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Abstract—Proteins of the AID/APOBEC family are capable of cytidine deamination in nucleic acids forming
uracil. These enzymes are involved in mRNA editing, protection against viruses, the introduction of point
mutations into DNA during somatic hypermutation, and antibody isotype switching. Since these deaminases,
especially AID, are potent mutagens, their expression, activity, and specificity are regulated by several intra-
cellular mechanisms. In this review, we discuss the mechanisms of impaired expression and activation of
AID/APOBEC proteins in human tumors and their role in carcinogenesis and tumor progression. Also, the
diagnostic and potential therapeutic value of increased expression of AID/APOBEC in different types of
tumors is analyzed. We assume that in the case of solid tumors, increased expression of endogenous deami-
nases can serve as a marker of response to immunotherapy since multiple point mutations in host DNA could
lead to amino acid substitutions in tumor proteins and thereby increase the frequency of neoepitopes.
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INTRODUCTION
AID/APOBEC (Activation Induced Deami-

nase/Apolipoprotein B mRNA Editing enzyme, Cat-
alytic polypeptide-like) is a family of Zn-dependent
cytidine deaminases that convert cytidine of RNA or
single-stranded DNA into uridine. Normally, these
enzymes are involved in editing cellular mRNA and
the antiviral immune response of the cell. They also
provide somatic hypermutation in immunoglobulin
genes during B-lymphocyte maturation. In human
cells, there are 11 proteins belonging to the AID/APOBEC
family, including AID, APOBEC1, APOBEC2,
APOBEC4, and 7 homologues of APOBEC3, num-
bered 3A to 3H with exception of 3E, the expression
profile, and function of which are tissue-specific. The
cytidine deaminase domains of all enzymes of the
AID/APOBEC family are characterized by the pres-
ence of a conserved Zn-containing ZDD motif with
an α-helix–β-sheet–α-helix supersecondary struc-
ture [1]. The choice of substrate and regulation of cat-
alytic deamination are controlled by the length, com-
position, and spatial arrangement of the protein
domains adjacent to the catalytic site. Nucleic acids
recognized by AID/APOBEC deaminases usually
have very short consensus sequences. For example,
AID recognizes the motif WRC*H; APOBEC3A,

TTC*A; APOBEC3B, ATC*A; APOBEC3F, TTC*W;
APOBEC3G, YCC*H; and APOBEC3H, TC*A
(asterisks indicate cytosine deamination) [2]. The
range of possible targets with such sequences is
extremely wide, therefore, dysregulation of expression
and mutations in APOBEC deaminase genes cause a
large number of changes in various DNA and mRNA
sequences and lead to the development of a number of
immunological disorders (hyper-IgM syndrome), as
well as malignant neoplasms (B-cell lymphomas,
hepatocellular carcinoma, and other tumors). The
ability of enzymes to modify nucleic acids is used by
the cell to change its phenotype at the nuclear genome
or mRNA editing level. However, the same enzymes,
with insufficient selectivity or inaccurate regulation,
can generate oncogenic mutations and contribute to
malignant cell transformation. This review is devoted
to the role of deaminases of the AID/APOBEC family
in carcinogenesis and tumor progression.

THE ROLE OF AID/APOBEC DEAMINASES 
IN EDITING CELLULAR RNA AND DNA

The first member of the family described was the
APOBEC1 enzyme, which, with the participation of
cofactors, edits apolipoprotein B (apoB) mRNA in
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epithelial cells of the small intestine, which is reflected
in the family name. As a result of the conversion of
cytidine to uridine, a stop codon is formed in the
mRNA sequence, and the final protein product is
2 times shorter than the full-length one. Both forms of
apoB ensure the absorption, transport, and consump-
tion of triglycerides and cholesterol by tissues,
although they are included in different structures. The
truncated variant is present only in chylomicrons that
transport lipids from the intestine to the liver [3] since
APOBEC1 is expressed in the small intestine, but not
in hepatocytes. In turn, the full-size protein serves as the
structural basis for the lipoprotein particle and remains in
it during its entire existence [4, 5]. APOBEC2 is involved
in the differentiation of skeletal and cardiac muscles
[6–8] and is involved in the regulation of transforming
growth factor-β (TGF-β) signaling, which determines
lateral asymmetry during embryonic development of
vertebrates, although knockout is not lethal [9, 10].
The importance of APOBEC2 for the normal func-
tioning of mitochondria in muscles has been reported,
however, the molecular substrate of this enzyme has
not yet been identified and the detailed mechanism of
its operation is unknown [11]. APOBEC3 deaminases
are expressed in cells involved in the antiviral immune
response and edit single-stranded viral nucleic acids
by introducing mutations. The APOBEC4 protein is
predominantly expressed in the testes, but its function
is still unknown [12].

