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Abstract

The human APOBEC3 gene cluster locus encodes polynucleotide cytidine deaminases. Although many act as viral
restriction factors through mutation of single-stranded DNA, recent reports have shown that human APOBEC3A was
capable of efficiently hypermutating nuclear DNA and inducing DNA breaks in genomic DNA. In addition, the enzyme
was unique in efficiently deaminating 5-methylcytidine in single-stranded DNA. To appreciate the evolutionary relevance
of these activities, we analyzed A3A-related enzymes from the rhesus and tamarin monkey, horse, sheep, dog, and panda.
All proved to be orthologous to the human enzyme in all these activities revealing strong conservation more than 148 My.
Hence, their singular role in DNA catabolism is a well-established mechanism probably outweighing any deleterious or

pathological roles such as genomic instability and cancer formation.
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Introduction

The APOBEC3 (A3) locus, situated between the two
conserved vertebrate genes chromobox 6 and 7 (CBX6 and
CBX7), is common to most placental mammals and arose
from duplication and subsequent expansion of an ancestral
paralogous gene, probably activation-induced deaminase
(AID) (Jarmuz et al. 2002; Conticello et al. 2005). The
human locus comprises seven APOBEC3  genes
(APOBEC3A-H) (supplementary fig. S1, Supplementary
Material online), all being single-stranded DNA (ssDNA)
cytidine deaminases (CDAs) that distinguish them from
cytosine deaminase and CDAs involved in pyrimidine and
nucleic acid precursor metabolism. Accordingly, they con-
stitute a new class of deaminases referred to as polynucleo-
tide CDAs (PCDs). APOBEC3A, -3C, and -3H (A3A, A3C,
A3H) encode a single zinc finger domain while four (A3B,
A3DE, A3F, A3G) encode two domains each with a zinc
finger. The zinc finger motif, His-X-Glu-X,3_,g-Pro-Cys-X,_
4-Cys, is singular to these deaminases, whereby the glutamic
acid potentiates a water molecule that acts as the catalytic
nucleophile in the oxidation of cytidine amino group, result-
ing in the conversion to uridine (Jarmuz et al. 2002).

A3 CDA function was first tied to innate immunity as
antiviral restriction factors (Sheehy et al. 2002). Indeed,
when deamination occurs in the confines of a virus particle
away from DNA repair, cytidine deamination to uridine
results in hypermutation of the viral genome pushing the
mutation rate way beyond the error threshold (Harris et al.
2003; Lecossier et al. 2003; Mangeat et al. 2003; Mariani et al.
2003). A3F and A3G posed such a problem for lentiviruses so
that their macrophage-specific virus precursors evolved the
Vif protein that ultimately shunts the Vif.A3 complex to the
proteasome (Conticello et al. 2003; Marin et al. 2003; Sheehy

et al. 2003). Hepatitis B virus (HBV) is particularly vulnerable
to A3 editing as it has not evolved a countermeasure
(Suspene, Guétard, et al. 2005; Vartanian et al. 2010).

Moreover, the nucleocytoplasmic localization of single
domain A3A, A3C, and A3H along with the nuclear localiza-
tion of the double domain A3B, through nuclear import
mechanisms, also allows restriction of viruses replicating in
the nucleus. Thus, human papillomavirus (HPV) (Vartanian
et al. 2008) and human herpes simplex virus type 1 (HSV1)
genomes are susceptible to A3 editing (Suspene, Aynaud,
Koch, et al. 2011). Additionally, some retroelements and
retrotransposons are vulnerable to A3A (Bogerd et al. 2006;
Chen et al. 2006; Muckenfuss et al. 2006).

More recently, a nonviral role for human A3 enzymes was
described. Although at least four enzymes can initiate the
catabolism of cytosolic mitochondrial DNA (mtDNA), A3A
is capable of efficiently editing nuclear DNA (nuDNA)
(Suspene, Aynaud, Guétard, et al. 2011). It is possible that,
to a lesser extent, A3B may be able to edit nuDNA (Shinohara
et al. 2012; Burns et al. 2013). Cytidine deamination to uridine
in nuDNA has two consequences. The uracil base is first rap-
idly excised by uracil N-glycosidase (UNG), thereby initiating
DNA repair, which can involve the formation of double-
stranded DNA breaks (DSBs) (Landry et al. 2011; Mussil
et al. 2013). However, if cytidine deamination overwhelms
DNA repair, it leads to apoptosis (Kaina 2003). Although
hypermutation almost certainly overwhelms DNA repair,
leading to unrepaired DSBs and apoptosis, lower levels of
deamination, compatible with repair, can lead to the fixation
of numerous mutations. This follows from the finding of small
regions in some cancer genomes carrying large numbers of C-
>T transitions in the TpC dinucleotide, the “signature”
context of A3A (Nik-Zainal et al. 2012). This hypothesis is
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more interesting when it is realized that A3A is the only PCD
capable of efficiently deaminating 5-methylated cytidine res-
idues that have long been noted as mutation hotspots in
cancer genomes (Carpenter et al. 2012; Wijesinghe and
Bhagwat 2012; Suspene et al. 2013). As the A3A gene may
be induced by interferon o and y (Bonvin, et al. 2006; Argyris
et al. 2007; Koning et al. 2009; Refsland et al. 2010; Stenglein
et al. 2010), it is possible that chronic inflammation may
maintain A3A expression with commensurate damage to
nuDNA.

