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A B S T R A C T

Deamination of 5-methyl cytosine is a major cause of cancer-driver mutations in inflammation-associated can-
cers. The deaminase APOBEC3B is expressed in these cancers and causes mutations under replication stress;
however, the mechanisms by which APOBEC3B mediates deamination and its association with genomic dis-
orders are still unclear. Here, we show that APOBEC3B is stabilized to induce deamination reaction in response
to DNA double-strand breaks (DSBs), resulting in the formation of long-lasting DSBs. Uracil, the major deami-
nation product, is subsequently targeted by base excision repair (BER) through uracil-DNA glycosylase 2
(UNG2); hence late-onset DSBs arise as by-products of BER. The frequency of these delayed DSBs was increased
by treatment of cells with a PARP inhibitor, and was suppressed following knock-down of UNG2. The late-onset
DSBs were induced in an ATR-dependent manner. Those secondary DSBs were persistent, unlike DSBs directly
caused by γ-ray irradiation. Overall, these results suggest that the deaminase APOBEC3B is induced in response
to DSBs, leading to long-lasting DSB formation in addition to mutagenic 5me-C>T transition induction.

1. Introduction

Cancer development is associated with mutations and genomic in-
stability [1,2]. In cancers that develop under conditions of chronic in-
flammation, deamination-associated C>T mutations are induced
massively in association with expression of deaminase APOBEC3A and
B [3]. These C>T mutations occur widely in epigenetically-methylated
CpG islands; this is because deamination of 5me-cytosine yields thy-
mine (5me-C>T transition) [4]. While APOBEC3A is more effective in
5me-C deamination than APOBEC3B, deamination mediated C>U
induction by APOBEC3A is less efficient than that by APOBEC3B [5,6].
APOBEC3A and B targets single strand DNA (ssDNA); therefore, it plays
a crucial role in restricting proliferation of retroviruses by hyperediting
their complementary DNA intermediates [7]. Deamination may also
occur at exposed ssDNA sites in normal cells. While deamination at
unpaired ssDNA loci could result in G/T-mismatches that are repairable
by base excision repair (BER) (via the thymine DNA glycosylases TDG

and MBD4) [8,9], deamination at exposed ssDNA sites could lead to
mutational 5me-C>T transitions in addition to major C>U transi-
tions that are repairable through UNG-mediated BER [10]. Indeed,
deamination-mediated mutagenesis, i.e., 5me-C>T transition, is ele-
vated in APOBEC3B-expressing cells [5] and is a major pathway that
results in cancer-driver mutations, such as those present in the p53 and
APC genes [11].

Deamination-mediated mutations (5me-C>T transitions) at CpG
sites are induced in association with kataegis, a mutational process that
results in localized hypermutations at or around genome rearrangement
loci [12]. Because genome rearrangement occurs via erroneous end-
joining of double-strand breaks (DSBs), deamination-mediated hy-
permutation may occur during the damage response or repair processes.
Intriguingly, deamination-mediated mutagenesis occurs in the lagging
strand under replication stress in a manner that is dependent on the
ataxia-telangiectasia and Rad3-related (ATR) kinase [13]. However, the
association between deamination and damage responses is still not
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clear. In addition, although deamination is usually induced at very
limited genomic loci [12] (where it should also induce massive C>U
transitions), it remains unclear whether such massive transitions are
associated with genome integrity.

In this study, we found that DSBs trigger the onset of APOBEC3B
activation, in a manner dependent on ATR. Subsequently, the cells
undergo massive BER via nuclear uracil-DNA glycosylase UNG2, ulti-
mately leading to further DSB accumulation.

