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IntroductionAU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:
It is estimated that approximately 15% of tumors worldwide are caused by viruses [1]. These

oncogenic viruses are classified as either RNA (RTVs) or DNA tumor viruses (DTVs) [1].

There are two human RTVs: hepatitis C virus (HCV) and human T-cell lymphotropic virus-1

(HTLV-1), and five human DTVs: human papilloma virus (HPV), hepatitis B virus (HBV),

Epstein–Barr virus (EBV), Kaposi sarcoma-associated herpesvirus (KSHV), and Merkel cell

polyomavirus (MCPyV) [1]. These tumor viruses (TVs) establish lifelong infection and evade

host immunity using several strategies. While not all TV infections cause disease, viral modes

of established latency and persistence perturb normal cellular processes, sometimes leading to

cancer [1]. Particularly interesting are mechanisms to evade uracil-mediated antiviral immu-

nity, which can be detrimental to the host genome.

Uracil is a noncanonical DNA base that can be misincorporated into DNA during repli-

cation or chemically introduced through deamination of cytosines in single-stranded DNA,

resulting in mutagenic U:G mismatches [2]. These mismatches can happen through sponta-

neous hydrolysis or enzymatic cytosine deamination by the activation-induced cytosine

deaminase (AID)/apolipoprotein B mRNA editing catalytic polypeptide-like family of pro-

teins (APOBEC) [3]. AID and the APOBEC3 (A3) subfamily of proteins function in adap-

tive and innate immune responses, respectively. AID is a B cell maturation protein [4,5]

expressed in B lymphocytes entering germinal centers within lymph nodes. AID activity is

restricted to transcription bubbles of expressed immunoglobulin genes to diversify antibody

repertoire. Once mature B cells exit germinal centers, AID expression returns to undetect-

able levels. Interferon signaling and pro-inflammatory cytokines up-regulate A3 proteins

[3]. Humans have seven A3 proteins (A3A, A3B, A3C, A3D/E, A3F, A3G, and A3H) that

can target RNA, retroviral nascent cDNA, or single-stranded DNA in replication forks [3].

The AID/A3 proteins successfully restrict both RNA and DNA viruses [3], including some

RTVs and DTVs [3,6]. However, A3 restriction of RTVs has largely been determined to be

deaminase independent [6,7], i.e., not uracil-mediated antiviral immunity. For this reason,

RTVs will not be discussed in more detail.

The AID/A3 uracil-mediated antiviral immunity has often been denoted a “double-edged

sword,” as these potent viral restrictors can fail to distinguish between host and viral genomes.

Thus, the role of AID/A3 proteins in DTV pathogenesis has drawn considerable interest.

Here, we review current knowledge of mechanisms by which DTVs evade uracil-mediated

antiviral immunity.
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How do uracils antagonize DNA tumor viruses?

To understand how genomic uracils promote antiviral immunity, one must first understand

the consequences of unrepaired uracils in DNA and how cells manage this noncanonical DNA

base in the context of AID/A3 off-targeting to the host genome. In eukaryotic cells, uracils in

DNA are typically repaired by the base-excision repair (BER) pathway [2]. BER is initiated

through the excision of uracil by a uracil-DNA glycosylase (UDG; Fig 1), leaving behind an

abasic site [2]. DNA polymerases may copy over uracil or bypass the abasic site (Fig 1), both of

which can result in a DNA mutation. To avoid this, the cell tethers a UDG named uracil-N-

glycosylase gene (UNG) isoform 2 (UNG2) to the replication machinery to repair uracils en

route [8]. If the resulting abasic site is not immediately repaired, 5-hydroxymethylcytosine

(5hmC)-binding ES cell-specific protein (HMCES) crosslinks the abasic site to prevent

A3-induced lesions from being processed into double-strand breaks by abasic site endonucle-

ase (APE1; Fig 1) [9]. Finally, if UNG2 or a backup UDG (UNG1, TDG, MBD4, SMUG1) [2]

does not remove all genomic uracils, then mismatch repair machinery (MMR) can also recog-

nize and repair U:G mismatches back to C:G pairs [10]. Hence, cells have many strategies to

combat uracil mutagenicity and prevent genome instability associated with its repair. Notably,

99% of the human genome (approximately 3,100 Mbp) consists of long noncoding regions of

DNA, with only 10% to 15% estimated as functional [11]. In contrast, the majority of viral

genomes are coding regions, making uracil genotoxicity a much bigger threat.

Compared to humans, DTVs have small genomes (2 to 300 Kbp) and generally do not

encode repair proteins to combat enzymatic AID/A3 genomic incorporation of uracil. Gam-

maherpesviruses are the exception, possessing their own UNG (vUNG) protein [12,13,14].

