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Human cells express up to 9 active DNA cytosine deaminases with
functions in adaptive and innate immunity. Many cancers manifest
an APOBEC mutation signature and APOBEC3B (A3B) is likely the
main enzyme responsible. Although significant numbers of APOBEC
signature mutations accumulate in tumor genomes, the majority of
APOBEC-catalyzed uracil lesions are probably counteracted in an
error-free manner by the uracil base excision repair pathway. Here,
we show that A3B-expressing cells can be selectively killed by
inhibiting uracil DNA glycosylase 2 (UNG) and that this synthetic
lethal phenotype requires functional mismatch repair (MMR) pro-
teins and p53. UNG knockout human 293 and MCF10A cells elicit an
A3B-dependent death. This synthetic lethal phenotype is dependent
on A3B catalytic activity and reversible by UNG complementation.
A3B expression in UNG-null cells causes a buildup of genomic uracil,
and the ensuing lethality requires processing of uracil lesions (likely
U/G mispairs) by MSH2 and MLH1 (likely noncanonical MMR). Can-
cer cells expressing high levels of endogenous A3B and functional
p53 can also be killed by expressing an UNG inhibitor. Taken to-
gether, UNG-initiated base excision repair is a major mechanism
counteracting genomic mutagenesis by A3B, and blocking UNG is
a potential strategy for inducing the selective death of tumors.

APOBEC3B mutagenesis | DNA deamination | mismatch repair | synthetic
lethality | uracil base excision repair

APOBEC signature mutations are common in several cancer
types including breast, head/neck, cervical, bladder, and

lung (1–4). This signature is comprised of C-to-T transitions and
C-to-G transversions within TC(A/T) trinucleotide motifs result-
ing in TT(A/T) and TG(A/T) mutations (1, 2, 4). Multiple lines of
evidence indicate that APOBEC3B (A3B), the only constitutively
nuclear single-stranded (ss)DNA deaminase (5), is the primary
source of these mutations (1–4). First, A3B is overexpressed in
primary tumors compared to normal tissues (e.g., >50% of breast
tumors and >90% of head/neck tumors) (2, 6). Second, increased
A3B levels correspond positively with overall cytosine mutational
loads (6). Third, A3B expression associates with worse clinical
outcomes including hormone therapy resistance in breast cancer
(7–10). APOBEC3A and APOBEC3H have also been implicated
in cancer mutation, although to lesser extents (11–13).
APOBEC-catalyzed C-to-U lesions must escape multiple

DNA repair processes before becoming immortalized as muta-
tions in tumor genomes. Most DNA uracil lesions are counter-
acted by base excision repair (BER), which excises the uracil
base and choreographs its faithful replacement by another cy-
tosine (reviewed by refs. 14–16). Uracil BER is primarily initi-
ated by uracil DNA glycosylase 2 (hereafter UNG), which catalyzes
uracil excision, resulting in an abasic site that is further processed
by endonucleolytic cleavage, local DNA synthesis, and ligation.
Intermediates in UNG-initiated BER (abasic sites and ssDNA
nicks) need to be processed efficiently to avoid becoming more
detrimental lesions such as double-stranded (ds)DNA breaks,
which can precipitate translocations, amplifications, deletions,

and/or duplications. As a backup to BER, mismatch repair (MMR)
can also mediate the repair of uracil lesions, specifically U/G mis-
pairs (reviewed by refs. 17 and 18). Moreover, unrepaired uracils
template the insertion of adenines during DNA replication, which
leads to C-to-T transition mutations (19–21). The combination of
APOBEC-catalyzed DNA cytosine deamination, incomplete pro-
cessing by BER, and erroneous insertion by REV1 (resulting in
C-to-G transversions) accounts for the APOBEC signature in
cancer (22). It is therefore possible that inhibiting the repair of
A3B-catalyzed uracil lesions will result in toxic accumulation of
genomic uracils and genome instability, which may be an effective
way to selectively kill A3B-expressing tumor cells. This strategy
parallels the classical example of synthetic lethality in which PARP
inhibitors suppress DNA repair in homologous recombination-
deficient tumors (e.g., BRCA1 mutant cells; reviewed by ref. 23).
Here, we test the hypothesis that UNG inhibition will be toxic

