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APOBEC3B: Pathological Consequences of an Innate Immune

DNA Mutator

Michael B. Burns'??, Brandon Leonard**>¢, Reuben S. Harris**>7

Cancer is a disease that results from alterations in the cellular ge-
nome. Several recent studies have identified mutational signatures that
implicate a variety of mutagenic processes in cancer, a major one of
which is explained by the enzymatic activity of the DNA cytosine de-
aminase, APOBEC3B. As a deaminase, APOBEC3B converts cytosines
to uracils in single-stranded DNA. Failure to properly repair these uracil
lesions can result in a diverse array of mutations. For instance, DNA
uracils can template the insertion of complementary adenines leading
to C-to-T transition mutations. DNA uracils can also be converted into
abasic sites that, depending upon the DNA polymerase recruited to by-
pass this lesion in the template strand, can lead to adenine insertion and
C-to-T mutations as well as cytosine insertion and C-to-G transversion
mutations. Finally, DNA uracils can also be converted into DNA breaks
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that may precipitate some types of larger chromosomal aberrations observed in cancer. These stud-
ies cumulatively demonstrate that APOBEC3B is a major source of genetic heterogeneity in several
human cancers and, as such, this enzyme may prove to be a critical diagnostic and therapeutic target.
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Cancer is a genetic disease. For a malignancy to form
and evolve, it needs to override the normal cellular
safeguards encoded by the genome. Therefore, to prevent
cancer initiation and limit its malignant potential, it is vital
to understand the different sources of DNA damage and
mutation that underlie this disease."! Tumor genomes bear
mutational signatures that reflect the underlying sources of
those mutations. For instance, a mutation spectrum result-
ing from a combination of oxidative damage and a defect
in DNA mismatch repair (MMR) will look different than a
mutation signature resulting from oxidative damage alone.
Research is underway to quantitatively deconvolute the
multiple sources that give rise to these complex mutation
patterns.>* The sources of DNA damage and mutation
in cancer can be classified into the general categories

of exogenous and endogenous, where the exogenous
sources are those that arise from the environment and the
endogenous sources are those that arise from within the
cell itself. Pyrimidine dimers that result from UV damage
are a classic example of an exogenous agent generating
lesions that lead predominantly to context-specific C-to-T
transition mutations.®% Endogenous processes can be fur-
ther categorized into passive and active sources of DNA
damage and mutation. Passive mutation is characterized
by a failure to repair DNA damage after it has occurred.
Established sources of passive mutation are inherited de-
ficiencies in DNA repair processes, such as MMR gene
defects that are characterized molecularly by microsatel-
lite DNA instability and clinically by predisposition to
hereditary nonpolyposis colorectal cancer (HNPCC).
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Similarly, recombination repair gene defects can increase
the rate of chromosomal aberrations and predispose to
breast and ovarian cancers.”

Conversely, active endogenous sources of mutation
are agents that directly damage DNA. Some of these
sources are well known, such as oxidation of guanine and
hydrolytic deamination of cytosine, but many others are
poorly defined.*® However, much headway has been made
recently in understanding additional endogenous sources
of DNA damage, with our group®'? and others>*!34 im-
plicating APOBEC3B, a member of the APOBEC family
of single-stranded DNA (ssDNA) polynucleotide cytosine
deaminases, in cancer genome mutagenesis [Figure 1].

The APOBEC family

The human APOBEC family includes 11 members:
The namesake, Apolipoprotein B mRNA Editing enzyme,
Catalytic subunit 1 (APOBEC1) on chromosome 6, APO-
BEC2 on chromosome 12, APOBEC3A,B,C,D, F,G, H
encoded in a tandem head-to-tail array on chromosome
22, APOBEC4 on chromosome 1, and Activation Induced
Cytosine Deaminase (AID or AICDA) also on chromo-
some 6 [Figure 2A]. All of the APOBEC enzymes, except
for APOBEC2 and APOBEC4, are capable of converting
cytosine in ssDNA via a deamination reaction to ura-
cil (C-to-U) [Figure 2B]. This water-mediated reaction
can also occur spontaneously (as alluded above), though
enzymatic deamination occurs at much faster rates espe-
cially on unprotected ssDNA substrates.!'!