AID deaminase alters the phenotype of a cell by
introducing mutations into genomic DNA. This
enzyme is involved in somatic hypermutation accom-
panying VDJ recombination at the immunoglobulin
loci of B lymphocytes, in antibody isotype switching,
and in B cell affinity maturation [13]. Deoxyuridine in
DNA is formed by the AID enzyme mainly during the
G1 phase of the cell cycle [14, 15], during which it is
also recognized by the repair systems. During the S
phase, most of the changes in the DNA sequence are
preserved as a transition and, less often, as a transver-
sion; the likelihood of mutation in a locus affected by
deaminase increases from 10–9 to 10–3 per nucleotide
per division. When deamination sites are close, the
work of the excision repair system can lead to double-
stranded DNA breaks. Then, they are repaired, which
leads to a rearrangement of the locus and a change in
the isotype of the encoded antibody [16]. The activa-
tion of AID in the B cell is caused by events such as the
activation of the B-cell receptor against the back-
ground of additional signals from the co-stimulatory
molecule CD40, or TLR, or cytokines influencing the
choice of the antibody class: interleukin-4 (IL-4),
TGF-β, or interferon-γ (IFN-γ) [17]. The main tran-
scription factors that trigger AID expression are
NF-κB and HoxC4 [17]. Regulation of the activity of
this deaminase is shown schematically in Fig. 1.
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MECHANISMS OF REGULATION 
OF AID/APOBEC ACTIVITY

Many enzymes are regulated not only by the
expression of the genes encoding them but also at the
post-translational level. This also applies to the
AID/APOBEC proteins. Intracellular localization is
one of the important factors regulating the activity of cyt-
idine deaminases. During interphase, the APOBEC3A,
APOBEC3C, and APOBEC3H proteins are distrib-
uted more or less evenly in the cell, possibly due to
their small size (~25 kDa), which allows nonspecific
penetration through nuclear pores [18]. APOBEC3
proteins, which have two deaminase domains and a
molecular weight of about 50 kDa, can be both nuclear
(APOBEC3B) and cytoplasmic (APOBEC3D,
APOBEC3F, and APOBEC3G) during interphase
[18]. AID, despite its small size, is located mainly in
the cytoplasm, since it is removed from the nucleus by
the CRM1 exportin, which recognizes the nuclear
export signal (NES) within the C-terminal motif, and
requires active nuclear localization signal-mediated
(NLS) import to enter the nucleus [19, 20]. After the
transfer of AID into the nucleus, the protein remains
there for a short time, about 30 min; the rest of the
time, deaminase is located mainly in the cytoplasm
[21]. An important signal for changing the localization
of AID is its phosphorylation by protein kinase A: the
chromatin-associated form of AID is predominantly
phosphorylated at the Ser38 residue [22–24]. APOBEC1
can also move to the nucleus, but in the absence of
ACF, a partner protein, it is mainly located in the
cytoplasm [25, 26]. Interestingly, DNA damage can
cause the transfer of APOBEC3G from the cytoplasm
to the nucleus [27], as well as the transfer of AID in the
same direction [28]. The cytoplasmic localization of
most APOBEC3 appears to be associated with the
editing of cytoplasmic nucleic acids, including viral
nucleic acids. Another cell compartment containing
nucleic acids is mitochondria; however, the data on
whether cytidine deaminases are capable of introduc-
ing mutations into mitochondrial DNA are contradic-
tory. In nasopharyngeal cancer induced by the
Epstein–Barr virus, induction of APOBEC3B and
APOBEC3F, which correlated with the frequency of
G→A transitions in mitochondrial DNA, was found
[29]. However, the analysis of mitochondrial DNA
from B-cell lymphoma lines with high levels of AID
expression reveals almost no mutations caused by cyt-
idine deaminases [30]. It is assumed that mitochon-
drial DNA is deaminated by cytidine deaminases
exclusively in the cytoplasm [31].

