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Pathogenic retroviruses have evolved multiple means for evading
host restriction factors such as apolipoprotein B editing complex
(APOBEC3) proteins. Here, we show that murine leukemia virus
(MLV) has a unique means of counteracting APOBEC3 and other
cytosolic sensors of viral nucleic acid. Using virus isolated from
infected WT and APOBEC3 KO mice, we demonstrate that the
MLV glycosylated Gag protein (glyco-Gag) enhances viral core sta-
bility. Moreover, in vitro endogenous reverse transcription reac-
tions of the glyco-Gag mutant virus were substantially inhibited
compared with WT virus, but only in the presence of APOBEC3.
Thus, glyco-Gag rendered the reverse transcription complex in the
viral core resistant to APOBEC3. Glyco-Gag in the virion also ren-
dered MLV resistant to other cytosolic sensors of viral reverse
transcription products in newly infected cells. Strikingly, glyco-
Gag mutant virus reverted to glyco-Gag—containing virus only in
WT and not APOBEC3 KO mice, indicating that counteracting
APOBEC3 is the major function of glyco-Gag. Thus, in contrast to
the HIV viral infectivity factor protein, which prevents APOBEC3
packaging in the virion, the MLV glyco-Gag protein uses a unique
mechanism to counteract the antiviral action of APOBEC3 in vivo—
namely, protecting the reverse transcription complex in viral cores
from APOBEC3. These data suggest that capsid integrity may play
a critical role in virus resistance to intrinsic cellular antiviral resis-
tance factors that act at the early stages of infection.
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Retroviruses are enveloped single-stranded RNA viruses that
replicate via a DNA intermediate synthesized by viral reverse
transcriptase. All retroviruses contain the three basic viral genes,
gag, pol, and env, that encode the viral core, enzymes, and enve-
lope proteins, respectively. Many gammaretroviruses, including
Moloney murine leukemia virus (M-MLV) and Friend MLV
(F-MLV), as well as feline leukemia virus, encode an additional
glycosylated form of the Gag protein termed gPr80%“ or glyco-
Gag, originating from an upstream CUG initiation codon in frame
with the Gag polyprotein AUG (1-3). Glyco-Gag has 88 addi-
tional amino acids at the N terminus compared with the Gag
precursor and is cleaved by a cellular protease to yield two pro-
teins of 55 and 40 kDa (4, 5). The C-terminal protein, containing
much of the viral capsid (CA) and NC sequences, is secreted,
whereas the N-terminal fragment, composed of the glyco-Gag
unique sequences, matrix, and pp12%“, remains associated with
the cell as a type II integral membrane protein (1, 4). The
N-terminal fragment is also found in MLV virions (6-8). The
conservation of glyco-Gag in many gammaretroviruses suggests
that it plays a significant role in their replication. Indeed, al-
though mutations of glyco-Gag do not affect virus replication in
vitro (9-11), they lead to lower in vivo infectivity (9, 12, 13).
Moreover, in mice inoculated with glyco-Gag—deficient M-MLV,
there is reversion to WT virus (10, 12, 13).
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Different investigators have reported distinct glyco-Gag effects
on MLV infection. We found that glyco-Gag is important for late
stage virus budding/release from infected fibroblasts and that
mutant virus-infected cells show aberrant tubelike structures at
the surface (13). Moreover, glyco-Gag appears to direct virus
budding through lipid rafts, which results in high cholesterol
content in the virus (13, 14). Pizzato (15) reported that MLV
glyco-Gag can complement an infectivity defect for nef-negative
HIV-1 that is specific for lymphocytes and does not affect virus
release. Kolokithas et al. (8) suggested that glyco-Gag counter-
acts the antiviral action of apolipoprotein B editing complex 3
(APOBECS3), because APOBEC3 KO mice were equally infected
with either glyco-Gag WT or mutant F-MLV, whereas WT mice
were only efficiently infected with glyco-Gag—containing virus.

APOBEC3 genes belong to a family of genes that encode DNA
and RNA editing enzymes (16). The human genome contains
seven genes, whereas mice have only one gene (17). APOBEC3G
was initially discovered because it is counteracted by the HIV-1
viral infectivity factor (Vif). In vif-deficient-HIV-1 producer cells,
APOBEC3 proteins are packaged into progeny virions via in-
teraction with the nucleocapsid (NC) protein and viral RNA. The
packaged APOBECS3 proteins inhibit infection in target cells by
deaminating deoxycytidine residues on the DNA minus strand
during reverse transcription, inducing hypermutation in newly
synthesized HIV-1 DNA. APOBECS3 proteins also inhibit repli-
cation by cytidine deaminase—independent mechanism(s), such as
blocking reverse transcription (18-21). Vif binds several APOBEC3
proteins and targets them for ubiquitinylation and degradation
in the proteasome in virus producer cells, thereby blocking the
antiviral activity (22). In addition to inhibiting infection when
packaged into virions, cellular APOBEC3 proteins can restrict
incoming virus particles when expressed in target cells. For ex-
ample, APOBEC3G expressed in recipient cells functions as
a postentry restriction block for HIV in resting CD4* T cells,
monocytes, and immature dendritic cells (DCs) (23-25).