2. Materials and methods

2.1. Cell culture

HeLa and SW480 cells were obtained from ATCC and cultivated in

DMEM containing 10% fetal calf serum [14]. The cells were transfected
with the APOBEC3B expression vector (pPM-APOBEC3B; abm) or the
negative control vector (pPM-NC; abm) using Lipofectamine 3000 (Life
Technologies). Treatment with olaparib (Selleckchem), KU55933
(Merck Millipore), VE-822 (Selleckchem), or NU7441 (Selleckchem)
was performed where indicated. To knockdown nuclear UNG2, a siRNA
that targets both mitochondrial UNG1 and UNG2 (Thermo Fisher;
139934) were used where indicated, comparing with a negative control
siRNA (Qiagen; 1027281). Survival rates were determined by counting
the number of viable cells 7 days after γ-ray irradiation.

2.2. DNA damage

DNA damage was induced by 137Cs irradiation of cells in a

Fig. 1. DSBs trigger activation of APOBEC3B and lead to late-onset DSB formation mediated by BER. (A) Schematic representation of deamination reactions and the
subsequent BER process. (B–C) HeLa cells were transfected with the pPM-APOBEC3B or negative control (NC) vector and treated as depicted in the upper boxes. The
numbers of γH2AX foci in γ-irradiated HeLa cells were quantified via immunofluorescence (B). γH2AX foci merged with 53BP1 foci: 97% at 1 h, 90% at 24 h, and
84% at 48 h (C). (D) Cells were transfected with a negative control siRNA (siNC) or a siRNA against UNG (siUNG). (E) Cells were treated with or without the PARP
inhibitor olaparib. Bars show means± s.d. The numbers of cells counted in each condition are inserted in the graphs. Scale bars, 10 µm.
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Gammacell 40 Exactor (Best Theratronics). The induced DSBs were
detected by immunostaining of γH2AX and 53BP1. Hydroxyurea
(Sigma) was also used to induce DNA replication stress-associated DSBs.
Statistical analysis of γH2AX foci was performed from the indicated
numbers of cells. In Figs. 1B and 1D, statistical analyses were performed
together for the experiments done in same condition.

2.3. Antibodies, immunostaining, and western blotting

Antibodies against the following proteins were obtained from the
indicated suppliers: γH2AX (Millipore, 05–636; and CST, 9718), β-actin
(Sigma, AC-74), 53BP1 (Merck, PC712), APOBEC3B (GeneTex,
GTX17214), and HA-tag (Abcam, ab49969). Western blotting was
performed as described previously [15]. Immunostaining was also
performed as described previously [16] using a confocal laser micro-
scope (Olympus, FV10i). Before immunostaining with primary and
secondary antibodies, cells were fixed with 4% paraformaldehyde for
10min and permeabilized with 0.1% Triton X-100/PBS for 10min. For
confocal microscope imaging, cells were cultured on coverslips and
stained as above.

3. Results

3.1. APOBEC3B is activated in response to DSBs

The APOBEC3B deaminase targets both cytosine and 5me-cytosine
in ssDNA [17] (Fig. 1A). While deamination of 5me-cytosine is induced

only at epigenetically-methylated DNA loci (which leads to 5me-C>T
transitions), deamination of cytosine should be induced widely; this
causes C>U transitions that subsequently induce UNG2-initiated BER
to eliminate uracil from the DNA strands in the nucleus [10]. To de-
termine the deamination status of cellular APOBEC3B in response to
DNA damage, DSBs that appeared as by-products of BER were analyzed
in irradiated cells expressing an APOBEC3B-containing or negative
control vector. Because large numbers of DSBs are induced during BER
in association with DNA replication [18], late-onset DSB formation was
evaluated 12–48 h after γ-irradiation (2 Gy) by monitoring the forma-
tion of γH2AX foci. As expected, after the early repair of DSBs that were
directly caused by the γ-irradiation, secondary γH2AX foci were spe-
cifically observed in APOBEC3B-expressing cells 12–48 h after γ-irra-
diation (Fig. 1B). In addition, most γH2AX foci merged with 53BP1 foci
(Fig. 1C), indicating that the γH2AX foci were DSBs. Such late-onset
γH2AX foci were observed in most of the APOBEC3B-expressing cells,
and the level of induction of these foci was almost identical to that
caused by the γ-irradiation. In addition, late-onset γH2AX foci were
observed continuously throughout the monitoring period, indicating
that, unlike the DSBs caused by irradiation directly, they were not ef-
ficiently repaired.

