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1 | INTRODUCTION

| Hani Choudhry? | Wei Cao®

Cancer is currently viewed as a disease of evolving genomic instability and abnormal
epigenomic modifications. Most solid cancers harbor oncogenic gene mutations dri-
ven by both extrinsic and intrinsic factors. Apolipoprotein B mRNA editing catalytic
polypeptide-like family (APOBEC) enzymes have an intrinsic deamination activity to
convert cytosine to uracil during RNA editing and retrovirus or retrotransposon
restriction. Beyond their natural defense in innate immunity, compelling evidence
showed that a subclass of APOBEC3 can cause high mutation burden in various
types of cancer genomes, and high expression subtypes of APOBEC3 may con-
tribute to drug resistance and associate with clinical outcomes. The underlying
molecular mechanisms of APOBEC-mediated hypermutation phenotype are poorly
understood. In this review, we discuss the linkage of activation-induced deaminase
(AID)/APOBEC3 enzymes to tumorigenesis, highlight the dysregulatory mechanisms
of APOBEC3 activities during cancer development, and propose potential

approaches to targeting APOBEC3-mediated mutagenesis for cancer interventions.
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somatic mutations in a cancer project (COSMIC v83). Known exoge-

nous mutational factors are UV light exposure, smoking, and aflatox-

Cancer is a disorder of genome alterations with lifetime accumulated ins; endogenous mutational factors are DNA mismatch repair

single nucleotide changes, insertions, deletions and chromosomal
structural aberrations.! Genomic instability is one of the hallmarks of
cancer and is known to cause both aberrant chromosomal architec-
ture and mutational changes.? Somatic mutations in a cancer genome
are the aggregated outcome of 1 or more mutational processes
including exogenous (environmental factors) and endogenous muta-
tors during tumorigenesis. Two-thirds of mutations occur randomly
during the DNA replication process in self-renewing tissues before
tumor initiation® suggesting mutational processing in mammalian
genomes. Cancer genomic projects show that the majority of
somatic mutations are passengers,4 and approximately 699 cancer-

related gene mutations have been identified from a catalogue of

defects, DNA damage repair defects and recent apolipoprotein B
mRNA editing enzyme catalytic polypeptide-like family genes (APO-
BEC) activation.”

APOBEC genes are a family of evolutionarily conserved cytidine
deaminases.® There are 11 human genes encoding members of the
APOBEC family of enzymes, named as activation-induced deaminase
(AID), APOBEC1 gene on chromosome 12; APOBEC2 gene on chro-
mosome 6; 7 APOBEC3 genes (APOBEC3A, APOBEC3B, APOBEC3C,
APOBEC3D, APOBEC3F, APOBEC3G, APOBEC3H) on chromosome
22, and APOBEC4 gene on chromosome 1.” APOBEC enzymes con-
tain 1 or 2 catalytic domains that recognize a specific DNA/RNA
sequence® (Figure 1). Crystal structure basis of APOBEC3B
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FIGURE 1 Schematic diagram displays apolipoprotein B mRNA
editing enzyme catalytic polypeptide-like (APOBEC) family proteins
with cytidine deaminase domain. Human APOBEC family genes
consist of 11 members in the genome: activation-induced deaminase
(AID) and APOBEC1 on chromosome 12, APOBEC2 on chromosome
6, 7 APOBEC3 (A-H, except E) on chromosome 22 and APOBEC4 on
chromosome 1. Encoded gene products contain 1 or 2 zinc-
dependent deaminase motifs (colored boxes). The cytidine
deaminase domain in APOBEC is able to catalyze the biochemical
reaction of conversion from cytidine to uridine on RNA or ssDNA
substrates. Adapted from Ref. 8

deaminase with strong 5'-TC preference has recently been exploited:
the U-shaped conformation of ssDNA with the specificity-conferring
-1 thymidine (T) base flipped out, and targeted cytidine (C) resides in
a zinc-coordinated active size pocket, the T can fit into a groove
between flexible loops and make direct hydrogen bonds with APO-
BEC3B enzyme,” while APOBEC3A binds to ssDNA with TCG pref-
erence.” APOBEC3B was previously detected as a major mutator
deaminase in multiple types of cancer.!® Extended study in a yeast
model and 6 different types of cancer showed that APOBEC3A-like
significantly greater APOBEC-signature (YTCA,
Y = pyrimidine) mutations than APOBEC3B-like tumors (RTCA,
R = purine), ! suggesting that APOBEC3A is the predominant muta-

tumors have

genic deaminase in certain types of cancer. The structure of
APOBEC3F catalytic domain differs from other APOBEC deaminases
in that the zinc is not required for the structural integrity of
APOBEC3F.*?

