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Abstract The APOBEC3 (A3) family plays a pivotal role in the immune system by performing DNA/

RNA single-strand deamination. Cancers mostly arise from the accumulation of chronic mutations in so-

matic cells, and recent research has highlighted the A3 family as a major contributor to tumor-associated

mutations, with A3A being a key driver gene leading to cancer-related mutations. A3A helps to defend

the host against virus-induced tumors by editing the genome of cancer-associated viruses that invade the

host. However, when it is abnormally expressed, it leads to persistent, chronic mutations in the genome,

thereby fueling tumorigenesis. Notably, A3A is prominently expressed in innate immune cells, particu-

larly macrophages, thereby affecting the functional state of tumor-infiltrating immune cells and tumor

growth. Furthermore, the expression of A3A in tumor cells may directly affect their proliferation and

migration. A growing body of research has unveiled that A3A is closely related to various cancers, which

signifies the potential significance of A3A in cancer therapy. This paper mainly classifies and summarizes

the evidence of the relationship between A3A and tumorigenesis based on the potential mechanisms, aim-

ing to provide valuable references for further research on the functions of A3A and its development in the

area of cancer therapy.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
c.cn (Likun Gong).

s to this work.

hinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

d by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lkgong@cdser.simm.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2024.08.020&domain=pdf
https://doi.org/10.1016/j.apsb.2024.08.020
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2024.08.020
https://doi.org/10.1016/j.apsb.2024.08.020


4638 Yuqi Yang et al.
1. Introduction
The apolipoprotein B mRNA-editing catalytic polypeptide-like 3
(APOBEC3, A3) enzyme family consists of seven deaminase
members that play a pivotal role in the innate immunity defense
against viral infections. In addition to extending the biological
roles of the A3 family, the new revelation that they may also cause
mutations in cellular genomic DNA suggests a possible connec-
tion between the A3 family and the chronic mutations occurring in
human cancers1,2. The Cancer Genome Atlas database has further
corroborated the presence of APOBEC-characterized mutations in
multiple tumors3. These chronic mutations have been identified in
roughly 15% of the sequenced human tumors, with A3A, A3B,
and A3H Haplotype I (Hap I) being the principal genes involved4-
6. While prior studies on the A3 family primarily focused on their
biological role in antiviral innate immunity, further work is still
needed to unravel how these enzymes exert their “off-target” ef-
fect on genomic DNA and to delineate the precise mechanisms
underlying these effects.

Studies have shown that A3A stands as the primary driver gene
for cancer-associated mutations within the A3 family7-10. The
distinctive mutation pattern of A3A has been identified in a wide
range of cancers11,12, triggering damage responses in the cellular
genome13,14, thereby fueling tumorigenesis. A growing number of
studies have been devoted to unraveling the pivotal role of A3A in
tumorigenesis7,8,15; however, studies targeting different tumor
types have yielded inconsistent conclusions, reflecting differences
in the underlying pathways. Conversely, the genome editing effect
of A3A on tumor cells may hinder tumor growth by causing
genomic instability or the production of neoantigens16,17, which
help immune cells identify and eradicate tumors. Elucidating the
role of A3A in different tumors is critical for continued devel-
opmental research into this target.

Notably, A3A is highly expressed in immune cells, especially
macrophages. Research has confirmed that A3A can influence the
polarization state of macrophages18,19, thereby enhancing the
tumor-inhibitory capabilities of tumor-associated macrophages in
the tumor microenvironment. Additionally, studies have confirmed
that A3A expression in T cells can also impact the function of T
cells20. A comprehensive synthesis of these diverse studies could
provide novel insights into the pathways associated with A3A,
thereby accelerating its potential application as a tumor thera-
peutic target. This review first summarizes the cancer types and
research progress related to A3A expression in existing studies,
provides a comprehensive overview and classification of the
proposed mechanisms of A3A action, and points out problems and
possible research ideas based on these clinical and in vitro or
in vivo mechanism explorations.

