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The activation-induced deaminase/apolipoprotein B-editing catalytic subunit 1 (AID/APOBEC) family comprises four groups of proteins. Both AID, a lymphoid-specific DNA deaminase that triggers antibody diversification, and APOBEC2 (function unknown) are found in all vertebrates examined. In contrast, APOBEC1, an
RNA-editing enzyme in gastrointestinal cells, and APOBEC3 are restricted to mammals. The function of most
APOBEC3s, of which there are seven in human but one in mouse, is unknown, although several human
APOBEC3s act as host restriction factors that deaminate human immunodeficiency virus type 1 replication
intermediates. A more primitive function of APOBEC3s in protecting against the transposition of endogenous
retroelements has, however, been proposed. Here, we focus on mouse APOBEC2 (a muscle-specific protein for
which we find no evidence of a deaminating activity on cytidine whether as a free nucleotide or in DNA) and
mouse APOBEC3 (a DNA deaminase which we find widely expressed but most abundant in lymphoid tissue).
Gene-targeting experiments reveal that both APOBEC2 (despite being an ancestral member of the family with
no obvious redundancy in muscle) and APOBEC3 (despite its proposed role in restricting endogenous retrotransposition) are inessential for mouse development, survival, or fertility.
APOBEC2 was originally documented as being restricted exclusively to cardiac and skeletal muscle (19), although a lesser
level of expression elsewhere was subsequently observed (1).
The function of APOBEC2 is not known, although it was
originally proposed, by analogy with APOBEC1, to be an
RNA-editing enzyme (1, 19). In that case, it would be the only
proposed RNA-editing enzyme apart from the adenosine
deaminases (36) to be widely expressed among vertebrates.
Clearly, it would be interesting to know the effects of
APOBEC2 deficiency.
As is the case with APOBEC1, APOBEC3 proteins appear
to be restricted to mammals, with mice and rats having single
APOBEC3 genes. However, primates harbor substantially expanded loci, with the APOBEC3 cluster in humans containing
seven members (8, 15, 42). The first APOBEC3 family member
(APOBEC3A, originally designated phorbolin-1) was identified as a protein whose expression was strongly induced on the
treatment of human keratinocytes with phorbol ester (21, 34).
Analysis of the sequence of human chromosome 22 revealed
the existence of a cluster of related sequences, which have been
designated APOBEC3A to H (8, 15).
In an independent line of work, APOBEC3G was identified
in a subtractive hybridization screen in a nonpermissive human
T-cell line for host factors that were responsible for restricting
infection by Vif-deficient human immunodeficiency virus type
1 (HIV-1) particles (37). Transfection experiments then revealed that APOBEC3G was packaged into HIV-1 particles
and acted to deaminate cytosine to uracil in the first-strand
DNA of the HIV replication intermediates (13, 18, 22, 23, 49).
Similar antilentiviral activities have subsequently been noted
for APOBEC3F and APOBEC3C (3, 17, 20, 45, 48, 51). That
APOBEC3F and APOBEC3G can indeed act on HIV-1 during
infection of humans is indicated by analysis of the sequences of
hypermutated HIV-1 genomes isolated from infected individuals (2, 3, 4, 12, 20, 44). However, the function of several of the

