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APOBEC Enzymes: Mutagenic Fuel for Cancer
Evolution and Heterogeneity

Charles Swanton!Z, Nicholas McGranahan!3, Gabriel J. Starrett? and Reuben S. Harris*

ABSTRACT

Deep sequencing technologies are revealing the complexities of cancer evolution,

casting light on mutational processes fueling tumor adaptation, immune escape,
and treatment resistance. Understanding mechanisms driving cancer diversity is a critical step toward
developing strategies to attenuate tumor evolution and adaptation. One emerging mechanism fueling
tumor diversity and subclonal evolution is genomic DNA cytosine deamination catalyzed by APOBEC3B
and at least one other APOBEC family member. Deregulation of APOBEC3 enzymes causes a general
mutator phenotype that manifests as diverse and heterogeneous tumor subclones. Here, we summarize
knowledge of the APOBEC DNA deaminase family in cancer, and their role as driving forces for intratu-
mor heterogeneity and a therapeutic target to limit tumor adaptation.

Significance: APOBEC mutational signatures may be enriched in tumor subclones, suggesting APOBEC
cytosine deaminases fuel subclonal expansions and intratumor heterogeneity. APOBEC family mem-
bers might represent a new class of drug target aimed at limiting tumor evolution, adaptation, and drug

resistance. Cancer Discov; 5(7); 704-12. ©2015 AACR.

THE IMPORTANCE OF CANCER DIVERSITY

The majority of human cancers display one or more pat-
terns of genomic instability, ranging from large-scale changes
in chromosome architecture and tumor karyotype through
to multitudes of single-nucleotide mutations. The diversity
created by these seemingly chaotic processes provides the
substrate for selection within tumors. The relative impor-
tance of selection and elevated mutation rates (which when
used in its broadest sense covers both large-scale chromo-
somal and single-nucleotide changes) has been a subject of
much debate (reviewed in ref. 1). Although an elevated muta-
tion rate is not necessarily a requirement for the initiation of
a sporadic tumor, it will likely precipitate more rapid tumor
evolution and adaptation (2-4).
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Considerable evidence is now accumulating that spe-
cific patterns of diversity within tumors are associated with
worse clinical outcomes. Work over the last two decades has
established that chromosomal instability (CIN), a driver of
intercellular heterogeneity, is associated with poorer clinical
outcomes across a range of cancer types (for review, see ref. 5).
This work is underpinned by elegant mouse models that have
shown that forcing transient CIN in lung cancer causes more
frequent tumor recurrence (6).

Maley and colleagues (7) demonstrated in a prospective
study of Barrett’s esophagus that clonal diversity, assessed
using ecologic indices, predicts progression to invasive adeno-
carcinoma. The advent of next-generation sequencing has
enabled deeper resolution of cancer genomic instability and
its potential association with clinical outcome. It is increas-
ingly appreciated that driver events do not always occur early
in tumor evolution and can arise in subclones and contribute
to tumor maintenance and subclonal expansions later in
tumor evolution (8-10). Consistent with this, Landau and
colleagues (11) have revealed that the presence of a subclonal
driver event is associated with worse outcome in chronic
lymphocytic leukemia. Schwarz and colleagues (12) have
shown in high-grade serous ovarian cancer that measures of
heterogeneity correlate with progression-free survival times.
Increasing evidence is emerging that subclonal populations
that are either present at low frequency or undetectable at
diagnosis may dominate the disease at recurrence (12, 13)
and, in cases of low-grade glioma, be catalyzed by temozolim-
ide therapy (14).

