 h 
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at 37◦C. Replication intermediates were enriched on a benzoylated naphthoylated DEAE-

cellulose (Sigma-Aldrich) column. Samples were prepared for visualization by EM by 

spreading the purified, concentrated DNA on a carbon-coated grid in the presence of benzyl-

dimethyl-alkylammonium chloride, followed by platinum rotary shadowing. Images were 

obtained on a JEOL JEM-1400 electron microscope using a bottom mounted AMT XR401 

camera. Analysis was performed using ImageJ software (National Institute of Health). EM 

analysis allows distinguishing duplex DNA—which is expected to appear as a 10 nm thick 

fiber after the platinum/carbon coating step necessary for EM visualization—from ssDNA, 

which has a reduced thickness of 5–7 nm. Criteria used for the assignment of a three-way 

junction, indicative of a replication fork, include the joining of three DNA fibers into a 

single junction, with two symmetrical daughter strands and single parental strand. Reversed 

replication forks consist of four DNA fibers joined at a single junction, consisting of two 

symmetrical daughter strands, one parental strand and the addition of a typically shorter 

fourth strand, representative of the reversed arm. The length of the two daughter strands 

corresponding to the newly replicated duplex should be equal (b = c), whereas the length 

of the parental arm and the regressed arm can vary (a ≠ b= c ≠ d). Conversely, canonical 

Holliday junction structures will be characterized by arms of equal length (a = b, c = d). 

Particular attention is paid to the junction of the reversed replication fork to observe the 

presence of a bubble structure, indicating that the junction is opened and that it is simply not 

the result of the occasional crossover of two DNA molecules. These four-way junctions of 

reversed replication forks may also be collapsed and other indicators such as daughter strand 

symmetry, presence of single-stranded DNA at the junction or the entire structure itself, all 

are considered during analysis. The frequency of reversed forks in a sample is computed 

using the GraphPad Prism v9 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism v9 was used for data analysis and statistical significance was calculated 

using Mann-Whitney Ranked Sum Test, one-way ANOVA with Tukey’s multiple 

comparisons test, or Welch’s t test. Statistically significant differences are indicated in 

figures. In all cases, ns: not significant (p > 0.05), *: p < 0.05, **: p < 0.01; ***: p < 0.001 

and ****: p < 0.0001. Error bars in figures indicate the standard error of the mean (SEM) for 

the number of replicates (n) across 2–3 biological replicates.ll
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Highlights

• ATR prevents DNA degradation from gaps; promotes reversal at stressed 

ongoing forks

• ATR prevents uncoupling of ongoing forks under stress

• ATR prevents MRN-CtIP-initiated template DNA degradation at stressed new 

forks

• ATRi exacerbates nascent DNA degradation from PARPi-induced gaps in 

BRCA-deficient cells
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Figure 1. ATR suppresses distinct HU-induced alterations at ongoing and new replication forks
(A) Cells are sequentially labeled with thymidine analogs CldU (50 μM) and IdU (100 μM) 

and incubated in 4 mM hydroxyurea (HU) for 5 h. Samples are then processed for fiber 

assay analysis.

(B) Cells were treated as in (A) with three ATR inhibitors: VE-821 (10 μM), AZ20 (1 

μM), and AZD6738 (5 μM). Number (n) of fibers quantified >450 across three biological 

replicates. Significance was calculated using the Mann-Whitney Ranked Sum Test with 

****p < 0.0001.

Leung et al. Page 25

Cell Rep. Author manuscript; available in PMC 2023 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C) Cells were analyzed as in (A) in the presence or absence of CDC7i (XL-413, 5 μM) 

and ATRi (VE-821, 10 μM). Number (n) of fibers quantified >300 across two biological 

replicates. Significance was calculated using the Mann-Whitney Ranked Sum Test with *p < 

0.05, ****p < 0.0001.