Mouse APOBECS3 also restricts endemic murine viruses, in-
cluding mouse mammary tumor virus (MMTV), F-MLV, M-MLYV,
and AKR-MLV (AKV); this has been demonstrated in vivo in
APOBEC3 KO mice (26-29). Although there is only one mouse
APOBECS3 gene, different inbred strains of mice carry variant
alleles (30-32). The predominant transcript in C57BL/6 mice,
APOBEC3P" lacks the fifth exon and is expressed at high levels
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in vivo, whereas that found in BALB/c mice, APOBECBALB,
contains all nine exons and is expressed at lower levels (31). There
are also amino acid sequence changes in the conserved exons of
the two alleles (30-32). APOBEC3®® restricts infection by
MMTV, F-MLV, and AKV more effectively than APOBECEAT
(27, 29-31). Interestingly, mouse APOBEC3 does not hyper-
mutate viral DNA in F-MLV-, M-MLV-, or MMT V-infected
cells but instead inhibits infection at an earlier replication step
(21, 26, 29, 30, 33-35). How APOBEC3-restricted viruses that
lack vif-like genes, such as MLV, MMTYV, and equine infectious
anemia virus (36, 37), counteract APOBECS3 proteins and persist
in their hosts is not known.

Here we provide insight into how glyco-Gag’s effects on virus
structure and APOBEC3 sensitivity may be related. We show
that both APOBEC3 alleles are packaged in WT and glyco-Gag
mutant M-MLV in vivo and that both inhibit early reverse
transcription of glyco-Gag mutant viruses. Glyco-Gag mutant
viruses were also more susceptible to both target cell-expressed
APOBEC3 and cytosolic sensors of viral reverse transcription
products in newly infected cells. Moreover, we demonstrate that
viruses lacking glyco-Gag have a more unstable capsid than WT
M-MLV. Finally, we show that glyco-Gag’s ability to counteract
APOBECS is critical for efficient virus infection, because glyco-
Gag mutant virus reverts to WT virus shortly after in vivo in-
fection of APOBEC3™ but not APOBEC3 KO mice.

Results

Glyco-Gag Mutant MLV Is Restricted by APOBEC3. Previous studies
showed that APOBEC3®" more potently restricts F-MLV than
the APOBEC3PA™® allele and that glyco-Gag mutant F-MLV
replicates more poorly in WT mice bearing either allele than in
APOBEC3 KO mice (8, 27, 30). To determine whether this was
also the case for M-MLYV, we infected C57BL/6, BALB/c, and
APOBEC3 KO pups with WT and glyco-Gag mutant M-MLV;
the APOBEC3 null allele is present on the BL/6 background
(26). The mutant virus has a stop codon in the gPr80Gag reading
frame (UAU to UAG) at nt 608, 12 nt 5’ of the normal Gag
AUG (9). BL/6 mice infected with the glyco-Gag mutant virus
showed significantly lower levels of infectious virus in spleens
and thymi (Fig. S1) compared with APOBEC3 KO mice. In
contrast, WT virus replicated to the same higher levels in both
BL/6 and APOBEC3 KO mice. Moreover, in APOBEC3 KO
mice, mutant and WT M-MLYV replicated to the same levels,
similar to results previously reported for F-MLV (8). Although
the overall infection levels were higher in BALB/c than BL/6
with either virus, glyco-Gag mutant virus also infected BALB/c
mice more poorly than did WT virus (Fig. S1).

These results were confirmed in a macrophage cell line
NR-9456 expressing the APOBEC3®® allele (Fig. S2). Equal
amounts of WT and glyco-Gag mutant M-MLYV isolated from
NIH 3T3 cells, which express no APOBEC3, were used to infect
the murine NR-9456 cells, and at different times after infection,
DNA was isolated and examined for proviral DNA. There were
significantly lower levels of viral DNA present in cells infected
with the glyco-Gag mutant M-MLV compared with the cells
infected with the WT virus at all time points (Fig. S2).

The remaining studies addressing the role of packaged
APOBECS3 proteins were largely performed with virus recovered
from splenocytes of M-MLV-infected WT and APOBEC3 KO
mice by short-term in vitro culture, thereby ensuring that en-
dogenous levels of APOBEC3 were packaged. Virus levels were
normalized by quantitative real-time-PCR (RT-qPCR) for viral
RNA, by Western blots for the p30“* protein found in mature
virions, and were titered on NIH 3T3 cells (Table S1).