APOBEC3 proteins are localized in the cytoplasm or nuclei
depending on the features of individual proteins. AID and APOBEC1
localize mainly in the cytoplasm but act in the nuclei; APOBEC2,
APOBEC3A, and APOBEC3C appear to reside in both cytoplasm and
nuclei; APOBEC3B is predominantly located in the nucleus,*®

possibly because APOBEC3B protein contains a nuclear localization
sequence, and is able to actively enter nuclei!* APOBEC3G is
located in the cytoplasm against exogenous retroviruses. Thus, cells

regulate APOBEC enzymatic activities through protein localizations.

2 | FUNCTIONS OF APOBEC FAMILY
GENES

Except for poorly characterized functions of APOBEC2 and APO-
BEC4, other members of APOBEC proteins generally function as: (i)
innate immune response to viral infection (eg, HIV, hepatitis B virus
[HBV], human papillomavirus [HPV]) such as AID, APOBEC3G; (ii)
deamination of cytidine (C) to uridine (U) in RNA/ssDNA,; (iii) genera-
tion of somatic hypermutations during cancer development; and (iv)
selective deamination for methylated cytidines (mC) during epige-
netic regulation such as APOBEC3A.1> We describe their functions
in more detail below.

Activation-induced deaminase is the oldest member of the APO-
BEC family and is essential for antigen-driven B-cell differentiation,
antibody affinity maturation and diversification.*® Expression of AID
in immune B cells causes hypermutations in the “variable region” of
antibody genes, and produces antibody diversification with class-
switch recombination in response to infection.r” This biochemical
process may collude with altered DNA repair pathways. AID also
interacts with histone methyltransferases (eg, SUV4-20H1.2) to
increase methylation of cross-switch recombination sites during Ig
gene diversification.*® In addition to hypermutation of immunoglobu-
lin genes, AID can create genome-wide mutations and DNA strand
breaks'? as seen in the translocation of Myc-lg genes in B-cell
lymphoma.

Activation-induced deaminase expression is regulated by a num-
ber of proinflammatory cytokines, transforming growth factor (TGF)-
beta, tumor necrosis factor (TNF)-alpha, and interleukin (IL)-1 beta
through the nuclear factor kappa B (NF-xB) signaling pathway in
human hepatocytes and reduced HBV infectivity in host cells,2® but
increases tumorigenesis in a transgenic mouse model.?*

APOBEC1 is the first member of APOBEC to be identified and
characterized as the apolipoprotein B editing complex 1, a protein
that is involved in editing C to U of the apolipoprotein B pre-mRNA
at nucleotide position 6666 and generates a stop translation codon
that defines the carboxyl terminus of apolipoprotein B48.222% |n
addition to editing apoB mRNA, a transcriptomic-wide comparative
RNA sequencing screen identified 32 new mRNA targets of APO-
BEC1 editing, all of them being located in AU-rich segments of 3’
untranslated regions of transcripts.2* APOBEC1 was also reported to
deaminate cytosine in DNA but with different preferred 5’ nucleo-
tide content around cytosine (eg, C, T 5 adjacent to cytosine).?®
Hence, APOBEC1, like AID, can trigger DNA mutations through dC
deamination and is a potential active dC/dG mutator.

Members of human APOBEC3 subfamily genes suppress virus
infections and retro-transposition of endogenous retro-elements

through mutagenic and non-mutagenic mechanisms. These enzymes
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can cause mutations in the cellular genome at replication forks or
within transcription bubbles depending on the physiological state of
the cell and the phase of the cell cycle during which they are
expressed (see review?®). DNA viruses (eg, adeno-associated virus
[AAV], HBV, HPV, herpes simplex virus 1 [HSV-1] and Epstein-Barr
virus [EBV]) have been reported to be restricted by APOBEC3.2” For
example, APOBEC3G was the first APOBEC3 protein demonstrated
to have restriction activity of HIV infection through G to A muta-
tions in the anti-sense DNA strand; such changes by APOBEC3G
enzyme create non-infectious virions, possibly as a result of the
degradation of viral DNA.282?