To gain further insights into the roles of deamination and BER in
late-onset DSB formation, we examined the effects of siRNA-mediated
knock-down of UNG2, a nuclear uracil-DNA glycosylase, on delayed
γH2AX foci formation (at 24–48 h) in cells overexpressing APOBEC3B.
As expected, the delayed formation of γH2AX foci in these cells was
effectively suppressed by knock-down of UNG2 (Fig. 1D), suggesting

Fig. 2. The formation of late-onset DSBs in the presence of APOBEC3B requires ATR. (A, B) HeLa cells were treated as depicted in the upper box. The numbers of
γH2AX and 53BP1 foci in HeLa cells were quantified via immunofluorescence at late (A) and early (B) time-points after γ-irradiation. Where indicated, the cells were
treated with KU55933, VE-822, or NU7441. Bars show means ± s.d. The numbers of cells counted in each condition are inserted in the graphs. Scale bars, 10 µm.
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that late-onset DSB formation is dependent on UNG2-mediated BER,
thereby supporting the induction of APOBEC3B-mediated C>U tran-
sitions. This hypothesis is further supported by the finding that treat-
ment of cells with olaparib, a PARP inhibitor that blocks the ligation
step of BER, enhanced the accumulation of late-onset γH2AX foci
(Fig. 1E). Taken together, these results support the hypothesis that
APOBEC3B is activated by γ-irradiation and leads to C>U transitions,
which subsequently result in UNG2-mediated BER and the induction of
γH2AX foci as by-products. Unlike the early-onset γH2AX foci directly
caused by γ-irradiation, the secondary γH2AX foci were continuously
observed throughout the monitoring period, suggesting that the sec-
ondary damage caused by deamination and BER was persistent
(Fig. 1A).

3.2. ATR is required for APOBEC3B-mediated late onset DSB formation

Next, we examined the involvement of the DNA damage checkpoint
response in APOBEC3B activation after γ-irradiation. The kinases in-
volved in this response, namely, ataxia-telangiectasia mutated (ATM),
ATR, and DNA-PK, were inhibited by treatment of APOBEC3B-expres-
sing cells with KU55933, VE-822, and NU7441, respectively (Fig. 2A).
The late-onset γH2AX foci formed via APOBEC3B were efficiently in-
duced in the presence of KU55933 or NU7441; however, their forma-
tion was specifically blocked in the presence of VE-822, suggesting a
requirement for ATR. We also examined the effects of inhibiting ATR
and ATM on early DNA damage responses (Fig. 2B). As expected, early-
onset formation of γH2AX and 53BP1 foci after γ-irradiation was re-
duced in the presence of KU55933 (Fig. 2B), confirming the role of ATM
in immediate responses to DSBs [19]. However, this had no effect on
the frequency of late-onset DSB formation. Taken together, these results
suggest that the deaminase APOBEC3B is activated by DSBs specifically
via the ATR kinase. This results in C>U transitions that ultimately lead
to accumulation of late-onset γH2AX-foci via UNG-mediated BER. Since
ATR dependence is also observed during deamination-mediated

mutagenesis under replication stress [20], ATR might be commonly
involved in deamination.