Glyco-Gag Mutant and WT MLV Produced In Vivo Contains APOBEC3.
To determine whether glyco-Gag affected virus packaging of
APOBECS3 expressed at physiological levels, 2-d-old BL/6, KO, and
BALB/c pups were infected with WT and glyco-Gag negative virus,
and at 16 d after infection (dpi), splenocytes and thymocytes were
isolated and cultured. Virus released into the supernatants was
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recovered, and viral RNA was quantified by reverse-transcribed
RT-qPCR. The presence of mature virions was demonstrated bX
Western blots with anti-MLV antisera; equal amounts of p30©
were found in the viruses, which were also analyzed by Western blots
with anti-APOBECS3 antisera. Virus titers were also obtained (Table
S1). Both APOBEC3®"°and APOBEC3®"® were packaged in WT
and glyco-Gag mutant M-MLYV in vivo (Fig. 14; Fig. S34). No
APOBECS3 protein was detected in supernatants from uninfected
spleens, suggesting that it was present in virions and not in exosomes
(Fig. S3B). We also assessed the purity of the WT and glyco-Gag
mutant M-MLYV virus preparations from infected NIH 3T3 fibro-
blasts or a productively infected T-lymphocyte line by conducting
transmission electron microscopy. The majority of the particles in
the preparations were virions, with diameters of ~100-120 nm, and
there was little evidence of contaminating exosomes (Fig. S4).

We next tested whether APOBEC3 incorporated into glyco-
Gag M-MLYV was resistant to detergent, a method used to isolate
virus cores. Equal amounts of glyco-Gag-mutant and WT virions
isolated from the lymphocyte cultures were sedimented over
sucrose step gradients containing 5% (vol/vol) octylphenyl-
polyethylene glycol (IGEPAL) and analyzed by Western blots.
Both APOBECS3 alleles were packaged at similar levels in mutant
and WT viruses shed ex vivo (Fig. 1B; Fig. S34). Moreover,
because the density gradient incorporates detergent, contam-
ination with cellular proteins was reduced. Indeed, a cross-
reacting protein detected by the anti-mouse APOBECS3 antisera
in virus preparations from M-MLV-infected spleens (Fig. 14)
was not seen in detergent-treated viruses (Fig. 1B). Thus, glyco-
Gag does not prevent packaging of APOBEC3 into M-MLV.

Glyco-Gag Mutant Capsids Are Less Stable than WT. Glyco-Gag
mutant M-MLV buds differently from WT virus and contains less
membrane cholesterol (13, 14). To determine whether these
changes affected stability of viral cores, we treated equal amounts
of WT and glyco-Gag mutant virions isolated from NIH 3T3 cells
with 0.5% Triton X-100, followed by sucrose density gradient
centrifugation; the virion preparations contained the p30“* only
found in mature virions. The cores of the mutant viruses were
much less stable than those of the WT during centrifugation; cores
from the mutant virions were recovered much less efficiently than
those from WT virus, with the majority of the p30“ at the top of
the gradient (Fig. 2.4 and B). Moreover, mutant cores were more
sensitive to in vitro trypsin digestion than WT cores (Fig. S54).
To examine core stability after infection, we performed fate of
capsid assays in NIH 3T3 cells with in vivo isolated glyco-Gag
mutant and WT virions, a method used to study the capsid sta-
bility of MLV and HIV-1 in the presence and absence of TrimSa
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Fig. 1. APOBEQC3 is packaged at similar levels in WT and glyco-Gag mutant viruses
in vivo. (A) Western blot of virions isolated from BL/6 and APOBEC3 KO mice
infected with WT or glyco-Gag mutant viruses and probed with anti-APOBEC3
(Upper) or anti-MLV (Lower) antisera. (B) Western blot of cores isolated from WT
and mutant M-MLV-infected BL/6 and KO mice. This experiment was performed
six times with similar results. A3%6, APOBEC355; NS, nonspecific band (52).
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(38, 39). NIH 3T3 cells were incubated on ice with equal
amounts of WT and glyco-Gag mutant M-MLV for 30 min to
allow virus binding, shifted to 37 °C for 4 h, and after cell lysis,
the particulate fraction containing the capsids was analyzed by
Western blots. Although the wt p30“* was readily detected, only
low levels of p30 were detected in the glyco-Gag mutant par-
ticulate fraction (Fig. 2C). Thus, virus capsid stability is en-
hanced in the presence of glyco-Gag.