to A3B-overexpressing cells. In support of this idea, 2 different
UNG knockout (KO) cell lines showed hypersensitivity to A3B.
This synthetic lethal phenotype required functional MMR proteins
as both UNG KO/MSH2 KO and UNG KO/MLH1 knockdown
cells became resistant to A3B. Several lines of evidence indicated
that U/G mispairs and ssDNA tracts are molecular intermediates
in this process. Finally, a role for p53 was shown by restoring p53
function in a breast cancer cell line and causing a synthetic lethal
interaction between A3B and UNG inhibition. These results
suggest that UNG inhibition may be a strategy to selectively kill
A3B-positive tumors.

Significance

APOBEC3B (A3B) is overexpressed in multiple tumor types and
a major source of mutation by converting DNA cytosines to
uracils. A3B-positive tumors are often more heterogenous and
result in poor clinical outcomes. We show that a proportion of
A3B-catalyzed uracil lesions is repaired by uracil DNA glyco-
sylase 2 (UNG)-driven base excision repair and that rendering
cells UNG-defective leads to cytotoxicity. This cell death mecha-
nism requires uracil processing by mismatch repair proteins and
functional p53. Our results indicate that UNG inhibition could be
a strategy to kill a subset of A3B-positive tumors.
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Results
UNG Knockout Is Synthetic Lethal with Enforced A3B Overexpression.
To test the hypothesis that inhibition of uracil BER would result
in a synthetic lethal combination with A3B overexpression,
CRISPR was used to disrupt theUNG gene in a system that allows
for doxycycline (Dox)-inducible expression of an A3B-eGFP con-
struct (293-TREx-A3Bi-eGFP [293-A3B]). Maximal A3B-eGFP
induction elicits a strong DNA damage response (DDR) and cy-
totoxicity in this system (6, 24). However, here we wanted to use
the lowest Dox concentration for A3B induction and minimal
toxicity, which in titration experiments was determined to be 1
ng/mL with A3B-eGFP fluorescence still approaching 100% (SI
Appendix, Fig. S1A). UNG KO clones were validated by uracil
excision activity assays and immunoblotting (SI Appendix, Fig.
S1B). Knockout specificity was demonstrated by restoring both
uracil excision activity and immunoreactivity upon complementa-
tion with a WT UNG cDNA (SI Appendix, Fig. S1B).
Colony formation assays were done to directly compare the

viability (colony formation efficiency) of parental (WT) cells and
UNG-null derivatives in the absence or presence of 1 ng/mL Dox
for A3B-eGFP induction. Under control conditions, WT, UNG
KO clones, and UNG-complemented derivatives showed similar
colony formation efficiencies and doubling times (SI Appendix,
Fig. S1 C and D). In contrast, A3B-eGFP induction caused a
50% decline in parental cell viability and a synergistic >90%
reduction in UNG-null cell viability (Fig. 1 A and B). This syn-
thetic lethal phenotype could be reversed by complementation
with a retroviral construct expressing WT UNG. Furthermore,
synthetic lethality was dependent on A3B catalytic activity, be-
cause induced expression of an A3B-eGFP catalytic mutant (CM)
caused no change in survival with or without UNG (Fig. 1B).

UNG Knockout Is Synthetic Lethal with Endogenous A3B Up-
Regulation. To further investigate the synthetic lethal phenotype
between A3B and UNG ablation, we used the breast epithelial cell

line MCF10A where endogenous A3B can be induced by phorbol
12-myristate 13-acetate (PMA) treatment and signal transduction
through the PKC and noncanonical NF-κB pathways (25). PMA-
induced A3B mRNA levels are similar to those reported in many
cancer cell lines and tumors (6, 25). As above, MCF10A cells were
engineered to lack UNG (SI Appendix, Fig. S1E). MCF10A pa-
rental and UNG KO clones were then transduced with lentiviral
constructs expressing either a nontargeting shRNA (shCTRL) or a
previously validated A3B-specific shRNA (shA3B) to be able to
determine whether observed phenotypes are due to endogenous
A3B (6, 25). A3B knockdown was confirmed by treating with PMA
and quantifying mRNA levels by RT-qPCR (SI Appendix, Fig.
S1F). PMA treatment had a modest effect on parental (WT)
MCF10A viability, but this was independent of A3B as no sig-
nificant difference was observed between shCTRL and shA3B
conditions (Fig. 1 C and D). In contrast, 3 independent UNG KO
clones showed a 40–50% reduction in viability following A3B in-
duction, with the majority of this synthetic lethal phenotype sup-
pressible by endogenous A3B knockdown (Fig. 1 C and D).