The founder member of the activation-induced deaminase/
apolipoprotein B-editing catalytic subunit 1 (AID/APOBEC)
family is APOBEC1, the catalytic component of an RNAediting complex which is restricted to mammals and functions
in gastrointestinal tissues to deaminate cytosine to uracil at
position 6666 in the RNA encoding apolipoprotein B (26, 41).
This deamination leads to the creation of a premature stop
codon and to the resulting production of a truncated apolipoprotein B polypeptide. Closely linked to the APOBEC1
gene in both human and mouse is the gene encoding AID (25,
35). The expression pattern and function of AID are quite
distinct from those of APOBEC1. AID expression is largely
restricted to B lymphocytes (24), where it deaminates cytosines
in specific regions of the immunoglobulin locus DNA, acting as
a central trigger of antibody gene diversification (27).
There are two further groups of AID/APOBEC proteins;
their genes are not linked to the AID/APOBEC1 cluster.
APOBEC2 (which has also been designated ARCD1 [1]) is
encoded on human chromosome 6. It was first identified as a
sequence homologue of APOBEC1 (19) and has been proposed to exhibit deaminating activity on free deoxycytidine (1,
19). However, while APOBEC2 is clearly much more similar to
other members of the AID/APOBEC family than it is to any
other gene in humans (19), it is nevertheless less related to
other members of the AID/APOBEC family than they are to
each other (8). It also has a distinct exon/intron structure.
APOBEC2 predates APOBEC1 and APOBEC3s, whose homologues have so far been identified only in mammals, while
APOBEC2 and AID homologues are found among bony fish
as well as other lower vertebrates (8, 50). Expression of
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human APOBEC3 proteins is unknown. Moreover, the single
mouse APOBEC3 has not as of yet been observed to exhibit
restricting activity against any mouse retrovirus. Indeed, it has
been proposed that APOBEC3 enzymes might provide an ancestral wide defense against the transposition of endogenous
retroelements, since both mouse APOBEC3 and human
APOBEC3G are able to inhibit the transposition of endogenous mouse retroelements in cotransfection assays in a human
cell line (11). Furthermore, the expression of human or mouse
APOBEC3 family members in yeast has been shown to be able
to inhibit Ty element transposition (10). Clearly, therefore, it
would be interesting to know whether the sole APOBEC3 gene
in mouse is essential in the prevention of unacceptably high
frequencies of transposition of endogenous retroelements.
MATERIALS AND METHODS

FIG. 1. Testing recombinant APOBEC2 preparations for deaminase activity. (A) His-tagged APOBEC2 and MBP-APOBEC2 fusion
proteins were purified from E. coli extracts by affinity chromatography,
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, stained with Coomassie blue, and Western blotted with a rabbit
anti-APOBEC2 antiserum. Numbers indicate approximate sizes in
kilodaltons. (B) No detectable activity of recombinant APOBEC2 on
dC in DNA, as judged by the use of a variety of single-stranded
5⬘-labeled oligodeoxyribonucleotide substrates (317 to 330 as in reference 2) containing two clusters of dC residues (cluster A and cluster B)
in different sequence contexts. Following successful deamination (as
obtained using the recombinant MBP-APOBEC1 control), the labeled
oligonucleotide will yield uracil-containing derivatives which, following
uracil-DNA glycosylase/endonuclease treatment and purification on
streptavidin-agarose, give rise to shorter, labeled oligonucleotide products. (C) The deoxycytidine deaminase activity present in recombinant

Assay of recombinant APOBEC2. APOBEC2 cDNA was expressed in Escherichia coli either as a His6-tagged protein by use of a pTrc99-based vector (14) or
as a fusion with maltose-binding protein (MBP) by use of a pOPTM vector (gift
from R. Williams) and purified on Ni-NTA (QIAGEN) or amylose resin (NEB).
The abilities of these recombinant proteins (10 g) as well as of a recombinant
APOBEC1 control (30) to deaminate dC in the context of an oligodeoxyribonucleotide were monitored using a set of 5⬘-biotinylated, 3⬘-fluorescein-conjugated single-stranded oligonucleotide substrates (SPM317 to 325) that contained
dC in a variety of different sequence contexts (2). Successful deamination was
then assessed by gel electrophoresis after treatment with uracil-DNA glycosylase/
NaOH, as previously described, to cleave the oligodeoxyribonucleotide at sites of
dC deamination (2, 30).
Deaminase activity on free dC was monitored following a 10-min incubation of
recombinant APOBEC (2 g) with 3 Ci deoxy[5-3H]cytidine (160 pmol; 18.4
Ci/mmol; Amersham-Pharmacia) in 10 l deamination buffer prior to the performance of thin-layer chromatography on polyethylene-imine cellulose plates as
previously described (2). E. coli cdd dcd strain SO177 (CGSC6127) was used as
the cytidine deaminase-/dCTP deaminase-deficient host. 3,4,5,6-Tetrahydrouridine (THU) was obtained from Calbiochem.
Generation and breeding of gene-targeted mice. The APOBEC2-targeting
construct, generated by PCR from 129/Ola mouse DNA, comprises a 1.1-kb
neomycin (Neo) resistance cassette (28) inserted as a ClaI fragment between two
sections of the APOBEC2 gene. The 5⬘ APOBEC2 segment extends 2.75 kb from
the SpeI site in the first intron through to nucleotide (nt) 282 of exon 2, at which
a ClaI site was created by the oligonucleotide used for PCR amplification (5⬘GACTAGTTATAGCAAGATAAGCAACCCCTCTGGCAG). The 0.76-kb 3⬘
APOBEC2 sequence extends from a PCR-generated ClaI site (oligonucleotide
5⬘-GCCATCGATCCCTGCGTCGCCTGCGCTTGGCCGCCCTTACTCTG) introduced into nucleotide 314 of APOBEC2 exon 2 through to the XbaI site in the
second APOBEC2 intron. The targeting construct therefore deletes 32 bp from
exon 2 as well as inserting a Neo cassette. A diphtheria toxin A expression
cassette (46) was added into the SpeI site of the left arm of the targeting
construct. Targeted integration was monitored using PCR-generated probes
derived from regions of APOBEC2 flanking either the left (hybridizing a
2,719-bp probe generated by amplification with 5⬘-GATTACAGACAGCGGC
CGCCCCACATCTGACTCTTTA-CTTAGG and 5⬘-ATAACTA-GTCTCTAG
GCTGGGGTGTGGCTTCCTGAGAG to an NdeI/XbaI digest) or right (hybridizing a 3,060-bp probe generated by amplification with 5⬘-CTTTCTAGAT
CCCAGTTCCAAAGCCACCACCTC and 5⬘-AATGAATTCATGACGTCCC
GA-CGTATGTTTTGAGTTCTCTG-AGAG to a KpnI/SexAI digest) side of
the targeting construct.
For APOBEC3, the targeting construct was generated by PCR from 129/Ola
mouse DNA with the 5.6 kb of 5⬘-flanking APOBEC3 sequence extending from
2.1 kb upstream of the initiator ATG codon through to 148 nt into exon 3 using

