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SUMMARY

Acute treatment with replication-stalling chemother-
apeutics causes reversal of replication forks. BRCA
proteins protect reversed forks from nucleolytic
degradation, and their loss leads to chemosensitiv-
ity. Here, we show that fork degradation is no longer
detectable in BRCA1-deficient cancer cells exposed
tomultiple cisplatin doses, mimicking a clinical treat-
ment regimen. This effect depends on increased
expression and chromatin loading of PRIMPOL and
is regulated by ATR activity. Electron microscopy
and single-molecule DNA fiber analyses reveal that
PRIMPOL rescues fork degradation by reinitiating
DNA synthesis past DNA lesions. PRIMPOL reprim-
ing leads to accumulation of ssDNA gaps while sup-
pressing fork reversal. We propose that cells adapt
to repeated cisplatin doses by activating PRIMPOL
repriming under conditions that would otherwise
promote pathological reversed fork degradation.
This effect is generalizable to other conditions of
impaired fork reversal (e.g., SMARCAL1 loss or
PARP inhibition) and suggests a new strategy to
modulate cisplatin chemosensitivity by targeting
the PRIMPOL pathway.

INTRODUCTION

Germline mutations of the breast cancer susceptibility genes 1
and 2 (BRCA1/2) account for the majority of familial breast and
ovarian cancers (Antoniou et al., 2003; Ford et al., 1998; King
et al., 2003; Metcalfe et al., 2010; Nielsen et al., 2016). Aside

from their well-established roles in double-strand break repair,
BRCA proteins protect reversed replication forks from nucleo-
lytic degradation (Kolinjivadi et al., 2017; Lemaçon et al., 2017;
Mijic et al., 2017; Schlacher et al., 2011, 2012; Taglialatela
et al., 2017; Ying et al., 2012). While replication fork reversal is
generally seen as an important mechanism that allows replica-
tion forks to reverse their course to aid repair or bypass of
DNA damage (Higgins et al., 1976; Neelsen and Lopes, 2015),
it can also lead to the pathological degradation of replication in-
termediates when reversed forks are not adequately protected
by the BRCA proteins. In the absence of BRCA proteins, the
extensive degradation of reversed replication forks has been
linked to increased genomic instability and chemotherapeutic
sensitivity (Quinet et al., 2017b; Ray Chaudhuri et al., 2016;
Schlacher et al., 2011). However, the relative contributions of
the homologous recombination and fork protection functions of
BRCA1/2 to the maintenance of genomic stability are still under
investigation (Daza-Martin et al., 2019; Feng and Jasin, 2017;
Ray Chaudhuri et al., 2016).
Besides replication fork reversal, cells have alternative

DNA-damage tolerance (DDT) mechanisms to ensure that
replication continues with minimal effects on fork elongation.
For example, fork progression is facilitated by specialized
translesion synthesis (TLS) polymerases that are able to
replicate through a damaged DNA template, albeit with lower
fidelity (Chatterjee and Walker, 2017; Sale, 2013; Vaisman and
Woodgate, 2017). Alternatively, the replisome may skip the
damaged DNA, thus leaving an unreplicated single-stranded
DNA (ssDNA) gap to be repaired after replication. The bacte-
rial replisome is able to reinitiate DNA synthesis downstream
of a leading-strand lesion by de novo priming and recycling
or exchange of stalled replicative polymerases (Heller and
Marians, 2006). This mechanism also appears to efficiently
restart replication in vertebrates using the PRIMPOL protein
(Bianchi et al., 2013; Garcı́a-Gómez et al., 2013; Keen et al.,
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2014a; Kobayashi et al., 2016; Mourón et al., 2013; Pilzecker
et al., 2016; Schiavone et al., 2016; !Svikovi"c et al., 2018; Wan
et al., 2013). PRIMPOL has a conserved motif present in the
archaeo-eukaryotic primases (AEP), and its primase activity
allows de novo DNA priming (or repriming) downstream of
the blocking lesion (Garcı́a-Gómez et al., 2013; Mourón
et al., 2013). How cells choose between fork reversal, TLS,
or repriming is largely unknown. Interestingly, repriming
mechanisms at stalled forks limit extensive fork uncoupling
and fork reversal in Saccharomyces cerevisiae, suggesting
that these mechanisms are mutually exclusive (Fumasoni
et al., 2015). Whether this is the case in human cells remains
undiscovered, and the molecular steps involved in the choice
between these mechanisms need to be defined.

To date, most studies focus on the effect of genotoxic
agents on replication fork stability immediately after drug
treatment. In particular, the discovery that BRCA proteins pro-
tect reversed forks from pathological nucleolytic degradation
came from single-molecule DNA fiber experiments performed
immediately or shortly after exposure to replication-stalling
agents (Schlacher et al., 2011, 2012; Ying et al., 2012). How-
ever, mammalian cells can adapt to genotoxic stress and
respond differently to a new challenge (Quinet et al., 2018).
For example, early studies showed that monkey or human
cells exposed to low doses of ultraviolet (UV) or ionizing radi-
ation, respectively, were better able to cope with subsequent
treatment with a higher radiation dose (Olivieri et al., 1984;
Sarasin and Hanawalt, 1978). More recently, exposure of
primary human cells to UV light was shown to cause the
upregulation of the TLS polymerase Pol h, prompting cells
to better tolerate replication stress from follow-up exposure
to higher UV doses (Lerner et al., 2017). Importantly, studying
how cells adapt to multiple drug doses becomes particularly
relevant in the context of cancer treatment regimens involving
multiple doses of chemotherapeutics.

In this study, we investigated how replication is perturbed in
BRCA1-deficient cancer cells treated with multiple doses of
cisplatin, a crosslinking agent frequently used to treat ovarian
cancers (Helm and States, 2009). We found that treatment
with multiple doses of cisplatin abolishes the widely described
nascent DNA degradation phenotype of BRCA1-deficient cells.
This effect is due to the upregulation and increased chromatin
recruitment of the PRIMPOL protein. Using a combination of
genome-wide, single-molecule DNA fiber and electron micro-
scopy (EM) approaches, we demonstrate that PRIMPOL res-
cues fork degradation through its de novo priming activity
and leads to accumulation of internal ssDNA gaps behind the
forks. These studies suggest that the balance between fork
reversal and repriming is tilted toward repriming in genetic
backgrounds that lead to extensive reversed fork degradation.
We also found that loss of fork reversal factors promotes PRIM-
POL repriming in both BRCA1-deficient and -proficient cells,
indicating that cellular reliance on fork repriming is more
broadly enhanced under conditions of impaired fork reversal.
Collectively, our results establish a new paradigm for the
PRIMPOL protein in replication fork protection and revisit cur-
rent models for how BRCA1-deficient cancer cells cope with
cisplatin-induced lesions.

RESULTS

Treatment with a Cisplatin Pre-dose Prevents Nascent
DNA Degradation in BRCA1-Deficient Cells
Here, we sought to investigate how replication is perturbed in
BRCA1-deficient cells after treatment with multiple cisplatin
doses, as usually applied in a typical course of platinum-
based chemotherapy (Taniguchi et al., 2003). We used the
BRCA1 null human ovarian cancer cell line UWB1.289 (named
UW here) and its complemented derivative UW+BRCA1 (Del-
loRusso et al., 2007), plus the human osteoscarcoma U2OS
cells, which were siRNA depleted for BRCA1. We first
confirmed that UW cells were more sensitive to cisplatin
than wild-type cells (Figure 1A) (Lohse et al., 2015) and that
treatment with a single cisplatin dose leads to fork degrada-
tion in a BRCA-deficient background (Lemaçon et al., 2017).
Nucleolytic degradation following replication fork stalling
was monitored by single-molecule DNA fiber assays by
pulse-labeling cells with the first thymidine analog IdU (red)
for 20 min, followed by treatment with 150 mM cisplatin and
concomitant labeling with the second thymidine analog CldU
(green) for 60 min (Figure 1B). In this case, the IdU analog is
incorporated in the absence of DNA damage, which is limited
to the timing of the CldU pulse, as previously described (Berti
et al., 2013; Edmunds et al., 2008; Jansen et al., 2014; Val-
lerga et al., 2015; Zellweger et al., 2015). Shortening of the
IdU tracts on fibers with contiguous red and green tracts
can be measured as a readout of nascent DNA degradation
of stalled replication forks that have been subsequently re-
modeled and restarted in a very dynamic process (Lemaçon
et al., 2017; Quinet et al., 2017a). Indeed, previous studies
showed that forks can quickly restart after degradation sug-
gesting that forks can undergo multiple rounds of degradation
and restart during the 60-min window of CldU labeling (Lema-
çon et al., 2017; Schlacher et al., 2011) (see also STAR
Methods). Cisplatin treatment reduced the median IdU tract
length in BRCA1-deficient cells by 30% compared to the un-
treated control, corresponding to >3 kb of DNA. Tract short-
ening was rescued by inhibiting the nuclease activity of
MRE11 with mirin (Figure 1C), in agreement with previous
studies showing that MRE11 promotes fork degradation in
BRCA-deficient cells (Ray Chaudhuri et al., 2016; Schlacher
et al., 2011, 2012; Ying et al., 2012). However, our results
do not completely rule out the alternative possibility that tract
shortening is due to an inhibitory effect of MRE11 on fork
movement that is independent of fork degradation.
Next, we implemented a ‘‘multiple-dose’’ strategy where UW

cells were first treated with 50 mM cisplatin for 1 h (‘‘pre-dose,’’
Figure 1D), a condition that did not lead to fork degradation as
detected by DNA fiber assay (Figure S1A) or reduced cell viability
within 24 h (Figure S1B). Twenty-four h after the pre-dose, we
added a second cisplatin dose at a concentration that promotes
high levels of nascent strand degradation when delivered as a
single dose for 1 h (‘‘challenging dose,’’ 150 mM, Figure 1B). Of
note, previous studies suggest that when patients receive the
second round of cisplatin-based chemotherapy there is still
approximately 13%–39% of platinum present in tumors from
the first round of treatment (Holding et al., 1991), reflecting the
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ratio between the two cisplatin doses used in our experimental
conditions. Surprisingly, we found that the degradation pheno-
type observed with a single challenging dose of cisplatin is lost
in the ‘‘multiple-dose’’ experiments (Figure 1E). The same was
observed for CldU tracts (Figure S1C). Treatment with multiple
cisplatin doses led to DNA fiber tracts that are even longer
than those treated with the pre-dose alone, suggesting that mul-
tiple cisplatin doses promote an overall increase in the replica-
tion fork speed. These results were validated in U2OS cells
siRNA depleted for BRCA1, confirming that this effect is not
cell-type specific (Figures 1F, S1C, and S1D). To rule out the
possibility that the rescue in fork degradation might be due to
decreased levels of DNA damage following treatment with the
cisplatin pre-dose, we monitored cisplatin-induced DNA ad-
ducts by immunofluorescence (Jazaeri et al., 2013; Tilby et al.,
1991). Treatment withmultiple cisplatin doses led to higher levels
of cisplatin-induced DNA adducts compared to UW cells treated
with the challenging dose alone (Figure S1E). Accordingly,
multiple cisplatin doses led to increased levels of phosphory-
lated histone H2AX (gH2AX) compared to cells treated with the
challenging dose alone (Figure S1F). To evaluate the effect of
multiple cisplatin doses on replicating cells, we pulse-labeled
S-phase UW cells with the thymidine analog EdU immediately
before treating cells with the challenging dose of cisplatin and
monitored their cell cycle progression after 24 h by flow cytom-
etry (Figure S1G). We found that S-phase cells progressed faster

Figure 1. Treatment with a Cisplatin Pre-
dose Abolishes Nascent DNA Degradation
in BRCA1-Deficient Cells
(A) Cell survival of UW and UW+BRCA1 cells upon

6 days of chronic treatment with the indicated

doses of cisplatin. Means ± SEM (n = 3). Statistics:

two-way ANOVA followed by Bonferroni test. **p <

0.01, ***p < 0.001.

(B) Schematic of the DNA fiber assay and repre-

sentative DNA fiber images of UW cells. IdU (red)

was added for 20 min followed by CldU (green) for

60 min ± 150 mM cisplatin ± 50 mM mirin (added

concomitantlywithCldU labeling).Scalebar: 25mm.

(C) Dot plot and median of IdU tract lengths in UW

and UW+BRCA1 cells ± 150 mM cisplatin ± 50 mM

mirin (n = 3). ns, non-significant, ****p < 0.0001.

(D) Schematic of the DNA fiber analysiswithmultiple

cisplatin doses. Cells were treated with the cisplatin

pre-dose (50mMfor1h).After24h,cellswere treated

with the second cisplatin dose (challenging dose,

150 mM) added concomitantly with CldU for 1 h.

(E and F) Dot plot andmedian of IdU tract lengths in

UW (E) and U2OS cells depleted for BRCA1

(siBRCA1) (F) ± 150 mM cisplatin ± pre-dose (n = 3).

***p < 0.001, ****p < 0.0001.

See also Figure S1.

through S-phase and reached G2/M
earlier following treatment with multiple
cisplatin doses compared to cells treated
with a single challenging cisplatin dose.
These results indicate that compensatory
mechanisms rescue degraded replica-

tion forks upon multiple rounds of cisplatin treatment and drive
faster progression through S-phase.

