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Silencing of proviruses in embryonic cells:
efficiency, stability and chromatin modifications
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Embryonic stem cells repress retroviral infection through trans-
criptional silencing of proviral DNAs. We characterized two
distinct mechanisms of silencing in embryonic mouse cells
infected by Moloney murine leukaemia virus (MLV): a highly
efficient one targeting the proline transfer RNA primer-binding
site (PBSpro), and a less efficient one operating independently
of the PBS. Rare virus-expressing populations were isolated, and
the timing and efficiency of establishment of silencing were
determined. Superinfection of the selected virus-expressing cells
with a second virus carrying a distinguishable reporter revealed
that the PBSpro-directed silencing was still largely intact,
whereas the PBS-independent silencing was partially reduced.
The timing and stability of silencing, and the associated
chromatin modifications on newly established and endogenous
proviruses were determined. The results indicate that epigenetic
mechanisms with different specificity and efficiency are used
to silence the exogenous retroviral sequences in embryonic cells.
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INTRODUCTION

Embryonic stem (ES) and embryonic carcinoma (EC) cell lines
typically repress transcription of newly introduced retroviral
DNAs [1,2]. This silencing mechanism in murine ES cells blocks
replication of murine leukaemia viruses (MLV), and limits the
expression of genes delivered by retroviral vectors [3]. A chief
component of the silencing machinery in murine ES cells is
targeted to a repressor-binding site that overlaps with the primer-
binding site (PBS) complementary to the 3" end of proline transfer
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RNA, the most common transfer RNA primer used for initiation of
reverse transcription by MLVs [4,5]. This silencing is mediated by
the zinc-finger DNA -binding protein, ZFP809, which binds to the
proline PBS sequence, and a universal silencing protein, TRIM28/
Kap-1/Tif1B, which interacts with ZFP809 [6,7]. Retroviral
genomes that use a distinct PBS, such as one complementary
to the 3’ end of glutamine tRNA, are not recognized by the
silencing machinery and partially escape the transcriptional
repression [5,8,9]. Retroviral vectors utilizing these alternate PBS
sequences are still subject to some transcriptional repression by
other mechanisms [10-12].

The silencing machinery in ES cells might protect them from
spreading virus infections, and might also have a more important
role in repressing expression of endogenous retroviruses (ERVs)
and retrotransposons in the genome. Germline mutation of the
TRIM28 gene results in activation of endogenous proviruses and
early embryonic lethality [13,14]. This silencing was initially
attributed to  DNA methylation [15] but other epigenetic
mechanisms were shown to be responsible [12,16]. The
chromatin of endogenous retroviral elements in ES cells is
marked by repressive H3K9 lysine methylation and by H3K4
demethylation, and these modifications are required to maintain
silencing of endogenous retroelements [14,16-18]. Recent work
suggests that silencing of exogenous proviral DNAs in ES cells is
also coupled with histone modifications in chromatin laid down
onto the new proviruses [19]. It is unknown whether these
modifications are linked to the PBSpro-specific silencing
machinery or to the other mechanisms involved in more general
PBSpro-independent silencing [10].

To further characterize the ability of ES cells to silence retroviral
DNAs, we monitored expression of reporter genes delivered to ES
and EC cells by various retroviral vectors. We found that viruses
utilizing the proline PBS were rapidly and completely silenced,
whereas other viruses were more slowly and incompletely
silenced. Cells transiently expressing PBSpro virus DNAs could
be selected, but these rapidly silenced the viruses; cells expressing
other virus DNAs only slowly imposed silencing. Although sorted
cell populations were not amenable to analysis of chromatin
modifications, we were able to examine those populations that
exhibited stable expression phenotypes for histone modifications.
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Fig 1| Kinetics of silencing. Kinetics of viral silencing in ES cells using a GFP reporter virus. (A) Flow analysis of GFP-positive cells at different time
points after infection (day 0) by wt (pro) and mutant (proB2) PBS virus in ES cells or differentiated cells. Representative experiment is shown

(see Supplementary Fig S1A online for mean *s.d.). Arrows denote extent of silencing due to PBSpro-dependent (red) and PBSpro-independent
mechanisms (purple). (B) Same assay on F9 scrambled pool and on ZFP809 KD F9 pool 9 ([7], see also Supplementary Fig S1C online). Note change
of y axis from A. Averages +s.e.m. from three independent experiments are shown. For F9 EC cell line results see Supplementary Fig S1B online.

