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APOBEC3A damages the cellular genome during DNA replication
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ABSTRACT
The human APOBEC3 family of DNA-cytosine deaminases comprises 7 members (A3A-A3H) that act on
single-stranded DNA (ssDNA). The APOBEC3 proteins function within the innate immune system by
mutating DNA of viral genomes and retroelements to restrict infection and retrotransposition. Recent
evidence suggests that APOBEC3 enzymes can also cause damage to the cellular genome. Mutational
patterns consistent with APOBEC3 activity have been identified by bioinformatic analysis of tumor
genome sequences. These mutational signatures include clusters of base substitutions that are proposed
to occur due to APOBEC3 deamination. It has been suggested that transiently exposed ssDNA segments
provide substrate for APOBEC3 deamination leading to mutation signatures within the genome. However,
the mechanisms that produce single-stranded substrates for APOBEC3 deamination in mammalian cells
have not been demonstrated. We investigated ssDNA at replication forks as a substrate for APOBEC3
deamination. We found that APOBEC3A (A3A) expression leads to DNA damage in replicating cells but this
is reduced in quiescent cells. Upon A3A expression, cycling cells activate the DNA replication checkpoint
and undergo cell cycle arrest. Additionally, we find that replication stress leaves cells vulnerable to A3A-
induced DNA damage. We propose a model to explain A3A-induced damage to the cellular genome in
which cytosine deamination at replication forks and other ssDNA substrates results in mutations and DNA
breaks. This model highlights the risk of mutagenesis by A3A expression in replicating progenitor cells,
and supports the emerging hypothesis that APOBEC3 enzymes contribute to genome instability in human
tumors.
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Introduction

The human AID/APOBEC3 family of DNA-cytosine deami-
nases comprises 7 apolipoprotein B mRNA-editing enzyme cat-
alytic polypeptide-like 3 (APOBEC3) proteins, A3A through
A3H, and the related activation-induced deaminase (AID). The
AID/APOBEC3 enzymes function within the adaptive and
innate immune systems by mutating host and pathogen
DNA.1,2 AID deaminates immunoglobulin (Ig) genes in germi-
nal center B cells to promote antibody diversity through class-
switch recombination and somatic hypermutation.3,4 APO-
BEC3 enzymes play a role in innate immunity as viral restric-
tion factors, in part by inducing mutations in viral genomes.5-7

AID/APOBEC3 family members also inhibit retrotransposition
of genetic elements including long terminal repeat (LTR) and
non-LTR (LINE-1) elements.8-11

Although these deaminases have important physiologic
functions in innate defense, their DNA mutator activity also
threatens host genome integrity.12-14 Deamination by AID
outside of the Ig loci leads to off-target mutations and

recurrent IgH-Myc translocations that drive B cell malignan-
cies.15,16 Similarly, somatic mutation clusters consistent with
APOBEC3 activity have been recognized in tumor
genomes,17-20 suggesting deamination of the cellular genome
by aberrant activity of APOBEC3 enzymes. The role of APO-
BEC3 enzymes in generating these mutational signatures in
cancer genomes is further supported by the finding of clus-
tered mutations in genomes of yeast that express ectopic
APOBEC3 cytosine deaminases.21-25 APOBEC3 enzymes
function exclusively on ssDNA substrates,8,26,27 and the muta-
tion clusters may arise from highly processive deaminase
activity on transiently exposed ssDNA. Within the cellular
genome, ssDNA is exposed during several frequent cellular
processes: transcription, recombination, and replication.
ssDNA exposed during transcription is a well-defined target
for AID deamination, which occurs at transcription bubbles
and R-loops during antibody diversification.28,29 Additionally,
resection of double-stranded DNA breaks (DSBs) during
DNA repair exposes ssDNA that is susceptible to mutations
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caused by APOBECs.22,23 Recent studies involving whole-
genome sequencing suggest that APOBEC-induced mutagen-
esis occurs primarily within lagging strand templates arising
during DNA replication. This has been demonstrated by
ectopic expression of human APOBEC3 enzymes in model
organisms as well as analysis of cancer genomes.30-33

Although these studies suggest ssDNA at replication forks is
vulnerable to deamination by APOBECs, this has not been
established experimentally in mammalian cells.

