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The mismatch repair pathway (MMR) is essential for removing
DNA polymerase errors, thereby maintaining genomic stability.
Loss of MMR function increases mutation frequency and is
associated with tumorigenesis. However, how MMR is executed
at active DNA replication forks is unclear. This has important im-
plications for understanding how MMR repairs O6-methylguanine/
thymidine (MeG/T) mismatches created upon exposure to DNA
alkylating agents. If MeG/T lesion recognition by MMR initiates
mismatch excision, the reinsertion of a mismatched thymidine dur-
ing resynthesis could initiate futile repair cycles. One consequence
of futile repair cycles might be a disruption of overall DNA repli-
cation in the affected cell. Herein, we show that in MMR-proficient
HeLa cancer cells, treatment with a DNA alkylating agent slows S
phase progression, yet cells still progress into the next cell cycle. In
the first S phase following treatment, they activate ataxia telan-
giectasia and Rad3-related (ATR)-Checkpoint Kinase 1 (Chk1) sig-
naling, which limits DNA damage, while inhibition of ATR kinase
activity accelerates DNA damage accumulation and sensitivity to
the DNA alkylating agent. We also observed that exposure of
human embryonic stem cells to alkylation damage severely com-
promised DNA replication in a MMR-dependent manner. These
cells fail to activate the ATR-Chk1 signaling axis, which may limit
their ability to handle replication stress. Accordingly, they accu-
mulate double-strand breaks and undergo immediate apoptosis.
Our findings implicate the MMR-directed response to alkylation
damage as a replication stress inducer, suggesting that repeated
MMR processing of mismatches may occur that can disrupt
S phase progression.
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The DNA mismatch repair (MMR) pathway repairs mis-
matches made by the DNA polymerase and, thus, is essential

for genomic stability (1). Germ-line mutations in MMR genes
cause the colorectal cancer predisposition syndrome Lynch syn-
drome, while 10–40% of spontaneous colorectal and other can-
cers also lose MMR function (2). In addition to repairing
mismatches, MMR also plays a role in the cellular response to
certain forms of DNA damage (3). For example, treatment of
MMR-proficient cells with SN1 DNA alkylating agents leads to
decreased growth and increased cell death compared with
MMR-deficient cells (3). HowMMR contributes to this response
remains unresolved. SN1 alkylating agents create O6-methyl-
guanine (MeG) lesions, which get mispaired with thymidine in S
phase. MMR proteins respond to MeG/T mismatches immedi-
ately; however, these cells arrest in the G2 phase of the sub-
sequent cell cycle (3). Two models have been proposed to
explain these results. One model suggests that recognition of
MeG/T by the MMR proteins triggers excision of the thymidine-
containing strand (3). However, persistence of the MeG on the
template strand leads to MeG/T resynthesis, initiating iterative
futile repair cycles (4). How these futile cycles are resolved such

that the cells continue into a second cell cycle is not clear. Per-
sistent single-stranded gaps remain after MMR activity that are
proposed to become double-strand breaks (DSB) in the next
S phase, causing the G2 arrest (5). A second model suggests that
the MMR proteins recognize MeG/T and directly recruit proteins
involved in signaling cell cycle arrest such as Ataxia telangiec-
tasia and Rad3-related (ATR), Ataxia telangiectasia mutated
(ATM), and the checkpoint kinases Chk1 and Chk2 (3). As the
MMR proteins respond to MeG/T in the first S phase, it is un-
clear why cell cycle arrest does not occur until the second cell
cycle after MeG/T formation (6). Improved understanding of the
cellular response in the first S phase following MMR recognition
of MeG/T lesions may help resolve these questions.
Interestingly, we recently reported that human pluripotent

stem cells (hPSCs) underwent extensive apoptosis within the first
S phase after alkylation damage (7). This immediate response
appeared to conflict with the futile cycle model leading us to
consider whether direct signaling was occurring. However, we
noted that hPSCs failed to activate Chk1 or Chk2, which are key
regulators of the MMR-dependent damage response in human
cancer cell lines. An earlier study suggested that hPSCs may lack
a replication stress response and, as a result, are extremely
sensitive to replication fork perturbations (8). We therefore hy-
pothesized that MMR processing of MeG/T lesions might be
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impeding DNA replication progression, resulting in replication
stress that would be detrimental to hPSCs. If true, then MMR
processing of MeG/T lesions might also induce a replication stress
checkpoint in transformed cell models capable of evoking such a
response. In this study, we used human embryonic stem cells
(hESCs) and HeLa cervical cancer cells to explore the effect of
MMR processing of MeG/T lesions on DNA replication. We find
that alkylation damage disrupts DNA replication and produces
hallmarks of replication stress in hESCs, while in transformed
cells, an S phase checkpoint is activated, which prevents repli-
cation fork collapse and prolongs survival.