(D) Cells are first labeled for 48 h with 20 μM BrdU, and then incubated in media without 

BrdU for 2 h before treatment with 4 mM HU for 4 h. Samples are then processed for 

immunofluorescence detection of PCNA and BrdU in non-denaturing conditions. Only 

PCNA-positive, S phase cells are selected for the analysis.

(E) Cells were analyzed as depicted in (D) in the presence or absence of ATRi (VE-821, 

10 mM) and CDC7i (XL-413, 5 μM). Number (n) of nuclei quantified >500 across three 

biological replicates. Significance was calculated using Mann-Whitney Ranked Sum Test 

with ****p < 0.0001.

(F) Nascent DNA is labeled with 20 μM BrdU for 15 min prior to exposure to 4 mM HU for 

4 h in the presence of BrdU. Samples are then processed for immunofluorescence detection 

of PCNA and BrdU in non-denaturing conditions. Only PCNA-positive S phase cells are 

selected for the analysis.

(G) Cells were analyzed as depicted in (F) in the presence or absence of ATRi (VE-821, 

10 μM) and CDC7i (5 μM XL-413). Number (n) of nuclei quantified >500 across three 

biological replicates. Significance was calculated using Mann-Whitney Ranked Sum Test 

with ****p < 0.0001.
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Figure 2. ATR prevents resection from PrimPol-generated gaps at ongoing forks
(A) Schematic representation of the nascent DNA degradation fiber assay.

(B and C) Cells were treated as in (A) with or without ATRi (VE-821, 10 μM) and MRE11i 

(Mirin, 50 μM) in (B), and with or without ATRi (VE-821, 10 μM) following 48 h siRNA 

knockdown of EXO1 in (C). Number (n) of fibers quantified >250 across two biological 

replicates. Significance was calculated using the Mann-Whitney Ranked Sum Test with ***p 

< 0.001, ****p < 0.0001.

(D and E) siRNAs against HLTF, SMARCAL1, and ZRANB3 (siTriple) (D) or PrimPol (E) 

were transfected 48 h prior to fiber analysis. Number (n) of fibers quantified >500 across 

three biological replicates. Significance was calculated using the Mann-Whitney Ranked 

Sum Test with ****p < 0.0001.
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(F) U2OS cells were analyzed as in (E) except cells were treated for only 1 h with or without 

ATRi (VE-821, 10 μM) and HU (4 mM) followed by S1 nuclease digestion. Number (n) 

of fibers quantified >135 in each sample across two biological replicates. Significance was 

calculated using the Mann-Whitney Ranked Sum Test with *p < 0.05, ****p < 0.0001.

(G) Model for how nascent DNA is degraded at ongoing forks.
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Figure 3. ATR promotes accumulation of reversed forks
(A) Schematic representation of the ATRi-induced fork structures analyzed by EM.

(B) Representative electron microscopy images of normal (left) and reversed (right) 

replication forks in cells treated with HU, as well as replication forks with ssDNA gaps 

in cells treated with HU and ATRi (bottom). Insets show the magnified fork junctions. 

Red arrows show the location of the ssDNA gaps. P, parental strand; D, daughter strand; 

R, regressed arm; red arrow, ssDNA. Note that DNA breaks distal or very close to fork 

junctions are not detected by EM.
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(C) Frequency of EM-detectable reversed forks in U2OS cells mock-treated or treated with 

HU (4 mM), HU + ATRi (VE-821, 10 μM), or HU + ATRi + siControl/siPrimPol. The total 

numbers of replication forks (n) analyzed by EM in each sample are indicated across two 

biological replicates (n = 2).

(D and E) Frequency and length of EM-detectable ssDNA gaps at fork junctions and internal 

gaps in U2OS cells treated with HU (4 mM) or HU + ATRi (VE-821, 10 μM) + siControl/

siPrimPol. Gap threshold: +20 nm. Significance of ssDNA gap length was calculated using 

Welch’s t test with **p < 0.01. ATRi treatment was 2 h long and siControl or siPrimPol was 

transfected 48 h before analysis in (C)–(E).