Phylogenic analysis revealed a clustering among A3 zinc
finger motifs, further classified as A3Z1, A3Z2, or A3Z3
(Conticello et al. 2005; Larue, Andresdottir, et al. 2008;
LaRue, Jonsson, et al. 2008). This diversification probably pre-
ceded the split between placental mammals and marsupials
(125-150 Ma) (Bininda-Emonds et al. 2007; Munk et al. 2012).
There is considerable evidence for gene conversion within the
A3 locus, the number of A3 genes varying from one to seven,
expansion of the A3Z2 progenitor being the most frequent,
while A3Z3 always remains a single copy (Larue, Andresdottir,
et al. 2008). By contrast, the A3Z1 precursor was either ex-
panded, or occasionally lost, notably in rodents and the pig.
Given such extensive gene conversion, it is possible that many
of these genes are no longer orthologs, both among them-
selves in the same A3 cluster and between mammals.

As we have shown that human A3A is involved in DNA
hypermutation and catabolism of nuDNA (Suspéne, Aynaud,
Guétard, et al. 2011) and may well be an important determi-
nant in the onset of cancer, we sought to determine whether
the known mammalian A3A deaminases were orthologs of
the human enzyme. A3A deaminases from the rhesus ma-
caque, tamarin, cattle, sheep, horse, dog, and panda were
studied. It turns out that all the mammalian A3A constructs
tested retained the ability to edit nuDNA, 5-methylated cyti-
dine residues and induce DSBs emphasizing the maintenance
of DNA catabolism over 148 My of evolution.

Results

Mammalian APOBEC3A Sequences

From the Primate order, we selected a rhesus monkey A3A
known to be active against lentivirus and referred to as rhesus
a (Hultquist et al. 2011; Schmitt et al. 2011), along with a
second allele reconstituted from a genomic DNA sequence
(Henry et al. 2012), called rhesus b (fig. 1A). Although rhesus b
exhibits a classical HAE motif in its active site, rhesus a protein
contains HVE residues, reminiscent of AID sequence (fig. 1A).
In the same way, the New World Monkey tamarin (Saguinus
oedipus) A3A cDNA was inferred from genomic DNA se-
quences (Bulliard et al. 2011; Henry et al. 2012). For ruminant
artiodactyls, A3Z1-like sequences were retrieved from geno-
mic and expressed sequence tag (EST) data for both sheep
(Ovis aries) and cattle (Bos taurus) (Larue, Andresdottir, et al.
2008). For the horse (Equus caballus), only the functional
A3Z1b gene was synthesized (Zielonka et al. 2009). For
Carnivora, A3Z1 PCD cDNA from the dog (Canis lupus)
was identified during automated genome annotation. Blast-
like alignment tool (BLAT) probing of recently available

panda (Ailuropoda melanoleuca) genome with the dog A3A
sequence allowed us to reconstruct the A3Z7 sequence. As
the precise localization of the splicing acceptor for the fifth
panda exon was not clear, a cDNA comprising the first four
exons was synthesized. An alignment of the A3A protein se-
quences (fig. 1A) revealed N- and C-terminal length variation
with up to 44% amino acid sequence divergence (fig. 1A,
supplementary fig S2A, Supplementary Material online). A
concise phylogenetic analysis of those sequences, using
neighbor-joining method (fig. 1B), reveals clustering among
all A3A proteins with human A3C (A3Z2) and A3H (A33) as
outliers, meaning that they are all bona fide A3Z1 proteins. A
similar clustering was obtained with an evolutionary tree con-
structed from active site regions (supplementary fig. S2C,
Supplementary Material online). Interestingly, a two amino
acids specific insertion was present in human and rhesus
lineage within the active site. However, deleting those residues
does not impair A3A editing properties (Carpenter et al. 2012;
and data not shown).

Moreover, the previously identified Z1 specific amino acid
1128 (fig. 1A) is strictly conserved (Larue, Andresdottir, et al.
2008). Interestingly, sequence variation and indels map to the
surface and surface loops (fig. 1C), suggesting strong conser-
vation of folding.

Synthesis and Expression of Mammalian APOBEC3As

Human A3A is expressed in two forms, p1 and p2, initiated
from two ATGs at codons 1 and 13, both with “adequate”
Kozak contexts (Thielen et al. 2010). The shorter sheep and
cow amino termini correspond to initiation at the equivalent
of p2 (fig. 1A). For the tamarin, panda, dog, and horse A3A
proteins, a single protein form is expected given the strong
Kozak context (supplementary fig. S2B, Supplementary
Material online). To compare A3As proteins functionality,
A3A cDNAs were cloned into pcDNA3.1D/V5-His-TOPO
with the same strong Kozak motif (ACCATG). Consistent
with the literature, bovine A3A DNA was very difficult to
clone (LaRue, Jonsson, et al. 2008), presumably due to protein
toxicity in Escherichia coli resulting from a leaky T7 promoter
expression. This problem was resolved by resynthesizing the
cDNA with the complete 521 bp intron 4 from the bovine
A3A gene. A3A expression was assessed in various cell lines.
Western blot analysis of both human 293T-UGlI cells, expres-
sing Uracil-DNA Glycolase (UDG) inhibitor (UGlI), (fig. 2) and
quail QT6 (fig. 2B) transfected cells revealed strong and spe-
cific expression of V5-tagged A3A proteins, with the excep-
tion of tamarin A3A that was consistently weaker. The
subcellular localization of overexpressed A3As was assessed
in Hela cells. Anti-V5 staining revealed that all A3As exhibit
the classical nuclear and cytoplasmic distribution described
for human A3A protein.

