JVI

Journals.ASM.org

APOBECS3 Inhibition of Mouse Mammary Tumor Virus Infection: the
Role of Cytidine Deamination versus Inhibition of Reverse
Transcription

Alyssa L. MacMillan,? Rahul M. Kohli,® Susan R. Ross®

Department of Microbiology, Institute for Immunology and Abramson Cancer Center,® and Department of Medicine, Perelman School of Medicine, University of
Pennsylvania, Philadelphia, Pennsylvania, USA®

The apolipoprotein B editing complex 3 (APOBEC3) family of proteins is a group of intrinsic antiviral factors active against a
number of retroviral pathogens, including HIV in humans and mouse mammary tumor virus (MMTYV) in mice. APOBECS3 re-
stricts its viral targets through cytidine deamination of viral DNA during reverse transcription or via deaminase-independent
means. Here, we used virions from the mammary tissue of MMTV-infected inbred wild-type mice with different allelic
APOBECS3 variants (APOBEC35AL and APOBEC35°) and knockout mice to determine whether cytidine deamination was im-
portant for APOBEC3’s anti-MMTYV activity. First, using anti-murine APOBEC3 antiserum, we showed that both APOBECS3 al-
lelic variants are packaged into the cores of milk-borne virions produced in vivo. Next, using an in vitro deamination assay, we
determined that virion-packaged APOBECS3 retains its deamination activity and that allelic differences in APOBECS3 affect the
sequence specificity. In spite of this in vitro activity, cytidine deamination by virion-packaged APOBEC3 of MMTYV early reverse
transcription DNA occurred only at low levels. Instead, the major means by which in vivo virion-packaged APOBECS3 restricted
virus was through inhibition of early reverse transcription in both cell-free virions and in vitro infection assays. Moreover, the

different wild-type alleles varied in their ability to inhibit this step. Our data suggest that while APOBEC3-mediated cytidine
deamination of MMTYV may occur, it is not the major means by which APOBECS3 restricts MMTYV infection in vivo. This may
reflect the long-term coexistence of MMTV and APOBEC3 in mice.

Organisms adapt to infectious agents by developing protective
responses, and conversely, infectious agents develop adaptive
countermeasures to these responses. Retroviruses are major
causes of disease, such as cancer and acquired immunodeficiency
in animals and humans, and are likely one of the infectious agents
that puts selective pressure on host evolution. Because of the fre-
quent encounter of vertebrates with retroviruses, selection for
host antiviral defense systems is likely, and indeed, various host
restriction factors have been identified (1). These include the
TRIM proteins, Bst2/tetherin, and apolipoprotein B editing com-
plex 3 (APOBECS3) proteins (2). Most of these antiviral intrinsic
restriction factors were identified through the discovery of viral
gene products that counteract their actions. In particular, the
APOBECS3 proteins were discovered because human immunode-
ficiency virus (HIV), a retrovirus, encodes a protein termed viral
infectivity factor (Vif) that blocks APOBEC3 antiviral activity (3).

Members of the APOBEC3 gene family encode DNA and RNA
editing enzymes. The number of APOBEC3 genes varies from spe-
cies to species, from 1 gene in rodents to 7 genes in humans (4).
Two APOBECS3 proteins made in human cells, APOBEC3G and
APOBECS3F, were first shown to inhibit HIV-1 lacking the vif gene
(3, 5-8). In vif-deficient HIV-1 producer cells, APOBEC3G and
APOBECS3F are packaged into progeny virions via interaction
with the nucleocapsid (NC) protein and viral RNA. In cells in-
fected with vif " virus, Vifbinds the APOBEC3 proteins and targets
them for degradation or prevents their packaging through other
means, thereby overcoming the antiviral activity (9).

Once packaged, APOBECS3 proteins inhibit HIV infection in
target cells by deaminating deoxycytidine residues on the DNA
minus strand following reverse transcription (RT), inducing hy-
permutation in newly synthesized retroviral DNA. The various
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human APOBEC3 proteins have different preferred target se-
quences; for example, APOBEC3G-mediated deamination occurs
more frequently at CCC residues, whereas APOBEC3F preferen-
tially deaminates TCC sites (5, 10, 11). APOBEC3 proteins also
inhibit replication by undefined cytidine deaminase (CDA)-inde-
pendent mechanisms (12). A number of in vitro studies have sug-
gested that APOBECS3 proteins in particles can inhibit binding of
the tRNA™* primer to the viral RNA, RT-mediated elongation,
and accumulation of HIV-1 reverse transcription products or in-
tegration into the host genome, at least in tissue culture cells (13—
20). Although several studies have argued that CDA-independent
inhibition is an artifact of APOBEC3 overexpression (21, 22),
other studies have argued that it is biologically relevant (18, 20,
23), and recent work with mouse retroviruses indicates that CDA-
independent inhibition occurs in vivo (see below).

Clearly, viruses that persist in their hosts cannot be totally re-
stricted by antiviral host mechanisms. In support of this, we have
shown that mouse APOBEC3 contributes to resistance to mouse
mammary tumor virus (MMTV) infection but does not totally
restrict infection. MMTV is an endemic milk-borne retrovirus
that entered mice ~10 to 20 million years ago and causes mam-
mary carcinomas in female mice (24). Using APOBEC3 knockout
mice, we provided the first demonstration that APOBEC3 pro-
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teins function in vivo by showing that APOBEC3 ™'~ mice were
more susceptible to MMTV infection than their wild-type (WT)
littermates; virus spread and tumorigenesis were more rapid and
extensive in the knockout mice (25). Moreover, we found no ev-
idence of cytidine deamination of the MMTV genome in wild-
type mice. Similarly, several studies have shown that APOBEC3
inhibits Moloney (M-MLV) and Friend (F-MLV) murine leuke-
mia virus infection in vivo in the absence of mutations suggestive
of cytidine deamination (26-29). However, mouse APOBEC3 re-
tains deaminase activity on HIV substrates, with a preference for
TCC targets (5), and has also been shown to have low activity on
TTC residues in the endogenous murine leukemia virus AKV
(AKV-MLV) (30).