A3B-Induced DNA Damage Responses Are UNG Dependent. We next
assessed DDR markers starting with the 293-A3B system. In
WT cells, A3B induction caused increased CHK1 phosphorylation,
γ-H2AX accumulation, and p21 expression (Fig. 2A), consistent
with prior reports (6, 24, 26). Interestingly, induction of these
DDR markers by A3B-eGFP was fully dependent upon UNG
(Fig. 2A). Levels of p21 and, to a lesser extent, phosphorylated
CHK1 even appeared to decline below uninduced levels in UNG-
null clones overexpressing A3B-eGFP (potentially related to leaky
A3B-eGFP expression in this system; refs. 6 and 24). Nevertheless,
these results clearly showed that UNG is required for A3B-induced
activation of the DDR.
To further investigate the mechanism by which A3B mediates

death of UNG-null cells, alkaline COMET assays were done to
quantify AP sites and ss/dsDNA breaks (i.e., intermediates in
uracil excision repair). 293-A3B cells with and without UNG were
treated 48 h with Dox to induce A3B-eGFP and then harvested for
COMET assays. A3B-eGFP induction in WT cells caused a 2-fold
increase in the amount of genomic DNA in COMET tails, which
was completely dependent upon uracil excision activity because
UNG KO clones did not show similar increases (representative
images in Fig. 2B and quantification by red/blue bars in Fig. 2C;
larger number of images from this and another independent ex-
periment in SI Appendix, Fig. S2). Moreover, neutral COMET
assays, which only detect dsDNA breaks, showed that A3B can
also cause this type of lesion through an UNG-dependent mech-
anism (SI Appendix, Fig. S3 A and B). As an independent measure
of DNA damage, A3B induction also increased γ-H2AX foci
through UNG (SI Appendix, Fig. S3 C and D). Taken together,
these results showed that UNG is required for both A3B-induced
activation of the DDR and accumulation of AP sites and ssDNA
breaks, and also for an increase in dsDNA breaks.

A3B-Induced Uracil Lesions (Not DNA Breaks nor DDR) Are Molecular
Intermediates in the Synthetic Lethal Phenotype. Although DNA
breaks are established cytotoxic lesions, the results above indi-
cated counterintuitively that these may not be the primary reason
for A3B-induced synthetic lethality (i.e., UNG ablation promoted
A3B-dependent death but suppressed DNA break accumulation).
Moreover, standard alkaline COMET assays were negative with
the MCF10A system, which expresses lower A3B levels (SI Ap-
pendix, Fig. S4). Therefore, to further investigate the lesion re-
sponsible for the synthetic lethal phenotype, an additional step
was added to the COMET protocol to quantify genomic uracil
(27). Permeabilized cell nucleoids were treated with recombinant
human UNG (hUNG) to excise DNA uracil. The resulting abasic
sites were then converted to ssDNA breaks under the alka-
line conditions of the assay. Thus, through quantification of these
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additional tail DNA signals, over and above those described
above, this modified COMET protocol provided a readout of
genomic uracil levels. As expected, hUNG treatment caused an
increase in COMET tail DNA in every condition with larger
increases evident in UNG-null cells (representative images in Fig.
2B; quantification with open bars in Fig. 2C; larger number of
images from this and another independent experiment in SI Ap-
pendix, Fig. S2). Complementary results were also obtained by
applying this modified assay to MCF10A, where UNG-null cells
showed 2-fold more uracil COMET signal and nearly all of this
increase could be suppressed by depleting endogenous A3B (SI
Appendix, Fig. S4). Altogether, these COMET experiments showed
that A3B inflicts uracil lesions in genomic DNA that are processed
in an UNG-dependent manner into detectable DNA breaks (AP
sites/ssDNA breaks and dsDNA breaks). Moreover, when con-
sidered with the colony formation data in Fig. 1, these results in-
dicated that A3B-induced genomic uracils (not DNA breaks) are
responsible for the observed cell death by either leading directly to
toxicity and/or being processed by another pathway into lesions
with greater cytotoxicity.