3.3. APOBEC3B is stabilized in response to DSBs

Deaminase-mediated mutations occur in association with kataegis
(localized hypermutation at or around DNA rearrangement loci) [12],
suggesting that deamination reaction is specifically induced at or
around DSB sites that occur following DNA damage or during the repair
process. To determine the damage dependence, APOBEC3B expression
status was monitored after γ-irradiation, as APOBEC3B is usually not
expressed in most cells and is specifically expressed in cells accumu-
lated deamination-mediated mutations [21,22]. As expected, the level
of APOBEC3B protein was increased after γ-irradiation or treatment of
hydroxyurea, an agent that causes replication stress-associated DSBs
(Figs. 3A and 3B), indicating damage-dependent stabilization. The in-
crease in APOBEC3B expression was observed as early as 30min after γ-
irradiation (Fig. 3C), which is much faster than the expression level
changes that are usually seen following modulation of transcription and
translation. One possible explanation is the involvement of proteasomal
degradation, a process in which proteins are degraded under normal
conditions. Such proteolysis is blocked in response to certain types of
damage/stress, resulting in rapid accumulations of proteins, such as
those observed for H2AX and NRF2 in response to DSBs and oxidative
stress, respectively [23,24]. To examine the hypothesis that inhibition
of proteasomal degradation results in APOBEC3B accumulation, we
treated SW480 cells with the proteasome inhibitor MG132 or the E1
ubiquitin ligase inhibitor PYR41. Remarkably, APOBEC3B was accu-
mulated in non-irradiated cells following treatment with these agents
(Fig. 3D). These results suggest that the deaminase APOBEC3B is con-
tinuously synthesized and is proteolyzed under normal conditions, but
is immediately accumulated in response to DSBs via inhibition of the
proteasomal-degradation pathway, ultimately causing deamination-
mediated C>U transitions and subsequent long-lasting DSB formation.

Fig. 3. APOBEC3B is stabilized in response to DSBs. (A–C) HeLa and SW480 cells were irradiated by γ-ray (A, C) or treated with hydroxyurea (B). The expression of
APOBEC3B and HA-tagged APOBEC3B was analyzed by western blotting. Western blotting was performed using an anti-HA antibody to detect exogenous HA-tagged
APOBEC3B in HeLa cells and an anti-APOBEC3B antibody to detect endogenous APOBEC3B in SW480 cells. Bars show means ± s.d. (n=3 biologically independent
experiments). (D) SW480 cells were treated with MG132 or PYR41 as indicated. Western blotting was performed using an anti-APOBEC3B antibody. (E) HeLa cells
expressing HA-tagged APOBEC3B and the negative control were irradiated by γ-ray. Their survival efficiencies were assessed. The graph shows mean survival rate
(%) ± s.d. (n= 3 biologically independent experiments).
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To determine the effect of those deaminase-mediated secondary
DSBs for radiation sensitivity, we examined the killing efficiencies of
cells expressing APOBEC3B and compared with the control after ra-
diation and observed almost no difference in those two conditions
(Fig. 3E). This suggests that the effect of such late-onset DSB formation
is probably limited at least for cancer-cell killing by IR.

4. Discussion

The results presented here demonstrate that the deaminase
APOBEC3B is activated in response to DSBs, specifically through ATR
kinase. In addition to causing mutagenic 5me-C>T transitions,
APOBEC3B-mediated deamination reactions also cause C>U transi-
tions, which subsequently induce UNG-mediated BER to eliminate ur-
acil from the DNA. As a result, cells expressing APOBEC3B accumulate
late-onset γH2AX foci as by-products of BER. Notably, the levels of late-
onset γH2AX foci observed here were comparable to those of the pri-
mary γH2AX foci caused directly by γ-irradiation (Figs. 1 and 2),

suggesting massive BER induction.

4.1. DSB-triggered APOBEC3B stabilization

Deaminase-mediated mutagenesis is induced in association with
kataegis, suggesting that deamination is very specifically induced at or
around DSB sites. The precise mechanism by which APOBEC3B is in-
duced is still unclear; however, the results presented here provide some
insights. APOBEC3B is rapidly up-regulated in response to γ-irradiation.
Such a rapid increase in expression is not possible through changes in
transcription and translation rates, but can occur for factors that are
continuously synthesized and degraded by the proteasome pathway. In
fact, our experiments revealed that APOBEC3B is continuously syn-
thesized and degraded by the proteasomal system under normal con-
ditions. Notably, this type of rapid up-regulation of expression is
usually seen during immediate responses to certain types of stress or
damage; for example, H2AX and NRF2 are upregulated rapidly in re-
sponse to DSBs and oxidative stress, respectively [23,24]. Therefore, we

Fig. 4. Proposed model. (A) APOBEC3B is activated in an ATR-dependent manner following γ-irradiation. The cells then undergo BER to eliminate uracil from the
DNA, and some cells undergoing DNA replication can form DSBs. (B–C) Alternatively, massive deamination reactions are induced in very limited regions and cause
further DSBs during the subsequent BER process (B). This event could lead to futile chain reactions of DSB formation and repair (C).