APOBEC/AID deaminase activities could produce “off-target”
mutations in the host genome associated with cancer development,
progression, metastasis and drug resistance (see review®®). A mam-
malian genome has DNA damage-tolerant polymerase (PrimPol) to
function as anti-unwanted mutations induced by APOBEC3B,3! but
this defense system might not efficiently block widespread dysregu-
lated APOBEC3 effect. Accumulated evidence showed that aberrant
APOBEC expressions and activities have been associated with can-
cer development. Understanding of regulation of APOBEC gene
expressions at diverse cellular context is crucial to develop a novel
avenue for cancer interventions.

3 | APOBEC FAMILY GENES AND CANCER

Association between APOBEC and carcinogenesis is evidenced from
multi-dimensional observations. Mice with overexpression of APO-
BEC1 gene developed hepatocellular carcinoma;3? constitutive
expression of AID not only causes T-cell lymphoma with mutations
of the Myc gene'? and Burkitt’s lymphoma with IGH-MYC transloca-
tion®® in a transgenic mouse model, but also causes non-lymphoid
tumors such as hepatocellular carcinoma®* and gastric cancer®
resulting from AID-mediated dysregulation of class switch recombi-
nation and somatic hypermutations, suggesting AID plays clear roles
in tumorigenesis. Aberrant expression of APOBEC led to enrichment
for C >T mutations in tumor suppressor genes (eg, TP53 and
APC)®>3¢ Moreover, APOBEC activities are also responsible for the
generation of helical domain hotspot mutations in the proto-onco-
gene PIK3CA across multiple types of cancer.>’” APOBEC-mediated
mutations not only occur in coding genes, but also take place in
non-coding regions resulting in oncogenic driver genes expression.
For example, APOBEC-like cytidine deaminase mutation at 4 kb
upstream of LIM Domain Only 1 (LMO1) oncogene in T-cell acute
lymphoblastic leukemia generates a new MYB transcription factor
binding site, which forms an aberrant transcriptional enhancer com-
plex, leading to overexpression of the LMO1 gene.*®

Increasing evidence show that a germline APOBEC3B deletion
resulting in an APOBEC3A_APOBEC3B fusion variant increases the

3940 and increases tumor mutational burden.**

risk of breast cancer
Recent studies support that APOBEC3 activities are associated with
tumorigenesis as a result of increased mutagenesis. In particular,

APOBEC3B overexpressed in several human cancer types correlates
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with the presence of APOBEC3B mutational signature.'®*? From
whole exome sequence data analysis over 30 different types of can-
cer, a uniqgue APOBEC3 mutational signature has been identified
with cytosine mutation biases, particularly C to T transitions and C
to G transversion, and predominantly in TCA or TCT trinucleotide
contexts.'%4?%* The APOBEC3B-mediated mutational signature is
often associated with breakpoint rearrangement in general, and
HER2-enriched subtype of breast cancer.*? Further analysis showed
that APOBEC-signature mutation load in cancer exons is statistically
correlated with APOBEC3A and APOBEC3B transcript abun-
dance.1®*2 Although APOBEC3B mRNA abundance tends to be
greater than that of APOBEC3A in cancer samples, APOBEC3A pre-
sents a much greater potent inducer of DNA damage.'!

APOBEC3 mutational signature may occur at different stages in
different types of cancer. For example, the mutational signature of
APOBEC3 is seen both in early superficial non-invasive and subse-
quent invasive bladder tumors,* whereas APOBEC3-mediated muta-
genesis contributes to later subclones in estrogen receptor-negative
(ER-) breast cancer, lung adenocarcinoma, and head and neck squa-
mous carcinoma as the tumors evolve.**#” High APOBEC3B expres-
sion in ER+ breast cancer showed short progression-free time with
tamoxifen treatment.*® All of this evidence supports that APOBEC,
specifically APOBEC3A and APOBEC3B, act as drivers in cancer
development and progression.

Notably, APOBEC family genes themselves are the victims of
mutagenesis in cancer development. Missense mutations in APO-
BEC3B, APOBEC3F and APOBEC3G were detected in a subset (4/
115 samples) of cervical cancers, which is associated with greater
mutational burden.*” We further searched APOBEC gene alterations
from cBioPortal (http://www.cbioportal.org/) (Figure 2). There are
various APOBEC genetic alterations (mutation, deletion and amplifi-
cation) across broad types of cancer, the frequency is from 0.5% to
9%. The genetic aberration of APOBEC may also contribute to

tumorigenesis, but further investigation is needed.