The mechanisms providing AID selectivity for
immunoglobulin genes are not fully understood. The
transcription factors ETS1 and PAX5 have been
shown to play a key role in the recruitment of AID to
the immunoglobulin heavy chain sequences in mice;
the proteins E2A and IRF4 are also involved in the
formation of the complex [32]. In mice, ETS1 is



48 SHILOVA et al.

Fig. 1. Diagram of regulation of the mutagenic activity of cytidine deaminases using AID as an example. TLRs, Toll-like recep-
tors; ILRs, interleukin receptors, BCR, B-cell receptor; UNG, uridine nucleotide glycosylase; MMR, miRNA–microRNA mis-
match repair.

Pathogen-associated 
molecular patterns

Cytokines: IL-4,
TGF-β or IFN-γ

Antigen CD40L

CD40

ILRs
TLRs

BCR

Signal transduction

Transcription

Cytoplasm

miRNA: miR-155, miR-181b Regulation of transport to nucleus

Chromatin 
availability

AID

C→U Target genes

Transcription factors

“+” “–”
HOXC4, SP1, RELA/B (NF-κB),
STAT6, SMAD3/4, C/EBP,
PAX5, E2A

MYB, E2F

Transcription Nucleus

AICDA gene
Uracil elimination with the UNG

 glycosylase and DNA backbone scission 
or uracil elimination by the MMR system

Post-translational modifications AID
Phosphorylation T27, S38, T140, Y184
expressed in many tissues during embryonic and early
postnatal development; however, in adult mice and
humans, the expression of this protein is observed
mainly in the organs of the immune system: thymus,
spleen, and lymph nodes. Interestingly, the level of
ETS1 is relatively high during the “resting” stages of
B-cell development (pre-B cells, pro-B cells, IgM+ B
cells of the red bone marrow, naive B lymphocytes,
and memory B cells), but decreases upon activation of
B cells. B cells of germinal centers and plasma cells are
characterized by low expression or complete absence
of ETS1 [33]. ETS1 itself upregulates the expression of
the B-cell-specific transcription factor PAX5, which is
also involved in maintaining the precise localization of
AID. A decrease in the expression of ETS1 is a neces-
sary condition for further differentiation of B cells,
since ETS1 inhibits the BLIMP-1 factor, which
ensures the development of plasma cells [34]; in turn,
BLIMP-1 decreases the expression of PAX5 [35].
Thus, the expression of proteins that determine the
selectivity of deaminase in relation to immunoglobulin
genes decreases simultaneously with the decrease in
the expression of AID in cells of germinal centers. It
can be assumed that in the absence of proteins that
limit the activity of AID, the number of randomly
edited regions of the genome will increase. However, it
is not known how selective deaminases are towards
target genes in the case of their pathological activity.
Most likely, the choice of targets is largely random and
is primarily determined by the spatial availability of
DNA for deaminase within the nucleus. Thus, using
sequencing, Meng et al. [36] found that sequences
edited by AID in mouse and human B lymphocytes
are associated with regions of active transcription,
namely, regions transcribed in both directions com-
prising super-enhancers. Qian et al. [37], based on the
results on chromatin immunoprecipitation, also
showed that DNA regions subjected to random AID
editing are associated with active regions of super-
enhancers, which, in turn, depend on the cell type.