APOBEC3 Restricts Endogenous Reverse Transcription of glyco-Gag
Mutant but Not WT Virus. The decreased stability of the glyco-Gag
mutant capsids could result in increased access of APOBEC3 to
the reverse transcription complex (RTC), which would lead to
differential inhibition by APOBEC3 of mutant and WT virus. To
examine whether reverse transcription was inhibited by in vivo
packaged APOBEC3 and whether this was affected by in-
corporation of glyco-Gag into virions, we performed endogenous
reverse transcription (EnRT) assays with M-MLV WT and glyco-
Gag mutant virus isolated from BL/6, BALB, and APOBEC3
KO mice. DNA was isolated at different times after initiation of
the reaction, and reverse transcription was assayed by RT-PCR
using primers that detect strong stop DNA (ssDNA). There was
a significant reduction in ssDNA in glyco-Gag mutant M-MLV
compared with WT M-MLYV isolated from both BL/6 and BALB
mice (Fig. 3). In striking contrast, glyco-Gag mutant virus isolated
from APOBEC3 KO mice produced ssDNA at levels similar to
WT M-MLYV; indeed, either virus isolated from KO mice pro-
duced the highest levels of reverse transcripts. This finding sug-
gests that although both WT and glyco-Gag mutant virions
package similar amounts of APOBEC3 (Fig. 1), the RTC is more
accessible to APOBEC3 in glyco-Gag mutant than WT cores.

We next tested whether the glyco-Gag mutant viruses were more
accessible to exogenous APOBEC3 by adding cytosolic extracts
from APOBEC3-transfected cells to EnRT assays of viruses
isolated from KO mice. Addition of extracts from APOBEC3-
transfected cells but not mock-transfected controls inhibited
reverse transcription by the mutant but not WT virions (Fig. 44).
Glyco-Gag mutant viruses were also strongly inhibited by addi-
tion of DNase I to the EnRT reaction, presumably because they
allowed ready access to the mutant viral RTCs (Fig. S5B).

We showed previously that endogenous APOBECS3 in dendritic
cells restricted infection by M-MLV (28) and MMTV (40) that
lacked packaged APOBEC3 protein. We thus tested whether
APOBEC3 expressed in target cells could differentially restrict
reverse transcription of WT vs. glyco-Gag mutant M-MLV. We
transiently transfected 293T cells expressing the ecotropic MLV
receptor mCAT-1 with APOBEC35*® or APOBECP™ expres-
sion vectors (34). The cells were then infected with either WT or

Fig. 2. Glyco-Gag mutant capsids are less stable A
than WT. (A) Glyco-Gag mutant and WT virions

from infected NIH 3T3 cells were treated with 0.5% 5% wT
Triton-X-100, layered onto sucrose gradients, and ggag
subjected to ultracentrifugation. Fractions were sub-
jected to the Western blots with anti-p30 antibodies;
the p30 signals were quantified by densitometry. The 5% {
regions of the gradients corresponding to the cores

are indicated by an arrow. Box, WT; diamond, 0%

20%

% p30¢A

10% 4

WT-M-MulV H

glyco-Gag mutant virus isolated from APOBEC3 KO mice. At
22 h after infection, DNA was isolated from the infected cells and
quantified by qPCR. Both alleles of APOBEC3 inhibited infection
by glyco-Gag mutant M-MLYV, but had little effect on infection by
wt virus (Fig. S6). Thus, APOBEC3 expressed in target cells more
effectively inhibited incoming glyco-Gag mutant viruses.

Glyco-Gag-Negative Virus Is Sensitive to Another Cytosolic Sensor of
Viral Infection. Viral capsids are thought to shield incoming ret-
roviral replication complexes from cellular sensors of infection.
The #, for MLV attachment through completion of reverse
transcription is ~3—4 h (41), and capsid disassembly is believed to
occur either simultaneously with or just before reverse tran-
scription (42, 43). Thus, the less stable glyco-Gag mutant capsid
could allow intracellular sensors to more readily sense viral RNA
or DNA. TREXI, an exonuclease present in the cytosol of
macrophages and T cells, digests reverse-transcribed retroviral
and retrotransposon DNA, thereby down-modulating the innate
immune response to viral DNA by an as-of-yet unknown cyto-
solic sensor; in its absence, the innate immune response to ret-
roviral RTCs or viral DNA is greatly increased (44, 45). To
determine whether the RTC of glyco-Gag mutant virions was
more accessible to this cytosolic sensor, as well as to APOBECS3,
NR-9456 macrophages were transfected with TREX1 siRNA
and infected with WT and glyco-Gag mutant M-MLV. At 2 and
4 h after infection, RNA was analyzed by reverse-transcribed
RT-qPCR for IFNp (Fig. 4B) and TREX1 RNA to ensure
knockdown (Fig. 4C). At both time points, the glyco-Gag mutant
virus induced significantly higher levels of IFNf RNA expression
(Fig. 4B). Moreover, induction was dramatically increased in
TREX1 knockdown cells infected with either WT or mutant vi-
rus, and the mutant virus induced much higher levels of IFNp
RNA. Viral RNA levels were also decreased at 4 h after in-
fection in the TREXI-treated WT virus—infected cells, and this
was further diminished in glyco-Gag mutant virus—infected cells
(Fig. S7). These data suggest that the less stable capsid structure
of glyco-Gag mutant viruses renders the incoming viral RTC and
nucleic acid more accessible to both APOBEC3 and cytosolic
nucleic acid sensors.