However, evidence is strengthening for the “just right”
hypothesis for tumor diversity (15, 16); too little diversity and
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cancers fail to adapt sufficiently robustly in the face of selec-
tion pressures; too much genomic instability (in its many
forms) results in cell-autonomous lethality, as genomic chaos
may be too severe to ensure sufficiently faithful propagation
of genomic information to daughter cells. Thus, an interme-
diate or “just right” rate of tumor genomic instability may
exist, ensuring sufficient diversity required to overcome selec-
tion barriers, while retaining propagation of genomic infor-
mation sufficient for viability of daughter cells. An analysis
of CIN quartiles in non-small cell lung cancer (NSCLC) and
gastric, estrogen receptor (ER)-negative breast, and ovarian
cancers has revealed that such intermediate thresholds of
CIN appear to exist and correlate with the poorest clinical
outcomes, in contrast to excessive or minimal CIN in cases
where outcomes are better (17, 18). Furthermore, evidence
has emerged that patients with tumors with the highest
mutational load have preferential benefit from immuno-
therapeutic approaches. These data suggest that the evolu-
tionary trade-off for increased fitness brought about by an
increased mutation rate is the risk of tumor neo-antigenic
presentation and immune control (19, 20).

Taken together, although some diversity ensures more
rapid tumor evolution, excessive genomic instability may be
incompatible with cell viability and result in the requirement
for a buffering of such processes in order to achieve the “just
right threshold.” Determining the molecular basis for such
buffering mechanisms might prove fruitful to devise new
approaches to sensitize tumor cells to the underlying threat of
genome instability. Here, we review mutational processes that
foster diversity, focusing on the APOBEC family of enzymes
that are emerging as major sources of mutation for subclonal
expansions and propagating intratumor heterogeneity.

CHROMOSOME-LEVEL DRIVERS
OF TUMOR DIVERSITY

The fields of genomic instability, intratumor heteroge-
neity, and cancer evolution have collided over recent years
as next-generation sequencing technologies have begun to
reveal genomic signatures of DNA damage and errors in DNA
repair processes, and longitudinal studies have begun to shed
light on both endogenous and exogenous influences shap-
ing the cancer genome. Mechanisms of genomic instability
within cancer genomes can be considered at both the chro-
mosome (and can be considered macroevolutionary sources
of diversity) and single-nucleotide levels (21).

CIN refers to an increased rate of change of chromosome
number or structure. Errors in chromosome segregation can
be classified as premitotic aberrations that may arise due to
defective DNA replication or repair (22) or defects in telomere
maintenance, generating structurally unstable acentric or
dicentric chromosomes (for review, see ref. 21).

Mitotic errors in chromosome segregation may arise
through transient aberrant spindle geometry (23), defects
in sister chromatid cohesion (24), spindle assembly check-
point dysfunction (25), or aberrant microtubule-kinetochore
attachments generating merotelic chromosomes (where one
kinetochore of a chromosome is attached by microtubules
to both spindle poles), generating numerically unstable chro-
mosomes (26).

Next-generation sequencing studies are revealing addi-
tional large-scale chromosomal aberrations that contribute
to genome complexity, such as chromothripsis (27), chromo-
plexy (28), and genome doubling events (29, 30). In tandem,
live cell imaging experiments provide insights into how such
macroevolutionary events arise in tumors (31) and their
consequences for cancer genome evolution (30). It is now
clear that structural CIN and numerical CIN cannot be con-
sidered separately, and that one may lead to another. Janssen
and colleagues (32) demonstrated how cytokinesis errors
entrap chromosomes in the cytokinetic furrow, resulting
in DNA double-strand breaks and chromosome transloca-
tions. Crasta and colleagues (31) demonstrated how lagging
chromosomes in mitosis form micronuclei that are subject
to asynchronous DNA replication triggering DNA damage
and chromosomal fragmentation, shedding light on how
chromothripsis may originate in cancers. Similarly, pre-
mitotic errors in DNA replication resulting in structur-
ally unstable chromosomes can initiate numerical CIN.
DNA replication stress results in replication fork arrest
or collapse and single-stranded DNA (ssDNA) exposure,
initiating a DNA-damage response. Loss of three candidate
CIN-suppressor genes encoded on 18q in colorectal cancer
was found to drive structural CIN, precipitating numeri-
cal CIN, manifested as deviation in the modal centromeric
number, a phenotype that could be rescued by the addition
of nucleosides (22).

