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SUMMARY

RAD51 paralogs are essential for maintenance of
genomic integrity through protection of stalled replication forks and homology-directed repair (HDR) of
double-strand breaks. Here, we find that a subset
of RAD51 paralogs, XRCC2 (FANCU) and its binding
partner RAD51D, restrain active DNA synthesis during deoxyribonucleotide triphosphate (dNTP) alterations in a manner independent of HDR. The absence
of XRCC2 is associated with increased levels of
RRM2, the regulatory subunit of ribonucleotide
reductase (RNR), and concomitantly high nucleotide
pools, leading to unrestrained fork progression and
accumulation of DNA damage during dNTP alterations. Mechanistically, this function is independent
of redox signaling and RAD51-mediated fork reversal
and is regulated by ataxia-telangiectasia and Rad3related (ATR) signaling through phosphorylation of
XRCC2 (Ser247). Together, these findings identify
roles of RAD51 paralogs in the control of replication
fork progression and maintenance of genome stability during nucleotide pool alterations.
INTRODUCTION
Accurate and complete duplication of the genome during every
round of cell division is essential for genome maintenance. However, the progression of ongoing replication forks is often
impeded by multiple endogenous and exogenous agents (Zeman and Cimprich, 2014). As direct substrates of DNA polymerase, deoxyribonucleotide triphosphates (dNTPs) play a crucial
role in regulating replication progression, and failure to maintain
appropriate cellular dNTP pools compromises genome integrity
through enhanced mutagenesis and DNA breaks (Aye et al.,
2015; Mathews, 2015) and promotes tumorigenesis (Bester
et al., 2011). Cells respond to low dNTP pools by activation of
the ataxia-telangiectasia and Rad3-related (ATR)-mediated
replication checkpoint, which limits global replication and protects genome integrity (Zeman and Cimprich, 2014). Studies in
yeast suggest a more direct role of the ATR ortholog Mec1 in
nucleotide production through transcriptional and post-translational regulation of ribonucleotide reductase (RNR) (Guarino

et al., 2014), the central rate-limiting enzyme of the de novo
pathway for dNTP synthesis (Mathews, 2015). In mammalian
cells, ATR is implicated in the regulation of RRM2 protein levels
(D’Angiolella et al., 2012) and the upregulation and nuclear translocation of RNR subunits to promote DNA repair (Niida et al.,
2010; Zhang et al., 2009). In a similar mechanism, spontaneous
replication stress in S. cerevisiae leads to upregulation of RNR
subunits, conferring tolerance of DNA damage, albeit with a severe increase in mutagenesis (Davidson et al., 2012). It is thus
imperative that the cellular dynamics of RNR, dNTP generation,
and DNA replication are aligned tightly in human cells to limit
replication-associated mutagenesis. However, the molecular
mechanisms through which these processes are coordinated
remain obscure.
Many canonical homologous recombination (HR) factors like
RAD51 and FA-breast cancer gene (BRCA) proteins participate
in the stabilization and restart of stalled replication forks (Errico
and Costanzo, 2012; Feng and Jasin, 2017). Mammalian
RAD51 paralogs (RAD51B, RAD51C, RAD51D, XRCC2, and
XRCC3) are key players in HR, DNA damage signaling, protection of stalled replication forks, and mitochondrial genome maintenance (Badie et al., 2009; Mishra et al., 2018; Nagaraju et al.,
2006; Somyajit et al., 2012, 2013, 2015). Here, we identify a homology-directed repair (HDR)-independent function of a RAD51
paralog subcomplex in replication fork progression. We find that
cells employ ATR-mediated replication stress response to
modulate the rate of DNA replication through XRCC2-RAD51D
and foster genome integrity during nucleotide pool alterations.
RESULTS
XRCC2 Regulates Fork Kinetics during Replication
Stress
RAD51 paralogs exist in BCDX2 and CX3 complexes (Masson
et al., 2001; Wiese et al., 2002), which have been implicated in
HR and protection and restart of stalled replication forks (Chun
et al., 2013; Somyajit et al., 2015). However, whether RAD51 paralogs are involved in the progression of ongoing replication
forks during genotoxic stress remains obscure. To test this, we
performed DNA fiber analysis in U2OS cells subjected to
5-chloro-2’-deoxyuridine (CldU) labeling (red) followed by a
pulse of 5-Iodo-2’-deoxyuridine (IdU) (green) in the presence of
hydroxyurea (HU) as a prototype of replication stress induced
by dNTP pool depletion. HU led to a rapid decline in DNA replication in wild-type (WT) cells in a dose-dependent manner
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Figure 1. XRCC2 Is Required for Efficient
Fork Slowdown during Nucleotide Pool
Depletion
(A) Representative set of DNA fibers to display fork
slowing induced by HU (500 mM) in U2OS cells
treated with the indicated shRNAs. #1 and #2 indicate two independent shRNAs.
(B) 5-Iodo-2’-deoxyuridine (IdU) to 5-chloro-2’deoxyuridine (CldU) ratios of fibers from cells as
shown in (A).
(C) Quantification of fork restart in indicated cells
after release from 2-hr HU treatment (2 mM). Examples of various types of tracts are shown. Stalled
and restarted replication forks are shown as percentage of all CldU-labeled tracks.
(D) IdU to CldU tract length ratios in U2OS cells after
indicated knockdowns to study fork degradation
following HU treatment (4 mM). A representative set
of DNA fibers is shown.
(E) Quantification of fork asymmetry in control and
XRCC2-depleted U2OS cells following HU treatment (500 mM). Examples of symmetric and asymmetric sister forks are shown.
(F) QIBC of cells exposed to indicated doses of HU
for 45 min and immunostained for cyclin A and
gH2AX. A.U., arbitrary units.
DNA fiber labeling protocol is shown for individual
panels. A minimum of 100 DNA fibers were
analyzed for each condition. Student’s t test,
*p < 0.05; **p < 0.01; ***p < 0.001. n.s., nonsignificant. Wherever not explicitly indicated, shRNA#1
was used. See also Figure S1.