2. The function of A3A and its association with
tumorigenesis

The seven members of the A3 family are arranged in tandem on
human chromosome 22, each containing one or two cytosine
deaminase (CD) domains21. A3A, A3C and A3H contain a single
CD domain. In contrast, A3B, A3D, A3F, and A3G contain two CD
domains, of which only CD2 located at the C-terminus is catalyt-
ically active, while CD1 mediates functions such as RNA binding
and viral envelopment22,23 (Fig. 1). According to the specificity of
amino acids, there are three types of CD domains sharing a
consensus Zn-binding motif HiseX23e28eProeCyseX2e4eCys
(X can be any amino acid), named Z1, Z2, and Z3, respectively24.
The specificity and conservation of the CD domains may play a role
in determining the functional similarities and differences among the
members of the A3 family. One crucial function of A3 proteins
within the innate immune system is to inhibit foreign retroviruses.
Among these proteins, A3G was the first member identified to
possess a notable antiretroviral effect25,26. A3A also exhibits potent
inhibition of endogenous retrotransposons, including long or non-
long terminal repeat-retrotransposons27-29, and a wide range of
other viruses, playing a crucial role in the human innate immune
response against pathogens28,30. However, in contrast to A3G, A3A
has no effect on human immunodeficiency virus (HIV) infection in
multiple cell lines31, possibly related to the distinct mechanisms of
retroviral suppression by A3G and A3A. A3G primarily functions
as a CD during reverse transcription after being packaged into virus,
while A3A directly prevents viral entry into the target cell during
the early stages of the infection in a deaminase-dependent or non-
dependent manner32-34. Even though A3A does not target HIV,
when the structural domain of A3G that specifically targets HIV is
fused to the A3A protein, the resulting fusion protein can induce
editing of the viral genome and block replication of the retrovirus
once inside it has entered retroviral capsid35. A3A can also edit
cancer-associated viral genomes36 and induce genomic mutations.
Studies showed that A3A could induce high-frequency CeU mu-
tations in the papillomavirus genome as well as in transfected
plasmid DNA37,38. It is important to note that A3A exclusively acts
on single-strand DNA (ssDNA), thus, the above effects on papil-
lomavirus and plasmid DNA may only occur during the transient
single-stranded phase.

The expression and functions of A3A are regulated by a variety
of factors. It has been observed that interferon IFN-a or IFN-g
could stimulate the expression of A3A37, and that toll-like re-
ceptor signaling can similarly up-regulate A3A expression in he-
matopoietic cells via CpG-DNA. Besides these factors, changes in
pH within the organism also affect the specificity and deaminase
activity of A3A39. Under strict YYCR (Y for pyrimidine; R for
purine) conditions, A3A displays optimal CD activity at pH
5.6e6.1, whereas at pH 7.4e7.8 the CD activity reduces by
13e30-fold and specificity is also decreased. Unlike other mem-
bers of the A3 family, overexpression of A3A in the 293 or Hela
cell lines has no significant inhibitory effect on retroviruses40,41.
However, recent studies have unveiled a unique role for A3A in
this family. It localizes exclusively in myeloid cells of HIV-1-
targeted leukocytes, and its expression level specifically spikes
as HIV-1 spreads in infected primary macrophages33. The re-
searchers silenced A3A in THP-1, primary macrophages, and
dendritic cells, which markedly increased their susceptibility to
HIV-1 infection. Conversely, silencing A3A in primary blood cells
(depleted of monocytes) or ectopic expression of A3A in other cell
lines had negligible effects. These findings suggest that A3A ex-
erts anti-lentiviral activity selectively in myeloid-derived cells and
only in cells in which it is naturally highly expressed.

Some members of the A3 family are localized and active in the
nucleus, yet the potential roles of these proteins in affecting
cellular genomic DNA remain to be explored. In 2012, Nik-Zainal
et al.42 analyzed somatic mutations in 21 different breast cancers
and revealed a localized hypermutation phenomenon known as
“kataegis”. This discovery marked the first proposed link between
the APOBEC cytosine enzyme family and tumorigenesis.
Different from many other mutations confined to specific cancer
types, APOBEC cytosine family-associated mutations occur in
diverse cancer categories. To date, the APOBEC-associated
mutational signature has been validated in more than 70% of



Figure 1 Arrangement of A3 family members on chromosomes and expression profile. (A) The seven members of the A3 family are arranged

in tandem on human chromosome 22. The CD domain is shown, yellow indicates deaminase inactive, green indicates active, and the number

represents the number of amino acids. (B) A3 family proteins were displayed according to their Zn-binding motifs. The catalytic domains Z1, Z2,

and Z3 are colored in blue, red, and purple, respectively. The amino acid sequences of each Z-motif are shown. Group-specific distinctions of

Z-domains are highlighted, and an “x” specifies nearly any amino acid. (C) Preferred motifs, intracellular localization, cell or tissue expression

specificity, and cancer specificity of A3 family members. Y for pyrimidine; R for purine. The above data comes from The Human Protein Atlas