With the exception of AID, these genes were all named
after APOBEC] as a result of sequence homology indicat-
ing a shared lineage of inter- and intra-chromosomal gene
duplication events. However, this nomenclature is misno-
meric as APOBEC] is the only family member whose gene
product carries out apolipoprotein B mRNA editing.!!¢-!8!
In fact, many of these proteins have independent physi-
ological functions. For example, AID is essential for both
somatic hypermutation and class-switch recombination
through deamination of variable and switch region DNA
segments within rearranged immunoglobulin heavy and
light chain genes.!"”!

The APOBECS3 proteins are also known to have at least
three distinct physiologic functions in the human body, all

Michael B. Burns, ef al. 103
APOBEC3B-driven mutagenesis in human cancers

of which are consistent with their role in innate immunity.
First, many of the APOBEC3s have been described to defend
against a diverse array of viral pathogens, including retrovi-
ruses, hepatitis viruses, papillomaviruses, and others.*> Of
note, APOBEC3D, F, G, and H have been shown to restrict
HIV-1 replication by deaminating cDNA intermediates
that normally occur during the HIV-1 life cycle.?% Sec-
ond, several APOBEC3s, including APOBEC3A, B, and
F, have been shown to inhibit retrotransposition of L1 and
Alu elements in human cells.??°! Third, researchers have
demonstrated that APOBEC3A and other family members
have the potential to mediate the clearance of foreign DNA
through a deamination-dependent mechanism.?”-30-311

Recent work has also indicated that there are regions of
the genome that appear more susceptible to mutation than oth-
ers. Specifically, late-replicating and heterochromatic regions
of the genome appear enriched for mutations when compared
to early replicating and euchromatic DNA, respectively.>3
In the case of late-replicating regions of the genome, one
explanation for the increased mutation content is that these
regions are more likely to harbor stalled replication forks,
more ssDNA intermediates, and consequently more sub-
strates for APOBEC3B. In the case of heterochromatic DNA,
bearing in mind that ssDNA is the substrate for APOBEC3
deamination, heterochromatin is poorly transcribed and, thus,
less accessible to DNA repair machinery than euchromatic
regions.® Moreover, highly transcribed regions of the genome
are intrinsically less likely to tolerate mutations due to its es-
sential nature (i.e. negative selection).

Technical achievements

The main challenge to assessing the role of APOBEC
family members in cancer is that all of the family members
share large amounts of sequence homology due to relatively
recent gene duplication and divergence events.*> While a
few APOBEC monoclonal antibodies (mAb) have been
generated, most lack the intended specificity in practice by
binding multiple family members. This makes quantitative
determination of the presence or absence of endogenous
expression of individual family members, using currently
available antibody reagents, very difficult at the protein level.

Even at the mRNA level, several of the APOBECS are
highly similar. For example, APOBEC3A and the C-terminal
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Figure 1: Model for APOBEC3B-driven tumor evolution. Upregulation of APOBEC3B in nascent cancer cells or during cancer development

increases mutation rates and drives tumor evolution.
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Figure 2: Introduction to the APOBEC family. (A) Depiction of
the spatial organization of the APOBEC family members, with the
APOBEC3 genes arrayed in tandem on chromosome 22, APOBEC]
and AID located on chromosome 12, and APOBEC2 and APOBEC4
encoded on chromosomes 6 and 1, respectively. (B) APOBEC3
family enzymes catalyze the hydrolytic reaction of cytosine to uracil
in single-stranded DNA.

domain of APOBEC3B share >90% nucleotide identity.
Because of this identity, many of the current techniques to
study global changes in mRNA expression are complicated by
cross-hybridization issues. Many of the probes used to detect
mRNA levels in microarrays are too short to discretely distin-
guish between the different APOBECS3 transcripts and often
share homology between multiple family members.” The lon-
ger reads generated by RNAseq and utilization of paired-end
sequencing improves upon this issue, but even these are poten-
tially susceptible to inappropriate read mapping. Fortunately,
researchers have been able to construct and validate panels of
reverse transcription quantitative PCR (RT-qPCR) assays that
can be used to specifically quantify each individual APOBEC
transcript.*®¥7 Qverall, any method used to detect APOBEC3
expression must be designed and carefully validated to ensure
specificity and efficiency.