PRIMPOL Abolishes Nascent DNA Strand Degradation in
BRCA1-Deficient Cells
We reasoned that canonical TLS polymerases or the PRIMPOL
enzyme would be ideal candidates to rescue fork degradation
upon multiple cisplatin doses because of their ability to over-
come DNA lesions and reinitiate DNA synthesis. We investi-
gated whether Pol h, REV1, and REV3L, the catalytic subunit
of Pol z, were induced 24 h after treatment with the cisplatin
pre-dose (50 mM) by RT-qPCR. We could not find any signifi-
cant change in the expression levels of these canonical TLS
polymerases (Figure S2A). However, we found that PRIMPOL
mRNA and protein levels increased significantly in UW cells
but not in UW+BRCA1 cells (Figures 2A–2C). This was accom-
panied by an increase in the levels of chromatin-bound
PRIMPOL (Figure 2D). Similar results were obtained with
BRCA1-depleted U2OS cells (Figure S2B). Importantly, PRIM-
POL was also induced in response to ultraviolet irradiation
(UVC) (Figure S2D), indicating that this phenotype is not spe-
cific to cisplatin.
Next, we repeated the DNA fiber assay with the multiple

cisplatin doses in UW cells siRNA depleted for PRIMPOL. We
ensured that PRIMPOL was depleted both during the pre-dose
and the second dose of cisplatin (Figure 2E). PRIMPOL depletion
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restored fork degradation to the levels obtained using a single
challenging cisplatin dose (Figure 2E). These results were vali-
dated by silencing PRIMPOL with a doxycycline inducible
shRNA in BRCA1-depleted U2OS cells (Figure S2E) and using
CRISPR/Cas9 PRIMPOL knockout U2OS cells depleted for
BRCA1 (Figure S2F). Moreover, complementation of PRIMPOL
knockout cells with exogenous PRIMPOL prevented fork degra-
dation (Figure S2F). These results indicate that treatment with
the pre-dose of cisplatin increases PRIMPOL levels and its
recruitment to chromatin while abolishing nascent strand degra-
dation in BRCA1-deficient cells. Importantly, pre-treating UW
cells with a lower dose of UVC or hydroxyurea (HU) also led to
PRIMPOL-dependent rescue of fork degradation upon treat-
ment with a higher dose of the same genotoxic agent (Figures
2F and 2G), suggesting that the PRIMPOL-dependent adaptive
response is activated by different types of replication challenges.

Figure 2. PRIMPOLRescuesNascent Strand
Degradation in BRCA1-Deficient Cells
(A–C) PRIMPOL mRNA (A) and protein (B and C)

expression 24 h after treatment with 0 or 50 mM

cisplatin in UW and UW+BRCA1 cells. (A) Means ±

SEM (n = 5) are shown and presented relative

to untreated UW+BRCA1 cells. Representative

western blot (B) and quantifications (C) from three

independent experiments. Statistics: two-way

ANOVA followed by Bonferroni test. ns, non-sig-

nificant, *p < 0.05.

(D) Chromatin-bound PRIMPOL in UW cells ±

150 mM cisplatin ± 50 mM mirin ± pre-dose. A

representative western blot from three indepen-

dent experiments is shown. Whole-cell extracts of

PRIMPOL KO cells confirm the PRIMPOL antibody

specificity.

(E) Expression of PRIMPOLafter siRNA (siPRIMPOL)

knockdown in UW cells 24 and 48 h after trans-

fection (top). Dot plot andmedian of IdU tract lengths

in siPRIMPOL or siRNA control (siCT) UW cells ±

150 mMcisplatin ± pre-dose (bottom) (n = 3). ns, non-

significant, **p < 0.01, ****p < 0.0001.

(F) Dot plot andmedian of IdU tract lengths in siCT or

siPRIMPOL UW cells treated with ± 30 J/m2 UVC ±

pre-dose (10 J/m2) (n = 3). ns, non-significant, ****p <

0.0001.

(G) Dot plot and median of CldU/IdU ratios in siCT or

siPRIMPOL UWcells treated with 4 mMHU for 2 h ±

pre-dose (1 mM HU for 2 h) (n = 3). ns, non-signifi-

cant, ****p < 0.0001.

See also Figure S2.

The PRIMPOL-Mediated Adaptive
Response Is Dependent on ATR
The ATR pathway plays a central role in
the control of replication fork stability (Sal-
divar et al., 2017) and has been implicated
in the adaptive response to DNA damage
(Christmann and Kaina, 2013). Treatment
with the cisplatin pre-dose led to a signif-
icant increase in the levels of chromatin-
bound RPA (Figures 3A and S3A) and a
robust activation of the ATR pathway in

UW cells, as indicated by increased levels of p-Chk1 and p-
RPA (Figure 3B). This treatment also activated the ATR pathway
in UW+BRCA1 cells, although to a lesser extent than in UW cells
(Figures 3A and 3B). Next, we repeated the DNA fiber assay with
multiple cisplatin doses in UW cells treated with the specific ATR
inhibitor (ATRi) VE-821 (Figure 3C) (Reaper et al., 2011). VE-821
was added to the cell media during the cisplatin pre-dose and
during the time that preceded the DNA fiber assay (Figure 3C)
at a concentration (62.5 nM) that did not significantly affect cell
viability under the experimental conditions used for the DNA fiber
assay (Figure S3B) (Yazinski et al., 2017). Moreover, we removed
the ATRi prior to the DNA fiber assay to uncouple the impact of
ATR on the ‘‘pre-dose effect’’ from its role in replication dy-
namics. ATRi abolished the protective effect of the cisplatin
pre-dose on replication fork stability, similarly to PRIMPOL
depletion (Figures 3C and 2E). Moreover, RT-qPCR and western
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blot analyses showed that PRIMPOL mRNA and protein levels
were not induced by cisplatin treatment when ATRwas inhibited,
suggesting that ATR controls PRIMPOL induction at the tran-
scriptional level (Figures 3D and 3E). Collectively, these data
suggest that the ATR pathway is required for the PRIMPOL-
dependent adaptive response to cisplatin.

PRIMPOL Primase Activity Suppresses DNA
Degradation and Leads to ssDNA Gap Accumulation in
BRCA1-Deficient Cells
Because PRIMPOL has both primase and polymerase activities
(Bianchi et al., 2013; Garcı́a-Gómez et al., 2013; Mourón et al.,
2013), we overexpressed separation-of-function PRIMPOL
mutants in UW cells and tested their impact on replication fork
stability. A double mutation in the zinc-finger element present
in its C-terminal domain (C419G/H426Y, CH variant) abolishes
primase activity, preserving polymerase function (Mourón
et al., 2013). Alanine substitutions of the two catalytic carbox-
ylate residues Asp114 and Glu116 (AxA variant) disrupt both cat-
alytic activities (Garcı́a-Gómez et al., 2013; Mourón et al., 2013).
Overexpression of wild-type PRIMPOL in BRCA1-deficient cells
prevents fork degradation even after treatment with a single
challenging cisplatin dose (Figures 4A and S2F). This result
mimics the effect observed with pre-dose-dependent induction
of PRIMPOL (Figure 1E) and further confirms that increased
levels of PRIMPOL suppress DNA degradation. Conversely,
overexpression of the catalytically dead PRIMPOL (AxA) or the

primase-dead variant (CH) failed to prevent fork degradation
(Figure 4A), suggesting that the primase activity of PRIMPOL is
required to rescue fork degradation in BRCA1-deficient cells.
A PRIMPOL-dependent repriming mechanism would allow

replication to skip the damaged DNA, leaving short ssDNA
gaps behind the forks to be repaired after replication (Guilliam
and Doherty, 2017; Rupp and Howard-Flanders, 1968; Yeeles
et al., 2013). ssDNA gaps are typically shorter than 300–400 nu-
cleotides and below the resolution of the DNA fiber technique.
We therefore used a modified DNA fiber protocol where cells
were treated with the ssDNA-specific S1 endonuclease after
pulse labeling with the thymidine analogs. The shorter DNA fiber
tracts generated by S1 cleavage were used as a readout for the
presence of ssDNA gaps (Quinet et al., 2017a; Quinet et al.,
2016) (Figure 4B). Treatment with the S1 nuclease led to signifi-
cantly shorter DNA fiber tracts in the ‘‘multiple-dose’’ experiment
compared to the pre-dose alone condition (Figure 4B). Interest-
ingly, multiple doses of cisplatin also rescued nascent DNA
degradation and led to ssDNA gaps in ongoing forks in U2OS
cells siRNA depleted for BRCA2 (Figure S4), suggesting that
PRIMPOL-mediated repriming is a more general mechanism of
rescuing replication forks under conditions that lead to extensive
reversed fork degradation.
To directly visualize the presence of internal ssDNA gaps

behind forks, we analyzed the fine architecture of replication in-
termediates using a combination of in vivo psoralen crosslinking
and EM (Figure 4C). This showed that treatment with multiple

Figure 3. ATR Activity Controls PRIMPOL-
Mediated Adaptive Response
(A) Percentage of UW+BRCA1 andUWcells positive

for chromatin-bound RPA detected by flow cy-

tometry 24 h after treatment with 0 or 50 mM

cisplatin. Means ± SEM (n = 3). Statistics: two-way

ANOVA followed by Bonferroni test. ns, non-signif-

icant, **p < 0.01.

(B) p-Chk1 (S345, green), total Chk1 (red), p-RPA32

(S33, green), and total RPA (red) expression in

UW+BRCA1 and UW cells 24 h upon 0 or 50 mM

cisplatin. Simultaneous detection of phosphory-

lated form and total protein bands is shown in

p-Chk1/Chk1 and p-RPA/RPA. A western blot

representative of three independent experiments is

shown.

(C) Schematic for the DNA fiber assay with the ATR

inhibitor (ATRi) VE-821. 62.5 nM VE-821 was added

1 h prior to treatment with the pre-dose and

removed from the media 4 h before performing the

DNA fiber assay (top). Dot plot and median of IdU

tract lengths in UW cells ± 150 mM cisplatin ± pre-

dose ± ATRi (bottom) (n = 3). ns, non-significant,

****p < 0.0001.

(D and E) PRIMPOL mRNA (D) and protein (E) levels

24 h upon 0 or 50 mM cisplatin (pre-dose) ± ATRi. (D)

Means ± SEM. Three independent biological repli-

cates are shown and presented as fold change be-

tween 50 mM cisplatin and untreated samples.

Representative western blot (E, top) and quantifi-

cation (E, bottom) from four independent experi-

ments. Statistics: two-way ANOVA followed by

Bonferroni test. ns, non-significant, *p < 0.05.

See also Figure S3.

Molecular Cell 77, 461–474, February 6, 2020 465



cisplatin doses leads to an approximate 2-fold increase in the
frequency of replication forks with internal ssDNA gaps
compared to UW cells treated with a single-cisplatin dose (Fig-
ure 4D). Moreover, multiple doses of cisplatin led to a significant
accumulation of intermediates with 2 or more internal ssDNA
gaps (Figure 4D; Table S1A). Interestingly, inhibition of MRE11
nuclease activity by mirin decreased the frequency of replication
forks with internal ssDNA gap from 26% to 10%, comparable to
the levels of untreated cells. These results agree with previous
studies showing that internal ssDNA gaps behind forks are sup-
pressed by inhibition of MRE11 nuclease activity (Hashimoto
et al., 2010). Together, these data suggest that increased levels
of PRIMPOL promote repriming and accumulation of internal
ssDNA gaps behind forks while suppressing nascent strand
degradation.

PRIMPOL Overexpression Is Linked to Decreased
Replication Fork Reversal
We reasoned that cells might ‘‘adapt’’ to conditions that promote
extensive reversed fork degradation by suppressing replication
fork reversal. To test this idea, we analyzed the frequency of
reversed forks in UW cells that were either untreated, treated
with a single cisplatin dose or treated with the cisplatin pre-
dose 24 h before treatment with the second dose. Treatment
with a single challenging cisplatin dose (150 mM) led to a low fre-
quency of reversed forks (approximately 11%) comparable to

Figure 4. PRIMPOL Primase Activity Rescues
Nascent Strand Degradation in BRCA1-Defi-
cient Cells
(A) PRIMPOL overexpression in UW cells upon trans-

fection with WT (wild-type), AxA (catalytic dead) and

CH (primase dead only) V5-PRIMPOL constructs (top).

Dot plot and median of IdU tract lengths in UW cells

overexpressing the different constructs ± 150 mM

cisplatin (bottom) (n = 3). ns, non-significant, ****p <

0.0001.

(B) Schematic for detection of ssDNA gaps using the

ssDNA-specific S1 nuclease upon multiple treatments

with cisplatin (top). Dot plot and median of CldU tract

lengths in UW cells ± 150 mM cisplatin ± pre-dose ± S1

nuclease (bottom) (n = 3). ns, non-significant, *p < 0.05,

****p < 0.0001.

(C) Representative electron micrograph of a replication

fork with internal ssDNA gaps behind the fork indicated

by the arrows. Scale bar: 500 nm (left). Magnified in-

ternal ssDNA gap. Scale bar: 100 nm (right). P: parental

strand, D: daughter strand.