Results
MMR Triggers Rapid Apoptosis in hESCs in Response to MeG Lesions.
We previously reported that hPSCs treated with the DNA
alkylating agent N-methyl-N′-nitro-N-nitrosoguanidine (MNNG)
undergo rapid apoptosis within the first cell cycle (7). To confirm
the MMR dependence of this response, we used Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)/
Cas9-mediated gene targeting to disrupt both alleles of the en-
dogenous MMR gene MSH2 in H1 hESCs. The knockout cells
lost MSH2 protein expression and displayed a decrease in its
obligate partner MSH6 (9) (Fig. S1A). MMR-proficient wild-
type (WT) hESCs treated for 20 h with MNNG displayed a large
fraction of cells with sub-G1 DNA content in cell cycle profiles as
well as increased cleaved-caspase-3 staining, both indicative of ap-
optotic induction (Fig. S1 B and C). In contrast, this response was
largely absent in two independent MSH2 knockout clones (KO1,
KO2) (Fig. S1 B and C). To assess if this result was in response to
MeG lesions, MNNG sensitivity was examined in the presence or
absence of O6-Benzylguanine (O6BG), a pseudosubstrate-based
inhibitor of methylguanine methyltransferase (MGMT), which
normally removes MeG lesions from DNA (10). In the presence
of O6BG, MNNG induced a dose-dependent decrease in cell
survival of WT hESCs while viability of KO1 cells was only
modestly affected (Fig. S1D). In the absence of MGMT in-
hibition, however, sensitivity to MNNG was partially alleviated
only in WT hESCs. These results indicate that MMR-dependent
recognition of MeG lesions in hESCs induces apoptosis in the
first cell cycle.

MMR Processing of MeG/T Lesions Affects DNA Replication Leading to
DNA Damage Accumulation. To determine how MeG lesions lead to
MMR-specific cytotoxicity in hESCs, we assessed the impact of
MMR activity on replication forks. We predicted that repair
across MeG lesions might interrupt replication fork progression,
uncoupling the DNA polymerase from the replicative helicase
resulting in ssDNA stretches (11). To test this, the thymidine
analog 5-bromo-2′-deoxyuridine (BrdU) was added to hESCs for
16 h to label all cellular DNA before MNNG treatment for 2 h
and harvesting 6 h later. Immunofluorescence analysis under
nondenaturing conditions detects BrdU epitopes accessible only
in ssDNA stretches (12). MNNG exposure led to increased nu-
clear BrdU signals in WT hESCs indicative of ssDNA accumu-
lation (Fig. 1). These signals were significantly attenuated in
MSH2 KO hESCs (Fig. 1). Both control and MNNG-treated
cells showed cytoplasmic BrdU signals previously reported to
arise from ssDNA stretches in mitochondrial DNA (13). As
ssDNA is vulnerable to endonucleolytic cleavage into DSBs, we
stained for the DNA damage marker, γH2AX, which can be
indicative of DSBs and replication stress (14, 15). Increased
γH2AX foci were observed in hESCs within 4 h of MNNG treat-
ment (Fig. 2A). Concurrently, DSB repair factors Rad51 and
53BP1 involved in homologous recombination or nonhomologous
end joining, respectively, accumulated at sites of MNNG-induced
γH2AX foci only in WT hESCs (Fig. S2). If this damage resulted
from MMR processing of MeG/T lesions, we predicted that its
appearance would only occur at replication sites active during