A. Shimizu et al. Biochemistry and Biophysics Reports 16 (2018) 115–121

119



suggest that APOBEC3B is regulated in a similar manner to enable
immediate cellular responses to stress or damage.

Deaminases cause C>T/U transitions often in association with
hypermutation at very limited loci, as seen in inflammation-associated
cancer cells and in B cells during somatic hypermutation, specifically at
variable regions of immunoglobulin genes [25–27]. Intriguingly, both
are associated with DSB formation and genomic rearrangement, al-
though the mechanism by which deamination-mediated mutagenesis is
associated with DSBs is still elusive.

4.2. Long-lasting DSB formation

UNG-mediated late-onset γH2AX foci were continuously observed in
most APOBEC3B-expressing cells 12–48 h after γ-irradiation (Fig. 1),
indicating that such secondary DSBs are massively induced and difficult
to repair. This finding is unexpected because BER-mediated DSB for-
mation occurs during replication (or sometimes in association with
transcription) and is therefore expected to occur only in some cells,
specifically those in which DSBs are repairable (Fig. 4A). However, the
frequency and persistence of the DSBs observed in the current study
were much higher than expected. It is possible that secondary DSB
formation is directly associated with the mechanisms of deamination
and BER. In fact, since deamination-mediated hypermutation is induced
in very limited regions at or around genome rearrangement loci (DSB
sites) [12], deamination-mediated C>U transitions should be induced
in very close proximity to these sites, at which spontaneous formation
of more DSBs is expected as a consequence of BER (Fig. 4B). Such BER-
mediated formation of DSBs could induce further deamination and
cause further BER-mediated DSBs, resulting in multiple rounds of DSB
formation and repair (Fig. 4C). It is not clear whether the late-onset
DSBs observed herein undergo such futile cycles; however, this type of
chain reaction could certainly contribute to their persistence.

It was recently shown that APOBEC3A/B expressing cancer cells are
sensitive to ATR inhibitors owing to the resulting replication cata-
strophe [28]. These findings are likely different from our own because
formation of late-onset long-lasting DSBs is due primarily to γ-irradia-
tion and is blocked by an ATR inhibitor. Thus, the effects of ATR-
mediated deamination reactions are likely context-dependent.

4.3. Effect of long-lasting DSBs caused by APOBEC3B

As shown in Fig. 3E, expression of APOBEC3B does not contribute to
the killing effect of γ-irradiation. This might be due to the associated
damage levels. In fact, when significant damage is caused by γ-irra-
diation, cells respond directly by inducing apoptosis via activation of
damage checkpoints; therefore, in such cases, the effects of late-onset
DSBs are probably limited. By contrast, APOBEC3B-mediated secondary
DSBs arise only after repair of primary DSBs, in which damages caused
by γ-irradiation must be tolerable for those cells. The number of sec-
ondary γH2AX foci is similar to that of primary foci; hence, the cells are
expected to tolerate the damage. This may be why cells survive with
long-lasting secondary DSBs.

APOBEC3B-mediated long-lasting DSBs could be a risk factor for
genomic rearrangements. In fact, deamination-mediated hypermutation
is observed in association with kataegis, which is a localized hy-
permutation at genome rearrangement loci [12]. This implies that the
locus subjected to DSBs with massive deamination likely undergoes
genomic rearrangement rather than direct end-joining repair. It is
widely accepted that genomic rearrangements are caused by erroneous
end-joining of DSBs, each of which is located originally at separated
chromosomal positions. Such risks could increase when DSBs are not
repaired effectively and/or when these DSBs occur in close proximity to
other broken ends. Thus, formation of long-lasting DSBs likely increases
the risk of genomic rearrangement.
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