(D) Percentage of replication forks with 1, 2 or R3

internal ssDNA gaps in UW cells ± 150 mM cisplatin ±

pre-dose ± mirin. Means ± SEM (n = 3). Statistics: one-

way ANOVA followed by Bonferroni test. **p < 0.01.

See also Figure S4 and Table S1.

background levels (Figures 5A and 5B). Addi-
tion of mirin significantly increased reversed
fork frequency (approximately 19%) and
rescued the nascent DNA degradation
observed by DNA fiber (Figure 1C), consis-
tent with the model that MRE11 extensively

degrades reversed forks in a BRCA-deficient background (Kolin-
jivadi et al., 2017; Lemaçon et al., 2017; Mijic et al., 2017; Taglia-
latela et al., 2017). In contrast, treatment with multiple cisplatin
doses did not lead to fork degradation (Figure 1E). However, it
still led to a low frequency of fork reversal events (approximately
10% of molecules analyzed) (Figure 5B), suggesting that this low
frequency is not due to the degradation of reversed forks but
rather to the suppression of fork reversal caused by the multi-
ple-dose treatment. The interpretation of these results was, how-
ever, complicated by our finding that addition of mirin also
restored reversed fork accumulation upon treatment with multi-
ple cisplatin doses (Figure 5B). Based on the EM data showing
that MRE11 inhibition suppresses the formation of ssDNA gaps
in the multiple-cisplatin-dose experiments (Figure 4D), we spec-
ulate that addition of mirin either inhibits PRIMPOL-mediated
repriming or prevents the MRE11-dependent enlargement of
the ssDNA gaps after repriming, thus re-shifting the balance
toward fork reversal.
To avoid any complication related to reversed fork degrada-

tion and the effect of mirin, we repeated the EM experiments in
BRCA1-proficient U2OS cells (Figure 5C; Table S2). As
expected, treatment with a single challenging dose of cisplatin
led to a significant increase in the percentage of reversed forks.
Treatment with multiple cisplatin doses led to a partial reduction
in the frequency of reversed forks (from 22% to 15%) (Figure 5C).
At the same time, it led to an increase in the percentage of
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forks containing internal ssDNA gaps (Figure 5C). Even though
these findings do not directly show that the ssDNA gaps
are PRIMPOL-dependent, they strongly suggest that the
PRIMPOL-mediated adaptive response is also activated in
BRCA-proficient cells, although to a lesser extent than in
BRCA1-deficient cells. Overall, the results support our model
that treatment with multiple doses of cisplatin leads to
decreased fork reversal while promoting repriming.
To directly test whether the upregulation of PRIMPOL is suf-

ficient to promote repriming while restraining fork reversal,
we overexpressed PRIMPOL by transfecting a V5-tagged
PRIMPOL into BRCA-proficient U2OS cells and repeated the
EM experiments upon treatment with a single challenging
cisplatin dose (Figure 5D; Table S3). Overexpression of V5-
PRIMPOL decreased the frequency of fork reversal events
from 20% to approximately 6%. Moreover, it led to an in-
crease of about 2-fold in the frequency of replication interme-
diates with internal ssDNA gaps (Figure 5D). Collectively, these
experiments suggest that increasing PRIMPOL levels is suffi-
cient to promote repriming while suppressing replication fork
reversal.

Suppression of Replication Fork Reversal Promotes
PRIMPOL-Dependent Repriming
Next, we asked whether suppression of fork reversal promotes
fork repriming after a single challenging cisplatin dose (Fig-
ure 6A). To this end, we knocked down selected factors required
for reversed fork formation, including the recombinase RAD51
(Zellweger et al., 2015), and the translocase SMARCAL1 (Bétous
et al., 2012) in UW cells and in U2OS depleted for BRCA1. First,
we confirmed that depletion of either factor restores fork protec-
tion and rescues tract shortening upon treatment with cisplatin,
in agreement with previous studies showing that abolishing fork
reversal suppresses DNA degradation in a BRCA1-deficient
background (Figures 6B, 6C, S5A, and S5B) (Kolinjivadi et al.,
2017; Lemaçon et al., 2017; Mijic et al., 2017; Taglialatela
et al., 2017). However, tract shortening was not rescued in
RAD51- or SMARCAL1-depleted cells treated with the S1
nuclease, unless PRIMPOL was co-depleted (Figures 6B, 6C,
S5A, and S5B). This suggests that RAD51- and SMARCAL1-
depleted cells accumulated ssDNA gaps, which were no longer
detected upon PRIMPOL depletion. Of note, the levels of RAD51
and SMARCAL1 did not change upon treatment with the
cisplatin pre-dose (Figure S2C), indicating that suppression of
fork reversal upon multiple doses of cisplatin is not due to
decreased levels of these factors.
Next, we sought to investigate whether suppressing fork

reversal activates PRIMPOL-dependent repriming in the pres-
ence of functional BRCA. Depletion of SMARCAL1 also led to
the accumulation of PRIMPOL-dependent ssDNA gaps in wild-
type cells upon treatment with cisplatin (Figures 6D and S5C).
Our previous studies showed that PARP activity promotes the
accumulation of reversed forks by inhibiting RECQ1 fork-resto-
ration activity, thus preventing premature reversed fork restart
(Berti et al., 2013). We found that preventing the accumulation
of reversed forks by using the PARP inhibitor olaparib also led
to PRIMPOL-dependent ssDNA gaps (Figures 6E and S5D). In
summary, these results indicate that suppression of fork reversal

Figure 5. PRIMPOL Overexpression Is Linked to Decreased Fork
Reversal
(A) Representative electron micrograph of a reversed replication fork. Scale

bar: 200 nm. Magnified four-way junction at the reversed fork. Scale bar:

20 nm. P, parental strand; D, daughter strand; R, reversed arm.

(B) Schematic for the EM assay in UW cells treated with multiple doses of

cisplatin (top). Percentage of reversed replication forks in UW cells ± 150 mM

cisplatin ± pre-dose ± mirin. Means ± SEM (n = 3). Statistics: one-way ANOVA

followed by Bonferroni test. (bottom). ns, non-significant, *p < 0.05.

(C) Percentage of reversed forks (left) and forkswith internal gaps (right) in U2OS

cells treated with 150 mMcisplatin ± pre-dose. Average ± SEM (n = 3). *p < 0.05.

(D) Schematic for the EM assay in U2OS cells overexpressing V5-PRIMPOL

(top left). Expression of V5-PRIMPOL in U2OS cells (PRIMPOL in green, V5 in

red, PRIMPOL/V5 shows simultaneous detection of both bands). PCNA was

used a loading control (top right). Percentage of reversed forks (bottom left)

and forks with internal gaps (bottom right) in U2OS mock-treated or over-

expressing V5-PRIMPOL treated with 150 mM cisplatin. Means ± SEM (n = 3).

Statistics: unpaired t test. **p < 0.01.

See also Tables S1, S2, and S3.

Molecular Cell 77, 461–474, February 6, 2020 467



shifts the balance to PRIMPOL-dependent repriming events
both in BRCA-deficient and -proficient cells.

Modulating PRIMPOL Levels Impacts Cell Survival
ATR inhibition has been shown to synergize with cisplatin treat-
ment (Huntoon et al., 2013; Karnitz and Zou, 2015). Our model
that ATR activity is critical for PRIMPOL-dependent fork protec-
tion (Figure 3C) suggests that the PRIMPOL-mediated adaptive
response might also modulate cisplatin toxicity in BRCA1-defi-
cient cells. We found that the synergistic effect of ATR inhibition
and cisplatin in UW cells was no longer observed upon overex-
pression of PRIMPOL (Figures 7A and S7A). This data indicate
that PRIMPOL overexpression in BRCA1-deficient cells de-
creases sensitivity to combined treatment with ATRi and
cisplatin, which is currently studied in clinical trials (Karnitz and
Zou, 2015). We also observed that depletion of PRIMPOL
affected cell proliferation and cell viability in BRCA1-deficient
cells in the absence of genotoxic treatment, supporting the
notion that PRIMPOL becomes essential for cell survival in
BRCA1 null cells (Figures 7B and S7B).

Based on our data that fork reversal and repriming are two
alternative pathways to cope with cisplatin-induced lesions, we
investigatedwhether suppressing both pathways impacts cancer
cell sensitivity to cisplatin. To suppress fork reversal, we used ola-

parib at a concentration that did not significantly impair viability of
wild-type and PRIMPOL-depleted U2OS cells (Figure S6A). Ola-
parib significantly increased the cisplatin sensitivity of PRIMPOL-
depleted cells (Figure S6A). As an alternative strategy to further
investigate the coordination between repriming and fork reversal,
we used previously established knockout DT40 cell lines (Keka
et al., 2015; Schiavone et al., 2016). We were readily able to
generate a primpol !/! smarcal1 +/! line by conventional gene
targeting with high efficiency (7/48) (Figures S6B and S6C). How-
ever, we failed to generate primpol !/! smarcal1!/! double
knockouts by sequentially targeting the second smarcal1 allele,
even after analyzing 495 independently derived clones, suggest-
ing that DT40 cells carrying primpol and smarcal1 mutations are
inviable. While the smarcal1 +/! did not show any growth defects
when compared to wild-type cells, a heterozygous deletion of
smarcal1 in a primpol-deficient background (primpol !/!
smarcal1 +/!) showed a major increase in the doubling time (Fig-
ures 7C and S6D). Importantly, we noted that the doubling time of
primpol !/! smarcal1 +/! mutants reduced over time spent in
culture (Figures 7C and S6D), which is indicative of the adaptive
response to the paucity of SMARCAL1 protein. This idea is sup-
ported by the observation that primpol !/! DT40 cells upregu-
lated SMARCAL1 expression (Figure S6C). Together, these
data indicate that the combined suppression of fork reversal

Figure 6. Depletion of Fork Reversal Fac-
tors Leads to Accumulation of PRIMPOL-
Dependent ssDNA Gaps
(A) Schematic for detection of ssDNA gaps using

the ssDNA-specific S1 nuclease upon treatment

with cisplatin (150 mM).

(B) Expression of RAD51 and PRIMPOL after

siRNA (siRAD51 and siPRIMPOL) knockdown in

UW cells 48 h after transfection (top). Dot plot and

median of CldU tract lengths upon treatment with

150 mM cisplatin in UW cells depleted for RAD51,

PRIMPOL, or RAD51/PRIMPOL ± S1 nuclease

(bottom) (n = 3). ns, non-significant, **p < 0.01,

****p < 0.0001.

(C) Expression of SMARCAL1 48 h after depletion

with siRNA (siSMARCAL1) and PRIMPOL upon

addition of doxycycline (DOX) in U2OS siBRCA1

cells stably expressing a DOX-inducible shPRIM-

POL (shPRIMPOL) (top). Dot plot and median of

CldU tract lengths upon treatment with 150 mM

cisplatin in U2OS siBRCA1 cells depleted for

SMARCAL1,PRIMPOL, orSMARCAL1/PRIMPOL±

S1 nuclease (bottom) (n = 2). ns, non-significant,

****p < 0.0001.

(D) Dot plot and median of CldU tract lengths

upon treatment with 150 mM cisplatin in U2OS

cells depleted for SMARCAL1, PRIMPOL, or

SMARCAL1/PRIMPOL ± S1 nuclease (bottom)

(n = 3). ns, non-significant, ****p < 0.0001.

(E) Dot plot and median of CldU tract lengths upon

treatment with 150 mM cisplatin in U2OS cells

depleted for PRIMPOL (shPRIMPOL)± PARPi and±

S1 nuclease (n = 3). ns, non-significant, ****p <

0.0001.

See also Figure S5.
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and repriming mechanisms impair cell survival and the ability of
cells to cope with cisplatin-induced lesions.

DISCUSSION

PRIMPOL Is Involved in the Adaptive Response to
Genotoxic Stress
Understanding how cells adapt to multiple drug doses has
become increasingly important in the context of cancer treat-
ment where patients are treated with multiple rounds of chemo-
therapeutics. However, little is known about this process, and
mechanistic insights into how multiple dose regimens affect
the DNA replication response are lacking. Our data show that a
PRIMPOL-dependent pathway becomes activated at later time
points after cisplatin exposure, among other challenges to repli-
cation, including HU and UV, uncovering a previously unappreci-
ated role for PRIMPOL in replication fork protection and genomic
stability.
How cells choose between PRIMPOL repriming and other

replication stress responsemechanisms, such as TLS or replica-
tion fork reversal, remains unclear. We found that cells adapt to
cisplatin treatment by promoting PRIMPOL repriming while sup-
pressing replication fork reversal. This adaptive response is
regulated by ATR and is more marked in genetic backgrounds
where fork reversal leads to pathological DNA degradation
(e.g., BRCA-deficient cells). Increased PRIMPOL repriming likely

reduces fork stalling, thereby diminishing the requirement
for fork reversal. In line with this model, loss of PRIMPOL in
BRCA1-deficient cells treated with multiple doses of cisplatin re-
stores fork degradation, suggesting that forks are again prone to
reverse in the absence of PRIMPOL. This notion was supported
by experiments showing that PRIMPOL loss in BRCA1-deficient
cells does not restore fork degradation when fork reversal is
impaired in the absence of SMARCAL1 or RAD51. Based on
these findings, we propose that fork repriming and fork reversal
are two alternative mechanisms by which cells deal with
cisplatin-induced DNA lesions. The balance between these two
pathways can be tilted toward fork repriming either by increasing
PRIMPOL expression levels, as observed upon treatment with
multiple cisplatin doses, or by depleting fork reversal factors
(Figure 7D).