Uncoordinated uracil removal in DNA leads to persistent abasic sites, which can be processed

into strand breaks (Fig 1), which can initiate viral genome degradation [3,15,16], i.e., uracil-

mediated antiviral immunity (Fig 2A). Consequently, many human DTVs have developed

strategies to evade this uracil-induced genotoxicity.

What uracil countermeasures are utilized by DNA tumor viruses?

DTVs may survive uracil-mediated antiviral immunity by encoding an AID/A3 antagonist or

by hijacking host cellular processes. The latter typically involves the putative UNG2, as it is the

most abundant nuclear UDG [17] and the primary uracil repair enzyme [18]. KSHV’s viral

latency-associated nuclear antigen (LANA) tethers the cellular UNG2 to its episome (Fig 2),

which is necessary for both latent persistence [19] and lytic reactivation [20]. Likewise, HBV’s

genome is maintained by UNG2 and is essential to counteract A3-mediated immunity [21].

The LANA functional homolog in EBV, Epstein–Barr nuclear antigen 1 (EBNA1), has not

been shown to interact with UNG2. In fact, EBV latently infected cells have an apparent atypi-

cal abundance of the mitochondrial UNG isoform (UNG1) over UNG2. This phenotype is

exacerbated during lytic reactivation [13] where UNG2 is depleted to undetectable levels while

UNG1 levels remain the same [13]. This depletion is synchronous with up-regulation of its

own vUNG protein, BKRF3, which is essential for EBV genome replication [13]. This suggests

that either the low level of UNG2, or the recently identified nuclear variant of UNG1 [22], may

be sufficient to maintain EBV’s genome during latency. Intriguingly, only the DNA-binding

domain of the BKRF3 is necessary and the catalytic domain is expendable [13,23]. This obser-

vation extends to KSHV’s vUNG, ORF46 [23], suggesting a noncanonical function for these

enzymes. This divergence from the host UNG protein function has largely been attributed to

an extended DNA intercalating leucine loop, a feature conserved in the murine gammaherpes-

virus 68 vUNG, ORF46 [12]. Regardless, the human and murine [14] gammaherpesvirus’

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011252 March 30, 2023 2 / 9

https://doi.org/10.1371/journal.ppat.1011252


reliance on the vUNGs and host UNG proteins clearly demonstrates the importance of uracil

repair to viral persistence.

Antagonism of AID/A3 proteins can prevent the hassle of uracil repair. Therefore, many

viruses, including DTVs, perturb transcriptional and/or posttranslational expression of AID/

A3 proteins. In gamma- and alpha-herpesviruses, conserved A3 antagonism via the noncanon-

ical function of ribonucleotide reductase large subunit (vRNR) relocalizes some nuclear A3

proteins to other cellular compartments [24] (Fig 2). EBV’s vRNR (BORF2) also inhibits A3B’s

deaminase activity [25]. The BORF2 domain responsible for this interaction is absent from

KSHV’s vRNR (ORF61) [25]. Regardless, the redistribution of the A3 enzymes effectively

inhibits deamination of viral replicating genomes in the nucleus [24]. This resembles HBV

antagonism of A3G, in which viral protein Hbx lowers intracellular levels of cytoplasmic A3G

by cellular export (Fig 2) to avoid damage to the viral covalently closed circular DNA in the

cytoplasm [26]. Alternatively, HPV, MCPyV, and KSHV target mRNA expression of AID/A3

proteins. KSHV encodes microRNAs, which down-regulate AID expression during lytic reac-

tivation [20]. In contrast, HPV and MCPyV oncoproteins, E6/E7 and large tumor antigen

(LT-ag), respectively, up-regulate expression of A3A and A3B [26,27]. Remarkably, HPV’s E7

protein also inhibits an A3-associated E3 ligase to stabilize intracellular levels of A3A [28] (Fig

2). This unusual strategy has been proposed to promote viral evolution to escape uracil-medi-

ated antiviral immunity [28].