4 | REGULATION OF APOBEC3 GENE
EXPRESSION

The downstream effects of APOBEC activities such as antivirus and
the involvement of APOBEC3 in cancer have been documented. The
upstream functional regulation of the APOBEC family of enzymes is
less known. Several recent studies are beginning to elucidate the
molecular basis of the regulation of APOBEC3 expression and their
transcriptional activations or repressions. First, viral infection and
immune responses in cells could induce overexpression of specific
APOBEC genes. For instance, Helicobacter pylori infection in normal
gastric epithelium induces aberrant AID gene expression through IKB
kinase-dependent NF-xB signaling pathway activation. As a conse-
quence of AID activation, tumor suppressor gene TP53 mutations
and gastric carcinogenesis developed.> Similarly, in hepatocyte cells,
hepatitis C virus (HCV) infection or proinflammatory cytokines (eg,
TNF-o) activates the inhibitor of nuclear factor kappa-B kinase
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FIGURE 2 Apolipoprotein B mRNA editing enzyme catalytic polypeptide-like (APOBEC) genetic alterations in cancer. cBioPortal website
was used to search 11 APOBEC gene family members across broad types of cancer studied in The Cancer Genome Atlas (TCGA), and the
frequency of APOBEC genetic alterations from high to low were plotted. Analyses include samples with both copy number alterations and
mutations data. Color bars represent different types of alteration (green, APOBEC mutation; blue, APOBEC gene deletion; red, APOBCEC gene
amplification; grey, APOBEC gene multiple alterations). Circles of different colors represent different types of cancer studied in TCGA. There

are 43 different studies listed in this plot

subunit beta (NF-kB/IKK-B) signaling pathway, which can stimulate
AID overexpression, resulting in genetic susceptibility to mutagene-
sis, and these pathological processes are responsible for the develop-
ment of liver cancer.®>* HPV16 infection is a major risk factor in
cervical, head and neck cancers and oropharyngeal cancers. APO-
BEC3B mutation signature and expression of APOBEC3B were

1083742 \vhereas

found to be enriched in HPV+ subtype of cancers,
APOBECS3A expression with uracil N-glycosylase inhibition is respon-
sible for HPV16 genome integration and hypermutations in oropha-
ryngeal cancers.’® Mechanism of viral oncoprotein E6/E7-mediated
elevated APOBEC3B expression is due to removal of p53-mediated
repression of APOBEC3B expression.’? Interestingly, the promoter
regions of APOBEC3 genes contain p53-binding sites; p53 protein is
a major transcriptional regulator of APOBEC3 genes in response to
chromosomal stress, and p53 activation increases several APOBEC3
mRNAs and protein expression in a cellular context, except for APO-
BEC3B expression in a suppressive method.>? In contrast to wild-
type p53 activation, p53 hotspot mutants upregulate APOBEC3B
expression in cancer cells.>? Therefore, inactivation of p53 by viral
protein E6/E7 activation or loss of function of p53 mutations can
activate APOBEC3B function, increase genome instability and pro-
mote tumor initiation.

Nuclear factor kappa B signaling pathway plays a crucial role in the
transcriptional regulation of APOBEC genes such as AID expression.>+3>
A recent study showed that NF-kB could bind to multiple promoter
regions of the APOBEC3B gene and upregulate the expression of APO-
BEC3B mRNA under a variety of conditions (eg, PKC/IKK activation,
oncogenic activation and IFN treatment).>® NF-kB may cross-talk with
other oncogenic pathways to also upregulate APOBEC3B expression;
for instance, DNA replication stress with a variety of stimulators can
activate transcription of APOBEC3B through the ATR/Chk1-dependent
pathway.>* Several oncogenic signaling pathways such as PI3K, MAPK,

AKT and mammalian target of rapamycin (mTOR) pathways are on the

circuits of replication stress-induced APOBEC3B activation.* These
signaling pathways are upstream molecules of the NF-xB pathway; thus
we speculate that NF-kxB may participate in replication stress-mediated
APOBEC3B upregulation.