ATR Regulates the PRIMPOL-Mediated Adaptive
Response to Genotoxic Stress
ATR is a key factor for the regulation of the replication stress
response in S-phase (Saldivar et al., 2017). Moreover, recent
studies have pointed to a role for ATR/Chk1 and ATM/Chk2
pathways in the adaptive response to genotoxic stress
(Bertoli et al., 2013; Buisson et al., 2015; Cambindo Botto
et al., 2018; Christmann and Kaina, 2013; Gomes et al., 2019;
Kim et al., 2018). Our data show that pre-treatment of
BRCA1-deficient cells with cisplatin leads to increased levels

Figure 7. Impact of PRIMPOL on Cell
Survival
(A) Cell survival of UW and UW+PRIMPOL cells

upon 6 days of chronic treatment with ATR inhibitor

(ATRi, VE-821, 250 nM) and the indicated doses of

cisplatin. Means ± SEM (n = 3). Statistics: two-way

ANOVA followed by Bonferroni test comparing

UW+ATRi versus UW+PRIMPOL+ATRi. *p < 0.05,

***p < 0.001, ****p < 0.0001.

(B) Expression of PRIMPOL after siRNA

(siPRIMPOL) inUW+BRCA1andUWcells (top).Cell

count in PRIMPOL-depleted UW+BRCA1 and UW

cells.Means± SEM (n = 3) (bottom). Statistics: two-

way ANOVA followed byBonferroni test comparing

UW siCT versus UW siPRIMPOL. ***p < 0.001.

(C) Doubling time of DT40 cell mutants over the

course of approximately 40 passages post-trans-

fection with the smarcal1 targeting construct. Each

circle represents an individual measurement of

doubling time derived from three independent ex-

periments, repeated in duplicate and on multiple

independently derived clones (two primpol !/!;

three smarcal1 +/! ; and five primpol !/!
smarcal1 +/!). Means and SD plotted as line and

whiskers. Statistics: Kruskal-Wallis test for differ-

ence between smarcal1 +/! and primpol !/!
smarcal1 +/!. ns, non-significant, ***p < 0.001,

****p < 0.0001.

(D) Proposed model. Fork repriming and reversal

are two alternative mechanisms by which cells deal

with cisplatin-induced DNA lesions (top). Upon treatment with a single cisplatin dose, fork reversal is the most frequent event. However, reversed forks are targeted

by nucleases in a BRCA-deficient background leading to nascent DNA degradation (middle). Multiple treatments with cisplatin lead to an ATR-dependent upre-

gulation of PRIMPOL, shifting the balance toward repriming events while suppressing fork reversal. Alternatively, depletion of fork reversal factors, such as RAD51

and SMARCAL1, also favors PRIMPOL-dependent repriming in both BRCA-deficient and -proficient cells (bottom).

See also Figures S6 and S7.
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of chromatin-bound RPA as well as p-Chk1 and p-RPA. These
data support a model where increased ssDNA formation due to
fork degradation in BRCA1-deficient cells leads to high levels of
ssDNA-bound RPA and consequent activation of the ATR
pathway. In turn, activation of the ATR pathway is essential
for PRIMPOL upregulation and for the rescue of fork degrada-
tion in BRCA1-deficient cells. Altogether, these data suggest
that PRIMPOL is a new gene involved in ATR-mediated adap-
tive response to genotoxic stress. In line with these findings,
we found that PRIMPOL overexpression renders BRCA1-defi-
cient cells less sensitive to combined treatment with cisplatin
and ATRi, providing a new rationale for the mechanism under-
lying the synergistic effect between cisplatin and ATR inhibition
(Huntoon et al., 2013). Our data suggest that treatment with the
cisplatin pre-dose also leads to activation of the PRIMPOL
pathway in BRCA-proficient cells, although to a lesser extent
than in BRCA1-deficient cells. These data are consistent with
our finding that treatment with the cisplatin pre-dose also acti-
vates the ATR pathway in BRCA-proficient cells, although its
activation is less marked than in BRCA1-deficient cells. These
findings point to a model where the extent of activation of the
ATR pathway dictates the level to which the PRIMPOL-pathway
is activated.

Notably, a recent study reported that fork slowing and
reversal are not restricted to sites of inter/intrastrand crosslinks
(ICLs) and are instead genome-wide responses to DNA dam-
age dependent on ATR activity (Mutreja et al., 2018). Future
studies will be necessary to properly address whether the
cisplatin-induced effects described here are also due to
genome-wide signaling. In addition, the studies of Mutreja
et al. suggest that ATR activity is required to promote fork
reversal, whereas we found that the same activity is required
for PRIMPOL-mediated adaptive response. Importantly, these
observations are not contradictory, as Mutreja et al. studied
the effect of ATR on replication fork dynamics by inhibiting
ATR during the DNA fiber labeling, whereas we studied the ef-
fect of ATR activity on the adaptive response to cisplatin by
removing the ATRi prior to performing the DNA fiber assay.

Finally, we found that the formation of ssDNA gaps behind
forks is also dependent on the exonuclease activity of MRE11
(Figure 4D), in agreement with previous studies showing that
inhibition of MRE11 activity suppresses ssDNA gaps behind
forks in Xenopus laevis extracts depleted for RAD51 (Hashimoto
et al., 2010). However, our chromatin fractionation experiments
showed that inhibition of MRE11 activity does not affect
PRIMPOL loading to DNA, indicating that MRE11 might act
downstream of PRIMPOL binding to DNA (Figure 2D). We pro-
pose that ssDNA gaps might be enlarged by the action of the
MRE11 nuclease in order to promote DNA damage bypass
and suppress fork reversal in BRCA1-deficient cells treated
with multiple cisplatin doses. This suggests that controlled
degradation promoted byMRE11 is a physiological and frequent
event that plays an important role during replication stress
response (Costanzo, 2011). Interestingly, MRE11 nuclease activ-
ity was also shown to play a role in activating the ATR kinase in
mice (Buis et al., 2008), pointing to a link between the MRE11
nuclease processing, ATR activation, and the PRIMPOL-depen-
dent pathway.

PRIMPOL Primase Activity Is Required for Replication
Fork Protection
The PRIMPOL enzyme possesses both primase and TLS activity
in vitro (Bianchi et al., 2013; Garcı́a-Gómez et al., 2013; Mourón
et al., 2013; Wan et al., 2013). We have shown that the primase
activity of PRIMPOL is essential to rescue nascent DNA strand
degradation in BRCA1-deficient cells treated with cisplatin,
consistent with the notion that PRIMPOL mostly acts as a rep-
riming enzyme (Keen et al., 2014b; Kobayashi et al., 2016;
Mourón et al., 2013; Schiavone et al., 2016). While the TLS activ-
ity of PRIMPOL is capable of bypassing some specific DNA
lesions, such as 8oxoG (Bianchi et al., 2013; Garcı́a-Gómez
et al., 2013; Keen et al., 2014b; Mourón et al., 2013), the active
site of PRIMPOL cannot accommodate bulky DNA adducts,
arguing against a general TLS role (Rechkoblit et al., 2016).
Accordingly, our model considers the more likely scenario that
PRIMPOL-mediated repriming occurs downstream of an intra-
strand crosslink in the leading strand template (Figure 7D).
Although cisplatin mainly generates intra-strand adducts (Poklar
et al., 1996), "5% of lesions are inter-strand crosslinks (ICLs)
(Deans and West, 2011). ICLs can be ‘‘traversed’’ in a reaction
mediated by the FANCM/MHF DNA translocase, but how repli-
cation resumes after traverse remains unclear (Huang et al.,
2013). A tantalizing hypothesis deserving investigation is that
PRIMPOL facilitates fork progression through ICL lesions,
leaving the ICL in ssDNA gaps behind forks to be repaired
post-replicatively (Figure S7C).

Cells Cope with Cisplatin-Induced DNA Lesions by
Balancing Fork Reversal and Repriming
We propose that fork repriming and reversal are two alternative
and tightly controlled mechanisms by which cells can deal with
cisplatin-induced DNA lesions. We have shown that the balance
between these two pathways can be altered by increasing levels
of PRIMPOL, leading to a decrease in fork reversal and an in-
crease in ssDNA gap accumulation. Moreover, depletion of
fork reversal factors, such as RAD51 and SMARCAL1, or inhibi-
tion of PARP activity, which prevents accumulation of reversed
forks (Berti et al., 2013), leads to the accumulation of
PRIMPOL-dependent ssDNA gaps in both BRCA-deficient and
-proficient cells. These findings support a model where the equi-
librium between fork reversal and repriming can be tilted in favor
of one pathway by simply down or upregulating factors required
for the other pathway (Figure 7D).
In agreement with our model, UVC-treated cells depleted of

PRIMPOL show an increase in RAD51 loading to the chromatin
(Bianchi et al., 2013), whereas cells depleted for RAD51 and
exposed to UVC show excessive fork elongation dependent on
PRIMPOL (Vallerga et al., 2015). The balancebetween fork reprim-
ing and reversal is likely relevant in other eukaryotes. For example,
Pol a/primase Saccharomyces cerevisiaemutants that are unable
to promote fork repriming accumulate aberrant reversed forks
upon methyl methanesulfonate (MMS) treatment (Fumasoni
et al., 2015). In addition, Xenopus laevis extracts depleted for
RAD51 accumulate ssDNA gaps behind forks upon MMS and
UVC exposure (Hashimoto et al., 2010), similar to our findings.
The notion that fork reversal and repriming are two alternative

pathways that cells use to cope with cisplatin-induced lesions is
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further supported by our findings that suppressing both path-
ways by inhibiting PARP activity and depleting PRIMPOL signif-
icantly sensitizes U2OS cells to cisplatin treatment. Moreover,
knocking out primpol leads to a defect in cell growth in unper-
turbedDT40 cells. Further exacerbation in cell growth upon abla-
tion of one of the smarcal1 alleles in primpol mutant cells,
together with failure to generate a double primpol/smarcal1
knockout implies a major genetic interaction, emphasizing that
cells need at least one of the two pathways to be functional in
order to survive. Of note, loss of PRIMPOL in BRCA1-deficient
cancer cells significantly affects cell growth and viability, even
in the absence of exogenous damage, underscoring the rele-
vance of the PRIMPOL pathway for BRCA1-deficient cell
survival.
In conclusion, our work introduces the important concept

that multiple-dose regimens are essential for a full under-
standing of how replication copes with chemotherapeutic in-
sults. We envision that the use of this multiple-dose approach
will lead to a revision of current models for how replication
copes with DNA lesions in tumors. We provided clear evi-
dence that cancer cells lacking BRCA proteins adapt to gen-
otoxic stress by promoting PRIMPOL-dependent replication
fork repriming at the expense of replication fork reversal,
thereby avoiding toxic nascent strand degradation. In future
work, it will be important to further elucidate the underlying
molecular mechanisms that fine-tune the balance between
replication fork repriming and fork reversal and to understand
how combinatorial treatments that block both processes
can be exploited therapeutically to increase cancer cell
chemosensitivity.
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M-MLV Reverse Transcriptase Thermo Fisher Scientific Cat# 28025013

iQTM SYBR Green supermix Biorad Cat# 41708880

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat# 23225

Deposited Data

Unprocessed microscopy images, gels,

and blots

This paper, Mendeley data https://doi.org/10.17632/c9dn6snk6w.1

Experimental Models: Cell Lines

Human: U2OS ATCC HTB-96

Human: Stable U2OS doxycycline-

inducible shPrimPol

Mourón et al., 2013 N/A

Human: PRIMPOL KO U2OS (clone 1D11) This study N/A

Human: UWB1.289 ATCC CRL-2945

Human: UWB1.289 + BRCA1 ATCC CRL-2946

Human: UWB1.289 + PRIMPOL This study N/A

Human: HEK293T Luis Batista lab N/A

Chicken: DT40 wild type Sale lab stock N/A

Chicken: DT40 primpol !/! !Svikovi"c et al., 2019 N/A

Chicken: DT40 smarcal1 +/! This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chicken: DT40 smarcal1 !/! Keka et al., 2015 N/A

Chicken: DT40 primpol !/! smarcal1 +/! This study N/A

Oligonucleotides

Gg SMARCAL1 qPCR primer F: This study TTACGTGGGCAGAGGCATTT

Gg SMARCAL1 qPCR primer R: This study TGCTGAGGAGGTCAAAGCTG

Gg EF1 alpha housekeeping gene primer F: Romanello et al., 2016 GGTTATGCCCCTGTGCTGGATT