(C) Flow analysis after FACS sorting of cells that escape restriction and express GFP. NIH/3T3 cells are shown as control. (D) Same analysis

in F9 cells and F9 ZFP809 KD clone. Error bars show standard error of the mean (s.e.m.) for n=3 (C) or n=4 (D) biological replicates. See also
Supplementary Fig S2 online for analyses of proviral DNA copy number and Supplementary Fig S3 online for ES-specific markers analysis. ES,
embryonic stem; FACS, fluorescence-activated cell sorting; GFP, green fluorescent protein; PBSpro, proline tRNA primer-binding site; wt, wild-type.

We show that strong epigenetic silencing mechanisms are applied
to all incoming viruses as well as to ERVs.

RESULTS AND DISCUSSION

Infection with viruses utilizing PBSpro or PBSproB2

To monitor the course of retroviral restriction in ES cells, MLV
genomes expressing a green fluorescent protein (GFP) reporter and
utilizing either the wild-type (wt) PBSpro sequence or a variant
PBSproB2 were packaged into virus particles and used to infect
various cell populations. Cells were analysed by flow cytometry
at various times after infection to determine the per cent
GFP-positive cells. The PBSpro and PBSproB2 viruses were both
efficiently expressed in differentiated NIH/3T3 (Fig 1A), Rat2,
L and 293A cells (data not shown). In contrast, the PBSpro virus
was profoundly and rapidly silenced in ES (Fig 1A; supplementary
Fig STA online) and F9 EC cells (Fig 1B; supplementary Fig S1B
online). The PBSproB2 virus was also partially silenced in these
cells, typically giving rise to 10-25% GFP-positive cells. Similar
results were observed with a virus vector containing PBSgin
(supplementary Fig STB online). In F9 cells in which expression of
ZFP809 was suppressed by RNA-mediated interference (RNAI)-
mediated knockdown ([7], see supplementary Fig S1C online),
the high-level silencing of PBSpro virus genomes was lost (Fig 1B).

74 EMBO reports VOL 14| NO 12013

These differences in reporter gene expression were not attributable
to differences in proviral DNA copy number; infections were
performed at multiplicities <1, and DNA copy numbers of
expressing and nonexpressing cell populations were comparable
(supplementary Fig S2A online).

To assess the level of expression per cell, the mean GFP
fluorescence of the positive cells in each population was
determined by flow cytometry (supplementary Fig S3 online).
Although both viruses induced high-level expression in NIH/3T3
cells, levels of expression in GFP-positive ES and EC cells were
several 100-fold lower. This might reflect weak activity of the viral
long terminal repeat (LTR) promoter in ES and EC lines.

Time course of silencing in embryonic cells

Rare EC cells that stably express the PBSpro genome (~ 10~ of
infected cells) have previously been isolated and found to have
mutations of the PBSpro or to have integrated the virus into
rare expressing sites [2]. However, cells that transiently express
the genomes were more abundant and readily isolated. We
infected ES cells with GFP viral vectors utilizing PBSpro or
PBSproB2, used fluorescence-activated cell sorting (FACS) to
isolate GFP-positive cells after 6 days, cultured the sorted cells
and analysed them for continued GFP expression by cytometry

©2013 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION
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Fig 2| GFP reporter gene expression in cell populations after long-term selections or cell sorting. (A) F9 cells were infected first with VSV-G
pseudotyped MLV containing neo" reporter with PBSpro (WT) or PBSproB2 (mutant) constructs. Half the population was selected for 2 week using
G418 (14dS) and half was grown without selection (noS). Both populations were then infected with GFP virus with PBSpro or PBSproB2 and analysed
by flow cytometry. (B) Percent of GFP expressing cells after second infection with PBSpro or PBSproB2. Infection efficiency in each cell line
normalized with NIH/3T3 =100%. (C) Cells initially infected with mCherry viruses were sorted and then subjected to a second round of infections
with the GFP viruses, and analysed by flow cytometry. Percent of GFP expressing cells after second infection with wt PBSpro or mutant PBSproB2 is
shown. Infection efficiency in each cell line normalized with NIH/3T3 =100%. Averages £ s.e.m. for n=3 (B) or n=5 (C) biological replicates

are shown. See Supplementary Fig S5 online for analyses of proviral DNA copy number and ES-specific marker. ES, embryonic stem; GFP, green
fluorescent protein; MLV, murine leukaemia virus; PBSpro, proline tRNA primer-binding site; wt, wild-type.

(Fig 1C). ES cells sorted for initial expression of the PBSpro viruses
rapidly and efficiently silenced their GFP expression. In contrast,
ES cells sorted for expression of PBSproB2 viruses only partially
silenced their expression, with ~70% of cells remaining GFP
positive after 30 days in culture (Fig 1C). Differentiated NIH/3T3
cells infected with either PBSpro or PBSproB2 viruses, and sorted
for GFP expression, remained fully GFP positive for >50 days.