Fig 1. Cellular processing of AID/A3-induced genomic uracils. Schematic of deaminase enzymes targeting single-stranded DNA in the progressing

replication fork and the fate of the genomic uracils. AID targets single-stranded DNA in transcription bubbles resulting in U:G mismatches recognized by

mismatch repair (MutS; blue panel) or base excision repair (UDG; green panel). UDG excises uracil resulting in an abasic site that is cleaved by APE1. If uracils

were present in close proximity and in both strands, cleavage of the DNA backbone by APE1 will induce genomic instability (purple panel). The A3 proteins

target cytosines in progressing replication forks. Copying over the resulting uracil will result in a C to T transition mutation (orange panel). UDG can also

travel with the replication machinery and excise the uracil, resulting in an abasic site. Abasic sites can be bypassed by translesion synthesis polymerases

resulting in a C to N (any nucleotide) mutation (orange panel). Alternatively, HMCES can crosslink the abasic site (yellow panel), halting the progression of

replication and protecting the DNA from strand breaks until appropriate repair machinery is recruited. AIDAU : AbbreviationlistshavebeencompiledforthoseusedinFigs1and2:Pleaseverifythatallentriesarecorrect:, activation-induced cytosine deaminase;

APOBEC, apolipoprotein B mRNA editing catalytic polypeptide; HMCES, 5-hydroxymethylcytosine-binding ES cell-specific protein; UDG, uracil-DNA

glycosylase; APE1, apurinic/apyrimidinic endonuclease 1.

https://doi.org/10.1371/journal.ppat.1011252.g001
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Fig 2. Overview of DNA tumor virus antagonism of uracil-mediated antiviral immunity (UMAI). (A)

Representative schematic of successful UMAI by the AID/A3 proteins. Uracils introduced into the viral genome by the

AID/A3 proteins are replicated or removed by UDG resulting in a dead or attenuated virus and viral restriction. (B)

HBV’s viral protein Hbx antagonizes A3G targeting the viral cccDNA in the cytoplasm, by exosome export. Proposed

A3B editing of the Hbx gene results in the carcinogenic truncated mutant and possibly genome integration. (C) KSHV

vIL-6 up-regulates AID but antagonizes UMAI through viral miRNA targeting AID transcripts for degradation. KSHV

also avoids UMAI by changing nuclear A3’s cellular localization via its vRNR protein (ORF61). The KSHV episome

may be protected from uracil accumulation during latency because it encodes for its own vUNG (ORF46) or through

the tethering of the host UNG2 via LANA. (D) HPV’s oncogenic proteins E6 and E7 keep A3 expression on and inhibit

degradation of A3A. It has been proposed that A3 targeting of the HPV genome leads to genome integration and viral

evolution, including depletion of 5’ TC dinucleotides. (E) EBV’s EBNA3C protein up-regulates AID but may avoid

uracil genotoxicity by degradation of the host UNG2 and utilizing its own vUNG protein (BKRF3). Like KSHV, EBV’s

vRNR (BORF2) relocalizes nuclear A3 proteins to alternative cellular compartments. (F) MCPyV, like HPV, may
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AID/A3-induced uracil-mediated immunity places viruses under selective pressure, so

DTVs have evolved to limit A3-preferred cytosine motifs (50-TC) from their genomes [3,29].

This phenomenon is evident in most DTVs (HPV [30], EBV [29], KSHV [29], and MCPyV

[31]). Notably, EBV and KSHV are tropic for B cells and up-regulate AID through viral pro-

teins EBNA3C [32] and interleukin-6 (vIL-6) [33], respectively; consequently, their genomes

have underrepresented AID mutational hotspots (50-WRC (W = A/T, R = A/G)) [3,29]. This

DTV evolution has likely resulted from reliance on the NF-κB cell signaling pathway [34],

which up-regulates AID/A3 [35] proteins constitutively, putting them under constant threat of

uracil mutagenicity. Unfortunately, this can also increase the host genome’s probability of

acquiring AID/A3 off-target events (Fig 2) [36,37].

What are the consequences of viral countermeasures on host

genome integrity?

While host cells have many ways to regulate uracil’s genotoxic effect, DTVs perturb these cellu-

lar functions using several viral countermeasures. Most detrimental is constitutive AID/A3

protein up-regulation, which can overwhelm cellular uracil repair machinery. Moreover, if

one or more uracil host defense systems are compromised by viral countermeasures or genetic

predisposition, individuals are at higher risk for developing viral-associated cancers; individu-

als with UNG gene polymorphisms have been shown to be at higher risk of developing HPV

+ cervical [38] and HBV+ hepatocellular carcinomas (HCCs) [39]. It is therefore unsurprising

that some viral-associated tumors are enriched for AID/A3 signature mutations, compared to

nonviral tumors [40–42].

AID/A3-mediated lesions promote genomic instability in both host and DTV genomes.