Whole-genome doubling events are a common and likely
important mechanism for enabling additional genomic com-
plexity and heterogeneity. Genome doubling events are esti-
mated to occur in 11% to 64% of solid tumors (33) and have
been linked with progression from Barrett’s esophagus to
esophageal adenocarcinoma (34). We have shown that the
occurrence of genome doubling events in vitro is associated
with an increase in chromosome instability due to a dou-
bling in the rate of chromosome segregation errors (30). In
addition, unlike diploid cells, which die or enter a prolonged
interphase arrest following a chromosome segregation error,
tetraploid cancer cells tolerate chromosome segregation
errors and more effectively propagate aneuploid progeny

than diploid cells (30).

NUCLEOTIDE-LEVEL DRIVERS
OF TUMOR DIVERSITY

To contrast with the chromosome-level events described
above, this review will use the phrase “nucleotide-level driv-
ers” to refer to mutational sources that cause predominantly
single-nucleotide changes. Accepted and conventional endog-
enous sources of DNA damage and mutation include DNA
replication errors, oxidative stress, hydrolytic deamination,
and alkylation damage (reviewed in refs. 35, 36). Obvious
exogenous sources include UVA and UVB radiation in sun-
light, reactive compounds in tobacco products (reviewed in
ref. 37), and emerging dietary carcinogens such as aristolo-
chic acid (38). The importance of nucleotide-level drivers is
evidenced by defective post-replicative mismatch repair in
hereditary and sporadic colorectal cancers, defective excision
repair and higher incidences of skin cancer in xeroderma pig-
mentosum patients, and other cancer predispositions caused
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by defective DNA repair processes (reviewed in refs. 37, 39, 40).
Moreover, many chemotherapeutics, such as platinum-based
drugs and nucleotide analogs, are effectively DNA-damaging
agents that preferentially kill replicating cancer cells. Recent
deep sequencing efforts have confirmed the established links
between these and other sources of mutation and various can-
cer types, but they have also helped to shine light on several
additional sources of DNA damage and mutation (41, 42).

APOBEC ENZYMES: MAJOR CONTRIBUTORS
TO CANCER MUTAGENESIS

The largest newly defined source of mutation in many dif-
ferent tumor types is enzymatic DNA cytosine deamination by
several members of the APOBEC family (reviewed recently in
refs. 35, 43-45). These enzymes were identified independently
in 2002 as DNA mutators and as antiviral factors (46-48).
Apart from activation-induced deaminase (AID), which deam-
inates expressed antibody genes, all of the family members
are named after the founder, APOBECI1, which edits both
ssDNA cytosines and cellular mRNA cytosines (as implied
by its rarely used full name: apolipoprotein B mRNA edit-
ing enzyme catalytic polypeptide 1). Importantly, the sheer
existence of multiple DNA-mutating enzymes in human cells
strongly suggested that at least one could become deregulated
and promote mutagenesis in cancer (46). However, dominant
roles in antiviral innate immunity and particularly in HIV-1
restriction took center stage for most of the following decade
as technologies and experimental systems have had to be
developed to test the cancer hypothesis (49).

It is now clear that human cells have the capacity to express
a total of 11 distinct APOBEC family members (Fig. 1A). The
seven APOBEC3 proteins are encoded by a tandem array of
genes located on chromosome 22, AID and APOBECL1 are
encoded by genes on chromosome 6, and APOBEC2 and
APOBEC4 by more distantly related genes on different chro-
mosomes. All seven APOBEC3 proteins as well as AID and
APOBEC1 have demonstrated ssDNA cytosine to uracil (C-to-
U) deaminase activity in a wide variety of biochemical assays
and cell-based experimental systems (reviewed in ref. 49).
Demonstrated physiologic functions include AID-catalyzed
deamination of expressed antibody gene sequences, which
drives antibody diversification by somatic hypermutation
and isotype switch recombination, and APOBEC3D/F/G/H-
catalyzed deamination of HIV-1 ¢cDNA replication interme-
diates during reverse transcription (reviewed, respectively, in
ref. 50 and refs. 49, 51). DNA cytosine deamination is there-
fore established as the hallmark activity of this protein family
(Fig. 1B). As elaborated below, cytosine to thymine (C-to-T) tran-
sition mutations are common outcomes of APOBEC-mediated
DNA deamination events, although ensuing DNA repair intet-
mediates, such as abasic sites and DNA breaks, can also lead to
cytosine to guanine (C-to-G) transversions and other mutational
outcomes (for recent mechanistic reviews, see refs. 44, 45).