Mismatch Recognition Proteins MSH2 and MLH1 Are Required for
A3B-Mediated Toxicity in UNG-Null Cell Lines. Considering the
likely stochastic nature of A3B-catalyzed DNA deamination, any
resulting mutations would have to accumulate in essential genes
to develop into a lethal phenotype in UNG-null cells. A more
likely mechanism based on biochemical insights and precedents
for activation induced deaminase (AID)-mediated antibody gene
diversification is uracil processing by MMR (17, 18, 28). MMR is
capable of recognizing U/G mispairs and creating long patches of
ssDNA that could become substrates for additional A3B deami-
nation events and/or templates for error-prone DNA synthesis. To
determine whether MMR may be involved in A3B-induced cyto-
toxicity, CRISPR was used to knock out MSH2 in 293-A3B cells.
MSH2 KO and UNG/MSH2 double-KO clones were generated
and confirmed by immunoblotting (Fig. 3A). TheMSH2 KO alone
had no additional impact on colony formation efficiency with or
without A3B induction in 293-A3B cells. However, the KO of
MSH2 in 3 independent UNG-null clones resulted in complete
suppression of the synthetic lethal phenotype (Fig. 3 B and C).
Suppression was specific to MSH2 disruption because comple-
mentation with WT MSH2 cDNA restored lethality (SI Appendix,
Fig. S5 A–C). A similar MSH2 dependence was evident in the
MCF10A system (Fig. 3 D–F). Additionally, shRNA-mediated
knockdown of MLH1 in 293-A3B UNG KO cells was also able

to revert the synthetic lethal phenotype (SI Appendix, Fig. S5D–F).
These results strongly indicated that a MSH2- and MLH1-
dependent process provides an alternative route for genomic ura-
cil processing and, importantly, that this process mediates A3B-
induced toxicity in UNG-null cells.

A3B Induction in UNG Knockout Cells Leads to MSH2-Dependent
ssDNA Tracts and PCNA Monoubiquitylation. The MMR excision
process results in ssDNA tracts up to several kilobase pairs long
that can serve as templates for synthesis by replicative and error-
prone DNA polymerases (17, 29, 30). To probe for ssDNA ac-
cumulation, a series of BrdU immunofluorescence experiments
was performed under nondenaturing conditions (31). These ex-
periments showed that A3B induction causes a modest but sig-
nificant increase in ssDNA in WT cells (SI Appendix, Fig. S6 A
and B). In comparison, A3B induction in UNG KO cells caused
3-fold higher levels of ssDNA and this increase was fully de-
pendent upon MSH2 (SI Appendix, Fig. S6 A and B). A3B-
induced UNG KO cells also showed elevated RPA staining
consistent with an accumulation of more of ssDNA (SI Appendix,
Fig. S6 A and B).
To estimate the capacity for translesion DNA synthesis, WT,

UNG KO, MSH2 KO, and UNG/MSH2 KO 293-A3B cells were
blotted for PCNA. PCNA monoubiquitylation (PCNA-Ub) is
required for translesion DNA synthesis (30). These immunoblots
indicated that there is no obvious difference in PCNA-Ub levels
when A3B is induced in WT cells (SI Appendix, Fig. S6C).
However, A3B induction in UNG KO 293-A3B cells caused an
increase in PCNA-Ub, which could also be suppressed by ab-
lating MSH2 (SI Appendix, Fig. S6C). Altogether, these results
indicated that in the absence of UNG, A3B-catalyzed uracil le-
sions (likely U/G mispairs) trigger a MSH2-dependent genera-
tion of ssDNA tracts and PCNA-Ub indicative of translesion DNA
synthesis.