Previously implicated APOBECs

The expression of APOBECI in transgenic animals
was one of the first experiments that investigated whether
APOBEC deamination can lead to cancer causing
mutations. Transgenic expression of rabbit APOBECI in
mice resulted in universal liver dysplasia, many of which
progressed to hepatocellular carcinoma. While rabbit
APOBECI clearly has a dramatic carcinogenic effect when
expressed constitutively in transgenic mice, this was not the
case when expressed in rabbits®! and it has not yet proven
relevant to human cancers (although a recent study has im-
plicated APOBECI in esophageal adenocarcinomas).®! It
should also be noted that this original APOBECI1 study™®
was performed prior to the discovery of AID/APOBEC
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catalyzed DNA cytosine deamination,!'’#"! and therefore,
the authors inferred that off-target RNA editing caused the
observed malignancies.

Several APOBEC3 family members have also been
hypothesized to play a role in cancer since the initial dis-
covery that they use DNA as a substrate.!'” At that time, the
difficulty in differentiating among the many family mem-
bers made it unclear which, if any, family members might
be driving mutation in cancer. Recently, it was reported
that APOBEC3G contributes to metastasis in hepatocel-
lular carcinoma, though the research neither proposed nor
tested a mechanistic explanation of the observation.*! More
recently, using the aforementioned RT-qPCR assays, it has
been concluded that APOBEC3G is not currently a suspect
in cancer onset or progression as abnormal levels of APO-
BEC3G have not been found in human cancer tissue when
specific assays are applied. There is a chance that the normal
level of APOBEC3G expressed in a given tissue may be
misregulated at post-transcriptional levels, but again, there
has been no evidence presented to support this hypothesis.

Because AID is known to deaminate genomic DNA
as part of its normal physiological activity, it is easy to
imagine that this protein may have detrimental off-target
effects. Indeed, body-wide expression of murine AID in mice
leads to premature death due to T-cell lymphomas and lung
adenocarcinomas.™ In addition, AID is known to produce
well-characterized carcinogenic chromosomal transloca-
tions as a side-effect of class-switch recombination.™*! For
example, AID is required for the chromosomal translocation
between c-myc and the immunoglobulin (/g) locus, which is
associated with Burkitt’s lymphoma.™ These experiments
provide proof of principle and a starting place from which
to pursue research on the potential role of the other family
members in cancer.

APOBEC3B and breast cancer

Since the discovery of the DNA mutating properties of
the APOBEC family members in 2002, it has been hypoth-
esized that one or more of them has a direct role in cancer
mutagenesis.!'” In the process of testing this hypothesis
and identifying a cancer-related APOBEC, several criteria
must be met. The implicated APOBEC must be expressed
in the cancer, have access to genomic DNA, be catalytically
active, and result in detectable changes to genomic DNA.

Burns et al. were the first to clearly identify APO-
BEC3B as the APOBEC family member at work in human
cancer.”? They quantified the full repertoire of APOBEC
family mRNA species in human breast cancer tissues and
cell lines. These data showed that APOBEC3B was pref-
erentially and specifically upregulated in a majority of
the samples tested. This allowed subsequent efforts to be
focused on elucidating the molecular mechanism by which



this enzyme might operate in breast cancer. APOBEC3B is
the only family member that constitutively localizes to the
cell nucleus.®#4%! Also, it retains deamination activity, in-
creases the steady-state level of uracil in the cell’s genome,
and correlates with increased mutation, as determined by
selection and enrichment techniques (thymidine kinase
(TK)-fluctuation assay and 3D-PCR/sequencing).” These
findings indicated that in a large proportion of breast cancer
cell lines, APOBEC3B is driving mutations that diversify
the genetic landscape.