All APOBEC3As Are Potent PCDs

To test for A3A proteins activity, A3A expression plasmids
were transfected into 293T cells, and the resulting cellular
lysates were probed for deamination activity in a flore-
scence resonance energy transfer (FRET)-based in vitro

331

Z20z Aienuep ¢ uo Jesn unaised 1Nnsu| Aq 299966/0€E/2/ 1 £/8|onie/aqui/wod dno-olwspese//:sdny woJj papeojumoq


the 
polynucleotide cytidine deaminase (
)
which 
; Wijesinghe and Bhagwat 2012
; Bonvin, etal. 2006
a
b
-
million years ago
a
nuclear 
,
nuclear 
s
&sim;
million years
While 
a
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst195/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst195/-/DC1
u
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst195/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst195/-/DC1
a
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst195/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst195/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/mst195/-/DC1
,
b
. 
which 
Polynucleotide Cytidine Deaminase

Caval et al. - doi:10.1093/molbev/mst195

MBE

A P P2 al p1 p2 a2 B3 o3
v v 0 % xx Pooxx

Human MEASPASGPRHLMDPHIFTSNFNNGI---GRHKTYLCYEVERLD-NGTSVKMDQHRGF LHNQAKNLLCGFYGRHAELRFLDLVPS LQLDPAQI YRVTWF I SWSPCFSWCGCAGEVRAFL 114
Rhesusa MDGSPASRPRHLMDPNTFTFNFNNDLSVRGRHOQTYLCYEVERLD-NGTWVPMDERRGF LCNKAKNVPCGDYGCHVELRFLCEVPSWQLDPAQTYRVTWF I SWSPCFRRGCAGQVRVFL 117
Rhesusb MDGSPASRPRHLMDPDTFTFNFNNDLSVRGRHQTYLCYEVERLD-NGTWVPMDERRGF LHNKAKNVLRGDYGCHAELCF LCWVPSWQLDPAQTYRVTWF | SWSPCFSWCCAEQVHAFL 117
Tamarin MEASPASRPRPLMDPHMF TGNFTNNPRVFGLHOQTYLCYEVKRQGPDGTRDLMNEQRDF LCNQAKNHFSGSEGHHAERCFLDR I PSWQLDPAQTYRVTCFISWSPCFS--CAQEVAEFL 116
Sheep - ==-MDENTFTENFNNQG- --WPSKTFLCYMVERLDDENTATPLDEYKGFVRNKGRDQP - -GEPCHAELYFLGQIRSWNLDRNQHYRLTCFISWTPCYN--CAQKLTTFL 99

Cow - ---MDEYTFTENFNNQG---RPSKTYLCYEMERLD-GNAT I PLDEYKGFVRNKGLDQP KPCHAELYFLGK IRSWNLDRNQHYRLTCF I SWSPCYD--CAQKLTTFL 98

Panda MDAGAEAWDRHLLDEDTFTENFRNDD WPSRTYLCYKVEGPD-QGSGVPLGQDKG | LHNKAAQ PSRHAECYLLEQIQSWNLDPKLHYGVTCFLSWSPCA CAQKMARFL 110

Dog MEAGPEDWDRHL LDENTFTQNFRNDH- - PSKTYLCYQVELSD-GS5SGVLLDQDKD | VQNEG- - GGQHAEWFLLEH IRSRNLDQKLSYKVTCFLSWTPCEK--CAEEI IRFL 106

Horum MEASAAPMARCLMPEDTFTENFNNVY - - -WOKATYLCYEVELPD-GDYRVPPGQDKDF LHNQGGHI

PPRHAEMRFLDL | SSWNLDQDLCYRVTCF | SWSPCAV--CAQRLAEFL 110

Conservation

20 140
i i

Human QENTHVRLR | FAARIYDYDP---LYKEALQMLRDAGAQVS IMTYDE FKHCWDTFVDHQG--CPFQPWDGLDEHSQALSGRLRA I LQNQGN -~

Rhesus a QENKHVRLRIFAARIYDYDP---LYQEALRTLRDAGAQVS IMTYEEFKHCWDTFVDRQG--RPFQPWDGLDEHSQALSGRLRA I LQNQGN -~
Rhesusb QENTHVRLHI FAARIYDYDP- LYQEALRTLRDAGAQVS IMTYEEFKHCWDTFVDRQG~-~-RPFQPWDGLDEHSQALSGRLRA I LQNQGN -

Tamarin HENPHVNLR | FAARI YDYLP---RYEEGLOMLQNAGAQVS IMTSEEFGHCWDT FVDRQG--HP FQPWEGLDEHSQALSGRLOQA | LONQGN - -

e

200 220
I I

KENHHISLHI FASRIYTVDDSG-5SRQSGLCALQAAGAR ITIMTSKDFERCWVTFVDHKE--KPFQPWEGLEVKSKKLCEELQAILRAQQN -=-====-=-cccccocancocanan=
KENHHISLHILASRIYTRNHFG-CHQSGLCELQAAGAR I TIMT FEDFKHCWETFVDHKG--KPFQPWEGLNVKSOQALCAELQA I LKTQQN - - === == == c - m o mm e e e e e o o
QENSHVSLKLFASRIYTRERWDEDYKEGLRTLKRAGAS IAIMTYREFEHCWKT FVLHDQEGS CFOQPWPFLHKESOKFSEKLQAILQ------ - c- oo e e e e mmmm e o