Synthetic Lethality of A3B-High, UNG-Inhibited Cancer Cells Requires
p53. We next investigated the role of UNG in preserving the
viability of cancer cells with elevated levels of endogenous A3B.
We chose the breast cancer cell line, BT-474, because it expresses
tumor-like levels of A3B (Fig. 4A) and has a strong APOBEC
mutation signature (32). We reasoned that a knockout approach
might not be successful here because targeted cells might die
before analysis. We therefore first used lentiviral transduction to
create A3B-high (shCTRL) and A3B-low (shA3B) pools, as
above, and then used another round of transduction to create
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UNG-proficient (vector control) and UNG-inhibited (UGI express-
ing) subpools (i.e., 4 conditions total). The bacteriophage-derived
uracil DNA glycosylase inhibitor (UGI) protein is a universal

UNG antagonist with proven potency in vertebrate cells (33).
RT-qPCR confirmed A3B knockdown, and uracil excision assays
confirmed UNG inhibition (89% and 94% efficient, respectively;
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Fig. 4 A and B). The viability of each pool was compared daily by
MTS assays and, curiously, all 4 conditions maintained similarly
high viabilities over 7 d (i.e., relative proliferation rates of 1;
Fig. 4C).
However, a key difference between the systems above (293T

and MCF10A) and the cancer cell line used here is functional
versus mutant p53, respectively. Together with our prior dem-
onstration that TP53-null 293-A3B cells become resistant to
A3B-induced cell death (24), we hypothesized that the synthetic
lethality observed between A3B overexpression and UNG abla-
tion requires functional p53. Fortunately, BT-474 cells express a
temperature-sensitive p53 mutant (E285K) that misfolds at 37 °C
but folds properly and maintains WT function at 32 °C (34).
Indeed, as shown previously, this p53 mutant is misfolded, re-
silient to MDM2-mediated degradation, and accordingly expressed
at higher levels at 37 °C, whereas the same mutant is folded
properly, degraded by MDM2, and expressed at lower levels at
32 °C (Fig. 4D). Moreover, the p53-responsive gene CDKN1a
(p21) was expressed at higher levels at 32 °C and could be further
up-regulated by cisplatin (Fig. 4D). The MTS experiment de-
scribed above was repeated at 32 °C and, as anticipated, the res-
toration of p53 activity resulted in a concomitant emergence of the
synthetic lethal phenotype between A3B overexpression and UNG
inhibition (Fig. 4E).

Discussion
These studies implicate uracil BER as a target to selectively kill
tumor cells overexpressing A3B. We show that disruption of
uracil BER by deleting UNG sensitizes cells to A3B expression.
Synthetic lethality was quantified by colony formation assays,
which are a gold standard for viability measurements. Further-
more, A3B expression in UNG-null cells did not activate a DDR
or induce DNA breaks but, instead, it induced the accumulation
of uracil lesions in chromosomal DNA. Epistasis analysis revealed
that the synthetic lethal phenotype is dependent on MMR pro-
teins, MSH2 and MLH1, as well as associated with ssDNA ac-
cumulation. Finally, UNG inhibition by UGI caused A3B-
dependent proliferation defects in the breast cancer cell line
BT-474 but only when p53 function was restored.
Our results support a model in which A3B-induced uracil le-

sions are substrates for both uracil BER and MMR proteins (Fig.
5; see next paragraph for precedents). A key inference from
MSH2 and MLH1 involvement is that A3B-catalyzed deamina-
tion is likely to lead to U/G mispairs. These lesions probably
emerge from transcription-associated events, such as deamina-
tion of cytosines in single-stranded R loops followed by R-loop
dissolution to leave a mismatch-containing DNA duplex. U/G
mispairs are less likely to arise during DNA replication, where U/A
pairs are more common (due to U misincorporation) and an
additional proportion of APOBEC mutagenesis occurs by de-
amination of ssDNA replication intermediates and mismatch-
free resolution into C-to-T and C-to-G mutations (19–21). Our
results indicate that uracil lesions in U/G mispairs are repaired in
most instances in a nontoxic manner by the highly efficient uracil
BER pathway (reviewed by refs. 14–16). Alternatively, U/G le-
sions can be processed in a MSH2- and MLH-1– dependent
manner, and greatly exacerbated by UNG deficiency. Taken to-
gether with the observed increases in ssDNA accumulation in
A3B-expressing UNG-null cells, these genetic dependencies
strongly implicate noncanonical MMR (17, 18, 29, 30). This
process is equally likely to excise either DNA strand, leading to
exposure of ssDNA tracts and potentially also to additional A3B-
catalyzed deamination events prior to gap repair to restore DNA
duplex integrity. We further postulate that intermediates in the
MSH2-dependent processing of U/G lesions, such as ssDNA
tracts or downstream lesions, may then be capable of triggering
cell death in a p53-dependent manner.