Gg EF1 alpha housekeeping gene primer R: Romanello et al., 2016 CTTCTTGTCGACGGCCTTGATGA

Gg SMARCAL1 intron primer F: Keka et al., 2015 TAAAAAATGGACGTTTACTTCTT

GCGGATG

Gg SMARCAL1 intron primer R: Keka et al., 2015 AATAACTACTTGGAAAGTGCTCTTG

AGTTG

Gg SMARCAL1 50HA genotyping primer F: This study TGTTTAACTTGAAAACAAAGGGAGG

Gg SMARCAL1 30HA genotyping primer R: This study AAATATGAGAGCTAGTTTGTGC

Blasticidin S genotyping primer F: This study TGGTTACAAATAAAGCAATAGC

Chicken beta actin genotyping primer R: This study ATAAATACAAAATTGGGGGTGG

SMARCAL1 RT-qPCR primer F: This study CAGAGGCAGACCTTTCTGAAG

SMARCAL1 RT-qPCR primer R: This study CGGCCTCCTTTGGCTATG

BRCA1 RT-qPCR primer F: Lemaçon et al., 2017 AGAAACCACCAAGGTCCAAAG

BRCA1 RT-qPCR primer R: Lemaçon et al., 2017 GGGCCCATAGCAACAGATTT

BRCA2 RT-qPCR primer F: Lemaçon et al., 2017 TGCAGCAATTAACATATGAGG

BRCA2 RT-qPCR primer R: Lemaçon et al., 2017 AGGACTTGCCCCTTTCGTCTA

RAD51 RT-qPCR primer F: This study GAAGACCCAGATCTGTCATACG

RAD51 RT-qPCR primer R: This study GTGTCAATGTACATGGCCTTTC

REV3L RT-qPCR primer F: This study TCATGAGAAGGAAAGACACTTTATG

REV3L RT-qPCR primer R: This study GCTGTAGGAGGTAGGGAATATG

POLH RT-qPCR primer F: Christmann et al., 2016 ATCTTCTACTGGCACAAG

POLH RT-qPCR primer R: Christmann et al., 2016 ACATTATCTCCATCACTTCA

PrimPol RT-qPCR primer F: Vallerga et al., 2015 TTCTACTGAAGTGCCGATACTGT

PrimPol RT-qPCR primer R: Vallerga et al., 2015 TGTGGCTTTGGAGGTTACTGA

Beta-Actin RT-qPCR primer F: This study CTCGCCTTTGCCGATCC

Beta-Actin RT-qPCR primer R: This study ATGCCGGAGCCGTTGTC

REV1 RT-qPCR primer F: Quinet et al., 2016 CCCAGACATCAGAGCTGTATAAT

REV1 RT-qPCR primer R: Quinet et al., 2016 CTTCCTGTGCCTCTGTTACTT

Silencer Select Negative control #1

siRNA (siCT)

Ambion Cat# 4390843

siRNA BRCA1 Dharmacon Cat# L-007287

siRNA PRIMPOL Dharmacon (custom siRNA) GAGGAAACCGUUGUCCUCAGUGUAU

siRNA RAD51 Thermo Fisher Scientific Cat# VHS40453

siRNA SMARCAL1 Dharmacon Cat# D-013058-04-0002

siRNA BRCA2 Dharmacon Cat# L-003462

sgRNA for PRIMPOL KO This study GATAGCGCTCCAGAGACAACNGG

Recombinant DNA

Plasmid: SMARCAL1 puromycin targeting

construct

Keka et al., 2015 N/A

Plasmid: SMARCAL1 blasticidin S targeting

construct

This study N/A

Plasmid: pCDH-CMV-MCS-EF1a-Neo System Biosciences Cat# CD514B-1

Plasmid: pCDH-CMV-WT-PRIMPOL-

EF1a-Neo (WT PRIMPOL)

This study N/A

(Continued on next page)
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LEAD CONTACT AND MATERIAL AVAILABILITY

Further information and request for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Alessandro
Vindigni (avindigni@wustl.edu). All unique/stable reagents generated in this study are available from the Lead Contact without
restriction.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell culture and cell lines
The BRCA1 mutant ovarian cancer cells UWB1.289 (named UW for simplification purposes) and their complemented derivative ex-
pressing wild-type BRCA1, UWB1.289+BRCA1 (named UW+BRCA1 for simplification purposes) (provided by Dr. Lee Zou, Harvard
Medical School) (Yazinski et al., 2017; Lemaçon et al., 2017), were cultivated in 50% RPMI media, 50% MEGM BulletKit (Lonza
CC-3150) supplemented with 3% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin at 37#C, 5% CO2. For the culture of
UW+BRCA1 cells, 400 mg/mL of G418 (G8168, Millipore Sigma) were added to the media. The human osteosarcoma U2OS
cells (American Type Culture Collection), the U2OS cells stably expressing a doxycycline-inducible shRNA targeting PRIMPOL

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Plasmid: pcDNA3.1_nV5-DEST

V5-WT-PRIMPOL (V5-WT-PRIMPOL)

Mourón et al., 2013 N/A

Plasmid: pcDNA3.1_nV5-DEST

V5-AxA-PRIMPOL (V5-AxA-PRIMPOL)

Mourón et al., 2013 N/A

Plasmid: pcDNA3.1_nV5-DEST

V5-CH-PRIMPOL (V5-CH-PRIMPOL)

Mourón et al., 2013 N/A

Plasmid: pRP[Exp]-CMV > gag:pol:RRE Vector Builder Cat# VB160226-10009

pRP[Exp]-CMV > VSVG Vector Builder Cat# VB160226-10010

pRP[Exp]-RSV > Rev Vector Builder Cat# VB160226-10011

Software and Algorithms

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

SCR_003070

GraphPad Prism GraphPad software https://www.graphpad.com

RRID:SCR_002798

FlowJo FlowJo LLC https://www.flowjo.com/ RRID:

SCR_008520

ImageStudioLite2 LiCOR Odyssey https://www.licor.com/bio/image-

studio-lite/ RRID: SCR_013715

LAS (Leica Application Suite) AF software Leica https://www.leica-microsystems.com/

products/microscope-software/

Other

Lenti-X Concentrator Clontech Cat# 631232

MEGM Mammary Epithelial Cell Growth

Medium BulletKit

Lonza Cat# CC-3150

JEOL 1200 EX Electron Microscope JEOL N/A

AMTXR41 Camera AMT N/A

Leica EM ACE600 Coater Leica N/A

TCS SP5 confocal microscope Leica N/A

Odyssey CLx Imaging System LI-COR Biosciences N/A

FACSCanto II BD Biosciences N/A

UVP CL-1000L Crosslinker Fisher Scientific Cat# UVP95017401

UVC Bulb (UVP XX-15S, Bench

lamp, 254 nm)

MidSci Cat# UVP95004205

UVP UV Radiometer MidSci Cat# UVP97001502

UVP UVC Sensor (254 nm) MidSci Cat# UVP97001601
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(Mourón et al., 2013), and the PRIMPOL KO U2OS cells were grown in DMEM media supplemented with 10% FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin at 37#C, 5% CO2.

Generation of a stable cell line overexpressing PRIMPOL
To establish the UW cells stably overexpressing WT-PRIMPOL (UW+PRIMPOL), V5-WT-PRIMPOL was PCR-cloned from
pcDNA3.1/nV5-DEST Gateway Vector (Mourón et al., 2013) into the XbaI-AsiSI site of the lentivector pCDH_MCS_EF1_NEO
mammalian expression system (System Biosciences). This plasmid was co-transfected with helper plasmids into HEK293T cells us-
ing Lipofectamine 2000 (ThermoFisher Scientific). Virus supernatant was collected, filtered (0.45 mmCellulose Acetate) and concen-
trated using Lenti-X Concentrator (Clontech). Transduced cells were selected with and cultivated in the presence of 400 mg/mL
of G418.

Generation of PRIMPOL KO cells
PRIMPOL KO U2OS cells were engineered by the Genome Engineering and IPSC Center (GEiC) of the Washington University in
St. Louis Cells. Briefly, CRISPR/Cas9 was used to induce cleavage of Exon 7 of PRIMPOL with a gRNA sequence of 50 -GATAG
CGCTCCAGAGACAAC-NGG-30. After clonal expansion, next generation sequencing was used to identify a clone bearing insertion
(+1) and deletions (!1 or !7) on the three alleles of the PRIMPOL gene in U2OS cell line.

METHOD DETAILS

Gene silencing with RNAi
Transient gene depletions were carried out using the Lipofectamine RNAiMax transfection reagent (Life Technologies), according
to the manufacturer’s instructions and the following siRNA at a final concentration of 50 nM: SMARTpool siRNA L-003461-00
(Dharmacon) for BRCA1 (Lemaçon et al., 2017), custom-made 50-GAG GAA ACC GUU GUC CUC AGU GUA U-30 (Dharmacon)
for PRIMPOL (Vallerga et al., 2015) and VHS40453 (Thermo Fisher Scientific) for RAD51 (Thangavel et al., 2015; Lemaçon et al.,
2017). Depletion of SMARCAL1 was performed with 20 nM siGENOME individual siRNA (D-013058-04-02, Dharmacon) (Carvajal-
Maldonado et al., 2019; Taglialatela et al., 2017) and of BRCA2 with 10 nM SMARTpool siRNA (L-003462-00, Dharmacon) (Carva-
jal-Maldonado et al., 2019; Lemaçon et al., 2017). Silencer select negative control #1 siRNA (4390843, Ambion) was used as control
siRNA (siCT) at the same concentration of the most concentrated siRNA used in the same experiment (Lemaçon et al., 2017).
The induction of shRNA targeting PRIMPOL (shPRIMPOL) in U2OS cells stably expressing a doxycycline-inducible shPRIMPOL

was carried out by adding 1 mg/mL doxycycline to the cell growth media for 3 days (Mourón et al., 2013).

Transfections of PRIMPOL constructs
Different PRIMPOL constructs (WT, wild-type; AxA, catalytically dead and CH, primase dead) (Mourón et al., 2013) were transiently
overexpressed in UW cells upon transfection of the corresponding plasmids using Transit-LT1 Transfection Reagent (MIR 2304,
Mirus) and experiments were performed 48 h after transfection.

Drugs and cell treatments
Cisplatin (P4394, Millipore Sigma) was dissolved in 10X PBS at a 5 mM concentration stock and stored at !20#C. Prior to use,
aliquots were warmed at 60#C for approximately 10 min and then diluted in growth media to the indicated final concentrations.
For the single challenging dose experiments, cells were treated with 150 mM cisplatin for 1 h at 37#C, 5% CO2. For the multiple
dose experiments, cells received a 50 mM pre-dose of cisplatin for 1 h at 37#C, 5% CO2, washed twice with PBS, and allowed to
recover in fresh media in the incubator. Twenty-four h after the pre-dose treatment, cells were treated with 150 mM cisplatin for
1 h (challenging dose) at 37#C, 5% CO2, washed twice with PBS, and harvested for subsequent analysis. For chronic treatment
with cisplatin, cells were placed in growth media with the indicated final concentrations of cisplatin for the entire duration of the
experiment.
For UVC irradiation, cells were washed with warmed (37#C) PBS and then exposed to a UVC lamp (XX-15S, Bench lamp, 254 nm,

95-0042-05, UVP) at a rate of 1 J/m2/s as monitored by a UV radiometer and UVC sensor (97-0015-02 and 97-0016-01, UVP) for 10 s
for a final dose of 10 J/m2 or 30 s for 30 J/m2.
Hydroxyurea (HU, Millipore Sigma H8627) was dissolved in water at a 1 M concentration stock and dissolved in cell growth media

to a final concentration of 1 mM (for pre-dose treatment) or 4 mM (for challenging dose treatment). Treatments with HU were per-
formed for 2 h at 37#C, 5% CO2.
The MRE11 inhibitor mirin (M9948, Millipore Sigma) was dissolved in DMSO at a 50 mM concentration stock and dissolved in cell

growth media to a final concentration of 50 mM. The ATR inhibitor VE-821 (S8007, Selleckchem) was dissolved in DMSO at a 10 mM
concentration stock and dissolved in cell growth media to a final concentration that ranged between 62.5 and 1000 nM. The PARP
inhibitor Olaparib (AZD2281, Selleckchem) was dissolved in DMSO for a 10 mM concentration stock and immediately dissolved in
cell growth media to a final concentration of 375 nM for cell survival experiments or 10 mM for DNA fiber experiments.
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Cell survival
Cell survival assay was performed using Cell Proliferation Kit II (XTT, 11465015001, Millipore Sigma) by seeding 1.3x104 cells per well
in a 24-well plate in duplicate the day prior to treatment. Cells were then treated chronically with the indicated doses of cisplatin,
PARPi (olaparib), or ATRi (VE-821) and cell survival was assessed after 6 days of treatment for UW ± BRCA1 and UW+PRIMPOL
ovarian cancer cells, and after 4 days of treatment for U2OS cells. The absorbance was measured at 450 nm with a reference wave-
length at 650 nm. Results were expressed as percentage of the corresponding untreated control (Quinet et al., 2014).