MNNG exposure (16). To test this, we treated cells with MNNG in
the presence of a thymidine analog 5-ethynyl-2′-deoxyuridine
(EdU) to mark actively replicating regions. We found γH2AX
foci were observed only in cells that incorporated EdU during
MNNG exposure mirroring DNA replication patterns (Fig. 2B).
Notably, although damage accumulated at sites of DNA replica-
tion, MNNG treatment markedly reduced total EdU incorporation
in WT hESCs indicating that overall DNA replication was severely
compromised (Fig. 2C and Fig. S3A). These responses were
MMR dependent, as MNNG-treated KO1 and KO2 cells accu-
mulated fewer γH2AX foci with less disruption to DNA repli-
cation (Fig. 2C and Fig. S3). γH2AX foci that did form in KO
cells may have resulted from infrequent collisions of replication
forks with base excision repair intermediates from other MNNG
generated adducts (17). Overall, these results suggest that MMR
processing at MeG adducts compromises DNA replication and
creates replication stress.
Replication stress can activate a protective ATR-Chk1 signaling

axis that prevents replication fork collapse (18). The formation of
DSBs in replicating hESCs treated with MNNG, however, sug-
gested this replication stress response was lacking. We examined
activation of ATR-Chk1 signaling in MNNG-treated hESCs by
measuring phosphorylation of ATR at Ser-428, of the ssDNA
binding replication protein A (RPA) at Ser-33 and of Chk1 at Ser-
345 (19–21). None of these sites appeared phosphorylated fol-
lowing 4 h of MNNG treatment; a timepoint that likely captures
events in the first S phase after treatment and at which point
γH2AX is already observed (Fig. 2D and Fig. S4A). Instead, we
saw phosphorylation of RPA at S4 and S8 residues, markers of fork
collapse, in WT hESCs, which are reduced in the KO hESCs (Fig.
S4B). The failure to activate this ATR-Chk1 signaling response was
also accompanied by rapid phosphorylation and stabilization of the
tumor suppressor protein p53 in WT hESCs (Fig. 2E). Loss of
MSH2 alleviated the levels of p53 phosphorylation in response to
MNNG (Fig. 2E). To test if p53 activation induced the apoptotic
response, we blocked p53 translocation to the mitochondria using a
small-molecule inhibitor pifithrin-μ (22). Pretreatment with pifi-
thrin-μ reduced cell death even at the highest MNNG concentra-
tions tested (Fig. 2F). To confirm that ATR activation did not play
a role in this rapid response, we cotreated WT hESCs with MNNG
and an inhibitor to ATR kinase activity (ATRi) for 4 h. The ad-
dition of ATRi had no effect on the levels of p53 activation or
sensitivity to MNNG at this time point, whereas ATM inhibition

Fig. 1. MMR-directed repair in MNNG-treated hESCs causes accumulation
of ssDNA gaps. (A) WT and KO1 hESCs with BrdU-labeled parental DNA
treated with 2 μMMNNG for 2 h. ssDNA gap formation was assessed 6 h later
by immunostaining with BrdU antibody under nondenaturing conditions.
Nuclei are counterstained with DAPI. Experiments were performed in trip-
licate. (Scale bars: 10 μm.) (B) Quantitation of average nuclear BrdU intensity
in MNNG-treated WT and KO1 hESCs from one representative experiment
(n > 190); * and **, P < 0.0001, Mann–Whitney test.
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did affect p53 activation at this early stage (Fig. S5 A and C). As we
previously had observed ATR activation 24 h after exposure to
MNNG (7), we tested the effect of ATRi on p53 activation and/or
sensitivity at a later time point. Indeed, addition of ATRi de-
creased p53 activation in MNNG-treated hESCs after 24 h, as did
inhibitors to ATM and DNA-dependent protein kinase (DNA-PK)
(Fig. S5B). At the later time point, however, ATRi in combination
with MNNG increased cell death compared with MNNG alone
(Fig. S5C). This later activation of ATR may be a response to
intermediates of DSB repair, which could explain why ATRi in-
creased sensitivity to MNNG at this time point (23, 24). Combined,
our results suggest that MMR processing of MeG/T lesions inter-
feres with DNA replication but fails to activate an ATR-Chk1–
mediated replication stress checkpoint in hESCs. Instead, these
cells accumulate DSBs, consistent with replication fork collapse,
and undergo rapid, p53-dependent apoptosis.

