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Methylation on lysine 9 of histone H3 (H3K9me) and DNA
methylation play important roles in the transcriptional silencing of
specific genes and repetitive elements. Both marks are detected on
class I and II endogenous retroviruses (ERVs) in murine embryonic
stem cells (mESCs). Recently, we reported that the H3K9-specific
lysine methyltransferase (KMTase) Eset/Setdb1/KMT1E is required
for H3K9me3 and the maintenance of silencing of ERVs in mESCs. In
contrast, G9a/Ehmt2/KMT1C is dispensable, despite the fact that
this KMTase is required for H3K9 dimethylation (H3K9me2) and
efficient DNA methylation of these retroelements. Transcription of
the exogenous retrovirus (XRV) Moloney murine leukemia virus is
rapidly extinguished after integration in mESCs, concomitant with
de novo DNA methylation. However, the role that H3K9 KMTases
play in this process has not been addressed. Here, we demonstrate
that G9a, but not Suv39h1 or Suv39h2, is required for silencing of
newly integrated Moloney murine leukemia virus–based vectors in
mESCs. The silencing defect in G9a−/− cells is accompanied by a re-
duction of H3K9me2 at the proviral LTR, indicating that XRVs are
direct targets of G9a. Furthermore, de novo DNA methylation of
newly integrated proviruses is impaired in the G9a−/− line, pheno-
copying proviral DNA methylation and silencing defects ob-
served in Dnmt3a-deficient mESCs. Once established, however,
maintenance of silencing of XRVs, like ERVs, is dependent exclu-
sively on the KMTase Eset. Taken together, these observations
reveal that in mESCs, the H3K9 KMTase G9a is required for the
establishment, but not for the maintenance, of silencing of newly
integrated proviruses.
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Retroviruses have colonized all classes of vertebrates and are
responsible for a range of pathologies in mammals, including

cancer in distantly related species and acquired immunodeficiency
syndrome in humans. Although productive retroviral infection by a
subset of retroviruses is cytopathic, proviral elements of the acute-
and slow-transforming classes induce tumorigenesis by expressing
viral oncogenes and perturbing the expression of cellular genes,
respectively. Given the potential deleterious effects of retroviral
infection, a number of cell autonomous pathways that act at the
transcriptional or post-transcriptional stages of the retroviral rep-
licative cycle have evolved to inhibit retroviral expression (1, 2).
Retroviral vectors based on the exogenous retrovirus (XRV)

Moloney murine leukemia virus (MLV), such as the MFG vector
(3), have been used extensively in the laboratory and in the clinic as
vehicles for gene delivery. In both settings, transcriptional silencing
has proven to be a major impediment to stable/long-term proviral
expression (1, 4), due in part to the presence of negative regulatory
elements in the proviral LTR that are bound by transcriptional
repressors (5, 6) and the binding of chromatin proteins, including
histone H1 (7, 8) and macroH2A1 (9). MLV is repressed with
particular efficiency in embryonic carcinoma (EC) and embryonic
stem (ES) cells (10), due primarily to the presence of a potent

repressor-binding site that overlaps with the primer-binding site
(PBS) complementary to the 3′ end of proline tRNA (tRNAPro) in
the WTMLV virus (11–13). The Kruppel-associated box (KRAB)
zinc finger protein ZFP809 and the KRAB-associated protein 1
(KAP-1/Trim28/Tif1-β), a potent transcriptional corepressor, were
recently identified as subunits of the stem cell-specific repressor
complex (13) that binds to the repressor-binding site (14, 15). To
circumvent transcriptional silencing, a number of vectors harbor-
ing mutations in these negative regulatory elements have been
generated (16–18). Themurine stem cell virus (MSCV) vector also
includes an introduced SP1-binding site within theLTR, alongwith
a tRNAGln PBS in place of tRNAPro (18). Although these “opti-
mized” retroviral vectors are silenced less efficiently than WT
vectors such as MFG in EC, ES, and hematopoietic stem cells,
proviral silencing still occurs in these cells (7, 16, 17, 19).
In addition, transcriptional silencing of MLV-based vectors is

frequently accompanied by proviral de novo DNA methylation (20,
21) and binding of the methyl DNA-binding domain proteinMeCP2
(8, 22), implicating DNA methylation in the silencing process. In-
deed, treatment of EC cells with the DNA methylation inhibitor 5-
azacytidine leads to transcriptional reactivation of MLV (21). How-
ever, the kinetics of de novomethylation (20, 23) and the persistence
of proviral silencing in murine ES cells (mESCs) deficient in the de
novoDNAmethyltransferasesDnmt3a andDnmt3b (7) indicate that
DNAmethylation-independent silencing pathwaysmust exist aswell.
Intriguingly, genome-wide studies have shown that endogenous