(Figure S1A), as assessed by the ratio of IdU to CldU tract
lengths. Surprisingly, knockdown of XRCC2 severely abolished
HU-induced fork slowing (Figures 1A, 1B, and S1B), with no
detectable impact on fork progression in unchallenged cells (Figure S1C). This defect in fork slowdown was reproduced by a
different small hairpin RNA (shRNA) (Figures 1A, 1B, and S1B)
and could be fully rescued by complementation with shRNAresistant XRCC2 (Figures S1D and S1E). Similar results were obtained in MCF7 cells (Figure S1F) and XRCC2-deficient hamster
cells (Figures S1G and S1H). Importantly, fork slowdown was unaffected by XRCC3 depletion (Figures 1A, 1B, S1B, S1C, S1G,
and S1H), suggesting that control of fork progression during
replication stress is a specific function of XRCC2. Depletion of
XRCC3, but not XRCC2, led to a marked increase in HU-induced
stalled forks (Figure 1C). However, consistent with our observations in hamster cells (Somyajit et al., 2015), knockdown of either
XRCC2 or XRCC3 led to significant shortening of replication
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tracts upon prolonged HU treatment (Figure 1D), indicating that in contrast to fork
slowdown and restart, fork protection is a
more general role of RAD51 paralogs.
Uncontrolled fork progression during
replication stress might result in uneven
processivity on either side of the replication
bubble. XRCC2-depleted cells exhibited
significant asymmetry in sister forks (Figures 1E and S1I), suggesting the accumulation of replication-borne DNA lesions and frequent pausing of
individual replisomes. In addition, XRCC2 knockdown led to
elevated S-phase DNA damage, as assessed by gH2AX intensity
in quantitative image-based cytometry (QIBC) studies (Figures
1F and S1J), and a significant increase in chromosomal aberrations in response to HU (Figure S1K). Together, these results
identify an essential role of XRCC2 in the maintenance of
genome stability by modulating the pace of DNA synthesis during replication stress.
XRCC2-Mediated Fork Slowing Is Specific to dNTP
Alterations and Independent of Redox Signaling and
Fork Reversal
To test whether the role of XRCC2 in fork slowing is a general
response to different kinds of genotoxic stress, we subjected
U2OS cells to sublethal doses of genotoxic agents, including
HU, a topoisomerase inhibitor (camptothecin [CPT]), and an

Figure 2. XRCC2-Mediated Fork Slowing Is
Specific to dNTP Alterations and Independent
of ROS Signaling and Fork Reversal
(A) Representative images for DNA fibers showing
fork slowing in cells treated with genotoxic agents
(NT, nontreated; 500 mM HU; 50 nM camptothecin
[CPT]; 50 mM H2O2).
(B) Quantification of IdU to CldU tract length ratios
from cells as shown in (A).
(C) IdU to CldU ratios in cells treated with aphidicolin
(100 nM).
(D) HU-induced fork slowing in cells pretreated with
olaparib (10 mM).
(E) Fork slowing in cells treated with indicated concentrations of HU following pretreatment with NAC
(5 mM).
(F) Replication rate in cells treated with indicated
concentrations of 5-FU for 48 hr.
DNA fiber labeling protocol is shown for individual
panels. A minimum of 100 DNA fibers were analyzed
for each condition. Student’s t test, *p < 0.05;
**p < 0.01; ***p < 0.001. n.s., nonsignificant. See also
Figure S2.

oxidizing agent (H2O2). Consistent with previous reports (Zellweger et al., 2015), these agents induced rapid fork slowdown
(Figures 2A and 2B) and ATR activation, as detected by
CHK1 phosphorylation, without detectable double-strand break
(DSB) markers, including pKAP1 S824 and pCHK2 T68 (Figure S2A). Importantly, with the exception of HU, no genotoxic
treatment showed defective fork slowing in XRCC2 knockdown
cells (Figures 2A and 2B). Similarly, direct inhibition of DNA polymerase by aphidicolin had a comparable effect on DNA replication in WT and XRCC2-depleted cells (Figure 2C).
Recent evidence suggests that fork slowing is an active process that is dependent on RAD51 and Poly (ADP-ribose) polymerase (PARP)-mediated fork reversal (Quinet et al., 2017).
However, PARP inhibition by olaparib failed to restore DNA replication upon exposure to mild HU dose (Figure 2D). Further,
knockdown of RAD51 largely abolished CPT-induced fork slow-

down but failed to have any effect in the
presence of HU (Figure S2B), suggesting
that fork slowdown during nucleotide pool
depletion is independent of replication
fork remodelling. Olaparib restored DNA
replication in the presence of CPT in WT
and XRCC2-depleted cells but led to no
further rescue in RAD51-depleted cells
(Figure S2C), confirming that RAD51 and
PARP function in the same pathway of
fork reversal upon Top1 inhibition. Also,
while XRCC2 was crucial for RAD51 chromatin binding at a high dose of HU (Figure S2D) or ionizing radiation (IR) (Figures
S2E and S2F), it had little effect at a low
HU dose (Figure S2D), suggesting that
XRCC2-independent chromatin binding of
RAD51 under mild replication stress might
trigger its fork-reversal functions.
A recent study shows that mild attenuation of RNR by a low
dose of HU liberates signaling-competent reactive oxygen species (ROS), causing instant fork slowdown with little effect on
dNTP pools (Somyajit et al., 2017). To study the contribution of
HU-induced ROS to the fork-restraining function of XRCC2, we
subjected cells to low (50 mM) and high (500 mM) doses of HU.
Importantly, while treatment with ROS quencher N-acetyl
cysteine (NAC) led to complete restoration of DNA replication
in the presence of a low HU dose (Figure 2E), the effect of
XRCC2 knockdown was observed only at a high HU dose, which
caused significant dNTP pool depletion (Figures 2E and S2G).
Treatment of XRCC2-depleted cells with NAC led to an additive
increase in the replication rate (Figure 2E), suggesting that
XRCC2 and ROS represent two independent mechanisms for
regulation of fork progression during RNR perturbations. In support of this, H2O2-induced fork slowdown could be fully rescued
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Figure 3. XRCC2 Modulates Cellular dNTP
Pools through Regulation of RRM2
(A) Replication rate in U2OS cells treated with indicated concentrations of HU for 12 hr.
(B) Cell-cycle profiles of cells treated with nocodazole and indicated concentrations of HU for 12 hr.
(C) Quantification of fluorescence-activated cell
sorting (FACS) profiles as shown in (B). Data
are representative of 2 independent experiments
involving triplicates.
(D) Western blot showing steady-state levels of
RRM1 and RRM2 in siControl and siXRCC2-treated
cells. A nonspecific band serves as loading control.
Asterisks indicate nonspecific bands.
(E) Quantification of mean intensity of nuclear RRM2
in cells exposed to indicated concentrations of HU
for 45 min. A.U., arbitrary units.
(F) dATP concentrations (normalized to NT) after
exposure to indicated doses of HU for 45 min
(mean ± SEM; n = 4 biological replicates).
DNA fiber labeling protocol is shown for individual
panels. A minimum of 100 DNA fibers were analyzed
for each condition. Student’s t test, *p < 0.05;
**p < 0.01; ***p < 0.001. n.s., nonsignificant. See also
Figures S3 and S4.