Interestingly, there are allelic differences in mouse APOBEC3
among different inbred mouse strains that encode proteins with
the ability to restrict MMTYV, as well as F-MLYV, to different extents
(28, 31). In particular, C57BL/6 and BALB/c mice express differ-
ent APOBECS3 variants, with 15 polymorphic amino acids in the
proteins encoded in their genomes (see Fig. 2B). Moreover, the
BALB/c allele (APOBEC3*™) encodes a longer transcript and
protein than that found in C57BL/6 mice (APOBEC3""®) because
it includes a fifth exon that is spliced out in the latter. Finally,
APOBEC3"'® transcript and protein levels in BALB/c mice are
significantly lower in various tissues than those of APOBEC3"®-¢ in
C57BL/6 mice (28, 31-34). The APOBEC3" allele encodes a
more effective in vivo restriction factor of murine retroviruses. Itis
currently unclear as to whether the differential ability to restrict
MLV or MMTYV infection in vivo is due to the coding region
changes that affect its antiviral activity or to expression level dif-
ferences (31, 32, 34).

Here we show that APOBECS3 packaged into virions retains its
deamination activity and deaminates MMTYV reverse transcripts
at a low level. Interestingly, the APOBEC3""® and APOBEC3PALP
variants packaged in MMTV virions have altered substrate pref-
erences for deamination. In spite of the deamination activity,
however, the major means by which mouse APOBEC3 inhibits
MMTV is by blocking early reverse transcription.

MATERIALS AND METHODS

Plasmids. Plasmids expressing Flag-tagged APOBEC3 (pFLAG-cytomeg-
alovirus [CMV] vector) cloned from primary DNA of C57BL/6 and
BALB/c mice and hemagglutinin (HA)-tagged catalytically inactive
APOBEC3® (E73Q/E253Q; pCMVpA vector) have been described
(26, 28).

Mice. MMTV (RIID)-infected APOBEC ™/~ mice and APOBEC"/*
mice were previously described (25). APOBEC /~ and APOBEC™/* mice
were crossed onto the C57BL/6 background, and thus, wild-type mice
encode the APOBEC3®' allele. For genetic consistency, experiments used
the two matched strains; however, wild-type animals are referred to as
C57BL/6 in the text to reflect their APOBECS3 allele. Mice were housed
according to the policies of the Institutional Animal Care and Use Com-
mittee of the University of Pennsylvania. Heterozygous F1 mice were
created by crossing APOBEC™/~ males with MMTV (RIII)-infected
C57BL/6 or BALB/c females. The MMTV-infected female F1 mice were
then bred, and virus was isolated from milk collected from their 1- to
2-day-old pups as previously described (35).

Cells and viruses. 293T cells stably expressing mTfR1 were main-
tained in Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 p.g/ml strep-
tomycin, and 100 pwg/ml Geneticin and have been previously described
(36). These cells were stably transfected with APOBECS3 plasmids. Expres-
sion was verified by SDS-PAGE and Western blotting using anti-murine
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APOBECS3 (37), anti-Flag (Cell Signaling), and anti-HA (Abcam) anti-
bodies. MMTYV virions were isolated from mammary tumors or breast
milk of MMTV-infected mice and purified via ultracentrifugation over a
sucrose gradient from 0 to 60%. RNA purified from these virions was
measured by reverse transcription-quantitative PCR (qPCR) for normal-
ization. Viral cores were isolated by ultracentrifugation through 10% su-
crose with 5% Triton-X on a 30% sucrose cushion.

In vitro deamination. 6-carboxyfluorescein (FAM)-labeled 50mer
oligonucleotide substrates with a TTC target site were incubated with
serial dilutions of tumor-derived virions. Virus was first lysed in buffer
containing 10 pwg/ml RNase A, 50 mM Tris (pH 8.0), 40 mM KCl, 50 mM
NaCl, 5 mM EDTA, and 0.1% Triton X-100. Virus was then incubated
with 1X uracil-DNA glycosylase (UDG) buffer (NEB), 2.5 U UDG (NEB),
5 mM EDTA, and 100 nM substrate at 30°C for 4 h. Samples were heated
to 95°C for 20 min before addition of formamide load buffer and 0.1 M
NaOH to cleave abasic sites. Separation of products on a 20% acrylamide/
Tris-borate-EDTA (TBE)/urea gel was imaged via direct fluorescence ona
Typhoon 9410 molecular imager. Control deamination reactions were
carried out with purified mouse APOBEC1 or APOBECS3 (38). For target-
ing preference experiments, 60mer oligonucleotide substrates were la-
beled with ddUTP-FAM at their 3’ end using terminal deoxynucleoside
triphosphate (ANTP) transferase (NEB) as directed (substrate sequences
available upon request). Determination of targeting preferences was car-
ried out as previously described (39).

In vitro reverse transcription. Virions isolated as described above
were normalized to equal RNA levels and incubated with phosphate-buff-
ered saline (PBS), 2.5 mM MgCl,, 0.01% NP-40, and 1 mM dNTPs at
37°C. Reverse transcription products were isolated as previously de-
scribed (20). Intracellular reverse transcription products were produced
by infecting 293T-mT{R1 cells with tumor-derived virions in the presence
of 8 ug/ml Polybrene. At the designated time points, medium and virus
were removed, cells were washed with PBS, and DNA was purified using
the DNeasy kit from Qiagen. To measure the effect of intracellular
APOBECS3, the same protocol was followed using the 293T-mTfR1 cells
stably transfected with APOBEC3"L®, APOBEC3PALE, or mutant (E73Q/
E253Q) expression vectors.