retroviral elements (ERVs) are marked by the repressive histone
marks H3K9me2 and/or H3K9me3 in mESCs (24–26). Recently,
we demonstrated that although ERVs exhibit reduced H3K9me2
(but not H3K9me3) and DNA methylation in mESCs lacking the
“euchromatic” H3K9 KMTase G9a (27), these parasitic elements
remain transcriptionally inert. Subsequently, we found that Eset,
an H3K9 trimethylase, is required for maintaining class I and II
ERVs in a silent state (28). Little is known about the role of H3K9
KMTases in the establishment of silencing of newly integrated
proviruses, however. Here we show that G9a plays a vital role in
the establishment of silencing of MLV-based XRVs, but is dis-
pensable for the maintenance of silencing of these elements.
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Results
G9a Is Required for the Establishment of Silencing of MLV-Based
Vectors. To determine whether G9a plays a role in repressing the
expression of newly integrated proviral elements, WT (TT2) and
G9a−/− mESCs (29) (Fig. S1) were transduced with the MLV-
based retroviral vector MFG-GFP (3) (Fig. 1A), which is poorly
expressed in WT pluripotent cells relative to differentiated cells,
and passaged for further analysis (Fig. 1B). Intriguingly, whereas
<5% of infected WT cells expressed GFP at day 12 postinfection
(PI), >20% of infected G9a−/− cells expressed GFP at the same
time point, as measured by flow cytometry (Fig. 2A). Further-
more, although the percentage of GFP+ cells in both lines di-
minished over time, the percentage of GFP+ cells in G9a−/− cells
remained higher than in the WT line at all time points analyzed
(Fig. 2B), indicating that G9a is required for the efficient es-
tablishment of silencing of this MLV-based provirus.
To determine whether G9a plays a role in silencing of an al-

ternative MLV vector that is “optimized” for expression in
mESCs, we carried out similar experiments with the MLV-based
vector MSCV. This retroviral vector harbors mutations in the
LTR as well as a tRNAGln PBS in place of the tRNAPro PBS (Fig.
1A), which ablates binding of the stem cell-specific repressor
complex (12, 18) to the overlapping silencer element. These
mutations confer a significantly higher level of expression than the
MFG vector (7, 30) and reduce the rate of silencing in mESCs
(30). G9a−/− and WT cells were transduced with MSCV-GFP
virus, and the percentage of cells expressing GFP was analyzed on
a weekly basis by flow cytometry. Although the MSCV vector was
expressed in ∼40% of infected WT cells early after infection, a
dramatic decrease in the percentage of GFP+ cells was observed
over time in culture (Fig. 2 C and D). In contrast, this vector was
not efficiently silenced over time in G9a−/− cells. Consistent with
the flow cytometry data, quantitative RT-PCR (qRT-PCR)
analysis on day 15 PI revealed a significantly higher level of GFP
expression in theG9a−/− line than the WT parent line (Fig. S2A).
Relative to the WT pool, the G9a−/− pool of infected cells har-
bored approximately the same number of proviral copies per cell
(Fig. S2B), ruling out the possibility that the observed difference
in expression is the result of a difference in proviral load.

WT, but Not Catalytically Inactive G9a, Rescues the Proviral Silencing
Defect in G9a−/− mESCs. To verify that deletion of G9a per se is
responsible for the observed phenotype, and to determine whether

proviral silencing is dependent on G9a catalytic activity, G9a−/−

cells stably expressing either a WT (G9a−/−Tg) or a catalytically
inactive (G9a−/−Tg C1168A) G9a transgene (31) (Fig. S1) were
infected with MSCV-GFP virus, as described above. Expression of
exogenous WT G9a “rescues” the silencing defect observed in
G9a−/− mESCs, but expression of the catalytic mutant does not
(Fig. 3A), indicating that catalytically active G9a is critical for the
silencing of newly integrated proviruses. Quantitative analysis of
the relative proviral copy number reveals that the differences in
proviral expression are not due to differences in proviral load.

The Silencing Defect Observed in G9a−/− mESCs Phenocopies That
Observed in Dnmt3a−/− mESCs. In WT mESCs, MLV-based vectors
show increasing DNA methylation density with prolonged pas-
sage in culture (8), and dense DNA methylation is sufficient for
proviral silencing in somatic and EC cells (8, 22, 30). To de-
termine whether mESCs deficient in Dnmt3a and Dnmt3b have
a silencing defect similar to that observed in the G9a−/− line, WT
(J1) mESCs were infected with the MSCV-GFP virus in parallel
with Dnmt3a and Dnmt3b double-knockout (Dnmt3a/b−/−) cells
(Fig. S3). Consistent with our observations in WT TT2 mESCs,
proviral expression in WT J1 mESCs decreased substantially in
the first 2 wk PI. In contrast, Dnmt3a/b−/− cells demonstrated a
silencing defect similar to that observed in G9a−/− mESCs. To
determine which of the de novo DNMTs is required for silencing,
Dnmt3a−/− (6aa) and Dnmt3b−/− (8bb) (32) mESCs were infected
and analyzed by FACS at successive days PI, as above. Intrigu-
ingly, whereas Dnmt3a−/− cells demonstrated a similar silencing
defect to that observed in G9a−/− cells, Dnmt3b−/− cells showed
a relatively modest silencing defect (Fig. 3B). Quantitative anal-
ysis of the relative proviral copy number showed that the differ-
ences in the percentages of GFP+ cells in each line cannot be
explained by differences in proviral load. Taken together with the
observation that Dnmt1-deficient cells have only a modest defect
in de novo DNA methylation of newly integrated proviruses (33),
these results indicate that both G9a and Dnmt3a2 [the pre-
dominant isoform of Dnmt3a in mESCs (34)] are required for the
establishment of proviral silencing in mESCs.