ANTIVIRAL FUNCTION OF THE APOBEC3 
DEAMINASES

For most members of the AID/APOBEC family,
either cell mRNA editing has not been demonstrated,
as is the case with APOBEC2 and APOBEC4, or pref-
erential editing of viral nucleic acids has been shown,
MOLECULAR BIOLOGY  Vol. 56  No. 1  2022
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as is the case for the APOBEC3 proteins. The antiviral
activity of deaminases has been described in most
detail for APOBEC3G, namely for the interaction of
APOBEC3G with the HIV genome. The APOBEC3G
protein enters viral capsids being packed, binds to the
proviral single-stranded minus strand of DNA, and
deaminates cytidine mainly in the 5'-CC-3' sequences
[4]. Subsequently, RNA-dependent DNA polymerase
recognizes uracil as thymine, which leads to the sub-
stitution of guanine for adenine during the synthesis of
the plus-strand of DNA in a new infected cell. The
associated hypermutation leads to the formation of
premature stop codons and the accumulation of other
mutations that prevent the formation of new viral par-
ticles [38]. Thus, APOBEC3G influences the multi-
plication of the virus in the next cycle of replication
after entering the cell. Also, deamination of cytosine
can reduce the amount of viral DNA in the infected
cell due to the recognition and destruction of uracil-
containing DNA by the repair systems [39]. The
related proteins APOBEC3F, APOBEC3D, and
APOBEC3H are also involved in counteracting retro-
viruses by creating mutations at other sites in the viral
DNA (5'-TC-3') [4]. For proteins of the APOBEC3
family, inhibition of reverse transcription independent
of deaminase activity has been described as an alterna-
tive mechanism for limiting the replication of lentivi-
ruses [40]. However, this hypothesis has not been con-
firmed in other works, since the APOBEC3G protein
lacking a catalytic domain did not suppress HIV infec-
tion [41, 42].

During the co-evolution of viruses and hosts, some
viruses have acquired resistance to cellular defense
systems. For example, viruses can inactivate deami-
nases, preventing them from packaging into the virion,
and successfully continue the infection. Thus, the C-
terminal sequence of the human T-lymphotropic virus
nucleocapsid protein contains two short sequences
that normally prevent APOBEC3G molecules from
entering new virions and thereby reduce the virus’s
sensitivity to the action of deaminases [43]. Foamy
viruses (Spumaretrovirinae) rely on a special protein Bet,
which interacts with APOBEC3G and APOBEC3F and
prevents packaging of these proteins into the virion,
although it does not reduce their content in the cyto-
plasm of the infected cell [44]. Finally, the most radical
solution to the problem of deaminases has been devel-
oped as a result of the evolution of HIV-1. The viral pro-
tein Vif can bind to proteins APOBEC3C, D, F, G,
and H and attract specific E3-ubiquitin ligase, which
leads to degradation of deaminases in the proteasome
[4]. However, Vif is unable to destroy the entire APO-
BEC3 pool in the infected cell. This is indicated by
multiple G→A substitutions at specific sites of provi-
ruses in the genomes of cells obtained from patients with
acute and chronic HIV infection, as well as during verti-
cal transmission of HIV to newborns [45].

Analysis of single amino acid substitutions made it
possible to identify the key human APOBEC3G
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regions required for the interaction of HIV with 1Vif:
the Asp128 residue is required for binding; Pro129 and
Asp130 are also important [46]. Vif proteins of other
mammalian lentiviruses bind in the same region of
APOBEC3G, although the key residues may differ
[47]. For packaging into virions, amino acids 124–127
of APOBEC3G, which are immediately adjacent to
the Vif recognition site, are important [46]. Genes of
mutant APOBEC3G variants are used in the develop-
ment of gene therapy for HIV infection: the sequence
of the Vif-resistant APOBEC3G protein is introduced
into T cells or stem cells of red bone marrow intended
for transplantation in order to enhance the natural
mechanism of cell defense against the retrovirus [48].
Oddly enough, lentiviral vectors, being among the
most efficient in terms of transduction and capable of
integrating the resistant Vif gene into the genome of
the target cell, are damaged by APOBEC3G in the
producer cells, which requires the use of an adeno-
associated virus [49] or the use of self-activating lenti-
virus systems [50].