AKNRHVSLS I LASRIYTMGP----YVKGLRELYDAGVHIS IMTFRDFEYCWQTFVDHQD--SPFQPWADLDRRSQOLSOOQLRAILOKEPEGWTSVCL=-=-=c-cccccccccccnanx 19

RENSHVSLRIFASRIYTKRKYG-DYREGLRTLKEAGAQIAIMTSKEFEHCWKTFVDNQG--RTFQAWDE LDAESRYWSMELQR I LQPTAPPSLPPLYFPPSHPVPGPSFRSLRGSSG 224

= . ™
Conservation | l | I

HumanA3A
2y Rhesus a
1000L— Rhesus b

——— Tamarin

974,
1000,

0.3

1000 Sheep
| 991, 787 S
= ro Dog
Horse
Human A3C 4
Human A3H

N-term

Fic. 1. Comparison of A3A CDA orthologs. (A) CLUSTALW alignment of A3A proteins. Sequence conservation is depicted in red for each residue, and
human A3A described secondary structures are represented. Asterisks represent residues involved in zinc coordination responsible for enzymatic
activity. (B) Evolutionary history of A3A CDA:s inferred using the neighbor-joining method on protein sequences presented in (A). Numbers correspond
to bootstrap values inferred from 1,000 replicates. Evolutionary distances were computed using Poisson correction method and are expressed in
numbers of substitution per site. (C) Mapping of the variable regions on A3A putative structural model.

deamination assay (Stenglein et al. 2010). Briefly, cytdine de-
aminase expression causes the C to U conversion in a TAM-
FAM labeled DNA oligo that will subsequently be cleaved by
UDG activity, separating the quencher from the fluorophore,
thus enabling fluorescence detection. All A3A transfected
293T whole cell lysates proved to exert C to U activity,
albeit at different levels, while A3A catalytic mutant
A3AC97S resulted in background levels of fluorescence, in-
dicating that all the A3A proteins exhibit deamination activ-
ity (fig. 2C). A3A CDA function was further investigated in
cellular context. Quail QT6 cells devoid of any APOBEC back-
ground activity (Henry et al. 2009) were transfected with A3A
coding plasmids along with pCayw, an infectious molecular
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clone HBV. As HBV viral replication occurs within capsid
structures with an obligate reverse transcription step, it pro-
vides a good ssDNA substrate for APOBEC specific deami-
nation (Suspene, Guétard, et al. 2005; Henry et al. 2009). Total
cellular DNA from transfected cells was extracted after 48 h,
and HBV editing analyzed by 3DPCR, a technique that allows
recovery of AT-rich DNA (Suspene, Henry, et al. 2005).

For all A3A constructs, HBV DNA was recovered at tem-
peratures far below the restrictive temperature of 89.0°C
obtained with mock-transfected cells or nontransfected
cells (fig. 3A). If almost all A3A transfections allowed the re-
covery of amplified HBV DNA around 82.5 °C, for the tamarin
A3A, 3DPCR recovered edited DNA at a higher temperature
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Fic. 2. Expression analysis of A3A proteins. (A) Western blot detection of V5-tagged A3A orthologs in both human HEK 293T-UGI and quail QT6 cells.
[B-Actin probing was used as loading control. (B) Cellular localization of A3A proteins. Confocal microscopy of V5-tagged A3A proteins performed in
Hela cells 24 h posttransfection. Nuclei are stained using DAPI. (C) FRET-based in vitro deamination assay performed in A3A 293T transfected cells. C to
U activity was assessed by measuring fluorescence emission after A3A and UDG treatment on TAM-FAM DNA oligonucleotide containing Tp target
sequence. Background fluorescence obtained with mock-transfected cells was subtracted, and A3A catalytic mutant A3AC97S was used as a negative
control. Presented results correspond to two experiments performed in duplicate.

86.7 °C, suggesting either weaker editing activity and/or low
protein levels in transfected cells. Molecular cloning and se-
quencing of 3DPCR products obtained at restrictive temper-
atures revealed extensively substituted sequences with a
strong preference for C—U hypermutation on the HBV
minus strand (fig. S3A and B, Supplementary Material
online). The large number of sequences and mutations ana-
lyzed allowed comparison of the relative sequence context
associated with deamination. In every case, there was a pref-
erence for 5'TpC and, to a lesser extent, 5'CpC, in keeping
with previous data from human A3A (Henry et al. 2009;
Suspene, Aynaud, Guétard, et al. 2011).