PCR. PCRs to amplify edited reverse transcription products were per-
formed using a gradient cycler. Equal volumes of viral DNA were added to
GoTaq DNA polymerase (Promega), and either a 200-bp region of env or
a 480-bp region of the 3’ long terminal repeat (LTR) was amplified with
the following primers: Env_Forward, 5'-GCC TCG AGC TAA GTA ACA
CAG-3’; Env_Reverse, 5'-TCA GGG GCC AAT ACA AAA CTG GT-3';
LTR_Forward, 5'-CGT GAA AGA CTC GCC AGA GCT A-3'; LTR_Re-
verse, 5'-GAA GAT CTT CAA GGG CAA TGC CTT AA-3".

A temperature gradient of 81 to 95°C was applied during an initial
5-min denaturing step, as well as during the 1-min denaturing step of each
subsequent cycle (35 total), followed by 1 min at 55°C and 1 min at 72°C.
DNA was purified from a 1% agarose gel using a Qiagen QIAquick gel
extraction kit. Quantitative PCR for strong-stop DNA was performed in
triplicate. DNA was combined with Power SYBR green PCR master mix
and amplified under standard conditions on an ABI Prism 7900HT
model.

Sequencing. Following PCR and DNA isolation, the env and LTR
fragments were cloned into pCR2.1-TOPO vector as directed (Invit-
rogen, Inc.). Clones were then sequenced using a BigDye Terminator
v3.1 cycle sequencing kit from Applied Biosystems. Sequences were
aligned using the ClustalW program, and G-to-A mutations were annotated
by Hypermut (www.hiv.lanl.gov/content/sequence/HYPERMUT/hypermut
.html).

Statistical analysis. Statistical analysis was performed using the
GraphPad/PRIZM software.

RESULTS

Both APOBECS3 variants are packaged into virion cores. We first
considered the possibility that APOBECS3 allelic variants may dif-
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FIG 1 APOBECS3 is packaged within MMTYV viral cores in vivo. (A) Virions
were isolated from the mammary tissue of MMTV-infected C57BL/6, BALB,
and APOBEC3 ™/~ mice. Virus levels were normalized to viral RNA via RT-
qPCR, and equal amounts were subjected to Western blot analysis using rabbit
anti-mouse APOBEC3 antiserum. The immunoblot was stripped and re-
probed with goat anti-Env (gp52) antiserum. C57BL/6 mice express and pack-
age solely a shorter form of the protein lacking a fifth exon. BALB mice express
predominantly a protein including all exons (4 kDa larger) but also express a
small amount of protein lacking this exon. The anti-APOBEC3 antiserum also
detects a cross-reacting protein (nonspecific [NS]) of approximately 50 kDa
that is present in some but not all virion preparations, as previously reported
(37). (B) Core fractions and whole virus were assessed for APOBEC3 as de-
scribed above, and the immunoblot was serially stripped and reprobed for
MMTYV Env and p27 as controls for removal of envelope and retention of viral
cores. The p27 blot was exposed for 5 s and 1 min to visualize protein in both
cores and whole virus.

fer in the levels of protein incorporated into virus particles or in
their localization within virions. Most APOBEC3 proteins are in-
corporated into virus particles during virion assembly in infected
producer cells. Indeed, APOBEC3G binds to the HIV NC (8) and
mouse APOBEC3 binds to the MMTYV NC (25) as well as viral
RNA, suggesting that upon viral maturation, the restriction factor
is concentrated within the viral core. However, APOBEC3A is
packaged into virions yet remains outside the viral core, prevent-
ing it from restricting HIV infection (40). If APOBEC3 was ex-
cluded from the MMTYV cores, this could result in an inability to
access the reverse transcription complex and cause cytidine
deamination. Moreover, the changes in protein sequence may dif-
ferentially alter packaging of the full-length APOBEC3"*"®,
thereby diminishing its ability to restrict infection.

To test this, we isolated virions from the mammary glands of
MMTV-infected C57BL/6, APOBEC3 knockout (APOBEC3 /"),
and BALB/c mice. We used reverse-transcribed real-time quanti-
tative PCR primers specific to viral RNA to normalize virion levels
in the three different virion preparations. In addition, Western
blot analysis for both MMTV and APOBEC3 proteins was per-
formed to confirm equal protein loading and to determine the
relative level of packaged APOBEC3. APOBEC3 was detected in
virions isolated from C57BL/6 and BALB/c mice but not
APOBEC3 '~ mice (Fig. 1A). The presence or absence of the fifth
exon was visible by a 4-kDa size difference. BALB/c-produced
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virions packaged primarily the full-length version of the protein
but also packaged a small quantity of the shorter version. C57BL/
6-isolated virions packaged solely the isotype lacking exon 5 and
contained a significantly higher level of packaged protein than did
BALB/c virions. The level of virion-packaged protein reflected the
intracellular levels of APOBEC3 mRNA in C57BL/6 and BALB/c
mouse tissues as previously described (37).

We next isolated viral cores by centrifugation of purified virus
through 10% sucrose containing 5% Triton-X over 30% sucrose
cushions. The detergent treatment removes the viral envelope and
contaminating cellular membrane compartments, including exo-
somes, and allows viral cores to pellet. Purified viral cores were
then used for Western blotting. Both APOBEC3"° and
APOBEC3P*"® were incorporated within viral cores. Importantly,
there was substantially more APOBEC3""° than APOBEC3"*"* in
cores (Fig. 1B), suggesting that the overall higher levels of
APOBEC3"" in virions are not associated with mislocalized
APOBECS3.