In this study we investigate the potential for A3A to
deaminate cellular ssDNA exposed during replication. A3A
is among the most potent of the human APOBEC3 deami-
nases, and can restrict nuclear DNA viruses and retrotrans-
position events.8,34–36 We recently showed that the
mechanism for A3A inhibition of L1 retrotransposition
occurs by deamination of ssDNA transiently exposed during
L1 integration.9 We have also previously shown that A3A
can act on the cellular genome to induce DNA breaks that
activate the DNA damage response (DDR).37 The DDR
orchestrates the recognition and repair of DNA damage,
and is activated by both DNA breaks and stalled replica-
tion.38,39 The protein kinases Ataxia Telangiectasia Mutated
(ATM) and Ataxia Telangiectasia and Rad3-related (ATR)
are essential regulators of DDR signaling and activate trans-
ducers via phosphorylation of specific marks.40 ATM is pri-
marily responsive to DSB formation, which results in auto-
phosphorylation at serine 1981.41 Activated ATM then sig-
nals via phosphorylation of histone variant H2AX at serine
139 and checkpoint kinase 2 (Chk2) at threonine 68. This
signaling cascade halts cell cycle progression at the G1/S
and intra-S checkpoints to allow for repair of DSBs.42-44 In
a parallel arm of the DDR, ATR signaling is activated by
replication stress after Replication Protein A (RPA) binds
exposed ssDNA.38,45–47 Checkpoint kinase 1 (Chk1) is acti-
vated by ATR via phosphorylation at serine 345 and serine
317.48 ATR- and Chk1-dependent signals are essential for
activation of the G2/M checkpoint and contribute to intra-S
checkpoint activation.47,49 These signaling events ensure
that repair of genomic lesions and high-fidelity DNA repli-
cation occur prior to mitosis.

Our previous work demonstrated that DNA breaks caused
by A3A lead to ATM-mediated signaling and activation of the
G1/S checkpoint.37 We now investigate the hypothesis that
A3A-induced cell cycle arrest may also occur through activa-
tion of the replication checkpoint via ATR in response to
deamination of replicating DNA. In the present study, we show
that A3A activates ATR signaling leading to G2/M arrest in
ATM-deficient cells. We also show that A3A expression leads
to increased DNA damage signaling upon replication stress,
and accumulation of genomic uracil during DNA replication.
Finally, our data show that A3A induces less DNA damage in
quiescent cells compared to cycling cells. Our findings demon-
strate that DNA replication provides ssDNA substrate that is
susceptible to deamination by A3A. Thus, aberrant A3A activ-
ity leading to genomic damage may specifically impact rapidly
replicating cells such as undifferentiated progenitors. Taken
together, our data contribute to a model in which A3A deami-
nates transiently exposed ssDNA at replication forks and
explain the somatic cytosine mutations.

Results

A3A activates the DNA replication checkpoint

To determine the DDR signaling pathways that are activated in
response to A3A expression, we examined protein phosphory-
lation and cell cycle progression in stable cell lines generated to
express A3A from an inducible promoter. A3A was expressed
by treatment with doxycycline in either osteosarcoma (U2OS)
or hepatoma (HepaRG) cell lines harboring inducible A3A
genes. We then used Western blotting to examine checkpoint
signaling with phospho-specific antibodies to proteins involved
in the DDR (Fig. 1A). In both HepaRG and U2OS cell lines,
A3A expression was accompanied by robust phosphorylation
of the histone variant H2AX at serine 139 (gH2AX), a marker
for DSBs and an early DDR signaling event.50 As previously
reported,37 we observed activation of ATM kinase as demon-
strated by phosphorylation of S1981, as well as phosphorylation
of the downstream checkpoint kinase Chk2 on residue T68.42

In addition, we detected phosphorylation of checkpoint kinase
Chk1 at S317 and S345 residues, which are known substrates
for the ATR kinase.48 These data suggest that both ATM and
ATR signaling pathways are activated as a result of A3A
expression.

Since DDR signaling impacts cell cycle progression, we next
examined the effect of A3A expression on the cell cycle in the
two inducible cell lines. Cells were induced to express A3A, and
cell cycle progression was assessed by flow cytometry after
BrdU incorporation and staining. Both HepaRG and U2OS cell
lines exhibited cell cycle arrest after 24 hours of A3A expres-
sion, which persisted at 36 hours (Fig. 1B). HepaRG cells were
arrested in early S phase, as expected for ATM-mediated activa-
tion in response to DNA damage.37 In contrast, A3A expres-
sion in the U2OS cell line resulted in arrest predominantly in
G2/M. We hypothesized that the G1/S and intra-S checkpoints
may be insufficient in U2OS cells, and thus the G2/M arrest
observed is mediated by ATR activation and signaling.