Glyco-Gag Is Critical for Counteracting APOBEC3 In Vivo. Both FrCasE
MLV and M-MLYV glyco-Gag-negative viruses revert to WT in mice
(10, 12, 13). If the principal function of glyco-Gag was to counteract
APOBEC3, then revertant viruses that cause persistent infection
should only be selected in WT and not KO mice. We infected
neonatal BL/6, KO, and BALB/c with glyco-Gag mutant virus, and
at 3 and 6 wk after infection, DNA was isolated from the spleens
and thymi. PCR was performed using primers that target the glyco-
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Fig. 3. Virions containing in vivo-packaged APOBEC3 show reduced early re-
verse transcription in vitro. EnRT assays were performed virus isolated from WT
and glyco-Gag (ggag) mutant virus-infected BL/6, APOBEC3 KO, and BALB mice
isolated at 16 dpi. Shown is the average of three independent experiments.

Gag region, and the PCR products were cloned and sequenced.
Glyco-Gag mutant viral sequences isolated at 3 wk after infection
did not show reversion, regardless of genetic background (Table 1).
However, glyco-Gag mutant viruses isolated at 6 wk after infection
reverted to WT in six of eight BL/6 mice and five of five BALB mice
(Table 1). In contrast, glyco-Gag mutant virus from KO mice
showed no reversion (0/4; Table 1; P = 0.0063 using Fisher’s exact
test). Thus, glyco-Gag—containing viruses have a significant repli-
cative advantage in WT mice and a major function of glyco-Gag is
counteracting APOBEC3.

Discussion

In this study, we provide insights into the function and mecha-
nism of action of the gammaretrovirus glyco-Gag protein and
provide a mechanism by which glyco-Gag counteracts the re-
strictive effects of APOBEC3 on MLV. Comparisons between
WT and glyco-Gag mutant M-MLV produced from APOBEC3-
positive or -negative cells or animals, and infection of APOBEC3-
positive or -negative cells, revealed the following points: (i)
glyco-Gag prevents access of APOBEC3 to the RTC both in
virions and infected cells; (ii) glyco-Gag reduces the ability of
a cytosolic sensor of viral infection to respond to MLV infection;
(iii) glyco-Gag enhances the stability of viral cores/capsids; and
(iv) the major in vivo target of glyco-Gag is APOBECS3.

Viruses that persist are in a continuous “tug of war” with their
host and must be able to counteract the antiviral responses con-
tinuously imposed on the virus. Among the multiple factors used
by hosts to defend against viruses is the APOBEC3 family of
restriction factors (46). Some retroviruses, such as HIV, simian
immunodeficiency virus (SIV), and feline immunodeficiency virus
(FIV), encode Vif proteins that bind APOBEC3 proteins and
target them for degradation in virus-producing cells. Additionally,
the Bet protein of feline foamy viruses inhibits APOBEC3 by as
yet undetermined means (16) and human T-cell leukemia virus I
prevents packaging of APOBEC3G, although not APOBEC3A,
3B, or 3H (47, 48). However, APOBEC3 inhibits infection by
a number of viruses that encode no apparent vif- or bet-like genes,
and how these viruses overcome restriction is not known. Here, we
show that MLV glyco-Gag protein uses a unique mechanism to
counteract the antiviral action of APOBEC3. Namely, glyco-Gag
limits accessibility of APOBEC to the RTC and thereby prevents it
from inhibiting reverse transcription.

Glyco-Gag has long been known to be important for MLV-
induced pathogenesis, and its abrogation leads to decreased virus
replication and pathogenesis in vivo (4, 9-12). However, previous
studies carried out primarily in murine fibroblast lines such as NIH
3T3 that do not express APOBEC3 suggested that glyco-Gag was
dispensable for in vitro infection. Here we show that in a macro-
phage cell line that expresses high levels of APOBECS3, glyco-Gag
plays a critical role in virus spread in vitro (Fig. S2). Thus, the
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requirement for glyco-Gag is not specific for in vivo infection, but
instead is cell type-specific. That glyco-Gag mutant virus infection
was restricted in a macrophage cell line suggests that in vivo M-
MLYV infects APOBEC3-expressing cells such as dendritic cells
and macrophages in addition to its lymphoid targets, because it
has evolved a mechanism to circumvent restriction by this host
factor. Although the initial targets of MLV in vivo infection are
not well-characterized, we previously found that M-MLV
infects primary dendritic cells and that some of the first cells
infected when neonatal mice are infected with a M-MLV
vector are osteoclasts derived from monocytic cells (28, 49).