APOBEC family members function as single or double
domain enzymes (Fig. 1A). APOBEC3A/C/H, AID, and
APOBECI1 are single domain enzymes because each is made
up of one conserved zinc-coordinating domain (Fig. 1C).
APOBEC3B/D/F/G are double domain enzymes composed
of two conserved zinc-coordinating domains and thought to
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Figure 1. APOBEC family of DNA cytosine deaminases. A, a schematic
of the genes encoding the 11-member APOBEC family in humans. AID,
APOBEC1, APOBEC3A, APOBEC3C, and APOBEC3H have single zinc-
coordinating domains, whereas APOBEC3B, APOBEC3D, APOBEC3F,

and APOBEC3G are double domain enzymes. APOBEC2 and APOBEC4
have no reported enzymatic activity. The colors represent the different
categories of catalytic domains in APOBEC3 enzymes. Green represents
a Z1 catalytic domain, orange represents a Z2 catalytic domain, and blue
represents a Z3 catalytic domain. AID and A1 are distinctly represented
by red and gray, respectively. B, ssDNA cytosine to uracil (C-to-U)
deamination is the hallmark biochemical activity of most APOBEC family
enzymes. C, a ribbon schematic of the catalytic domain of APOBEC3G
(pdb: 3E1U) with an enlargement of the zinc-coordinating active site. See
the main text for details.

be connected by a short flexible region. Each domain has an
overall globular fold with a hydrophobic B-sheet at the core,
surrounded by six o-helices (Fig. 1C). The o2 and a3 heli-
ces coordinate zinc through conserved H-X-E and C-P-X, ,-C
motifs and define the active site, with the glutamate serving as
a proton shuttle during DNA cytosine deamination (Fig. 1B).

Mechanistic studies in breast cancer, model organism
work, and breast cancer genome sequencing efforts inde-
pendently converged on APOBEC3 enzymes as major sources
of mutation in cancer (52-54). We used a panel of spe-
cific quantitative PCR assays to identify upregulation of
APOBEC3B in breast cancer cell lines and primary tumor
samples (53). Other DNA deaminase family members were
either not expressed or expressed at similar levels in nor-
mal and patient-matched tumor samples. Knockdown of
endogenous APOBEC3B levels in several breast cancer cell
lines ablated all measurable DNA cytosine deamination
activity from nuclear protein extracts and caused propor-
tional declines in steady-state genomic uracil levels, C-to-T
mutations, and reporter gene mutation frequencies (53).
Importantly, the biochemical preference of APOBEC3B in
vitro for chemically defined ssDNA substrates was shown
to closely resemble the actual cytosine mutation signature
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in two publicly accessible cohorts of breast cancer genomic
DNA sequences, with both biased toward 5-TCA and 5"-TCG
motifs. A subset of the cytosine mutations within 5-TCG
motifs may also be due to hydrolytic deamination of methyl-
cytosine, which inevitably occurs over time (aging), but there
is no reason that this should preferentially occur at cytosine
nucleobases with thymine on the 5’ side. Taken together, with
positive correlations between APOBEC3B expression levels
and C-to-T mutation loads and overall mutation loads, we
concluded that APOBEC3B is a major source of mutation in
a dominant fraction of breast cancers.