APOBEC2 samples is inhibitable by THU and is undetectable in
recombinant APOBEC2 samples prepared from a cdd dcd E. coli host
(results for wild-type [wt] E. coli are also shown). Deoxycytidine activity was monitored in recombinant APOBEC2 samples (2 g) and is
expressed as the percentages of the radioactivity in the [(dU)/
(dU⫹dC)] spots following thin-layer chromatography.
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FIG. 2. Generation of APOBEC2-deficient mice. (A) Targeting construct. The construct contains a Neo selective marker inserted into the
second exon of APOBEC2 and includes a flanking diphtheria toxin A-encoding cassette (DTA) to allow selection for homologous integration. A,
AatII; K, KpnI; N, NdeI; Sx, SexAI; Sp, SpeI; X, XbaI. (B) Targeted integration of the construct was assessed by Southern blot analysis hybridizing
with probe RP to KpnI/SexAI-digested DNA (as shown) as well as with probe LP to NdeI/XbaI digests (not shown). wt, wild type; ht, heterozygous;
ko, knockout. Numbers indicate approximate size in kilobases. (C and D) Expression of APOBEC2 RNA in tissues of normal mice and humans
as judged by Northern blot analysis. (E) Absence of APOBEC2 RNA in heart and skeletal muscle of homozygous APOBEC2-targeted mice as
judged by Northern blot analysis. (F) Absence of APOBEC2 protein in heart and skeletal muscle of homozygous APOBEC2-targeted mice as
judged by Western blot analysis of whole-tissue extracts using a rabbit anti-APOBEC2 antiserum. Numbers indicate aproximate sizes in kilodaltons.

oligonucleotides (5⬘-GCGCAGATGCGGCCGCGCACTATGTCCTCCTTTG
GATCTG and 5⬘-CGATCGATCCAGGAACC-TTAGTACCTGC) that introduced terminal NotI and ClaI restriction sites. The 2.9 kb of the 3⬘-flanking
APOBEC3 sequence extending from nucleotide 150 in exon 3 through to nucleotide 2517 of intron 4 was generated by PCR using oligonucleotides (5⬘-GGAT
CGATACACACCACAACCTGAGCCTGGAC and 5⬘-CGGGAATTCGTCG
ACGCTCTC-AACCTTCCTGCTTACCTGC) that generated terminal ClaI and
EcoRI sites. The diphtheria toxin A expression cassette (46) was added into the
NotI site in the left arm of the targeting construct. Targeted integration was
monitored using PCR-generated probes derived from regions of APOBEC3