For colony assays, the following concentrations of cells were plated in 60 mm plates: 4000 UW+BRCA1 or UW cells transfected
with siCT or siPRIMPOL; 300, 600, and 1200 cells U2OS cells transfected with siCT ± doxycycline for shPRIMPOL induction; 1500,
2100, and 3000 U2OS cells transfected with siBRCA1 ± shPRIMPOL. Media was changed every 3-4 days. Cells were fixed 14 days
after plating with 10% acetic acid / 10% methanol and stained with 0.4% crystal violet in 20% ethanol for about 1 h. Plates were
rinsed with water and dried overnight. Only clearly distinguishable colonies were counted. Differences in initial cell plating were taken
into account for the calculation of survival fraction relative to the corresponding control (set as 100%). Statistical differences in cell
survival and cell viability were determined by two-way ANOVA followed by Bonferroni test.

DNA fiber assay
For experiments with cisplatin treatment or UVC irradiation, exponentially growing cells were pulse-labeled with 20 mM IdU
(5-Iodo-2’-deoxyuridine, Millipore Sigma) for 20 min, washed twice with PBS, then pulse-labeled with 200 mMCldU (5-Chloro-2’-de-
oxyuridine, Millipore Sigma) for 1 h, followed by two washes with PBS. In the case of cisplatin treatment, CldU was added concom-
itantly with the indicated doses of cisplatin with or without mirin (50 mM). In the case of UVC irradiation, cells were irradiated imme-
diately before addition of CldU. For co-treatment experiments with cisplatin and olaparib (Figures 6E and S5D), 10 mM olaparib was
added 2 h prior to the DNA fiber assay and maintained in the cell media during the entire labeling period. For experiments with HU,
cells were pulse-labeled with 20 mM IdU for 20min, washed twice with PBS, then pulse-labeled with 200 mMCldU for 20min followed
by 2 h of treatment with 4 mM HU. Cells were harvested, pelleted at "300 x g for 5 min at 4#C, and resuspended in PBS for a final
concentration of 1,500 cells/ml.

For the DNA fiber assay with the ssDNA-specific S1 nuclease (S1 Fiber), cells were permeabilized with CSK100 (100 mM NaCl,
10 mM MOPS pH 7, 3 mM MgCl2, 300 mM sucrose and 0.5% Triton X-100 in water) after the CldU pulse for 10 min at R.T., treated
with the S1 nuclease (18001-016, ThermoFisher Scientific) at 20 U/mL in S1 buffer (30 mM sodium acetate pH 4.6, 10 mM zinc ac-
etate, 5% glycerol, 50 mM NaCl in water) for 30 min at 37#C, and collected in PBS-0.1%BSA with cell scraper. Nuclei were then pel-
leted at"4600 x g for 5 min at 4#C, then resuspended in PBS (nuclei cannot be quantified, so initial number of cells plated should be
considered when resuspending to a final concentration of 1,500 nuclei/ml) (Quinet et al., 2017a; Quinet et al., 2016).

For both the standard DNA fiber assay and the S1 Fiber, 2 mL of cells were mixed with 6 mL of lysis buffer (200 mM Tris-HCl pH 7.5,
50 mM EDTA, 0.5% SDS in water) on top of a positively charged glass slide. After 5 min incubation at R.T., slides were tilted at a 20-
45# angle to spread the fibers at a constant, low speed. After air drying for 10-15 min at R.T., DNA was fixed onto the slides with a
freshly prepared solution of methanol: glacial acetic acid at 3:1 for 5 min, dried, then stored at 4#C for at least overnight.

For immuno-staining of DNA fibers, DNAwas rehydrated in PBS twice for 5min, then denatured with 2.5MHCl for 1 h at R.T. Slides
were then washed with PBS three times and blocked with 5% BSA at 37#C for 45 min-1 h. DNA fibers were immuno-stained with rat
anti-BrdU (1/100, Ab6326, Abcam) and mouse-anti-BrdU (1/20, 347580, BD Biosciences) for 1.5 h at R.T., put in PBS, washed three
times with PBS-0.1%Tween-20 for 5 min, then incubated with anti-rat Alexa Fluor 488 and anti-mouse Alexa Fluor 546 (1/100,
A21470 and A21123, respectively, ThermoFisher Scientific) for 1 h at R.T. After three washes with PBS-0.1%Tween-20 of 5 min
each, slides were put in PBS before mounting with Prolong Gold Antifade Reagent (P36930, ThermoFisher Scientific) (Quinet
et al., 2017a).

Images were acquired with LAS AF software using TCS SP5 confocal microscope (Leica) with a 63x/1.4 oil immersion objective.
All the samples were blinded to the operators and each experiment was repeated at least two times independently. At least 10-15

imageswere taken across thewhole slide using only one channel to select the regions for the images in order avoid any potential bias.
At least 150-200 individual tracts were scored for each dataset. Only DNA fiber tracts where the beginning and end of each color was
unambiguously defined were considered in the analysis. For all the DNA fiber experiments, we measured both IdU and CldU tracts
only on forks characterized by contiguous IdU-CldU signals (i.e., progressing replication forks). The length of each tract was
measured manually using the segmented line tool on ImageJ software (NIH). The pixel values were converted into mmusing the scale
bar generated by themicroscope software. Size distribution of tract lengths or ratios from individual DNA fibers were plotted as scat-
ter dot plot with the line representing the median. Data were pooled from independent experiments. Statistical differences in DNA
fiber tract lengths were determined by Mann-Whitney test.

For the DNA fiber experiments with HU treatment, nascent DNA degradation was assessed by plotting the CldU/IdU ratio for each
individual fiber. Decrease in themedian of CldU/IdU distribution reflects degradation of the CldU tracts that were incorporated imme-
diately prior to HU treatment (Lemaçon et al., 2017; Schlacher et al., 2011).

For the DNA fiber experiments with cisplatin or UVC, shortening of the first tract was measured only on forks characterized by
contiguous IdU-CldU signals (and not on forks that have only the IdU label) to ensure that the shortening phenotype was indeed
due to nucleolytic resection of stalled replication forks that can resume DNA synthesis and not to premature termination events
(see also (Quinet et al., 2017a; Vindigni and Lopes, 2017)). Replication forks can quickly resume DNA synthesis within 15 min after
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initial fork stalling and fork degradation does not significantly impact the timing of fork restart (Lemaçon et al., 2017; Schlacher et al.,
2011). Consequently, individual forks might undergo multiple rounds of degradation and restart within the 60 min window of cisplatin
treatment, and restart could be followed by a new round of degradation. Therefore, shortening of the IdU tracts on fibers with contig-
uous red and green tracts provides a readout of nascent DNA degradation of stalled replication forks that have been subsequently
remodeled and restarted in a very dynamic process.
Of note, a recent report showed that fork reversal is a global mechanism of replication stress response, which is not restricted to

sites of replication barriers (Mutreja et al., 2018). Our data do not provide exact information on the density of cisplatin-induced DNA
lesions during the CldU labeling period. However, previous atomic absorption studies showed that treatment with 300 mM cisplatin
for 60 min lead to 1.65 adducts/10 Kb in Chinese hamster ovary cells (Jones et al., 1991). Based on this published data, we could
estimate that the number of cisplatin-induced DNA lesions when using 150 mM cisplatin for 60 min is approximately 1 adduct every
12 Kb. This is just a rough estimate and we cannot rule out the possibility that the number of cisplatin-induced DNA lesions might
change depending on cell type. With these limitations in mind, having 1 adduct every for 12 Kb would mean that all the thymidine
labeled replication forks have a high probability of encountering at least 1 adduct during the 60 min labeling period, as the DNA fiber
tracts are approximately 30 Kb long after 60 min labeling with CldU (based on the fact that our DNA fiber tracts are approximately
10 mm long and that 1 mmcorresponds to approximately 2.59 Kb of DNA according to (Jackson and Pombo, 1998)). In principle, these
calculations would be compatible with amodel in which fork processing occurs at sites of fork-stalling lesions. On the other hand, the
extent of tract shortening observed upon treatment with HU (35%) and UVC (25%) is very similar to the one observed with cisplatin
(approximately 30%), despite the different types of replication challenges. In particular, HU affectsmost replication forks by depriving
cells from dNTP pools, whereas UVC and cisplatin induce DNA damage at specific sites. The fact that all three compounds lead to a
similar extent of degradation argues in favor of the model that the cisplatin-induced effects detected by DNA fiber assays are due to
genome-wide signaling. However, future studies will be necessary to properly address whether the cisplatin-induced effects
described in this manuscript are due to genome-wide signaling.

RT-qPCR
Total RNA was extracted using the PureLink RNA mini Kit (12183018A, ThermoFisher Scientific), cDNA was synthesized by M-MLV
Reverse Transcriptase (28025013, ThermoFisher Scientific) and PCR was performed using iQTM SYBR Green supermix (1708880,
Biorad) by the CFX96 Real Time PCRDetection System (Biorad), according to themanufacturers’ instructions (Lemaçon et al., 2017).
The following primers were used: BRCA1: forward AGAAACCACCAAGGTCCAAAG, reverse GGGCCCATAGCAACAGATTT;
PRIMPOL (Vallerga et al., 2015): forward TGTGGCTTTGGAGGTTACTGA, reverse TTCTACTGAAGTGCCGATACTGT; POLH
(Christmann et al., 2016): forward ATCTTCTACTGGCACAAG, reverse ACATTATCTCCATCACTTCA; REV1 (Quinet et al., 2016)
forward CCCAGACATCAGAGCTGTATAAT, reverse CTTCCTGTGCCTCTGTTACTT; REV3L: forward TCATGAGAAGGAAAG
ACACTTTATG, reverse GCTGTAGGAGGTAGGGAATATG; BRCA2 (Lemaçon et al., 2017): forward AGGACTTGCCCCTTTCGTCTA,
reverse TGCAGCAATTAACATATGAGG; SMARCAL1: forward CAGAGGCAGACCTTTCTGAAG, reverse CGGCCTCCTTTGGCTATG
ACTIN: forward CTCGCCTTTGCCGATCC, reverse ATGCCGGAGCCGTTGTC was used as an endogenous control. The results

were calculated according to the 2-DDCt methodology and are shown as relative expressions to the correspondent control.
Statistical differences in mRNA levels were determined by two-way ANOVA followed by Bonferroni test.

Chromatin isolation and Western Blot
For total and phosphorylated proteins detection by western blot, total protein was extracted with lysis buffer (50 mM Tris-HCl pH 7.5,
20mMNaCl, 1mMMgCl2, 0.1%SDS, 1X protease inhibitor, 1X phosSTOP) and benzonase (71206, Novagen) at 250 U/mL for 20min
on ice. Total protein concentration was measured using Pierce BCA protein assay kit (23227, ThermoFisher Scientific) according to
themanufacturer’s instructions. 1XNuPAGE LDS sample buffer (NP0007, ThermoFisher Scientific) and 200mMDTTwere added and
proteins were denaturated at 100#C for 5 min. 10-30 mg proteins were loaded onto a NuPAGE Novex 4%–12% Bis-Tris Gel
(NP0322BOX, ThermoFisher Scientific) and run with 1X NuPAGE MES SDS Running buffer (NP0002, ThermoFisher Scientific).
Proteins were transferred onto a 0.45 mm pore nitrocellulose membrane (10600002, GE Healthcare Life Sciences) by cold wet-trans-
fer in 1X Tris/Glycine Buffer (1610734, Biorad) and 20%Methanol at constant 400 mA for 45 min. Membranes were blocked with 5%
milk (170-6404, Biorad) in TBS-0.1% Tween-20 for total proteins or with 5% BSA in TBS for phosphorylated proteins for 1 h at R.T.
The following primary antibodies were used: PRIMPOL (1/1,000; (Mourón et al., 2013)), RAD51 (1/1,000, H-92, Santa Cruz), BRCA1
(1/200, OP-93, Millipore Sigma), Chk1 (1/1,000, G4, Santa Cruz), p-Chk1 Ser345 (1/1,000, 2348, Cell Signaling), RPA
(1/5,000, ab2175, Abcam), p-RPA Ser33 (1/5,000, A300-246A, Bethyl), gH2AX (1/1,000, 05-636, Millipore Sigma), H2AX (1/1,000,
2595, Cell Signaling), V5 (1/5,000, R96025, ThermoFisher Scientific), PCNA (1/2,000, 25280, Santa Cruz and ab29, Abcam), GAPDH
(1/20,000, ab181602, Abcam), SMARCAL1 (1/500, E-12, Santa Cruz), TUBULIN (1/5,000, T5168, Millipore Sigma), BRCA2 (1/1,000,
OP-95, Calbiochem), SMC1 (Kojic et al., 2018). IRDye Infrared secondary antibodies from LI-COR were used and proteins were de-
tected by Odyssey CLx (1/20,000, LI-COR). Alternatively, HRP-conjugated antibodies were used, and proteins were detected using
ECL (1/5,000, 32106, Pierce) according to themanufacturer’s instruction. When indicated, chromatin was isolated using biochemical
fractionation, as described (Méndez and Stillman, 2000). Statistical differences in protein levels were determined by two-way ANOVA
followed by Bonferroni test.
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Electron microscopy
For the EM analysis of replication intermediates, 5-10x106 U2OS or UW cells were harvested immediately after treatment with the
cisplatin challenging dose (150 mM for 1 h) with or without the pre-dose. For experiments with the MRE11 inhibitor mirin, mirin
was added for 4 h and cisplatin was added during the last h of mirin treatment. Genomic DNA was cross-linked by three rounds
of incubation in 10 mg/mL 4,50,8-trimethylpsoralen (Sigma-Aldrich) and 3 min of irradiation with 366 nm UV light on a precooled metal
block (Lemaçon et al., 2017; Thangavel et al., 2015). Cells were lysed and genomic DNAwas isolated from the nuclei by proteinase K
(Roche) digestion and phenol-chloroform extraction. DNA was purified by isopropanol precipitation, digested with PvuII HF in the
proper buffer for 3–5 h at 37#C and replication intermediates were enriched on a benzoylated naphthoylated DEAE–cellulose
(Sigma-Aldrich) column. EM samples were prepared by spreading the DNA on carbon-coated grids in the presence of benzyl-
dimethyl-alkylammonium chloride and visualized by platinum rotary shadowing. Images were acquired on a transmission electron
microscope (JEOL 1200 EX) with side-mounted camera (AMTXR41 supported by AMT software v601) and analyzed with ImageJ
(NIH). 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. Internal ssDNA gaps behind
forks are scored by measuring ssDNA regions located in the daughter arms of three-way junction fork structures, and excluding
ssDNA discontinuities present at fork junctions. The criteria used for the unequivocal assignment of reversed forks include the pres-
ence of a rhomboid structure at the junction itself in order to provide a clear indication that the junction is opened up and that the four-
way junction structure is not simply the result of the occasional crossing of two DNAmolecules (Neelsen et al., 2014). In addition, the
length of the two arms corresponding to the newly replicated duplex should be equal (b = c), whereas the length of the parental arm
and the regressed arm can vary (as b = cs d). Conversely, canonical Holliday junction structures will be characterized by arms of
equal length (a = b, c = d). Statistical differences in the frequency of reversed forks or forkswith internal gapswere determined by two-
way ANOVA followed by Bonferroni test for grouped analysis or by unpaired t test between two groups only.

