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ABSTRACT Endogenous retroviruses (ERV) are found throughout vertebrate ge-
nomes, and failure to silence their activation can have deleterious consequences on
the host. Mutation and subsequent disruption of ERV loci is therefore an indispens-
able component of the cell-intrinsic defenses that maintain the integrity of the host
genome. Abundant in vitro and in silico evidence have revealed that APOBEC3
cytidine-deaminases, including human APOBEC3G (hA3G), can potently restrict retro-
transposition; yet, in vivo data demonstrating such activity is lacking, since no
replication-competent human ERV have been identified. In mice deficient for Toll-like
receptor 7 (TLR7), transcribed ERV loci can recombine and generate infectious ERV.
In this study, we show that ectopic expression of hA3G can prevent the emergence
of replication-competent, infectious ERV in Tlr7�/� mice. Mice encode one copy of
Apobec3 in their genome. ERV reactivation in Tlr7�/� mice was comparable in the
presence or absence of Apobec3. In contrast, expression of a human APOBEC3G trans-
gene abrogated emergence of infectious ERV in the Tlr7�/� background. No ERV RNA
was detected in the plasma of hA3G� Apobec3�/� Tlr7�/� mice, and infectious ERV viri-
ons could not be amplified through coculture with permissive cells. These data reveal
that hA3G can potently restrict active ERV in vivo and suggest that expansion of the
APOBEC3 locus in primates may have helped to provide for the continued restraint of
ERV in the human genome.

IMPORTANCE Although APOBEC3 proteins are known to be important antiviral re-
striction factors in both mice and humans, their roles in the restriction of endoge-
nous retroviruses (ERV) have been limited to in vitro studies. Here, we report that
human APOBEC3G expressed as a transgene in mice prevents the emergence of in-
fectious ERV from endogenous loci. This study reveals that APOBEC3G can power-
fully restrict active retrotransposons in vivo and demonstrates how transgenic mice
can be used to investigate host mechanisms that inhibit retrotransposons and rein-
force genomic integrity.
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Roughly 8 to 10% of both human and murine genomes is composed of endogenous
retroviruses (ERV), the endogenized counterparts of ancient retroviruses that in-

vaded the germ line and became fixed within these genomes (1, 2). The provirus-like
ERV present in the genomes of common laboratory mouse strains (3, 4) formed
following infection by exogenous murine leukemia virus (MLV) (5), and these ERV loci
are actively transcribed and translated. Although wild-type C57BL/6 mice do not
contain a proviral ERV locus capable of independently generating replication-competent
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ERV (6–9), infectious ERV virions readily emerge when B-cell-dependent humoral control is
compromised or when Toll-like receptor 7 (TLR7) signaling is deficient (10, 11). In addition
to antibody- and TLR7-mediated control, transcriptional silencing, and stochastic recombi-
nation events that remove ERV from the genome (12, 13), mutagenesis of retroelement
sequences by apolipoprotein B editing complex 3 (APOBEC3) proteins is an important
component of this innate defense against ERV.

Present throughout vertebrate genomes, APOBEC3 proteins are zinc-dependent
cytosine deaminases that act on single-stranded DNA (ssDNA) to cause cytosine-to-
uracil mutations in targeted sequences (14, 15). Although mouse genomes encode a
single Apobec3 gene, mA3, expansion of this locus in primates has given rise to seven
APOBEC3 genes, APOBEC3A, -3B, -3D/E, -3F, -3G, and -3H (16, 17). APOBEC3 proteins, and
particularly the human APOBEC3G (hA3G), have long been appreciated for their potent
restriction of exogenous retroviruses (18–20). Originally characterized for its activity
against human immunodeficiency virus 1 (HIV-1) (21), hA3G is a restriction factor that
is packaged into retroviral virions, which upon entry into a target cell hypermutates
reverse transcribed viral ssDNA through its deaminase domain (22–27). hA3G also
inhibits reverse transcriptase in a deaminase-independent manner (28–30). Just as
HIV-1 is inhibited by hA3G, MLV is potently restricted by both mA3 and hA3G (22, 25,
31, 32), with hA3G capable of blocking primary infection with exogenous MLV when
expressed as a transgene in mice (33).