Allelic differences in substrate specificity. A second possible
explanation for the lack of cytidine deamination was that the
APOBEC3 packaged into MMTYV virions is rendered enzymati-
cally inactive, perhaps by a viral protein. To determine if MMTV-
packaged APOBECS3 retains its deaminase activity, we isolated vi-
rions from the mammary glands of MMTV-infected C57BL/6,
APOBEC3 knockout, and BALB/c mice and examined the puri-
fied viral lysates for in vitro deaminase activity against a fluores-
cently tagged oligonucleotide substrate bearing the reported
mouse APOBEC3 consensus target sequence (5'-TTC-3") (30).
Although C57BL/6-isolated virions packaged substantially more
APOBECS3 than BALB/c virions (Fig. 1A), the protein packaged in
BALB/c virions had activity equivalent to that of the protein pack-
aged in BL/6 virions (Fig. 2A). A densitometry analysis measuring
packaged APOBEC3 protein (Fig. 1A) and deamination on this
substrate (Fig. 2A) revealed a 1.9-fold increase in activity of
APOBEC3"® compared to activity of APOBEC3"®"° when nor-
malized to protein content. In contrast, very little deamination
activity was detected in particles isolated from knockout mice: the
small amount of deamination (<5% of virions containing
APOBEC3"" or APOBEC3"*"®) may be attributed to cellular
contamination with other known mouse cytidine deaminases,
such as APOBECI (41). The deaminase activity required RNase A
treatment, demonstrating that like human APOBEC3G, mouse
APOBEC3 is not enzymatically active when bound to RNA within
the virion (Fig. 2A). These data suggested that both APOBEC3™
and APOBEC3"*"® are functional deaminases that retain enzy-
matic activity in virions.

Different cellular cytidine deaminases can be distinguished
from one another by their preferred editing contexts based on the
nucleotides surrounding the targeted cytosine. This preference
has been mapped to a recognition loop of 9 to 11 amino acids that
interacts with nucleotides upstream of the target site (39). The two
APOBECS3 isoforms differ in the presence of exon 5 and, in addi-
tion, have several amino acid differences in their other exons (Fig.
2B), including three polymorphisms in the putative substrate rec-
ognition loop which may influence the editing context. We thus
examined if the nucleotide contexts of cytidine deaminase activity
differed between each isoform. The in vitro deaminase assay was
carried out with fluorescently labeled substrates bearing each of
the 16 possible 5'-XXC-3" combinations. To make the assay spe-
cific for deamination at the target cytosine, 5-methylcytosine
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FIG 2 In vivo-packaged APOBECS3 variants are enzymatically active and target different substrates. (A) Ten-fold increasing concentrations of virions isolated
from C57BL/6, BALB, and APOBEC3 ™/~ mice were lysed with 0.1% Triton-X in the presence or absence of RNase A and incubated with a 50mer single-stranded
oligonucleotide (S50) containing a single cytosine and uracil DNA glycosylase, followed by cleavage with NaOH. An oligonucleotide containing a uracil
confirmed complete cleavage of uracilated products and acted as a size standard (uncleaved substrate at S50, cleavage product at $35). C57BL/6 virions were also
lysed in the absence of RNase A and subjected to otherwise identical conditions. (B) Representation of the two murine APOBEC3 variants. *, active site residue;
vertical lines, locations of amino acid differences; green, differences within the substrate recognition loop; dotted line, deletion of exon 5. Numbering is relative
to the APOBEC3®4!® variant. (C) Virions isolated from C57BL/6 and BALB mice were incubated with 16 different substrates containing a single cytosine with
variations of nucleotides in the —1 and —2 positions to include each possible combination of A, G, T, or mC. Product-to-substrate ratios were calculated for 3
to 4 replicate experiments. Blue, A; red, mC; green, G; purple, T.  tests were used to verify significant differences between the APOBEC variants’ preferences for
A (higher preference by APOBEC3"*"®; P < 0.05) and T (higher preference by APOBEC3""; P = 0.05) at the —2 position and T at the —1 position (higher

preference by APOBEC3PAM%; P < 0.05).

(mC) was used in place of cytosine at the two upstream positions
(38). The assay was performed with APOBEC3 isolated from
virions as described above, and substrate-to-product ratios
were measured (Fig. 2C). While APOBEC3""® exhibited a
higher selectivity at the —2 position for the canonical TTC
substrate, APOBEC3®'® had stronger preferences at the —1 po-
sition, with ATC as a favored substrate. These results imply a dif-
ference in activity that is likely due to a change in substrate recog-
nition based on the allelic amino acid differences, not simply
based on different levels of packaged protein.

APOBEC3 deamination of natural MMTV reverse tran-
scripts is low. Although the results of the preceding sections dem-
onstrate that APOBEC3 packaged into MMTV virions retains
functional deaminase activity, we previously showed that inte-
grated MMTYV proviruses found in wild-type mice showed no
mutagenic hallmarks of cytidine deamination compared to
knockout mice (25). However, uracil-containing reverse-tran-
scribed DNA is able to be degraded in cells prior to integration
into the host genome or prevented from integration (42), which
would account for the absence of G-to-A mutations in integrated
MMTYV proviruses. We thus next tested whether ex vivo reverse-
transcribed MM TV DNA made from viruses containing packaged
APOBEC3 underwent cytidine deamination. Purified virions
from C57BL/6, knockout, and BALB/c mice were used in endog-
enous reverse transcription assays (EnRT), and DNA produced by
these particles was subjected to differential DNA denaturation
PCR (3DPCR) using primers to two different regions of MMTV
(3" long terminal repeat [LTR] and envelope [env]) (Fig. 3A). PCR
was performed using a gradient range of denaturing temperatures
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from 81 to 95°C. Amplification of products from all three types of
virions was similar at melting temperatures from 85 to 95°C (3’
LTR amplification shown in Fig. 3A). When the PCR was carried
out at higher stringency (=83°C melting temperature for 3’ LTR,
=85°C for env), reverse-transcribed DNA from either BALB/c or
BL/6 virions was more highly amplified than that from APO-
BEC3 ™/~ virions, indicating a higher AT content in reverse-tran-
scribed DNA produced in the presence of either allele of APO-
BEC3.