Doubling time experiments in DT40 cells
DT40 cell culture, doubling timemeasurement and geneticmanipulation were performed as previously described (Simpson and Sale,
2003). To generate smarcal1 mutants in wild-type and primpol !/! DT40 cells (Schiavone et al., 2016; !Svikovi"c et al., 2019), previ-
ously published constructs replacing a 25 kb of the gene body with bsr or puror selectable markers were used (Keka et al., 2015).
Successful targeting was confirmed by PCR using primer pairs amplifying across the 50 (gene specific: TGTTTAACTTGAAA
ACAAAGGGAGG; Bsr specific: GAACTCATTCCACTCAAATATACCC) or 30 homology arms (gene specific: AAATATGAGAG
CTAGTTTGTGC; puro specific: ATAAATACAAAATTGGGGGTGG). Heterozygosity was confirmed by amplifying the polymorphic re-
gion between the homology regions using TAAAAAATGGACGTTTACTTCTTGCGGATG and AATAACTACTTGGAAAGTGCTCT
TGAGTTG primers and analyzed by Sanger sequencing. RT-qPCR was performed using TAAAAAATGGACGTTTACTTCTTGC
GGATG and AATAACTACTTGGAAAGTGCTCTTGAGTTG, or TTACGTGGGCAGAGGCATTT and TGCTGAGGAGGTCAAAGCTG
primer pairs, and normalized to expression of eF1a (primers: GGTTATGCCCCTGTGCTGGATT and CTTCTTGTCGACGGCCT
TGATGA (Romanello et al., 2016)). Statistical differences in doubling time of DT40 cell mutants were assessed by Kruskal-Wallis test.

Cell cycle analysis
Cell Cycle analysis was performed with Click-iT EdU Alexa Fluor 488 Imaging Kit (C10337, Thermo Fisher Scientific), according to the
manufacturer’s instructions. For pulse experiments, asynchronous cells were treated with 10 mM 5-ethynyl-2’-deoxyuridine (EdU,
E10187, Thermo Fisher Scientific) for 30 min and collected immediately after. For the pulse chase experiments, cells were treated
with 10 mM EdU for 30 min, washed twice with PBS, supplemented with fresh cell growth media, and collected after 24 h. Cells
were fixed with 3.7% formaldehyde for 10 min at R.T., and blocked with 1% BSA in PBS for 10 min, before permeabilization in
1% BSA with 0.5% saponin (8047-15-2, Millipore Sigma) in the dark for 30 min. Permeabilized cells were then incubated with the
Click-iT cocktail in the dark for 30 min before staining with DAPI (1% BSA, 0.1 mg/mL RNase A, 2 mg/mL DAPI) for 20 min in the
dark at R.T. Samples were run through flow cytometry (FACSCanto II, BD Biosciences) and data were analyzed on FlowJo. EdU
versus DAPI dot plots and histograms of DNA content of EdU-positive cells were plotted in order to visualize the distribution in
the cell cycle of S-phase cells.

Immunofluorescence
For immunodetection of cisplatin-modified DNA (Pt-DNA), cells were plated onto glass coverslips and allowed to fully attach over-
night. After treatment with cisplatin, cells were fixed with 4% paraformaldehyde for 10 min at R.T. Cells were then washed twice with
PBS before permeabilization with 0.5% Triton X-100 for 10 min at R.T. Following permeabilization, coverslips were washed 3 times
with PBS, DNAwas denatured with 2MHCL for 10min at 37#C, and cells were then washed 3 times in PBS. Coverslips were blocked
in 5% BSA with 0.05% Tween 20 in PBS (T-BSA) for 1 h at R.T and were then were incubated with primary antibody, anti-Pt-DNA
(ab103261, abcam; (Jazaeri et al., 2013; Rocha et al., 2014; Tilby et al., 1991)) diluted 1/5,000 in T-BSA overnight at 4#C. After incu-
bation, coverslips were washed 3 times in PBS before incubation with secondary antibody anti-rat Alexa Fluor 488 diluted 1/1,000 in
T-BSA (A21470, Thermo Fisher Scientific). Cells were washed 3 times in PBS, incubated with 0.05 mg/mL DAPI in PBS for 10 min at
R.T., washed again 3 times in PBS, and thenmounted onto a glass slidewith ProLongGold Antifade Reagent (P36930, Thermo Fisher
Scientific). Slides were allowed to dry overnight at R.T. in the dark before visualization. Images were acquired with LAS AF software
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using TCS SP5 confocal microscope (Leica) with a 63x/1.4 oil immersion objective. The integrated density of cisplatin-modified DNA
(Pt-DNA) signal per nucleus was measured using the ImageJ software (NIH). To avoid bias, a macro program was used to identify
nuclei outlines based on DAPI staining and consistently measure cisplatin-modified DNA signal only in the nuclei. At least 100 nuclei
were scored per data and three independent experiments were performed. Size distribution of Pt-DNA signal from individual nuclei
were plotted as a scatter dot plot with the line representing the median. Data were pooled from independent experiments. Statistical
differences in Pt-DNA signal were determined by Mann-Whitney test.

Chromatin-bound RPA32 detection by flow cytometry
Detection of chromatin-bound RPA32 in UW and UW+BRCA1 cells was adapted from previously published flow cytometry protocols
(Forment and Jackson, 2015; Quinet et al., 2014). Cells were first collected and resuspended in CSK100 buffer (100mMNaCl, 10mM
MOPS pH 7, 3mMMgCl2, 300mMsucrose and 0.5%Triton X-100) on ice for 10min to extract non-chromatin-bound proteins. Some
cells were set apart to act as the non-extracted control. Cells were then washed with PBS-B (0.1% BSA in PBS) before fixing cells in
2% paraformaldehyde for 15 min at R.T. Cells then pelleted at 1500 x g for 5-10 min at 4#C and washed with PBS-B before blocking
and permeabilization in BSA-T (1%BSA, 0.2% Triton X-100 in PBS) for 5min at R.T. Cells were incubated with primary antibody anti-
RPA32 (ab2175, Abcam) diluted at 1/500 in BSA-T for 2 h at R.T. with gentle shaking. Cells were then washed with BSA-T before
incubation with secondary antibody anti-mouse Alexa Fluor 594 (A11005, Thermo Fisher Scientific) diluted 1/1,000 in BSA-T for
1 h in the dark with gentle shaking. After secondary incubation, cells were washed once with BSA-T, and then resuspended in
DAPI solution (1%BSA, 0.1 mg/mL RNase A, 2 mg/mL DAPI) for 20 min in the dark at R.T. Samples were kept at 4#C until processing.
Samples were run through flow cytometry (FACSCanto II, BD Biosciences) and data were analyzed on FlowJo. The gate for the
positive signal for RPA32 staining was defined based on the non-extracted control sample in which cells were not subjected to
pre-extraction prior to fixation and therefore are virtually all positive for RPA32 staining. Next, the same gate was applied to all
the samples in which soluble proteins were pre-extracted before fixation in order to specifically detect cells positive for
chromatin-bound RPA32. See Figure S3A for a representative experiment. Statistical differences in percentage of cells positive
for chromatin-bound RPA were assessed by two-way ANOVA followed by Bonferroni test.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Prism (GraphPad Software). In all cases: ns, non-significant, * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.
Statistical differences in DNA fiber tract lengths were determined by Mann-Whitney test. Statistical differences for all grouped

analyses, i.e., cell survival, cell count, mRNA (RT-qPCR) and protein (western blot) levels, percentage of cells positive for chro-
matin-bound RPA (flow cytometry), frequency of fork reversal and forks with internal gaps (EM) shown in Figures 4D and 5B, respec-
tively, were assessed by two-way ANOVA followed by Bonferroni test. Statistical differences in frequency of fork reversal and forks
with internal gaps (EM) shown in Figures 5C and 5D were determined by unpaired t test. Statistical differences in doubling time of
DT40 cell mutants were assessed by Kruskal-Wallis test.

DATA AND CODE AVAILABILITY

All data are available by request. Raw images have been deposited in Mendeley Data and are available at https://doi.org/10.17632/
c9dn6snk6w.1.
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Figure S1. Treatment with a cisplatin pre-dose abolishes nascent DNA degradation 
in BRCA1-deficient cells, related to Figure 1. (A) Schematic of the single-molecule 



DNA fiber tract analysis (top) and size distribution of IdU (bottom left) and CldU (bottom 
right) tract length in UW cells ± 50 µM cisplatin. Data are pooled from three independent 
experiments. N ≥ 150 tracts for each data set. Bars represent the median. Statistics: 
Mann-Whitney; ns, non-significant. (B) Cell survival of UW+BRCA1 and UW cells 24 
hours after treatment with 50 µM cisplatin (pre-dose). Data represent means ± s.e.m. from 
three experiments. Statistics: two-way ANOVA followed by Bonferroni test; ns, non-
significant. (C) Size distribution of CldU tract length in UW cells (left) and U2OS cells 
depleted for BRCA1 (siBRCA1) (right) ± 150 µM cisplatin with or without the pre-dose. 
Data are pooled from three independent experiments. N ≥ 150 tracts for each data set. 
Bars represent the median. Statistics: Mann-Whitney; **** P < 0.0001. (D) Expression of 
BRCA1 48 and 72 hours after siRNA (siBRCA1) knockdown in U2OS cells. (E) 
Immunofluorescence for cisplatin-modified DNA (Pt-DNA) in UW cells treated with 150 
µM cisplatin for 1 hour with or without the pre-dose. Representative images are shown on 
the left (scale bar: 50 µm). The distribution of the integrated density of cisplatin-modified 
DNA staining per nuclei measured with ImageJ is represented as scatter dot plots (right). 
Data are pooled from three independent experiments. Bars correspond to median. N ≥ 
100 nuclei for each data set. Statistics: Mann-Whitney; **** P < 0.0001. (F) 
Phosphorylated H2AX (γH2AX, green) and total H2AX (red) in UW cells 24 hours after 
treatment with 150 µM cisplatin with or without the pre-dose. γH2AX/H2AX shows 
simultaneous detection of both bands. GAPDH was used a loading control. A western 
blot representative of three independent experiments is shown. (G) UW cells were pulse 
labeled with EdU for 30 min and immediately fixed 24 hours after treatment with 0 or 50 
µM cisplatin (Left, EdU pulse). UW cells were pulse labeled with EdU for 30 minutes 
immediately before treatment with 150 µM cisplatin (with or without the 50 µM cisplatin 
pre-dose) and fixed 24 hours later (Right, EdU pulse chase). This pulse chase approach 
allows evaluation of cell cycle progression of the cells that were replicating at the time of 
the cisplatin treatment. At the top right of each panel, the cell cycle distribution of EdU-
positive cells as determined by DAPI is shown.  
 