by NAC in both WT and XRCC2-depleted cells (Figure S2H).
These results raised the possibility that XRCC2-mediated fork
slowing might be specific to dNTP pool alterations. To test this
hypothesis, we studied replication rate in the presence of 5-fluorouracil (5-FU), a thymidylate synthase inhibitor that induces
dNTP imbalance (Longley et al., 2003). Indeed, XRCC2 depleted
cells exhibited continued DNA replication in the presence of 5FU (Figure 2F). NAC partially restored fork progression in the
presence of 5-FU (Figure S2I), which agrees with previous evidence that 5-FU increases intracellular ROS (Hwang et al.,
2001) and treatment of XRCC2 knockdown cells with NAC
restored replication rate to almost normal levels (Figure S2I).
Together, these results indicate that XRCC2 regulates fork
progression specifically during dNTP alterations by a unique
mechanism independent of redox signaling and replication fork
reversal.
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XRCC2 Regulates Cellular dNTP
Pools during RNR Perturbations
Metabolic pathways in cells are subjected
to intrinsic oscillations, leading to fluctuations in cellular dNTP pools (Tu and
McKnight, 2006). To test whether XRCC2
is involved in aligning replication rate with
dNTP imbalance induced during metabolic
changes, we subjected cells to mild RNR
perturbations through a short pulse of
increasing doses of HU. XRCC2 depletion
led to a pronounced defect in fork slowdown at high HU doses (Figure S3A), with
no detectable effect at a redox-sensitive
low HU dose (50 mM) (Figures 2E and
S3A). Notably, upon prolonged exposure,
which is likely to cause significant dNTP
depletion, even a low HU dose led to an XRCC2-dependent
reduction in replication rate (Figure 3A), and XRCC2-depleted
cells progressed faster through S phase into G2/M phase
(Figures 3B and 3C), despite robust checkpoint activation
(Figure S3B).
The efficiency of dNTP-pool-perturbing agents is dependent
on the cellular levels of metabolic enzymes involved in the nucleotide biosynthesis pathway (Angus et al., 2002). Interestingly,
small interfering RNA (siRNA)-mediated depletion of XRCC2
led to a significant increase in the steady-state levels of RRM2
(Figure 3D), the regulatory subunit of RNR (Aye et al., 2015),
which was not due to cell-cycle changes (Figures S3C and
S3D). Immunofluorescence studies also showed a marked increase in the cytoplasmic and nuclear fluorescence signal of
RRM2 in XRCC2-depleted cells in unperturbed conditions (Figures 3E, S3C, and S3E) and upon exposure to the RNR inhibitors

HU and gemcitabine (Figures 3E and S3F). Similar results were
obtained with an shRNA against XRCC2 (Figure S3G). Also, there
was a significant increase in cellular dATP pools over a wide
range of HU doses, but not at steady-state levels, in XRCC2depleted cells as compared to WT cells (Figures 3F, S3H, and
S3I). Consistent with a previous report (Bianchi et al., 1986),
treatment with HU also led to depletion of dCTP and dGTP pools,
with no effect on the dTTP pool (Figure S4A). Similar to dATP, a
modest but significant increase was observed in dGTP levels in
XRCC2 -depleted cells as compared to WT cells upon exposure
to HU (Figure S4A), but dCTP and dTTP pools showed no detectable difference upon XRCC2 depletion (Figure S4A). These findings are consistent with a previous report showing the induction
of purine dNTPs, but not pyrimidines, in cells expressing stable
RRM2 mutants (D’Angiolella et al., 2012) and suggest that
XRCC2 modulates cellular nucleotide pools through RNR.
To validate this further, we transiently treated U2OS cells with
aphidicolin in the presence of increasing doses of HU (Figure S4B) such that the replication rate upon recovery illuminates
the extent of dNTP pool depletion induced by HU. XRCC2
knockdown led to a pronounced increase in replication restart
rate in an HU-dose-responsive manner (Figure S4B), suggesting
that the absence of XRCC2 leads to ineffective dNTP pool depletion by HU. This was confirmed by studying the effect of exogenously supplemented nucleosides on the replication rate.
Consistent with a recent study (Somyajit et al., 2017), frontloading of cells with dNTP precursors partially restored the
pace of DNA replication at a high HU dose, with little effect at
a low HU dose (Figure S4C). Importantly, excess dNTPs led to
no further increase in the replication rate in XRCC2-depleted
cells (Figure S4C), indicating that increased fork progression in
XRCC2-deficient cells during HU treatment is caused by higher
intrinsic dNTP pools.
To test whether the dNTP pool expansion observed in XRCC2depleted cells is a global response to DNA damage, we studied
dATP levels in cells depleted of XRCC3, which is critical for preventing replication-associated damage (Somyajit et al., 2015).
Depletion of XRCC3 led to significant DNA damage in S-phase
cells, as measured by gH2AX intensity (Figure S4D), fork
asymmetry (Figure S4E), and chromosomal aberrations (Figure S4F) upon HU exposure. However, unlike XRCC2 deficiency,
XRCC3-depleted cells showed normal steady-state levels of
RRM2 (Figure S4G) and a similar extent of dNTP pool depletion
in response to HU as WT cells (Figure S4H). Moreover, unlike
RRM2 accumulation caused by inhibition of cyclin F upon DNA
damage (D’Angiolella et al., 2012), we observed no significant increase in the RRM2 half-life in XRCC2-depleted cells (Figure S4I).
Together, these results indicate that the increase in RRM2 levels
in XRCC2-depleted cells is not a general cellular response to unresolved DNA damage.
ATR-Mediated Phosphorylation of XRCC2 Is Crucial for
Fork Slowing during dNTP Alterations
The BCDX2 complex has been suggested to be composed of
two stable subcomplexes, BC and DX2 (Figure 4B, top schematic) (Suwaki et al., 2011), which are independently recruited
to stalled replication forks (Somyajit et al., 2015). A study of replication tracts revealed that similar to XRCC2, knockdown of