flanking either the left (hybridizing a 704-bp probe generated by amplification
with 5⬘-CTATATCACTATAAATCCATTGGTGATTAAGATG and 5⬘-GCTA
TCCTTATTTCTTTACAAAGCCAAACTTG to an HincII/AvrII digest) or
right (hybridizing a 854-bp probe generated by amplification with 5⬘-GAGAAG
ACCCGTCTCTAT-CTAGGCTCTGC and 5⬘-CATATGAGAGAAATTAAA
GCAAAGCTCCTAA to a NdeI/ScaI digest) side of the targeting construct.
Polymorphism between 129/Ola and C57BL/6 results in both the EcoNI/AvrIIand HincII/EcoNI-generated fragments from C57BL/6 DNA that hybridize with
the left-hand probe being approximately 3.4 kb shorter than those from 129/Ola.
The targeting constructs were transfected by electroporation into E14 (129/
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Ola) embryonic stem (ES) cells with selection for resistance to G418 (200 g/ml).
Two of the 800 G418-resistant clones transfected with the APOBEC2-targeting
construct and 13 of the 500 clones transfected with the APOBEC3-targeting
construct harbored targeted integrations into the endogenous loci as judged by
Southern blot analysis with both left- and right-hybridizing probes. For both
APOBEC2 and APOBEC3, two independent targeted ES cell clones were used
to generate chimeric mice by injection into C57BL/6 blastocysts and implantation
into pseudopregnant (C57BL/6 ⫻ CBA)F1 females. Male chimeric mice were
crossed with C57BL/6 females, and the F1 heterozygotes were intercrossed to
generate homozygous APOBEC-deficient mice. The animal studies were performed under a project license approved by the Laboratory of Molecular Biology
Ethical Review Committee and the United Kingdom Home Office.
Analysis of RNA, protein, and tissues. Tissues were homogenized in phosphate-buffered saline, and total RNA was extracted using Trizol reagent (Invitrogen). Northern blots of total tissue RNA were hybridized with those that
were generated by reverse transcription-PCR (mouse APOBEC3, 5⬘-GCTGCG
TAGCATATGGGACCATTCTGTCTGGGA and 5⬘-GTCGGTACCTCAAG
ACATCGGGGGTCCAAGC; mouse APOBEC2, 5⬘-CCTAATATCCATGGCT
CAGAAG-GAAGAGGCCGC and 5⬘-CATGGTACCCTA-TTCAGGATGTC
TGCCAAC; human APOBEC2, 5⬘-TATAGAATTCCATATGGCCCAGAAG
GAAGAGGCTGC and 5⬘-TATAGAAGGATCCC-TACTTCAGGATGTCTG
CCAACTTCTCC).
Western blot assays were carried out using antisera to mouse APOBEC3 and
APOBEC2 that had been prepared by immunizing rats and rabbits, respectively,
with MBP fusion proteins, and the sera were then depleted of antibodies to MBP
by absorption.
Flow cytometric analysis of cell suspensions was performed using fluorescein
isothiocyanate-conjugated antibodies to CD4 (L3T4, H129.19), CD3e- (1452c11), CD45R/B220 (RA3-6B2), Ly-6G, and Ly-6C (Gr-1) (RB6-8C5) and Rphycoerythrin-conjugated antibodies to CD8␣ (Ly2, 53-6.7), CD45R/B220
(RA3-6B2), and CD11b (Mac-1, M1/70) (all from BD Biosciences Pharmingen)
as well as R-phycoerythrin-conjugated goat anti-mouse immunoglobulin M
(Santa Cruz Biotechnology Inc.) by use of a BD FACSCalibur analyzer and
FCSPress software. Spleen cells were purified on lympholyte M (Cedarlane
Labs) density cushions. For histological analyses, tissues were embedded in
paraffin, and images of hematoxylin/eosin-stained sections (4 m) were taken
with a Zeiss Axioplan camera system.

RESULTS AND DISCUSSION

FIG. 3. Analysis of APOBEC2-deficient mice. (A) Breeding of
APOBEC2-targeted mice generates homozygous APOBEC2-deficient
mice which are fertile. The data are a compilation of breedings, with
the litters deriving from five distinct sets of breedings. (B) Histological
analysis of calf and heart muscles reveals no difference between control
and APOBEC2-deficient mice. Magnifications are indicated.