Fig. 1. Retroviral vectors and infection schema. (A) Maps of the 5′ region of
the MFG-GFP and MSCV-GFP retroviral vectors. The stem cell-specific silencer
binds to the MFG/tRNAPro PBS, but not to the MSCV/tRNAGln PBS. Sequence
differences are underscored. (B) mESCs were infected with MFG-GFP or
MSCV-GFP and passaged for further analyses, as shown.

Fig. 2. G9a−/− mESCs show a defect in silencing of MLV provirus. (A) TT2
(WT) and G9a−/− mESCs were infected with MFG-GFP (MFG) and analyzed by
flow cytometry at day 12 PI. Uninfected cells were analyzed in parallel. Data
are presented as forward scatter (FSC) versus GFP. (B) Analysis of GFP ex-
pression by flow cytometry at successive time points PI. (C and D) TT2 and
G9a−/− mESCs were infected with MSCV-GFP and analyzed by flow cytometry
as above.
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Suv39h1 and Suv39h2 Are Not Required for Silencing of Newly
Integrated Proviruses. To determine whether mESCs deficient in
the “heterochromatic”H3K9 KMTases, Suv39h1 and Suv39h2, play
a role in proviral silencing, WT (R1) mESCs were infected with
MSCV-GFP in parallel with Suv39h1 and Suv39h2 double-deficient
(Suv39h1/2−/−)mESCs, as above, and analyzed on successive days PI.
In contrast to G9a−/− mESCs, and consistent with a previous report
showingnodecrease inDNAmethylationofendogenousMLVin this
line (35), theMSCV-GFP vector was effectively silenced in Suv39h1/
2−/− mESCs (Fig. 3C). In fact, proviral silencing is somewhat more
efficient in the Suv39h1/2−/− line than in theWT line, perhaps due to
the relocalization of HP1 proteins (36) and/or Dnmt3b (35) away
from the pericentromeric compartment in these cells.

H3K9me2 Is Decreased in the 5′ LTR/Promoter Region of the MSCV-
GFP Provirus in G9a−/− mESCs. As expected, G9a−/− cells were
globally depleted ofH3K9me2, whereas Suv39h1/2−/− cells showed
no decrease in this epigenetic mark (26) (Fig. 4A). To determine
whether the silencing defect observed inG9a−/− cells is associated
with reduced proviral H3K9methylation, native ChIP experiments
were conducted on chromatin isolated from WT TT2 and G9a−/−

cells on day 22 PI, using antibodies raised against H3K9me2 or
H3K9me3. The specificity of these antibodies for ChIP analyses
was confirmed using primers specific for the Mage-a2 gene pro-
moter and major satellite repeats, respectively (Fig. 4B and Fig.
S4). Consistent with previous observations (27, 29), the Mage-a2
gene exhibited a high level of G9a-dependent H3K9me2 enrich-

ment relative to the IgG control, but very low H3K9me3 enrich-
ment. In contrast, major satellite repeats, previously found to be
marked by H3K9me3 independent of G9a (26, 27), showed a high
level of H3K9me3 in WT and G9a−/− cells (Fig. S4).
Analysis of the MSCV LTR in the same chromatin isolates

revealed a more than threefold decrease in H3K9me2 enrichment
in the G9a−/− line (Fig. 4C) on day 22 PI. In contrast, the level of
H3K9me3 enrichment in the same region, although greater than
that observed with control IgG, did not differ significantly between
the two lines, indicating that an alternative KMTase is responsible
for the H3K9me3 of XRVs. Although whether distinct subsets of
proviral integrants are marked by H3K9me2 or H3K9me3 is un-
clear, these results are consistent with our previous finding that Eset
is responsible for H3K9me3 of theMSCV-GFP provirus in mESCs
(28). Analysis of the GFP region revealed high levels of both
H3K9me2 and H3K9me3 in both cell lines, indicating that
H3K9me2 and H3K9me3 mark the transcribed region of the pro-
virus independent ofG9a (Fig. 4C). Thepresence ofH3K9me2 and/
or H3K9me3 in gene bodies has been reported previously (37, 38).
ChIP analysis using antibodies specific for H3K4me2 and

H3K9ac (marks typically associated with transcriptionally active
genes) revealed the opposite pattern, with higher levels of en-
richment in the Mage-a2 and proviral 5′ LTR promoter regions
in the G9a−/− line than in the WT line (Fig. 4D). The presence of
these active marks in the proviral LTR in the WT line at levels
significantly above background presumably reflects the presence
of constitutively expressing proviral integrants in this pool of
infected cells (Fig. 2D). Taken together, these results indicate
that G9a contributes to proviral silencing in mESCs by directly
marking chromatin associated with newly integrated proviruses.

Catalytically Active G9a Is Required for Efficient DNA Methylation of
MLV-Based XRVs.We previously showed that the 5′ LTR/PBS and
GFP regions of the MFG-GFP provirus are hypomethylated in
G9a−/− relative to WT cells on day 18 PI (27). An even more

Fig. 3. Introduction of WT, but not of catalytically inactive G9a rescues the
silencing defect, whereasDnmt3a−/−mESCs show a defect in proviral silencing
similar to that observed in G9a−/− cells. (A) TT2 (WT) and G9a−/− cells
expressing a G9a transgene (G9a−/−Tg) or a catalytically inactive transgene
(G9a−/−Tg C1168A) were infected in parallel with MSCV-GFP and analyzed for
GFP expression by flow cytometry at successive time points, PI. Proviral load
was determined by qPCR using primers specific for the GFP gene and the
endogenous β-major gene as a control and the relative mean (± SD) proviral
copy number/cell for each infected population normalized to the corre-
sponding infected WT parent line. (B and C) J1 (WT), Dnmt3a−/−, and
Dnmt3b−/− mESCs (B) or R1 (WT) and Suv39h1/2−/− (C) mESCs were infected in
parallel and analyzed for GFP expression and proviral load as above.