Cytosolic mtDNA too is sensitive to A3A deamination
(Suspene, Aynaud, Guétard, et al. 2011), and quail mtDNA
was amplified by 3DPCR from the same samples. Cytochrome
c sequences were recovered below the restrictive temperature
of 87.2°C for all A3A transfections (fig. 3C). Again, the

tamarin A3A transfection only allowed amplification of
edited DNA down to 84.8 °C, consistently with lower expres-
sion levels in QT6-transfected cells (fig. 2A), while the other
mammalian A3A DNA was recovered at lower temperatures
as far as 81.1°C. Sequence analysis of cloned PCR products
confirmed the hallmark TpC and CpC dinucleotide editing
preference evidenced with HBV DNA (fig. 3D, and supple-
mentary fig. S3C and D, Supplementary Material online).
Taken together, those experiments revealed that mammalian
A3A proteins are potent PCDs manifesting the mutational
signature previously described for human A3A (Henry et al.
2009; Suspene, Aynaud, Guétard, et al. 2011).

APOBEC3A Editing of nuDNA Is Conserved

Singularly among human PCDs, A3A is able to edit nuDNA
(Suspene, Aynaud, Guétard, et al. 2011). UNG excision of
uracil bases in nuDNA is very rapid so that this A3A activity
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by 3DPCR amplification is represented on the gradient. (B) 5" Dinucleotide analysis of the deamination context performed on HBV DNA minus strand
for PCR products retrieved at 86.7°C. (C) Cytochrome C mtDNA editing by A3A proteins. The last retrieved band by 3DPCR amplification is
represented on the gradient. (D) 5" Dinucleotide analysis of the deamination context performed on mtDNA minus strand for PCR products retrieved
at 84.8 °C. Dinucleotide context expected values, based on the dinucleotide composition of the minus strand, are given by horizontal lines.

can only be seen in UNG ™~ cell lines or else in 293T-UGil cells
stably expressing the UNG inhibitor UGI (Suspéne, Aynaud,
Guétard, et al. 2011). nuDNA editing of TP53 DNA was as-
sessed by 3DPCR 72h after transfection of 293T-UGI.
Consistent with previous reports (Suspéne, Aynaud,
Guétard, et al. 2011; Aynaud et al. 2012), human A3A trans-
fection allowed the recovery of hyperedited TP53 DNA down
to 86.6 °C, the restrictive Ty being 89.7°C for the negative
control. For all nonhuman A3A transfections, 3DPCR recov-
ered DNA at temperatures lower than 89.7 °C even if the shift
was modest for the tamarin A3A. The other A3As proved to
be as efficient as the human A3A reference if not more so
(fig. 4A). Indeed, both the canine and equine A3A transfec-
tions resulted in TP53 DNA recovery at even lower temper-
atures, 85.1°C and 84.6 °C, respectively. Sequence analysis of
cloned PCR products revealed hypermutated DNAs, with se-
quences peppered with C—T or G— A transitions, reflecting
a nuDNA deamination process (fig. S3E and F). Dinucleotide
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analysis of minus strand hypermutants showed a strong TpC
preference for cytidine deamination, a trait of the human
A3A enzyme (fig. 4B). Taken together, those results demon-
strate that all tested mammalian A3A are proteins that are
potent nuDNA mutators and are therefore orthologs.

Mammalian APOBEC3As Deaminate 5-Methylcytidine

Cytidine methylation is the most common DNA modifica-
tion, playing a major role in epigenetic mechanisms of gene
regulation and development. 5-Methyl CpG mutation hot-
spots are associated with cancer-related genes (Jones and
Baylin 2007) while human A3A activity on modified cytidine
has recently been reported (Carpenter et al. 2012; Wijesinghe
and Bhagwat 2012; Suspéne et al. 2013). A totally 5MeC sub-
stituted fragment of HIV-1 DNA was generated by PCR
(Suspene et al. 2013) and QT6 cells transfected along with
A3A expression plasmids. After 24 h, total DNA was extracted
and edited DNA recovered by 3DPCR. As previously
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FiG. 4. A3A proteins orthologs and editing of nuDNA. (A) TP53-specific
3DPCR gels after 293T-UGI transfections with A3A proteins. Asterisks
denote the samples that were molecularly cloned and sequenced. (B) 5
Dinucleotide analysis of the deamination context performed on DNA
minus strand for cloned PCR products. 5" Dinucleotide analysis was
performed at a lower temperature for horse PCR product (88.7°C) as
sequences from 87.6 °C amplification were more edited and homoge-
nous for context analysis.

described, human A3A could indistinctly edit 5MeC or clas-
sical dC-containing matrices, with 3DPCR products recovered
down to 79.5°C. Control transfection with human A3C was
only able to deaminate a classical matrix (fig. 5A) (Suspene
et al. 2013). All the mammalian A3A deaminases were capable
of deaminating 5-MeC substituted ssDNA (fig. 5A). When
sequenced, cloned PCR products proved to be hypermutated
(mean 41%, range 31-53% methylcytidines edited, supple-
mentary fig. S3G and H, Supplementary Material online).
Again, sequence analyses reveal a strong TpC preference for

A HIV-1 3DPCR Td/°C
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Fic. 5. A3A proteins can deaminate 5-methylcytidine in ssDNA. (A)
HIV-1 specific 3DPCR gels after QT6 transfections with A3A proteins
and human A3C protein along with classical dC or 5Me-dC substituted
HIV-1 matrix. Asterisks denote the samples that were molecularly
cloned and sequenced. (B) 5’ Dinucleotide analysis of the deamination
context performed on DNA minus strand for cloned PCR products.

editing, which was not altered by the 5-methyl group (fig. 5B).
Once again, the tamarin A3A construct proved to be less
efficient than the other mammalian enzymes.