database. All figures in this review article were created by BioRender.com.
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tumor types and approximately 50% of oncogenes, including
breast cancer, papilloma, and others3,43,44. Subsequent studies
have consistently demonstrated that A3 family-associated muta-
tions are the second most frequently detected mutational signature
in human cancer tissues, after those associated with aging3,8,45.
Genomic mutations associated with the A3 family are typically
characterized by cytosine deamination-like single base sub-
stitutions (SBSs). These mutations can be categorized as non-
clustered (SBS2 and SBS13) and clustered (kataegis and omi-
kli). Instead of being randomly distributed42,46, they are enriched
in stem-loop structure in the form of YTCA characteristic mutant
sequences (C-mutant bases)4. The involvement of the A3 family in
genomic DNA editing may contribute to genomic instability,
which could trigger cancer. While all members of this family may
play a role in this process, numerous studies have highlighted the
pivotal role of A3A8,15,47. The presence of A3A proteins in both
the cytoplasm and the nucleus indicates that they are involved in
gene mutations not only in the nucleus but also in mitochondrial
DNA21,48. A3A causes DNA strand breaks in somatic cells in a
deaminase activity-dependent manner, which in turn triggers the
DNA damage response (DDR), activates DNA replication
checkpoints, and induces cell cycle arrest, leading to the formation
of tumor-associated mutations. A study utilizing the murine Fah
liver complementation and regeneration system demonstrated that
expression of A3A alone, without concomitant inhibition of TP53,
drives hepatocellular carcinoma in mice and that this effect is
dependent on the DNA deamination activity of A3A49. Re-
searchers constructed mouse models of colorectal and hepatocel-
lular carcinoma using A3A-expressing mice and found that A3A
expression promoted tumorigenesis, a function that has not been
extensively documented in any other A3 family member7.
Furthermore, analysis of APOBEC-characteristic mutations in

http://BioRender.com


Table 1 Summary of A3A-related tumor types and research progress.

Cancer type Research type Sample type Role of A3A Method Ref.

Bladder cancer Clinical / / /

Non-clinical Tumor cells Main driver of mutations Genomics analyses 50

Breast cancer Clinical 138 tumor and

adjacent tissues

Increased risk qPCR 51

Non-clinical Tumor cells Drives carcinogenesis Genomics analyses

Cervical cancer Clinical 91 tumor tissues Connect with good prognosis IHC 52

Non-clinical Tumor cells Induces apoptosis Genomics analyses 16

Colon and rectal

cancer

Clinical / / /

Non-clinical Mouse models Promotes tumor formation Transgenic mouse 7

Liver cancer Clinical / / /

Non-clinical Mouse models Promotes tumor formation Transgenic mouse 7

Lung cancer Clinical 62 tumor tissues Promotes drug resistance Genomics analyses

Non-clinical Tumor cells Promotes drug resistance Genomics analyses 15

Lymphoma cancer Clinical / / /

Non-clinical Tumor cells Main driver of mutations Genomics analyses 50

Melanoma Clinical / / /

Non-clinical Mouse models Tumor suppression Intratumoral electroporation 53

Oropharyngeal cancers Clinical 65 tumor tissues Integration of human

papillomavirus (HPV) DNA

3D-PCR and DNA-seq

Non-clinical / / / 54

Ovarian cancer Clinical 380 tumor tissues Biomarker for immunotherapy RNA-seq 55

Non-clinical / / /

Pancreatic cancer Clinical 93 tumor and

adjacent tissues

Homozygous deleted in tumors Genomics analyses 56

Non-clinical Tumor cells Promotes cancer metastasis Genomics analyses 57

Penile squamous

cell Carcinoma

Clinical 34 tumor tissues Inhibit invasiveness IHC 58

Non-clinical / / /
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mouse tumor DNA supported a causal relationship between A3A-
catalyzed deamidation and tumor-induced mutation generation7.
The research progress of A3A in a variety of tumors is shown in
Table 1. In addition to genetic mutations, numerous studies have
established a strong association between inflammation and cancer.
Given the contribution of A3A to the immune response and the
role of nucleic acid deaminase, it is conceivable that A3A plays a
pivotal role in tumorigenesis. Overall, although A3A plays an
important role as a cellular defense protein, its DNA-mutagenic
activity may also be detrimental to A3A-expressing cells.

3. Role and mechanism of A3A in tumorigenesis

3.1. A3A’s function in editing the genome of tumor-associated
viruses within target cells

Approximately 7% of human cancers are caused by viral in-
fections, including HPV, hepatitis B and C viruses (HBV and
HCV), etc.59. While these viruses do encode potent oncoproteins
that target cellular tumor suppressors, their presence is usually not
sufficient to cause cancer, which is a multifactorial process
involving multiple mechanisms. For instance, most people will be
exposed to HPV at some point in their lives, but in most cases, the
immune system will naturally eradicate the virus. Hyper-editing of
the HPV genome was initially observed in HPV-positive papil-
loma cancer patients. Subsequent studies confirmed that these
edits exhibited the A3 deaminase signature. This finding was
validated by 3D-PCR and in vitro experiments of co-transfection
of HPV plasmids with A3 enzymes, including A3A, A3C, and
A3H38. Additionally, researchers observed that HPV16 sequences
were edited with a unique A3 family signature in precancerous
cervical biopsies, while A3B and A3A expression levels were
markedly elevated in HPV-positive keratinocytes and cervical
tissues during the early stages of cancer progression60. These
findings collectively suggest that sporadic or transient over-
expression of A3 proteins may mutate the viral genome, thereby
affecting tumorigenesis and its progression (Fig. 2). Furthermore,
other studies have indicated that although the HPV genome
gradually loses A3-preferred targeting sequences over time61,
these viruses are still affected by A3A activity. Researchers
speculate that the continuous editing of A3A may facilitate viral
evolution and immune escape62. However, the veracity of this
speculation remains to be conclusively determined.