RAD51D led to continued fork progression in the presence of
HU and 5-FU (Figures 4A, S5A, and S5B), while RAD51B- and
RAD51C-depleted cells failed to show any defects (Figures 4A,
S5A, and S5B). The similar defects observed upon knockdown
of XRCC2 or RAD51D were explained by cellular fractionation
(Figures S5C and S5D), which showed that RAD51D is critical
for XRCC2 stability in the nuclear pool (Figure 4B). Consistent
with this, RAD51D-depleted cells also displayed higher steadystate levels of RRM2 (Figure S5E). Collectively, these results
support the existence of DX2 subcomplex in vivo and suggest
its role in controlling fork progression during dNTP alterations.
ATR kinase is the master regulator of the replication stress
response, which regulates multiple aspects of DNA replication
(Saldivar et al., 2017; Yazinski and Zou, 2016). Interestingly,
hXRCC2 (Ser 247) has been identified as putative target of ataxia
telangiectasia mutated (ATM) and/or ATR kinases in response to
DNA damage (Matsuoka et al., 2007). Biochemical analyses with
an antibody against pS247 residue of XRCC2 (Figure S5F)
showed an induction of XRCC2 phosphorylation in S-phase synchronized cells (Figures 4C and S5G) and HU-treated cells (Figures 4D and S5H) in an ATR-dependent manner, as tested by
ATR depletion (Figure 4E) and inhibition by VE-821 (Figure S5I).
We reasoned that the fork-restraining function of XRCC2 might
be dependent on its ATR-mediated phosphorylation. To test
this, we studied HU-induced fork slowing in U2OS cells depleted
of endogenous XRCC2 and stably expressing shRNA-resistant
WT, S247A (phospho-defective) or S247D (phospho-mimetic)
variants of XRCC2 (Figure 4F). Consistent with our hypothesis,
XRCC2 S247A mutants showed defective fork slowdown (Figure 4G) and increased fork asymmetry in response to HU (Figure S5J), with no detectable effect on replication rate in normal
conditions (Figure S5K) or in the presence of other genotoxic
agents like CPT (Figure S5L). As RAD51 paralogs are critical mediators of HR (Somyajit et al., 2010; Suwaki et al., 2011), we
asked whether the role of XRCC2 in fork regulation is dependent
on its recombination-associated functions. A study of HR efficiency using an I-SceI-based sister chromatid recombination
(SCR) reporter (Nagaraju et al., 2006) revealed that unlike
XRCC2 deficiency (Johnson et al., 1999; Nagaraju et al., 2009),
XRCC2 S247A cells were proficient in HR (Figure 4H). Together,
these observations suggest a specific ATR-dependent function
of XRCC2 in regulating fork kinetics that is independent of its
role in HDR.
To directly validate the role of ATR signaling in fork progression, we studied replication rate in the presence of HU in cells
treated with ATR inhibitor (ATRi). Expectedly, ATR inhibition led
to reduced replication rate (Figure S6A), likely due to increased
origin firing, but the relative fork slowdown upon HU treatment
was lesser in ATRi cells than WT cells (Figure S6B). Importantly,
while CDC7i treatment led to partial rescue of replication rate in
ATRi cells (Figure S6A), it led to more severe defect in HUinduced fork slowing (Figure S6B), phenocopying XRCC2 deficiency and suggesting a direct role of ATR in controlling fork kinetics. We reasoned that if the role of ATR in the regulation of fork
progression was through XRCC2 S247 phosphorylation, then
this function of ATR could be bypassed by phospho-mimetic
mutation of XRCC2. Indeed, the S247D XRCC2 mutant bypassed the requirement of ATR for restraining fork progression
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Figure 4. ATR-Mediated Phosphorylation of
XRCC2 Is Essential to Restrain DNA Synthesis during dNTP Alterations
(A) IdU to CldU ratios to display fork slowing induced
by HU (500 mM) in U2OS cells treated with the indicated shRNAs. #1 and #2 indicate two independent
shRNAs.
(B) Top: schematic showing BC and DX2 subcomplexes of RAD51 paralogs. Bottom: western
blot analysis of XRCC2, RAD51B, and RAD51D
following subcellular fractionation of RAD51Ddepleted U2OS cells. Nucleoporin (NPC) serves as
loading control for the soluble nuclear fraction.
(C) XRCC2 S247 phosphorylation in nuclear fractions from HeLa cells synchronized at the indicated
stages of the cell cycle.
(D) XRCC2 S247 phosphorylation in HeLa cells
treated with the indicated concentrations of HU for
4 hr.
(E) XRCC2 S247 phosphorylation in ataxia-telangiectasia and Rad3-related (ATR)-depleted HeLa cells
treated with HU (2 mM; 4 hr).
(F) Western blot showing depletion of endogenous
XRCC2 and expression of shRNA-resistant hemagglutinin (HA)-tagged XRCC2 variants in U2OS cells.
(G) Complementation of HU-induced fork slowing in
XRCC2-depleted U2OS cells by shRNA-resistant
XRCC2 variants as shown in (F).
(H) I-SceI-induced HR frequency (normalized to
control cells) in U2OS-sister chromatid recombination (SCR) 18 cells depleted of XRCC2 and stably
expressing the indicated shRNA-resistant XRCC2
variants.
Ratio of phosphorylated to total XRCC2 is normalized to control conditions and indicated below the
respective lanes in all panels. DNA fiber labeling
protocol is shown for individual panels. A minimum
of 100 DNA fibers were analyzed for each condition.
Student’s t test, *p < 0.05; **p < 0.01; ***p < 0.001.
n.s., nonsignificant. See also Figures S5 and S6.

during HU treatment (Figures S6C and S6D), clearly suggesting a
role of ATR-mediated XRCC2 phosphorylation in regulating fork
progression during dNTP alterations.
XRCC2 is implicated as a Fanconi anemia (FA) and breast cancer susceptibility gene (Park et al., 2012, 2016; Shamseldin et al.,
2012). Given the crucial role of dNTP balance in early tumorigenesis, we asked whether the disease predisposition associated
with XRCC2 mutations is related to its role in regulating fork progression. Interestingly, disease-associated XRCC2 truncations
(R215X and C217X, referred to here as 214 and 216, respectively) lack the S247 residue (Figure S6E) and, in principle, are
defective for XRCC2 phosphorylation. Consistent with a previous report (Park et al., 2016), both truncations rendered
XRCC2 and RAD51D significantly unstable (Figure S6E).
Complementation with shRNA-resistant XRCC2 truncations
failed to rescue replication slowing in response to HU (Figure S6F) and 5-FU (Figure S6G) and failed to enhance the survival
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of XRCC2-depleted cells treated with 5-FU (Figure S6H), suggesting that in addition to the loss of canonical roles of XRCC2
in HDR and fork protection, unregulated replication progression
during dNTP perturbations might contribute to the sensitivity of
these mutants.
DISCUSSION
Here, we identify a dedicated pathway involving a subcomplex
of RAD51 paralogs (RAD51D-XRCC2), governed through ATRmediated phosphorylation of XRCC2, which restrains replication fork progression to prevent DNA damage and genome
instability during dNTP alterations. Notably, clinically relevant
mutations of XRCC2 identified in FA and breast cancer exhibit
defective fork slowdown, suggesting that this mechanism
might have substantial implications in cancer progression and
malignancy.