Existing literature also provides support for many aspects of
this model. First, UNG/BER and MSH2/MLH1/MMR are estab-
lished DNA repair mechanisms with well-defined biochemical
activities consistent with this model (reviewed by refs. 14–18).
Second, the initial step of the model resembles somatic hyper-
mutation and class switching of Ig genes in B cells, where tran-
scription is required, R loops occur, and AID-catalyzed uracils
become substrates for both uracil BER and MMR (35–39). Third,
for mismatches not arising during DNA replication, MMR has
been documented to lack directionality and create extensive
ssDNA excision tracts by incision- or nick-primed exonucleolytic
degradation of either DNA strand (30, 40). Reminiscent to our
work here, MMR was found to be responsible for DDR activation
and mediating cytotoxicity in response to 5-fluorouracil treatment
of Caenorhabditis elegans (41). Fourth, p53 inactivation renders
cells more resistant to A3B overexpression (24). Fifth, multiple
types of DNA damage are recognized by MMR including uracil
lesions and, in some instances, are similarly able to trigger p53-
dependent cell death (42–44). Last, RNA-sequencing analysis of
patient breast tumors has revealed a positive correlation between
A3B expression and TP53 inactivation (6), further supporting the
idea that cells cannot tolerate A3B-catalyzed DNA damage
without first suppressing a p53-dependent death mechanism.
Our results indicate that UNG is likely to be critical for the

survival of A3B-positive tumors. This provides a molecular ex-
planation for why UNG is rarely (if ever) defective in human
cancer (45) and why a positive correlation exists between A3B
and UNG expression levels in tumors (SI Appendix, Fig. S7). Thus,
we suggest that UNG inhibition may be an effective therapeutic
strategy for A3B-overexpressing tumors with WT MMR and
p53 functions. UNG inhibition may also be effective in a subset of
p53 mutant tumors, where p53 function can be restored phar-
macologically (reviewed by ref. 46). Overall, our studies reveal key
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intermediates in the APOBEC mutation process and indicate that
efforts to target this process in cancer should not only consider the
enzyme that initiates genomic DNA deamination (A3B) but also
downstream DNA repair and cell death pathways.

Materials and Methods
UNG and MSH2 KO Generation. Guide RNAs (gRNA) were designed for UNG
exon 2 using http://crispor.tefor.net. Annealed gRNA sequences were cloned
into the BsmBI site of pLentiCRISPR-1000 (47). Transducing viral stocks were
used to create puromycin-resistant UNG KO pools, and the CRISPR/Cas9-
puroR cassette was removed using Cre recombinase (47). KO pools were
then cloned by limiting dilution and validated. UNG KO clones 1 and 2 were
made using gRNA 1, and UNG KO clone 3 was made using gRNA 2. MSH2
exon 1 KO clones were generated similarly. UNG KO pools were also trans-
duced with MSH2 KO virus to create UNG/MSH2 double KO pools that were
subcloned prior to analysis. All oligos including gRNA sequences are listed in
SI Appendix, Table S1.

Colony Formation Assays. 293-A3B cells were seeded into 6-well plates with
media containing either water (vehicle) or Dox (1 ng/mL) (500 and 750 cells

per well, respectively). After 24 h, this media was replaced with fresh media.
MCF10A cells were first plated into a 6-well plate (300,000 cells per well) and
treated 6 h with dimethyl sulfoxide (vehicle) or PMA (25 ng/mL). After
treatment, cells were harvested and reseeded in a 6-well plate (400 cells per
well) containing 25% conditioned mammary epithelial growth medium
media. Once vehicle-treated wells reached >50 cells per colony (7–9 d), plates
were washed with phosphate-buffered saline, stained with 50% methanol/
0.5% crystal violet, and counted. Colony formation efficiencies (number of
visible colonies divided by number of cells plated) were used to measure
survival between wells with different seeding densities. Statistical analyses
were done with GraphPad Prism 6.
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