The key translation of these mechanistic studies to
primary patient tumor genomes was the recognition that
APOBEC3B deaminates ssDNA at a preferred sequence
context. Biochemical assays in vitro demonstrated that APO-
BEC3B prefers substrate cytosines in 5”TCA and 5"TCG
contexts.”!!' Mutation data from three independent primary
breast tumor genome datasets clearly indicated that muta-
tions at these sites are significantly enriched.” Moreover,
APOBEC3B expression levels correlated positively with
both cytosine mutation and overall mutation loads."!

Global analyses of mutation signatures

The work by Burns and colleagues opened the door
to larger scale genomic studies aimed at examining the
contribution of APOBEC3B to the mutation load across
many different tumor types.'#’! These analyses revealed
that APOBEC3B is significantly upregulated in many tumor
types relative to its expression in normal tissue derived from
the same organ. Furthermore, the cancer types expressing
the highest levels of APOBEC3B also contained the most
mutations. The most striking findings came when these
groups examined the sequence context of the mutated
cytosine bases (i.e. the trinucleotide motifs including the
bases immediately 5’ and 3’ of each mutated cytosine).
Here, several tumor types showed a mutation profile simi-
lar to that of recombinant APOBEC3B. Together, the data
produced independently by the Harris and Gordenin labs
suggest that APOBEC3B contributes most significantly to
mutation in six distinct types of cancer: Bladder, cervix,
lung (adenocarcinoma and squamous cell carcinoma), head
and neck, and breast. Additional studies looking at general
mutation patterns, though non-specific in implicating a
particular APOBEC family member, have arrived at similar
conclusions.[23:3348-30]

Mutagenic outcomes of genomic uracil

One major challenge to determining which mutations
directly result from APOBEC3B cytosine deamination
events is understanding how genomic uracils are processed
in cancer cells. It is established, based on prior research
on AID, that U: G mispairs resulting from cytosine de-
amination can result in all six base substitution mutation
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types.'”? While many U: G lesions are likely repaired in
an error-free manner by the canonical base excision repair
pathway, lesions that escape this process have multiple
distinct mutagenic potentials [Figure 3]. Briefly, the gen-
eral steps required for repair include excision of the uracil
lesion, nicking of the DNA backbone, and subsequent re-
incorporation of the correct nucleotides (light blue region
in Figure 3).5Y At several of the steps required for repair,
there are alternative outcomes that may lead to a variety of
mutation types. Simple DNA replication across uracilated
DNA results in C-to-T transitions (tan region in Figure 3),
mutagenic MMR at U: G mispairs may result in transitions
and/or transversions (green region in Figure 3), translesion
DNA synthesis across abasic sites can result in transition
mutations (yellow region in Figure 3), and finally, in highly
deaminated regions, the repair process may generate nicks
on both strands of the DNA double helix that are relatively
close to one another potentially resulting in double-stranded
breaks (purple region in Figure 3).

In breast cancer, Burns, Lackey, and colleagues found
that APOBEC3B upregulation correlated with increased
levels of transition mutations, suggesting that a proportion
of the genomic uracils created by APOBCE3B either persist
through DNA synthesis or are generated at a high enough
rate that they are detectable in non-replicated DNA. As
indicated above, if a uracil is not excised by a DNA glyco-
sylase prior to DNA replication, it will template as a thymine
and base pair with adenosine. After a subsequent round of
DNA replication, the result is a C-to-T transition mutation.
A similar result will occur if the genomic uracil is removed
by uracil excision repair and an adenine is inserted opposite
of the resulting abasic site during local DNA synthesis or
replication. While these are perhaps the simplest mutational
outcomes of cytosine deamination, many other pathways
have been investigated. In fact, a recent paper by Leonard
and colleagues has found a significant correlation between
APOBEC3B upregulation and both C-to-A and C-to-G
transversion mutations in whole genome sequences from
16 early-stage serous ovarian carcinomas.!'!! The authors
suggested that the observed mutations may be the result of
error-prone translesion DNA synthesis past non-instruction-
al abasic sites created by uracil excision.