(F) Frequency of EM-detectable reversed forks in U2OS cells mock-treated or treated with 

HU (4 mM), HU + ATRi (VE-821, 10 μM), or HU + ATRi + MRE11i (Mirin, 50 μM). ATRi 

and MRE11i (Mirin) treatments were 2 h long. The total numbers of replication forks (n) 

analyzed by EM in each sample are indicated across one biological replicate (n = 1).

(G) Model for how ATR inhibitors impact the observed proportion of reversed forks.
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Figure 4. ATR prevents fork uncoupling at ongoing forks
(A) Schematic representation of the template ssDNA exposure assay.

(B) Cells were treated as in (A) with MRE11i (Mirin, 50 μM) with or without ATRi 

(VE-821, 10 μM) following 48 h siRNA knockdown of EXO1 and processed for the 

template strand exposure assay. Number (n) of nuclei quantified >300 in each sample across 

two biological replicates. Significance was calculated using the Mann-Whitney Ranked Sum 

Test with ****p < 0.0001.

(C and D) Cells were treated as in (A) with or without ATRi (VE-821, 10 μM) following 

48 h siRNA knockdown of PrimPol (C) or the combination of HLTF, SMARCAL1, and 

ZRANB3 (siTriple, D). Number (n) of nuclei quantified >300 across three biological 

replicates. Significance was calculated using the Mann-Whitney Ranked Sum Test with 

****p < 0.0001.

(E) Cells were treated as in (A) with or without ATRi (VE-821, 10 μM) following 48 h 

siRNA knockdown of Tipin. Number (n) of nuclei quantified >130 across two biological 

replicates. Significance was calculated using the Mann-Whitney Ranked Sum Test with 

****p < 0.0001.

(F) Model for how ATR prevents template DNA exposure at ongoing forks.
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Figure 5. ATR prevents degradation of template DNA at new forks
(A) Schematic representation of the nascent DNA exposure assay.

(B and C) Cells were treated as in (A) with or without ATRi (VE-821, 10 μM) following 

48 h siRNA knockdown of HLTF, SMARCAL1, and ZRANB3 (siTriple, B) or PrimPol (C). 

Number (n) of nuclei quantified >1,000 across four biological replicates in (B) and >300 

across two biological replicates in (C). Significance was calculated using the Mann-Whitney 

Ranked Sum Test with ****p < 0.0001.
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(D) Cells were exposed to HU (4 mM) and ATRi (VE-821, 10 μM) for 5 h and processed 

for neutral comet assay. Box plots represent the tail moment of comets. Number (n) of 

cells quantified >100 across two biological replicates. Significance was calculated using 

Mann-Whitney ranked sum test with ****p < 0.0001.

(E) Following 48 h siRNA knockdown of SLX4 or MUS81, cells were treated as in (A) 

with or without ATRi (VE-821, 10 μM). Number (n) of nuclei quantified >250 across two 

biological replicates. Significance was calculated using the Mann-Whitney Ranked Sum 

Test.

(F–H) Cells were treated as in (A) with or without ATRi (VE-821, 10 μM) following 48 h 

siRNA knockdown of MRE11, EXO1, and DNA2 in (F); treated with MRE11i (Mirin, 50 

μM or PFM-01, 100 μM) in (G); or with CDC7i (XL-413, 5 μM) following CtIP knockdown 

in (H). Number (n) of nuclei quantified >250 across two biological replicates. Significance 

was calculated using Mann-Whitney Ranked Sum Test with *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001.

(I) Model for how nascent ssDNA is exposed in the absence of ATR.
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Figure 6. ATR inhibition enhances nascent DNA degradation from PARPi-induced ssDNA gaps
(A) U2OS cells were treated with DMSO or CDC7i (XL-413, 5 μM) with or without ATRi 

(VE-821, 10 μM) in the presence of PARPi (Olaparib, 10 μM) for 5 h and processed for fiber 

assay analysis.