Screening recombinant APOBEC2 for deaminase activity.
While AID, APOBEC1, and APOBEC3 all have the ability to
deaminate cytosine in DNA, as judged by both bacterial mutator and biochemical assays (2, 5, 6, 9, 13, 14, 29, 31, 33, 38,
47), we have previously been unable to observe any activity of
APOBEC2 in a mutator assay (14). Biochemical assays with a
variety of oligodeoxyribonucleotide substrates also failed to
detect any DNA deaminating activating associated with recombinant APOBEC2 (Fig. 1A and B).
However, consistent with previous observations from other
groups (1, 19), we find that recombinant APOBEC2 prepared
from E. coli (whether as a His-tagged protein or as a fusion
with maltose-binding protein) is associated with an activity that
deaminates free deoxycytidine (Fig. 1C). We were concerned
that this deaminating activity could be due to a low-level contamination of the recombination APOBEC2 by a bacterial
deaminase from the E. coli host, since we and others have
previously suggested that the contamination of the recombinant proteins by a bacterial deaminase might account for earlier proposals that AID and APOBEC1 can deaminate free
deoxycytidine (2, 40). Indeed, we noted that the cytidinedeaminating activity associated with the recombinant
APOBEC2 is sensitive to inhibition by THU (Fig. 1C). In this
respect, it parallels the E. coli cytidine deaminase (which is
highly sensitive to THU [7]) but contrasts with the DNAdeaminating activity of APOBEC1 and APOBEC3G (which
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FIG. 4. Generation of APOBEC3-deficient mice. (A) Targeting construct. The construct contains a Neo selective marker inserted into the third
exon of APOBEC3 and includes a flanking diphtheria toxin-encoding cassette (DTA). Av, AvrII; E, EcoNI; Hc, HincII; N, NdeI; S, ScaI.
(B) Targeted integration of the construct was assessed by Southern blot analysis hybridizing with probe LP to HincII/AvrII-digested DNA (as
shown) as well as with probe RP to NdeI/ScaI digests (not shown). Note [as shown by the Southern blot comparison of the pattern of hybridization
of probe LP to HincII/EcoNI-digested DNA from 129/Ola, C57BL/6 and (129/Ola ⫻ C57BL/6)F1 mice (129xC57Bl/6) and consistent with sequence
databases] that 129/Ola and C57BL/6 mice differ with respect to the sizes of the HincII/EcoNI (and also HincII/AvrII) bands that hybridize with
LP, reflecting a 200- to 300-nt deletion in the 129/Ola APOBEC3 first intron, which removes an AvrII and an EcoNI site. wt, wild type; ht,
heterozygous; ko, knockout. (C) Expression of APOBEC3 RNA in tissues of normal mice, as judged by Northern blot analysis. (D) Absence of
APOBEC3 RNA in spleen of homozygous APOBEC3-targeted mice, as judged by Northern blot analysis. (E) Absence of APOBEC3 polypeptide
in splenic extracts of homozygous APOBEC3-targeted mice as judged by Western blot analysis using a rat anti-mouse APOBEC3 antiserum.

are THU resistant [2, 30]). We therefore prepared recombinant APOBEC2 from an E. coli host which is genetically deficient in both cytidine and dCTP deaminases; no cytidine
deaminating activity was detected using this recombinant
APOBEC2 preparation (Fig. 1C). We conclude that the cytidine deaminating activity that we detected in our other recombinant APOBEC2 preparations is likely to be due to low-level
contamination by a host E. coli enzyme; the activity observed in
the recombinant APOBEC2 preparations could be accounted