In addition, multiple studies have demonstrated that human APOBEC3 proteins can
act to inhibit the in vitro retrotransposition of retroelements, including the yeast
retrotransposon Ty1, murine intracisternal A particles (IAP) and MusD ERV elements,
and human long interspersed element 1 (LINE1) and Alu elements (34–40). Although
hA3G was first shown to possess activity against Ty1 (38, 41), it has since been
demonstrated that hA3G restricts MusD and IAP elements when overexpressed in in
vitro reporter assays (39, 40) and can hypermutate human ERV (HERV) sequences (42,
43). This in vitro evidence is also supported by in silico data showing that mA3 and hA3
family members have targeted ERV and HERV genomic loci (44), respectively, including
those encoding the proviral ERV capable of emergence (45). However, the extent to
which hA3G restricts ERV and other retroelements in vivo remains unclear, particularly
since replication-competent HERV have not been identified in the human genome (25)
and identification of A3-restricted retrotransposons is complicated by the high copy
number and repetitive nature of the retroelements themselves.

In C57BL/6 mice, the backbone of the recombinant infectious ERV that emerge is
formed by a single proviral ERV, Emv2 (10). Because this locus is unique, its increased
expression serves as an indicator of ERV emergence. We therefore took advantage of
this phenomenon and available hA3G transgenic mice on the mA3 knockout (mA3�/�)
background (33) to investigate whether ectopic expression of hA3G protein is able to
prevent or impede the emergence of replication-competent ERV from Tlr7�/� mice in
vivo.

(This article was submitted to an online preprint archive [46]. )

RESULTS AND DISCUSSION

To investigate the role of hA3G in the restriction of ERV, we first investigated
whether mice deficient in mA3 demonstrate spontaneous ERV emergence. As with
emerged ERV from recombination-activating gene 1-deficient (Rag1�/�) mice (10), we
observed that infectious ERV in Tlr7�/� mice result from recombination between
several endogenous retroviral loci (Fig. 1A). Thus, as with exogenous retroviruses (47),
TLR7-dependent immunity is essential to limit the transcription of ERV and their
potential for recombination and emergence. In contrast to Tlr7�/� (48) and Myd88�/�

(49) mice (Fig. 1B), which lack TLR7 and its signaling adapter MyD88, respectively, and
are unable to prevent emergence of infectious ERV, mA3�/� mice retain control of ERV
(Fig. 1B). This reveals that endogenous mA3 is not required to prevent ERV emergence.

We next crossed hA3G� mice lacking mA3 (hA3G� mA3�/�) to Tlr7�/� mice to
generate a first generation (F0) of transgene-positive and -negative mice with homozy-
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gous loss of TLR7 (hA3G� mA3�/� Tlr7�/� and hA3G� mA3�/� Tlr7�/�) (Fig. 1C). In the
transgene-positive mice, hA3G expression is driven by the chicken beta-actin promoter,
resulting in high expression levels that are comparable across tissues, and comparable
to the level found in resting human peripheral blood mononuclear cells (33). We also
bred mice that maintained mA3 expression in the absence of TLR7 (hA3G� mA3�/�

FIG 1 Human APOBEC3G, but not murine APOBEC3, expression prevents the emergence of infectious ERV in
Tlr7�/� mice. (A) Schematic of the structure and open reading frames of the Emv2-based ERV genome isolated from
virions amplified through coculture with Tlr7�/� splenocytes. Recombined regions are denoted by black horizontal
bars, and the ERV locus that contributed sequence is listed. (B) RT-qPCR of spliced Emv2 envelope expression from
peripheral blood of C57BL/6N (n � 5), mA3�/� (n � 5), Tlr7�/� (n � 5), and Myd88�/� (n � 5) mice. (C) Breeding
scheme used in this study. The initial cross used to generate the experimental lines is shown. Once the desired
homozygous genotypes were obtained (F0), the separate lines were individually bred to the third generation (F3).
(D) Quantification of Emv2 copy number by qPCR of gDNA isolated from ear punches of wild-type (WT) C57BL6/N
(n � 7), WT C57BL/6J (n � 7), Tlr7�/� (n � 5), 129S1/SvImJ (n � 5), hA3G– mA3�/� Tlr7�/� (n � 7), and hA3G�

mA3�/� Tlr7�/� (n � 8). A primer set amplifying the envelope region of Emv2 was used. The fold copy number over
the mean WT C57BL/6N value, normalized to the telomerase reverse transcriptase (Tert) copy number, is plotted.
(E) RT-qPCR of hA3G expression from peripheral blood of hA3G� mA3�/� Tlr7�/� (n � 13) mice. (F) RT-qPCR of mA3
expression from peripheral blood of hA3G– mA3�/� Tlr7�/� (n � 11) mice. (G) RT-qPCR of spliced Emv2 envelope
expression from peripheral blood of C57BL/6N (n � 13), Tlr7�/� (n � 11), F3 hA3G– mA3�/� Tlr7�/� (n � 11), F3