The resulting strand breaks and repair by nonhomologous end-joining can result in chromo-

somal aberrations characteristic of many viral-associated tumors. In fact, one common attri-

bute of EBV+ B cell cancers is a chromosomal translocation between immunoglobulin genes

(Ig) and proto-oncogene MYC [43,44]. AID is required for Ig-MYC translocations in vivo

[45]; thus, it has been hypothesized that EBV’s dysregulation of AID is responsible for this

major transforming event [44]. This AID/A3-induced chromosomal instability may also result

in recombining virus and host genomes, a phenomenon known as integration, a characteristic

of some DTVs (Fig 2) [46]. In several HPV+ tumors, high A3A expression strongly correlates

with viral genome integration [28]. Additionally, MCPyV+ Merkel cell carcinomas (MCCs)

and HBV+ HCCs harbor most genome breakpoints in the large T antigen [47] and Hbx [48],

respectively, which are significantly enriched in A3 signatures [48,49]. These findings indicate

that AID/A3 proteins promote viral genome integration, a causal mechanism behind cancer

development [46].

While some viral-associated tumors are highly enriched in AID/A3 signature mutations

[36,37,40–42], it is sometimes unclear whether these mutations are drivers or passengers in

cancer. Passenger mutations do not directly contribute to cancer formation and are often con-

sidered coincidental. While A3 signature mutations are found in over half of human cancers

utilize the nuclear A3 proteins for genome evolution and induce genome integration. A3A targeting of the large T

antigen has been associated with the carcinogenic truncated protein. (G) Representative schematic of evolved viral

genomes (depleted of AID/A3 target sites), which escape UMAI and facilitate tumorigenesis. The persistence of these

viruses and chronic infection could lead to constitutive expression of the AID/A3 proteins giving them more

opportunity to target the host genome. AID, activation-induced cytosine deaminase; cccDNA, covalently closed

circular DNA; EBV, Epstein–Barr virus; KSHV, Kaposi sarcoma-associated herpesvirus; LANA, latency-associated

nuclear antigen; MCPyV, Merkel cell polyomavirus; UDG, uracil-DNA glycosylase; UMAI, uracil-mediated antiviral

immunity; vIL-6, viral IL-6; vRNR, viral ribonucleotide reductase large subunit; A3A, APOBEC3A; A3G, APOBEC3G.

https://doi.org/10.1371/journal.ppat.1011252.g002
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[50], many are passenger mutations [51]. However, in viral-associated tumors, evidence exists

that A3 mutations drive tumor formation through alterations to viral and host proteins. One

primary example is in HPV+ head and neck squamous cell carcinomas (HNSCCs), where the

A3 signature is significantly enriched in the PIK3CA helical domain, which is frequently asso-

ciated with cancer development [40]. Evidence also exists that A3 targeting the MCPyV large

T antigen may promote this protein’s truncation, which is a major oncogenic event in MCCs

[49]. With better viral-associated cell transformation models and advances in uracil detection

technology, such discoveries will likely continue to emerge.

Summary

Most DTV’s establish persistence in the human host and AID/A3 proteins have not effectively

achieved uracil-mediated antiviral immunity and instead are potentially being utilized by

DTVs to evolve and promote immune escape. Notably, there are several recent studies suggest-

ing that the A3 proteins are promoting the evolution and viral fitness of SARS-CoV-2 [52,53].

Even more dangerous is the threat to the host genome, which could promote cellular transfor-

mation and cancer. For this reason, there is considerable effort toward developing therapeutics

to inhibit these proteins [54].

Author Contributions

Conceptualization: Jessica A. Stewart, Blossom Damania.

Writing – original draft: Jessica A. Stewart.

Writing – review & editing: Jessica A. Stewart, Blossom Damania.

References
1. Purushothaman P, Uppal T, Verma SC. Human DNA tumor viruses and oncogenesis. Anim Biotechnol.

2020:131–151.

2. Krokan HE, Drabløs F, Slupphaug G. Uracil in DNA—occurrence, consequences and repair. Onco-

gene. 2002; 21(58):8935–8948. https://doi.org/10.1038/sj.onc.1205996 PMID: 12483510

3. Pecori R, Di Giorgio S, Paulo Lorenzo J, Nina PF. Functions and consequences of AID/APOBEC-medi-

ated DNA and RNA deamination. Nat Rev Genet. 2022; 23(8):505–518. https://doi.org/10.1038/

s41576-022-00459-8 PMID: 35256818

4. Muramatsu M, Kinoshita K, Fagarasan S, Yamada S, Shinkai Y, Honjo T. Class switch recombination

and hypermutation require activation-induced cytidine deaminase (AID), a potential RNA editing

enzyme. Cell. 2000; 102(5):553–563.

5. Revy P, Muto T, Levy Y, Geissmann F, Plebani A, Sanal O, et al. Activation-induced cytidine deaminase

(AID) deficiency causes the autosomal recessive form of the Hyper-IgM syndrome (HIGM2). Cell. 2000;

102(5):565–575.