Roberts and colleagues (54) have shown that a chemical
mutagen could generate clusters of cytosine mutations in
yeast and that analogous clusters are evident in publicly avail-
able cancer genomic DNA sequences. They used a genetic
approach to generate extended tracks of ssDNA, followed
by a selection for mutations that simultaneously inactivated
adjacent reporter genes. This elegant system enabled the iden-
tification of strand-coordinated clusters of mutations that
were much more frequent in the presence of the chemical
mutagen methyl-methanesulfonate (MMS). They predicted
that similar ssDNA mutagenic processes may be contributing
to human cancer and found strand-coordinated clusters of
mutations at cytosines (or complementary guanines) in the
genomes of multiple myelomas, head/neck cancers, and pros-
tate tumors. These mutations were enriched within 5-TCA
and 5-TCT motifs previously deduced for several APOBEC3
enzymes, thus implicating this protein family in cancer muta-
genesis. Although these were not cause-and-effect experiments
as above for knockdown studies in cancer cell lines, other
potential mutation-generating mechanisms, such as chemi-
cals, were considered less likely because they are not known to
be preferentially biased toward trinucleotide motifs.

Nik-Zainal and colleagues (52) generated full genome
sequences of 21 breast cancers in order to deduce mutation
landscapes. One of the most striking findings from this
study was the uncovering of extensive clusters of strand-
coordinated cytosine mutations. These clusters were termed
kataegis due to an analogy with localized thundershow-
ers (kataegis is an ancient Greek word for thunder). These
cytosine-biased mutations occurred almost exclusively within
5’-TC dinucleotide motifs characteristic of several APOBEC
family members. Kataegic cytosine mutations are character-
ized as strand-coordinated C-to-T transitions and C-to-G
transversions (52, 54). The most likely mechanism is clus-
tered deamination of cytosines within extended regions of
ssDNA (during replication or recombination repair), fol-
lowed by uracil excision to create abasic sites, and error-prone
DNA synthesis of the complementary DNA strand resulting
in the insertion of adenine (transition outcome) or guanine
(transversion outcome) nucleobases opposite each nonin-
structional abasic lesion (for recent mechanistic review, see
ref. 44).

Additional work from several groups, as well as ours, have
combined to implicate APOBEC mutagenesis in approxi-
mately half of all human cancers, with breast, head/neck, lung,
bladder, and cervical cancers bearing the largest APOBEC-
attributable mutation burdens (41, 43, 55-65; and reviewed
recently in refs. 35, 43-45, 63-65). APOBEC3B is upregulated
in over half of all cancers, with 5% to 10% of tumors at the
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Figure 2. Distribution of APOBEC3B expression in cancer. A heatmap
of APOBEC3B expression normalized to TBP from multiple cancers. Over
half of all cancer types show significantly increased APOBEC3B expres-
sion (orange/red) as compared with corresponding normal tissue data
(green/blue). Normal values are derived from a combination of gRT-PCR
and RNA sequencing (RNAseq) datasets (see Burns et al. for raw data and
n-values that were used to derive this schematic; ref. 56). n.a., not avail-
able; GBM, glioblastoma multiforme; AML, acute myeloid leukemia.

lower end of the spectrum showing upregulation and nearly
90% to 95% of tumors at the higher end showing upregula-
tion (Fig. 2). Other APOBEC family members do not appear
to be similarly upregulated, and other correlating factors
have yet to emerge. In the largest study to date, Alexandrov
and colleagues (41) used a computational algorithm to rank
the APOBEC mutational signature second only to “aging” in
cancer mutagenesis. Aging-associated mutations are largely
C-to-T transitions within CpG dinucleotide motifs. Most
of these mutations are likely due to spontaneous hydrolytic
deamination of methyl-C-to-T, because this modified base is
more vulnerable to deamination than normal-C. However,
some APOBEC3 family members, such as APOBEC3A (and by
homology, APOBEC3B), can accommodate bulkier nucleo-
base substrates, such as methyl-C, in ssDNA, and therefore
“aging” may be a mix of both spontaneous and enzyme-
catalyzed deamination (66-68).