hA3G-mA3�/� Tlr7–/– (n � 15), F3 hA3G� mA3�/� Tlr7�/� (n � 13), F4 hA3G� mA3�/� Tlr7�/� (n � 18), and F5 hA3G�

mA3�/� Tlr7�/� (n � 12) mice. Adjusted P values in Fig. 1B were calculated for one-way analysis of variance
(ANOVA) with Dunnett’s multiple-comparison test comparing normalized spliced Emv2 expression values to those
of the mA3�/� mice. Adjusted P values in Fig. 1D were calculated for one-way ANOVA with Dunnett’s multiple-
comparison test comparing normalized Emv2 copy number values to those of the 129 controls, which lack the Emv2
locus. Adjusted P values in Fig. 1G were calculated for one-way ANOVA with Dunnett’s multiple-comparison test
comparing spliced Emv2 expression values to those of the F3 hA3G– mA3�/� Tlr7�/� controls. ****, P � 0.0001; ***,
P � 0.001; **, P � 0.01; *, P � 0.05; ns, not significant.
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Tlr7�/�). These three strains were then bred out for several generations and their gDNA
was screened by quantitative PCR (qPCR) to assess the Emv2 copy number in the
genome, since the mA3�/� mice, although backcrossed to C57BL/6N for multiple
generations, were originally generated using 129 embryonic stem cells, whose genome
does not contain the Emv2 locus (50). In this way, we ensured that all mice with a
contribution from the mA3�/� genome nevertheless possessed copies of the Emv2
locus (Fig. 1D). These strains were then screened for hA3G transgene expression (Fig.
1E) or mA3 expression (Fig. 1F) and ERV emergence (Fig. 1G) by reverse transcription
qPCR (RT-qPCR) from peripheral blood samples.

We first observed ERV emergence in hA3G� mA3�/� Tlr7�/� and hA3G� mA3�/�

Tlr7�/� mice by the third generation (F3) of breeding between homozygous knockouts
(Fig. 1G). More than half (8/15) of the hA3G� mA3�/� Tlr7�/� mice were ERV positive,
as were 4 of the 11 hA3G� mA3�/� Tlr7�/� controls. Our finding that the emergence
of recombined infectious ERV occurs in TLR7�/� mice is consistent with previously
published data (10, 11) that implicate B cells and TLR3/7/9 signaling in the control of
ERV. It has also been shown that infectious ERV are generated through recombination
between ERV loci (5). Our data (Fig. 1A) are consistent with previously published
findings that the generation of replication-competent ERV requires multiple recombi-
nation events to restore polymerase function and endow the Emv2-based virus with a
nonrestricted capsid (7, 51). We and others (10) observe that several generations of
breeding are required for this infectious ERV emergence to occur. We hypothesize that
more than one recombination event, and potentially multiple successful reintegration
events by the same Emv2-derived sequence, is required to initially generate the
infectious ERV.

The previous studies (10, 11) that investigated control of ERV were all performed in
mice with intact mA3. Further, ERV emergence in the absence of cytosolic retroviral
sensors has not been reported. Our data indicated that mA3 is neither required to
prevent ERV emergence nor sufficient to prevent the emergence of ERV in Tlr7�/� mice,
although its presence appears to delay this emergence (Fig. 1G). Like most MLV, ERV
express glycosylated Gag (Fig. 1A), a longer, glycosylated variant of Gag protein that
counters restriction by mA3 (18). The dominant ERV that emerges in our TLR7�/� mice
encodes Pr80 and has 84% amino acid identity and 89% amino acid similarity to
Moloney MLV Pr80 with no gaps in alignment. Given this high degree of homology, we
believe it likely that ERV Pr80 also retains the anti-mA3 activity of Moloney MLV Pr80.
If so, ERV glycosylated Gag antagonism of mA3 may underlie the failure of mA3 to
prevent ERV emergence.