DNA Alkylation Damage Leads to ATR-Chk1 Activation in Cancer Cells.
The effect of MNNG treatment on DNA replication in hESCs
strongly suggested that MMR-dependent processing of MeG/T
lesions induces replication stress. However, evidence of MNNG-
induced replication stress in transformed cell lines has been
largely overlooked due to their continued progression into the
second cell cycle (3, 6). We suspected that differences in ATR-
Chk1 activation could contribute to the differential responses
between these cell types. To this effect, we first assessed if
MMR-proficient HeLa cancer cells activate Chk1 14 h after

MNNG treatment, a time point at which the cells would have
only entered a single S phase. We found that under these con-
ditions, Chk1 was phosphorylated on Ser-317 and Ser-345, an
effect that was abrogated by the addition of ATRi (Fig. 3A). We
also tested the MMR dependence of this response by using
CRISPR-Cas9 gene targeting to disrupt the endogenous MSH2
alleles in HeLa cells and observed no activation of Chk1 upon
MNNG exposure in two independent MSH2 KO clones (Fig.
S6A). We next investigated if Chk1 activation induced an intra-S
phase replication checkpoint. HeLa cells synchronized in mitosis
were released into the cell cycle, treated with MNNG or vehicle
control in G1 phase and allowed to progress through the cell
cycle. Cell cycle profiles of mock-treated cells showed entry and
completion of the first S phase by 10 h and 18 h after release,
respectively (Fig. 3B). MNNG treatment, however, delayed
progression through S phase with a significant cell population
still in S phase at 18 h (Fig. 3B). A salient feature of the intra-S
phase checkpoint is coordinated completion of DNA replication,
thereby mitigating DNA damage accumulation (25). Within
replication factories, ATR-Chk1 mediates activation of dormant
replication origins adjacent to stalled forks while delaying rep-
lication onset within inactive clusters. We therefore predicted
that MNNG treatment would delay replication onset within
replication clusters active late in S phase. To visualize active
replication factories, synchronized HeLa cells were pulse-labeled
with EdU 15 min before harvest. We observed distinct replica-
tion foci patterns that emerge from spatiotemporal regulation of

Fig. 2. Processing of MeG/T lesions by MMR affects
DNA replication, DSB formation, and activation of a
p53-dependent apoptosis. (A) Immunostaining for
DSB marker γH2AX in WT hESCs treated with 2 μM
MNNG for 4 h. (B) Immunostaining of γH2AX in WT
hESCs treated with 2 μM MNNG for 4 h in the pres-
ence of EdU (10 μM). EdU incorporation detected
using click chemistry. (C) Immunostaining of γH2AX
and EdU incorporation in nuclei of WT, KO1, and
KO2 hESCs treated with 2 μMMNNG and EdU for 4 h.
(Scale bars: 10 μm.) (D) Immunoblot of pATR (Ser-
428), ATR, pChk1 (Ser-345), Chk1, pRPA (S33), RPA,
and γH2AX in WT hESCs treated with 2 μM MNNG
for 4 h. Actin used as a loading control. (E) Immu-
noblot of MSH2, MLH1, p-p53 (Ser-15), and p53 in
WT, KO1, and KO2 hESCs treated with 2 μM MNNG
for 4 h. (F) Percentage cell survival of WT hESCs
assessed using MTT assay in the presence or absence
of pifithrin-μ (20 μM) 24 h after treatment with in-
creasing concentrations of MNNG for first 4 h. All
experiments were performed in triplicate.
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DNA replication in S phase (Fig. 3C) (26). In control cells in
early S phase (10 h), active DNA replication clusters were ob-
served throughout the nucleus. Mid- and late S phase DNA
replication patterns were discernable at 14 h, wherein DNA
replication was observed at the nuclear periphery and nucleolar
regions. DNA replication was completed by 16 h. In MNNG-
treated cells, although early S phase origin activation patterns
were visible at 10 h, DNA replication continued within these
clusters until 16 h. In addition, activation and completion of
DNA replication within mid- and late S phase replication fac-
tories were delayed to 16 h and 20 h, respectively. MNNG
treatment also appeared to reduce the percentage of EdU-
positive cells, suggesting a delayed entry into S phase. How-
ever, careful inspection of these cells revealed that the number of
Edu-positive cells was only slightly reduced. Rather, the intensity
of EdU staining was low in many cells, consistent with delayed
replication progression and not delayed S phase entry (Fig. S6 B
and C). These results suggest that MNNG treatment induces a
replication stress checkpoint in transformed cells that allows
delayed, yet coordinated completion of replication.