A study by Chen et al.63 found that overexpression of A3A in
cervical cancer cell lines exerted a notable inhibitory effect on cell
growth, migration, and invasion. Additionally, A3A promoted
apoptosis of tumor cells in a deaminase-dependent manner, and its
overexpression decreased the expression of key proteins associ-
ated with HPV infection, including HPV16-E6, HPV16-E7, and
HPV18-E6. In another study, experiments using NIKS cells with
and without the expression of HPV16 oncoprotein E7 revealed
that the E7 oncoprotein can induce A3A expression via the
dsRNA-sensing IFNeSTAT2 pathway or the DDR associated NF-
kB pathway64 (Fig. 2). Remarkably, knockdown of A3A in human
keratinocytes resulted in a significant increase in HPV infec-
tivity60. A study has shown that the baseline expression levels of
A3 family members (except for A3B) are notably elevated in
normal mucosal tissues such as the cervix and vagina compared to
non-cutaneous tissues61. This heightened A3A expression appears
to play a pivotal role in enhancing resistance to viral infection,
thus serving as evidence for related antitumor potential.

Similarly, in a study investigating the targeted destruction
mechanism of HBV covalently closed circular DNA (cccDNA),
researchers discovered that IFN-a agonists have the potential to



Figure 2 The underlying mechanisms of A3A editing tumor-associated viruses. Invading viruses are recognized by the DNA-sensor cGAS or

the RNA-sensor MDA5, which then triggers the IFNeSTAT pathway, leading to the upregulation of A3A expression. Additionally, the HPV E6/

E7 protein can activate the NF-kB pathway, resulting in increased expression of A3A. Subsequently, A3A inhibits virus invasion through

deaminase-dependent or independent mechanisms. Besides, A3A expression is dysregulated by protein degradation through the

ubiquitineproteasome pathway.

Figure 3 A3A induces genomic mutations in normal cells to pro-

mote tumorigenesis. A3A induces persistent somatic mutations in

healthy cells, promoting their transformation into tumor cells. The

point mutations initiated by A3A lead to DNA double-strand breaks,

which are then under the influence of UNG2, triggering a DNA

damage response. This response subsequently promotes the produc-

tion of reactive oxygen species (ROS) through NOX enzymes,

creating a tumor-promoting environment.
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induce A3A expression. This induction, in turn, triggers the
deamination and subsequent degradation of HBV cccDNA65,66.
Invading HBV may elevate A3A expression through a double-
stranded DNA (dsDNA)-sensing mechanism, akin to the process
observed with HPV. The resulting A3A production facilitates the
degradation of cccDNA into fragments (Fig. 2). However,
persistently high expression of A3 proteins induced by chronic
infection may be an important predisposing factor for somatic
mutations in normal tissues, even prior to the development of
cancer. A3 activity can be regulated by post-translational pro-
cesses, particularly ubiquitin-mediated protein degradation path-
ways. For example, the von Hippel Lindau tumor suppressor
induces the degradation of all seven A3 family members via its
Cullin-RING E3 ubiquitin ligase67. High levels of ubiquitin ligase
2-UBE2L3 have also been shown to facilitate the degradation of
A3A protein68. Of note, HBV cccDNA is stabilized by the high
levels of UBE2L3 through mediating A3A protein degradation68.
We need to evaluate the effect of A3A degradation on its antiviral
and antitumor effects in subsequent investigations.

3.2. A3A induces tumorigenesis by mutating genomic DNA in a
deaminase-dependent manner

Apart from their effects on foreign viruses, aberrant expression of
the A3 family also causes mutations in somatic and mitochondrial
DNA. These proteins are known to act specifically on ssDNA,
which is commonly seen during genome DNA replication and
transcription. Thus, these proteins may alter the human genomic
DNA by inducing persistent mutations69 (Fig. 3). Various A3
family members have been found to have varying degrees of
nucleic acid editing ability in the host. For instance, mitochondrial
DNA can be edited by five family members (A3A, A3C, A3F,
A3G, and A3H), whereas nuclear DNA is primarily edited by
A3A70. This finding emphasizes the significance of the A3 family
in cancer evolution, especially A3A, whose expression increases
in the context of inflammation. Moreover, the recurrent low-level
mutations induced by A3A can catalyze the transformation of
healthy genes into oncogenes. A3A deaminates the non-
transcribed strand in an in vitro transcription model39 and
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overexpression of A3A and A3B in yeast also induces a series of
breakage-associated mutations by deamidating ssDNA71. All of
them are similar to the “kataegis” mutations originally identified
by Nik-Zainal et al.42, which are mainly cytosine alterations,
including C to T transitions and C to G transversions. The above
phenomena are attributable to clustered deamination of cytosine
residues occurring on ssDNA, which is produced during processes
like replication or recombination repair. Subsequently, this trig-
gers uracil excision and initiates the DDR mechanism, which
leads to the formation of base-free sites and induces error-prone
DNA synthesis of complementary DNA strands, such as the
insertion of adenine (transition outcome) and guanine (trans-
version outcome)72.