Despite the protective role of wild-type APOBEC3
deaminases, mutagenesis caused by them can serve as
a source of mutations beneficial for the virus. HIV
strains that carry some Vif mutations that reduce its
activity acquire resistance to antiretroviral therapy
more often due to more frequent G→A transitions,
including those in drug target genes [51]. Apparently,
in this case, deaminases cannot completely suppress
viral replication, but ensure a high level of mutagene-
sis, which provides material for the selection of more
aggressive strains. In addition, the residual activity of
APOBEC3 can affect the sites that influence the bind-
ing of antigenic peptides of viral proteins to molecules
of the major histocompatibility complex [52]. In the
course of further study of proteins of the APOBEC3
family, data have been accumulated on the antiviral
action of these enzymes against retroviruses, including
human T-lymphotropic virus [43], retrotransposons
[53], simian immunodeficiency virus [54], equine
infectious anemia virus [55], murine leukemia virus
[56], spumaretrovirus [57, 58], and adeno-associated
virus [53]. The study of the interaction of APOBEC3
proteins with DNA, as expected, led to the establish-
ment of the role of these proteins in the containment
of infections caused by DNA-containing viruses, such
as hepatitis B virus [59, 60] and parvoviruses [53]. In
addition to deamination of single-stranded DNA, the
ability of APOBEC3 deaminases to edit HIV-1 RNA
was found [61], which suggests such activity against
other RNA-containing viruses that do not have a
reverse transcription stage in the replication cycle. In
addition, RNA editing mediated by APOBEC3 deam-
inases was found for M1-type activated monocytes
and macrophages [62], as well as breast cancer cells. In
the latter case, the editing intensity correlated with the
level of activation of proinflammatory protein genes
and the number of immune cells migrating to the
tumor lesion [63].
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Recently, APOBEC1 has been shown to be able to
edit chromosomal DNA [64]; therefore, the previous
functional division of the enzymes into DNA- and
RNA-editing is arbitrary. Indeed, for RNA-contain-
ing viruses of mumps, measles, and respiratory syncy-
tial virus, a decrease in the efficiency of infection of
cells overexpressing APOBEC3G has been demon-
strated [65]. It is possible that other proteins of the
APOBEC3 family also play a role in this. Thus, infec-
tion of respiratory epithelial cells with the HCoV-
NL63 coronavirus led to increased expression of
APOBEC3A, 3C, 3D, and 3F, but not 3G, and the
expression of 3C, 3F, and 3H proteins in LLC-Mk2
cells reduced the viral load by two orders of magni-
tude; the protective effect was observed only in the
case of catalytically active proteins [66]. Nevertheless,
most mammals, including rodents, manage just fine
with a single copy of APOBEC3, although the pres-
ence of seven different paralogs in humans may be
associated with the specificity of deaminases for
nucleic acids of various viruses.

MECHANISMS OF AID/APOBEC EXPRESSION 
IMPAIRMENT IN TUMORS

Deaminases of the AID/APOBEC family are an
endogenous source of mutations in a cell; therefore,
for a cancer cell, they are suppliers of new mutations,
which are then subjected to selection at the level of
tumor clones. Analysis of genome-wide tumor sequenc-
ing data revealed APOBEC clusters of focal hypermuta-
tion in cells of many types of cancer, such as squamous
cell lung cancer, bladder cancer, acral melanoma, and
some sarcomas, and the presence of these clusters posi-
tively correlated with the level of APOBEC3B expression
[67, 68]. The association of AID/APOBEC proteins
with the formation of a tumor clone may be direct,
through mutations in the deaminase gene leading to an
increase in its activity. The role of mutations in the
APOBEC3 genes (paralogs C, D, F, G, and H) in the
pathogenesis of multiple myeloma has been revealed
[69]; mutations in the genes of deaminases can
increase their mutagenic potential in tumors. The
appearance of single nucleotide polymorphisms and
deletions in APOBEC3 genes correlates with an
increased risk of developing bladder and breast cancer,
respectively [70–72]. However, most often violations
of regulatory mechanisms, which normally maintain
the expression of deaminases at a level that is safe for
the cell, are observed. When considering individual
members of the family, one can notice that for almost
all of them there are reports of either overexpression or
mutations in tumors.

Most obvious is the mutagenic activity of AID
deaminase. Normally, it provides rearrangement of
three loci (IGH, IGL, and IGK) encoding heavy and
light chains of antibodies; if this process is disturbed,
B-cell lymphomas arise, for example, Burkitt’s lym-
phoma, which appears as a result of an AID-depen-
dent fusion of the IGH and MYC loci. However, non-
specific rearrangements can also occur in other
regions of the genome, leading to oncogenic muta-
tions [73, 74]. Constitutive expression of AID in mice
leads to the development of T-cell lymphomas and
lung tumors [75]. It is not surprising, therefore, that
increased expression of AID is often found in
malignant lymphocytes, for example, in tumor cells
of B-cell lymphocytic leukemia. Increased expression
of AID is associated with a poor prognosis for the
patient [76, 77] and does not necessarily correlate with
the presence of rearrangements in the genes of heavy
immunoglobulin chains [76]. It is possible that the
pattern of mutations arising in a malignant lympho-
cyte is influenced by the expression of alternative AID
splice forms, which is often observed in chronic lym-
phocytic leukemia [78]. For example, the absence of
rearrangements in the heavy chain locus is more com-
mon in the case of increased expression of three alter-
native AID splice forms at once [79]. Expression of
AID was observed in some stomach, lung, liver, ovary,
and breast tumors [80, 81].