6. Strebel K. APOBEC3G & HTLV-1: inhibition without deamination. Retrovirology. 2005; 2:37.

7. Zhu YP, Peng ZG, Wu ZY, Li JR, Huang MH, Si SY, et al. Host APOBEC3G protein inhibits HCV repli-

cation through direct binding at NS3. PLoS ONE. 2015; 10(3):e0121608.

8. Otterlei M, Warbrick E, Nagelhus TA, Haug T, Slupphaug G, Akbari M, et al. Post-replicative base exci-

sion repair in replication foci. EMBO J. 1999; 18(13):3834–3844. https://doi.org/10.1093/emboj/18.13.

3834 PMID: 10393198

9. Mehta KPM, Lovejoy CA, Zhao R, Heintzman DR, Cortez D. HMCES Maintains Replication Fork Pro-

gression and Prevents Double-Strand Breaks in Response to APOBEC Deamination and Abasic Site

Formation. Cell Rep. 2020; 31(9):107705. https://doi.org/10.1016/j.celrep.2020.107705 PMID:

32492421

10. Larson ED, Bednarski DW, Maizels N. High-fidelity correction of genomic uracil by human mismatch

repair activities. BMC Mol Biol. 2008; 9:94. https://doi.org/10.1186/1471-2199-9-94 PMID: 18954457

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011252 March 30, 2023 6 / 9

https://doi.org/10.1038/sj.onc.1205996
http://www.ncbi.nlm.nih.gov/pubmed/12483510
https://doi.org/10.1038/s41576-022-00459-8
https://doi.org/10.1038/s41576-022-00459-8
http://www.ncbi.nlm.nih.gov/pubmed/35256818
https://doi.org/10.1093/emboj/18.13.3834
https://doi.org/10.1093/emboj/18.13.3834
http://www.ncbi.nlm.nih.gov/pubmed/10393198
https://doi.org/10.1016/j.celrep.2020.107705
http://www.ncbi.nlm.nih.gov/pubmed/32492421
https://doi.org/10.1186/1471-2199-9-94
http://www.ncbi.nlm.nih.gov/pubmed/18954457
https://doi.org/10.1371/journal.ppat.1011252


11. Ponting CP, Hardison RC. What fraction of the human genome is functional? Genome Res. 2011; 21

(11):1769–1776. https://doi.org/10.1101/gr.116814.110 PMID: 21875934

12. Earl C, Bagnéris C, Zeman K, Cole A, Barrett T, Savva R. A structurally conserved motif in γ-herpesvi-

rus uracil-DNA glycosylases elicits duplex nucleotide-flipping. Nucleic Acids Res. 2018; 46(8):4286–

4300.

13. Su MT, Liu IH, Wu CW, Chang SM, Tsai CH, Yang PW, et al. Uracil DNA glycosylase BKRF3 contrib-

utes to Epstein-Barr virus DNA replication through physical interactions with proteins in viral DNA repli-

cation complex. J Virol. 2014; 88(16):8883–8899. https://doi.org/10.1128/JVI.00950-14 PMID:

24872582

14. Minkah N, Macaluso M, Oldenburg DG, Paden CR, White DW, McBride KM, et al. Absence of the uracil

DNA glycosylase of murine gammaherpesvirus 68 impairs replication and delays the establishment of

latency in vivo. J Virol. 2015; 89(6):3366–3379. https://doi.org/10.1128/JVI.03111-14 PMID: 25589640

15. Yang B, Chen K, Zhang C, Huang S, Zhang H. Virion-associated uracil DNA glycosylase-2 and apuri-

nic/apyrimidinic endonuclease are involved in the degradation of APOBEC3G-edited nascent HIV-1

DNA. J Biol Chem. 2007; 282(16):11667–11675. https://doi.org/10.1074/jbc.M606864200 PMID:

17272283

16. Weil AF, Ghosh D, Zhou Y, Seiple L, McMahon MA, Spivak AM, et al. Uracil DNA glycosylase initiates

degradation of HIV-1 cDNA containing misincorporated dUTP and prevents viral integration. Proc Natl

Acad Sci U S A. 2013; 110(6):E448–E457. https://doi.org/10.1073/pnas.1219702110 PMID: 23341616

17. Cappelli E, Hazra T, Hill JW, Slupphaug G, Bogliolo M, Frosina G. Rates of base excision repair are not

solely dependent on levels of initiating enzymes. Carcinogenesis. 2001; 22(3):387–393. https://doi.org/

10.1093/carcin/22.3.387 PMID: 11238177

18. Kavli B, Sundheim O, Akbari M, Otterlei M, Nilsen H, Skorpen F, et al. hUNG2 is the major repair

enzyme for removal of uracil from U:A matches, U:G mismatches, and U in single-stranded DNA, with

hSMUG1 as a broad specificity backup. J Biol Chem. 2002; 277(42):39926–39936. https://doi.org/10.