To confirm that A3A activates the DDR signaling pathway,
researchers examined checkpoint signaling and cell cycle pro-
gression in stable cell lines overexpressing A3A. They found that
A3A strongly activates key mediators in the DDR pathway,
including phosphorylation of the histone variant H2AX at Ser139
and the recruitment of proteins such as 53BP1 and replication
protein A14,70,73-75. When cells undergo replicative stress, their
genomic DNA is more susceptible to A3A-induced damage, and
proliferating immature cells are also more susceptible to A3A-
induced mutations compared to non-replicating cells70. Given
the rapidly proliferative properties of tumor cells. It is conceivable
that the activity of A3A within tumor cells could be utilized as a
potential avenue for tumor therapy, which is achieved by inducing
genotoxicity and causing intracellular damage76,77. Recent studies
have also shown that genomic alterations (mutation burden) in
tumor cells increase the generation of tumor neoantigens, which
leads to increased tumor sensitivity to immune checkpoint
blockade78-80. However, a study of A3 mutations in lung cancer
patients found that targeted therapies for lung cancer induced A3A
expression and drove the evolution of drug-resistant cancer cells15

(Fig. 4). Moreover, deletion of A3A reduced A3-associated mu-
tations in drug-resistant cells and slowed down the development of
drug resistance. Inhibition of A3A expression or activity may be a
potential strategy for overcoming resistance to targeted therapies
for lung cancer15. The above results suggest that A3A has great
potential in tumor therapy, but due to its diverse roles in different
tumor types, we need to explore the role of A3A in specific tumors
clearly in order to promote the application of A3A in tumor
therapy.

Analysis of mutant sequence data in breast cancer revealed that
A3A and A3B were the only deaminases with mutation patterns
consistent with those observed in patients, suggesting that A3A
and A3B may be the key deaminases responsible for the hyper-
mutation phenomena in breast cancer. Mia Petljak and col-
leagues50 revealed that A3B could exert an inhibitory effect on
A3A-dependent mutations. They then knocked out the A3A and
A3B genes in tumor cell lines, respectively, and analyzed the
naturally occurring mutations in the cell lines over time. Sur-
prisingly, despite relatively low expression levels of A3A and no
detectable changes in its editing enzyme activity, deletion of A3A
resulted in a significant reduction in A3-associated mutations
(SBS2 and SBS13 mutations) in the tumor cell lines. These mu-
tations are responsible for a large portion of the A3-associated
mutational signature observed in cancer. Furthermore, the dele-
tion of A3B increased the expression, activity, and mutational
effects of A3A. A3B is effectively eliminated by a frequent
germline deletion in humans that consists of a 25-kilobase
segment polymorphism, enabling persistent expression of the
A3A-A3B hybrid transcript81,82. Evidence has revealed a
noteworthy difference in the activity of the A3A protein derived
from the A3A-UTR A3B transcript compared to that from the
A3A-UTR A3A transcript, with the former exhibiting a 20-fold
higher activity82, suggesting that A3B may play a role in tumor
regulation by influencing the expression of A3A. However, more
research is necessary to determine how the 25-kilobase deletion in
the A3 locus, which results in the A3B deletion and A3A over-
expression, affects particular cancer types.

