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SMARCAD1-mediated active replication fork stability 
maintains genome integrity
Calvin Shun Yu Lo1, Marvin van Toorn1,2†, Vincent Gaggioli1†, Mariana Paes Dias3, Yifan Zhu1, 
Eleni Maria Manolika1, Wei Zhao1, Marit van der Does1, Chirantani Mukherjee1, 
João G. S. C. Souto Gonçalves4, Martin E. van Royen5, Pim J. French6, Jeroen Demmers7, 
Ihor Smal1, Hannes Lans1, David Wheeler8, Jos Jonkers3, Arnab Ray Chaudhuri1, 
Jurgen A. Marteijn1,2, Nitika Taneja1*

The stalled fork protection pathway mediated by breast cancer 1/2 (BRCA1/2) proteins is critical for replication 
fork stability. However, it is unclear whether additional mechanisms are required to maintain replication fork  
stability. We describe a hitherto unknown mechanism, by which the SWI/SNF-related matrix-associated actin-
dependent regulator of chromatin subfamily-A containing DEAD/H box-1 (SMARCAD1) stabilizes active replication 
forks, that is essential to maintaining resistance towards replication poisons. We find that SMARCAD1 prevents 
accumulation of 53BP1-associated nucleosomes to preclude  toxic enrichment of 53BP1 at the forks. In the ab-
sence of SMARCAD1, 53BP1 mediates untimely dissociation of PCNA via the PCNA-unloader ATAD5, causing fre-
quent fork stalling, inefficient fork restart, and accumulation of single-stranded DNA. Although loss of 53BP1 in 
SMARCAD1 mutants rescues these defects and restores genome stability, this rescued stabilization also requires 
BRCA1-mediated fork protection. Notably, fork protection-challenged BRCA1-deficient naïve- or chemoresistant 
tumors require SMARCAD1-mediated active fork stabilization to maintain unperturbed fork progression and cel-
lular proliferation. 

INTRODUCTION
Most breast cancer (BRCA)–mutated cancers acquire resistance to-
ward chemotherapeutic agents such as cisplatin and poly(adenosine 
5′-diphosphate–ribose) polymerase inhibitors (PARPi) (1). At pre
sent, besides the restoration of homologous recombination (HR), loss 
of poly(adenosine 5′-diphosphate–ribose) glycohydrolase or acquired 
protection of stalled replication forks provides a mechanism that can 
promote drug resistance in a BRCA-deficient genetic background 
(1–4). However, identification of additional mechanisms underly-
ing resistance to chemotherapeutics can provide a real opportunity 
to improve therapies in BRCA-deficient cancer patients.

BRCA proteins play a genetically separable role at the site of 
double-stranded breaks (DSBs) where they mediate an error-free 
HR repair and at replication forks where they facilitate protection of 
reversed forks from extensive nuclease-mediated degradation, to 
maintain genome stability (2, 3, 5–7). Similarly, the factors of non-
homologous end joining (NHEJ), an error-prone pathway, along 
with their role in repair of DSBs have been shown to associate with 

stalled forks either for their protection or to promote their restart 
(2, 8, 9). However, the factors involved in limiting fork stalling and 
subsequent restarting of forks upon endogenous or exogenously in-
duced replication stress are poorly understood.

Proliferating cell nuclear antigen (PCNA) is a DNA clamp that 
associates with the active replication forks and functions as a pro-
cessivity factor for DNA polymerases to carry out the DNA synthe-
sis process but dissociates from stalled forks via an active unloading 
mechanism (8, 10, 11). During replication, PCNA rings are repeat-
edly loaded and unloaded by the replicating clamp loader replica-
tion factor C (RFC) complex and an alternative PCNA ring opener, 
ATAD5 (ELG1 in yeast)–RFC-like complex (ATAD5-RLC). ATAD5-
RLC unloads replication-coupled PCNA after ligation of Okazaki 
fragment and termination of DNA replication (12–14). Maintenance 
of the delicate balance of PCNA levels onto DNA is crucial because 
PCNA levels can influence chromatin integrity (15, 16) and persistent 
PCNA retention on DNA causes genome instability (17–19). However, 
mechanisms by which PCNA levels are regulated on replicating chro-
matin and the factors involved in this process still remain elusive.

Here, we uncover a novel function of human SMARCAD1 in 
regulating the fine control of PCNA levels at forks, which is re-
quired for the maintenance of replication stress tolerance and ge-
nome stability. SMARCAD1, a DEAD/H box helicase domain protein, 
belongs to a highly conserved adenosine 5′-triphosphate–dependent 
SWI/SNF (switch/sucrose non-fermentable) family of chromatin re-
modelers. Adenosine triphosphatase (ATPase) remodeling activity of 
SMARCAD1 is crucial for its function in HR repair and in maintenance 
of histone methyl marks for reestablishment of heterochromatin (20, 21).

In this study, we generated a separation-of-function mutant of 
human SMARCAD1, efficient in its HR function but defective in 
its interaction with the replication machinery. This strategy led to 
uncover a previously unrecognized role of SMARCAD1  in main-
taining stability of active (unperturbed and restarted) replication 
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forks, which is responsible for mediating resistance toward replica-
tion poisons. In the absence of SMARCAD1, replication fork pro-
gression requires BRCA1 to maintain the integrity of stalled forks 
to allow their restart. Furthermore, SMARCAD1 maintains repli-
cation fork stability and cellular viability in BRCA1-deficient naïve 
or chemoresistant mouse breast tumor organoids, highlighting its 
essential role in the survival of tumor cells. Our results suggest a con-
served role of SMARCAD1 and BRCA1 proteins at replication forks, 
SMARCAD1 at active forks while BRCA1 at stalled forks, to safe-
guard replication fork integrity and ensure genome stability.

RESULTS
SMARCAD1 is preferentially enriched at unperturbed 
replication forks
Most factors associated with the active replisome are required to 
maintain the stability of the replication forks and could also be im-
portant for mediating efficient restart after stalling. To specifically 
identify novel factors involved in the stability of unperturbed forks, 
we performed isolation of proteins on nascent DNA (iPOND) coupled 
to stable isotope labeling with amino acids in cell culture (SILAC)–
based quantitative mass spectrometry (8, 9). Mouse embryonic stem 
cells (mESCs) were used to compare the proteins present at unper-
turbed active replication forks versus hydroxyurea (HU)–induced 
stalled replication fork (fig. S1A). In total, 1443 common proteins 
were identified from two independent experiments (fig. S1, B and 
C). Consistent with previous reports, we observed a greater than 
twofold increase in replication stress response proteins, including 
RAD51 and BRCA1, at stalled forks (Fig. 1A) (8, 9). Levels of core 
components of the replicative helicase, such as mini-chromosome 
maintenance protein 6 (MCM6), remained largely unchanged during 
early replication stress (Fig. 1A). As shown previously (8), PCNA was 
enriched ~2-fold at the unperturbed forks when compared to the stalled 
forks, confirming that PCNA associates preferentially with active forks 
and showing proof of principle of this approach (Fig. 1A and fig. S1B). 
Among 66 proteins showing preferential enrichment at unperturbed 
replication forks (fig. S1C), we identified SMARCAD1, a conserved 
SWI/SNF chromatin remodeler (Fig. 1A and fig. S1B). KAP1/TRIM28 
(KRAB-associated protein 1/tripartite motif-containing 28), a pre-
viously reported SMARCAD1 interacting partner, showed no pref-
erential enrichment, a behavior that is similar to that of the 
MCM6 helicase, suggesting an additional and independent role 
of SMARCAD1 in replication fork dynamics (Fig. 1A) (8).

To confirm our iPOND-SILAC mass spectrometry data and to 
assess whether the preferential enrichment of SMARCAD1 and 
PCNA at unperturbed replication forks is conserved across species, 
we performed immunofluorescence assays to measure the localiza-
tion of these proteins with respect to the sites of replication in 
MRC5 human fibroblast cells. Sites of active DNA replication were 
labeled with 5-ethynyl-2´-deoxyuridine (EdU), and localization of 
the chromatin-bound fraction of SMARCAD1, PCNA, and RAD51 
within the sites of replication was measured in the presence or ab-
sence of HU using single cell–based, high-content microscopy. Con
sistent with the results of iPOND-SILAC mass spectrometry in mESCs, 
we observed that chromatin-bound SMARCAD1 and PCNA foci spe-
cifically colocalized with EdU. However, upon HU treatment, both 
these proteins showed a significant decrease in intensity at replication 
sites, suggesting that both SMARCAD1 and PCNA associate with un-
perturbed replication forks but dissociate from stalled forks (Fig. 1, B 

and C). As expected, RAD51 was found to be enriched significantly at 
replication sites upon HU treatment, suggesting a positive enrichment 
at stalled forks in contrast to PCNA and SMARCAD1 (fig. S1D) (8).

N-SMARCAD1 lacks PCNA interaction and, thereby, 
association with replication forks
The N-terminal region of SMARCAD1 has been shown to be re-
sponsible for the PCNA-mediated localization of SMARCAD1 to 
replication forks (21, 22). To explore the role of this interaction at 
replication forks, we generated a SMARCAD1 mutant, using MRC5 
cells, in which the canonical start site is disrupted and translation 
begins downstream at the next available start codon (Fig. 1D). Expres-
sion of this mutant gene results in a 137–amino acid N-terminally 
truncated product, designated as N-SMARCAD1 that lacks the 
region responsible for its interaction with PCNA (22). The N-
SMARCAD1 protein is approximately 100 kDa in size (Fig. 1E) and 
retains the downstream CUE1, CUE2, ATPase, and helicase do-
mains (fig. S1E), crucial for chromatin remodeling and DNA repair 
functions (21, 23), intact. For comparative analysis, we also generated 
a complete SMARCAD1 knockout (SMARCAD1−/−) by replacing 
the SMARCAD1 gene with an mClover [a green fluorescent protein 
(GFP) variant] reporter gene (Fig.  1E). Both quantitative reverse 
transcription polymerase chain reaction (qRT-PCR) assays of the 
SMARCAD1 coding region and RNA sequencing (RNA-seq)–based 
transcriptome analysis of cells containing the full length [wild-type 
(WT)] and those containing the truncated form (N-SMARCAD1) 
confirmed that expression levels of the two SMARCAD1 alleles 
were nearly identical (fig. S1, E and F). As expected, cells containing 
the knockout, SMARCAD1−/−, showed a lack of transcripts specific 
to the coding region of the gene.