To confirm these results in infection, we performed a similar
experiment in 293T-mTfR1 cells (293T cells expressing the
MMTYV entry receptor transferrin receptor 1). The cells were in-
fected with viruses isolated from the three strains of mice, and
total cellular and viral DNA was isolated 6 h after infection, at
which time preintegration reverse transcription products will pre-
dominate. This DNA was then amplified using 3DPCR. Similar to
the in vitro reverse-transcribed DNA, MMTV reverse transcrip-
tion products produced in the presence of either APOBEC3PAM®
or APOBEC3P"® were amplified using highly stringent (low-dena-
turation-temperature) conditions, whereas APOBEC3 ™/~ re-
verse-transcribed DNA was not amplified under these conditions
(env amplification shown in Fig. 3B).

The PCR products generated in both cell-free and tissue cul-
ture infection conditions were cloned and sequenced. When the
PCR was carried out at high stringency (95°C melting tempera-
ture), there were few G-to-A mutations in any of the viruses and
there was no statistical difference in the rate of G-to-A mutations
found in reverse transcription products of viral particles or in
infected cells with or without packaged APOBEC3 (Table 1) (P =
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FIG 3 Packaged APOBEC3 edits MMTYV reverse transcription products. (A) 3DPCR amplification of MMTYV viral DNA isolated from EnRT reactions
using virions from C57BL/6, BALB, and APOBEC3 ™/~ mice. A ~200-bp region from the 3’ LTR was amplified using an increasing denaturing temperate
gradient (Td) from 81° to 95°. Densitometry was performed, and the density of each band was normalized to 95° (labeled as 100%). (B) 3DPCR
amplification of MMTYV viral DNA isolated 6 h after infection of 293T-mTfR1 cells with virions isolated from C57BL/6, BALB, and APOBEC ™/~ mice. A
480-bp region of env was amplified using an increasing denaturing gradient from 83° to 95°. (C) 3" LTR DNA isolated from low- and high-denaturation-
temperature PCRs shown in panel A was cloned and sequenced. These sequences were aligned, and G-to-A mutations were annotated using Hypermut
compared to a reference MMTV RIII NCBI GenBank sequence (AF136898). A representative portion of these sequences is displayed. (D) All G-to-A
mutations found in clonal sequences isolated from 3'LTR sequences (A) and env sequences (B) were analyzed for sequence context at the —1 and —2
nucleotide positions for the minus strand targeted cytosine.

TABLE 1 Mutation analysis of MMTV reverse transcription products®

0.17). However, low levels of cytidine deamination were detected

No. Of. in the APOBEC3%"° and APOBEC35!® reverse-transcribed DNA
mutations . . . . o s

Genotype and ————— No.of Totalno. G-to-Amutation  produced in both the in vitro endogenous reverse transcription
temp (°C) GtoA Other clones ofbp frequency assay (EnRT) and the tissue culture infection when amplified at
C57BL/6, 95 28 20 50 13,236 021 high stringency (Fig. 3C; Table 1). This rate of deamination was
C57BL/6,81-83 73 24 44 15,652 047 statistically higher than that seen in products amplified at 95°C
BALB/c, 95 2 2 18 4,050 0.05 (P < 0.05). Even in the more-stringent conditions, which should
i‘;g:gg lj? 22 15 34 12,690 0.41 enhance detection of G-to-A transitions, the overall rate of G-to-A
309 2 / 17 4726 004 mutation (0.47% for APOBEC3PL®, 0.41% for APOBEC3PALE)

APOBEC3™'7, 7 9 30 9,720 0.07 .. . . .
81-83 was significantly lower than that seen in viruses known to be dis-

abled by APOBECS3 editing, such as HIV, which averages 7 to 8%

“ Sequences cloned from 3DPCR amplification products in Fig. 3A and B were aligned

to their respective reference sequence. Rate of mutation (per 100 bp) for each condition
was calculated for each of 3 to 5 sequencing runs. Unpaired, two-tailed t tests were
performed using the mean values for each run. Sequences from C57BL6 viral DNA
isolated using a low denaturing temperature contained significantly more mutations
than APOBEC3 /" -isolated DNA (P < 0.05) but not significantly more mutations than
BALB-isolated viral DNA (P = 0.67). Deamination levels in viral DNA isolated from all
three genotypes using a regular denaturing temperature were not statistically
significantly different from one another.
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G-to-A mutations in vivo (43). There was no difference in the
frequency of mutations seen in reverse transcription products iso-
lated from APOBEC3"*"®- or APOBEC3"'*-containing particles
(P = 0.67). This further supports our hypothesis that hypermuta-
tion is not a significant source of viral restriction, as the more
restrictive APOBEC3® variant did not show higher rates of mu-
tagenesis. Some G-to-A mutations were detected from DNA iso-
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lated from reactions using APOBEC3 ™/~ viral particles at both
low- and high-stringency PCR, but the very low number can be
attributed to RT error (not statistically different from no G-to-A
mutations; P = 0.42).

When the target nucleotide context was analyzed, a majority
of, but not all, mutations were found in the mouse APOBEC3-
preferred TXC context (92% for APOBEC3®™ and 67% for
APOBEC3P""®) (Fig. 3D). As seen in the in vitro targeting assay,
APOBEC3®*™® had a stronger preference for ATC, with 24% of all
mutations falling within this context, compared to 2% for
APOBEC3"", APOBEC3"" maintained a stronger preference
than APOBEC3"*'® for T at the —2 position, further supporting
our in vitro data (Fig. 2C). Within the env and LTR fragments
sequenced, 22.9% of all cytosines were found in the preferred
TXC context (2.6% TGC, 3.9% TAC, 9.2% TTC, 7.2% TCCQC).
The most-highly favored TTC (APOBEC3") and ATC
(APOBEC3®*'®) target sequences were present 14 and 15 times,
respectively, in these genomic regions (of 152 total cytosines);
thus, the low levels of deamination are not due to a lack of pre-
ferred substrate.