1074/jbc.M207107200 PMID: 12161446

19. Verma SC, Bajaj BG, Cai Q, Si H, Seelhammer T, Robertson ES. Latency-associated nuclear antigen

of Kaposi’s sarcoma-associated herpesvirus recruits uracil DNA glycosylase 2 at the terminal repeats

and is important for latent persistence of the virus. J Virol. 2006; 80(22):11178–11190. https://doi.org/

10.1128/JVI.01334-06 PMID: 16928741

20. Bekerman E, Jeon D, Ardolino M, Coscoy L. A role for host activation-induced cytidine deaminase in

innate immune defense against KSHV. PLoS Pathog. 2013; 9(11):e1003748.

21. Kitamura K, Wang Z, Chowdhury S, Simadu M, Koura M, Muramatsu M. Uracil DNA glycosylase coun-

teracts APOBEC3G-induced hypermutation of hepatitis B viral genomes: excision repair of covalently

closed circular DNA. PLoS Pathog. 2013; 9(5):e1003361.

22. Sarno A, Lundbæk M, Liabakk NB, Aas PA, Mjelle R, Hagen L, et al. Uracil-DNA glycosylase UNG1 iso-

form variant supports class switch recombination and repairs nuclear genomic uracil. Nucleic Acids

Res. 2019; 47(9):4569–4585. https://doi.org/10.1093/nar/gkz145 PMID: 30838409

23. Morgens DW, Nandakumar D, Didychuk AL, Yang KJ, Glaunsinger BA. A Two-tiered functional screen

identifies herpesviral transcriptional modifiers and their essential domains. PLoS Pathog. 2022; 18(1):

e1010236.

24. Cheng AZ, Moraes SN, Attarian C, Yockteng-Melgar J, Jarvis MC, Biolatti M, et al. A Conserved Mecha-

nism of APOBEC3 Relocalization by Herpesviral Ribonucleotide Reductase Large Subunits. J Virol.

2019;93(23). https://doi.org/10.1128/JVI.01539-19 PMID: 31534038

25. Shaban NM, Yan R, Shi K, Moraes SN, Cheng AZ, Carpenter MA, et al. Cryo-EM structure of the EBV

ribonucleotide reductase BORF2 and mechanism of APOBEC3B inhibition. Sci Adv. 2022;8(17):

eabm2827.

26. Chen R, Zhao X, Wang Y, Xie Y, Liu J. Hepatitis B virus X protein is capable of down-regulating protein

level of host antiviral protein APOBEC3G. Sci Rep. 2017; 7:40783.

27. Verhalen B, Starrett GJ, Harris RS, Jiang M. Functional Upregulation of the DNA Cytosine Deaminase

APOBEC3B by Polyomaviruses. J Virol. 2016; 90(14):6379–6386.

28. Warren CJ, Westrich JA, Doorslaer KV, Pyeon D. Roles of APOBEC3A and APOBEC3B in Human

Papillomavirus Infection and Disease Progression. Viruses. 2017;9(8).

29. Martinez T, Shapiro M, Bhaduri-McIntosh S, MacCarthy T. Evolutionary effects of the AID/APOBEC

family of mutagenic enzymes on human gamma-herpesviruses. Virus Evol. 2019;5(1):vey040.

30. Warren CJ, Van Doorslaer K, Pandey A, Espinosa JM, Pyeon D. Role of the host restriction factor APO-

BEC3 on papillomavirus evolution. Virus Evol. 2015;1(1).

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011252 March 30, 2023 7 / 9

https://doi.org/10.1101/gr.116814.110
http://www.ncbi.nlm.nih.gov/pubmed/21875934
https://doi.org/10.1128/JVI.00950-14
http://www.ncbi.nlm.nih.gov/pubmed/24872582
https://doi.org/10.1128/JVI.03111-14
http://www.ncbi.nlm.nih.gov/pubmed/25589640
https://doi.org/10.1074/jbc.M606864200
http://www.ncbi.nlm.nih.gov/pubmed/17272283
https://doi.org/10.1073/pnas.1219702110
http://www.ncbi.nlm.nih.gov/pubmed/23341616
https://doi.org/10.1093/carcin/22.3.387
https://doi.org/10.1093/carcin/22.3.387
http://www.ncbi.nlm.nih.gov/pubmed/11238177
https://doi.org/10.1074/jbc.M207107200
https://doi.org/10.1074/jbc.M207107200
http://www.ncbi.nlm.nih.gov/pubmed/12161446
https://doi.org/10.1128/JVI.01334-06
https://doi.org/10.1128/JVI.01334-06
http://www.ncbi.nlm.nih.gov/pubmed/16928741
https://doi.org/10.1093/nar/gkz145
http://www.ncbi.nlm.nih.gov/pubmed/30838409
https://doi.org/10.1128/JVI.01539-19
http://www.ncbi.nlm.nih.gov/pubmed/31534038
https://doi.org/10.1371/journal.ppat.1011252


31. Poulain F, Lejeune N, Willemart K, Gillet NA. Footprint of the host restriction factors APOBEC3 on the

genome of human viruses. PLoS Pathog. 2020; 16(8):e1008718. https://doi.org/10.1371/journal.ppat.