Fig. 4. H3K9me2 is reduced at the proviral LTR in G9a−/− mESCs. (A) De-
pletion of H3K9me2 in G9a−/− cells, but not in Suv39h1/2−/− cells, was con-
firmed by Western blot analysis. ChIP was conducted on MSCV-GFP–infected
TT2 and G9a−/− mESCs using H3K9me2- and H3K9me3-specific antibodies or
IgG as a control. (B) qPCR was conducted using primers specific for the en-
dogenous Mage-a2 gene. The mean level of enrichment of technical repli-
cates [expressed as a percentage (± SD) of input] is shown. (C) Amplification
with primers specific for theMSCV 5′ LTR and GFP regions revealed a decrease
in H3K9me2 at the 5′ LTR in the G9a−/− line. (D) ChIP was conducted with
H3K4me2- and H3K9ac-specific antibodies and analyzed by qPCR, as above.
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dramatic de novo methylation defect across the proviral LTR
was observed in MFG-GFP–infected Dnmt3a/b−/− mESCs iso-
lated on day 18 PI (27); these bisulfite data are summarized in
Fig. S5A. To examine whether DNA methylation of the MSCV
vector is also dependent on G9a, genomic DNA was isolated
from MSCV-GFP infected TT2 and G9a−/− cells on days 4 and
18 PI and bisulfite analysis was conducted using primers specific
for the MSCV 5′ LTR/PBS region. Although an increase in
proviral DNA methylation was detected in both TT2 and G9a−/−

cells with passage in culture, an approximately threefold lower
level of DNA methylation was detected in G9a−/− cells com-
pared with WT cells at both time points (Fig. 5A). Notably, the
level of proviral DNA methylation in G9a−/− cells on day 18 PI
was similar to that of the WT cells on day 4 PI, indicating that
DNA methylation accumulates at a much slower rate in the
absence of G9a. To determine whether efficient proviral DNA
methylation is dependent on the catalytic activity of G9a, the
pools of infected G9a−/−Tg and G9a−/−TgC1168A cells were
analyzed by bisulfite sequencing on days 4 and 18 PI. A signifi-
cantly lower level of DNA methylation was observed only in the
G9a−/−TgC1168A line on day 18 PI (Fig. 5B), confirming that de

novo DNA methylation of newly integrated provirus requires the
enzymatic activity of G9a.
In contrast, bisulfite analysis of genomic DNA isolated from

WT R1 and Suv39h1/2−/− cells on day 18 PI revealed a <1.2-fold
difference inDNAmethylation within theMSCVLTR (Fig. S5B),
consistent with a previous report showing no decrease in DNA
methylation of endogenous MLV in Suv39h1/2−/− cells (35).
Taken together, these results indicate that whereas catalytically
active G9a is required for H3K9me2 and efficient de novo DNA
methylation of MLV-based proviral elements in mESCs, Suv39h1
and Suv39h2 are dispensable for these processes.

Maintenance of Proviral Silencing in mESCs Is Not Dependent on G9a.
Having shown that G9a is required for the establishment of XRV
silencing, we next wished to determine whether this KMTase also
plays a role in the maintenance of XRV silencing in mESCs, par-
ticularly in light of our previous observation that Eset, but not G9a,
is required for the maintenance of silencing of ERVs (28). G9a
conditional knockout (CKO) (39) andEsetCKO (28)mESCs were
infected in parallel with MSCV-GFP (Fig. 6A), and GFP− cells,
representing ∼50% of each population (Fig. 6B), were isolated via
flow cytometry on day 14 PI. The stability of proviral silencing in
these infected pools, which harbor roughly equivalent proviral
loads,was confirmedbyFACS(Fig. 6C). Subsequently, theseGFP−

pools were treated with 4-hydroxytamoxifen (4-OHT), which
induces Cre-ER recombinase-mediated deletion of G9a and Eset,
respectively. Strikingly, although deletion ofG9a had no effect on
the percentage of GFP+ cells, deletion of Eset induced a fivefold
increase in the percentage of GFP+ cells (Fig. 6C). Depletion of
G9a and Eset RNA in the 4-OHT–treated CKO lines was con-
firmed by qRT-PCR using primers specific for the deleted exons
(Fig. 6D). Furthermore, although expression of theMage-a2 gene,
previously shown to be induced inG9a−/−mESCs (29), was clearly
induced after deletion ofG9a, no change in proviral expressionwas
observed in these cells (Fig. 6D), consistent with the flow cytometry
results. In contrast, a 12-fold increase in proviral expression was
observed in the Eset CKO line. Taken together, these results in-
dicate that whereas Eset plays a critical role in the maintenance of
proviral silencing in mESCs, G9a is dispensable for this process.