To test the interaction between PCNA and the N-SMARCAD1 
mutant, we generated a heterogeneously expressed GFP-tagged 
PCNA allele in both WT and N-SMARCAD1 genetic backgrounds 
(fig. S1G). Cross-linked chromatin immunoprecipitation (IP) of 
GFP-tagged PCNA confirmed that although N-SMARCAD1 asso-
ciates with chromatin, it did not interact with GFP-PCNA, whereas 
the full-length WT SMARCAD1 protein retains this interaction 
(fig. S1H), as previously reported (21). Similarly, reverse chromatin 
IP of WT-SMARCAD1 and N-SMARCAD1 protein confirmed the 
lack of interaction between PCNA and N-SMARCAD1 protein (Fig. 
1F). The interaction between SMARCAD1 and PCNA was also con-
firmed by immunoprecipitating PCNA under native conditions, again 
verifying the loss of interaction between N-SMARCAD1 and PCNA 
(fig. S1I). To determine whether a SMARCAD1 interaction with PCNA 
is required for its association with replication sites, we performed 
an immunofluorescence analysis to measure the localization of 
SMARCAD1 mutants at sites of DNA replication marked with EdU.  
Our data show that chromatin-bound foci of full-length SMARCAD1 
colocalized with EdU+ sites, as previously reported (Fig. 1G) (21). As 
expected, no specific SMARCAD1 signal could be seen in SMAR-
CAD1−/− cells. Consistent with our IP data (Fig. 1F and fig. S1H), 
N-SMARCAD1 showed nuclear localization but no colocalization 
with EdU signals (Fig. 1G), suggesting that N-SMARCAD1 asso-
ciates with chromatin but is not enriched at sites of replication.

Role of SMARCAD1 at the replication fork and not in HR 
mediates tolerance to replicative stress
Next, we sought to determine whether loss of SMARCAD1 associa-
tion with replication forks affects cellular resistance to fork stalling 
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agents such as HU, cisplatin, or the PARPi, olaparib. Both N-
SMARCAD1 and SMARCAD1−/− cells showed significant sensitiv-
ity to the replication poisons, suggesting that the presence of 
SMARCAD1 at replication forks is crucial for resistance to replica-
tion stress (Fig.  1H). To further explore the role of SMARCAD1 
during DNA replication, we analyzed S phase progression by mea-
suring EdU incorporation using high-content microscopy. We im-
aged >2000 cells and plotted for quantitative image-based cytometry 

analysis (QIBC) to obtain single cell–based cell cycle profile (24). 
Both N-SMARCAD1 and SMARCAD1−/− cells displayed reduc-
tion in EdU intensities relative to WT cells, suggesting that loss of 
SMARCAD1 at forks causes DNA replication defects (fig. S1J).

Because the loss of SMARCAD1 causes defects in HR repair of 
DSBs due to inefficient DNA end resection (20, 23, 25), we next tested 
whether cells expressing N-SMARCAD1 also exhibited defects in 
HR repair. We measured HR efficiency using a direct repeat–green 
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Fig. 1. SMARCAD1 associates with active replication forks via N-terminal PCNA-interacting domain. (A) Bar graph showing fold up-regulation of selected proteins 
under unperturbed (no HU)/HU-treated conditions based on SILAC H:L ratios. (B and C) Representative high-content microscopy images showing the colocalization of 
chromatin-bound (B, left) PCNA or (C, top) SMARCAD1 with 5-ethynyl-2’-deoxyuridine (EdU) under given conditions. Box plots showing the mean intensity of (B, right) 
PCNA or (C, bottom) SMARCAD1 foci overlapping with EdU are shown (note that for HU condition, EdU labeling was performed before HU treatment). Numbers above 
each scatterplot indicate the mean intensity. n > 3000 mid-late S phase cells; ****P ≤ 0.0001, unpaired t test. a.u., arbitrary units. Scale bar, 5 µm. (D) Schematic overview 
of protein domains in full-length and N-SMARCAD1. Asterisk represents the stop codon. (E) Immunoblot showing SMARCAD1 levels under indicated conditions. Tubulin 
is the loading control. Asterisk represents a nonspecific band. (F) Chromatin immunoprecipitation (IP) of SMARCAD1 in wild-type (WT) and N-SMARCAD1 cells, followed 
by immunoblot for SMARCAD1 and PCNA. Asterisk represents a nonspecific band. IgG, immunoglobulin G. (G) Representative images showing the expression of SMARCAD1 
and EdU in WT, N-SMARCAD1, K528R-SMARCAD1, and SMARCAD1−/− cells. Scale bar, 5 m. (H) Quantification of colony survival assay (means + SD; n = 3) in WT, 
N-SMARCAD1, and SMARCAD1−/− cells is shown for given conditions. HU was given for 48 hours. ns, nonsignificant; unpaired t test.
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fluorescent protein (DR-GFP) reporter assay (26). N-SMARCAD1 
cells had an HR efficiency similar to that of WT (Fig. 2A). However, 
HR efficiency was significantly reduced in both WT and N- 
SMARCAD1 cells when SMARCAD1 was knocked down in these 
cells using small interfering RNA (siRNA), similar to that observed 
for BRCA1 knockdown (Fig. 2A). These data suggest that, although 
the complete loss of SMARCAD1 results in defective HR, expres-
sion of the truncated N-SMARCAD1 retains HR proficiency. In 
addition, chromatin fractionation and observation of RAD51 focus 
formation by immunofluorescence using high-content microscopy 
both showed a remarkable increase in chromatin-bound RAD51 
upon olaparib treatment in both WT and N-SMARCAD1 but not 
in SMARCAD1-deficient cells (Fig. 2, B and C). These data further 
confirm that N-SMARCAD1 cells are proficient in the loading of 
RAD51  in response to DNA damage unlike SMARCAD1−/−. Fur-
thermore, N-SMARCAD1 cells are also proficient in RAD51 foci 
formation similar to WT upon ionizing radiation (IR)–induced DSB 
formation (fig. S2A). Consistently, N-SMARCAD1 does not show 
sensitivity to IR treatment in contrast to HR-defective BRCA1-depleted 
cells or NHEJ-defective p53-binding protein 1 (53BP1)–depleted cells 
(fig. S2, A and B). Surprisingly, however, both N-SMARCAD1 and 
SMARCAD1 complete knockout showed similar sensitivity toward 
drugs, causing replication stress, olaparib, cisplatin, and HU (Figs. 1H 
and 2D and fig. S2C), arguing in favor of an uncoupling between HR re-
pair function and resistance to replication stress in the N-SMARCAD1 
cells, corroborating it to be a separation-of-function mutant.

We also performed transcriptome analysis to test whether the 
drug sensitivity observed in SMARCAD1 mutant cells could be a 
result of transcription deregulation of DNA damage response (DDR) 
genes in these cells, because transcription may be affected by its 
chromatin remodeling role. We observed a mild dysregulation in a 
subset of non-DDR genes (≥1.5-fold change in expression) in ei-
ther N-SMARCAD1 or SMARCAD1−/− cells, whereas almost no 
anomalous expression was observed in either mutant for a set of 
DDR genes (n = 179) (27), which included both HR and NHEJ DDR 
genes (fig. S2D). This suggests that the function of SMARCAD1 in 
promoting drug tolerance is unrelated to its role in heterochroma-
tin maintenance or in transcriptional regulation. Furthermore, the 
efficient loading of RAD51 and the HR proficiency of cells express-
ing N-SMARCAD1, in contrast to those lacking SMARCAD1, is 
most likely not due to a differential transcriptome or cell cycle pro-
file but due to the presence of intact CUE and ATPase/helicase do-
mains in N-SMARCAD1 that are essential for its HR function 
(20, 25). The loss of PCNA interaction and association with the fork 
is the main cause for SMARCAD1-depleted cells to show sensitivity 
toward replication stress–inducing drugs.

SMARCAD1 facilitates normal replication fork progression 
and efficient restart upon replication stress
SMARCAD1 mutants displayed moderate but significant defects in 
progression through S phase (fig. S1J). To further monitor the dy-
namics of individual replication forks, we performed DNA fiber 
assay. We sequentially labeled WT and SMARCAD1 mutants (N-
SMARCAD1 and SMARCAD1−/−) cells with CldU (red) and IdU 
(green), followed by track length analysis. N-SMARCAD1 cells 
exhibited a significant difference in the track lengths of both 5- 
chloro-2′-deoxyuridine (CldU) and 5-iodo-2′-deoxyuridine (IdU) in 
comparison to WT but similar to SMARCAD1−/− cells (Fig. 3A). To test 
the possibility that accumulation of DNA damage over time in the 

mutant cells was causing the replication fork defect observed, we also 
analyzed fork progression in cells in which SMARCAD1 was depleted 
transiently with siRNA. The transient knockdown of SMARCAD1 
resulted in similar fork progression defects than the one observed in 
N-SMARCAD1 and SMARCAD1−/− (Fig. 3A). This suggests that 
SMARCAD1 directly facilitates the progression of replication forks.

Because SMARCAD1 deficiency displayed significant replica-
tion defects during unperturbed replication (Fig. 3A and fig. S1J), 
we wondered whether SMARCAD1 also plays a role in the progres-
sion after fork stalling. To assess the overall rate of DNA synthesis 
upon replication stress, we treated cells with 1 mM HU for an hour. 
The replication rate after stress was measured by allowing the EdU 
incorporation for various time points after release from HU and 
EdU intensities that were measured in >3000 cells using high-content 
microscopy. Upon 30 min of release from HU, we observed a mild 
reduction in EdU incorporation in N-SMARCAD1 cells. However, 
the reduction in EdU incorporation became more evident at later 
time points in N-SMARCAD1 cells (fig. S2E). To further verify 
this, we performed a fork restart assay using DNA fiber analysis. 
Cells were labeled with CldU, followed by a mild dose of HU (1 mM) 
treatment for an hour to stall the forks and subsequently released 
into IdU. Consistently, we observed significant defects in CldU 
track lengths, representing an internal control for unperturbed 
forks (Fig. 3B) similar to those observed in the fork progression as-
say performed in Fig. 3A. However, analysis of IdU track lengths 
representing stressed forks revealed an even higher shortening of 
the track lengths in N-SMARCAD1 cells, suggesting a more severe 
defect in the progression or restart of stalled forks (Fig. 3B). In addi-
tion, upon analysis of fork restart efficiency, we observed a significant 
difference between stalled and restarted forks in N-SMARCAD1 
cells (25% restarted) when compared to WT cells (60% restarted) af-
ter 15 min of release from HU stress, whereas this difference signifi-
cantly reduced after 30 min of release from HU (86% WT and 74% 
N-SMARCAD1) (fig. S2F, left), but the progression of restarted 
forks remained severely defective in N-SMARCAD1 cells (fig. 
S2F, right). These data suggest that forks restart in absence of 
SMARCAD1 with moderate delay but further show severe defects 
in progression of stressed forks. Thus, SMARCAD1 mediates both 
the efficient restart and progression of replication forks, which also 
supports the finding that cells lacking SMARCAD1 are sensitive to 
replication stress–inducing agents.