In addition to lymphocytes, proteins of the
AID/APOBEC family can normally be expressed in
many cell types in response to viral infection. In this
case, under the action of proinflammatory cytokines
in the cell, the expression and activity of deaminases
that suppress viral replication are increased, as already
described above. The NF-κB signaling pathway [82, 83],
which is also involved in the activation of AID [84, 85], is
one of the key intracellular pathways for the regulation of
APOBEC3 expression. For APOBEC3A, APOBEC3F,
and APOBEC3G, an increase in expression in
response to IFNα has also been shown [86–88]. How-
ever, the high activity of APOBEC does not always
allow the cell to eliminate the virus, and parallel
somatic mutagenesis in combination with viral dam-
age can lead to dysregulation of the cell cycle and
malignant transformation of the cell. In addition, not
only can inflammation increase the activity of antivi-
ral proteins of the APOBEC family, but also an aber-
rant expression of AID may occur. Increased expres-
sion of APOBEC has been described in virus-associ-
ated stomach, liver, and cervical tumors [89]. Some
viruses can stimulate the expression of APOBEC pro-
teins by themselves. The Epstein–Barr virus encodes
the LMP1 protein, which triggers the CD40 signaling
pathway regardless of the presence of a ligand, which
leads to the activation of NF-κB and the expression of
AID [90, 91]. Infection of cultured cells with hepatitis
C virus also induces the expression of AID and, in
addition, the SOS response DNA repair polymerases
ζ and ι. At the same time, rearrangements in the IGH
immunoglobulin locus and accumulation of muta-
tions in the genes encoding BCL-6, p53, β-catenin,
and β-globin are observed [92]. At least some of these
mutations are caused by AID activity; therefore, it can
be assumed that this enzyme contributes to the devel-
opment of neoplasms associated with the hepatitis C
MOLECULAR BIOLOGY  Vol. 56  No. 1  2022
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virus, including non-Hodgkin B-cell lymphomas and
oligoclonal lymphocyte proliferation [93]. However, a
viral infection of a cell is far from the only stimulus
that triggers the activation of NF-κB. Signaling path-
ways of this system include receptors for TNF, lipo-
polysaccharide, and IL-1 (canonical pathway), as well
as activation signals for lymphocyte proliferation, such
as BAFFR, CD40, RANK, and LTβR (noncanonical
pathway) [94]. Therefore, it is not surprising that
increased expression of proteins of the APOBEC fam-
ily has been detected in many types of cells in the con-
text of inflammation processes of various etiologies.

An increase in the expression of APOBEC deami-
nases in response to proinflammatory cytokines is,
apparently, a fairly common phenomenon that is
observed in different types of cells. In hematopoietic
cells (T lymphocytes, macrophages, dendritic cells),
the expression of most APOBEC3 proteins (except for
APOBEC3B and APOBEC3C) is increased by the
action of proinflammatory cytokines: IFN-α, IFN-γ,
IL-2, IL-15, TNFα [95]. A similar increase in
APOBEC3G expression in response to the action of
IFN-α, IFN-γ, IL-1, and TNFα was shown for neu-
ronal and astrocytic cells [96], as well as for epithelial
cells [97, 98]. Bacterial pathogens also cause an
increase in the expression of proteins of the APOBEC
family through the activation of NF-κB. It is known
that Helicobacter pylori strains containing virulence
factors cagPAI not only provoke the development of
gastritis and stomach ulcers but are also involved in the
pathogenesis of gastric cancer and lymphoma origi-
nating from mucous-associated lymphoid tissue [99].
One of the mechanisms of H. pylori-induced carcino-
genesis may be an aberrant expression of AID in gas-
tric epithelial cells, which was found in the presence of
pathogenic strains of H. pylori leading to the accumu-
lation of mutations in the epithelial cell genome,
including the p53 tumor suppressor gene [81]. In this
case, two mechanisms contribute to the induction of
AID: direct activation of NF-κB by virulence factors,
which the bacterium introduces into the epithelial cell
using a type IV secretion system, and triggering of an
inflammatory response mediated by cytokines [98].