Maintenance of Proviral DNA Methylation in MEFs Is Not Dependent
on G9a. To determine whether G9a influences proviral DNA
methylation in a somatic cell type, we analyzed murine embryonic
fibroblasts (MEFs), which express Dnmt1, Dnmt3a1, and Dnmt3b
(40). Primary MEF cultures were established from embryos that
carry conditional alleles of G9a, and immortalized clones showing
conditional depletion of G9a and a concomitant loss of H3K9me2
were identified (Fig. S6A). Although theMSCV-GFP provirus is not
efficiently de novo methylated in MEFs (41) and is not silenced in
these cells (Fig. S6B), ERVs are methylated in MEFs in a Dnmt3b-
dependent manner (40). Thus, we compared the DNA methylation
status of ERVs in G9a-deficient MEFs and mESCs. Although
Southern blot analysis revealed decreased DNA methylation of
MLV and IAP elements in G9a−/− mESCs (Fig. S6C), as reported
previously (27), no decrease inDNAmethylation of either ERVwas
detected in G9a−/− MEFs (Fig. S6D). Taken together, these results
indicate that G9a plays a critical role in de novo methylation of
proviral elements in mESCs, but is not required for maintenance
DNA methylation of proviral elements in mESCs or MEFs.

Discussion
H3K9 methylation acts upstream of DNA methylation in plants
and filamentous fungi and plays a critical role in silencing of
transposable elements in these eukaryotes (42). In mESCs,
ERVs are marked by H3K9me2 and H3K9me3 (24–26), and
Eset is required for H3K9me3 and silencing of these elements
(28), indicating that a similar pathway exists in mammals. Curi-
ously, however, although G9a is required for DNA methylation

Fig. 5. The rate of proviral de novo DNA methylation is reduced in G9a−/−

and G9a−/−TgC1168A cells. TT2, G9a−/−, G9a−/−Tg, and G9a−/−TgC1168A
mESCs were infected with MSCV-GFP. Genomic DNA from TT2 and G9a−/− (A)
or G9a−/−Tg and G9a−/−TgC1168A (B) mESCs was isolated at d4 and d18 PI
and analyzed by bisulfite sequencing using primers specific for the proviral
5′ LTR. The presence of a methylated CpG within each sequenced molecule is
indicated with a black oval, and the mean percentage of methylated CpGs/
molecule sequenced is shown for each data set.
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of ERVs in mESCs independent of its catalytic activity (27), it is
dispensable for the maintenance of silencing of these elements.
In contrast, catalytically active G9a is required for the estab-
lishment of silencing and DNA methylation of newly integrated
XRVs. To reconcile these observations, we propose that G9a
plays two separable yet critical roles: the establishment of tran-
scriptional silencing, which initially requires its catalytic activity,
and de novo DNA methylation, which does not. According to
this model, the catalytic activity of G9a is required for DNA
methylation of XRVs but not of ERVs, because only the former
are initially transcriptionally active.
MLV-based retroviral vectors similar to those used in this

study have been used extensively for gene transfer studies and to
deliver genes for therapeutic purposes (43). Despite the fact that
MLV preferentially integrates within or near the promoter
regions of genes (44), DNA methylation and transcriptional si-
lencing of such vectors are frequently observed (1), explaining in
part why they have shown limited efficacy. The results presented
here indicate that G9a plays an important role in the silencing of
such vectors in mESCs and raises the question of whether G9a
plays a similar role in other cell types.

We previously showed that G9a is required for recruitment of
Dnmt3a to ERVs (27). Although G9a has been reported to in-
teract directly with each DNMT (45, 46), our results are most
consistent with a role for G9a in regulating Dnmt3a-mediated de
novo methylation in mESCs. Indeed, recent experiments revealed
that in mESCs, the establishment of silencing of an MLV vector
closely related to MSCV requires Dnmt3l (47), a key regulator of
Dnmt3a2-mediated de novo DNAmethylation in vivo (48). Thus,
G9a may act in concert with Dnmt3l to promote de novo meth-
ylation by Dnmt3a2. Notably, Dnmt3a2 and Dnmt3l generally are
not expressed in somatic cells, perhaps explaining why depletion
of G9a in MEFs has no effect on DNA methylation of ERVs.
Recently, ZFP809 (15) and the corepressor KAP1were identified

as components of the stem cell-specific repressor complex that binds
to the MLV PBS (13, 14). The efficiency of MLV vector silencing is
reduced in KAP1-deficient EC cells, indicating that this repressor
plays an important role in proviral silencing. However, in theMSCV
vector, theWTPBSwas replacedwith a sequence complementary to
tRNAGln (Fig. 1A), which ablates stemcell-specific repressor binding
(13, 14). Given that the MSCV vector is nevertheless silenced over
time in WT cells, a G9a-dependent silencing pathway also must
operate in mESCs independent of the PBS silencer element.
Although G9a is clearly required for the establishment of DNA

methylation and silencing ofXRVs, this KMTase is dispensable for
the maintenance of proviral silencing in mESCs. Similarly, in
MEFs, where DNA methylation of IAP elements is dependent on
Dnmt1 and Dnmt3b, but not on Dnmt3a (40, 49), G9a is not re-
quired to maintain these elements in a densely methylated state.
Furthermore, in contrast to the silencing defect observed for newly
integratedMLV-based vectors,G9a−/−mESCs show no increase in
expression of endogenous MLV (27). To explain why integrated
XRVs demonstrate a silencing defect in G9a−/− cells, whereas
ERVs and XRVs introduced before deletion of G9a remain in
a repressed state after depletion of G9a, we propose that G9a
functions primarily in the establishment of proviral silencing, by
depositing the repressive dimethyl mark on H3K9 and promoting
recruitment of Dnmt3a2, perhaps in a Dnmt3l-dependent manner,
to the newly integrated proviruses.
Interestingly, thechromatin remodelerLSH interactswithG9a to

establish the silencingofmanygenes inmESCs (50).BecauseLSHis
also required for the silencing of retrotransposons, G9a may es-
tablish proviral silencing in a pathway that also involves chromatin
remodeling. Once established, the silencing of XRVs is sustained
by DNA methylation and/or H3K9me3, which are maintained in
aG9a-independentmannerbyDnmt1andEset, respectively. Taken
together, our data reveal a previously unappreciated interplay be-
tween H3K9 KMTases and de novo DNA methylation in the es-
tablishment and maintenance of proviral silencing.