To determine the impact of A3A on ATR-mediated check-
point activation, we generated stable lines with inducible A3A
expression in the AT22IJE cell line derived from a patient with
Ataxia-Telangiectasia which encodes a truncated ATM protein
that is rapidly degraded.51 We compared the effect of A3A
expression in an AT22IJE cell line without functional ATM
(ATM-) to AT22IJE cells with an ectopic, constitutively
expressed wild-type ATM (ATMC). We induced A3A expres-
sion with doxycycline in these cell lines and assessed phosphor-
ylation of DDR proteins (Fig. 1C) and cell cycle progression by
flow cytometry after propidium iodide staining (Fig. 1D). As
expected, ATM was detected by Western blotting in ATMC
cells, and exhibited increased phosphorylation upon A3A
expression whereas no ATM was detectable in ATM- cells
(Fig. 1C). Similar to our observations in HepaRG and U2OS
cells, A3A expression in both AT22IJE cell lines resulted in
phosphorylation of H2AX and Chk1. To confirm that phos-
phorylation of Chk1 was dependent on ATR signaling, we used
a small molecule inhibitor of ATR kinase activity (VE822)52 to
inhibit ATR signaling in AT22IJE cells induced to express
A3A. Upon treatment with the ATR inhibitor, both cell types
exhibited decreased phosphorylation of Chk1 (Fig. S1), thus
indicating that Chk1 activation is mediated by ATR in response
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to A3A expression. Following A3A induction, ATM- cells
arrested at the G2/M checkpoint whereas ATMC cells arrested
in G1/S (Fig. 1D). These data indicate that when ATM signal-
ing is intact, A3A expression results in G1/S arrest. However,
in the absence of functional ATM, cell cycle arrest occurs in
G2/M. Together these findings show that A3A activates check-
points mediated by both ATR and by ATM.

Replication stress renders cells vulnerable to A3A-induced
DNA damage

We hypothesized that activation of the ATR-mediated DNA
replication checkpoint reflects the capacity for A3A to disrupt
cellular DNA replication, which ultimately leads to cell cycle
arrest. Based on this hypothesis, we investigated whether

replication stress could potentiate genomic damage induced by
A3A (Fig. 2). U2OS-A3A cells were treated with hydroxyurea
(HU) to limit deoxyribonucleotide production, thus inhibiting
replicative polymerase progression and generating ssDNA at
the fork through uncoupling of MCM2-7 helicase and replica-
tive polymerases.53 The HU treatment was restricted to 4 hours
to allow for stalled replication without irreparable collapse of
forks and genome damage.54 To investigate the impact of A3A
on cells during replication stress and following recovery from
transient replication stress, we examined cells that were pulsed
with HU and then cultured for an extended period without HU
(see schematic in Fig. 2A). For each treatment condition, cells
were either treated with doxycycline (Cdox) to induce A3A
expression or not treated (-dox). Doxycycline dose was titrated
to induce a low level of A3A expression that generated minimal

Figure 1. ATR signaling is activated by A3A expression. (A) A3A activates DNA damage checkpoints. Inducible cell lines were treated with doxycycline for 24 hours and
analyzed by Western blot using antibodies to HA, gH2AX, phosphorylated Chk2 (T68), phosphorylated Chk1 (S345 and S317), phosphorylated ATM (S1981), Chk2, Chk1,
ATM, and ATR. GAPDH was used as a loading control. (B) A3A expression results in cell cycle arrest. Inducible cells lines were treated with doxycycline for 24 or 36 hours,
then pulsed with BrdU for 40 minutes prior to harvest. Cells were fixed, stained with anti-BrdU antibody and 7-AAD, and analyzed by flow cytometry. The percentage of
cells in each gate are indicated. Accompanying chart shows the fraction of cells in G1, S, and G2/M phase at 36 hours post-induction. (C) A3A activates ATR signaling in
ATM-deficient cells. Inducible AT22IJE-A3A cells with mutant ATM or wild-type ATM were treated with doxycycline to induce A3A expression and analyzed by Western
blot using antibodies to HA, gH2AX, phosphorylated Chk1 (S345 and S317), Chk1, phosphorylated ATM (S1981), ATM, and ATR. (D) Cell-cycle progression following A3A
induction in AT22IJE cells with mutant ATM or wild-type ATM was determined by propidium iodide staining. Accompanying chart shows the fraction of cells in G1, S, and
G2/M phase at 24 hours after treatment, which was similar to results obtained 48 hours after treatment. Results are representative of 3 independent experiments.
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DNA damage in the absence of HU treatment (Fig. S2). We
observed that HU treatment alone was sufficient to cause
H2AX phosphorylation, which is indicative of DNA damage
independent of A3A expression. However, this damage was
resolved after a period of recovery in the absence of A3A
(Fig. 2B-D). In contrast, Western blotting showed the H2AX
phosphorylation mark persisted through the recovery period in
A3A-expressing cells (Fig. 2B). Immunofluorescent imaging of
cells recovering from HU treatment also showed a significantly
increased number of A3A-expressing cells exhibiting gH2AX
staining as compared to uninduced cells (Fig. 2C-D). HU treat-
ment of cells induced to express the catalytically inactive A3A-
C106S mutant yielded no increase in H2AX phosphorylation
following HU recovery (Fig. S3). These findings indicate that
replication stress renders genomic DNA more susceptible to
damage by A3A.