Mammalian APOBEC3As Induce Double DNA Breaks

Following cytidine deamination of nuDNA, UNG excision of
uracil bases and subsequent APE1 cleavage of the DNA back-
bone at abasic sites can result in DSBs characterized by
YH2AX phosphorylation (Rogakou et al. 1998). Although
well established for AID, it has recently been shown to
occur following human A3A deamination (Landry et al.
2011; Aynaud et al. 2012). As most mammalian A3A enzymes
can deaminate, nuDNA induction of YH2AX positive DSBs
was assessed for all A3A proteins. As can be seen, A3A ex-
pression resulted in numerous YH2AX foci, detected in
30-60% of V5 positive cells (fig. 6A and B) with the exception
of the tamarin A3A transfection, which only resulted in back-
ground levels of YH2AX positive cells. This observation can be
attributed to the low level of expression of this enzyme,
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Fic. 6. A3A proteins can induce DSBs. (A) YH2AX staining of A3A-transfected HeLa cells. Inactive human A3AC97S catalytic mutant is used as negative
control. (B) FACS analysis of YH2AX-positive Hela cells gated on the V5-tagged A3A. (C) FACS analysis of YH2AX-positive dog MDCK cells gated on the

V5-tagged A3A.

responsible for modest nuDNA editing. If 3DPCR picks up rare
events, YH2AX staining and gating requires a substantial
amount of DSB formation that may not be achieved after
tamarin plasmid transfection, as DSB formation occurs during
repair of numerous mutations in clusters. Accordingly, tam-
arin A3A’s ability to induce DSB formation may well be under-
estimated, as H2AX staining was observed in few tamarin
A3A positive cells by immunofluorescence imaging
(fig. S4A). Similar evidence of A3A-sponsored DNA damage
were obtained probing for p53-binding protein 1 (53BP1), a
mediator protein recruited at DNA damage site, with the
accumulation of numerous foci at DSB location after A3A
transfection (fig. S4B) (Landry et al. 2011). To avoid any spe-
cies or cell line effect, having so far only investigated nuDNA
damage in human cells, we measured yH2AX-positive DSBs in
the canine Dog Madin Darby canine kidney (MDCK) cells
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after A3A transfection (fig. 6C). The results were strongly
correlated to those obtained with Hela cells (R*=0.85,
Pearson correlation test P =0.0001), the reduced levels prob-
ably resulting from a much reduced transfection efficiency.

The Carnivora APOBEC3 Locus

While analyzing the dog and panda A3 loci, we found the
vestige of a cat A3A gene with complete exons 1, 2, 4, and 5
but with several indels in exon 3, including deletion of se-
quences encoding the crucial HAEX,3PCXXC zinc finger bind-
ing motif as well as splice acceptor mutations 5’ to exons 3
and 4. As there were some unscored bases in intron 3, it was
possible that the region was poorly sequenced or assembled.
Accordingly, we amplified and sequenced exon 3, intron 3,
and exon 4 from DNA of a primary cat tumor (Felis domes-
ticus). Sequence alignment revealed numerous clustered
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differences with the genomic contig (ISGSC Felis_catus
6.2/felCat5 assembly), suggesting errors rather than single
nucleotide polymorphisms (supplementary fig. S5A, Supple-
mentary Material online). However, the multiple indels in
exon 3 were confirmed (supplementary fig. SSA and B,
Supplementary Material online) as were the splice acceptor
mutations pointing to a nonfunctional gene over a consider-
able period of time.

To date, the mammalian A3 locus is bounded by CBX6 and
CBX7 with all A3 genes arranged in a head-to-tail manner
(LaRue, Jonsson, et al. 2008). This is the case for the panda
locus (Ursinae suborder, assembly BGI-Shenzhen 1.0/aiMel1)
that encodes three A3 genes, A3Z1 (i.e, A3A), A3Z2, and A3Z3,
although the A3Z17 gene is uniquely in the opposite orienta-
tion (supplementary fig. S1, Supplementary Material online).
The dog A3 locus on chromosome 10 was composed of A3Z1
and A3Z3 genes (Canis suborder, assembly Broad CanFam3.1/
canFam3), again with the A3Z1 gene in an inverted orienta-
tion compared with CBX6 and CBX7. However, there could
well be assembly problems for there is a clearly recognizable
A372 gene present in an isolated contig (UnJH373534).
Reassembled, the dog locus is syntenic with the panda.
Miink et al. (2008) have cogently argued for an expanded
cat A3 locus with three A372 and a single A3Z3 gene. As
the defunct cat A3Z7 gene is inverted compared with CBX6
and CBX7, it appears that the three loci are highly syntenic
with the cat locus showing further signs of gene conversion,
the presumed organization of the loci being shown in sup-
plementary figure S1, Supplementary Material online.
However, it would be best to carefully reassemble the reads
from the primary data, particularly for the dog locus.