(B and C) Following 48 h knockdown of PrimPol, U2OS (B) or UWB1 and UWB1+B1 

(C) cells were treated with or without ATRi (VE-821, 10 μM) in the presence of PARPi 

(Olaparib, 10 μM) for 5 h and processed for fiber assay analysis.
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(D) UWB1 and UWB1+B1 cells were sequentially labeled in CldU (50 μM) followed by 

IdU (100 μM) in the presence of PARPi (Olaparib, 10 μM). Cells were then incubated in 

PARPi (Olaparib, 10 μM) with or without ATRi (VE-821, 10 μM) for 5 h followed by S1 

nuclease digestion.

(E) UWB1, UWB1+B1, SYr12, and SYr13 cells were sequentially labeled in CldU (50 μM) 

followed by IdU (100 μM) in the presence of PARPi (Olaparib, 10 μM). Cells were then 

incubated in media containing DMSO or PARPi (Olaparib, 10 μM) with or without ATRi 

(VE821, 10 μM) for 5 h and processed for fiber assay analysis.

(F) Following 48 h knockdown of PrimPol, SYr12 and SYr13 cells were sequentially 

labeled in CldU (50 μM) followed by IdU (100 μM) in the presence of PARPi (Olaparib, 10 

μM). Cells were then incubated in PARPi (Olaparib, 10 μM) with or without ATRi (VE-821, 

10 μM) for 5 h. Number (n) of fibers quantified >250 across two biological replicates. 

Significance was calculated using the Mann-Whitney Ranked Sum Test with **p < 0.01, 

***p < 0.001, ****p < 0.0001 in (A)–(F).

(G) Viability assay of UWB1, UWB1+B1, SYr12, and SYr13 cells after 6 days of treatment 

with increasing doses of PARPi (Olaparib, 10 μM), ATRi (VE-821, 10 μM), and PARPi + 

ATRi following 24 h siRNA knockdown of PrimPol.
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Figure 7. Model for distinct functions of ATR in the protection of replication forks
(A) Models for distinct functions of ATR in protecting ongoing and new forks.

(B) Model for how ATRi exacerbates PARPi-induced ssDNA gaps in BRCA1/2-deficient 

cells.

(C) Model for how ATRi overcomes the restored gap protection in BRCA1-deficient, 

PARPi-resistant cells.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

α-Tubulin Sigma-Aldrich Cat#:T5168; RRID:AB_477579

anti-Mouse IgG Alexa Fluor 488 Jackson ImmunoResearch Cat#:715–545-151; RRID:AB_2341099

anti-Rabbit IgG Alexa Fluor 488 Thermo Fisher Scientific Cat#:A11008; RRID:AB_143165

anti-Rabbit IgG Alexa Fluor 594 Thermo Fisher Scientific Cat#:A21207; RRID:AB_141637

anti-Rat IgG Alexa Fluor 594 Thermo Fisher Scientific Cat#:A11007; RRID:AB_10561522