A3A-induced deamination and DNA damage are increased
during DNA replication

To determine the impact of A3A expression on the cellular
genome during DNA replication we investigated the vulnerabil-
ity of cells to A3A activity at different stages of the cell cycle.
We compared DNA damage caused by A3A in cell populations
enriched in either G1 or S-G2 phases. HepaRG-A3A cells were
synchronized in G1 by depleting media of isoleucine (ILE).55

Untreated cells and those induced to express A3A remained

largely in G1 phase following ILE depletion (Fig. S4A). After
maintaining cultures in ILE-depleted media for 40 hours, cells
were cultured in complete media to stimulate S phase entry and
were simultaneously induced with doxycycline to express A3A
(see schematic in Fig. 3A). After 20 hours of recovery in com-
plete media, cells were enriched in S phase and the majority
were replicating regardless of A3A expression (Fig. S4B-C). We
then used Western blotting and microscopy to examine
gH2AX in cells induced to express A3A in different stages of
the cell cycle. By Western blotting, we observed robust H2AX
phosphorylation upon A3A expression in S-G2 phase cells.
H2AX phosphorylation was undetectable when A3A was
expressed in cells synchronized in G1 phase (Fig. 3B). This
result was confirmed by immunofluorescent staining of Hep-
aRG cells induced to express A3A, in which more cells exhib-
ited gH2AX staining during replication as compared to those
synchronized in G1 phase (Fig. 3C-D). As a control we demon-
strated the capability of these cells to mount a DDR following
exposure to ionizing radiation (Fig. 3C-D). These observations
suggest that cells are particularly susceptible to the activity of
A3A during DNA replication.

To determine whether DDR signaling due to A3A correlated
with cytosine deamination, genomic DNA was collected from
cell lysates and the quantity of uracil in genomes from G1 and
S-G2 phase cells was measured as previously described.56 In
cells induced to express A3A, genomic uracil quantity in repli-
cating cells was double that of resting cells (Fig. 3E). These data

Figure 2. Replication stress potentiates A3A-induced DNA damage. (A) Schematic of hydroxyurea (HU) treatment schedules. U2OS-A3A cells were cultured in the pres-
ence (Cdox) or absence (-dox) of low-dose doxycycline (0.01 mg/mL) for 24 hours in each condition. Cells were treated with 5 mM HU for 4 hours to cause a transient rep-
lication arrest followed by removal of HU to allow for recovery of replication. Conditions included: no HU (top), HU treatment 4 hours prior to harvest (middle), HU
treatment for 4 hours followed by removal of HU and 16 hours of recovery time (bottom). (B) Replication arrest leads to phosphorylation of H2AX in cells expressing A3A.
Western blot analysis of cells treated as in (A) using antibodies to HA and gH2AX and phosphorylated Chk1 (S345). GAPDH was used as a loading control. (C) Analysis of
gH2AX staining in U2OS-A3A cells cultured without HU, with HU, or with HU followed by recovery. Cells were fixed and stained with anti-gH2AX antibody, and analyzed
by confocal microscopy. Nuclei were stained with DAPI. Scale bar is 50 mm. (D) Quantification of cells with gH2AX staining in (C). Error bars are SD. Statistical analysis was
performed using a paired 2-tail t test. Results are representative of 3 independent experiments.
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show that cytosine deamination by A3A is more prevalent in
replicating cells, and are consistent with the hypothesis that
ssDNA at replication forks is a substrate for A3A-mediated
DNA damage.