Chronic inflammation that is not clearly associated
with a specific pathogen can also cause aberrant
expression of AID/APOBEC, which contributes to
malignancy. Bowel inflammation caused by ulcerative
colitis or Crohn’s disease significantly increases the
risk of colorectal cancer, with the likelihood correlat-
ing with the duration of the disease [100, 101]. In the
absence of infection and signals from the microbiota,
proinflammatory cytokines can be produced by the
tumor microenvironment, contributing to the accu-
mulation of mutations and the formation of subclones
within the tumor. Overexpression of APOBEC is
characteristic of head and neck, lungs, cervix, breast,
and bladder tumors not associated with pathogens
[102]. It is believed that in these types of tumors,
deaminases of the APOBEC family do not belong to
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oncogenes as such, but contribute to tumor progres-
sion. For example, in the cells of the intestinal epithe-
lium the Th2 cytokines IL-4 and IL-13 can trigger
AID expression, leading to the accumulation of muta-
tions in the p53 tumor suppressor gene [97]. In turn,
disruption of p53 function can enhance the aberrant
expression of deaminases. The promoter regions of the
APOBEC3 genes contain p53 binding sites, which
normally leads to a decrease in gene expression. In this
regard, mutations of the TP53 gene, or blocking of its
protein product, for example, by the E6/E7 proteins of
the human papillomavirus (HPV), lead to the removal
of its inhibitory effect and an increase in the expres-
sion of APOBEC [103]. For a number of tumors, over-
expression of APOBEC proteins was revealed only at
the late stages of progression, when the tumor deeply
invades the surrounding tissues and metastasizes
[104]. For example, in primary lung adenocarcino-
mas, the profile of mutations did not correspond to the
activities of APOBEC, while in metastases a signifi-
cant amount of mutations can be explained by the
action of deaminases [105]. An increase in the expres-
sion of APOBEC proteins may be due to a decrease in
the inhibitory effect of p53 in the case of virus-associ-
ated tumors. Thus, some viruses (in particular, HPV)
can induce the expression of APOBEC [106] by
removing the inhibitory effect of the p53 protein. This
further enhances the expression of APOBEC3A and
APOBEC3B, initially caused by the activation of anti-
viral immunity, which ultimately leads to the emergence
of somatic mutations and the formation of a tumor cell
clone, worsening the course of the disease and prognosis
[107]. Increased expression of APOBEC3B and the
presence of single or cluster mutations in target
sequences are revealed in the analysis of bladder, cer-
vical, lung, and breast cancer cells and head and neck
tumors [67]. The presence of a large number of genetic
rearrangements should lead to the activation of repair
systems or cell death by apoptosis; however, in tumor
cells, these defense mechanisms are impaired, and
increased mutagenesis leads to tumor progression.

Increased expression in tumors has been found
even for those members of the AID/APOBEC family
whose natural targets remain unknown. For example,
although there are no data on the effect of APOBEC1
on carcinogenesis in humans, a correlation was found
between the level of APOBEC1 expression and the
number of insertions/deletions in the genomes of can-
cer cells [108]. APOBEC2 is usually considered solely
in light of embryonic development of striated muscle
tissue, since defects in this enzyme molecule are asso-
ciated with myopathies. However, there are reports on
the relationship of aberrant APOBEC2 expression in
hepatocytes with the development of hepatocellular
carcinoma against the background of hepatitis B [109].
Infection of hepatocytes with hepatitis B virus is assumed
to lead to disruption of the formation of regulatory RNAs
and an increase in the expression of promutagenic deam-
inase. The expression of APOBEC3 proteins in tumor
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cells can be negatively regulated at the posttranscrip-
tional level through binding of APOBEC mRNA to
microRNA in the cytoplasm, which prevents the nor-
mal synthesis of the protein product [110].