for by ⬍0.01% contamination by bacterial cytidine deaminase.
Thus, we do not consider that we have any evidence that
APOBEC2 is able to deaminate deoxycytidine either as a free
nucleotide or in DNA.
APOBEC2-deficient mice. In order to ascertain whether
APOBEC2 was essential for mouse development, gene targeting was used to disrupt the APOBEC2 loci in ES cells, and the
targeted ES cell clones were used to generate mouse lines (Fig.
2). Intercrosses of the APOBEC2-targeted heterozygotes gave
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rise to APOBEC2-targeted homozygotes at the expected Mendelian frequency (Fig. 3A).
Previous studies have revealed that APOBEC2 is either exclusively (19) or preferentially (1) expressed in cardiac and
skeletal muscle. In our Northern blot analyses of both human
and mouse tissues, we failed to detect APOBEC2, except in
heart and skeletal muscle (Fig. 2C and D). Northern blot
analysis of heart and skeletal muscle from homozygote
APOBEC2-targeted mice revealed that the gene disruption
has indeed ablated APOBEC2 expression (Fig. 2E); this conclusion is further supported by Western blot analysis of
APOBEC2 protein expression in heart and skeletal muscle
using a rabbit anti-APOBEC2 antiserum (Fig. 2F).
We have not detected any major effect of APOBEC2 deficiency on mouse health, fertility, or survival up to 1 year of age;
the histological examination of heart and calf muscle also
failed to reveal any abnormalities (Fig. 3A and B). This lack of
a requirement for APOBEC2 is unlikely to reflect redundancy
with regard to any other member of the AID/APOBEC family,
since we do not detect transcripts of other family members in
muscle (not shown). It does of course remain fully possible that
APOBEC2 deficiency may have relatively subtle effects on
biochemical or physiological aspects of muscle function or its
response to aging or damage, especially given that APOBEC2
has been reported to be up-regulated in the skeletal muscle of
old rats (32).
APOBEC3-deficient mice. Since mice harbor a single
APOBEC3 gene and there is a suggestion that an ancestral
function of the APOBEC3 family might be in a providing a
defense against endogenous retroelements (10, 11, 43), we
were interested in ascertaining whether APOBEC3 deficiency
might lead to gross genomic instability or be incompatible with
mouse development, survival, or fertility. Gene targeting was
used to inactivate the APOBEC3 locus in ES cells; two independently targeted ES cell clones were then used to derive
mouse lines. In both cases, it was readily possible to obtain
mice homozygous for the targeted gene disruption, as judged
by Southern blot analysis (Fig. 4B and 5A). Little is known
about the expression pattern of APOBEC3 in mice. We therefore performed a Northern blot analysis of RNA from control
animals, which revealed that APOBEC3 is abundantly expressed in spleen as well as in bone marrow (Fig. 4C). A
large-scale analysis of the mouse transcriptome (39) is consistent with such a preferential expression of APOBEC3 in
mouse lymphoid tissue.
As expected from the nature of the gene disruption, the
homozygous gene-targeted mice exhibit a lack of APOBEC3
RNA as well as protein, as judged by Northern and Western
blot analysis of spleen (Fig. 4D and E). The mice are nevertheless apparently healthy up to 1 year of age, and we have not
observed any increased propensity to tumor development or
disease in APOBEC3-deficient mice; both male and female
APOBEC3-deficient mice are fertile (Fig. 5A). Although

FIG. 5. (A) Breeding of APOBEC3-targeted mice generates homozygous APOBEC3-deficient mice which are fertile. The data are a
compilation of breedings established with mice produced from two
independent targeted ES cell clones, with the litters deriving from
eight distinct sets of breedings. (B) The distribution of splenic lym-

phoid subsets is unaffected by APOBEC3 deficiency. The relative proportion of T and B lymphocytes was analyzed by staining with antiCD3 and anti-CD45R(B220), with T- and B-cell subpopulations further analyzed using antibodies to CD4/CD8 and immunoglobulin M
(IgM). Myeloid cells were analyzed by staining for CD11b and Gr-1.
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APOBEC3 is most highly expressed in spleen, we have not
detected any effects of APOBEC3 deficiency on the abundance
of lymphoid subsets (Fig. 5B). While these studies do not
exclude the possibility that mouse APOBEC3 might play a role
in maintaining genomic integrity, the effect of APOBEC3 deficiency is clearly not so severe that it precludes mouse development, survival, or fertility. Furthermore, it is striking that
APOBEC3 is very poorly expressed in testis (Fig. 4C), making
it unlikely that if APOBEC3 does indeed play a role in repressing the transposition of endogenous retroelements, this function is fulfilled during the development of the male germ line.
With regard to exogenous nucleic acid, we note that while
mouse APOBEC3 can act as a restriction element against
HIV-1 in human cell line assay systems, it has been found not
to act as a restriction factor for a pseudotyped mouse retrovirus (Moloney murine leukemia virus) in similar assay systems
(3, 16, 23). It will be interesting in future work to ascertain
whether there are any mouse viruses to which APOBEC3deficient mice do exhibit increased sensitivities.
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