APOBECS3 inhibits MMTYV reverse transcription. These re-
sults suggested that while APOBEC3 packaged into MMTV viri-
ons retains its deaminase activity, this is unlikely to be the major
mode of restriction since it occurs only at low levels. To determine
if APOBECS3 restricts virus infection by other means, we next
tested if the mouse protein restricted MMTYV at an early step of
reverse transcription. We utilized the DNA produced by EnRT
reactions with virions isolated from C57BL/6, APOBEC3~/~, and
BALB/c mice and performed RT-qPCR using primers specific to
MMTYV strong-stop DNA. We found that synthesis of this early
reverse transcription product was strongly inhibited when the re-
action was carried out with APOBEC3""*-containing virions
compared to APOBEC3 ™/~ virions, while APOBEC3®™® virions
showed an intermediate phenotype (Fig. 4A).

To determine if reverse transcription was also inhibited during
virus infection, the virions were used to infect 293T-mTfR1 cells.
DNA was isolated at various time points after infection and sub-
jected to RT-qPCR. Similar to what was seen in the in vitro EnRT
reactions, strong-stop DNA synthesis was greatly reduced in cells
infected with APOBEC3-containing virions compared to cells in-
fected with knockout virions, particularly at later time points. In-
fection with APOBEC3®*'® virions again showed an intermediate
phenotype, suggesting that these virions are restricted compared
to those produced in the absence of APOBEC3, but to a lesser
extent than those produced in BL/6 mice (Fig. 4B). These data
suggest that inhibition of early reverse transcription is the major
means by which virion-packaged APOBEC3 inhibits MMTYV in-
fection.

Restriction of reverse transcription is correlated to the level
of packaged APOBECS3. The differential abilities of APOBEC3""°
and APOBEC3PA"® to restrict MMTYV infection may be due to the
level of packaging or to the differences in the proteins. We used a
genetic approach to determine if the level of restriction was af-
fected by the level of packaged APOBEC3. We crossed MMTV-
infected C57BL/6 or BALB/c females and APOBEC3 ™/~ males
and generated F1 heterozygotes; these heterozygotes acquired the
virus from their infected mothers (Fig. 5A). Virus was then iso-
lated from the milk of the heterozygotes at their first pregnancy.
Virions derived from both APOBEC3""*~ and APOBEC3"A"*/~
F1 mice packaged an intermediate amount of APOBEC3 com-
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FIG 4 Packaged APOBECS3 restricts MMTV reverse transcription. (A) Equiv-
alent amounts of MMTV virions isolated from C57BL/6, BALB, and
APOBEC3 /™ mice were subjected to EnRT reactions. DNA was harvested at
the indicated time points, and strong-stop DNA was quantified via RT-qPCR.
Shown is the average of three independent experiments. (B) 293T-mTfR1
target cells were infected with MMTV virions isolated from C57BL6, BALB,
and APOBEC3 ™/~ mice. Total DNA was isolated from cells at the indicated
times after infection, and strong-stop DNA was quantified relative to the
housekeeping gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase) us-
ing RT-qPCR. Triplicates were performed for each time point and averaged;
shown is a representative from three independent experiments.

pared to virions isolated from the parental homozygous strains of
mice (Fig. 5B). Virions isolated from both heterozygous crosses
were then used in EnRT assays, and the level of strong-stop DNA
was compared to that produced by virus isolated from homozy-
gous C57BL/6, BALB, and APOBEC3 ™/~ mice; the level of virus in
each reaction was normalized by RNA and viral protein levels.
Virions isolated from homozygous C57BL/6 mice showed the
strongest effects of APOBECS3, reflected by low levels of viral tran-
scripts, and homozygous APOBEC3 '~ virions produced the
highest level of strong-stop DNA (Fig. 5C). Virions from
heterozygous animals produced an intermediate level of
strong-stop DNA between that seen with virus isolated from
the parental strain and that seen with knockout animals (Fig.
5C). In addition, the amount of strong-stop DNA produced by
the APOBEC3®4®~ virions was higher than that seen with the
APOBEC3""~ virions and was not statistically different from
that seen with virions from APOBEC3 /™ mice (Fig. 5C). This
suggests that while alterations in the protein sequences in
APOBEC3""® and APOBEC3PA"® affect the substrate specific-
ity, the differential restriction by these proteins is due largely to
the level of packaged protein.

Target cell expression of either APOBEC3 alleleleads to virus
restriction. Virion packaging of APOBECS3 is thought to be criti-
cal for viral restriction. However, intracellular cytoplasmic APO-
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FIG 5 Restriction of reverse transcription correlates with the amount of packaged APOBEC3. (A) MMTV-infected heterozygous F1 mice were obtained by
mating APOBEC3 ™/~ male mice to MMTV-infected wild-type C57BL/6 or BALB females. The female F1 mice were bred, and MMTYV was isolated from milk as
described in Materials and Methods. (B) Virions obtained from homozygous, heterozygous, and APOBEC3 ™/~ milk were subjected to Western blotting after
normalization by RT-qPCR. Immunoblots were serially probed with rabbit anti-mouse APOBEC3 antiserum and goat anti-gp52 antiserum as a loading control.
(C) Virionsisolated from milk of the indicated mouse genotypes were used in endogenous reverse transcription reactions. Strong-stop DNA was quantified from
total viral DNA harvested at the indicated time points. Three independent reactions were averaged.