Our data thus far suggest that A3A-induced DNA damage is
inflicted upon replicating DNA. Therefore we hypothesized
that non-dividing cells should incur minimal DNA damage fol-
lowing A3A expression when compared to actively dividing
cells. To test this hypothesis, we examined doxycycline-treated
HepaRG-A3A cells in both quiescent and actively cycling states
(Fig. 4). Cellular quiescence was achieved by serum deprivation,
and confirmed by decreased BrdU and EdU incorporation
upon examination by flow cytometry and microscopy (Fig. S5).
Cells were examined by microscopy after doxycycline treat-
ment, and we observed that gH2AX was significantly increased
in cycling cells compared to quiescent cells (Fig. 4A). As a con-
trol, both cell populations were exposed to ionizing radiation
and examined for immunofluorescent staining of gH2AX
(Fig. 4A). We quantified the number of gH2AX-positive cells

and found similar proportions in both irradiated cell types
(Fig. 4B). Immunoflourescent staining results were confirmed
by Western blotting, which showed that A3A expression corre-
lated with a large increase in gH2AX protein in actively cycling
cells (cultured in 10% FBS), whereas minimal gH2AX was
detected in serum-deprived cells (Fig. 4C). These experiments
show that quiescent cells were less susceptible to DNA damage
induced by A3A. Based on these data, we propose that ssDNA
exposed at replication forks serves as substrate for damage by
A3A (see model in Fig. 4D).

Discussion

APOBEC3 enzymes act on ssDNA substrates, and have been
shown to deaminate cytosines in reverse-transcribed viral
cDNA, viruses with DNA genomes, or transiently exposed
ssDNA during retrotransposon integration (see Fig. 4D).
Although cellular regulation of APOBEC3 enzyme activity is
unknown, current literature suggests that overexpressed or

Figure 3. A3A-induced cytosine deamination and DNA damage occur primarily during DNA replication. (A) Schematic of cellular synchronization assay. HepaRG-A3A cells
were synchronized in G1 phase by culture in isoleucine (ILE)-deficient media for 40 hours. Cells were then induced with doxycycline and cultured for 20 hours either in
ILE-deficient media to remain in G1, or ILE-containing media to reach S phase. (B) Expression of A3A leads to H2AX phosphorylation in S phase cells. Western blot analysis
of cells treated as in (A) using antibodies to HA and gH2AX. GAPDH was used as a loading control. (C) Analysis of gH2AX staining in HepaRG-A3A cells in G1 or S phase.
Cells were treated as in (A) and additionally, HepaRG cells arrested in G1 by culture in ILE-deficient media were irradiated at a dose of 10 Gy. Cells were fixed and stained
with anti-HA and anti-gH2AX antibodies, and analyzed by confocal microscopy. Nuclei were stained with DAPI. Scale bar is 10 mm. (D) Quantification of cells with gH2AX
staining in (C). (E) Genomic uracil incorporation is increased in replicating cells that express A3A. Genomic DNA was harvested from HepaRG-A3A cells treated as in (A)
and incorporated uracils were converted to abasic sites, labeled with Cy5-streptavidin, and transferred to a nylon membrane. Genomic DNA was analyzed for uracil con-
tent by phosphorimager and uracil quantitation was determined using a validated set of uracil-containing standards. Error bars are SD. Statistical analysis was performed
using an unpaired 2-tail t test. Results are representative of 3 independent experiments.
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misregulated APOBEC3 enzymes are also capable of mutating
the cellular genome.18,37,57 Genome editing events consistent
with APOBEC3 activity have been associated with predictable
mutational patterns identified in cancer genomes characterized
by regional clusters of somatic mutations termed katae-
gis.17,19,20,58,59 These mutation clusters likely arise from the
action of APOBEC3 enzymes on long stretches of ssDNA.