3.3. A3A affects macrophage polarization involved in
tumorigenesis

Macrophages are tissue-localized myeloid cells that regulate host
defense, maintain internal immune homeostasis, and serve as
crucial antigen-presenting cells involved in initiating specific
T-cell responses83. Furthermore, macrophages excel at removing
cellular debris and apoptotic cells through phagocytosis, a process
that profoundly influences the regulation of immune responses
against viruses and tumors84. In addition to CD4þ T cells,
CD4þCCR5þ macrophages also serve as primary targets and hosts
for HIV-185, and they exhibit higher susceptibility to infection
compared to immature monocytes. It’s significant to note that
macrophages typically survive viral infection and continue to exist
in tissues as virus hosts for extended periods of time86. In a study
examining differences in the susceptibility of myeloid cell pop-
ulations to viruses, Peng et al.87 found that A3A was highly
expressed in monocytes and tended to decline as monocytes
differentiated and matured, which accounts for the relatively
higher resistance of monocytes to viruses. Studies have demon-
strated that modulation of A3A expression in various myeloid
lineages produces diverse responses to HIV-1, which may be
dependent or independent of its deaminase action28,88, suggesting
that A3A may regulate monocyte resistance to infection through
pathways distinct from those of the A3G and other family mem-
bers. Sharma et al.19 revealed that macrophages and monocytes
undergo site-specific C>U RNA editing on hundreds of gene
transcripts during M1 polarization in response to stimuli such as
hypoxia and interferon and that this process is dependent on the
deaminase activity of A3A. Aberrant RNA editing alters the
amino acid sequences of multiple proteins, which modulates the
function of monocytes and monocyte-derived pro-inflammatory
macrophages and further mediates the development of several
chronic diseases such as neuropsychiatric disorders and cancer89.
Notably, the mechanisms through which hypoxia and other factors
activate and regulate A3A-mediated RNA editing remain unclear.

It is well known that the polarization of proinflammatory M1
macrophages is strongly linked to microbicidal and antitumor
immune responses90,91. Mitochondrial function, ROS, and meta-
bolic changes could regulate macrophage polarization92,93, and
these responses are in turn regulated by complex signaling
pathways, including microRNA, DNA methylation, histone
modifications, and RNA editing94. After confirming the ability of
A3A to mediate C>U RNA editing in macrophages, Shraddha18

and her team identified an important role for A3A in tran-
scriptomic, pro-inflammatory, and metabolic processes that drive
macrophage M1 polarization. RNA-seq analysis showed that
A3A upregulated the gene expression of proinflammatory cyto-
kines, such as TNF, IL-6, and IL-18. Meanwhile, it also restricted
glycolytic and metabolic pathways in M1 macrophages. The
above findings suggest that A3A may amplify the proin-
flammatory responses of M1 macrophages in pathological mi-
croenvironments, but at the cost of a gene-mediated metabolic



Figure 4 The function of A3A in tumor cells. A3A induces point mutations that activate the DDR-JNK/c-JUN pathway, subsequently pro-

moting PD-L1 expression in tumor cells and increasing immune invasion sensitivity to immune checkpoint blockade. Induction of A3A in

response to targeted therapies drives the evolution of drug-tolerant persistent cells. A3A also induces chromosomal instability, leading to the

production of cytoplasmic DNA, which triggers the cGASeSTING pathway, promotes the expression of type I IFNs, and simultaneously activates

the NF-kB and STAT3 pathways, which may drive tumor metastasis.
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response, which might be mediated through its RNA editing
function. These results highlight the potential for A3A to enhance
macrophage-mediated host defense mechanisms by amplifying
inflammation, but to be detrimental under other conditions
associated with inflammatory damage (Fig. 5). Although the
Figure 5 The role of A3A in macrophages. Certain stress factors such a

can induce A3A expression. In response, A3A inhibits glycolysis within m

pro-inflammatory and anti-tumor phenotype.
exact mechanism by which A3A promotes M1 polarization via
RNA editing remains unexplored, it is speculated that such
editing might influence the expression or stability of specific
genes, thereby triggering a series of downstream cascading ef-
fects that promote the M1 phenotype. Whether the effect of A3A
s virus invasion, hypoxia, IFNs, and cellular crowding in macrophages

acrophages and edits their RNA, facilitating their differentiation into a



4644 Yuqi Yang et al.
on pro-inflammatory macrophage polarization alters their ca-
pacity to inhibit tumor growth remains an open question.

3.4. Other mechanisms of A3A in tumorigenesis

Multiple studies have shown that A3A can promote tumorigenesis
through direct or indirect effects, suggesting that the impact of
A3A on cellular physiology extends beyond its role as an editing
enzyme. Niocel et al. revealed that A3A not only directly induces
mutations in genomic DNA but also creates an environment
conducive to tumorigenesis indirectly via the generation of
ROS95,96 (Fig. 3). Expression of the immune checkpoint PD-L1
has been shown to be associated with overexpression of A3
family members and A3-driven localized hypermutation97,98.
Notably, A3A and PD-L1 are interconnected in diverse cancers,
where A3A-mediated genomic mutations in conjunction with
A3A-induced PD-L1 expression may contribute to tumorigenesis
and an immunosuppressive tumor microenvironment (Fig. 4).
Zhao et al.17 investigated the signaling pathways of A3A in the
regulation of PD-L1 and found that this regulation was dependent
on the deaminase activity of A3A, independent of IFN signaling.
Meanwhile, it is intricately linked to DNA replication stress and
the JNK/c-JUN signaling pathway. Recently, Wörmann et al.57