Materials and Methods
Viral Infections and Flow Cytometry. MFG-GFP and MSCV-GFP retroviral
constructs were introduced into target cells via the Phoenix A system and
analyzed as described previously (28). Proviral copy number was determined
by qPCR using genomic DNA isolated from infected cells and primers specific
for the GFP gene. All primer sequences are listed in Table S1.

Establishment of G9a CKO MEFs and mESCs. Derivation of G9a CKO mESCs was
done as described previously (39). The protocol for establishment of G9a
CKO MEFs is described in SI Materials and Methods.

DNA methylation analyses. Genomic DNA were isolated and subjected to
sodium bisulfite conversion using the EZ DNA Methylation-Gold Kit (Zymo
Research) according to the manufacturer’s instructions, followed by semi-
nested PCR with primers specific for the 5′ LTRs of the MFG and MSCV
vectors. The detailed protocol is described in SI Materials and Methods.
Southern blot analysis was conducted as described previously (27).

Western Blot Analysis, Native ChIP, RNA Extraction, and RT-PCR Detailed pro-
tocols are presented in SI Materials and Methods.

Fig. 6. G9a is not required for themaintenance of proviral silencing inmESCs.
(A) Schema for the generation of cells harboring silent XRVs. (B) Pools of G9a
and Eset CKO mESCs infected with MSCV-GFP were analyzed by flow cytom-
etry at d4 PI, and GFP− cells were isolated by FACS at day 14 PI. (C) GFP− pools
were treated in parallel with 4-OHT to induce deletion of G9a and Eset, re-
spectively and analyzed by FACS before and on day 7 post-deletion. Mean rel-
ative proviral load (± SD) was determined by qPCR using primers specific for the
GFP gene, normalized to the β-major gene (Inset). (D) RNA was isolated from
untreated and 4-OHT–treated CKO cells, and the mean (± SD) fold-enrichment
in expression of G9a, Eset, Mage-a2, and MSCV-GFP (normalized to β-actin)
relative to the untreated WT parent lines was determined by qRT-PCR.
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Cell Lines and Culture Conditions. J1 WT (129S4/SvJae), Dnmt1c/c

(Dnmt1−/−) (1), Dnmt3a and Dnmt3b double-negative (Dnmt3a/
b−/−), Dnmt3a−/− (clone 6aa), Dnmt3b−/− (clone 8bb) (2), TT2
WT (c57BL/6 ×CBA),G9a−/− (clone 2-3),G9a−/−Tg (clone 15-3)
(3), G9a−/−Tg C1168A (clone G4) (4), R1 WT (129 × 1/SvJ ×
129S1), and Suv39h1 and Suv39h2 double-negative (Suv39h1/
2−/−) (5) mESCs were passaged every 48–72 h in DMEM sup-
plemented with 15% FBS (HyClone), 20 mM Hepes, 0.1 mM
nonessential amino acids, 0.1 mM 2-mercaptoethanol, 100 U/mL
penicillin, 0.05 mM streptomycin, leukemia inhibitory factor, and
2 mM glutamine on gelatinized plates.

Viral Infections and Analysis of Proviral Load. For retroviral infec-
tions, ∼1.5 × 106 Phoenix A cells were transfected with plasmid
DNA, as described previously (6). At 48 h post-transfection,
500–1100 μL of viral supernatant was added to mESCs supple-
mented with 4 μg/mL of polybrene. Infected mESCs were
centrifuged for 45 min at 1,000 × g in a Heraeus Labofuge 400
and cultured at 37 °C. Relative proviral copy number was de-
termined by quantitative real-time PCR using genomic DNA
isolated from infected pools and primers specific for the GFP
gene, normalized to the endogenous β-major gene.

Flow Cytometry. Trypsinized cells were resuspended in 500 μL of
phosphate-buffered saline supplemented with 2% bovine calf se-
rum and 1 μg/mL of propidium iodide and analyzed by flow cy-
tometry using a BD LSRII flow cytometer. Data on at least 10,000
viable cells (as determined by electronic gating in the forward and
side scatter channels) were collected for each sample and analyzed
using FlowJo software (Treestar). To generate a population of
cells harboring silent provirus, mESCs were infected with MSCV-
GFP and cultured for 14 d to allow for proviral silencing. GFP-
negative cells were subsequently isolated by FACS.