Figure 5. Model for Regulation of Fork Progression by XRCC2-RAD51D during dNTP Alterations
See Discussion section for details.

A striking observation of our study is that the role of XRCC2 in
fork regulation is independent of its functions in HR during double-strand break repair (DSBR). We show that ATR-mediated
phosphorylation of XRCC2 is necessary for fork slowdown but
dispensable for HR, thus identifying a separation of function between these two roles of XRCC2. Together, these observations
suggest diverse roles of XRCC2 in genome maintenance via
regulation of dNTP pools, protection of stalled replication forks,
and DSBR. We also find mechanistically independent roles of
XRCC2 and RAD51 in regulating fork progression during replication stress, which is in principle surprising, given the crucial role
of RAD51 paralogs in the recruitment of RAD51 to stalled forks
(Somyajit et al., 2015) and the stabilization of RAD51 nucleoprotein filaments (Taylor et al., 2015). Notably, these findings are
consistent with a recent study showing a BRCA-independent
role of RAD51 in fork reversal, where stable RAD51 nucleoprotein filaments were found to be dispensable for formation of
reversed forks (Mijic et al., 2017). These observations suggest
that RAD51 might work distinctly during remodelling of stressed
replication forks, as opposed to HDR-compatible DNA gaps
and/or breaks, where its function relies on BRCA and RAD51-paralog-dependent formation of nucleoprotein filaments. These results also indicate that the physiological functions of RAD51 paralogs might extend beyond their canonical role as RAD51
mediators.
Until recently, ATR had not been directly implicated in controlling the progression of ongoing forks, owing to its role in origin
firing and hence indirect effects on the replication rate (Petermann et al., 2010). However, our results with ATRi and CDC7i
clearly show a role of ATR signaling in fork slowdown during

dNTP perturbations. Together with the recent evidence for
involvement of ATR in global fork reversal and slowdown in
response to DNA interstrand crosslinks (ICLs) (Mutreja et al.,
2018), these observations suggest a multifaceted role of ATR
signaling in fork progression during different genotoxic stress
and metabolic changes. We show that ATR-mediated phosphorylation of XRCC2 is critical for its fork-restraining function. It is
possible that the phosphorylated form of XRCC2, induced by
the basal activity of ATR kinase in S-phase cells, keeps RRM2
levels in check. Alternatively, ATR-XRCC2 might act as a sensor
for dNTP perturbations, thereby signaling the replisomes at individual forks to slowdown. However, examining the exact mechanistic role of ATR signaling in this pathway will require future
investigations.
RNR is largely a cytoplasmic protein (Guarino et al., 2014), with
a limited proportion localizing inside the nucleus (Técher et al.,
2017). ATR signaling is implicated in the stabilization, upregulation, and nuclear translocation of RRM2 subunit in response to
DNA damage (D’Angiolella et al., 2012; Niida et al., 2010; Zhang
et al., 2009) and replication stress (Buisson et al., 2015; LopezContreras et al., 2015). However, if unregulated, this might result
in local dNTP pool expansion, imbalance, and increased mutagenesis (Davidson et al., 2012; Lis et al., 2008). Our data showing
XRCC2-dependent regulation of RRM2 suggest the existence of
a dedicated pathway to limit RNR activity in the absence of
extensive DNA damage. XRCC2-deficient cells maintain normal
steady-state dNTP pools despite higher RRM2 levels, which is
consistent with previous reports showing that RRM2-overexpressing mouse embryonic fibroblasts (MEFs) and HU-resistant
mouse cells have normal steady-state dNTP levels (Akerblom
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et al., 1981; Lopez-Contreras et al., 2015). However, the
increased RNR activity is likely to become relevant under conditions of metabolic fluctuations, RNR inhibition, and limited nucleotide availability, resulting in continued DNA replication and
genome instability (Figure 5). This hypothesis is supported by
our observation that XRCC2-deficient cells exhibit a detectable
increase in the replication rate only at high doses of HU, which
cause significant RNR inhibition and dNTP pool depletion. Uncovering the specific molecular mechanisms underlying the
regulation of RRM2 will require further investigations; however,
a few intriguing scenarios can be envisioned. First, XRCC2RAD51D might be the part of a hitherto unidentified mechanism
for transcriptional control of RRM2. Also, while XRCC2 does not
appear to be crucial for regulating RRM2 protein stability in unperturbed cycling cells, it might be relevant during specific
cell-cycle stages, genotoxic stress, or metabolic perturbations.
Finally, other unidentified factors might also contribute to the
entire process.
A recent study suggested that two-thirds of the mutations in
human cancers are a result of erroneous replication (Tomasetti
et al., 2017). Hence, it is not surprising that cells exploit multiple,
parallel pathways to ensure faithful replication in response to
replication stress and metabolic fluctuations. Our results support
the existence of at least three independent pathways for fork
regulation: (1) redox-coupled regulation of fork speed (Medeiros
et al., 2018; Somyajit et al., 2017), (2) RAD51 and PARP-mediated fork reversal (Quinet et al., 2017), and (3) a hitherto unidentified pathway involving ATR signaling and RAD51D-XRCC2 to
align replication rate with dNTP imbalance, all of which are
crucial for genome maintenance (Figure 5). This point is further
accentuated by the fact that the factors identified in our study,
RAD51D and XRCC2, are breast cancer susceptibility genes
(Golmard et al., 2017; Park et al., 2012). Together, our findings
extend the current model for genome maintenance by RAD51
paralogs and prompt future investigations to understand the
physiological roles of this family of tumor suppressors beyond
their canonical roles in HR.
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Sigma-Aldrich

N/A

shRAD51D#2 (50 -ATGGAGGGCTGACAGCTTCC-30 )