Discussion

By a variety of different assays, all eight A3Z1 enzymes are
functional and orthologous to the human A3A, any differ-
ences being those of degree. Most importantly, the nuDNA
editing function is conserved including deamination of
5-methylcytidine. As all are capable of hypermutation—up
to 80% of target residues being edited—they must be seen as
being involved in cell death and DNA catabolism, for the
degree of mutation must overwhelm DNA damage responses
(Landry et al. 2011; Mussil et al. 2013). Based on phylogenic
analyses, it has been cogently argued that the mammalian A3
precursor locus encoded a single copy of A3Z1, A3Z2, and
A3Z3, indicating that the A3Z1 nuDNA editing, DSB forma-
tion, and 5-methylcytidine deamination function goes back
some 148 My (Munk et al. 2012). In turn, this demonstrates
that the immediate benefits of catastrophic damage of so-
matic cell DNA—mutation and DSBs—far outweigh delete-
rious or pathological aspects over a longer time frame,
notably genome instability and cancer.

As 3DPCR is not a quantitative technique, differences
should not be overinterpreted, although the tamarin
enzyme generally underperformed those of the others. It
could be that the tamarin sequence represented a rare
allele or contained a polymorphism or sequence error affect-
ing its stability or function. However, as it could qualitatively
perform all the functions of the human enzyme apart from

DSB formation, it is also probably an ortholog. As it can clearly
edit nuDNA, DSBs should ensue. There are many levels by
which genetic editing of nuDNA could vary among species.
The Kozak context of the initiator methionines of natural
A3As was “strong” in all sequences apart from the human
and rhesus that were “adequate.” To permit comparisons, all
genes were initiated from the same strong Kozak motif. The
upstream promoter sequences can be reliably aligned for pri-
mate genomes but not across the mammals analyzed here.
Accordingly, they could respond to different stimuli, although
the sheep and rhesus A3A have a 5 interferon response ele-
ment just like its human counterpart.

Given the precursor A3Z1 gene common to placental an-
imals, it is logical that the mouse/rat, pig, and cat genomes
have lost their A3Z1 gene at some stage. Despite this, they still
present with cancer, which begs the question as to whether
there are other PCDs capable of editing nuDNA. The A3 locus
has undergone considerable expansion and rearrangement
with A3A vestiges in the human, horse, and cat genomes as
well as duplication into the functional carboxy-terminal do-
mains of human A3B and A3G, despite the loss of nuclear
editing function. However, recent reports suggest that A3B
can impact nuDNA, prompting base substitution and per-
haps cancer (Shinohara et al. 2012; Burns et al. 2013). These
results remain to be clarified as two other studied concomi-
tantly reported that individuals with a homozygous A3B
deletion had a higher odds ratio for developing breast or
liver cancer (Zhang et al. 2012; Long et al. 2013).

Similarly, the human A3DE enzyme is nonfunctional while
that from the macaque is functional, the difference residing in
a single amino acid substitution, C320Y (Dang et al. 2011). In
the same vein, the mouse APOBEC1 (A1) deaminase is capa-
ble of hypermutating both viral RNA and ssDNA while the
human enzyme can only hypermutate ssDNA (Petit et al.
2009). Accordingly, the reciprocal is perhaps possible, that
is, gain of nuDNA editing function by some other mammalian
PCD. Thus, while the mammalian A3Z1 enzymes are clearly
orthologous, the same may not be true for other A3Z2 or
A3Z3 enzymes. AID and A1 are PCDs both common to these
species, with AID being the older of the two in evolutionary
terms. Ectopic expression of AID is certainly liked to human
cancers of the haematopoietic lineage (Matsumoto et al.
2007) while AID or A1 transgenic mice generate cancers dic-
tated by the promoter used in constructing the lineage
(Yamanaka et al. 1995; Okazaki et al. 2003).

For the human locus A3A is the only PCD that efficiently
deaminates nuDNA (Suspene, Aynaud, Guétard, et al. 2011),
which does not rule out other PCDs being operative under
certain circumstances, with human AID being the case in
point. What is clear is that the physiological relevance of
A3A-induced somatic hypermutation of host cell mtDNA
and nuDNA far outweighs any pathological side effects.

Materials and Methods

Plasmids

Mammalian A3A cDNAs, from rhesus monkeys, tamarin,
sheep, cow, dog panda, and horse, were synthesized
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(GeneCust) and subsequently cloned into pcDNA3.1D/
V5-His-TOPO vector (Invitrogen) (supplementary table S1,
Supplementary Material online). All plasmids were verified
by sequencing.

Cells

The quail QT6 embryo fibroblast cell line was maintained in
HAM'’s F40 medium (Eurobio), supplemented with 1%
chicken serum, 10% fetal calf serum (FCS), 5% tryptose phos-
phate, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml
streptomycin. Human Hela cells, 293T and 293T-UGI’s cells
stably expressing Bacillus subtilis phage UGI were maintained
in DMEM glutamax medium (Invitrogen) supplemented with
10% FCS, 100 U/ml penicillin, and 100 mg/ml streptomycin.
MDCK cells were maintained in DMEM glutamax medium
(Invitrogen) supplemented with 10% FCS, 50 U/ml penicillin,
and 50 mg/ml streptomycin.