Establishment of G9a CKO MEFs and mESCs. Primary MEF cultures
were established from embryos carrying two conditional alleles of
G9a, which contain loxP sites flanking exons 4–20 that encode the
ankyrin repeat region (7). When deleted, the resulting frameshift
mutation prevents transcription of the SET domain. A Cre-ERT2
expression vector was stably introduced into these cells, along with
SV40T antigen, and immortalized clones were isolated. Condi-
tional inactivation of G9a was achieved by treating these clones
with 4-OHT, which promotes translocation of the Cre–ER fusion
into the nucleus. Secondary G9a−/− subclones were subsequently
isolated. Derivation of G9a CKO mESCs was as done described
previously (8).

DNAMethylation Analyses. To analyze the methylation status of the
introduced provirus, 0.2 μg of genomic DNA was subjected to
sodium bisulfite conversion using the EZDNAMethylation-Gold
Kit (Zymo Research) as described previously (9). Primers specific
for the 5′ LTR region of the MSCV or MFG vectors or the GFP
gene (listed in Table S1) were used in nested or seminested PCR
reactions. PCR products were cloned via T/A cloning using the
pGEM-T Easy Kit (Promega), and individual inserts were se-
quenced using BigDye v3.1 (Applied Biosystems). Sequencing
data were analyzed using Sequencher software (Gene Codes).
The mean number of methylated CpGs/molecule sequenced was
calculated for each set of samples.

Western Blot Analysis.Nuclear andwhole cell extracts were isolated
as described previously (4, 10) and evaluated by Western blot
analysis using the Odyssey Infrared Imaging System (LI-COR
Biosciences), according to the manufacturer’s protocol. Anti-
bodies used included G9a (1:2,000; PPMX, A8620A), TFII-I
(1:1,000; a kind gift from Ivan Sadowski, University of British
Columbia), Dnmt1 (1:500; Imgenex, IMG-261A), and β-actin
(1:2,000; MP Biomedical). To confirm the specificity of the anti-
bodies raised against H3K9me2 (1:200; Upstate Biotechnology,
07-441) andH3K9me3 (1:200; ActiveMotif, 39161),Western blot
analyses were conducted using whole cell extracts (generated by
lysis directly in 2× Lamelli buffer) isolated from 104 G9a−/− and
Suv39h1/h2−/− mESCs, which were found to have reduced levels
of H3K9me2 and H3K9me3, respectively (3, 11, 12). An antibody
specific for unmodified H3 (Abcam ab1791; 1:200) was used as
a control.

RNA Extraction and RT-PCR. RNA was isolated using TRI Reagent
(Sigma-Aldrich) according to the manufacturer’s protocol.
DnaseI-treated RNA was subjected to first-strand cDNA syn-
thesis using the RevertAid H Minus Kit (Fermentas) in the
presence or absence of reverse transcriptase. qRT-PCR using
GFP-, MLV-, G9a-, and Eset-specific primers or β-actin–specific
primers as an internal control (primer sequences listed in
Table S1) was conducted with EvaGreen dye (Biotium) on an
Opticon 2 thermal cycler (Bio-Rad). Relative expression levels
were determined by normalizing to the endogenous β-actin gene.

Native ChIP. To generate chromatin for native ChIP, 1 × 107cells
were harvested and washed in phosphate-buffered saline. Cells
were resuspended in 250 μL of douncing buffer [10 mM Tris-HCl
(pH 7.5), 4 mM MgCl2, 1 mM CaCl2, 1× protease inhibitory
mixture (PIC)] and homogenized through a 25-gauge needle
syringe for 25 repetitions. Subsequently, 1.25 μL of 50 U/mL of
MNase was added to the nuclei and incubated at 37 °C for 7 min.
The reaction was quenched by 0.5 M EDTA and incubated on
ice for 5 min. Hypotonic lysis buffer (1 mL) [0.2 mM EDTA (pH
8.0), 0.1 mM benzamidine, 0.1 mM phenylmethylsulfonyl fluo-
ride, 1.5 mM DTT, 1× PIC) was added, and the mixture was
incubated for 1 h on ice. Cellular debris was pelleted, and the
supernatant was recovered.
To generate preblocked beads for purification of immunopre-

cipitated material, 300 μL of protein A and protein G Sepharose
beads were mixed and washed twice with 1 mL of IP buffer [10
mM Tris-HCl (pH 8.0), 1% Triton X-100, 0.1% deoxycholate,
0.1% SDS, 90 mM NaCl, 2 mM EDTA, 1× PIC]. Beads were
blocked with 300 μg of sonicated salmon sperm DNA and 750 μg
of BSA and rotated at 4 °C for 3 h. The beads were then washed
once more with IP buffer and finally resuspended in 1× volume of
IP buffer. To preclear chromatin, 100 μL of the blocked protein
A/G beads were added to the digested chromatin fractions and
rotated at 4 °C for 2 h. Then 100 μL of the precleared chromatin
was purified by phenol-chloroform extraction, andDNA fragment
sizes were analyzed on a 1.5% agarose gel.
Digested chromatinwas divided into 1× 106 cell equivalents per IP,

and the volume was adjusted to 325 μL with IP buffer. Antibodies
specific forH3K4me2 (3 μg; Abcam, ab7766), H3K9ac (5 μg; Upstate
Biotechnology, 06-599), H3K9me2 (5 μg; Abcam, ab1220), and
H3K9me3 (5 μg; Active Motif, 39161) were added to each tube and
rotated at 4 °C for 1 h. The antibody–protein–DNA complex was
precipitated by adding 20 μL of the blocked protein A/G beads and
rotated at 4 °C overnight. The immunoprecipitated complex was
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washed twicewith 400 μLofChIPWashBuffer [20mMTris-HCl (pH
8.0), 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 1×
PIC], followed by a single wash with ChIP FinalWash Buffer [20mM
Tris-HCl (pH 8.0), 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500
mM NaCl, 1× PIC]. The protein–DNA complex was eluted by in-
cubating the beads in 200 μLof elution buffer (100mMNaHCO3, 1%
SDS) at 68 °C for 2 h. Immunoprecipitatedmaterial was purified using