discovered that A3A promotes the progression and metastasis of
pancreatic ductal adenocarcinoma in a manner independent of its
deaminase activity. Instead, A3A induces chromosomal instability
(CIN) rather than point mutations in the tumor cells. CIN is a
distinguishing feature of human cancers characterized by erro-
neous chromosomal segregation, resulting in the generation of
cytoplasmic dsDNA, which in turn triggers the dsDNA-sensing
cGASeSTING pathway response and promotes tumor metas-
tasis99. The cGASeSTING pathway initially evolved as an innate
immune defense mechanism for detecting viral pathogens and
exhibits acute activation during microbial infections to promote a
type I IFNs response. Type I IFNs lead to enhanced MHC class I
expression in tumor cells and the induction of CXCR3-binding
chemokines CXCL9 and CXCL10, thus playing an important
role in the generation of antitumor immunity100. However, the
sustained and chronic activation of this pathway has been identi-
fied as a significant consequence of CIN, often involving the NF-
kB pathway. Consistent with these observations, Wörmann et al.
documented the production of micronuclei and cytoplasmic
dsDNA in tumor cells overexpressing A3A with concomitant
activation of NF-kB57 (Fig. 4). Intriguingly, knockdown of STING
effectively reversed A3A overexpression-induced tumor metas-
tasis. These findings clearly establish that CIN production and
subsequent activation of the STING pathway are critical mediators
of A3A expression, thereby driving tumor metastasis.

In a pioneering study introducing the innovative CRISPRa
technology, researchers employed CRISPRa to scrutinize regula-
tors within primary human T cells upon exposure to stimulatory
cytokines. Notably, several of the A3 family members, including
A3A, emerged as pivotal controllers of CD8þ T cells. This finding
underscores the potential significance of A3A in shaping T cell
function, particularly in relation to CD8þ T cells20. Furthermore,
following a comprehensive analysis of diverse databases, we un-
covered a high expression of A3A in other innate immune cells,
such as neutrophils and dendritic cells. Intriguingly, A3A
expression was found to be highly correlated with these immune
cells’ penetration into specific tumor types, suggesting that A3A
may exert a substantial influence on these cells, especially in anti-
tumor immune responses. Our earlier research discovered a
connection between lipid metabolism and A3A expression in
cells101. Given the critical role of lipid metabolism in tumor cells,
where it is harnessed to maintain rapid cell proliferation, survival,
invasion, and metastasis, it is conceivable that A3A may also have
an impact on tumor progression through pathways related to lipid
metabolism.

4. Discussion

Extensive evidence clearly establishes that A3A, like its coun-
terparts in the A3 family, plays a key role in antiviral defense and
tumorigenesis. Firstly, A3A exerts its deaminase function against
cancer-associated viruses, inducing mutations that affect the
normal function of viral genes and result in the production of non-
functional viral proteins. Secondly, A3A extends its deaminase
effects to human genomic DNA, where recurrent low-level mu-
tations generated by A3A can catalyze the conversion of healthy
genetic sequences into oncogenes. Finally, the expression of A3A
in macrophages serves to regulate their M1/M2 polarization
through RNA editing. The distinctive functional polarization of
tumor-associated macrophages is pivotal in determining their
ability to either promote or suppress tumor growth. The different
roles of A3A in different cells may be due to its intracellular
localization and interactions with various effector molecules in the
intracellular microenvironment (Table 2). A3A is widely distrib-
uted both in the cytoplasm and the nucleus. In the cytoplasm, A3A
can limit viral replication by inducing mutations in the viral
genome or by interacting with other cytoplasmic proteins to affect
its functional activity and localization31,33,63. In the nucleus, A3A
can edit genomic DNA, thereby activating DNA damage repair
pathways and inducing cancer-related mutations14,69,70,75. There is
still much research to be done to elucidate the complex roles and
potential mechanisms of A3A in different microenvironments.

Given the need for rapid tumor proliferation, coupled with the
chronic hypoxia and anaerobic fermentation-driven energy meta-
bolism inherent in the tumor microenvironment, an acidic tumor
environment replete with high levels of inflammatory factors may
be created. Such a unique environment potentially orchestrates
certain mechanisms to regulate the DNA/RNA editing process of
A3A, thereby linking A3A activity to the process of tumorigenesis
and progression. A3A-induced mutations in cancer cells
contribute to intra-tumor heterogeneity, which is linked to T-cell
exhaustion and decreased patient survival. In this case, inhibition
of A3A activity can prevent tumor development, and although
there is no established A3A inhibitor, we note that studies have
revealed the structural basis for competitive inhibition of A3A102-

104. These inhibitors can effectively block A3A activity in human
cells and hold promise for new anti-mutagenic and anti-cancer
therapies. Conversely, tumors with high genomic instability have
a greater number of neoantigens, making them more responsive to
immunotherapy. Additionally, leveraging the foundation of A3A-
induced genetic instability in tumors may present a promising new
approach to advancing tumor therapy by potentially inducing
greater damage. There is a patented invention of A3A-encoded
vector for the prevention and treatment of solid tumors105, sug-
gesting that A3A as a therapeutic target for tumors holds promise.
As mentioned above, the roles of A3A in specific tumors may not
be exactly the same and further studies are needed. Hence, it
becomes critical to discern the dependence of A3A enzyme
function on tumor or cell types. It is also imperative to recognize



Table 2 Summary of the current status of A3A functional research.