Sigma-Aldrich

N/A

shATR (50 -AACCTCCGTGATGTTGCTTGA-30 )

Sigma-Aldrich

XRCC2 primers (Refer to Table S1)

N/A
N/A

Recombinant DNA
pcDNA3b-HA WT XRCC2

Somyajit et al., 2015

pcDNA3b-HA WT XRCC2 (shXRCC2#1 resistant)

This paper

N/A
N/A

pcDNA3b-HA S247A XRCC2 (shXRCC2#1 resistant)

This paper

N/A

pcDNA3b-HA S247D XRCC2(shXRCC2#1 resistant)

This paper

N/A

pcDNA3b-HA 214 XRCC2 (shXRCC2#1 resistant)

This paper

N/A

pcDNA3b-HA 216 XRCC2 (shXRCC2#1 resistant)

This paper

N/A
(Continued on next page)
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Continued
REAGENT or RESOURCE

SOURCE

IDENTIFIER

GraphPad Prism 6

GraphPad Software

https://www.graphpad.com/

ImageJ (DNA fiber length analysis)

ImageJ Software

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

FACSDiva Version 6.1.1 software

Becton Dickinson

N/A

ImageQuant LAS 4000

GE healthcare

N/A

Leica Application Suite (LAS) Advanced software

Leica microsystems

N/A

Software and Algorithms

CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Prof.
Ganesh Nagaraju (nganesh@iisc.ac.in).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines
Human cell lines U2OS, HeLa and MCF7 were obtained from ATCC. WT V79B, XRCC2/ irs1 and, XRCC3/ irs1SF hamster cell
lines, and human U2OS-SCR 18 cell lines were kind gifts from M.Z. Zdzienicka, John Thacker and Ralph Scully labs, respectively.
Source and identifier (if applicable) of cell lines used in this study are also listed in the key resources table.
METHOD DETAILS
Cell culture
Human cell lines U2OS, U2OS-SCR 18, HeLa and MCF7, and Chinese hamster cell lines V79B (WT), irs1 (XRCC2/), irs1-SF
(XRCC3/) were grown in DMEM supplemented with 10% FBS and penicillin/streptomycin (Sigma-Aldrich) at 37 C in humidified
air containing 5% CO2. For generation of stable cell lines, cells were subjected to Neomycin selection 48 h after transfection
(G418 sulfate; 1.6 mg/ml). The colonies were later pooled and propagated under constant neomycin selection (0.4 mg/ml). U2OSSCR18 cells were propagated under Puromycin selection (2 mg/ml; Sigma-Aldrich).
DNA constructs and transfections
Human XRCC2 WT, phospho-defective and phospho-mimetic constructs and shRNA resistant constructs were generated using
PCR-based mutagenesis and cloned into pcDNA3b vector using E. coli DH5a. Sequences of primers used for generation of the constructs are listed in Table S1. shRNA constructs were generated using reported siRNA sequences and cloned into pRS shRNA vector.
All plasmid transfections for stable and transient expression were performed using a Bio-Rad gene pulsar X cell (250 V and 950 mF).
6-8 hr after transfection, fresh media was added to the cells. Cells were collected at different time points after transfection, depending
on the protein of interest. The sequence of shRNAs and time points after transfection used for analysis of depletion of respective
proteins are as follows:
hRAD51 (24 h): 50 -GAAGAAATTGGAAGAAGCT-30 (Biard, 2007);
hRAD51B#1 (30 h): 50 -GAGGTGTCCATGAACTTCTATGTAT-30 (Takaku et al., 2009);
hRAD51B#2 (30 h): 50 - ACGAGTGGGTTTATCACAAGA-30 (Rodrigue et al., 2013);
hRAD51C (24 h): 50 -CACCTTCTGTTCAGCACTAGA-30 (Badie et al., 2009);
hRAD51D#1 (30 h): 50 -CTGGGTGGAAATAAGCTTATA-30 (Huang et al., 2013);
hRAD51D#2 (30 h): 50 - ATGGAGGGCTGACAGCTTCC 30 (Tarsounas et al., 2004);
hXRCC2#1 (24 h): 50 -TTGCAACGACACAAACTATAA-30 (Zheng et al., 2012);
hXRCC2#2 (24 h): 50 - TAGAGAAGCTTGTAAATGA 30 (Mohni et al., 2015);
hXRCC3#1 (24 h): 50 -GAATTATTGCTGCAATTAA-30 (Badie et al., 2009; Somyajit et al., 2013);
hXRCC3#2 (24 h): 50 - GCCAGATCTTCATCGAGCA-30 (Badie et al., 2009);
hATR (48 h): 50 - AACCTCCGTGATGTTGCTTGA-30 (Andreassen et al., 2004).
DNA fiber spreads
Approximately 5 3 105 cells were plated in each well of a six-well plate. Cells were pulse-labeled with 25 mM CldU and 250 mM IdU as
indicated in the sketches. Later, cells were harvested and re-suspended in 50 mL of chilled PBS. Cell suspensions (3 ml) were placed
on glass slides (Thermo Scientific Superfrost) and briefly allowed to air-dry. The cell suspension was then mixed with 8 mL of lysis
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buffer (0.5% sodium dodecyl sulfate, 200 mM Tris-HCl [pH 7.4], 50 mM EDTA) and incubated for 2 min. Slides were inclined at 45 to
spread the suspension. Once dried, DNA spreads were fixed by incubation in a 3:1 solution of methanol-acetic acid for 10 min,
followed by denaturation with 2.5 N HCl for 80 min. After several rinses in PBS, the slides were incubated with blocking buffer
(2% BSA and 0.01% Tween-20 in PBS) for 15 min. This was followed by incubation with rat anti-BrdU antibody (1:100 in blocking
buffer; Abcam; ab6326) for 90 min in a humidified chamber at room temperature (RT). The slides were washed once with 0.1%
Tween-20 and fixed in 4% formaldehyde solution for 15 min. After multiple PBS washes, the slides were incubated with AlexaFluor
594-conjugated Anti-Rat secondary antibody (1:100 in blocking buffer; Abcam; ab150156). After incubation for 1 h at RT, slides were
washed twice with 0.1% Tween-20 and incubated overnight with mouse Anti-IdU antibody (1:25 in blocking buffer; BD Biosciences;
347580) at 4 C. Slides were washed twice with PBS and incubated with AlexaFluor 488-conjugated Anti-Mouse antibody (1:50 in
blocking buffer; Abcam; 150125). After 2 washes with 0.1% Tween-20, slides were mounted with coverslips using Dabco mounting
media (Sigma-Aldrich). Fibers were imaged using an Olympus IX71 microscope. Between 100 and 250 fibers were measured using
ImageJ software from 2-3 independent experiments and P values were calculated using Prism software.
For nucleoside supplements, nucleotide precursors: deoxycytidine (Sigma-Aldrich D0776) was solubilized in 1 M NaOH (100 mM),
deoxyadenosine (Sigma-Aldrich, D8668) was solubilized in 0.1 M NaOH (20 mM), thymidine (Sigma-Aldrich, T1895) was solubilized in