1008718 PMID: 32797103

32. Kalchschmidt JS, Bashford-Rogers R, Paschos K, Gillman AC, Styles CT, Kellam P, et al. Epstein-Barr

virus nuclear protein EBNA3C directly induces expression of AID and somatic mutations in B cells. J

Exp Med. 2016; 213(6):921–928. https://doi.org/10.1084/jem.20160120 PMID: 27217538

33. Rosario SA, Santiago GE, Mesri EA, Verdun RE. Kaposi’s Sarcoma-Associated Herpesvirus-Encoded

Viral IL-6 (vIL-6) Enhances Immunoglobulin Class-Switch Recombination. Front Microbiol. 2018;

9:3119.

34. Sun SC, Cesarman E. NF-κB as a target for oncogenic viruses. Curr Top Microbiol Immunol. 2011;

349:197–244.

35. Oh S, Bournique E, Bowen D, Jalili P, Sanchez A, Ward I, et al. Genotoxic stress and viral infection

induce transient expression of APOBEC3A and pro-inflammatory genes through two distinct pathways.

Nat Commun. 2021; 12(1):4917.

36. Faden DL, Kuhs KAL, Lin M, Langenbucher A, Pinheiro M, Yeager M, et al. APOBEC Mutagenesis Is

Concordant between Tumor and Viral Genomes in HPV-Positive Head and Neck Squamous Cell Carci-

noma. Viruses. 2021;13(8).

37. Grande BM, Gerhard DS, Jiang A, Griner NB, Abramson JS, Alexander TB, et al. Genome-wide discov-

ery of somatic coding and noncoding mutations in pediatric endemic and sporadic Burkitt lymphoma.

Blood. 2019; 133(12):1313–1324. https://doi.org/10.1182/blood-2018-09-871418 PMID: 30617194

38. Ye F, Wang H, Liu J, Cheng Q, Chen X, Chen H. Genetic polymorphism (rs246079) of the DNA repair

gene uracil N-glycosylase is associated with increased risk of cervical carcinoma in a Chinese popula-

tion. Medicine (Baltimore). 2018; 97(51):e13694.

39. Liu W, Wu J, Yang F, Ma L, Ni C, Hou X, et al. Genetic Polymorphisms Predisposing the Interleukin 6-

Induced APOBEC3B-UNG Imbalance Increase HCC Risk via Promoting the Generation of APOBEC-

Signature HBV Mutations. Clin Cancer Res. 2019; 25(18):5525–5536. https://doi.org/10.1158/1078-

0432.CCR-18-3083 PMID: 31152021

40. Henderson S, Chakravarthy A, Su X, Boshoff C, Fenton TR. APOBEC-mediated cytosine deamination

links PIK3CA helical domain mutations to human papillomavirus-driven tumor development. Cell Rep.

2014; 7(6):1833–1841. https://doi.org/10.1016/j.celrep.2014.05.012 PMID: 24910434

41. Chabay P. Advances in the Pathogenesis of EBV-Associated Diffuse Large B Cell Lymphoma. Cancer.

2021;13(11).

42. Bobrovnitchaia I, Valieris R, Drummond RD, Lima JP, Freitas HC, Bartelli TF, et al. APOBEC-mediated

DNA alterations: A possible new mechanism of carcinogenesis in EBV-positive gastric cancer. Int J

Cancer. 2020; 146(1):181–191. https://doi.org/10.1002/ijc.32411 PMID: 31090066

43. Ramburan A, Kriel R, Govender D. Plasmablastic lymphomas show restricted EBV latency profile and

MYC gene aberrations. Leuk Lymphoma. 2022; 63(2):370–376. https://doi.org/10.1080/10428194.

2021.1986218 PMID: 34612761

44. Hutcheson RL, Chakravorty A, Sugden B. Burkitt Lymphomas Evolve to Escape Dependencies on

Epstein-Barr Virus. Front Cell Infect Microbiol. 2020; 10:606412.