BRCA2 Millipore Cat#:OP95; RRID:AB_2067762

BrdU [BU1/75 (ICR1)] Abcam Cat#:ab6326; RRID:AB_305426

BrdU (Clone B44) BD Biosciences Cat#:BD347580

CtIP Cell Signaling Technologies Cat#: 9201; RRID:AB_10828593

DNA2 Abcam Cat#: ab96488; RRID:AB_10677769

EXO1 Abcam Cat#: ab95068; RRID:AB_10675762

GAPDH Santa Cruz Biotechnology Cat#:sc-32233; RRID:AB_627679

H3 Abcam Cat#:ab1791; RRID:AB_302613

HLTF Santa Cruz Biotechnology Cat#:sc-398357

Ku80 NeoMarker/Thermo Fisher Scientific Cat#:MS-285-P1

MRE11 (12D7) Genetex Cat#:GTX70212; RRID:AB_372398

MUS81 Abcam Cat#:ab14387; RRID:AB_301167

PCNA Abcam Cat#:ab18197; RRID:AB_444313

PrimPol Kindly provided by the Mendez 
laboratory

N/A

RAD51 Abcam Cat#:ab133534; RRID:AB_2722613

RPA70 Bethyl Cat#:A300–241A; RRID:AB_2180681

SLX4 (BTBD12) Bethyl Cat#:A302–270A; RRID:AB_1850156

SMARCAL1 (A2) Santa Cruz Biotechnology Cat#:sc-376377; RRID:AB_10987841

TIMELESS Bethyl Cat#:A300–961A; RRID:AB_805855

TIPIN Bethyl Cat#:A301–474A; RRID:AB_999573

ZRANB3 Bethyl Cat#:A303–033A; RRID:AB_10773114

Chemicals, peptides, and recombinant proteins

AZ20 SelleckChem Cat#:S7050

AZD6738 SelleckChem Cat#:S7693

Benzoylated Naphthoylated DEAE-
Cellulose

Sigma-Aldrich Cat#:B6385

Biotin Azide Click Chemistry Tools Cat#:1265

BrdU Sigma-Aldrich Cat#:B5002

CD437 Sigma-Aldrich Cat#:C5865

CldU Sigma-Aldrich Cat#:I7125

DAPI Invitrogen Cat#:D1306

EdU Click Chemistry Tools Cat#:1149–25
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REAGENT or RESOURCE SOURCE IDENTIFIER

Hydroxyurea Sigma-Aldrich Cat#:H8627

IdU Sigma-Aldrich Cat#:C6891

Lipofectamine RNAiMAX Invitrogen Cat#:13778150

Mirin SelleckChem Cat#:S8096

Mowiol Sigma-Aldrich Cat#81381

MK-8776 SelleckChem Cat#:S2735

Olaparib SelleckChem Cat#:S1060

PFM-01 SelleckChem Cat#:S3549

PHA-767491 SelleckChem Cat#:S2742

ProLong Gold Antifade Mountant Invitrogen Cat#:P36930

PvuII HF New England Biolabs Cat#: R3151L

S1 nuclease Invitrogen Cat#:18001016

Streptavidin Agarose Millipore Sigma Cat#:69203–3

SYBR Gold Nucleic Acid Gel Stain Invitrogen Cat#:S11494

VE-821 SelleckChem Cat#:S8007

XL-413 SelleckChem Cat#:S7547

Critical commercial assays

CellTiter-Glo Luminescent Cell 
Viability Assay

Promega Cat#:G7571

CometAssay Single Cell Gel 
Electrophoresis

R&D Systems Cat#:4250–050K

Deposited data

Raw data files This paper Mendeley doi: https://doi.org/10.17632/6zfz2k2mcr.1

Experimental models: Cell lines

U2OS ATCC N/A

UWB1.249 ATCC N/A

UWB1+B1 ATCC N/A

SYr12 Yazinski et al.39 N/A

SYr13 Yazinski et al.39 N/A

Oligonucleotides

See Table S1 for siRNAs This paper N/A

Software and algorithms

GraphPad Prism 9 GraphPad Software, Inc. https://www.graphpad.com/scientific-software/prism/

Image Lab Bio-Rad https://www.bio-rad.com/en-us/category/chemidoc-imaging-
systems

ImageJ NIH https://imagej.nih.gov/ij/

MATLAB Mathworks https://www.mathworks.com/products/matlab.html

OpenComet plugin for ImageJ Graduate School for Integrative 
Sciences and Engineering, National 

https://cometbio.org/index.html
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REAGENT or RESOURCE SOURCE IDENTIFIER

University of Singapore and 
Laboratory of Systems

NIS element viewer Nikon https://www.microscope.healthcare.nikon.com/products/
software/nis-elements-advance-research
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