SMARCAD1 prevents accumulation of under-replicated 
regions and consequent genome instability
To investigate whether the delayed restart and poor fork progres-
sion upon release from HU stress results in increased single-stranded 
DNA (ssDNA) levels in the N-SMARCAD1 cells, we analyzed 
RPA32, a surrogate for ssDNA, by chromatin fractionation. Upon 
HU treatment, the replication protein A, 32 kDa subunit (RPA32) 
signals were enhanced in WT cells (fig. S2G). Untreated N-SMAR-
CAD1 cells showed a marked increase in chromatin-associated 
RPA32 compared to untreated WT cells, suggesting that the accu-
mulation of under-replicated regions in the genome could be due to 
defects in normal fork progression (Fig. 3A and fig. S2G). However, 
a significant increase in RPA32 levels could be seen upon HU treatment 
and upon release from HU-mediated block in N-SMARCAD1 cells, 
suggesting that loss of SMARCAD1 at forks causes significant accu-
mulation of under-replicated regions (fig. S2G). Furthermore, unper-
turbed N-SMARCAD1 cells showed significant phosphorylation of 
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checkpoint kinase 1 (CHK1) but not ataxia-telangiectasia-mutated 
(ATM) protein, suggesting that absence of SMARCAD1 at the un-
perturbed forks specifically leads to activation of ataxia telangiectasia 
and Rad3-related protein (ATR) – mediated checkpoint pathway, 
further corroborating replication stress in these cells (fig. S2H).

DNA replication stress, exogenous or endogenous, results in 
reversal of forks (28–31), and we hypothesized that slower fork 
progression and accumulation of RPA in N-SMARCAD1 mutants 
under unperturbed conditions could be a result of frequent fork 
stalling that stabilizes into reversed forks. To test this hypothesis, we 
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Fig. 3. SMARCAD1 is required for proper fork progression, fork restart, and genome stability. (A) Top: Schematic of replication fork progression assay with CldU and 
IdU labeling in WT, N-SMARCAD1, and SMARCAD1−/− (KO) cells. Representative DNA fibers for each condition are shown below the schematic. Scale bar, 5 m. Bottom: 
CldU (red) and IdU (green) track length (in micrometers) distribution for the indicated conditions. n = 3; ****P ≤ 0.0001, Kruskal-Wallis followed by Dunn’s multiple com-
parison test. (B) Top: Schematic of replication fork restart assay. Representative DNA fibers for each condition are shown below the schematic. Scale bar, 5 m. Bottom: 
CldU (red) and IdU (green) track length (in micrometers) distribution for the indicated conditions. ****P ≤ 0.0001, unpaired t test. All DNA fiber experiments presented here 
were repeated three times with similar outcomes. (C) Representative image of a normal (left) and a reversed replication fork (right) observed by electron microscopy (EM). 
D, daughter strand; P, parental strand; R, reversed arm. (D) Bar chart representing the percentage of fork reversal in WT and N-SMARCAD1 cells under untreated condi-
tion. n = 3; ****P ≤ 0.0001, unpaired t test. (E) Representative electron micrographs of single-stranded DNA (ssDNA) gaps. Green and blue arrows point toward ssDNA gaps 
at the fork and behind the fork, respectively. (F) Bar chart representing the distribution of ssDNA gaps behind the fork in WT and N-SMARCAD1 under untreated condi-
tion and 1 hour after release from 1 mM HU treatment. Chi-square test of trends was performed to assess the significance of internal ssDNA gaps between WT and 
N-SMARCAD1. n = 3; ****P < 0.0001. (G) Top: Pulsed-field gel electrophoresis (PFGE) analysis for DSBs shows WT and N-SMARCAD1 cells with and without 4 mM HU 
treatment for 3 hours and upon 16 hours of release after the HU treatment. Bottom: Quantification from the three independent experiments showing DSB levels.
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visualized replication intermediates formed in vivo using electron 
microscopy (EM) (9) in WT and N-SMARCAD1 mutant cells. We 
observed a higher frequency of reversed forks in N-SMARCAD1 
than in WT cells, suggesting frequent stalling and remodeling of 
forks even under unperturbed conditions (Fig. 3, C and D). More-
over, we also observed an increase in the percentage of ssDNA gaps 
accumulated in daughter strands behind the fork of N-SMARCAD1 
cells relative to WT, which further enhanced markedly upon release 
from HU-mediated stress (Fig. 3, E and F). We also quantified the 
length of ssDNA at the fork that determines nascent strand process-
ing activity at the fork, which showed no significant difference in 
N-SMARCAD1 than compared to WT (fig. S2I). Together, these data 
further corroborate that the role of SMARCAD1 is critical in limiting 
fork stalling under unperturbed conditions and promoting efficient 
fork restart and fork progression globally upon replication stress.

We further investigated whether the increased accumulation of 
ssDNA upon replication stress leads to an increase in DSBs that 
would contribute to genome instability. To evaluate the accumula-
tion of DNA damage, we performed pulsed-field gel electrophoresis 
(PFGE) to measure the physical presence of DSBs. There was no 
obvious increase in the level of DSBs upon the stalling of forks in-
duced by HU treatment in either WT or N-SMARCAD1 cells, 
suggesting that forks stalled for 3 hours with HU treatment do not 
immediately collapse and convert into DSBs. These data were fur-
ther supported by the efficient loading of RAD51 observed at stalled 
forks induced upon HU treatment in N-SMARCAD1 similar to 
WT (fig. S2J). However, after release from replication stress for 
16 hours, a marked increase in the signal of broken DNA fragments 
can be observed in N-SMARCAD1 cells in comparison to WT 
cells (Fig. 3G). Together, these data suggest a role of SMARCAD1 at 
replication forks that is crucial to maintain genome integrity upon 
replication stress.

SMARCAD1 maintains PCNA levels at replication forks, 
especially upon fork restart
Because N-SMARCAD1 lacks interaction with PCNA (Fig. 1F and 
fig. S1H) and also display defects in fork progression (Fig. 3, A and B), 
we wondered whether the loss of SMARCAD1 at replication fork 
affects the PCNA clamp that acts as processivity factor for efficient 
DNA synthesis. We therefore measured the chromatin-bound PCNA 
levels in replicating cells labeled with EdU to observe the dynamics 
of PCNA localization during DNA synthesis. QIBC analysis showed 
significant reduction in chromatin-bound PCNA levels in replicat-
ing cells of N-SMARCAD1  in comparison to WT (Fig. 4A), 
whereas the total levels of PCNA protein were not affected (Fig. 4B). 
These data suggest that absence of SMARCAD1 at forks affect 
PCNA levels at the forks. A similar reduction in PCNA levels at 
replication sites was observed in SMARCAD1−/− cells, suggesting 
that N-SMARCAD1 behaves similar to the complete loss of 
SMARCAD1 protein and that N-SMARCAD1 does not display a 
dominant negative phenotype (fig. S3A). We further monitored the 
impact of HU-mediated replication stress on PCNA recovery. Be-
cause PCNA dissociates from HU-mediated stalled forks (Fig.  1, 
A and B) (8), we hypothesized that aggravated defects in fork restart 
in N-SMARCAD1 were due to poor recovery of PCNA at the 
forks upon release from HU. Using QIBC analysis, we simultane-
ously assessed the EdU incorporation and PCNA recovery upon 
HU stress using an average of 3000 cells per condition (Fig. 4C). 
WT replicating cells showed significantly reduced PCNA levels 

upon 1 mM HU treatment for an hour and had recovered to their 
untreated levels by 45 min of release from HU stress (Fig. 4C and 
fig. S3B). Consistently, we observed reduced PCNA levels and re-
duced EdU incorporation in N-SMARCAD1 cells in comparison 
to WT cells under the untreated condition. N-SMARCAD1 cells 
showed severe defects in recovery of PCNA levels and reduced EdU 
incorporation upon release from HU-mediated replicative stress 
(Fig. 4C and fig. S3, B and C). The significantly reduced EdU incor-
poration is consistent with the results of the DNA fiber assay of fork 
restart upon HU stress, which revealed severe defects in the pro-
gression of restarted forks in N-SMARCAD1 cells (Fig. 3B). These 
data suggest that SMARCAD1 participates in the maintenance of PCNA 
levels at the unperturbed forks. Moreover, under stressed conditions, 
the absence of SMARCAD1 results in poor recovery of PCNA at re-
starting stalled forks, which subsequently causes inefficient fork re-
start and severe defects in fork progression upon replication stress.

We further determined the dynamics of PCNA in replicating 
WT and N-SMARCAD1 cells using an inverse fluorescence recov-
ery after photobleaching (iFRAP) live-cell imaging assay. iFRAP is 
an adapted FRAP approach optimized to analyze differences of dis-
sociation rates (Koff) and involves continuous bleaching to quench 
the total nuclear fluorescence of a GFP-tagged protein with the ex-
ception of a small predefined area. Using this approach, we could 
determine the residence time of GFP-PCNA at the replication foci 
(unbleached area) as a direct readout of its turnover (fig. S3D). We 
performed iFRAP on GFP-tagged PCNA expressed from its endog-
enous allele in both WT and N-SMARCAD1 cell types (fig. S1G). 
We observed nearly twofold shorter residence times for GFP-tagged 
PCNA foci in N-SMARCAD1 cells compared to WT cells (Fig. 4D 
and fig. S3D). These data clearly suggest that the turnover of 
PCNA at replication forks is severely increased in the absence of 
SMARCAD1 at the forks, which may be caused by either a defect in 
the loading or unloading of PCNA in the absence of SMARCAD1 at 
the replication forks.

To further test this hypothesis, we performed chromatin frac-
tionation to observe the chromatin-associated fraction of subunits 
of the PCNA loader, RFC (RFC1/RFC2-5), and of the unloader, 
RLC (ATAD5/RFC2-5) complex subunits (13, 32). We observed no 
obvious change in the level of RFC1, a major subunit of the RFC 
complex, in either cell type with or without HU treatment (Fig. 4E). 
The chromatin association of RFC4, a subunit shared between the 
RFC and RLC complexes, and that of ATAD5, a major subunit of 
the RLC complex, were found to be significantly enhanced in 
chromatin-bound fraction of N-SMARCAD1 cells, while the total 
level of these proteins as shown in whole-cell extracts remains similar 
to WT, which is also supported by the transcriptome analysis of these 
proteins (Fig. 4E and fig. S3E). This finding suggests that the in-
creased chromatin binding of the PCNA-unloader ATAD5-RLC causes 
the increased release of PCNA in the absence of SMARCAD1. Next, 
we tested whether depleting ATAD5 levels might restore normal 
PCNA chromatin association and reduce replication defects in 
N-SMARCAD1 cells. Consistent with previous reports (33), we 
observed enhanced PCNA levels at replicating sites in WT cells and 
retention time of PCNA using iFRAP, upon strong ATAD5 knock-
down (fig. S3, F to H). However, as previously reported (33), the 
strong reduction of ATAD5 significantly reduced the overall EdU 
incorporation even in WT cells, suggesting that the enhanced ac-
cumulation of PCNA at forks also affects overall DNA synthesis 
(fig. S3I). Therefore, we titrated the knockdown of ATAD5 in 
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Fig. 4. SMARCAD1 maintains PCNA level at replication forks. (A) Left: Representative confocal images showing chromatin-bound PCNA (red) in EdU+(green) WT and 
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N-SMARCAD1 cells to bring PCNA levels equivalent to WT, us-
ing lower concentrations of si-ATAD5 (Fig.  4F and fig. S3J). We 
observed that 30- and 45-pmol concentrations of si-ATAD5 result-
ed in PCNA and EdU levels in N-SMARCAD1 similar to WT lev-
els (Fig.  4,  F  and  G). Further, using the controlled depletion of 
ATAD5 (45 pmol of si-ATAD5), we also observed the rescue in fork 
progression and fork restart efficiency (Fig. 4H). Similarly, the 
enhanced accumulation of PCNA and lower EdU incorporation 
with stronger depletion of ATAD5 could also be rescued by ectopi-
cally expressing Flag-tagged ATAD5 in WT and N-SMARCAD1 
cells (fig. S3, K and L) (33). Together, these data suggest that fine 
regulation of ATAD5 levels at replication forks is required to main-
tain fine-controlled PCNA levels that maintain efficient DNA syn-
thesis in cells.