©2013 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

Similar tests for stability of expression were also performed in F9
cells expressing shRNAs targeting ZFP809 or scrambled
control (Fig 1D). In the control line, we observed kinetics similar
to that in ES-sorted cells. In F9 ZFP809KD cells, both PBSpro and
PBSproB2 viruses were only partially silenced, with 70-80%
of the cells remaining GFP positive, and the silencing was slow
(Fig 1D). These experiments indicate that there is a rapid, efficient
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Fig 3| ChIP analysis of infected F9 cells subjected to long-term selection.
ChIP-based measurement of (A) H3K9me3 and (B) H3K27me3 at the
viral PBS sequence of cells infected with MLV containing neo’ gene, with
PBSpro or PBSproB2 and selected for 14 days or infected without
selection. Averages * s.e.m. from three independent experiments are
shown. For each experiment, relative enrichment values (% of input)

are shown, normalized to the signal of negative control (Gapdh). Results
for negative (Aprt) and positive (Polmrt, BMP2) control genes are shown.
ChIP, chromatin immunoprecipitation; MLV, murine leukaemia virus;
PBSpro, proline tRNA primer-binding site.

silencing of the PBSpro virus in ES and F9 cells that depended on
ZFP809, and a slow, partial silencing of virus expression by a PBS-
independent mechanism. Differences in reporter gene expression
were not attributable to different proviral DNA copy number
(supplementary Fig S2B online) or to changes in the differentiation
state of the cells, as judged by Oct4 expression levels and flow
analysis of standard ES cell markers (supplementary Fig S4A,B
online). GFP expression of sorted cells was verified by reverse
transcription  quantitative PCR  (RT—qPCR; supplementary
Fig S4C online).

These results show that the expression in rare GFP-positive
populations (escapees) is not stable. The silencing machinery is
readily reactivated, and expression is extinguished soon after the
isolation of these cells. The temporary escape from silencing is
thus not due to a permanent loss of the silencing factors. Rather,
these cells seem to have stochastically and very transiently
escaped silencing and in days are able to reestablish it. PBSpro
viruses were silenced nearly completely in 3 days, suggesting that
the rapid silencing mechanism is still present in a latent form.
It is unclear whether new protein synthesis is required to establish
this quick silencing.

It is unclear whether the expressing ‘escapees’ have acquired
proviruses integrated into special regions of the genome. The
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overall several proviruses per cell in this population (1.1) is only
slightly higher than in the unselected cells (0.5), in accordance
with the requirement that they have at least one provirus, so
increased copy number alone is not a likely explanation for their
expression (see supplementary Fig S2 online). Integration by MLV
and MLV-based vectors is thought to be nearly random, with
some bias towards integration into the 5 ends of genes [20]. The
transiently PBSproB2-expressing cells represent a sufficiently large
proportion of the total cells (~20%) that even if they acquired
proviral integrants in ‘special’ sites, many such sites must
be present in the genome. Therefore, we favour the model that
integrated proviruses at most sites, and, perhaps at any site, can be
activated at low frequency and for short periods of time before
being silenced again, as is the case for other exogenous and
endogenous retroviruses [21,22].

Superinfection of ES cells selected for expression

To examine the stability and longevity of the silencing machinery
in ES cells, we selected for cells that escaped silencing of virus
carrying a drug-resistance marker, and rechallenged both selected
and unselected populations with a second viral genome. F9 EC
cells were first infected with retroviral genomes expressing the
neo” marker, encoding resistance to G418, and utilizing either
PBSpro or PBSproB2. The cells were selected for expression
by growth in medium containing G418 for 2 weeks or grown
without selection. No main differences were seen in viral DNA
copy number in the populations (supplementary Fig S5 online).
Cells were then superinfected with a viral genome expressing the
GFP reporter, again using PBSpro or PBSproB2, and scored for
expression by cytometry 48 h after infection; the PBSpro-targeted
silencing machinery, although slightly reduced after the initial
round of selection, was still largely intact (Fig 2). The rare cells
selected for neo" after infection with the first PBSpro virus were
still able to significantly silence the incoming second PBSpro virus
(3% of cells GFP positive versus 1% without previous selection).
The more abundant neo" cells selected after infection with the
PBSproB2 neo' virus also efficiently silenced an incoming PBSpro
virus essentially like an unselected cell population (1% remaining
GFP positive; Fig 2B). These results indicate that the escape
from silencing of the initial PBSpro neo’ virus was local to the
initial proviruses, and not due to a global loss of the PBS-directed
silencing system.