In addition to transcriptional regulation of APOBEC gene expres-
sion by transcription factors, APOBEC are subject to post-transcrip-
regulation by  microRNAs.>®
APOBEC3A_APOBECS3B variant is increased as a result of loss of 3'-
UTR of APOBEC3A, which is negatively targeted by microRNAs.%°
Another example, microRNA 2909 binds to the 5-UTR region of
APOBEC3G mRNA and decreases APOBEC3G translational expres-
sion.>® Conversely, APOBEC3G binds to 3'-UTR of tumor suppressor
gene KLF4 mRNA, resulting in decreased expression of KLF4, and

tional Expression  of  the

increased expression of SP1 and other survival genes including c-
myc, Bmi-1, BCL-2 and MDM2.>” APOBEC3G overexpression pro-
duces truncated apoptosis antagonizing transcription factor (AATF,
23 kDa) through APOBEC3G binding AATF mRNA within its third
exon.”® The microRNAs-APOBEC-mRNA network may contribute to
oncogenic activations in some circumstances. Last, Hsp90 can stimu-
late APOBEC3B, APOBEC3C and APOBEC3G deamination activity>’
as a result of stress responses. Taken together, APOBEC3 gene
expression is transcriptionally regulated by multiple transcription fac-
tors and signaling pathways depending on cellular context (Figure 3).

5 | APOBEC3 AS PROGNOSTIC MARKERS
AND THERAPEUTIC TARGETS FOR CANCER
TREATMENT

Accumulated evidence has shown that APOBEC3A and APOBEC3B
are the main sources of somatic mutagenesis in human tumors, and
APOBEC-mediated mutagenesis is correlated with APOBEC mRNA
levels*> How the APOBEC mRNA expression is associated with
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FIGURE 3 Summary of apolipoprotein B mRNA editing enzyme
catalytic polypeptide-like (APOBEC)3B transcriptional regulations in
cancer cells. APOBECS3B is the main source of mutagenesis in
multiple types of cancer. High expression of APOBEC3B and
elevated activity have been reported in HER2+ breast cancer, human
papillomavirus (HPV)+ cervical cancer, and head and neck squamous
carcinoma. Nuclear factor kappa B (NF-kB) pathway activation,®®
DNA replication stress®* and HPV E6/7 oncoproteins and mutant
p53°2 are able to turn on APOBEC3B expression. In contrast, WT
p53 activation suppresses APOBEC3B expression through p21-
mediated transcriptional suppressive complexes occupancy of
promoter region of APOBEC3B.>Y>? AID, activation-induced
deaminase; IFN, interferon; TNF, tumor necrosis factor

clinical outcomes and overall survival is poorly documented. Chen

et al®®

reported that greater expression of APOBEC3A has better
overall survival in Taiwanese oral squamous cell carcinoma (OSCC)
patients, but not in The Cancer Genome Atlas (TCGA)-OSCC
patients. This unique clinical prognostic relevance of APOBEC3A
expression in Taiwanese-OSCC is due to greater (~50%) APOBEC3B
deletion genotype. We explored the association of all APOBEC
expression with overall survival in TCGA pan-cancers (https://www.
proteinatlas.org/), and found that greater expression of 5 APOBEC3
family genes (APOBEC3B, APOBEC3C, APOBEC3D, APOBEC3G,
APOBEC3H) are significantly correlated with better survival in
TCGA-cervical cancer, but with poor survival in TCGA-renal cancer
(Figure 4). This discrepancy of APOBEC expression-mediated clinical
benefit may, at least in part, depend on the level of APOBEC expres-
sion in the tumor. Now, the question is whether we can manage
APOBEC activity for treatment. Development of chemical inhibitors
to APOBEC3D/G/F/H enzymes for HIV-1 treatment is in its early
stage according to the interaction between APOBEC protein struc-
ture and virion infectivity factor, whereas screening chemical inhibi-
tors for APOBEC3A and APOBEC3B is under consideration.®* Here
we propose two strategies to inhibit AID, APOBEC3A and APO-
BEC3B enzymatic activities for cancer intervention. One is for direct
inhibition using chemicals or biological approaches including shRNA
or clustered regularly interspaced short palindromic repeats (CRISPR)
technology. The mechanism of action of APOBEC enzymes is that
these enzymes deaminate cytidine to uridine on RNA/ssDNA, and
blocking the interaction between APOBEC and RNA/ssDNA sub-
strates could alleviate unwanted mutations in the genome. Recent

Cancer Science RUIs =

release of APOBEC3A-ssDNA and APOBEC3B-ssDNA co-crystal
structure will provide a foundation for structurally based design of
APOBEC3 small molecule inhibitors.”¢? Depletion of APOBEC3B
mRNA with siRNA can reverse APOBEC3B-mediated tamoxifen
resistance in ER+ breast cancers.*® MicroRNAs have been reported
to negatively regulate APOBEC3 genes,>® and these approaches are
still in the experimental stage and not yet in any clinical trials. Simi-
larly, CRISPR/Cas9-derived transcriptional suppression approach
might be used for AID, APOBEC3A, and APOBECS3B inactivation.