ATR-Chk1 Mitigates DNA Damage Accumulation in Response to
MeG-Induced Replication Stress. In addition to coordinating rep-
lication completion, an ATR-Chk1–mediated intra-S phase
checkpoint is crucial for protecting stalled forks from collapse
and preventing apoptosis (18, 27, 28). We, therefore, predicted
that inhibiting the ATR kinase in MNNG-treated HeLa cells
should cause collapse of stalled forks, thereby exacerbating DNA
damage accumulation and cell death. To this effect, we assessed
if ATR-Chk1 signaling slowed S phase progression of MNNG-
treated HeLa cells. HeLa cells cotreated with ATRi and MNNG
completed their first S phase by 18 h, a rate comparable to that
of untreated cells (Fig. 3B). We next examined whether ATRi
led to increased DSBs in the first cell cycle after MNNG treat-
ment by measuring 53BP1 foci formation at 14 h. Using cyclin A
to identify S and G2 cells, we found that mock-treated cells
contained 1–5 53BP1 foci when in G1, consistent with previously

reported baseline endogenous DNA damage levels in trans-
formed cells (Fig. 4 A and B) (29, 30). However, 53BP1 foci
(>10 per cell) increased in MNNG-treated G1 nuclei. A
G1-specific increase in 53BP1 foci has previously been attributed
to the sequestration of DNA damage carried forward through
mitosis into the subsequent cell cycle (29). Thus, these observed
foci may arise from unreplicated gaps created by MMR processing
of MeG/T lesions during S phase in cells that then progressed to
the next G1 during the 14-h experiment (5). Consequently, the
number of MNNG-induced 53BP1 foci was greatly reduced upon
MSH2 loss (Fig. 4B and Fig. S7A). In contrast, ATRi addition to
MNNG-treated WT cells altered the dynamic of 53BP1 foci for-
mation, wherein increased numbers of 53BP1 foci accumulated in
cyclin A-positive S and G2 nuclei (Fig. 4 A and B and Fig. S7A). No
such increase in 53BP1 foci in cyclin A-positive S and G2 nuclei was
observed in MSH2 KO HeLa cells (Fig. 4B and Fig. S7A). These
damage foci therefore may be a consequence of replication forks
collapsing due to MMR-induced replication stress (15, 27, 28).
Correspondingly, combining MNNG and ATRi in WT cells in-
duced phosphorylation of Chk2 and RPA at S4/S8 within 14 h,
indicative of DSB formation and replication fork collapse re-
spectively within the first cell cycle of MNNG exposure (15, 27, 28)
(Fig. 4C). We next determined how addition of ATRi during the
first cell cycle affected viability of MNNG-treated HeLa cells. We
found that while cell survival decreased slightly in MNNG-treated
WT-HeLa cells 72 h after damage exposure, addition of ATRi for
only the first 16 h of MNNG exposure significantly reduced via-
bility as seen by increased cleaved-caspase-3 staining, excessive
DNA fragmentation, and an overall decrease in cell number at 72 h
(Fig. 4 D–F). The induction of DSB markers and increased sensi-
tivity to MNNG in the presence of ATRi were alleviated in both
MSH2 KO HeLa clones (Fig. S7 B–D). Overall, these results in-
dicate that ATR-Chk1 signaling in the first S phase after MNNG
treatment is crucial for limiting DNA damage accumulation and
promoting cell survival in the face of replication stress caused by
MMR-mediated processing of MeG/T lesions.