H2O (50 mM) and deoxyguanosine (Sigma-Aldrich D7145) was solubilized in 1 M NH4OH (100 mM).
Effect of drug treatment on fork progression is represented as the ratio of IdU (labeled in the presence of the drug) to CldU tract
lengths. For longer drug treatments including 48 h 5-FU and 12 h HU, replication rate is directly measured by dividing total length of
CldU and IdU tracts (in kb) by total labeling time (in minutes). For calculation of replication rate (kb/min) in unchallenged cells, length of
IdU tracts (in kb) was divided by the time of IdU labeling (in minutes).
Antibodies
Antibodies to the following proteins were used: a-tubulin (1:1000, sc-5286, Santa Cruz), RRM1 (1:200, sc-377426, Santa Cruz),
HSP90 (1:500, sc-69703, Santa Cruz), RAD51 (1:50 for IF, sc-8349, Santa Cruz), XRCC2 (1:250, sc-365854, Santa Cruz), XRCC3
(1:250, sc-271714, Santa Cruz), RAD51B (1:250, sc-377192, Santa Cruz), RAD51D (1:100, sc-53432, Santa Cruz), PCNA (1:500,
sc-56, Santa Cruz), H2AX (1:250, sc-54606, Santa Cruz), MCM3 (1:250, sc-365616, Santa Cruz) and MCM7 (1:250, sc-56324, Santa
Cruz), RRM2 (1:1000, ab172476, Abcam), pKAP1 S824 (1:1500, ab70369, Abcam), pChk1 S345 (1:1500, ab58567, Abcam) pChk2
T68 (1:1500, ab85743, Abcam), HA-tag (1:1000, 10952100, Roche). The rabbit polyclonal XRCC2 S247 phospho-specific antibody
was custom generated by Imgenex India against a synthetic polypeptide (XRCC2 residues 241 to 255) and affinity purified.
Western blotting
Cells were harvested and lysed in RIPA buffer (without SDS) supplemented with cOmplete and PhosSTOP tablets (Roche). Protein
concentrations were estimated by standard Bradford assay. Proteins were resolved on a 10% SDS-PAGE gel and transferred onto
PVDF membranes (Millipore). The membranes were blocked using 5% dry milk (w/v) in TBST (50 mM Tris-HCl pH 8.0, 150 mM NaCl,
0.1% tween-20). For analysis of phosphorylated proteins, 3% BSA (w/v) in TBST was used for blocking. The membranes were then
incubated with primary antibody overnight at 4 C. The membranes were washed with TBST and incubated with respective HRP-conjugated secondary antibodies (1:8000; Santa Cruz) for 1 h at 4 C. After TBST washes, membranes were developed with chemiluminescent HRP substrate (Millipore) and imaged using Chemidoc (GE healthcare LAS 4000).
Immunoprecipitation
After harvesting, cells were washed in PBS and lysed in IP lysis buffer (150 mM NaCl, 50 mM Tris-HCl [pH 8.0], 1% NP-40, 0.5%
sodium deoxy cholate, 0.1% SDS) supplemented with cOmplete and PhosSTOP tablets (Roche). After 1 h incubation on ice, lysates
were cleared by centrifugation. Where appropriate, antibodies were added to lysate and incubated for 12-16 h at 4 C. Lysates were
then incubated with 25 ml of Protein A/G beads (GE Healthcare) for 2 h at 4 C. Ig–antigen complexes were washed extensively and
eluted in 2x Laemmli sample buffer at 90 C for 30 min before SDS-PAGE.
Cell synchronization
Cells were synchronized in S-phase by double aphidicolin block. Briefly, cells were treated with aphidicolin (1 ug/ml) for 18 h, washed
with PBS, released into fresh medium for 12 h, and then arrested second time with aphidicolin for 12 h. Following PBS wash, cells
were released in fresh media and harvested after 6 h for S-phase. For M-phase, cells were released in nocodazole-containing media
(150 ng/ml) for 12 h and recovered in fresh media for 1 h.
Cell cycle analysis
Following treatment as described, cells were harvested and collected single-cell suspensions were fixed overnight with 70% ethanol
in PBS at 20 C. After centrifugation, the cells were incubated with RNaseA (0.1 mg/ml) in PBS at 42 C for 4 h and then incubated for
10 min with PI (50 mg/ml) in dark. A total of 1x104 cells were analyzed by Verse flow cytometer (Becton Dickinson). Aggregates were
gated out and percentage of cells with 2N and 4N DNA content was calculated using FACSDiva Version 6.1.1 software (Becton
Dickinson).
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Sub-cellular fractionation
Cells were harvested and washed with PBS. The cytosolic proteins were removed by incubation of cells in hypotonic buffer (10 mM
HEPES-KOH pH 7.5, 5 mM KCl, 1.5 mM MgCl2, 1 mM DTT and 0.5% NP-40) for 15 min on ice and centrifuged at 13000 rpm for 5 min.
The remaining pellet was resuspended in fraction buffer (10 mM HEPES-KOH pH 7.5, 5 mM KCl, 1.5 mM MgCl2, 1 mM DTT and 0.5%
NP-40 and 0.5 M NaCl), incubated on ice for 10 min and centrifuged at 13000 rpm for 5 min. The supernatant containing soluble nuclear proteins was discarded and the pellet was washed once with fraction buffer. The final pellet containing chromatin fraction was
incubated in 2x Laemmli sample buffer for 15 min at 90 C and was used for western blotting.
Cell survival assay
Cells (2000/well) were seeded in a 24-well plate. After treatment (or mock-treatment) with 5-FU, as indicated, cells were allowed to
grow for 7-10 days. Cell survival was monitored by MTT (0.1 mg/ml; Sigma-Aldrich) assay using microplate reader (VersaMax ROM
version 3.13). Percent cell survival was calculated as treated cells/untreated cells 3 100.
Metaphase spreads
Cells were treated with HU for 2 h, recovered for 24 h in fresh media and incubated with KaryoMAX Colcemid Solution (0.1 mg/ml) for
the last 4 h of recovery. Cells were then harvested and treated with hypotonic solution (75 mM KCl) for 15 min at 37 C, followed by
three washes with chilled fixative (methanol:acetic acid, 3:1). Cells were then dropped onto a chilled glass slide, air-dried and visualized using Olympus CKX41 inverted microscope. For each case, at least 100 metaphase plates were scored.
HR assay
U2OS-SCR18 cells stably expressing shRNA-resistant XRCC2 variants were transfected with XRCC2 shRNA. 24 h after transfection,