The above mechanisms are supported not only by the
aforementioned work on AID and APOBEC3B, but also by
more recent publications aimed at elucidating the proteins
involved in the repair of APOBEC-mediated damage in
yeast. One study has shown that a deficiency in uracil DNA
glycosylase (UNG) or the translesion DNA polymerase,
REV1, results in a mutation spectrum greatly skewed toward
C-to-T transition mutations (at the expense of transversions),
particularly in the presence of an active DNA cytosine
deaminase.!"" Another study used a panel of translesion
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Figure 3: Potential mutagenic outcomes of uracil lesions. Canonical base excision repair is the most prevalent pathway and often results in
error-free repair of uracil lesions (blue), but at least three intermediates in this process can lead to mutagenic outcomes. Uracils persisting
through DNA synthesis can result in C-to-T transition mutations (tan). Mismatch repair can also process genomic uracils (as U/G mispairs)
and result in mutations at the site of deamination as well as nearby bases during long patch repair (green). Translesion synthesis across abasic
sites can lead to C-to-T transitions or to C-to-G or C-to-A transversions (yellow). Finally, the accumulation of nicks can lead to single- (not
shown) and double-stranded breaks and genetic recombination. Double-stranded breaks can result when nicks occur on opposite strands of
the helix within close proximity or when a replication fork hits a single nick (purple). Model adapted from Leonard and coworkers.!!!

polymerase mutants to show that REV1 and REV3 con-
tribute most significantly to the formation of transversion
mutations in yeast.5? This research provides support for the
proposed models, but more studies are needed to identify
the mechanisms at play in human tumors (with many more
DNA polymerases than yeast) and to determine how other
processes, such as MMR, recombination, and cell cycle
checkpoints, might also influence mutagenic outcomes.

An APOBEC3B deletion alelle

Several studies have examined the APOBEC3B locus in
human populations as part of both general surveys and more
specific cancer studies. 3% These analyses have identified
an APOBEC3B deletion polymorphism circulating in the
human population with an allelic frequency ranging from
approximately 1 to 93%, dependent upon the biogeographi-
cal ancestry of the population examined [Figure 4].15%57
One group used a small Japanese cohort (<50 patients) to
assess breast cancer incidence and the APOBEC3B dele-
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tion polymorphism and found a statistically insignificant
trend toward an inverse correlation between APOBEC3B
and breast cancer.®” Two other groups used much larger
cohorts to assess the relationship between the deletion al-
lele and breast cancer incidence.'*>>® These larger studies
determined that there was a significant increase in the APO-
BEC3B deletion allele among women with breast cancer.
Unlike the Japanese study that collected data on the deletion
allele frequency from normal healthy patients recruited
into their study, these groups relied on data from the 1000
genomes project to determine the frequency of the deletion
allele within their cohorts.’*7 These findings argue that
APOBEC3B is somehow a protective factor, reducing the
incidence of breast cancer in the populations studied. These
observations are intriguing and may reflect compromised
innate immune defenses, with increased levels of viral in-
fection and endogenous retrotransposition expected in the
absence of this enzyme.>>*57)

The APOBEC3B deletion allele may be protective with
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Figure 4: APOBEC3B deletion allele. A germline deletion between homologous regions of APOBEC3A and APOBEC3B has resulted in a
chimeric gene in which exon 4 of APOBEC3A is fused to exon 8§ of APOBEC3B.

respect to breast cancer incidence; however, it was recently
shown that once the cancer has formed, patients with estro-
gen receptor (ER)-positive tumors and APOBEC3B upregu-
lation have significantly worse outcomes relative to those
that lack expression of the enzyme."? One of several cohorts
in this study represented patients who had only been treated
by surgical resection, indicating that APOBEC3B expres-
sion levels alone can provide a prognostic indication. This
recent study is important because it clearly distinguishes
incidence (“catching cancer”) from progression (what hap-
pens once a cancer has been diagnosed). Additional studies
on breast and other APOBEC3B-linked tumor types are
needed to confirm and extend these initial findings.