Glyco-Gag mutant MLVs revert to WT after in vivo infection,
and here we show that this reversion overcomes APOBEC3-
mediated restriction in both BL/6 and BALB/c mice, which ex-
press different APOBECS3 alleles. Several studies have suggested
that APOBECPA™® s less effective that APOBECP™ at restricting
infection by F-MLV (27, 30, 50). However, clearly both alleles
are important anti-M-MLYV restriction factors, because reversion
occurred with similar kinetics and frequency in the two mouse
strains, and both alleles effectively inhibited reverse transcription
in EnRT assays. Interestingly, although APOBECS3 is a cytidine
deaminase, we saw no evidence that this activity played a role in
reversion (e.g., there were no G to A mutations); it is likely that
reversion occurred through reverse transcription errors. Although
our in vitro studies also show that glyco-Gag prevents other host
cytosolic factors from accessing the viral RTC, the lack of rever-
tants seen in APOBEC3 KO mice suggests that in vivo APOBEC3
is the major intrinsic antiviral factor targeting the early steps of
virus infection.

Glyco-Gag is incorporated into MLV virions (4, 14), and we
found that glyco-Gag mutant viruses have less stable capsids.
Although it is possible that capsid stability and resistance to re-
striction are unlinked, our data suggest that by increasing the
stability of the capsid, glyco-Gag renders these viruses more
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Fig. 4. Glyco-Gag—containing virions are resistant to APOBEC3 and cytosolic
sensors of virus infection. (A) EnRT assays were performed after supple-
menting with mock- or APOBEC3®"®-transfected lysates. Samples were har-
vested at 4 h and analyzed by RT-gPCR. Shown is the average of three
independent experiments with the standard mean. Statistical significance
was determined by one-way ANOVA. (B) RNA from the control or TREX1
siRNA-treated cells was isolated at the indicated time points after infection
with WT or glyco-Gag mutant (ggag) virus and analyzed by RT-qPCR for IFNB
RNA. (C) gPCR analysis of RNA isolated from NR-9456 cells transfected with
control (white bars) or TREX1-specific (closed bars) siRNAs and amplified
with TREX1 primers. Statistical significance was determined by paired Stu-
dent t test. *P < 0.05; **P < 0.005; *P < 0.005; NS, no statistical difference.
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Table 1. Glyco-Gag mutant virus reverts to WT in C57BL/6 and
BALB/c but not APOBEC3 KO mice

No. mice with

revertants
Strain 3 wk 6 wk Codons Amino acids
C57BL/6 0/10 6/8 TGG/CAG/TAUTAT W/QIYIY
BALB/c ND 5/5 CAG/TTG/TGG QLW
—/- 0/6 0/4 TAG STOP

WT M-MLV has a TAT(Y) codon.

resistant to target cell APOBEC3 and other cytosolic factors that
recognize the retroviral genome, the RTC, or reverse transcribed
DNA. We observed that reverse transcription was more inhibited
by packaged APOBEC3 in mutant than WT virions in EnRT
assays. A recent study suggests that APOBEC3G interacts with the
reverse transcriptase of HIV-1 (51). Whether this is also the case
for MLV’s reverse transcriptase and APOBEC3 and whether
there is differential accessibility of reverse transcriptase to the
viral RNA in mutant viruses remain to be tested. Interestingly,
a recent report showed that unlike F-MLV and M-MLV, AKYV,
which arises from an endogenous MLV, showed G to A muta-
tions, a signature of APOBEC3 deaminase activity (29). AKV also
expresses a glyco-Gag protein, but the amino acid sequences of
AKYV and M-MLYV glyco-Gags are different; these differences may
explain the disparate effects of APOBECS3 on the different MLVs.

The results presented here show that glyco-Gag can poten-
tially use two mechanisms for protection against APOBEC3 and
perhaps other cytosolic sensors: (i) by affecting capsid stability
and (i) by sequestering packaged APOBEC3 away from the
RTC. By using these two distinct mechanisms, glyco-Gag pro-
tects the viral genome from both APOBEC3 of virus producer
and target cells. Analogous mechanisms may be used by other
retroviruses that replicate in the presence of APOBEC3 but lack
Vif-like proteins.

Materials and Methods

Ethics Statement. All mice were housed according to the policies of the In-
stitutional Animal Care and Use Committee (IACUC) of the University of
Pennsylvania. The experiments performed with mice in this study were ap-
proved by this committee (IACUC Protocol 801594).