Altogether, a compelling case can be made for APOBEC3B
as a major mutational source in breast, head/neck, lung,
bladder, cervical, and ovarian cancers, and it is also likely to
be a more modest but still significant contributor to many
other cancers. However, it is equally clear that APOBEC-like
§’-TC-biased cytosine mutations can still occur in some
breast tumors in the complete absence of APOBEC3B due
to a deletion allele (69). This observation strongly suggests
that at least one other APOBEC family member is also con-
tributing to the overall mutational burden in cancer. One
candidate is APOBEC3A due to deregulation caused by the
APOBEC3B deletion allele, which fuses the coding sequence
of APOBEC3A to the 3’-untranslated region of APOBEC3B
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(70). However, other 5-TC-mutating APOBEC3 family mem-
bers may also contribute, and careful mechanistic studies
are needed to sort through multiple possibilities in addition
to hit-and-run, virus infection, and dosage compensation
scenarios.

EVIDENCE FOR ONGOING APOBEC
MUTAGENESIS IN TUMOR EVOLUTION

It is important to emphasize that no single study is defini-
tive with respect to ongoing APOBEC mutation in cancer,
but aggregate findings from many studies make a very strong
case. First, as described above, mutation is ongoing and
dependent upon APOBEC3B in breast and ovarian cancer
cell lines, suggesting that it may have been similarly ongo-
ing in the tumors from which they were originally derived
(53, 55). Second, high levels of APOBEC3B correlate with
poor outcomes for ER-positive breast cancer patients (71).
Significantly different clinical outcomes are unlikely to be
due to transient or brief exposures but more likely to ongo-
ing and compounded accumulations of APOBEC mutations
that continually provide the underlying substrate for tumor
diversification and adaptation under selective pressures.

Third, a number of drug resistance mutations occur at
cytosine bases, and a subset of these occur at APOBEC3-pre-
ferred 5"-TC dinucleotide motifs. For instance, a proportion
of BRAFV*-mutant melanomas fail BRAF inhibitor treat-
ment (vermurafenib or dabrafenib) due to cytosine muta-
tions in MEKI, MEK2, or other signal transduction pathway
genes potentially mediated by APOBEC3 deamination (72).
As an example, MEK2 Leu46 to Phe is due to a nucleotide
level 5’-ACT to ATT transition mutation. Moreover, nearly
half of EGFR-activating mutant NSCLCs fail treatment
with the EGFR inhibitors gefitinib or erlotinib through a
single 5’ACG-to-ATG mutation in EGFR that causes the
Thr790Met “gatekeeper” substitution (73). This raises an
important consideration because, although this particular
cytosine mutation does not occur in the preferred APOBEC3
5’-TC motif, selective pressure may conceivably transform a
rare APOBEC3-catalyzed event into a commonly observed
clinical outcome.

Fourth, the distribution of PIK3CA-activating mutations is
different in head/neck cancers, with exclusively helical domain
C-to-T transitions observed in human papillomavirus (HPV)-
positive tumors and a combination of helical domain and
kinase domain mutations in HPV-negative tumors (61). Spe-
cifically, HPV-positive tumors have 5" TGA to TAA transitions
(complementary strand 5-TCA to TTA) that convert both
helical domain Glu542 and Glu545 to Lys, whereas HPV-
negative tumors often have a 5"-CAT to CGT transition muta-
tion resulting in a kinase domain His1047 to Arg substitution.
Similar helical domain biases have also been reported for
PIK3CA mutations in other APOBEC signature tumor types,
implying that the common denominator is APOBEC muta-
genesis and not viral infection (61, 74). This skewed mutation
distribution in the PIK3CA oncogene is significant because
it implies that APOBEC3B is the predominant source of the
helical domain mutations (75).