There have been conflicting reports in the literature
related to the potential contributions of different APOBEC3
family members to cancer mutagenesis, specifically, APO-
BEC3A and APOBEC3B. 2391114461 Ap argument has been
presented that an APOBEC3A/B mutation pattern persists
even in cancer samples that harbor the APOBEC3B deletion
allele.® This, were it the case, would imply that the signa-
ture is likely the result of APOBEC3A since APOBEC3B
is absent in the cells homozygous for the APOBEC3B
deletion. Unfortunately, the only study to-date addressing
this possibility failed to segregate the APOBEC3B deletion
allele heterozygotes from the homozygotes and, thus, con-
founded interpretations by including as the majority of their
“APOBEC3B deletion” samples, tumors with upregulated,
active APOBEC3B.5% This, coupled with the finding that
APOBEC3A when expressed endogenously is confined to
myeloid lineage cell types, and the protein itself is located
in the cytoplasm and is non-genotoxic, indicating that
APOBEC3B remains the leading culprit for cancer muta-
genesis. 136374659600 Fyrther work is needed to determine
unambiguously whether other APOBEC family members
might contribute to cancer mutagenesis and, if so, then
deduce their contributions relative to those of APOBEC3B.

Connection to antiviral innate immunity

A key question is how APOBEC3B becomes up-
regulated in cancer. Original studies eliminated many
possibilities including gene amplification, chromosome
translocation, promoter mutations, and other cis events such

as differential methylation.”! Although there are likely to
be many answers to this question, one possible clue comes
from the strong link between APOBEC3B expression and
mutagenesis in cervical and head/neck cancers™#! and
the fact that many of these cancers are human papilloma-
virus (HPV) driven."®! Henderson and colleagues recently
demonstrated a clear segregation of exogenous, smok-
ing-related mutations and APOBEC3B-driven mutations
in head/neck cancers.” Their findings further indicated
that APOBEC3B upregulation correlated with HPV-pos-
itive status. Thus, for these cancer types, there may be a
HPV-mediated mechanism of APOBEC3B upregulation.
The mechanism (s) for APOBEC3B upregulation is less
obvious for non-viral cancer types and is likely to require
many future investigations.

Conclusions

There is a growing consensus in the field that APO-
BEC3B is a major and previously unappreciated source of
mutation in several different cancer types. This enzyme is
likely to contribute significantly to genetic, and thus phe-
notypic, heterogeneity within the tumors in which it is ex-
pressed. The full clinical significance of this conclusion has
yet to be realized fully, but it may be relevant to diagnosis,
prognosis, and ultimately therapy (e.g. ref.!').

Knowledge of APOBEC3B mutagenesis provides
a framework for future therapeutic strategies. The most
direct method to limit the impact of APOBEC3B impact
would be to inhibit the enzyme’s deaminase activity using
small molecules and thereby to create a hypomutator state
in the tumor [Figure 5]. The goal of this strategy would
be to post-operatively (once tumor burden decreases)
slow the rate of evolution of the remaining tumor cells,
decrease the likelihood of resistance mutations arising,
and ultimately render the remaining tumor cells more
sensitive to conventional therapeutics. Alternatively, the
as-yet-unknown pathways that drive APOBEC3B expres-
sion could be targeted to decrease the expression levels,
highlighting the importance of further research on this
topic. Conversely, as has been done for BRCA 1/2-mutant
cancers, DNA repair pathways could be modulated in an
attempt to make APOBEC3B-dependent damage toxic,
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Figure 5: Therapeutic implications of APOBEC3B mutagenesis.
Decreasing or increasing the mutation rate of APOBEC3B-expressing
cells is predicted to result in decreased tumor fitness and tumor cell
death. Decreasing the mutation rate through APOBEC3B inhibition
may result in genome stabilization and a lower probability of drug
resistance mutations (i.e. increased durability of conventional
chemotherapeutics). Alternatively, increasing the level of APOBEC3B
mutagenesis (directly by increasing APOBEC3B levels or indirectly by
creating a synthetic lethal state) may result in toxic levels of genomic
lesions and tumor death. Adapted from similar concepts proposed for
APOBEC3 mutagenesis of the retrovirus HIV-1.1!

creating a hypermutator phenotype and a synthetic lethal
state for tumor cells [Figure 5]. In either the hypomutation
or hypermutation scenarios, the goal is to translate this ba-
sic research discovery into successful clinical results that
improve and extend the lives of patients.
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