Mice. BALB/c and C57BL/6 mice were purchased from the National Cancer
Institute (NCI). APOBEC3 KO mice and WT controls were bred at the University
of Pennsylvania and were previously described (26). Two-day-old mice were
infected i.p. with equal amounts of virus and then harvested at the
indicated times.

Cell Culture and Transfection. NIH 3T3 cells were cultured in DMEM supple-
mented with 10% (vol/vol) FCS, 100 U/mL penicillin, and 100 pg/mL strep-
tomycin. NR-9456 macrophages (National Institute of Allergy and Infectious
Diseases/National Institutes of Health Biodefense and Emerging Infections Re-
search Resources Repository) were cultured in the presence of sodium pyruvate
and HC11 cells (ATCC) with insulin (10 pg/mL); 293T cells stably transfected with
the mCAT-1 receptor were cultured in DMEM with 8% donor calf serum, G418
(10 pg/mL), and penicillin/streptomycin. All transfections were performed using
Lipofectamine 2000 (Invitrogen).

Virus Isolation. Virus was isolated from WT and glyco-Gag mutant M-MLV
harvested from NIH 3T3 fibroblasts stably infected with WT and glyco-Gag-
negative Ab-X-M-MuLV, respectively, as previously described (9) or from in
vivo-infected splenocytes and thymocytes. Infected mice were killed at 16
dpi. Splenocytes and thymocytes were collected and incubated in RPMI 1640,
10% FCS, nonessential amino acids, and penicillin/streptomycin for 48 h. The
media was passed through a 0.4-um filter, treated with 20 U/mL DNase |
(Roche) at 37 °C for 30 min, and pelleted through a 30% sucrose cushion. After
resuspension, the viruses were titered on NIH 3T3 cells, as well as quantified by
reverse-transcribed RT-qPCR and analyzed on Western blots. The primers used
for virus quantification were located in the env of M-MLV: F primer, 5'-
CCTACTACGAAGGGGTTG-3’; R primer, 5'-CACATGGTACCTGTAGGGGC-3'. RT-

9082 | www.pnas.org/cgi/doi/10.1073/pnas.1217399110

PCR was performed using the Power SYBR Green PCR master mix kit (Applied
Biosystems). Viruses isolated from glyco-Gag mutant- and WT virus-infected
APOBEC3 KO mice and NIH 3T3 had similar infectivity/particle ratios (Table S1),
demonstrating that fully infectious virus was isolated from the organ cultures.

Revertant Analysis. Two-day-old APOBEC3™*, APOBEC3™'~, and BALB/c pups
were infected with equal amounts of M-MLV glyco-Gag mutant viruses and
killed 3 and 6 wk after infection. DNA was isolated from spleens and thy-
muses by the NucleoSpin Tissue kit (Machery-Nagel). The glyco-Gag region in
MLV was amplified from 100-ng samples of DNA with the primers 5'-
GGTCTCCTCTGAGTGATTGACT and 5-GGTCAAACTTAAGGGAGTGGTA. The
PCR products were purified by the NucleoSpin Extraction kit (Machery-
Nagel), treated with ExoSAP-IT (Affymetrix), and subjected to sequencing
with the same primers above. The appearance of revertants in samples was
assessed by the sequence traces for nucleotides around nt608 (nucleotide
accession no. J02255) by Chromas Lite (Technelysium).

Western Blots. Polyclonal rabbit anti-mouse APOBEC3 antibody has been
previously described (52). Because this antisera variably cross-reacts with an
unknown nonspecific protein close in size to APOBEC3 (52), the APOBEC386
protein was analyzed on 10% SDS/PAGE and the APOBEC3®A'® on 12% SDS/
PAGE. Polyclonal goat anti-MLV antibody (NCI Repository), mouse anti-HA
(Roche), HRP-conjugated anti-rabbit (Cell Signaling Technology), and anti-
goat and -mouse antibody (Sigma Aldrich) were used for detection, using
either ECL kits (GE Healthcare Life Sciences) or Supersignal West Femto
Chemiluminescent substrate (Thermo Scientific).