BEC3 is also believed to restrict incoming HIV virions (23, 44-46).
We also previously showed that cells transfected with APOBEC3
can restrict incoming MMTV viral particles and that APOBEC3
expression in target dendritic cells limits infection in vivo (47). To
determine the intracellular effects of both natural variants of
APOBEC3 on incoming in vivo-produced virions, 293T-mTfR1
cells were stably transfected with Flag epitope-tagged BL/6 or
BALB/c variants of APOBEC3 (26). Western blot analysis using
anti-Flag and anti-APOBEC3 antibodies demonstrated that the
two variants were expressed at similar levels in each cell line
(Fig. 6A).

Virions produced from APOBEC3 ™'~ mice were used to infect
each of the cell lines, total cellular DNA was collected at various
time points after infection, and early reverse transcription prod-
ucts were measured by quantitative PCR. Cells expressing either
variant were similarly able to restrict early reverse transcription,
with approximately 5- to 10-fold less DNA produced than in cells
lacking APOBECS3 (Fig. 6B). The intermediate phenotype typical
of virions packaging APOBEC3"*'" was attenuated in cells ex-
pressing this variant compared to cells expressing APOBEC3"",
suggesting that the two natural variants may share similar restric-
tion capacities when expressed at similar levels.

To further test the importance of cytidine deamination in re-
striction of MMTV, we performed a similar experiment using cells
stably transfected with an HA-tagged APOBEC3"'® cytidine
deaminase mutant (E73Q/E253Q) (Fig. 6A). Cells expressing this
variant were able to restrict reverse transcription of incoming
MMTYV equally as well as the WT APOBEC3""® (Fig. 6B). Restric-
tion of reverse transcription is thereby independent of cytidine
deamination, and these data further support this mechanism as
the main method by which APOBEC3 mediates MMTYV restric-
tion in mice.
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DISCUSSION

It is now well established that mouse APOBEC3 limits the
pathogenesis of a number of murine retroviruses in vivo, in-
cluding F-MLV, M-MLV, and MMTYV (25, 28, 29, 48). Indeed,
these studies, which compared infection and pathogenesis in
wild-type and APOBEC3 knockout mice, provided the ulti-
mate proof that APOBEC3 proteins functioned as in vivo re-
striction factors. APOBECS3 restriction of murine viruses in
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FIG 6 Target cell APOBEC3 can restrict reverse transcription of incoming
virions and is independent of cytidine deamination. (A) 293T-TfR1 cells were
stably transfected with plasmids encoding APOBEC3®-°, APOBEC3"4L%,
APOBEC3™"*™, or an empty vector (no APOBEC3). (Top) Protein extracts
were assessed for APOBEC3 content using their respective epitope tags (anti-
Flag for APOBEC3"° and APOBEC3"*'%; anti-HA for APOBEC3™"*™).
Blots were stripped and reprobed for B-actin as a loading control. (Bottom)
Cell lysates were also probed using anti-APOBEC3 antiserum. A cross-reactive
protein (NS) seen in all lysates is indicated. (B) Stably transfected cells were
infected with MMTV isolated from APOBEC3 ™/~ mice. Total cellular DNA
was harvested at indicated time points after infection, and strong-stop DNA
was quantified in relation to GAPDH. Data are representative of three inde-
pendent experiments.
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vivo has also provided a model for understanding the natural
selection of host restriction factors, as the two natural allelic
variants of murine APOBEC3 show differential restriction
against a number of viruses, which also affects their pathoge-
nicity in different inbred mouse strains (28, 31, 48).

However, the mechanism of APOBEC3-mediated restriction
in vivo has been less well defined. The ability to deaminate cyt-
idines within newly transcribed viral DNA certainly contributes to
the effect of APOBEC3 against viruses such as HIV, creating an
array of G-to-A mutations that can lead to missense and nonsense
mutations and thereby preventing productive infection. More-
over, HIV DNA isolated from patients bears characteristic sig-
natures of APOBEC3-mediated deamination (49-51). In con-
trast, while in vitro-transduced mouse APOBEC3 generates a
high rate of G-to-A mutations on HIV in the presence or ab-
sence of Vif, in vivo, neither M-MLV nor MMTYV shows evi-
dence of APOBEC3-mediated mutations, although viral re-
striction still occurs (25, 28).

Here, we show that murine APOBEC3 packaged within
MMTYV virions is enzymatically active and is able to catalyze cyt-
idine deamination. Moreover, although there is abundant evi-
dence that APOBEC3""® is less restrictive than APOBEC3"™ in
vivo, this is not due to diminished catalytic activity. We show that
both allelic forms of the protein, produced and packaged in
vivo, were capable of catalyzing this potentially antiviral reaction.
In fact, APOBEC3®*"® showed an increase in activity on the
5'-TTC-3’ substrate when normalized to protein input. However,
when tested against a full array of deaminase substrates,
APOBEC3"*'® did not show an increase in activity on all sub-
strates. Notably, while both variants showed relatively promiscu-
ous targeting compared to APOBEC3G, the two alleles showed
different patterns of preferred target sequences (10). Until this
study, the mouse APOBEC3 preferred editing site was not well
defined, as previous efforts have been inconsistent in APOBEC3
plasmid, allelic variant, and target substrate (5, 30, 52).

A difference in targeting between the allelic variants may be
attributable to the presence of several polymorphisms localized to
the substrate recognition loop that we have previously identified
in the APOBEC enzyme family (39). However, as with HIV, for
which altering the targeting preference of APOBEC3G did not
impact retroviral restriction, we did not find evidence that the
altered sequence preference contributed to differences in MMTV
restriction in our efforts to sequence reverse transcription prod-
ucts (53).