Importantly, for many decades, pathologists have reported
extreme motrphologic heterogeneity for many tumor types,

including breast and lung cancers (76). It is likely that an
underlying genetic heterogeneity exerts influence on this
morphologic heterogeneity. Single sample ultradeep sequenc-
ing and SNP array studies have detected mutations at dif-
ferent frequencies depending upon when they arose during
tumorigenesis and outgrowth (52, 77, 78). Multiregion deep
sequencing of primary tumors has revealed strikingly differ-
ent results and clear evidence for the existence of multiple
subclonal lineages (59, 79-82). Evidence for ongoing muta-
tions comes from comparisons of deep sequences of primary
tumors and metastatic outgrowths or local tumor recur-
rences following therapy (14, 59, 83-87). In all of these cases,
a proportion of mutations are common to both the primary
tumor and the metastasis, and a proportion of mutations are
unique to the primary tumor or the metastasis/recurrence.
We have recently found evidence that APOBEC-attributable
C-to-T and C-to-G mutations in 5’-TC motifs may be early as
well as later events in tumor evolution, occurring in the trunk
and branches of the tumor’s evolutionary tree (74). Trun-
cal mutations occurring early in tumor evolution would be
expected to be propagated following the metastatic process.
Some of the strongest evidence for the ongoing potency of
APOBEC mutagenic processes in cancer evolution has come
from recent studies that provide temporal resolution of muta-
genic processes during cancer evolution, reviewed below.

ORDERING MUTATIONAL PROCESSES
DURING CANCER EVOLUTION

The heterogeneity observed within a tumor can shed light
on the evolutionary history of the cancer genome and the
temporal order of genetic events acquired during the disease
course. Clonal mutations that are found in all tumor cells
reflect somatic events that occurred relatively “early” in a
tumor’s evolutionary history, before or during the latest
clonal sweep. These events represent a mixture of driver aber-
rations implicated in tumorigenesis, and passenger muta-
tions, which can vastly outnumber the drivers, but provide
important contextual and mechanistic information. Con-
versely, mutations present in only a subset of tumor cells, by
definition, occurred after the latest clonal sweep, and thereby
reflect somatic events that may be involved in driving tumor
progression and subclonal diversification. In the case of
genome doubling or chromosomal amplification events, the
temporal order of somatic events can be further refined. For
example, a mutation occurring before a genome doubling will
likely be present in at least two copies, whereas a mutation
that occurred after a doubling event will be present only at
one copy (Fig. 3A). Using such approaches, distinct muta-
tional processes are becoming apparent that contribute to
subclonal expansions and intratumor heterogeneity.

In a recent analysis of intratumor heterogeneity in early-
stage NSCLC from our laboratory, multiregion sampling
allowed the timing of mutational processes during tumor
evolution to be deciphered, establishing the temporal dynam-
ics of APOBEC mutational processes (59, 79). Enrichment of
the APOBEC signature was seen in the branches of tumor
evolutionary trees relative to the early clonal truncal muta-
tions, particularly prominent in adenocarcinomas of the
lung (Fig. 3B; refs. 59, 79). Consistent with this endogenous
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mutational process driving subclonal expansions, mutations
within an APOBEC3B context discussed above were found
in driver genes such as PTPRD, PIK3CA, EP300, TGFBRI, and
AKAPY (59). Even in current smokers, APOBEC appeared to
be the dominant mutational process in tumor subclones at
disease presentation.

There was also evidence for spatial heterogeneity in APOBEC
activity; in one adenosquamous tumor, the APOBEC signa-
ture was found enriched in the adenocarcinoma branch, har-
boring driver mutations in PTPRD and TGFBRI within an
APOBEC context, but not the squamous carcinoma branch
(59). These data suggest that genome instability processes, and
the APOBEC mutagenic process specifically, can be both spa-
tially and temporally heterogeneous during the disease course.

In a broader analysis of over 2,500 tumors across nine
cancer types, we found evidence for a specific APOBEC muta-
tional signature increasing in prevalence during the course of
tumor evolution in four cancer types, including bladder can-
cer, ER-negative breast cancer, head/neck cancer and, as previ-
ously described, lung adenocarcinoma (59, 74). In contrast, an

APOBEC

ﬂ

age-related signature as well as mutational processes linked
to exogenous sources of DNA damage (smoking in NSCLC
and UV light in melanoma) were generally found to decrease
in prevalence during the evolutionary history of tumors (74).