EnRT Assay. Equal amounts of virus isolated from infected BL6, APOBEC3 KO,
and BALB mice were incubated in EnRT buffer (1x PBS, 2.5 mM MgCl,, 0.01%
Nonidet P-40, 1 mM dNTPs) at 37 °C. Fractions of the reactions were removed
at 0, 30 min, 1 h, 2 h, and 4 h and added to 40 pg of sonicated salmon sperm
DNA. DNA was isolated from fractions using the Qiagen DNeasy Blood and
Tissue Kit (Qiagen). PCR was performed using MLV strong stop primers to
measure the level of early reverse transcripts: F primer, 5-CCTCCGATTGA-
CTGAGTCGCCCC-3’; R primer, 5'-ATGAAAGACCCCCGCTGACGG-3'. For some
experiments, 100 ug of cellular lysate from 293T cells transfected with either
APOBEC3Aexon5.HA (APOBEC?'€) or APOBEC3FL.HA (APOBEC®A'®) was added
to the EnRT reactions. Aliquots of the reaction were taken at 4 h. For the
experiments including DNase |, DNase | (Roche) was added in the EnRT
reaction buffer at a concentration of 500 U/mL as previously described (53),
and samples were harvested at 6 h.

Core Stability Assays. For analysis of APOBEC3 in cores, virions released from in
vivo—-infected splenocytes were sedimented through a 10%/30% sucrose step
gradient containing 5% IGEPAL (Sigma) in PBS at 108,000 x g for 90 min. The
core-containing pellets were resuspended in SDS sample buffer and analyzed
by Western blot. For core analysis by sedimentation, medium collected from
WT- and glyco-Gag-infected NIH 3T3 cells was clarified by low-speed centri-
fugation and passed through a 0.45-um filter. Viral particles were pelleted
through a 20% sucrose cushion in a Beckman SW41 rotor at 100,000 x g for
1 h, resuspended in buffer containing 10 mM Tris-HCl (pH 7.4), 100 mM NaCl,
1 mM EDTA, and 0.5% Triton X-100, and incubated at 37 °C for 10 min.
The viruses were layered onto a 15-30% sucrose gradient and centrifuged in
a Beckman SW41 rotor at 180,000 x g for 90 min. The fractionated samples
were analyzed by Western blots with anti-p30 antibodies. For trypsin sen-
sitivity assays, the core fractions from the sucrose gradients were pooled,
concentrated by ultracentrifugation, and then digested with trypsin at
37 °C. Samples were subjected to Western blots with anti-p30 antibodies,
and the signals were quantified by AlphaEaseFC densitometry software.

Fate of Capsid Assays. Fate of capsid assays were carried out as previously
described (39). Briefly, 1.2 x 10% NIH 3T3 cells were seeded in 10-cm? dishes.
The following day, the cells were incubated with 1 x 10° infectious centers
(IC) WT or glyco-Gag mutant APOBEC3~ M-MLVs at 4 °C for 30 min to allow
viral attachment and then incubated for 2 h at 37 °C. After detachment by
pronase treatment (7.0 mg/mL in DMEM; 5 min at 25 °C), the cells were
resuspended in 2.5 mL hypotonic lysis buffer (10 mM Tris-HCI, pH 8.0; 10 mM
KCl; 1 mM EDTA; 1x Halt Protease & Phosphatase Inhibitor Single-Use Mix-
ture, EDTA-Free; Thermo Inc.) and incubated on ice for 15 min. The cells
were lysed in a Dounce homogenizer (B pestle). Cellular debris were cleared
by centrifugation for 3 min at 1,600 x g, and an aliquot of the cleared lysate
was reserved for Western blots (input in Fig. 2). The remainder of the cleared
lysate was layered on a 40% sucrose cushion. Following centrifugation, the
pellet was resuspended in SDS sample buffer and subjected to Western blot
analysis using anti-MLV antisera.
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TREX1 Knockdown and IFNS Expression Assays. NR-9456 cells were transfected
with siTREX1 Silencer Select siRNA (Ambion $75453) and siControl (Ther-
macon) using Lipofectamine RNAIMAX reagent (Invitrogen). Cells were in-
cubated at 37 °C for ~18 h and then infected with WT and glyco-Gag mutant
M-MLV (multiplicity of infection = 1,000 IC). Cells were harvested at 2 and 4
h after infection (hpi). RNA was isolated using the RNeasy Mini Kit (Qiagen).
cDNA was made using the SuperScript Il First Strand Synthesis System for RT-
PCR (Invitrogen). RT-PCR was performed using the Power SYBR Green PCR
master mix kit (Applied Biosystems). Primers used for the detection of Trex1
were as follows: F/, 5-CGTCAACGCTTCGATGACA-3’; R, 5-AGTCATAGCGGTCA-
CCGTTGT-3". Primers used for detection of actin: F/, 5-TGGAATCCTGTGGCATC-
CATGAAAC-3; R, 5-TAAAACGCAGCTCAGTAACAGTCCG-3'". Primers used for
IFNB detection: F, 5-AAGAGTTACACTGCCTTTGCCACT-3; R/, 5-CACTGTCT-
GCTGGTGGAGTTCATC-3.
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Statistical Analysis. Statistical analysis was performed using the GraphPad/
PRIZM software.
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