In stark comparison to the effect of mA3, hA3G expression in the Tlr7�/� back-
ground entirely abrogated ERV emergence (Fig. 1G). In the F3 offspring, all 13 hA3G�

mA3�/� Tlr7�/� mice retained control of ERV, and this impressive capacity to prevent
ERV emergence extended to the fourth (F4) and to the fifth (F5) generations, where all
hA3G� mA3�/� Tlr7�/� mice remained infectious ERV negative. Previous work (39, 40)
implicates hA3G in the repression of ERV elements, since ectopic expression of hA3G in
cell culture leads to both a decrease in the number of transposed MusD and IAP
elements and the deamination of newly transposed cDNA sequences, with no differ-
ence in the quantity of intermediary MusD or IAP RNA produced. However, these in
vitro data were generated using transposable element reporter constructs in cell
culture, and it is not known whether in vitro ectopic hA3G expression recapitulates its
in vivo effects upon transposable element expression. We therefore compared global
transcription levels of IAP, MusD, early transposons I and II (ETnI and ETnII), or LINE1
elements in hA3G� mA3�/� Tlr7�/� and hA3G� mA3�/� Tlr7�/� mice. Consistent with
in vitro data (39, 40), we did not observe differences in global expression levels of these
transposable element families between any of the genotypes by RT-qPCR from periph-
eral blood (Fig. 2A to E). Thus, our data suggest that neither transgene expression itself
nor the mechanism of hA3G restriction involves widespread suppression of long
terminal repeat (LTR) retroelement or LINE1 transcription.

The in vivo restriction of MLV by hA3G occurs by hA3G-mediated deamination of the
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viral RNA and by inhibition of viral reverse transcriptase (33). We hypothesize that
restriction of ERV by hA3G includes hypermutation of partially or fully recombinant ERV
transcripts that inhibits their subsequent infectivity. Infectious ERV from hA3G� mA3�/�

Tlr7�/� splenocytes was amplified in coculture with permissive cell lines (Fig. 3A to C),
and circulating ERV RNA was detected in plasma from these mice (Fig. 3D). However,
we were unable to detect or amplify infectious ERV from splenocytes from hA3G�

mA3�/� Tlr7�/� mice (Fig. 3A to C). Similarly, we did not detect ERV RNA in the plasma
of hA3G� mA3�/� Tlr7�/� mice (Fig. 3D). Because we could not isolate and sequence
emerged ERV from these mice, we are unable to ascertain the extent to which
deamination contributes to restriction in transgene-positive mice. It is also possible
that, as with MLV and HIV-1 infection, hA3G inhibits the reverse transcriptase of
polymerase-restored ERV or otherwise impairs subsequent integration (52, 53) during
the initial stages of emergence, before infectious virions are reconstituted. To study
how hA3G specifically restricts ERV emergence would require the development of a
new in vitro system that accurately recapitulates the events that give rise to emergence.

In this in vivo system, the ectopic expression of hA3G in murine cells was driven by
a chicken beta-actin promoter, yielding constitutive expression across tissue subtypes.
This basal and global expression enabled us to capture the effect of hA3G expression
upon ERV transcripts prior to their recombination and emergence, independent of
the breeding generation or tissue subtype within which the recombination events
occurred. However, while hA3G is endogenously expressed in unstimulated human
hematopoietic cells and testis (54), its expression is rapidly induced across cell types in
response to interferon stimulation (18, 19). Because of this difference in expression
pattern, endogenous hA3G may not act upon transcribed HERV in an entirely analogous
manner. Similarly, although hA3G restricts both murine and human retroviruses
through conserved mechanisms, it is possible that its anti-ERV and anti-HERV activities
differ.

In this study, we have demonstrated that hA3G, which has previously been shown

FIG 2 LTR and LINE1 retroelements are not suppressed by the transgenic expression of human APOBEC3G in
Tlr7�/� mice. (A to E) Expression of select LTR retrotransposon families and LINE1 families via RT-qPCR using RNA
isolated from peripheral blood of C57BL/6N (n � 13), Tlr7�/� (n � 11), F3 hA3G� mA3�/� Tlr7�/� (n � 11), F3 hA3G�

mA3�/� Tlr7–/– (n � 13), and F3 hA3G� mA3�/� Tlr7�/� (n � 13) mice. Primers amplify the gag or polymerase
regions of IAP, MusD, and ETn elements (31) or LINE1 ORFp1. All values are normalized to GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) expression. Means and standard deviations are plotted. The adjusted P values in Fig.
2 were calculated for multiple t tests (two-tailed) comparing transposable element expression values of hA3G�

mA3�/� Tlr7�/� and hA3G� mA3�/� Tlr7�/� mice. All adjusted P values were corrected for the five independent
hypotheses tested in Fig. 2 using the Holm-Šidák method with an alpha value of 0.05 for the entire family of
comparisons. ns, not significant.
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to restrict exogenous retrovirus infection, powerfully restricts emergence of endoge-
nous retroviruses in TLR7-deficient mice in vivo. These data extend our understanding
of the function of this protein and reveal an important layer of host defense that
reinforces genomic integrity. Indeed, the expansion of the APOBEC3 locus and the
presence of hA3G may contribute to the mechanisms that prevent reconstitution of
replication-competent HERV in humans. While the sequence of events that are required
for restriction of ERV emergence by hA3G have yet to be characterized, this study
demonstrates that transgenic mice can serve as a powerful tool to investigate how
proteins such as hA3G impact retroelements and restrict their movement within the
genome.

MATERIALS AND METHODS
Mice. C57BL/6N mice (strain code 027) were obtained from Charles River Laboratories and bred

in-house. C57BL/6J mice (stock number 000664) and 129S1/SvImJ mice (stock number 002448) were
obtained from The Jackson Laboratory. Tlr7�/� (C57BL/6N) mice (48) were bred in-house. High-
expression-level transgenic hA3G� mA3�/� mice and hA3G� mA3�/� mice (33) were maintained by
breeding between transgene-positive and/or -negative mA3 knockout mice. Myd88�/� mice (49) were
kindly provided by Doug Golenbock. All non-wild-type mouse strains were backcrossed at least six times
to the C57BL/6N genome and were positive for at least two genomic copies of the Emv2 locus by qPCR
(Fig. 1D). All mice were housed under specific-pathogen-free conditions, and care was provided in
accordance with Yale University IACUC guidelines (protocol 10365). The hA3G� mA3�/� Tlr7�/� mice
were maintained as a separate line from the transgene-negative littermates of hA3G� mA3�/� Tlr7�/�

crosses to ensure that the ERV transcripts and genomic loci in the hA3G� mA3�/� Tlr7–/– genome were
not subject to effects of hA3G expression.

Genotyping. Genomic DNA was obtained from ear punches by boiling the tissues in lysis buffer
(25 mM NaOH, 2 mM EDTA [pH 8.0]) for 30 min and neutralizing in equal volume of neutralizing buffer
(40 mM Tris-HCl [pH 8.0]). PCR was performed as 20-�l reactions using TopTaq Master Mix (Qiagen) and
cycling conditions as follows: 94°C for 3 min, 30 � 94°C for 30 s and 53°C for 30 s and 72°C for 30 s,
followed by a final extension of 72°C for 5 min. The primer sets used for genotyping were as follows:
murine Apobec3, forward (5=-CCCAGGACAACATCCACGC-3=) and reverse (5=-GCTCTGCACATTCGAAACAG
GG-3=); human APOBEC3G (33), forward (5=-GGGACCCAGATTACCAGGAG-3=) and reverse (5=-GCAGATTA
TTCCAAGGCTCAA-3=); and murine Tlr7, KO forward (5=-TCATTCTCAGTATTGTTTTGCC-3=), WT forward
(5=-AGGGTATGCCGCCAAATCTAAAG-3=), and reverse (5=-ACCTTTGTGTGCTCCTGGAC-3=).

gDNA Emv2 copy number analysis. To quantitate genomic Emv2 copy number, primers amplifying
the envelope region of Emv2 were used. Genomic DNA (gDNA) lysates were obtained as described

FIG 3 Infectious ERV cannot be detected in the plasma or isolated through splenocyte coculture from hA3G�

mA3�/� Tlr7�/� mice. (A to C) Representative flow cytometry plots (A), histograms (B), and calculated mean
fluorescence intensities (C) of ERV envelope expression on live, CD45.2-negative DFJ8 cells after 7 days of coculture
with C57BL/6N, Tlr7�/�, or F5 hA3G� mA3�/� Tlr7�/� splenocytes (n � 3 mice per group). (D) Absolute quantifi-
cation of the number of polymerase or unspliced ERV envelope RNA copies per microliter of cDNA generated from
plasma of 16-week-old C57BL/6N, Tlr7�/�, and hA3G� mA3�/� Tlr7�/� mice. Plots are representative of three
independent experiments. P values in Fig. 1C were calculated using one-way ANOVA with Dunnett’s multiple-
comparison test comparing values to those of the WT control. ****, P � 0.0001; ns, not significant.
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above. Real-time quantitative PCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad) in
10-�l reactions in triplicate using 5 to 30 ng of cDNA per reaction. Primers were used at a final
concentration of 0.225 �M. Fold copy number over the WT C57BL/6N mean value, normalized to Tert
copy number, was calculated. The primer sets used for copy number analysis were as follows: murine
Emv2 Env (10, 55), forward (5=-AGGCTGTTCCAGAGATTGTG-3=) and reverse (5=-TTCTGGACCACCACACGA
C-3=); and murine Tert, forward (5=-GCCACTTAGGTGGGCATGCTA-3=) and reverse (5=-CTGTCCCTGGATCG
TGAGGT-3=).

Peripheral blood isolation. Mice were anesthetized, and blood was obtained via a retro-orbital
bleed. Blood was collected with heparinized Natelson tubes (Fisher Scientific) into 8 mM EDTA in
phosphate-buffered saline (PBS). For cellular RNA isolation, red blood cells were lysed with ACK lysis
buffer (150 mM NH4Cl, 1 M KHCO3, 0.1 mM EDTA [pH 7.4]), and cells were washed twice with PBS before
the addition of RLT buffer (Qiagen). Samples were stored at – 80°C prior to RNA isolation.

Reverse transcription-quantitative PCR. RNA was isolated from peripheral blood using the RNeasy
kit (Qiagen) and cDNA was synthesized using an iScript cDNA Synthesis kit (Bio-Rad). Quantitative PCR
was performed using iTaq Universal SYBR Green Supermix (Bio-Rad) in 10-�l reactions in triplicate using
5 to 30 ng of cDNA per reaction. Primers were used at a final concentration of 0.225 �M. The primer
sequences were as follows: murine Apobec3, forward (5=-CTGCCTGCTAAGCGAGAAAGGC-3=) and reverse
(5=-CTTTTGAATGCCGCCAGTTGCC-3=); human APOBEC3G, forward (5=-CCGAGGACCCGAAGGTTAC-3=) and
reverse (5=-TCCAACAGTGCTGAAATTCG-3=); spliced Emv2 Env (56), forward (5=-CCAGGGACCACCGACCCA
CCGT-3=) and reverse (5=-TAGTCGGTCCCGGTAGGCCTCG-3=); MLV Pol (57), forward (5=-CACTTTGAGGGA
TCAGGAGCC-3=) and reverse (5=-CTTCTAGGTTTAGGGTCAACACCTGT-3=); unspliced Emv2 Env (55), for-
ward (5=-AGGCTGTTCCAGAGATTGTG-3=) and reverse (5=-TTCTGGACCACCACATGAC-3=); murine Gapdh,
forward (5=-GAAGGTCGGTGTGAACGGA-3=) and reverse (5=-GTTAGTGGGGTCTCGCTCCT-3=); IAP (58), for-
ward (5=-AAGCAGCAATCACCCACTTTGG-3=) and reverse (5=-CAATCATTAGATGTGGCTGCCAAG-3=); MusD
(58), forward (5=-GTGGTATCTCAGGAGGAGTGCC-3=) and reverse (5=-GGGCAGCTCCTCTATCTGAGTG-3=);
ETnI (59), forward (5=-TGAGAAACGGCAAAGGATTTTTGGA-3=) and reverse (5=-ATTACCCAGCTCCTCACTGC
TGA-3=); ETnII (59), forward (5=-GTGCTAACCCAACGCTGGTTC-3=) and reverse (5=-ACTGGGGCAATCCGCCT
ATTC-3=); and LINE1 ORFp, forward (5=-AAGCCTACAGAACTCCAAATAG-3=) and reverse (5=-AGGCTTGCCT
TTATATGTTACT-3=).

Plasma RNA isolation and cDNA synthesis. Peripheral blood was isolated from 16-week-old mice
and centrifuged at 14,000 rpm for 15 min at 4°C and 200 �l of plasma was removed to a new Eppendorf
tube. Plasma was homogenized with 1 ml of TRIzol and 200 �l of chloroform, and the aqueous layer was
isolated by centrifugation for 15 min at 12,000 � g at 4°C. The aqueous layer was combined with 500 �l
of isopropanol and 90 �g/ml glycerol and frozen for 1 h at – 80°C. The RNA was then pelleted by
centrifugation for 10 min at 12,000 � g at 4°C and washed twice with cold 75% ethanol before
resuspending in 10 �l of RNase-free water. cDNA was synthesized using the Superscript III Cells Direct
cDNA synthesis kit (Invitrogen), and qPCR was performed as described above, using sequenced ERV
plasmid (described below) to generate a standard curve for absolute quantification using unspliced Emv2
Env and MLV Pol primers.