the cells were transfected with 20 mg of I-SceI plasmid or pcDNA3 EV. 48 h later, the cells were harvested and analyzed for GFP on a
FACS Verse flow cytometer (Becton Dickinson). In each experiment, the percentage of GFP+ cells (either I-SceI induced or spontaneous) was measured in triplicate samples.
Immunofluorescence
Exponentially growing cells were seeded onto coverslips, then exposed to the indicated treatments. The cells were then washed with
PBS and fixed in 3.7% formaldehyde for 10 min at RT. If indicated, pre-extraction was performed with 0.2% Triton X-100 on ice for
90 s before fixation. When Click-iT EdU staining was performed, cells were incubated with indicated time in 10 mM EdU before fixation
or preextraction, and EdU detection was performed according to the manufacturer’s recommendations (Thermo Fisher Scientific)
before incubation with primary antibodies. Later, cells were blocked in blocking buffer (0.5% BSA and 0.5% Triton X-100 in PBS)
for 30 min. The coverslips were incubated with the indicated primary antibodies for 2 h at RT. After a wash with blocking buffer,
the coverslips were incubated with respective FITC/TRITC/AlexaFluor-conjugated secondary antibodies for 1 h at RT, and then
stained with DAPI (1 ug/ml; Sigma-Aldrich) for 10 min before mounting onto slides.
Confocal microscopy
Cells were acquired using a confocal microscope (Leica TCS MP5) and images were processed using Leica Application Suite (LAS)
Advanced software.
Quantitative image-based microscopy (QIBC)
Images were acquired with a ScanR inverted microscope High-content Screening Station (Olympus) equipped with wide-field optics,
a 20 3, 0.75-NA (UPLSAPO 20 3 ) air objective, fast excitation and emission filter-wheel devices for DAPI, FITC, Cy3, and Cy5 wavelengths, an MT20 illumination system, and a digital monochrome Hamamatsu ORCA-R2 CCD camera (yielding a spatial resolution of
320 nm per pixel at 20 3 and binning of 1). Images were acquired in an automated fashion with the ScanR acquisition software
(Olympus, 2.6.1). Depending on cell confluency, 49 to 81 images were acquired containing at least 2,000 cells per condition. Acquisition times for the different channels were adjusted for non-saturated conditions in 12-bit dynamic range, and identical settings were
applied to all the samples within one experiment. Images were processed and analyzed with ScanR analysis software. First, a dynamic background correction was applied to all images. The DAPI signal was then used for the generation of an intensitythreshold-based mask to identify individual nuclei as main objects. This mask was then applied to analyze pixel intensities in different
channels for each individual nucleus. After segmentation of nuclei, foci were segmented as above, and the desired parameters for the
different nuclei or foci were quantified, with single parameters (mean and total intensities, foci count, and foci intensities) as well as
calculated parameters (sum of foci intensity per nucleus). These values were then exported and analyzed with TIBCO Software,
version 5.0.0. This software was used to quantify absolute, median, and average values in cell populations and to generate all color-coded scatterplots. Within one experiment, similar cell numbers were compared for the different conditions (at least 1.000 cells),
and for visualization low x axis jittering was applied (random displacement of objects along the x axis) to make overlapping markers
visible.
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dNTP extraction from cells
Following treatment with HU, as indicated, U2OS cells were harvested in PBS and resuspended in ice-cold 60% methanol (100 mL for
1 3 106 cells). Samples were vortexed vigorously for 2 min at 4 C to lyse the cells and then heated at 95 C for 3 min prior to centrifugation at 12,000 x g for 6 min at R.T. The supernatants were collected and completely vacuum-dried using a SpeedVac (Savant)
with medium heat. The dried pellets were subsequently resuspended in TE buffer (100 mL for 1 3 106 cells), and 2 mL of the extracted
dNTP samples were used for each 20 mL single nucleotide incorporation reaction (see below). The extracted dNTP samples were
stored at 20 C until used.
Single nucleotide incorporation assay for dNTP quantification
The protocol used for quantification of nucleotides from cellular extracts was similar to that described previously (Diamond et al.,
2004). Briefly, an 18-mer DNA primer (50 -GTCCCTGTTCGGGCGCCA-30 ) was 32P-labeled at its 50 end using T4 polynucleotide kinase
(Thermo Scientific) for 45 min at 37 C. The labeled primer was annealed with the respective 19-mer DNA template in 1X SSC buffer
(template: primer, 2:1). Following template sequences were used.
50 -TTGGCGCCCGAACAGGGAC-30 for dATP,
50 -CTGGCGCCCGAACAGGGAC-30 for dGTP,
50 -GTGGCGCCCGAACAGGGAC-30 for dCTP,
50 -ATGGCGCCCGAACAGGGAC-30 for dTTP.
The template/primer complexes (T/Ps) were extended using Taq Polymerase (Thermo Scientific) in a standard dNTP assay reaction containing 0.2 pmol of T/P (10 nM, primer concentration) and 2 mL of extracted cellular dNTPs. The reactions were incubated at
37 C for 5 min, completely vacuum-dried using a SpeedVac (Savant), dissolved in 10 mL of 40 mM EDTA, 99% formamide, denatured
by incubating at 95 C for 20 min, and 5 mL of final reaction mixture was quantitated by phosphorimaging analysis of 14% acrylamideurea denaturing gels.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical differences in RAD51 foci experiments, chromosomal aberrations assays, cell cycle analysis, dNTP quantification and HR
assays were determined in terms of p-value from two-tailed Student’s t test. Statistics for DNA fiber data were calculated using
GraphPad Prism software (Version 6.0). In all cases: n.s., non-significant (p R 0.05); *p < 0.05; **p < 0.01; ***p < 0.001.
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