Loss of 53BP1 restores PCNA stability, fork restart, and drug 
tolerance in N-SMARCAD1 cells
Having established the role of SMARCAD1 at the replication forks, 
we further investigated the mechanism of how SMARCAD1 pro-
motes replication fork progression. Earlier studies have shown a 
role for SMARCAD1 in displacing 53BP1 from the site of DSBs to 
promote HR repair (20). Moreover, SMARCAD1 and 53BP1 show 
contrasting enrichments at unperturbed versus stalled replication 
forks, shown by iPOND-SILAC mass spectrometry (Fig. 1A and ta-
ble S1) (8). We further validated the enrichments of 53BP1 at stalled 
forks versus restarted forks using fluorescence microscopy in WT 
cells (Fig. 5A). The data clearly showed 53BP1 colocalization with 
EdU mainly upon HU treatment, suggesting its enrichment at 
stalled forks in WT cells, whereas upon release from HU stress, the 
EdU-labeled sites representing restarted forks show clear displace-
ment between 53BP1 and EdU foci (Fig. 5A). We hypothesized that, 
similar to DSBs (20), SMARCAD1 might prevent 53BP1 to accu-
mulate at active or restarted replication forks by promoting its 
displacement from the stalled forks. To test this hypothesis, we 
measured the levels of 53BP1 protein in replicating cells (EdU+) of 
N-SMARCAD1 compared to WT, in untreated and in cells re-
leased from HU stress. We observed a mild but significant increase 
in 53BP1 levels in replicating cells of N-SMARCAD1, and notably, 
a significantly higher accumulation of 53BP1 levels could be seen in 
cells released from HU stress (fig. S4A). We further measured the 
localization of 53BP1 protein relative to EdU-marked replication 
sites in N-SMARCAD1 compared to WT cells. Upon HU block, a 
significant percentage of replicating WT cells showed an overlap 
between EdU and 53BP1 foci, which significantly reduced upon re-
lease from HU stress (Fig. 5B). Significantly higher percentage of 
N-SMARCAD1 cells showed colocalization of EdU and 53BP1 
foci in HU block cells, which remained remarkably higher even 
upon release from HU stress (Fig. 5B). Supporting this observation, 
the Pearson’s overlap coefficient and Manders’ (M1/M2) overlap 
coefficients estimating the significance of overlap between EdU and 
53BP1 foci were found to be significantly higher in N-SMARCAD1 
than in WT (fig. S4B). Together, these data suggest that SMARCAD1 
is required to displace 53BP1 from stalled replication forks possibly 
to allow their restart.

This observation led us to hypothesize that loss of 53BP1 may 
allow the normal progression of forks in N-SMARCAD1 cells, 
which shows frequent fork stalling even under unperturbed condi-
tions (Fig. 3C). We, therefore, first investigated the progression rate 
of unperturbed forks using si-53BP1 in N-SMARCAD1 using a 

DNA fiber assay. Transient knockdown of 53BP1 completely res-
cued the fork progression defects of N-SMARCAD1 cells (fig. S4, 
C and D). In addition, we also performed fork restart assay and 
found that both IdU track lengths and CldU track lengths, repre-
senting stressed (after HU treatment) and nonstressed forks (before 
HU treatment), respectively, showed complete restoration of fork 
progression rates in N-SMARCAD1 (Fig. 5C). Consistently, we 
observed a rescue in accumulation of reversed forks and reduced 
accumulation of ssDNA gaps behind the fork in N-SMARCAD1 
cells upon 53BP1 knockdown condition (Fig. 5D). As the severe de-
fects in restart of replication forks in N-SMARCAD1 were correlat-
ed with the poor recovery of PCNA, we next sought to determine 
whether 53BP1 knockdown would also restore PCNA levels in N-
SMARCAD1 cells. Consistently, QIBC analysis showed that upon 
HU-mediated block, PCNA levels were significantly reduced in 
replicating cells even upon 53BP1 knockdown. However, PCNA 
showed a significant recovery in N-SMARCAD1 similar to WT, 
when released from HU-mediated block (Fig. 5E and fig. S4E) un-
der these conditions. Consistent with the restoration of PCNA levels, 
we also observed a marked reduction in chromatin-bound ATAD5 
levels upon knockdown of 53BP1 in N-SMARCAD1 (fig. S4F), 
suggesting that 53BP1 further promotes PCNA unloading in ab-
sence of SMARCAD1 at forks through ATAD5 activity. The poten-
tial protein-protein interaction between 53BP1 and ATAD5 was 
further confirmed by yeast two-hybrid assay (fig. S4G) and by chro-
matin IP of 53BP1 (fig. S4H), showing positive interaction in WT 
cells that further enhances under either HU-induced replication 
stress conditions in WT cells or under unperturbed conditions of 
N-SMARCAD1 cells, both of which shows enhanced accumulation 
of stalled forks (Fig. 3C). We also noticed that the higher molecular 
weight band of ATAD5 was mainly immunoprecipitated with 53BP1 
in chromatin IPs, which was further confirmed by notable reduc-
tion in signal of potentially phosphorylated ATAD5 band in cells 
targeted with si-ATAD5 (fig. S4H). The ATR-mediated phosphoryl
ated form of ATAD5 has been reported to interact with RAD51 at 
stalled/regressed forks previously (34, 35). Together, these data sug-
gest that 53BP1 interaction with ATAD5 regulates PCNA levels at 
stalled forks. Because loss of 53BP1 rescued genome instability, as 
monitored by the reduction of accumulated ssDNA gaps in N-
SMARCAD1 (Fig. 5D), we next determined whether 53BP1 knock-
down rescues the sensitivity of N-SMARCAD1 cells toward 
replication poisons. We observed a significant restoration of resist
ance toward cisplatin and olaparib treatment after the depletion of 
53BP1 in N-SMARCAD1 cells (Fig. 5F). Together, these data im-
ply that SMARCAD1 maintains fine PCNA levels by suppressing 
unscheduled 53BP1 accumulation at the active replication forks and 
thereby maintains genome stability and replication stress tolerance 
in the cells.

From these data, we further hypothesized that chromatin re-
modeling activity of SMARCAD1 is possibly required to displace 
53BP1-associated nucleosomes to suppress the untimely accumula-
tion of 53BP1-ATAD5 complex at replication forks. To investigate 
this, we generated knock-ins of complementary DNA (cDNA)–
SMARCAD1 that were either WT or contained an ATPase-disabling 
K528R mutation that can interact with replication forks but is de-
fective in nucleosome remodeling activity, unlike N-SMARCAD1 
that does not associate with replication forks at all (Fig. 1G) (20). As 
expected, we observed a rescue in fork progression defects in N-
SMARCAD1 cells when corrected with fully functional SMARCAD1 
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but not with ATPase-dead K528R SMARCAD1 (fig. S4I). More-
over, K528R SMARCAD1 showed significant defects in fork pro-
gression and PCNA levels similar to N-SMARCAD1 (fig. S4, 
I and J). We further confirmed that defects of 53BP1 displacement 

at restarted forks observed in N-SMARCAD1 also existed in 
ATPase-dead SMARCAD1, detected by proximity ligation assay (PLA) 
approach between EdU and 53BP1 (fig. S4K). Furthermore, we also 
detected higher levels of 53BP1-associated ubiquitinated histone H2A 
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lysine 15 (H2AK15Ub) nucleosomes at restarted forks in both ATPase- 
dead and N-SMARCAD1 cells (fig. S4L). These data strongly suggest 
that the chromatin remodeling activity of SMARCAD1 is required 
to evict 53BP1-associated nucleosomes to displace 53BP1-ATAD5 
complex, preventing PCNA recovery at restarted forks, causing rep-
lication fork restart and progression defects.

SMARCAD1-mediated active fork stability confers survival 
in BRCA1-mutated tumors, irrespective to their HR status
Our data imply that SMARCAD1-mediated replication fork stabili-
ty contributes to genome stability in a manner independent of its 
role in HR repair of DSBs. Similarly, HR-independent roles in the 
protection of stalled forks during replication stress have been un-
covered for BRCA1 and BRCA2 (2, 3, 5–7). To further test whether 
SMARCAD1 also protects stalled forks, similar to BRCA1, we in-
vestigated fork degradation using DNA fiber assay. Loss of BRCA1 
resulted in stalled fork degradation upon 3 hours of exposure to 4 mM 
HU, while N-SMARCAD1 showed no significant defects in fork 
protection similar to WT (Fig. 6A). Furthermore, as shown previ-
ously, longer exposure of cells to 4 mM HU (up to 8 hours) resulted 
in a moderate but significant processing of forks in WT cells (36), 
and we observed similar effects in N-SMARCAD1, while loss of 
BRCA1 led to severe fork degradation (Fig. 6A). Further, these data 
also suggest that SMARCAD1 is not defective in the processing of 
stalled forks, as proposed for its fission yeast homolog (37). Thus, 
these data along with fork progression data (Fig. 3, A and B), taken 
together, suggest that replication defects observed in absence of 
SMARCAD1 are due to defective active replication fork stability 
and not due to defective stalled fork protection or fork processing 
activities. Furthermore, in the absence of SMARCAD1, unperturbed 
cells showed frequent stalling of replication forks without subsequent 
accumulation of DSBs (Fig. 3, C and G), which could possibly be due 
to BRCA-mediated fork protection in SMARCAD1 mutant cells. To 
test this hypothesis, we knocked down BRCA1 transiently from 
MRC5 WT, N-SMARCAD1, and SMARCAD1−/− cells to analyze 
replication fork dynamics. As previously reported, si-BRCA1 in WT 
cells showed no significant defects in the progression rate of unper-
turbed forks (2). However, in N-SMARCAD1 and SMARCAD1−/− 
cells, loss of BRCA1 resulted in significantly shorter track length (fig. 
S5A), which could not be rescued by loss of 53BP1 (fig. S5B). These 
data suggest that upon loss of SMARCAD1, BRCA1 is required to main-
tain progression of forks, possibly by protecting stalled forks from 
DNA nuclease–mediated degradation to allow their restart. To test whether 
indeed loss of BRCA1 in SMARCAD1 mutants leads to increased DNA 
damage, we performed QIBC analysis for the DNA-damage marker 
H2AX and observed significantly enhanced accumulation of 
DNA damage upon BRCA1 knockdown in both N-SMARCAD1 
and SMARCAD1−/− mutants compared to single mutants or WT cells 
(Fig. 6B), suggesting that BRCA1 could be required to protect stalled 
forks from degradation to prevent DNA damage accumulation.