45. Ramiro AR, Jankovic M, Eisenreich T, Difilippantonio S, Chen-Kiang S, Muramatsu M, et al. AID is

required for c-myc/IgH chromosome translocations in vivo. Cell. 2004; 118(4):431–438. https://doi.org/

10.1016/j.cell.2004.08.006 PMID: 15315756

46. Tang KW, Larsson E. Tumour virology in the era of high-throughput genomics. Philos Trans R Soc

Lond B Biol Sci. 2017;372(1732). https://doi.org/10.1098/rstb.2016.0265 PMID: 28893932

47. Arora R, Choi JE, Harms PW, Chandrani P. Merkel Cell Polyomavirus in Merkel Cell Carcinoma: Inte-

gration Sites and Involvement of the KMT2D Tumor Suppressor Gene. Viruses. 2020;12(9).

48. Zhang Y, Chen X, Cao Y, Yang Z. Roles of APOBEC3 in hepatitis B virus (HBV) infection and hepato-

carcinogenesis. Bioengineered. 2021; 12(1):2074–2086.

49. Soikkeli AI, Kylaniemi MK, Sihto H, Alinikula J. Oncogenic Merkel cell polyomavirus T antigen truncating

mutations are mediated by APOBEC3 activity in Merkel cell carcinoma. Cancer Res Commun. 2022.

50. Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SA, Behjati S, Biankin AV, et al. Signatures of muta-

tional processes in human cancer. Nature. 2013; 500(7463):415–421. https://doi.org/10.1038/

nature12477 PMID: 23945592

51. Buisson R, Langenbucher A, Bowen D, Kwan EE, Benes CH, Zou L, et al. Passenger hotspot mutations

in cancer driven by APOBEC3A and mesoscale genomic features. Science (New York, NY). 2019;364

(6447).

52. Kim K, Calabrese P, Wang S, Qin C, Rao Y, Feng P, et al. The roles of APOBEC-mediated RNA editing

in SARS-CoV-2 mutations, replication and fitness. Sci Rep. 2022; 12(1):14972.

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011252 March 30, 2023 8 / 9

https://doi.org/10.1371/journal.ppat.1008718
https://doi.org/10.1371/journal.ppat.1008718
http://www.ncbi.nlm.nih.gov/pubmed/32797103
https://doi.org/10.1084/jem.20160120
http://www.ncbi.nlm.nih.gov/pubmed/27217538
https://doi.org/10.1182/blood-2018-09-871418
http://www.ncbi.nlm.nih.gov/pubmed/30617194
https://doi.org/10.1158/1078-0432.CCR-18-3083
https://doi.org/10.1158/1078-0432.CCR-18-3083
http://www.ncbi.nlm.nih.gov/pubmed/31152021
https://doi.org/10.1016/j.celrep.2014.05.012
http://www.ncbi.nlm.nih.gov/pubmed/24910434
https://doi.org/10.1002/ijc.32411
http://www.ncbi.nlm.nih.gov/pubmed/31090066
https://doi.org/10.1080/10428194.2021.1986218
https://doi.org/10.1080/10428194.2021.1986218
http://www.ncbi.nlm.nih.gov/pubmed/34612761
https://doi.org/10.1016/j.cell.2004.08.006
https://doi.org/10.1016/j.cell.2004.08.006
http://www.ncbi.nlm.nih.gov/pubmed/15315756
https://doi.org/10.1098/rstb.2016.0265
http://www.ncbi.nlm.nih.gov/pubmed/28893932
https://doi.org/10.1038/nature12477
https://doi.org/10.1038/nature12477
http://www.ncbi.nlm.nih.gov/pubmed/23945592
https://doi.org/10.1371/journal.ppat.1011252


53. Nakata Y, Ode H, Kubota M, Kasahara T, Matsuoka K, Sugimoto A, et al. Cellular APOBEC3A deami-

nase drives mutations in the SARS-CoV-2 genome. Nucleic Acids Res. 2023; 51(2):783–795. https://

doi.org/10.1093/nar/gkac1238 PMID: 36610792

54. Petljak M, Green AM, Maciejowski J, Weitzman MD. Addressing the benefits of inhibiting APOBEC3-

dependent mutagenesis in cancer. Nat Genet. 2022; 54(11):1599–1608. https://doi.org/10.1038/

s41588-022-01196-8 PMID: 36280735

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1011252 March 30, 2023 9 / 9

https://doi.org/10.1093/nar/gkac1238
https://doi.org/10.1093/nar/gkac1238
http://www.ncbi.nlm.nih.gov/pubmed/36610792
https://doi.org/10.1038/s41588-022-01196-8
https://doi.org/10.1038/s41588-022-01196-8
http://www.ncbi.nlm.nih.gov/pubmed/36280735
https://doi.org/10.1371/journal.ppat.1011252