Cell type Intracellular

site of action

Mechanism Direct result Related pathway Impact on tumors

Normal cell Cytoplasm Virus DNA/RNA

editing

Viral inhibition DDR; cGASeSTING Tumor suppression

Nuclear Genome editing Mutation accumulation DDR Promote tumorigenesis

Tumor cell Nuclear Genome editing Genomic instability DDR; cGASeSTING;

JNK/c-JUN

Tumor suppression;

Tumor metastasis;

Develop drug resistance

Macrophagea Cytoplasm RNA editing M1 polarization Not clear Tumor suppression

aA3A is specifically highly expressed in monocytes and has a unique function in such cells.
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that there may be avenues that have not yet been explored. Re-
searchers have provided preliminary descriptions of the possible
roles and mechanisms of A3A in tumors through tumor database
analysis, cell line construction, and other techniques. These ex-
plorations promise to offer novel directions and innovative con-
cepts for advancing tumor research and intervention strategies.

A3A is ubiquitous in organisms and is abundantly expressed in
myeloid lineage-derived cells represented by macrophages.
Several mechanisms for elevated A3A expression in vivo have
been demonstrated (Fig. 2). For instance, during viral infection,
host pattern recognition receptors such as RIG-I and MDA5 are
triggered, initiating a cascade of responses involving MAVS,
IRF3, and STAT2, which in turn promotes A3A expression64.
Similarly, activation of the NF-kB pathway in response to geno-
toxic stress leads to a transient upregulation of A3A expression64.
However, the question arises: why does the generalized expression
of A3A not affect our own cells? We hypothesize that, firstly,
although A3A is expressed in both the cytoplasm and nucleus to
some extent, it is primarily localized in the cytoplasm. Moreover,
the overall intranuclear expression level of A3A may not reach a
threshold sufficient to impact genomic DNA. Additionally, it has
been reported that endogenous A3A can be chelated out of the
nucleus and thus retained in the cytoplasm106. Given the outlined
functions of A3A, it is possible that specific intracellular regula-
tory mechanisms exist to modulate A3A activity, thereby pre-
venting its potentially deleterious effects on cell growth. The
TRIB3 protein may prevent A3A from editing nuclear DNA by
promoting the degradation of A3A and preventing A3A from
being translocated to the nucleus. This action diminishes nuclear
DNA editing and chromosomal DNA damage, effectively
neutralizing the cytotoxic effects of A3A106,107. Simultaneously,
research has highlighted the role that ssDNA-binding protein play
in maintaining genomic stability by encasing ssDNA regions in
the nucleus and preventing A3A from reaching target sequences
on non-duplex DNA108. Moreover, there is a chaperonin-
containing TCP1 in the cell that contributes to protein folding
and function. It also interacts with A3A, and A3A mutation
signaling is abundant in cancers with TCP1 inactivation109. These
findings underscore the capacity of certain effector proteins to
counteract A3A-induced irreversible genomic alterations. Notably,
these aforementioned factors or pathways that can regulate the
expression and activity of A3A, such as IFNs, the NF-kB pathway,
TRIB3, etc., have been proven to be closely related to the
development of cancer and are widely used in cancer ther-
apy100,110-112. However, the connection between the application of
these targets in cancer and the regulation of A3A expression re-
quires more research.
A3A overexpression is present in many different types of tu-
mors, but the causal relationship between A3A and carcinogenesis
remains unclear and insufficiently substantiated. The off-target
effects of A3A on the cellular genome and the RNA editing effects
on intrinsic immune cells, represented by macrophages, in carci-
nogenesis and prognosis also need to be investigated in greater
depth. Currently, the majority of research on A3A function is
limited to verification in cell lines. Although cell culture is valu-
able, it cannot perfectly mimic the interactions and diverse
physiological responses exhibited in an organism undergoing
change. In order to gain a deeper understanding, it is essential to
explore the phenotypic effects and mechanisms of A3A using
animal models. And it is imperative to unravel the mechanisms of
A3A activation, as this information enables interventions in
tumorigenesis and progression by modulating the actions of A3A.
In conclusion, A3A may be a potential target for tumor therapy,
either by promoting the production of tumor-specific neoantigens
in conjunction with immunotherapy to help immune cells kill
tumors or by preventing mutations to halt the spread of cancer.
The regulatory influence of A3A in immune cells, specifically
macrophages, is also expected to be applied in clinical tumor
therapy.
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