An alternative strategy is to inhibit known AID and APOBEC3B
regulatory pathways with known small molecule inhibitors. As we
summarized in Figure 3, NF-«B inhibitors, SN50 and MG132, reduce
the expression of AID in liver cancer®* or PKC/IKK inhibitors sup-
press NF-kB activation; downregulated APOBEC3B expression might
control cancer progression and metastasis mediated by APOBEC3B-
induced mutagenesis.>®> APOBEC-driven replication stress in cancer
cells may provide a potential opportunity for ATR-targeted ther-
apy.®® Targeting replication stress-directed APOBEC3B activation
has broad implications for many inhibitors including afatinib and lap-
atinib for ERBB2 amplification, LY294002 and rapamycin for PI3K/
mTOR signaling, U0126 for MAPK, CHK1 inhibitor, and ATM/ATR
inhibitor.>* P53 defective cells with high expression of APOBEC3B
are more sensitive to DNA damage response inhibitors (eg, PARP
inhibitor), which have been used in clinical trials.** In addition, APO-
BEC3 highly expressed tumors are correlated with high mutation
burden, and overexpression of APOBEC3 paralogs appear to play
pivotal roles in the regulation of programmed death-ligand 1 (PD-L1)

6566 \which is the predictive biomarker for subset cancer

expression,
immunotherapy. It is reasoned that these subtypes of patients may
respond to immune checkpoint blockage therapies such as pro-
grammed cell death protein 1 (PD-1)/PD-L1 and cytotoxic T-lympho-
cyte-associated protein 4 (CTLA-4) inhibitors. Taken together,
targeting APOBEC with various approaches for subsets of patients
may improve clinical outcomes. Meanwhile, potential adverse effects
derived from the inhibition of APOBEC may arise, such as decreasing

host immune defense against viral infection.

6 | SUMMARY AND FUTURE
PERSPECTIVES

Cancer is currently viewed as a disease of evolving genomic instabil-
ity and abnormal epigenomic modifications. Except for known exoge-
nous mutagens causing cancer, endogenous mutators, such as
APOBEC family genes, are found to associate with cancer develop-
ment, and their high expressions correlate to mutational burden in
diverse types of cancer and poor survival time in subtypes of cancer.
Several studies indicate that NF-kB pathway activation, p53 inactiva-
tion by HPV oncoprotein E6/E7 activation or loss-of-function muta-
tions in the TP53 gene and replication stress activation are
responsible for transcriptional activation of APOBEC, in particular,
APOBEC3B. We proposed different strategies to directly or indi-
rectly target APOBEC3B as a prototype regimen for inactivation of
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FIGURE 4 Apolipoprotein B mRNA editing enzyme catalytic polypeptide-like (APOBEC) family gene expression-associated clinical outcomes
in TCGA pan-cancers. APOBEC family gene expression in database (www.proteinatlas.org/pathology)®” with 17 major cancer types with
respect to clinical outcome was analyzed for Kaplan-Meier survival plot. No APOBEC3A expression is associated with clinical outcome;
however, higher expression of APOBEC3B, C, D, G, H genes show poor survival time in renal cancer. In contrast, better survival time is seen in
cervical cancer. Breast cancer benefits from higher expression of APOBEC3D and APOBECS3G; urothelial cancer benefits from higher
expression of APOBEC3D, F, H; and endometrial cancer show better survival time with higher expression of APOBEC3G. Purple lines
represent higher expression of APOBECS; blue lines represent lower expression of APOBEC3

aberrant expression of APOBEC for potential interventions. We are
only beginning to appreciate the effects of APOBEC-mediated muta-
genesis in cancer; many questions remain to be answered. For exam-
ple, whether elevated expressions of APOBEC3 are causative factors
for cancer initiation or just a bystander consequence during cancer
development; how can we effectively prevent the off-target harmful

mutations by APOBEC at the precancerous stage; why elevated
expression of APOBEC has a paradoxically clinical benefit on can-
cers; and how can we quickly apply hypothetical approaches to man-
age subtypes of cancer patients with aberrant APOBEC expression
in the clinical setting. With more research focused on APOBEC biol-
ogy, we hope these answers will be addressed in the near future.
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