The long-term selection of expressing cells after infection with
neo’ viruses did result in a modest reduction in the ability of the cells
to silence a second infection with PBSproB2 virus. Cells selected
after infection with the PBSpro or PBSproB2 neo’ virus could only
partially restrict the incoming GFP PBSproB2 virus (45% or 55%
scored GFP positive, respectively; Fig 2B). Thus, the non-PBS-
directed silencing suffered some global loss of function in response
to the initial selection. This effect seemed to require a prolonged
period of selection for virus reporter gene expression.

To test whether these changes required long-term selection for
expression, we isolated mCherry-positive cells by sorting only
6 days after infection with mCherry-expressing PBSpro or PBSproB2
virus, and then challenged with GFP PBSpro or PBSproB2 virus. No
significant loss of GFP silencing was observed (Fig 2C). Thus, either
the different length of time in selection or the different levels of
expression demanded in these two isolation methods could account
for this difference. Neither DNA copy number nor differentiation
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Fig 4| Differences between 3T3 and F9 cells in chromatin marks and
DNA methylation levels. ChIP-based measurement of (A) H3Ac,

(B) H3K9me2, (C) H3K9me3 and (D) H3K27me3 at the viral PBS
sequence of cells infected with GFP reporter virus with PBSpro or
PBSproB2. As the two cell types gave different background binding, the
signal was first normalized to IgG control ChIP, and normalized signal
of negative control o-crystalline (H3Ac) or the Gapdh promoters
(H3K9me2/3, H3K27me3) was set to 1. Averages * s.e.m. from three
independent experiments are shown. Negative and positive control genes
gave the expected enrichment values (not shown). (E) Bisulfite
sequencing analysis of the 5'LTR of the infecting virus was performed on
NIH/3T3 and F9 cells; Oct4 was used as control. Percentages of
methylated CpGs are shown from 10 to 15 cloned DNA molecules per
cell and infection type (Supplementary Fig S6 online). ChIP, chromatin
immunoprecipitation; GFP, green fluorescent protein; 5LTR, 5 long
terminal repeat; PBSpro, proline tRNA primer-binding site.

state of the cells accounted for the changes in reporter gene
expression (supplementary Fig S5 online).

Histone modifications at proviral DNAs

To determine whether changes in viral expression were correlated
with a change in the chromatin state of the newly integrated
proviral DNAs, the selected and unselected cell populations were
analysed by chromatin immunoprecipitation (ChIP). In F9 cells
grown without selection, in which expression was heavily
silenced, the PBSpro and PBSproB2 virus sequences were both
highly enriched in the H3K9me3 fraction (green bars), whereas
virus sequences in cells grown with selection for neo" expression
(orange bars) were much less enriched (Fig 3A). Analysis with anti-
H3K27me3 gave similar results (Fig 3B). Thus, these marks
did not require the rapid PBS-mediated silencing. It is not clear
whether both marks are present on all silenced proviruses
or whether individual proviruses are marked only by one or the
other modification. Recent findings in human [23] and mouse ES
cells [24] indicate that although rare, the mutual occupancy of
these marks is possible. The data indicate that at least two distinct
histone methyltransferases are simultaneously active in marking
the viral chromatin of the newly incoming MLVs, and the two
marks are consistent with the existence of redundant pathways
mediating the virus silencing.

Similar experiments were performed on infected F9 and NIH/
3T3 cells to examine histone H3 acetylation, a mark of active
chromatin. Infection of NIH/3T3 cells with PBSpro GFP or
PBSproB2 GFP viruses for 14 days resulted in the establishment
of proviruses with heavily acetylated chromatin (Fig 4A). In
contrast, infection of F9 cells resulted in low levels of H3
acetylation. The mirror image was seen for H3K9me2, H3K9me3
and H3K27me3 marks (Fig 4B-D, respectively). The absence of
H3 acetylation is thus correlated with heavy H3K9 and 27
trimethylation, and with provirus silencing in F9 cells. We also
tested for DNA methylation by bisulfite sequencing (Fig 5E).
NIH/3T3 cells showed no DNA methylation in the provirus
14 days after infection, whereas 80-90% of CpGs in proviruses in
F9 cells were methylated, in accordance with published
data, as well as with our own, showing that in embryonic
cells the provirus is silenced in an epigenetic manner in a
PBS-independent way [25].
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(class II) and (C) MERV-L (class III) messenger RNA expression in embryonic and differentiated cells. Bars represent the mean * s.e.m. of three
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(E) H3K27me3 at the viral sequence of cells infected with MLV containing neo" with PBSpro or PBSproB2 and selected for 14 days or infected
without selection. Relative enrichment values (% of input) in all ChIP experiments were normalized to the relative enrichment at the Gapdh promoter.
Negative and positive control genes gave the expected enrichment (not shown). ChIP, chromatin immunoprecipitation; MLV, murine leukaemia

virus; ERV, endogenous retrovirus; PBSpro, proline tRNA primer-binding site; RT-PCR, reverse transcription PCR.