Indeed, while native APOBECS3 is able to catalyze cytidine
deamination, further investigation of early reverse transcription
products showed very low levels of G-to-A mutation, similar to
what has been seen in integrated proviruses in vivo (25). Utiliza-
tion of 3DPCR, a technique that maximizes detection and ampli-
fication of DNA with increased A/T content, allowed us to un-
cover reverse transcription products with slightly more G-to-A
mutations. However, even under these highly selective conditions,
rates of mutation remained a fraction of that seen in HIV, which
can vary from 7 to 8% for total G-to-A mutations in vivo (43,
54, 55).

Others have suggested that murine viruses may be able to block
APOBEC3 deaminase activity. Browne and Littman showed that
F-MLV was restricted by both forms of murine APOBEC3 in vitro
buthad only 1 G-to-A mutation per kb of genome. In comparison,
both APOBECS3 alleles were also able to restrict HIV but produced
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16 G-to-A mutations per kb of HIV genome (27). However, Petit
et al. utilized 3DPCR to uncover a significantly higher rate of G-
to-A mutations from F-MLV both in vitro and in vivo (41). Our
MMTV data closely match the F-MLV data from these two
groups, suggesting similarities between the two murine viruses.
Both show G-to-A mutations at a very low level and may share a
mechanism to block APOBEC3-induced deamination. Our data
also showed that reverse transcription amplicons recovered from
virions isolated from BALB/c or C57BL/6 mice had similar levels
of editing. The large majority of the G-to-A mutations were found
in the preferred deamination site 5'-GXA-3’, with preference for
GG and GA dinucleotides within those parameters. Our analysis
further supports a difference in target sequence preferences be-
tween the two APOBECS3 alleles, as targeting patterns between
APOBEC3"™ and APOBEC3"*"® mirrored what was seen in the
in vitro assay. However, if deamination were a critical component
of restriction, we would expect these two alleles to show different
levels of editing to mirror their different levels of overall restric-
tion.

Since restriction of MMTV is clearly mediated by mouse
APOBECS3, we also assessed whether reverse transcription was in-
hibited in the presence of the enzyme. This block to reverse tran-
scription has been described in several systems, although primar-
ily in viruses produced in vitro (13, 14, 17, 20). However, other
studies suggest that this is an artifact of high levels of transfected
protein and maintain that deamination is necessary for restriction
(22). Our analysis of virions isolated in vivo allows an understand-
ing of the activity of native protein packaged at endogenous levels.
Our results clearly show that both alleles of APOBECS3 are able to
prevent early reverse transcription when packaged within virions.
The alleles show distinct differences in their ability to restrict in
this manner, with packaged APOBEC3®*"® showing less restric-
tion than the APOBEC3""® counterpart. We have also shown that
APOBECS3 expressed within target cells is able to restrict reverse
transcription of incoming MMTV virions that do not contain
packaged APOBEC3. This suggests a possible dual role for
APOBEC3— both within the virion and within target cells. It also
provides evidence that the MMTYV core and the RT complex are
accessible to intracellular factors during reverse transcription,
supporting recent studies showing that uncoating and reverse
transcription are linked (56, 57). However, unlike with the in vivo-
packaged APOBEC3, we did not see as distinct a difference be-
tween the two allelic variants, a finding which is likely due to the
similar levels of expression within our transfected cells. An
APOBEC3 mutant that is unable to catalyze reverse transcription
was also able to efficiently prevent reverse transcription, confirm-
ing that this arm of restriction is truly independent of deamina-
tion. Taken together, our data suggest that the mechanism by
which APOBECS3 restricts infection by MMTYV, namely, blocking
reverse transcription, is the same when packaged or present in the
target cell.

The two major APOBECS3 alleles differ in both sequence and
level of expression in vivo, and it has been suggested that positive
selection by murine retroviruses may have played a role in their
acquisition. While we showed that the two alleles show altered
sequence substrate specificity, our data support the idea that it is
the levels of packaged APOBECS3 rather than the polymorphic
amino acid differences in the APOBEC3""° and APOBEC3"A™®
alleles that affect the degree of reverse transcriptase inhibition. By
creating heterozygous mice that express intermediate levels of
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APOBEC3, we generated MMTYV virions that package half the
parental levels of protein and showed that the amount of re-
verse transcription products seen correlated with the level of
packaged protein. While several in vitro studies have suggested
that coding sequence differences between the two alleles con-
tribute to the more restrictive phenotype of the APOBEC3""¢
allele, in vivo studies using crosses of BL6 and BALB have led to
conflicting results (28, 34, 48, 58, 59). Additionally, several
studies suggested that a single copy of the APOBEC3"" allele is
sufficient to confer full resistance to MLV infection in vivo,
since there was no difference in F-MLV or AKV infection of
APOBEC3*"* and APOBEC3"*/™ mice (28, 30). These studies
may be confounded by multiple genes in the different genetic
backgrounds that affect both infectivity and immune response
(e.g., levels of neutralizing antibodies) in whole-animal stud-
ies. Moreover, these studies examined late stages in infection,
by which time restriction by the single copy of APOBEC3 in
APOBEC3™~ mice may be dominant after many rounds of
infection. Indeed, our studies with M-MLV indicated that at
early times after infection, APOBEC™/™ mice were intermedi-
ate in infection levels between knockouts and wild-type mice
but succumbed to disease with the same kinetics as the knock-
outs (29). Our studies here, which used virions to infect the
same target cells lacking APOBEC3 proteins (293T-mTfR1) in
single-round infections, may more accurately reflect the direct
effects of APOBECS3 on infection.

In sum, our data show that MMTYV is susceptible to reverse
transcriptase inhibition by APOBEC3 and is sensitive to levels of
protein expressed and packaged within virions. Future work is
required to determine the mechanism by which MMTV and other
murine viruses avoid APOBEC3-mediated G-to-A mutations as
well as the mechanism by which all APOBECS3 proteins are able to
prevent reverse transcription.
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