Point mutations in DNA caused by the tandem of
cytidine deaminases and repair systems can lead to
inactivation of tumor suppressor genes, activation of
protooncogenes, accumulation of neutral somatic
mutations, and the emergence of cancer neoantigens.
In the latter case, high deaminase activity means a
more likely patient response to tumor immunotherapy
and is considered a favorable prognostic marker [111].
In the model of murine melanoma B16, this was con-
firmed experimentally: the expression of APOBEC3B
led to an increase in the number of tumor neoepitopes
and increased the effectiveness of immunotherapy
[112]. However, one cannot speak of a positive effect
of deaminase-mediated mutagenesis. Determination
of mutational profiles of tumors and identification of
characteristic sets of mutations (“signatures”) allows
prediction of the clinical course of the disease. Thus, in
the case of multiple myeloma, a high level of APOBEC-
mediated transitions gives an unfavorable prognosis
[113, 114]. A similar observation was made for APO-
BEC3B in cohorts of patients with adrenal carcinoma
selected from the Cancer Genome Atlas database [115]
and patients with ovarian cancer [116].

CONCLUSION

Deaminases of the AID/APOBEC family are used
by cells to edit their own nucleic acids in the nucleus or
to introduce mutations in viral nucleic acids in the
cytoplasm. AID makes changes in the genomic DNA
of B lymphocytes, which leads to somatic hypermuta-
tion or switching of the antibody isotype. Nuclear
localization is also characteristic of APOBEC1, which
edits apoB mRNA. APOBEC3 proteins work in the
cytoplasm and primarily edit viral nucleic acids, sup-
pressing viral replication. Normally, the activity of
these deaminases is regulated at several levels: tran-
scription, translation, intracellular localization, target
accessibility, and activation within protein complexes.
However, the expression of these genes can vary
widely during carcinogenesis. The main mechanisms
that link tumor induction or progression to the activity
of AID/APOBEC deaminases include the following:

(1) transient activation of deaminases during the
immune response to a pathogen that does not replicate
directly in these cells (as in the case of stomach cancer
and Helicobacter pylori);

(2) chronic activation of APOBEC in cells infected
with oncogenic viruses (such as HPV and hepatitis B
virus)—in this case, the activity of AID/APOBEC
proteins, induced directly by viral infection or cyto-
kines secreted by the environment, can lead to the
emergence of additional mutations in genomic DNA;
(3) disruption of normal somatic hypermutation
during maturation of B lymphocytes and subsequent
constitutive or periodic expression of AID deaminase.

As an additional mechanism for the involvement of
AID/APOBEC deaminases in carcinogenesis, the
occurrence of phenocopies of oncogene mutations or
tumor suppressors can be assumed. Since many
AID/APOBEC proteins are characterized by the abil-
ity to recognize and modify RNA, it can be assumed
that mRNA editing creates phenocopies of mutations
in DNA. In this case, there will be no mutations in
nuclear DNA and they will not be detected during
sequencing; however, the mutant phenotype will be
realized at the level of transcript editing and in the
functioning of proteins translated from these mRNAs.
This mechanism is well known for the ADAR family of
deaminases, which convert adenosine to inosine.
Overexpression of ADAR and specific RNA editing
are characteristic of a wide range of tumors and a large
number of target genes, including microRNA genes
[117]. The role of RNA editing in tumors using ade-
nosine deaminases is discussed in more detail in the
review by Gallo et al. [118]. For the APOBEC1 deam-
inase, a similar mechanism has been identified in
tumors of the nervous tissue and mRNA of the neuro-
fibromatosis tumor suppressor NF1 [119, 120]; for
APOBEC3, editing of mRNA of many tumor-associ-
ated genes in tumors, including ATM, BARD1,
BRCA1, BRCA2, BRIP1, MDM2, KMT2A, MSH2,
PTEN, and TSC2 has been demonstrated [121, 122].

Nevertheless, despite the fact that for many types
of tumors an increased expression or modified local-
ization of AID/APOBEC deaminases is shown, in
most cases their significance for oncogenesis has not
been established. It is also unknown how selective
deaminases are to target genes when their normal
localization is disturbed. Most likely, the choice of the
edited sequence is largely random and is primarily
determined by the transcriptional activity of the cell.
Thus, deaminases contribute to the accumulation of
mutations, and selection for oncogenicity of muta-
tions occurs at the level of survival and proliferation of
clones within a tumor.

AID/APOBEC deaminases are components of
genetic instability, and therapy aimed at modulating
their activity is unlikely to have clinical significance.
However, as a prognostic marker that allows one to
assess the mutagenic potential of tumor cells and the
effectiveness of immunotherapy directed against
tumor neoantigens, these enzymes are already in
demand [111, 113, 116].
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