As previously reported, BRCA1 protects stalled forks from deg-
radation mediated by DNA nuclease Mre11 (7). Therefore, to test 
this hypothesis, we treated cells with Mirin, an inhibitor of DNA 
nuclease Mre11, and monitored fork progression using a DNA fiber 
assay. Notably, Mirin treatment completely rescues the severe fork 
progression defects observed upon loss of BRCA1 in the SMARCAD1 
mutant (Fig. 6C). These data suggest that, in the absence of SMAR-
CAD1 stalled forks indeed require BRCA1 protection to allow fork 
progression and maintain genome integrity.

Previously, SMARCAD1 was reported to play a critical role in the 
metastasis of triple-negative breast cancer (38, 39). To test whether 
differential levels of SMARCAD1 expression could be an indicator 
of patient responses to replication stress–inducing platinum che-
motherapy, we analyzed patients with high-grade serous ovarian 
cancer (HGSOC) for their correlation between BRCA1 and SMAR-
CAD1 expression levels to their response to chemotherapy. Survival 
analysis demonstrated that platinum-treated BRCA1-low patients, 
but not BRCA1-high patients, with low SMARCAD1 expression 
were correlated with a longer progression-free survival (PFS), while 
higher expression of SMARCAD1 correlated was with poor response 
to chemotherapy (fig. S5C). These data suggest that SMARCAD1 
levels could be a biomarker for acquired resistance to plati-
num-based chemotherapy in BRCA1-low/deficient ovarian cancers.

To further verify this experimentally, we queried whether 
SMARCAD1 is required for fork progression in BRCA1-deficient 
tumor cells and whether its loss could hypersensitize HR-deficient 
BRCA1−/− mouse breast tumor cells generated using K14Cre;Brca1F/F; 
p53F/F (KB1P) mouse mammary tumor models (40). We generated 
short hairpin RNA (shRNA)–mediated knockdowns of SMARCAD1 
in Brca1−/−;p53−/− defective mouse breast tumor–derived cell lines 
(fig. S5D). Unexpectedly, the loss of SMARCAD1 resulted in a sig-
nificant reduction in colony formation in HR-defective BRCA1−/− 
(KB1P-G3; PARPi naïve) (41) tumor cells but not in KB1P-G3 tumor 
cells that were reconstituted with human BRCA1 (KB1P-G3B1) and 
proficient in HR (42), suggesting that loss of SMARCAD1 causes 
synthetic lethality in BRCA1-deficient tumor cells (Fig. 6D). These 
data indicate a potential role of SMARCAD1 in maintaining active 
fork stability, which may be the reason for the survival of BRCA1-
deficient HR-defective tumor cells. Furthermore, we also tested 
whether BRCA1 and 53BP1 double-knockout tumor cells, which 
are proficient for HR and resistant to PARPi treatments (KB1P-177.
a5; PARPi resistant) (41), require SMARCAD1 for proliferation. A 
SMARCAD1 knockdown, again, resulted in lethality in these cells, 
suggesting that SMARCAD1’s role is essential for the proliferation 
of BRCA-defective tumor cells, irrespective of their HR status 
(Fig. 6D). Furthermore, 53BP1 deficiency in BRCA1-defective ge-
netic background could not rescue defects of SMARCAD1 knock-
down, which suggests that fork protection mediated by BRCA1 
becomes critical for cellular survival in the absence of SMARCAD1, 
similar to what we observed in human fibroblast cells (fig. S5, A and 
B). In addition, we tested the effect of SMARCAD1 knockdown on 
KB1P-derived, PARPi-naïve (KB1P4.N), and PARPi-resistant (KB1P4.R) 
tumor organoids grown in ex vivo cultures (43). Consistent with 
our results in KB1P tumor cell lines, we observed a synthetic lethal-
ity in the three-dimensional (3D) tumor organoids, suggesting that 
SMARCAD1 is essential for the survival of BRCA1-mutated tumors 
(Fig. 6E). These data strongly suggest a conserved and nonepistatic 
role of SMARCAD1 and BRCA1 at replication forks.

Because BRCA1-deficient cells show reduced fork protection 
and high levels of endogenous stress (7, 44), we hypothesized that 
the loss of SMARCAD1 further enhances replication stress due to 
the defective progression of forks, causing proliferation defects. To 
test this hypothesis, we used siRNA to transiently deplete SMAR-
CAD1 protein (45) in KB1P 2D tumor-derived cell lines (fig. S5E) 
to monitor individual fork progression using DNA fiber assay. We 
sequentially labeled human BRCA1-reconstituted, KB1P-G3B1 cells 
as control, KB1P-G3 (HR deficient), and KB1P-177.a5 (chemoresistant; 
HR proficient) with CldU (red) and IdU (green), followed by track 
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length analysis. In support to the survival assays, although sublethal 
SMARCAD1 knockdown affects only mildly the cell cycle of all 
three cell lines (fig. S5F), it led to a significantly shorter track lengths 
of both CldU and IdU in both KB1P-G3 and KB1P-177 cells in 
comparison to BRCA1-reconstituted KB1P-G3B1 cells, suggesting 
an essential role of SMARCAD1 in mediating fork progression in 
the absence of BRCA1 (Fig. 6F). Consistently, we also observed the 

reduction in PCNA levels and enhanced 53BP1 enrichments at the 
fork, using the PLA approach with EdU, upon loss of SMARCAD1 in 
BRCA1−/− mouse tumor cells, similar to human cells (fig. S5, G and 
H). Together, these results strongly suggest that the SMARCAD1-
mediated stability of active replication forks is a physiologically im-
portant process for cellular proliferation of BRCA1-deficient tumors, 
irrespective of their HR status (fig. S6).
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Fig. 6. Smarcad1 is essential for fork progression and proliferation of BRCA1-deficient mouse tumor cells. (A) Top: Schematic of replication fork degradation assay 
with CldU and IdU labeling. Bottom: Ratio of IdU to CldU tract length was plotted for the indicated conditions. ****P ≤ 0.0001 and *P ≤ 0.05, Kruskal-Wallis with Dunn’s multiple 
comparison test. (B) QIBC analysis of H2AX versus EdU is shown in WT, N-SMARCAD1, and SMARCAD1−/−cells under si-control and si-BRCA1 conditions. A total of >1000 cells 
were plotted under each condition. The color gradient represents the H2AX levels in each cell. (C) Top: Schematic of replication fork progression assay with CldU and IdU 
labeling. Bottom: CldU (red) and IdU (green) track length (in micrometers) distribution for the indicated conditions. n = 3; ****P ≤ 0.0001 and ***P ≤ 0.001, Kruskal-Wallis 
followed by Dunn’s multiple comparison test. (D) Left: Representative images of KB1P (Brca1−/−;p53−/−) mouse tumor cells imaged at day 10, after transduction of scramble 
control shRNA and shSMARCAD1 #1 and #3. Right: Quantification of cell viability using crystal violet staining assay. Error bars stand for +SD. n = 3; ****P ≤ 0.0001, 
***P ≤ 0.001, and **P ≤ 0.01, unpaired t test. (E) Top: Representative images of KB1P mouse tumor organoid. Image was taken 5 days after the transduction of scramble control 
shRNA and shSMARCAD1 #1 and #3. Scale bars, 1000 m. Bottom: Quantification of cell viability using cell titer blue assay. Error bars stand for +SD. n = 3; ***P ≤ 0.001, 
**P ≤ 0.01, and *P ≤ 0.05, unpaired t test. (F) Top: Schematic of replication fork progression assay. Bottom: CldU (red) and IdU (green) track length (in micrometers) distri-
bution in KB1P mouse tumor cells treated with si-control or si-SMARCAD1. n = 3; ****P ≤ 0.0001 and *P ≤ 0.05, Kruskal-Wallis followed by Dunn’s multiple comparison test.
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DISCUSSION
Our study has revealed a novel mechanism of active fork stability 
that has important implications in the survival of tumor cells.

A genetically distinct role of SMARCAD1 at active replication 
forks, from HR
As opposed to the commonly attributed role of DNA repair factors 
in replication fork protection (6, 7, 9, 46), here, we identify a new 
function of SMARCAD1 in maintaining the stability of active (un-
perturbed and restarted) replication forks, while its absence does 
not disturb stalled fork protection and fork processing activities 
(Figs. 3, A and B, and 6A and fig. S2I). Using a separation-of-function 
SMARCAD1 mutant (N-SMARCAD1), we show that SMARCAD1’s 
role in stabilization of active replication forks is genetically separa-
ble from its role in HR repair and is critical in maintaining genome 
stability especially upon replication stress. The physical interaction 
between SMARCAD1 and PCNA, established using in vitro and 
in vivo assays (21), was suggested to be responsible for SMARCAD1’s 
association with replication machinery (21, 22). Our biochemical and 
immunofluorescence assays further confirm that the N-SMARCAD1 
protein, lacking initial 137 amino acids, can bind to chromatin but 
lacks the ability to interact with PCNA. This finding is consistent 
with the lack of association between N-SMARCAD1 and replica-
tion forks, as previously suggested (22). However, other components 
may also be involved in promoting SMARCAD1’s association with 
replication machinery, such as phosphorylation of SMARCAD1 by 
cyclin-dependent kinase (CDK). A CDK phosphorylation site at the 
N terminus of SMARCAD1 is among the 137 amino acids that are 
missing in the N-SMARCAD1 protein (47). Nonetheless, the CUE-
dependent protein-protein interactions and ATPase-dependent 
chromatin remodeling activity, in the context of HR repair and nu-
clear association, seem to remain functional in the N-SMARCAD1 
protein. Notably, cells with a transient depletion of SMARCAD1, 
SMARCAD1-null (SMARCAD1−/−) genotype, and those express-
ing the N-SMARCAD1 allele show similar defects in fork progres-
sion, suggesting that it is the direct effect of loss of protein at the 
replication forks and not the secondary effects of mutants accumu-
lating damages that result in slower fork progression. Furthermore, 
the similar sensitivity toward replication poisons of HR-proficient 
N-SMARCAD1 and HR-deficient SMARCAD1−/− cells argues 
that the role of SMARCAD1 at replication forks is, in fact, crucial in 
mediating resistance to replication stress–inducing drugs rather than 
its role in HR.