Fig. 3. MNNG treatment in HeLa cells induces an
ATR-Chk1–dependent replication stress checkpoint
that allows delayed, yet coordinated completion of
replication. (A) Immunoblot of pChk1 (Ser-345),
pChk1 (Ser-317), and Chk1 in MMR-proficient HeLa
cells treated with 2 μM MNNG and an ATR inhibitor
(ATRi) (10 μM) for 14 h. Actin was used as a loading
control. Experiments were performed in triplicate.
(B) Representative cell cycle profiles of HeLa cells
harvested at indicated times after release from mi-
totic synchronization and exposed to 2 μM MNNG in
G1 in the presence or absence of ATRi. Percentage of
cells in S phase at 18 h quantitated from the cell cycle
profiles are as follows: untreated (14.4%), MNNG
(39.3%), ATRi (16.6%), and MNNG + ATRi treated
(18.4%). (C) HeLa cells treated with 2 μM MNNG as
described in B were pulsed with EdU 15 min before
harvest. EdU incorporation marking actively repli-
cating DNA clusters was detected using click chem-
istry. Experiments were performed in duplicate. (Scale
bars: 10 μm.)
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Discussion
MMR has long been implicated in eliciting cytotoxicity to SN1
DNA alkylating agents (3). The steps following MeG/T recognition,
however, are not entirely clear, particularly as MMR-proficient
transformed cells undergo G2 arrest only after cells go through two
S phases. Both a direct signaling model, in which MMR proteins
directly recruit factors involved in signaling cell cycle arrest to
damaged DNA, as well as a futile cycle model, in which iterative
cycles of repair at MeG/T lesions leads to downstream DNA
damage that ultimately triggers arrest, have been proposed (3). In
both models, it is unclear if MMR activity coordinates with the
replication fork or whether MMR occurs in a postreplication
manner, leaving the passing fork unaffected. If the former, repair
events occurring at the fork could lead to fork disruption and
therefore impair DNA replication. As MMR-proficient cancer cells
were shown to complete the first S phase after treatment with
DNA alkylating agents, it appeared that DNA replication pro-
ceeded uninterrupted amid active MMR (3, 4, 6). However, our
recent observation that hESCs undergo rapid MMR-dependent
apoptosis directly in the first S phase following alkylation damage
led us to reexamine the effects of MMR on the first S phase more
carefully (7). Herein, we observed that MeG lesions generated by
MNNG decreased hESC viability within just 4 h. This was ac-
companied by increased ssDNA and DSB formation in cells that
underwent DNA replication. Most strikingly, besides accumulating
damage at replication foci, overall DNA replication was severely
impacted in MMR-proficient hESCs. These results provide evi-
dence that the MMR-mediated response to MeG/T lesions indeed
affects DNA replication.
We propose that cancer cells tolerate MMR-mediated disruption

to the replication fork via activation of an ATR-Chk1-intra-S phase
checkpoint that facilitates continued cell cycle progression into the

next cell cycle (Fig. 5). While the majority of MNNG-treated cells
will ultimately arrest in the next G2 phase, the transient intra-S
phase response likely expands the opportunity for some cells to
escape this fate. A failure to activate ATR-Chk1 under conditions of
replication stress has been shown in transformed cells to cause in-
creased ssDNA accumulation at stalled forks (18, 27, 28). Vulner-
able to breakage, these paused forks can collapse, leading to
accumulation of lethal DSBs. We found that chemical inhibition
of ATR-Chk1 signaling in MNNG-treated HeLa cells resulted in
induction of markers of fork collapse and DSBs within the first cell

Fig. 4. ATR-Chk1 signaling in the first S phase is crucial to mitigating DNA damage accumulation in MNNG-treated HeLa cells. (A) Immunostaining for
53BP1 and cyclin A, a S/G2 phase marker, in HeLa cells treated with 2 μM MNNG in the presence or absence of ATRi (10 μM) for 14 h. Arrows point to cyclin A
negative nuclei with >10 53BP1 foci. Arrowheads point to cyclin A-positive nuclei with >10 53BP1 foci. (Scale bars: 20 μm.) (B) Quantitation of percentage
nuclei in G1 and S/G2 cell cycle phase with >10 53BP1 foci. *, **, and ****, P ≤ 0.01; *** and *****, P ≤ 0.05, Student’s t test). (C) Immunoblot of pChk2 (Thr-
68), Chk2, pRPA (S4/S8), and RPA in HeLa cells treated with 2 μM MNNG in the presence or absence of ATRi (10 μM) for 14 h. Actin was used as a loading
control. (D) Immunostaining for cleaved-caspase-3 at 72 h in HeLa cells treated with 2 μM MNNG for the first 16 h in the presence or absence of ATRi (10 μM).
(E) Quantitation of percentage of cells positive for cleaved-caspase-3 staining (P ≤ 0.01, Student’s t test). (F) Cell survival assessed using MTT assay at 72 h in
HeLa cells treated with MNNG for the first 16 h in the presence or absence of ATRi (10 μM). (P ≤ 0.01, Student’s t test). All experiments were performed in
triplicate.