Splenocyte isolation and coculture. The day before coculture, 100,000 DFJ8 avian fibroblasts were
plated in 1 ml of Dulbecco modified Eagle medium (Gibco) supplemented with 10% fetal bovine serum
and 1% penicillin-streptomycin (Gibco) in a 12-well tissue culture-treated dish. On the day of coculture,
spleens were isolated and dissociated through a 40-�m-pore size filter in RPMI medium (Gibco), and red
blood cells were lysed with ACK lysis buffer. The splenocytes were then washed and passed through a
70-�m-pore size filter prior to counting, and 5 million splenocytes from each mouse were added to a
corresponding well of DFJ8 cells, supplemented with an additional 1 ml of medium. Four days later, each
coculture (supernatant plus cells) was moved to a 60-mm dish using 2 mM EDTA in PBS to dissociate the
adherent cells, with a final culture volume of 4 ml. On day 7 of coculture, the adherent cells were stained
for ERV envelope expression by flow cytometry.

Flow cytometry. Hybridoma supernatant containing monoclonal antibody 573 was kindly provided
by Leonard Evans (60). This antibody recognizes the envelope of all MLV, including ecotropic classes.
Cells were washed twice with PBS and stained with mAb573 diluted 1:1 with PBS and then washed twice
again and stained with anti-mouse CD45.2-FITC (BioLegend, catalog no. 109805), anti-mouse IgM-APC
(Jackson, catalog no. 115-136-075), and 7-AAD viability staining solution (eBioscience, catalog no.
00-6993-50). Prior to analysis, cells were fixed in 1% paraformaldehyde in PBS. All incubations were
performed at a final volume of 30 �l for 15 to 20 min at 4°C. Flow cytometry was performed on a BD LSRII
Green cytometer, and the data were analyzed using FlowJo.

ERV isolation and sequencing. Individual ERV-infected DFJ8 cells from coculture with TLR7�/�

splenocytes were seeded in a 96-well plate and expanded until confluent in 12-well dishes. These
monoclonal cultures were analyzed for ERV envelope expression by flow cytometry (as described above),
and a single infected clone (D61) was selected. Two million D61 cells were plated in T-175 flasks in 30 ml
of medium and grown for 1 week, after which the supernatant was harvested. Cell debris was removed
by centrifuging the sample at 1500 rpm for 5 min, and the resulting supernatant was clarified through
a 0.45-�m-pore size filter. The clarified supernatant was underlaid with a 1.12 g/�l sucrose cushion and
ultracentrifuged at 23,000 rpm for 2 h at 4°C. The resulting viral pellet was resuspended in Opti-MEM
(Gibco) and stored at –20°C. ERV RNA was isolated from these viral stocks using TRIzol/chloroform
extraction and random hexamer cDNA synthesis (described above). Using the Emv2 mm10 genomic
sequence, primers to highly conserved regions of the Emv2 backbone were used to amplify overlapping
segments of the viral genome, which was assembled using Gibson Assembly (NEB) and cloned into the
pUC19 vector for sequencing.
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ERV recombination analysis. A moving, overlapping window of size 50 bp was used to extract
fragment sequences from the Emv2 ERV sequence. The step of the moving window is 1 bp. The fragment
sequences were used as queries to search the GRCm38 reference genome by BLAT with the “-fastMap”
option. An overused tile file with tile size 11 was used in the search. For each query sequence, all hits
were sorted based on score � (% identity � alignment length), chromosomes and positions; only hits
that had a maximum score (including ties) were kept. Each hit on this hit list was searched in both
directions to expand the hit to maximum length, and the chromosome position with the maximum
length was used as the mapped position of the Emv2 ERV sequence in the GRCm38 genome. Regions of
the ERV sequence that mapped to non-Emv2 hits and were �10 bp were considered to have recombined
with Emv2. Any recombined positions corresponding to unique ERV xenotropic (Xmv), polytropic (Pmv),
or modified polytropic (Mpmv) loci (45) were identified and are shown in Fig. 1A.
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