Furthermore, our data showed evidence of frequent accumula-
tion of stalled forks and ssDNA gaps behind the replication forks in 
N-SMARCAD1 cells. The accumulation of ssDNA and stalled 
forks could be indicative of a hindered replication fork progression 
through certain difficult-to-replicate regions, such as highly tran-
scribing regions or repetitive regions of the genome (48). Alternative-
ly, ssDNA accumulation could also be a resultant of the repriming 
events by PRIMPOL at stalled forks that in the process of reinitiat-
ing, the DNA synthesis leads to the accumulation of ssDNA gaps 
(49, 50). However, in BRCA1-challenged cells, PRIMPOL activity 
was shown to be responsible for DNA synthesis upon replication 
stress condition. Here, our study shows a unique pathway of active 
fork stabilization mediated by SMARCAD1, which is critical for 
fork progression in BRCA1-deficient cells even under unperturbed 
conditions. This implies that SMARCAD1-mediated active replication 
fork stability is a central and a separate pathway for stabilization of 

replication forks than from recently described PRIMPOL-mediated 
fork repriming or well-established BRCA1-mediated fork protec-
tion pathway (51).

SMARCAD1 regulates PCNA levels at active replication forks
Our findings suggest a hitherto unrecognized role for SMARCAD1 
in maintaining the fine control of PCNA levels at the forks. In this 
study, along with previously published study (21,  22), we have 
strong evidence of a positive interaction between SMARCAD1 and 
PCNA, which is also responsible for SMARCAD1 association with 
replication machinery. A global reduction in chromatin-bound 
PCNA levels at the fork and a faster dissociation rate of PCNA foci 
in N-SMARCAD1 cells further suggest a mutualistic interaction 
between SMARCAD1 and PCNA at the replication forks (Fig.  4, 
C  and  D). Consistently, an increase in PCNA unloading by the 
ATAD5-RLC complex was observed in N-SMARCAD1 cells. A 
recent report demonstrated a critical role of ATAD5 in the removal 
of PCNA from stalled forks to promote the recruitment of fork pro-
tection factors (34). Consistent with this report, we observed re-
duced PCNA levels at replication forks, accompanied by an increased 
accumulation of ATAD5-RLC complex and increased frequency 
of reversed forks (protected stalled forks) in unperturbed N-
SMARCAD1 cells. Furthermore, a significant number of peptides 
arising from RFC2-5 protein subunits that are shared between 
PCNA loading (RFC) and unloading (ATAD5-RLC) complexes 
were obtained from SMARCAD1 coimmunopurification (21). These 
data may indicate the direct involvement of SMARCAD1 in regu-
lating loading/unloading activity of PCNA at replication forks. 
However, an interesting finding from our study is that loss of 53BP1 
results in a significant restoration of PCNA levels in N-SMARCAD1 
cells accompanied with a significant reduction in ATAD5 levels at rep-
lication forks. Furthermore, the direct interaction observed between 
53BP1 and ATAD5  in WT cells is enhanced in N-SMARCAD1 
cells or HU-treated WT cells possibly due to ATR-mediated post-
translationally modified ATAD5. Whether the posttranslational 
modification of ATAD5 is solely ATR mediated or additional 
mechanisms play a role in its regulation (34) could distinguish be-
tween the physiological roles of ATAD5  in regulating PCNA dy-
namics that involves continuous loading/unloading events during 
normal fork progression versus the persistent unloading of PCNA 
from stalled forks.

SMARCAD1 prevents 53BP1 accumulation to mediate 
tolerance to replication stress
Our study shows an unforeseen role of SMARCAD1 in preventing 
53BP1 accumulation at active restarted replication forks. Previous-
ly, 53BP1 has been shown to bind to H2AK15Ub nucleosomes at 
DSBs (52), while SMARCAD1 was proposed to displace 53BP1-
associated nucleosomes at DSBs to promote HR repair (20). This 
observation is consistent with the finding that SMARCAD1 and its 
homologs in yeast can slide, evict, and exchange H2A-H2B dimer, 
also regulating histone turnover in replicating cells of fission yeast 
cells (48,  53–55). Consistent with these observations, it has been 
shown that the loss of SMARCAD1 results in a prolonged enrich-
ment of 53BP1 at DSBs (20, 25). SMARCAD1 and 53BP1 also show 
contrasting enrichments at stalled versus unperturbed forks, suggest-
ing that their coexistence is possibly also prohibited by SMARCAD1 
at replication forks in a manner similar to that of their interaction at 
DSBs (Figs. 1, A and C, and 5A) (8). Notably, we found increased 
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53BP1 and the histone epigentic mark that it associates with, at re-
started forks in N-SMARCAD1 and ATPase-dead SMARCAD1. 
These data imply that both the ability of SMARCAD1 to localize to 
forks and its chromatin remodeling activity are required to evict the 
53BP1-associated nucleosomes to prevent untimely 53BP1-ATAD5 
accumulation on active forks. As shown previously, the ATR-
mediated phosphorylation of ATAD5, upon HU-induced stalled 
fork accumulation, interacts with proteins at reversed forks proteins 
(34). We suggest that in the absence of SMARCAD1, enhanced 
ATAD5-RLC levels causing PCNA dissociation from forks lead to 
frequent fork stalling and, consequently, accumulation of reversed 
forks resulting in activation of ATR checkpoint. The chromatin re-
modeling activity of SMARCAD1 is required to evict 53BP1-bound 
H2AK15Ub nucleosomes at reversed arm of stalled forks for their 
restart. However, in the absence of SMARCAD1, enhanced accu-
mulation of 53BP1 possibly further stabilizes ATR-mediated phos-
phorylated ATAD5 at the reversed forks, which leads to continuous 
PCNA unloading, causing severe defects in restart/progression of 
forks. In addition to loss of 53BP1, the controlled depletion of ATAD5 
could also restore normal PCNA levels at the fork that rescued the 
overall DNA synthesis and replication fork restart efficiency (Fig. 4, 
F to H). This suggests that active replication fork stability is indeed 
regulated by maintaining fine-controlled PCNA levels at the forks.

Furthermore, it was previously suggested that the loss of 53BP1 
restores HR in SMARCAD1-depleted cells, which is responsible for 
developing resistance to replication stress-inducing drugs (20). How-
ever, this study using a separation-of-function SMARCAD1 mu-
tant, which is HR proficient but defective for fork stability, shows 
that the extent of damage generated upon replication stress is rather 
responsible for the cellular sensitivity and not unrepaired DSBs due 
to lack of HR. This further suggests that the role of SMARCAD1 at 
forks is crucial for tolerance to replication stress–inducing agents. 
We have, therefore, revealed a moonlighting function of SMARCAD1 
at the replication forks in displacing 53BP1 to maintain replication 
fork progression and genome stability. Other NHEJ factors such as 
mammalian Rap1-interacting factor 1 (RIF1), Pax transactivation 
domain-interacting protein (PTIP), and others have also been found 
in association with replication forks. Therefore, it would be interesting 
to investigate whether 53BP1 works in complex with NHEJ machinery 
or have a separate role in association with ATAD5-RLC complex to 
regulate PCNA homeostasis and thereby fork dynamics.

An essential role of SMARCAD1 in the viability of 
BRCA1-defective tumors
BRCA1/2 factors, independent of their role in HR, protect replica-
tion forks and prevent their collapse into genome-destabilizing DSBs 
(6, 7). Although SMARCAD1and BRCA1 have been shown to act 
epistatically during HR repair (20, 25), here, we show contrasting 
differences in role of SMARCAD1 and BRCA1 at replication forks 
that can be observed by (i) differential enrichment of SMARCAD1 
and BRCA1 at the replication forks, where SMARCAD1 preferen-
tially associates with active forks, while BRCA1 associates with stalled 
forks (Fig. 1A) (8); (ii) stalled forks in the absence of SMARCAD1 
remain protected and do not degrade unlike in absence of BRCA1; 
(iii) loss of SMARCAD1 but not BRCA1 causes defects in unper-
turbed replication fork progression (Fig. 3A and fig. S5A) (2); and 
last, (iv) loss of 53BP1  in BRCA1-deficient cells that restores HR 
repair capacity does not rescue sensitivity of BRCA1 mutants to cisplatin 
treatment (Fig. 5F) (56). However, loss of 53BP1  in SMARCAD1 

mutant rescues cisplatin sensitivity, suggesting that replication 
stress sensitivity is uncoupled from HR repair and that SMARCAD1’s 
role at active replication forks is distinct from that of BRCA1’s role 
at stalled replication forks to maintain tolerance toward replication 
stress–inducing agents. Thus, loss of SMARCAD1 results in en-
hanced accumulation of replication fork–associated DNA damage 
and, ultimately, synthetic lethality in mouse BRCA1-defective tumors 
irrespective of their HR status. Loss of 53BP1 could not rescue severe 
replication fork progression defects observed under SMARCAD1 
and BRCA1 double-mutant condition. This suggests that frequently 
accumulated stalled forks in the absence of SMARCAD1 essentially 
require BRCA1-mediated fork protection, which could only be res-
cued by Mre11 inhibition. Together, these data suggest a distinct 
role of SMARCAD1 and BRCA1 at replication forks, acting in 
two independent pathways, where SMARCAD1 mediates active 
fork stability, while BRCA1 mediates stalled fork protection. How-
ever, both the pathways are interdependent for maintaining replica-
tion fork integrity, which is also conserved across species, from 
mouse to human.

In summary, we have found a distinct pathway of active fork sta-
bilization mediated by SMARCAD1 and have shown a conserved 
interplay between SMARCAD1 and BRCA1 in stabilization of rep-
lication forks to maintain genome integrity (fig. S6). Notably, 
SMARCAD1-mediated stabilization of unperturbed forks promotes 
cellular proliferation in BRCA1-deficient mouse breast tumor, cells, 
and organoids, independently of their HR and PARPi resistance 
status. Similarly, the correlation of reduced chances of survival 
after chemotherapy in cancer patients with enhanced expression of 
SMARCAD1 along with reduced expression of BRCA1 suggests 
that stabilization of active forks promotes tolerance toward chemo-
therapy in BRCA1-defective tumors. Last, the observation that 
SMARCAD1 becomes essential for genome stability and cellular sur-
vival in the absence of BRCA1 suggests that targeting the stability of 
active replication forks has the potential to be a clinically effective 
remedy for BRCA-deficient tumors, naïve or chemoresistant. It also sug-
gests that SMARCAD1 could be a strong candidate for development 
of novel therapeutic treatment for BRCA1-deficient cancer patients.

MATERIALS AND METHODS
Cell line generation
Plasmid transfections were performed using X-tremeGENE 9 DNA 
transfection agent (Roche) according to the manufacturer’s proto-
col. To generate MRC5 N-SMARCAD1 cells, MRC5 WT cells were 
transfected with pLentiCRISPR-V2 plasmid (Addgene #52961) con-
taining a guide RNA (gRNA) sequence targeting exon 2 of SMARCAD1, 
followed by puromycin selection (1 g/ml). To generate MRC5 
SMARCAD1−/−, two gRNA sequences targeting exon 2 and exon 24 
of SMARCAD1 were selected and cotransfected with a homolog re-
pair template containing an mClover gene.