In vitro assays have also demonstrated that APOBEC3 enzymes
can bind short ssDNA substrates, and suggest that shorter sub-
strates are susceptible to deamination.26 Seplyarskiy, et al.
recently provided a biological correlate to these in vitro data by
identifying non-clustered APOBEC signature mutations in
tumor genome sequences.32 Thus, the degree of genomic dam-
age caused by APOBEC3 enzymes is in part limited by the

Figure 4. Quiescent cells are less susceptible than cycling cells to DNA damage by A3A. (A) Non-replicating cells do not accumulate phosphorylated H2AX upon expres-
sion of A3A. HepaRG-A3A cells were cultured in media containing 0.1% FBS for 48 hours to arrest cell division or 10% FBS to allow cell cycling. Cells were treated with
(Cdox) or without (-dox) doxycycline for 24 hours or with 10 Gy g-irradiation 1 hour prior to being fixed and stained with anti-HA and anti-gH2AX antibodies. Cells were
analyzed by confocal microscopy. Nuclei were stained with DAPI. Scale bar is 50 mm. (B) Quantification of cells with gH2AX staining in (A). Error bars are SD. Statistical
analysis was performed using an unpaired 2-tail t test. (C) Lysates from HepaRG cells treated as in (A) were analyzed by Western blot using antibodies to HA, gH2AX.
GAPDH was used as a loading control. Results are representative of 3 independent experiments. (D) Proposed ssDNA substrates of A3A-induced deamination leading to
viral restriction and cellular DNA damage.
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availability and length of exposed ssDNA. Consequently, iden-
tification of the cellular ssDNA substrates with which APO-
BEC3 enzymes interact is critical to understanding their
capacity to damage the cellular genome.

Mutation of cellular DNA by AID, a member of the APO-
BEC3 family, is transcription-dependent and occurs on the
non-transcribed ssDNA template.28,60,61 Similarly, A3A has
been reported to deaminate the non-transcribed strand in mod-
els of in vitro transcription,26,27 although less efficiently than
AID62 and these data have not been recapitulated in mamma-
lian cells. Strand-coordinated clusters of mutations found in
cancer genomes have been reported to be co-localized with
DNA breakpoints, and postulated to represent APOBEC3
activity at resected ends of DSBs.23 Additionally, expression of
A3A and A3B in yeast can produce clusters of break-associated
mutations indicative of deamination of resected DSBs.22 The
ssDNA at replication forks has been suggested as an additional
substrate that is susceptible to APOBEC3 deamination based
on recent data from genome sequencing analyses32,33 and
model organism systems.30,31 These studies point to the poten-
tial for APOBEC3 enzymes to deaminate various cellular sub-
strates, however the capacity for A3A to damage ssDNA during
replication has not been previously demonstrated in mamma-
lian cells.

Our data are the first to show in human cells that replicating
DNA is highly susceptible to deamination by A3A, whereas
quiescent genomes incur minimal damage when A3A is
expressed. Furthermore, these data show that cellular process-
ing of uracils created by A3A leads to DNA damage signaling
indicative of DNA breaks and replication arrest. Together,
these data suggest that ssDNA exposed transiently at replica-
tion forks during S phase is a substrate for A3A-induced DNA
damage and checkpoint activation.

Our findings contribute to a paradigm for the interaction
between A3A and cellular DNA that results in genome instabil-
ity. A3A-induced deamination is dependent on the interaction
of A3A with ssDNA exposed at the replication fork, resected
ends at DSBs, or transcription bubbles, and these interactions
result in cellular DNA damage and activation of the DNA dam-
age response (Fig. 4D). While this manuscript was under
review, several groups published complementary data suggest-
ing APOBEC3 deamination of ssDNA at replication forks in
various computational examinations of tumor genome sequen-
ces32,33 and model organism evaluations utilizing ectopic APO-
BEC3 expression.30,31 Notably, Hoopes, et al demonstrated
preferential deamination of the lagging strand template in rep-
licating yeast exposed to human A3A and A3B.31 These find-
ings were echoed in a genome sequence analysis of E. coli by
Bhagwat, et al. following exposure to the C-terminal deaminase
domain of A3G over many generations of replication.30 Addi-
tionally, analysis of nearly 4000 whole-genome and whole-
exome sequenced cancers by Seplyarskiy, et al. indicated
enrichment of APOBEC3 signature mutations on lagging
strand templates.32 Together with our findings, this growing
body of data reveals the susceptibility of ssDNA exposed during
replication to mutagenesis by APOBEC3 enzymes.