The importance of APOBEC, particularly later in tumor
evolution, is highlighted by the observation that this muta-
tional process was found to be the major source of subclonal
cancer gene mutations in bladder, breast, and head/neck
squamous cancers, lung adenocarcinoma, and lung squamous
cell carcinoma (74). In four of those five cancer types (bladder,
head/neck, lung adenocarcinoma, and squamous carcinoma),
mutations attributable to an APOBEC source were enriched
within subclonal cancer gene mutations relative to clonal
driver gene mutations, suggesting APOBEC is a mutagenic
source, fueling cancer heterogeneity and subclonal diversifica-
tion. Strikingly, in head/neck cancer, lung adenocarcinoma,
and lung squamous cell carcinoma, we found evidence that
over 85% of subclonal mutations in PIK3CA occurred in an
APOBEC context (74). The vast majority of these subclonal
mutations were mutations in the helical domain (E545K) that
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have previously been linked to APOBEC-mediated mutagen-
esis in cervical and head/neck tumors (61).

FUTURE PERSPECTIVES

The role of APOBEC as an ongoing mutagenic process,
contributing to subclonal diversification and intratumor het-
erogeneity, suggests the need for therapeutically tractable
approaches to inhibit these enzymes and limit further tumor
adaptation. However, in parallel to embarking upon drug-
discovery efforts focused on APOBEC3B inhibition, it will
be important to unambiguously identify the other APOBECs
that also contribute to tumor evolution and heterogeneity.
An additional APOBEC may work with APOBEC3B to com-
pound evolutionary benefits for the tumor, or it may only
compensate in the absence of APOBEC3B, as suggested by
APOBEC3A deregulation studies.

A strong link between APOBEC3B upregulation and viral
infection, specifically HPV in head/neck, cervical, and perhaps
some bladder tumors, is intriguing and suggests that other
cancer types may have an as-yet-unknown association with a
virus or DNA-based parasite. APOBEC3B upregulation may
benefit the virus by facilitating viral genetic variation or by
helping to transform the cell and thereby increase the virus’s
chances of spreading. However, there are also likely to be non-
viral mechanisms for APOBEC3B upregulation, as a microbial
etiology is unlikely to have been missed in deep sequencing
studies, especially in heavily studied areas such as breast cancer.

Knowledge of APOBEC3 mutagenesis in cancer may yield
significant diagnostic and prognostic value as well as new
therapeutic opportunities. For instance, the diagnosis of
APOBEC-high tumors may encourage more aggressive multi-
drug therapies to avert poor clinical outcomes, especially if
the data for ER-positive breast cancer translates to additional
cancer types (71, 88). APOBEC high tumors are also likely to
have higher levels of DNA damage, and may be amenable to a
synthetic lethal approach analogous to PARP inhibitor treat-
ment of BRCA-mutant cancers (89). Indeed, given evidence
for the “just-right” threshold of genome instability in cancers
(17, 18), exacerbating genomic instability in APOBEC-high
tumors may also prove fruitful.

Understanding what activates APOBEC is also of criti-
cal importance, as it could inspire methods to prevent its
activation. For instance, the mutator phenotype caused by
HPV infection could be averted by eliminating the virus
from the system or preventing infection through vaccination.
The proclivity for ssDNA substrates for these enzymes sug-
gests the possibility that DNA replication or repair defects
that enhance exposure of ssDNA may contribute to upregu-
lation of this mutagenic process. Moreover, the fact that
APOBEC3B and other family members are enzymes with
defined active sites and the additional fact that APOBEC3B
is nonessential should encourage the development of small-
molecule inhibitors to suppress APOBEC-mediated muta-
genesis. This strategy could prolong progression-free survival
times with current targeted therapy approaches by decreas-
ing the significant problems caused by the evolution of
mutations conferring drug resistance. There is scope for
further advances in precision cancer medicine by targeting
the processes that drive intratumor heterogeneity. APOBEC

represents one such process fueling subclonal expansions and
represents an attractive target to limit adaptation and rapid
evolution of APOBEC-high tumors.
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