To express mClover-SMARCAD1 full-length/SMARCAD1 K528R– 
mutant cDNA, gRNAs targeting SMARCAD1 exon 2 and exon 24 were 
cotransfected with mClover-SMARCAD1 full-length/ SMARCAD1 
K528R–mutant cDNA, respectively, in MRC5 WT and N-SMARCAD1 
cells. The K528R mutant was generated by site-directed mutagenesis 
of full-length SMARCAD1 cDNA.

To generate GFP-tagged PCNA knock-in MRC5 cells, a 
gRNA sequence targeting exon 2 of PCNA was selected and in-
serted into lentiCRISPR V2 (Addgene #52961). MRC5 WT and 
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N-SMARCAD1 cells were transfected with the gRNA and the FLAG-
GFP-PCNA repair template and sorted by fluorescence-activated 
cell sorting (FACS). Sequences of gRNAs and mutagenesis primers 
are listed in table S3.

Cell culture
All MRC5 human fibroblasts were cultured in a 1:1 ratio of Dulbec-
co’s modified Eagle’s medium (DMEM) and Ham’s F10 (Invitro-
gen) supplemented with 10% fetal calf serum (FCS; Biowest) and 
1% penicillin-streptomycin (PS; Sigma-Aldrich) at 37°C and 5% 
CO2 in a humidified incubator. KB1P-G3, KB1P-177.a5 (41, 42), 
and KB1P-G3B1 (42) have been described previously. All KB1P 
mouse tumor cell lines were cultured in DMEM/F12 and GlutaMAX 
(Gibco) containing insulin (5 g/ml; Sigma-Aldrich), cholera toxin 
(5 ng/ml; Sigma-Aldrich), murine epidermal growth factor (EGF; 
5 ng/ml; Sigma-Aldrich), 10% FCS, and 1% PS under low oxygen 
conditions (3% O2 and 5% CO2 at 37°C).

All tumor-derived organoid lines have been described before (43). 
KB1P4.N1 and KB1P4.R1 tumor organoids were derived from a mam-
mary KB1P PARPi-naïve and PARPi-resistant tumor, respectively (fe-
male donor). Cultures were embedded in Cultrex Reduced Growth 
Factor Basement Membrane Extract Type 2 (BME; Trevigen; 40 ml of 
BME:growth medium 1:1 drop in a single well of 24-well plate) and 
grown in Advanced DMEM/F12 (Gibco) supplemented with 1 M 
Hepes (Gibco), GlutaMAX (Gibco), PS (50 U/ml), B27 (Gibco), 125 mM 
N-acetyl-l-cysteine (Sigma-Aldrich), and EGF (50 ng/ml). Organoids 
were cultured under standard conditions (37°C and 5% CO2).

mESCs were maintained in 2i medium deficient in lysine, arginine, 
and l-glutamine (PAA) at 37°C and 5% CO2 in a humidified incu-
bator. For SILAC labeling, cells were grown in medium containing 
light [12C6]-lysine (73 g/ml) and [12C6, 14

N4]-arginine (42 g/ml) 
(Sigma-Aldrich) or similar concentrations of heavy [13C6]-lysine 
and [13C6, 15

N4]-arginine (Cambridge Isotope Laboratories).

Method details
siRNA transfection, shRNA transduction, and cell titer assay
siRNA transfection was performed with Lipofectamine RNAiMAX 
(Thermo Fisher Scientific) according to the manufacturer’s proto-
col. Details of siRNA oligomers and shRNAs used in this study are 
given in table S3.

Transductions were performed in duplicate in KB1P mouse tu-
mor cells. After 3 days of selection, KB1P mouse tumor cells were 
expanded to 10-cm dishes. Five days after passage, samples were 
fixed with 4% formaldehyde and stained with 0.1% crystal violet, 
and quantification was carried out by determining the absorbance 
at 590 nm after extraction with 10% acetic acid.

3D tumor-derived organoids were transduced according to a 
previously established protocol (43). Puromycin selection (3 g/ml) 
was carried out for three consecutive days after transduction. Pic-
tures were taken at day 5. For quantification, cells were incubated 
with CellTiter-Blue (Promega) reagent at day 5.

Chromatin fractionation
Cells were lysed in lysis buffer [30 mM Hepes (pH 7.6), 1 mM 
MgCl2, 130 mM NaCl, 0.5% Triton X-100, 0.5 mM dithiothreitol, 
and EDTA-free protease inhibitor], at 4°C for 30 min. Chromatin-
containing pellet was spinned down by centrifugation at 16,000g for 
10 min and resuspended in lysis buffer supplemented with Benzo-
nase (250 U/l; Merck Millipore) and incubated for 15 min at 4°C.

Live-cell confocal imaging
Live-cell confocal laser scanning microscopy was carried out as de-
scribed before (57), with minor adjustments. All live-cell imaging 
experiments were performed using a Leica TCS SP5 microscope 
equipped with HCX PL APO CS 63× oil immersion objective, at 
37°C and 5% CO2. For iFRAP, GFP-PCNA–expressing WT and 
N-SMARCAD1 MRC5 cells were continuously bleached at high 
488-nm laser outside the selected GFP-PCNA foci, and the fluores-
cence decrease in the selected foci was determined over time. The 
resulting dissociation curves were background corrected and nor-
malized to prebleach values, set at 1.

DR-GFP reporter assay
The procedure for DR-GFP reporter was described previously (26) 
and applied with minor alterations. After being seeded in a six-well 
plate overnight, cells were cotransfected with DR-GFP reporter 
plasmid (Addgene #26475) and I-Scel expression vector (Addgene 
#26477) or empty vector using X-tremeGENE 9 DNA transfection 
agent (Roche) according to the manufacturer’s protocol for two 
consecutive days. p-MAX-GFP plasmid (Addgene #16007) was 
transfected in parallel to assess transfection efficiency. On day 3, 
GFP expression was analyzed by flow cytometer.

DNA fiber analysis
Cells were sequentially pulse labeled with 30 M CldU (MP Bio-
medicals) and 250 M IdU (Sigma-Aldrich) according to the sche-
matic in each figure. For Mirin treatment, 100 M Mirin was added 
to the medium for 2 hours before the experiment. DNA fiber analysis 
was carried out according to the standard protocol as mentioned 
previously (30). Fibers were visualized and imaged by Axio Imager 
D2 microscope (Carl Zeiss). ImageJ software was used for the quan-
tification. The Kruskal-Wallis test followed by Dunn’s multiple com-
parison test was applied for statistical analysis using the GraphPad 
Prism software. The combined summary of DNA fiber spread data 
analysis is given in table S2.

Immunoblot and antibodies
After lysis with radioimmunoprecipitation assay (RIPA) buffer (whole-
cell lysate) or resuspended in chromatin fractionation lysis buffer 
(chromatin-bound proteins), samples were mixed with 2× Laemmli 
sample buffer, boiled for 5 min, loaded on Bis-Tris Gel, and trans-
ferred to a polyvinylidene difluoride membrane. Membranes were 
blocked with 5% nonfat milk in tris-buffered saline (TBS) for 1 hour 
and incubated with primary antibody diluted in 5% bovine serum 
albumin (BSA) in TBS overnight at 4°C. Membranes were then washed 
in 0.1% Tween 20 in TBS, incubated with a secondary antibody cou-
pled to near-IR dyes CF 680/770, and visualized using Odyssey CLx 
infrared scanner (LI-COR). ImageJ software was used for quantifi-
cation. Primary and corresponding secondary antibodies are listed 
in table S4.

Immunofluorescence staining
Cells were labeled with EdU (10 M) for 30 min, unless otherwise 
mention. For HU-treated samples, EdU was labeled before the 
treatment. In analysis of chromatin-bound protein, cells were first 
preextracted with 0.1% Triton X-100 in cytoskeletal (CSK) buffer on 
ice and then fixed in 4% formaldehyde in phosphate-buffered saline 
(PBS) for 15 min at room temperature for SMARCAD1, 53BP1, RAD51, 
and H2AX or 100% −20°C methanol for 10 min for PCNA. Subsequently, 

D
ow

nloaded from
 https://w

w
w

.science.org at E
rasm

us U
niversiteit on A

pril 08, 2022



Lo et al., Sci. Adv. 2021; 7 : eabe7804     5 May 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

16 of 19

samples were permeabilized in 0.1% Triton X-100 in PBS for 10 min, 
blocked with 5% BSA in PBS, and stained with a primary antibody 
diluted in blocking buffer, followed by incubation in fluorescence-
conjugated secondary antibody. EdU was visualized with a Click-IT 
reaction using Alexa Fluor 488 azide or Alexa Fluor 594 azide (Invi-
trogen) according to the manufacturer’s protocol. Samples were 
stained with 4′,6-diamidino-2-phenylindole (DAPI) and mounted 
on slides using ProLong Gold (Invitrogen).

Proximity ligation assay
Cells were washed once with 1× PBS, treated with 0.1% Triton X -100 
in CSK buffer on ice, and fixed with ice-cold methanol for 10 min 
(PCNA) or with 4% formaldehyde (FA) in PBS for 15 min (53BP1 and 
H2AK15ub). Subsequently, cells were permeabilized with 0.1% Triton 
X-100 in PBS for 10 min and blocked with 5% BSA in PBS at room 
temperature for 1 hour. Afterward, cells were treated with Click-iT 
reaction according to the manufacturer’s protocol for 1 hour and were 
incubated with PCNA (PC10), 53BP1, H2AK15ub, and biotin at 4°C 
overnight in a humid chamber. After washes with PBS with 0.1%Tween-20 
(PBST), cells were incubated with anti-mouse minus and anti-rabbit 
plus PLA probes (Sigma-Aldrich) at 37°C for 1 hour. Following the 
manufacturer’s instructions, the PLA reaction was performed with the 
Duolink In Situ Detection Reagents. Cells were stained with DAPI 
and mounted on slides using ProLong Gold. Images were captured 
using Metafer5 and quantified using MetaSystem.