We previously showed that A3A expression results in DSBs
that activate the DNA damage checkpoint via ATM signaling.37

We now show that A3A also activates the replication

checkpoint through ATR activation. In the absence of func-
tional ATM or an intact G1/S checkpoint, A3A expression
resulted in activation of ATR signaling and G2/M arrest. ATR
activation occurs in response to RPA-bound ssDNA,63 thus
these signaling events indicate that A3A acts on cytosines in
exposed ssDNA. Deaminated cytosines are repaired by the base
excision repair (BER) pathway, during which the uracil base is
removed by uracil-DNA glycosylase (UNG) and the resulting
abasic site is replaced.64 Error-prone or interrupted processing
of deaminated cytosine can lead to base substitutions and DNA
breaks.65 Extensive deamination events at replication forks may
overwhelm or outpace the cellular BER capacity, thus creating
prolonged abasic sites and dysfunctional replication forks. Cells
subjected to polymerase stalling and ssDNA generation at the
fork through HU treatment exhibited persistent DNA damage
signaling when A3A was expressed. By deaminating cytosines
in replicating templates, A3A interrupts the replication
machinery, and may elicit further ssDNA substrate through
stalled replication or collapse of replication forks. This process
may create DSBs, and resulting end resection or break-induced
replication would then expose additional ssDNA, ultimately
leading to a destabilized genome.

APOBEC3 enzymes have been proposed to contribute to
oncogenesis.13,17,18 Here we report that A3A expression has a
minimal effect on quiescent cells in contrast to actively cycling
cells that incur deamination and DNA damage. These data sug-
gest that non-replicating cells may be relatively protected from
mutagenesis by A3A, but that A3A poses a threat to genomic
integrity of replicating progenitors. This raises the possibility
that proliferating immature progenitor cells may be at greater
risk for mutations and damage in the context of misregulated
A3A activity, potentially leading to genome instability and cel-
lular transformation. Alternatively, A3A may contribute to
somatically acquired mutations in previously transformed cells.
Replicating DNA is vulnerable to genomic errors, and recovery
from replication stress is dependent on intact cell cycle check-
points and DNA repair mechanisms. Hallmarks of transformed
cells include deficiency of essential replication checkpoint com-
ponents, DNA repair defects, and uncontrolled replication.66

We found that cells exposed to A3A during stalled replication
exhibited persistent DNA damage signaling upon recovery
from replication stress, suggesting inadequate repair of geno-
mic damage. Robust A3A expression in replicating cancer cells
may lead to mutations that, in the absence of intact checkpoint
activation and DNA repair mechanisms, contribute to further
genome instability and clonal evolution of tumors. Our findings
also raise the possibility that A3A activity within cancer cells
could be exploited to induce genome toxicity and cellular
lethality as a form of cancer therapy.

Materials and methods

Cell lines

U2OS cells were purchased from the American Tissue Culture
Collection (ATCC) and maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 100 U/mL of penicillin
and 100 mg/mL of streptomycin, and supplemented with 10%
fetal bovine serum (FBS). ATM-deficient and ATM-
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complemented AT22IJE cells were a gift from Y. Shiloh (Tel
Aviv University) and were cultured in similar media. HepaRG
cells were a gift from R. Everett (University of Glasgow) and
were grown as previously described.67 Inducible HepaRG-A3A
and U2OS-A3A cells were constructed using a dual vector sys-
tem with pLKO-EGFP-TetR and pLKO-TetO-A3A as previ-
ously described.37,67 To construct inducible AT22IJE-A3A cell
lines, HA-tagged A3A cDNA was inserted into an entry vector
with the CMV promoter and upstream Tetracycline Response
Element (pEN_Tmcs). A pSLIK-A3A plasmid was generated
by Gateway cloning of the pEN_Tmcs-A3A plasmid into a
pSLIK lentivirus vector with a constitutively expressed neomy-
cin resistance gene and tetracycline transactivator (rTA)68 to
generate a single vector system of doxycycline-inducible
expression of A3A-HA. Production of lentiviral particles was
achieved by transfection of 293T cells as previously described.67

Following transduction with the pSLIK-A3A lentivirus, cells
were selected in 1 mg/mL neomycin. After selection, cells were
maintained in 0.5 mg/mL neomycin. All cells were grown at
37�C in a humidified atmosphere containing 5% CO2.

Cell-cycle analysis

HepaRG, U2OS, and AT22IJE cells were grown in the presence
or absence of doxycycline (0.1-2 mg/ml, Clontech), fixed in
70% ice-cold ethanol, washed in PBS, and resuspended in stain-
ing solution containing 20 mg/ml propidium iodide (Sigma)
and 200 mg/ml RNAse A (Roche). For BrdU incorporation,
cells were stained using the APC BrdU Flow Kit (BD Biosci-
ence) according to the manufacturer’s instructions. Data were
collected using an Accuri C6 Flow Cytometer (BD Bioscience)
and analyzed by FlowJo software (Version 10.0.8). Experiments
were each performed 3 times, and at least 10,000 cells were ana-
lyzed per sample.