Transfections

One million QT6 cells were cotransfected with 0.75 g of
pCayw HBV coding plasmid and 1.25 p1g A3A expression plas-
mids using JetPrime (Polyplus) following manufacturer’s
recommendations and harvested 72 h posttransfection. For
single plasmid transfections, 8 x 10° of Hela, 293T-UGI, or
MDCK cells were transfected using 2 j1g A3A expression plas-
mids using JetPrime (Polyplus) following manufacturer’s rec-
ommendations and harvested 72 h posttransfection. For the
5MeC deamination assay, a 679 bp fragment of HIV-l pNL4.3
env gene was amplified using total substitution of dCTP by
5Me-dCTP (Trilink) using the primer pair 5-TTGATGATCTG
TAGTGCTACAGCA-3" and 5'-GCCTAATTCCATGTGTACAT
TGTA-3". The 5MeC containing DNA was heat denatured
and chilled on ice, and 200 ng of synthesized DNA was trans-
fected using JetPrime 24 h following initial transfection of
A3 coding plasmids in QT6 cells as described earlier. For im-
munofluorescence labeling, coverslip-grown Hela cells were
transfected with 11g A3A expression plasmids using Fugene
HD (Roche) following manufacturer’s recommendations.

Western Blot Analysis

Western blot analysis was carried out according to standard
procedures. After blocking, membranes were probed with
1/5,000 diluted mouse monoclonal antibody specific for the
V5 epitope (Invitrogen) in phosphate buffer saline (PBS)-
Tween 0.01%, and 5% dry milk was applied overnight. After
PBS-Tween 0.1% washings and incubation with an anti-
mouse IgG horseradish peroxidase-coupled secondary anti-
body (Amersham), the membrane was subjected to detection
by enhanced chemiluminescence (Pierce). B-Actin was used
as a loading control using 1/2,000 diluted mouse monoclonal
antibody specific for B-Actin (Sigma).

Immunofluorescence

After PBS washing, coverslip-grown transfected Hela cells
were fixed with 4% paraformaldehyde (PFA) for 15min.
After PBS washing, cells were permeabilized with 0.1%
Triton X-100 for 10 min, and the permeabilized cells were
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incubated for 1h with 1% bovine serum albumin (BSA) con-
taining PBS. Mouse monoclonal anti-V5 antibody (Invitrogen)
was then incubated at 1/200 for 1h at room temperature,
followed by incubation with a mouse-specific fluorescein iso-
thiocyanate (FITC)-conjugated goat antibody for 1 h at room
temperature. After washing, coverslips were stained with
4 ,6'-diamidino-2-phénylindole (DAPI) and mounted with
Vectashield imaging medium (Vector Laboratories). Imaging
was performed using Zeiss Wide-field inverted ApoTome mi-
croscope. A similar protocol was applied for DNA damage
probing, using rabbit antibodies raised against phospho-his-
tone H2AX (20E3, 1/400) and 53BP1 (1/100) (Cell Signaling)
with rabbit-specific Cy3-conjugated goat antibody.

In Vitro Deamination Assay

At 48 h after transfection, APOBEC3-transfected 293T cells
were extensively washed with PBS and mechanically har-
vested. Total proteins were extracted using specific lysis
buffer (25mM HEPES [pH 7.4], 10% glycerol, 150 mM NadCl,
0.5% Triton X-100, 1TmM EDTA, 1TmM MgCl,, 1 mM ZnCl,)
supplemented with protease inhibitors. Deaminase activity
was assessed by incubating whole cell lystates with 1pmole
DNA oligonucleotide 5'-(6-FAM)-AAATTCTAATAGATAATG
TGA-(TAMRA)-3" in the presence of 04 U UDG (New
England Biolabs) in a 20 mM Tris-HCl, 1mM dithiothreitol,
and TmM EDTA reaction buffer. After 2h incubation at
37°C, the generated abasic sites were cleaved by heating
2min at 95°C, and endpoint fluorescence were measured
using realplex” mastercycler (Biorad) with FAM setting.

DNA Extraction and 3DPCR Amplification

Total DNA from transfected cells was extracted using the
MasterPureTM complete DNA and RNA purification kit
(Epicentre) and resuspended in 30 p sterile water. All ampli-
fications were performed using first-round standard PCR
followed by nested 3DPCR (supplementary table S2,
Supplementary Material online [Suspene, Henry, et al.
2005]). PCR was performed with 1U Taq DNA polymerase
(Eurobio) per reaction. After purification, PCR products were
cloned onto TOPO 2.1 vector (Invitrogen) and sequencing
was outsourced to GATC.

FACS Analysis of Double-Strand Breaks

At 48 h after transfection, cells were washed with PBS, fixed in
2-4% ice-cold paraformaldehyde (Electron Microscopy
Sciences) for 10 min and permeabilized in 90% ice-cold meth-
anol (Sigma) for 30 min. After washing with PBS, cells were
incubated with 1:200 diluted mouse anti-V5 antibody
(Invitrogen) in PBS-BSA 0.5% for 1h. After PBS washings, in-
cubation with 1:500 diluted Alexa Fluor 633 F(ab’), fragment
of goat anti-mouse IgG (H+L) (Invitrogen) was performed for
45 min. DNA double-strand breaks were analyzed by staining
for 1h with 1:50 diluted Alexa Fluor 488-conjugated rabbit
monoclonal anti-yH2AX (20E3) antibody (Cell Signaling). All
incubation steps were performed on ice. Stained samples
were analyzed on a FACSCalibur using CellQuest Pro (BD
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Biosciences, version 5.2) and data were analyzed with Flowjo
software (Tree Star Inc. version 8.7.1).

Supplementary Material

Supplementary figures S1-S5 and tables S1-52 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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