Fig. 5. Model of the effects of the MMR-directed response to MeG/T lesions
on DNA replication progression.
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cycle such as phosphorylation of RPA and Chk2, respectively, as
well as increased S and G2 phase 53BP1 foci. In addition, ATR
inhibition accelerated sensitivity to MNNG. Given the ability
of transformed cells to normally cope with replication stress in
this way, it is not surprising that the effect of MMR processing
of MeG/T mismatches on global DNA replication has gone
largely unnoticed. In contrast, hESCs appear to lack a pro-
tective ATR-Chk1 signaling cascade in response to MNNG as well
as other inducers of replication stress (8) and instead accumulate
ssDNA and DSBs and rapidly apoptose. Thus, the effects of MMR
processing of MeG/T lesions on global DNA replication are more
apparent. The inability of these cells to complete DNA replication
may stem from an absence of dormant origin firing in response to
active forks failing to bypass MeG lesions. The apoptotic induction
in hESCs is much more rapid compared with HeLa cells, a dis-
crepancy which may arise from the primed nature of hESCs to
undergo apoptosis at the slightest signs of stress (31).
The MMR-dependent induction of replication stress in response

to MeG/T lesions fits nicely in the context of the futile cycle model.
Repetitive repair cycles may inhibit DNA replication progression,
resulting in fork stalling and, in the absence of ATR-Chk1 activity,
fork collapse. Alternatively, futile processing at multiple MeG/T
lesions may utilize extensive amounts of RPA, known to bind to the
ssDNA gaps generated during MMR processing (32, 33). This may
require activation of ATR-Chk1 signaling to prevent RPA ex-
haustion that has effects on fork stability more globally (27).
Support for a direct signaling mechanism is less obvious from our
results. Despite the early cell death in hESCs, we observe a lack
of activation after treatment from proteins implicated in the
direct signaling model such as ATR, Chk1, and Chk2 (3). This
reduced damage signaling would seem counterintuitive to the
accelerated cell death observed in these cells. In HeLa cells
treated with MNNG, the cells do not undergo an arrest until the
second cell cycle after treatment. Thus, a temporal disconnect

remains between the initiation of MMR activity in the first cell
cycle and cell cycle arrest in the next. However, we cannot rule
out the possibility that the MMR proteins are initiating a direct
signaling response in the first S phase that protects HeLa cells
initially after treatment to prevent replication fork collapse. This
scenario would still require an additional function of the MMR
proteins to cause the eventual cell cycle arrest that occurs in the
next G2 phase. What is clear is that ATR-Chk1 signaling is crucial
for protecting cells from the detrimental effects of DNA replication
disruption by MMR processing of alkylation damage. Future studies
will be required to investigate how MMR proteins communicate
with the DNA replication machinery to cause this disruption.

Materials and Methods
hESCs (H1) and HeLa cells were obtained from the WiCell Research Institute
and American Type Culture Collection, respectively. hESCs were cultured on
growth factor reduced Matrigel-coated tissue culture plates in hESC media
(Peprotech) and passaged by microdissection or using StemPro Accutase
Cell Dissociation Reagent (Gibco). HeLa cells were grown in Dulbecco’s
modified Eagle medium (DMEM; Invitrogen) containing 10% FBS (Gibco).
MSH2 knockout hESCs were generated by targeting the first exon of MSH2
using CRISPR/Cas9 gene targeting with a guide RNA designed and cloned
into PX330. A targeting vector containing MSH2 homology arms were
cloned into vector pLCA.66/2272 (plasmid 22733; Addgene) to ensure dis-
ruption of exon 1 of MSH2. The same guide RNA sequence was cloned into
the vector Px459V2.0 (plasmid 62988; Addgene) and used to generate MSH2
KO HeLa cells. Details of targeting, clone selection, and screening are de-
scribed in SI Materials and Methods. Details of inhibitors, cell treatments and
methods used for cell synchronization, cell cycle analysis, cell survival assay,
Western blotting, and immunofluorescence analysis can be found in SI
Materials and Methods.
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