Western blots, ATR inhibition, and immunofluorescence

For Western blotting, lysates were prepared by harvesting cells
in 1x lithium dodecyl sulfate sample buffer (Novex) and 10%
1 M dithiothreitol (DTT, Sigma) and boiling for 10 minutes,
then run on bis-tris gels and transferred to a nitrocellulose
membrane (Amersham). For ATR inhibition experiments, the
small molecule ATR inhibitor VE-822 (Vertex Pharmaceuti-
cals) was dissolved in dimethyl sulfoxide (DMSO) to make a
stock solution. Cells were co-treated with doxycycline and VE-
822 (100-150 nM) for 24 hours prior to harvest. Controls were
treated with an equal volume of vehicle (DMSO). For immuno-
fluorescence, cells were fixed with 4% paraformaldehyde and
permeabilized with 0.5% Triton X-100 for 10 minutes. Nuclei
were visualized by staining with 4,6-diamidino-2-phenylindole
(DAPI, Sigma). Images were acquired using a Zeiss LSM 710
confocal microscope. Quantification of cell staining was per-
formed on at least 200 cells per condition using ImageJ. Repre-
sentative images are shown.

Antibodies

Commercially available antibodies used in this study were
obtained from Cell Signaling (H2AX, Chk2, Chk2-P-T68,

Chk1-P-S345, Chk1-P-S317, gH2AX), Millipore (gH2AX),
Epitomics (ATM), Abcam (ATM-P-S1981, ATR), Santa Cruz
(HA, Chk1, Tubulin), GeneTex (GAPDH), and Biolegend
(HA). Fluorescent secondary antibodies were from Invitrogen.
Secondary antibodies for Western blotting included goat
anti-rabbit IgG and goat anti-mouse IgG (Jackson
ImmunoResearch).

Cell cycle synchronization, replication stress, and
quiescence

To synchronize in G1 phase, cells were cultured in isoleucine-
free DMEM (ILE-) for 40 hours.55 Cells were released from iso-
leucine-block by replacing the media with DMEM containing
isoleucine (ILEC) for 20 hours to obtain a population enriched
for S-G2 phase. To induce replication stress, cells were treated
with 5 mM hydroxyurea (HU, Sigma) for 4 hours. For recovery
experiments, cells were released into fresh media following
treatment with 5 mM HU for 4 hours. To achieve quiescence,
HepaRG cells were grown to confluence, then incubated in
DMEM supplemented with 0.1% FBS and 1% pen/strep for
48 hours prior to evaluation by Western blot or immunofluo-
rescence.69 To evaluate for DNA replication, cultured cells
grown on coverslips were pulsed with 10 mM EdU (Invitrogen)
for 40 minutes. Cells were fixed in 4% paraformaldehyde and
permeabilized in 1% Triton X-100. After washing, they were
incubated in click reaction cocktail containing 10 mM sodium
ascorbate (Sigma), 2 mM CuSO4 (Sigma), and 10 mM Alexa-
Fluor 488 Azide (Invitrogen) for 45 minutes. Cells were then
washed and incubated in DAPI for 5 minutes. Cells were
imaged and analyzed as described above.

Statistical analysis

Standard deviations and p values were generated in Graphpad
Prism 6 using paired and unpaired 2-tail t tests.

Uracil quantification assay

Uracil quantitation was performed as previously described.56

Briefly, genomic DNA was extracted and treated with E. coli
uracil DNA glycosylase (New England BioLabs) and an alde-
hyde-reactive probe (Dojindo Laboratories). The DNA samples
were spotted onto a positively charged nylon membrane
(Immobilon-Ny; Millipore) and membranes were then incu-
bated in a solution containing streptavidin-Cy5 (GE Health-
care). A uracil-containing oligonucleotide duplex served as a
uracil standard, and several dilutions of this DNA were proc-
essed alongside genomic DNA samples. Fluorescent imaging
was achieved using a Typhoon 9210 Phosphorimager. Cy5 fluo-
rescence was analyzed by ImageJ software, and the intensities of
the uracil-containing duplexes were used to generate a standard
calibration plot of Cy5 fluorescence versus uracil quantity. The
numbers of uracils in the genomic DNA samples were deter-
mined by interpolating their fluorescence intensities in the cali-
bration plot. These amounts were normalized for the amount
of DNA loaded for each sample to calculate the number of ura-
cils per 106 bp (1 million bp D »1.05£10¡15g).
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