Image acquisition and image analysis
Coverslip images were obtained using a LSM700 microscope equipped 
with a Plan-Apochromat 63×/1.4 oil objective (Carl Zeiss), MetaSystems5 
equipped with an EC Plan-Neofluar 40×/0.75 objective (Carl Zeiss), 
or SP5 microscope equipped with HCX PL APO CS 63× oil objec-
tive (Leica). Detection of EdU-positive cells was performed in com-
bination with the DAPI channel applying a cross entropy–based 
thresholding and binary watershed segmentation. The brightness 
and contrast adjustment was applied differently because of differen-
tial backgrounds in the indicated cell lines of Fig. 1G for the quali-
tative representation. To compute the Pearson and Manders’ overlap 
coefficients in fig. S4B, the 53BP1 foci in 488- and 568-nm channels 
for EdU-positive cells were segmented using an à trous wavelet 
transform with three scales, and the wavelet coefficients were thresh-
olded at the level of 3-sigma (58). To measure the distance between 
53BP1 and EdU foci in Fig. 5A, a line of 3 m was drawn across the 
proximal foci, and the intensity of the two channels were measured 
using Multi Plot in ImageJ. Further analysis was performed using 
Microsoft Excel. For high-content imaging given in Figs. 1 (B and C), 
2C, 4  (A and C), and 5E and figs. S1D and S2J, all the data were 
obtained using the Opera Phenix High-Content Screening System 
(PerkinElmer) with a 40× water objective (numerical aperture, 1.1) 
and analyzed with the Harmony v4.9 high-content imaging and 
analysis software (PerkinElmer). At least 75 fields were imaged as a 
Z-stack of eight planes (step size, 1 m). In the maximum projec-
tion, nuclei were detected using DAPI. Selection of S phase cells was 
based on EdU signal under untreated (UT) and HU block condition. 
Under HU release conditions, S phase cells were determined by 
intensity of PCNA median. The pixel intensities (sum) were de-
termined in DAPI, 488- and 568-nm channel for each nucleus. PCNA 
sum normalized to DAPI sum was shown in the bar chart. For quan-
tification of EdU-positive foci in Fig. 1 (B and C) and fig. S1D, an 
additional mask was generated on the basis of the detection of local 

intensity maxima (region to spot intensity) in the EdU channel and 
was used for quantification of spot intensities together with spot 
contrast in the 488- and 568-nm channels. For quantification of foci 
in Fig. 2C and figs. S2A, S4 (K and L), and S5 (G and H), a mask was 
generated using the detection of spot contrast and intensity, with 
threshold for spot radius. The quantified values for each foci/cell 
were exported to the TIBCO Spotfire software.

RNA extraction, reverse transcription, real-time qPCR, 
and RNA-seq
Total RNA was extracted using the ReliaPrep RNA Miniprep Sys-
tems (Promega). One thousand nanograms of total RNA was used 
to synthetize cDNA using Moloney Murine Leukemia Virus Reverse 
Transcriptase, Ribonuclease H Minus, Point Mutant (Promega). 
qPCR was performed using the GoTaq qPCR Master Mix (Promega), 
and -actin was used for normalization. Primers used for qPCR are 
listed in table S3.

Next-generation sequencing short reads were trimmed using 
fastp and processed using Kalliso, an RNA-seq quantification pro-
gram that uses a pseudo-alignment method of assigning reads to 
genomic locations in lieu of a more costly traditional alignment 
(59). The human transcriptome, version GRCh38.p12, was indexed, 
the paired, trimmed reads were assigned to transcripts, and read 
counts were converted to transcripts per million (TPMs) by Kallis-
to. TPMs from transcripts originating from the same gene were ag-
gregated, and relative expression levels were computed as the log2 
fold change relative to the matched WT using an in-house script 
(available as a separate file in the Supplementary Materials). RPKM 
(reads per million kilobases) values were computed from TPMs using 
the median transcript length per gene.

Pseudo-alignments, output by Kallisto in a standard BAM for-
mat, were used to assess transcript structure such as the assignment 
of the transcription start for N-SMARCAD1. Box plots and bar 
plots were produced using ggpubr and ggplot2, respectively, in the 
R program (the R Foundation).

iPOND-SILAC mass spectrometry
Light lysine and arginine labeled mESCs were incubated with 10 M 
EdU for 10 min and treated with 4 mM HU for 3 hours. Heavy ly-
sine and arginine labeled mESCs were incubated with 10 M EdU 
for 10 min. iPOND mass spectrometry was performed essentially as 
described. At least two peptides were required for protein identifi-
cation. Quantitation is reported as the log2 of the normalized heavy/
light ratios. SILAC data were analyzed using MaxQuant. The result-
ing output tables of two independent experiments were merged and 
used as the input for calculating the average fold change to identify 
significantly up-regulated proteins in unperturbed forks and stalled 
forks based on the ratio of heavy and light peptides (H/L ratio) in 
the SILAC experiment in MaxQuant software (9).

Cross-linked IP
Cells were cross-linked in 1% formaldehyde in serum-free medi-
um for 10 min at room temperature. Cross-linking reaction was 
quenched with 0.125  M glycine, and cells were washed with 
PBS. Cross-linked cells were scrapped, and chromatin was purified 
as described (57). Chromatin was sheared using a Bioruptor sonicator 
(Diagenode) using cycles of 20-s on, 60-s off during 15 min, after 
which samples were centrifuged. The supernatant containing cross-
linked chromatin was used for IP. For native IP, cells were collected 
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by trypsinization and lysed with lysis buffer [1 mM MgCl2, 150 mM 
NaCl, 1 mM EDTA, 0.5% NP-40, and 30 mM Hepes buffer (pH 7.6)] 
for 20 min at 4°C. Chromatin fraction was collected by spinning. 
DNA was fragmented by passing the lysed suspension 10 times 
through a needle attached to a 1-ml syringe, after which samples 
were centrifuged. The supernatant containing the chromatin frac-
tion was used for IP.

For IP, extracts were incubated with GFP-Trap beads (ChromoTek), 
53BP1 (1.8 g), PCNA (1.8 g), or SMARCAD1 (1.8 g) antibody 
overnight at 4°C. For IP with PCNA, 53BP1, and SMARCAD1 anti-
bodies, protein A agarose/salmon sperm DNA slurry (Millipore) 
was added for 4 hours at 4°C. Subsequently, beads were washed five 
times in RIPA buffer, and elution of the precipitated proteins was 
performed by extended boiling in 2× Laemmli sample buffer for 
immunoblotting analysis.

Clonogenic survival assay
Cells were seeded in triplicate in 10-cm culturing dish and treated 
with olaparib (Selleckchem), cisplatin (Sigma-Aldrich), or HU (Sigma-
Aldrich) 1 day after seeding. HU was given at the indicated con-
centration for 24 or 48 hours, as indicated in the figure legend. 
Olaparib treatment was given throughout the whole experimental 
process. Different concentrations of cisplatin were given for 4 hours 
before being replaced with new medium, except the 1 M cisplatin 
group in Fig. 5F, which were given throughout the whole experi-
mental process.

After 1 week, colonies were fixed and stained in a mixture of 43% 
water, 50% methanol, 7% acetic acid, and 0.1% Brilliant Blue R 
(Sigma-Aldrich) and subsequently counted with GelCount (Oxford 
Optronix). The survival was plotted as the mean percentage of col-
onies detected following the treatment normalized to the mean 
number of colonies from the untreated samples.

Cell cycle analysis
Cells were grown to 70 to 80% confluency, labeled with EdU for 
30 min, and fixed for 10 min in 4% formaldehyde in PBS at room 
temperature. Cells were then washed with 1% BSA/PBS and perme-
abilized in 0.5% saponin buffer in 1% BSA/PBS. EdU was labeled 
with the Click-iT reaction using Alexa Fluor 594 azide according 
to the manufacturer’s protocol (Invitrogen). DAPI was used to 
stain the DNA.

Electron microscope analysis
EM analysis was performed according to the standard protocol (9). 
For DNA extraction, cells were lysed in lysis buffer and digested at 
50°C in the presence of proteinase K for 2 hours. The DNA was 
purified using chloroform/isoamyl alcohol, precipitated in isopro-
panol, given 70% ethanol wash, and resuspended in elution buffer. 
Isolated genomic DNA was digested with Pvu II high-fidelity re-
striction enzyme for 4 to 5 hours. After digestion, the DNA solution 
was transferred to a Microcon DNA fast flow centrifugal filter. The 
filter was washed with tris-EDTA (TE) buffer after spinning for 
7 min. The benzyldimethylalkylammonium chloride method was 
used to spread the DNA on the water surface and then loaded on 
carbon-coated nickel grids, and last, DNA was coated with platinum 
using high-vacuum evaporator MED 010 (Bal-Tec). Microscopy 
was performed with a transmission electron microscope FEI Talos, 
with 4K by 4K complementary metal-oxide semiconductor cam-
era. For each experimental condition, at least 200 replication fork 

intermediates were analyzed from three independent experiments, 
and MAPS software (Thermo Fisher Scientific) was used to analyze 
the images.

Pulsed-field gel electrophoresis
For HU-treated samples, cells were treated with 4 mM HU for 
3 hours, following or not with a 16-hour release, before harvesting 
for PFGE assay. DSB detection by PFGE was performed as reported 
previously (9). The gel was stained with ethidium bromide and im-
aged on a Uvidoc-HD2 imager. ImageJ software was used for the 
quantification of broken DNA normalized to unbroken DNA for 
each lane.

Purification of SMARCAD1 and mass spectrometry
N-SMARCAD1 protein was purified from whole-cell lysate using 
MRC5 N-SMARCAD1 cell line. Cells were resuspended in the IP 
buffer, sheared 10 times as 15-s on and then 45-s off at mode high 
using a Bioruptor sonicator (Diagenode) at 4°C, and incubated with 
500 U of Benzonase (Merck Millipore) for 60 min, after which sam-
ples were centrifuged. The supernatant was used for IP. For IP, ex-
tracts were incubated with SMARCAD1 (1.8 g) antibody overnight 
at 4°C. Protein A agarose/salmon sperm DNA slurry (Millipore) was 
added for 2 hours at 4°C. Subsequently, beads were washed five 
times in IP buffer, and elution of the protein was performed by ex-
tensive boiling in 2× Laemmli sample buffer. Eluted protein was 
run on bis-tris gel, gel slices were trypsinized, and peptides were 
analyzed by mass spectrometry to determine the protein sequence 
as described previously (57).

Bioinformatic analysis on The Cancer Genome 
Atlas datasets
Disease-free survival curves of The Cancer Genome Atlas (TCGA) 
patients with HGSOC were generated by the Kaplan-Meier method, 
and differences between survival curves were assessed for statistical 
significance with the log-rank test. We divided the TCGA patients 
with ovarian carcinoma expressing replication stress markers (CCNE1 
overexpression, CDKN2A-low expression, and/or RB1 deletion) into 
cohorts according to their BRCA1 mRNA expression levels: BRCA1 
low (below median) and BRCA1 high (above median) (60). In each 
of these cohorts, we analyzed the correlation between SMARCAD1 
expression and outcome. Normalization of expression values was 
performed using z score transformation, such that SMARCAD1-low 
expression with z score < 0.75 and SMARCAD1-high expression 
with z score > 0.75 (fig. S5C). Cohort with BRCA1-high and 
SMARCAD1-low expression, n = 66; BRCA1-low and SMARCAD1-
high expression, n = 10. Cohort with BRCA1-low and SMARCAD1-
low expression, n = 87; BRCA1-low and SMARCAD1-high expression,  
n = 10.

Yeast two-hybrid analysis
Human 53BP1 full length was fused to the LexA protein in 
pBTM116 and was coexpressed with human ATAD5 full length 
fused to the GAL4 activation domain in pGAD-HA in the yeast 
strain L40. Interactions were assayed using the (LexAop)4-HIS3 
reporter system.

Quantification and statistical analysis
For all data, the means, SD, and SEM were calculated using either 
Microsoft Excel or GraphPad Prism 8.
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SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
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