Analysis of ERV expression and chromatin modification

To test whether cells selected for long-term expression of PBSpro
or PBSproB2 incoming viruses become less efficient at silencing
ERVs, we used quantitative RT-PCR to measure the RNA levels of
the three classes of ERVs in the mouse genome. In all cases,
expression levels were elevated in the selected cells relative to wt
F9 cells and unselected infected cells (Fig 5A-C). In positive
control cells with a mutant TRIM28 gene lacking the HP1 box,
and therefore unable to bind HP1 [26], expression levels of all
ERV classes were constitutively higher than in wt cells. ChIP
experiments on the different ERV sequences showed that the
change in expression correlated with loss of both H3K9 and K27
trimethylation (Fig 5D,E) for ERV classes | and II, but not Ill, in
accordance with earlier reports [17,18,27].

These data strongly suggest that there is considerable overlap in
the machinery for the silencing of exogenous retroviruses and
endogenous proviruses and in the chromatin marks placed on the
proviral DNAs. When we select for loss of silencing of exogenous
viral DNAs, we observe loss of silencing of the endogenous
DNAs as well. When we see changes in histone marks on
exogenous viruses, we see similar changes in the chromatin marks
on classes | and Il endogenous viruses. Furthermore, these and
previous data [14,18] show that TRIM28 has a major role in both
silencing mechanisms.

The existence of the two silencing systems examined in this
study suggests that the suppression of virus gene expression is an
important aspect of the ES cell state.

78 EMBO reports VOL 14| NO 12013

The two silencing systems might be important in suppressing
viral infections and endogenous proviruses, and might also have a
might role in regulation of host gene expression in general and
especially in ES cell development. There is extensive overlap in
the patterns of regulation of endogenous retroviruses and of host
genes, and in the silencing machinery that establishes these
patterns. TRIM28 seems to be a master gene in both silencing
systems [28,29]. Recently, the phosphorylated form of
TRIM28 (as TIF1b) was shown to cooperate with Oct4 in the
maintenance of pluripotency in ES cells, helping to regulate
the expression of Oct4 target genes [30,31]. Phosphorylated
TRIM28 can also bind Suz12, a member of the PRC2 family of
histone methyltransferases, and might directly lead to histone
methylation. The overlap of viral and host gene regulation might
not be coincidental but might reflect the acquired use of viral LTRs
and promoters during evolution to control critical embryonic gene
expression [17]. The endogenous retroviruses themselves might
even have important roles in development [32].

METHODS

Cell culture and stable RNAI cell line production and transduction.
Cells were cultured as described [11]. RNAi knockdown was
performed as in Wolf and Goff [7]. For primers and detailed
description see supplementary Data online. For viral transduction
assays, viruses were prepared as before using LJ-PAAMLPEnh or
LJB2-ADMLPEnh vectors [9] or pNCA-GFP/mCherry vectors [33].
Each experiment was repeated three times or more.

©2013 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION
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Flow cytometry and sorting. GFP-positive cells were isolated
on a cell sorter (FACSAria Cell Sorter; BD Biosciences). Data were
acquired on an automated cell analyser (LSR II; BD Biosciences)
and analysed with FlowJo software (Treestar). Chromatin
immunoprecipitations (ChIP) was performed with Magna ChlIP
kit (Millipore), and DNA was purified using QIAquick PCR
purification kit (Qiagen). Antibodies and primers are listed in
supplementary Methods online and supplementary Table S1
online. Bisulfite conversion of genomic DNA was carried out
using the Zymo EZ DNA Methylation-Gold Kit. PCR primers
were designed using Methyl Primer Express software version 1.0
(https://www2.appliedbiosystems.com; see supplementary Table S1
online). RNA Extraction and RT-PCR protocols are presented in
supplementary Methods online.

Statistical analysis. Statistical analysis of the data was performed
with a two-tailed Student’s ttest or one-way analysis of
variance. Data presented as the mean ts.e.m. of three or more
independent biological replicates.

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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