 
 
 



 
 
Figure S2. PRIMPOL, but not POLη, REV1 and REV3L, is upregulated in BRCA1-
deficient cells, related to Figure 2. (A) TLS polymerases POLη, REV1 and REV3L 



(catalytic sub-unit of POLζ) mRNA expression 24 hours after treatment with 0 or 50 µM 
cisplatin in UW and UW+BRCA1 cells. Data represent means ± s.e.m. from three 
independent experiments and are presented as relative to untreated UW+BRCA1 cells. 
(B) PRIMPOL protein expression 24 hours after treatment with 0 or 50 µM cisplatin in 
U2OS cells depleted for BRCA1 (siBRCA1) or transfected with a control siRNA (siCT). A 
representative western blot from three independent experiments is shown. GAPDH was 
used as a loading control. (C) SMARCAL1 and RAD51 protein expression in UW cells 24 
hours after treatment with 0 or 50 µM cisplatin. PCNA was used as a loading control. (D) 
PRIMPOL mRNA expression 24 hours after 0 or 10 J/m2 UVC in UW and UW+BRCA1 
cells. Data represent means ± s.e.m. from three independent experiments and are 
presented as relative to untreated UW+BRCA1 cells. (E) Validation by RT-qPCR of 
BRCA1 and PRIMPOL depletion 48 (time of pre-dose) and 72 (time of DNA fiber assay) 
hours after transfection with siBRCA1 and addition of doxycycline to U2OS cells stably 
expressing a doxycycline-inducible shPRIMPOL (Left).) Size distribution of IdU tract 
length in doxycycline-inducible shPRIMPOL U2OS cells depleted for BRCA1 (siBRCA1) 
± 150 µM cisplatin with or without the pre-dose, in the presence or absence of doxycycline 
(DOX) (Right. Data are pooled from three independent experiments. n ≥ 150 tracts for 
each data set. Bars represent the median. Statistics: Mann-Whitney; **** P < 0.0001. (F) 
PRIMPOL protein expression in PRIMPOL KO and wild-type counterpart U2OS clones 
and in the PRIMPOL KO clone expressing an exogenous V5-tagged WT-PRIMPOL 
(PRIMPOL in green, V5 in red, PRIMPOL/V5 shows simultaneous detection of both 
bands. GAPDH was used a loading control (Top). Size distribution of IdU tract length in 
PRIMPOL KO and wild-type counterpart U2OS clones depleted for BRCA1 ± 150 µM 
cisplatin with or without pre-dose (bottom left). Size distribution of IdU tract length in the 
PRIMPOL KO U2OS clone ± exogenous V5-tagged WT-PRIMPOL ± 150 µM cisplatin 
with or without pre-dose (bottom right). Data are pooled from three (bottom left) and two 
(bottom right) independent experiments. N ≥ 150 tracts for each data set. Bars represent 
the median. Statistics: Mann-Whitney; **** P < 0.0001 



 
 

Figure S3. Impact of ATRi on cell survival of UW cells treated with cisplatin, related 
to Figure 3. (A) Representative experiment showing the detection of chromatin-bound 
RPA32 as a function of DNA content by flow cytometry in UW+BRCA and UW cells 24 
hours after treatment with 50 µM cisplatin. The gate for the positive signal for RPA (RPA+) 
was defined based on a control sample in which cells were not subjected to pre-extraction 
prior to fixation and therefore are nearly all positive for RPA staining. Next, the same gate 
was applied to all the samples in which soluble proteins were pre-extracted before fixation 
in order to specifically detect cells positive for chromatin-bound RPA. Quantification from 



three independent experiments is shown in Figure 3A. (B) Cell survival assessed by XTT 
of UW cells 24 hours after treatment with 50 µM cisplatin for 1 hour with or without the 
indicated doses of VE-821. VE-821 was added 1 hour prior to treatment with cisplatin and 
kept in the media for the following 24 hours. Data are expressed as relative to untreated 
control (without VE-821) and correspond to mean ± s.e.m. of four independent 
experiments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S4. Treatment with a cisplatin pre-dose abolishes nascent DNA degradation 
and leads to ssDNA gaps in BRCA2-deficient cells, related to Figure 4. (A) Validation 
of BRCA2 depletion with siRNA (siBRCA2) in U2OS cells by RT-qPCR (left) and Western 
blot (right) 24 (pre-dose time) and 48 (DNA fiber assay time) hours after transfection. (B) 
Size distribution of CldU tract length in U2OS cells depleted for BRCA2 ± 150 µM cisplatin 
with or without the pre-dose followed by treatment with S1 nuclease or not. Data are 
pooled from three independent experiments. N ≥ 150 tracts for each data set. Bars 
represent the median. Statistics: Mann-Whitney; **** P < 0.0001.  
 
 
 
 
 
 
 
 
 
 
 



 
 

Figure S5. DNA fiber assay data of untreated samples, related to Figure 6. (A) 
Untreated samples from DNA fiber data shown in Figure 6B. (B) Untreated samples from 



DNA fiber data shown in Figure 6C. (C) Untreated samples from DNA fiber data shown 
in Figure 6D. (D) Untreated samples from DNA fiber data shown in Figure 6E. Statistics: 
Mann-Whitney; ns, non-significant, * P < 0.05, ** P < 0.01, *** P < 0.001. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

Figure S6. Impact of PRIMPOL on cell survival, related to Figure 7. (A) Cell survival 
of U2OS cells transfected with siCT or siPRIMPOL upon 4 days of chronic treatment with 



the indicated doses of cisplatin and PARP inhibitor (PARPi, Olaparib, 375 nM) (left). Cell 
survival of U2OS cells transfected with siCT or siPRIMPOL 4 days after treatment with 
Olaparib (375 nM) only (right). Data represent means ± s.e.m. from four independent 
experiments. Statistics: two-way ANOVA followed by Bonferroni test comparing 
siCT+PARPi and siPRIMPOL+PARPi (ns, non-significant, ** P < 0.01, **** P < 0.0001). 
(B) smarcal1 knockout strategy (Keka et al., 2015) in DT40 primpol mutants is depicted 
on the top, with representative genotyping analysis on the bottom left (bsdr specific 
amplicon [orange] to confirm successful targeting and smarcal1 amplicon [blue] to confirm 
heterozygosity). The bottom right panel is a Sanger sequencing traces of the polymorphic 
region located between the homology regions. The upper sequencing trace shows a 
polymorphic region of smarcal1, with the ambiguous peaks reflecting differences 
between the maternal and paternal alleles of the cell line, as DT40 is derived from an F1 
hybrid strain of chicken. The bottom panel is from a smarcal1+/- line and has lost the 
ambiguous peak, indicative of heterozygous deletion. (C) The expression levels of 
smarcal1 analyzed by RT-qPCR in several independently derived DT40 clones. Data 
represent mean ± SD of three qPCR replicates. (D) Measured doubling times of various 
DT40 mutants at different times relative to transfection with smarcal1 targeting construct. 
Mean and standard deviation of three experiments reported. For reference, the original 
smarcal1-/- cell line (Keka et al., 2015) has a doubling time of 18.2 +/- 3.3 h compared 
with WT doubling time 11.6 +/- 1.5 h. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

Figure S7: Impact of PRIMPOL on cell survival and proposed model for the role of 
PRIMPOL in the replication stress response to cisplatin-induced intra- and inter-
strand crosslinks, related to Figure 7. (A) Validation of the generation of 
UW+PRIMPOL cells (UW cells stably overexpressing V5-WT-PRIMPOL) by detection of 
the V5 tag by western blot (top left) and by PRIMPOL mRNA levels as detected by RT-
qPCR (bottom right). Cell survival of UW and UW+PRIMPOL cells 6 days upon chronic 



treatment with ATR inhibitor (ATRi, VE-821, 62.5 nM) and the indicated doses of cisplatin 
(Right). Data represent means ± s.e.m. from three independent experiments. Statistics: 
two-way ANOVA followed by Bonferroni test comparing UW+ATRi versus 
UW+PRIMPOL+ATRi (ns, non-significant, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 
0.0001). (B) Colony forming assay in UW and UW±BRCA1 cells depleted for PRIMPOL 
(siPRIMPOL) (Left). Colony forming assay in PRIMPOL-depleted (DOX) in U2OS cells 
depleted for BRCA1 (siBRCA1) or treated with siRNA control (siCT) (Right). Data 
represent mean ± s.e.m. of three and two independent experiments, respectively. 
Statistics: two-way ANOVA followed by Bonferroni test comparing BRCA-proficient 
versus BRCA1-deficient. (* P < 0.05, ** P < 0.01). (C) Proposed model for the role of 
PRIMPOL in the replication stress response to cisplatin-induced intra- (top) and inter-
strand crosslinks (bottom). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



A 
UW cells 

 
 Pre-dose  

 
% Forks with 1, 2, ≥ 3 

internal gaps 
 

(Total molecules 
analyzed) 

0 Cisplatin Cisplatin 
+ Mirin 

0 Cisplatin Cisplatin 
+ Mirin 

Exp #1 
 

 
- 

12, 5, 0 
 

(110) 

14, 3, 0 
 

(99) 

 
- 

15, 9, 6 
 

(83) 

11, 1, 0 
 

(97) 
Exp #2 

 
11, 1, 0 

 
(76) 

12, 4, 0 
 

(74) 

10, 0, 0 
 

(76) 

13, 0, 0 
 

(77) 

17, 3, 3 
 

(72) 

11, 1, 0 
 

(74) 
Exp #3 

 
 
- 

12, 0, 0 
 

(95) 

9, 3, 1 
 

(79) 

 
- 

21, 3, 3 
 

(95) 

7, 0, 0 
 

(81) 
 

B 
UW cells 

 
 Pre-dose  

 
% Reversed Forks 

 
(Total molecules 

analyzed) 

0 Cisplatin Cisplatin 
+ Mirin 

0 Cisplatin Cisplatin 
+ Mirin 

Exp #1 
 

 
- 

11 
 

(110) 

18 
 

(99) 

 
- 

7 
 

(83) 

19 
 

(97) 
Exp #2 

 
7 
 

(76) 

9 
 

(74) 

16 
 

(76) 

8 
 

(77) 

8 
 

(72) 

16 
 

(74) 
Exp #3 

 
 
- 

12.6 
 

(95) 

22.8 
 

(79) 

 
- 

12.6 
 

(95) 

19.8 
 

(81) 
 
Table S1. Electron microscopy data, related to Figures 4 and 5. (A) Percentage of 
replication forks with 1, 2 or ≥ 3 ssDNA gaps behind forks observed in three independent 
EM experiments for samples in Figure 4D. (B) Percentage of reversed forks observed in 
three independent EM experiments for samples in Figure 5B. Number of total molecules 
analyzed per sample is indicated in brackets.  
 
 
 
 
 



A 
U-2 OS cells  Pre-dose 

 
% Reversed Forks 

 
(Total molecules analyzed) 

 Cisplatin  Cisplatin 

Exp #1 
 

 24.1 
 

(54) 

 15.5 
 

(71) 
Exp #2 

 
5.8 

 
(87) 

18 
 

(89) 

10 
 

(80) 

12.8 
 

(78) 
Exp #3 

 
 23.4 

 
(64) 

 15.8 
 

(76) 
 

B 
U-2 OS cells 

 
 Pre-dose 

% Forks with internal gaps 
 

(Total molecules analyzed) 

 Cisplatin  Cisplatin 

Exp #1 
 

 11.1 
 

(54) 

 15.5 
 

(71) 
Exp #2 

 
8.05 

 
(87) 

6.7 
 

(89) 

7.5 
 

(80) 

15.4 
 

(78) 
Exp #3 

 
 10.9 

 
(64) 

 17.1 
 

(76) 
 
Table S2. Electron microscopy data, related to Figure 5. (A) Percentage of reversed 
forks observed in three independent EM experiments for samples in Figure 5C left. (B) 
Percentage of replication forks with ssDNA gaps behind forks observed in three 
independent EM experiments for samples in Figure 5C right. Number of total molecules 
analyzed per sample is indicated in brackets. 
 
 
 
 
 
 
 
 



A 
U-2 OS cells 

 
 V5-

PRIMPOL 
% Reversed Forks 

 
(Total molecules analyzed) 

Cisplatin 
 

Cisplatin 

Exp #1 
 

16.5 
 

(85) 

4.1 
 

(98) 
Exp #2 

 
18.6 

 
(86) 

5.3 
 

(95) 
Exp #3 

 
25 

 
(76) 

8.1 
 

(86) 
 

B 
U-2 OS cells 

 
 V5-

PRIMPOL 
% Forks with internal gaps 

 
(Total molecules analyzed) 

Cisplatin 
 

Cisplatin 

Exp #1 
 

7.1 
 

(85) 

19.4 
 

(98) 
Exp #2 

 
8.1 

 
(86) 

22.1 
 

(95) 
Exp #3 

 
10.5 

 
(76) 

18.6 
 

(86) 
 
Table S3. Electron microscopy data, related to Figure 5. (A) Percentage of reversed 
forks observed in three independent EM experiments for samples in Figure 5C bottom 
left. (B) Percentage of replication forks with ssDNA gaps behind forks observed in three 
independent EM experiments for samples in Figure 5C bottom right. Number of total 
molecules analyzed per sample is indicated in brackets. 
 

 