the QIAquick PCR Purification Kit (Qiagen) in 50 μL of elution
buffer, according to the manufacturer’s protocol. Purified DNA was
diluted 1:4 and analyzed by qPCR (in triplicate) with EvaGreen dye
and Hot-Start Taq polymerase (Fermentas) using 2 μL of template.
Each experiment was performed at least twice with independent
chromatin samples and yielded similar results.
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Fig. S1. Western blot analysis of G9a protein levels. Western blot analysis of G9a expression was conducted with whole cell extracts from WT (TT2), G9a−/−,
and G9a−/− mESCs rescued with a WT (G9a−/−Tg) or a catalytically inactive (G9a−/−Tg C1168A) G9a transgene. Ponceau S staining was used as a loading control.

Fig. S2. qPCR analysis confirms that GFP expression is increased in G9a−/− mESCs and is not the result of a higher proviral load in the G9a−/− line compared with
the WT line. (A) Proviral expression was determined independently at day 15 PI by qRT-PCR in the presence or absence of reverse transcriptase (± RT), using the
β-actin gene as an internal control. (B) Proviral copy number was determined by qPCR using primers specific for the GFP gene, normalized to the endogenous
β-major gene. The mean (± SD) proviral DNA content of the infected G9a−/− pool is presented relative to the corresponding infected TT2 WT pool.
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Fig. S3. Dnmt3a/b−/− mESCs show a defect in proviral silencing similar to that observed in G9a−/− cells. J1 (WT) and Dnmt3a/b−/− mESCs were infected in
parallel with MSCV-GFP and analyzed by flow cytometry for GFP expression at successive time points, PI. The mean (± SD) proviral DNA content of the infected
Dnmt3a/b−/− pool is presented relative to the corresponding infected J1 WT pool.

Fig. S4. H3K9me2, but not H3K9me3, is reduced in pericentromeric heterochromatin in G9a−/− mESCs. Chromatin isolated from MSCV-GFP–infected TT2 and
G9a−/− mESCs was subject to ChIP using antibodies specific for H3K9me2 and H3K9me3. Nonspecific IgG was used as a control. A representative experiment is
presented, showing the mean level of enrichment of technical replicates (conducted in triplicate), expressed as a percentage of input (± SD) material, as
measured by qPCR. Primers specific for major satellite repeats or the Gapdh promoter region were used. Each experiment was performed at least twice with
independent chromatin samples and yielded similar results. As expected, enrichment of H3K9me2, but not H3K9me3, was reduced in major satellite repeats,
and no enrichment was observed in Gapdh.

Fig. S5. DNA methylation analysis of MFG and MSCV proviral LTRs. (A) The mean percentage of methylated CpGs/molecule sequenced (a minimum of six
molecules per cell line) is shown for an amplicon specific for the MFG 5′ LTR (described in ref. 13) and the GFP region at day 18 (d18) PI. (B) Bisulfite analysis was
conducted in parallel on genomic DNA from MSCV-GFP infected R1 and Suv39h1/h2−/− mESCs isolated at d18 PI, using the same MSCV 5′ LTR-specific primers
used in Fig. 5. Each row represents an individual sequenced molecule and the presence of a methylated CpG is indicated with a black oval. The mean per-
centage of methylated CpGs/molecule sequenced is shown.
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Fig. S6. G9a is not required for the maintenance of proviral DNA methylation in MEFs. MEFs harboring conditional G9a alleles were derived as described in
Materials and Methods. (A) Western blot analysis of G9a expression and H3K9me2 in two clones after 4-OHT treatment reveals efficient depletion of G9a and
concomitant loss of H3K9me2 in both. (B) Clone 3 was infected with MSCV-GFP virus and analyzed by flow cytometry as described for mESCs. (C) The
methylation state of IAP and MLV ERVs in TT2 (WT), G9a−/−, J1 (WT), Dnmt1−/−, and Dnmt3a/b−/− mESCs was determined by Southern blot analysis using the
methylation-sensitive restriction enzyme HpaII (H) and the methylation-insensitive isoschizomer MspI (M) as a control. Primers used to generate IAP- and MLV-
specific probes are listed in Table S1. (D) The DNA methylation status of IAP and MLV ERVs in WT and G9a−/− MEFs (clone 3) was determined as described for C.
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Table S1. Primer list

Primer name Application Sequence (5′ to 3′)

Gapdh F ChIP ATCCTGTAGGCCAGGTGATG
Gapdh R ChIP AGGCTCAAGGGCTTTTAAGG
Mage-a2 F ChIP TTGGTGGACAGGGAAGCTAGGGGA
Mage-a2 R ChIP CGCTCCAGAACAAAATGGCGCAGA
Major Sat F ChIP GACGACTTGAAAAATGACGAAATC
Major Sat R ChIP CATATTCCAGGTCCTTCAGTGTGC
MSCV LTR F ChIP TTCGGATGCAAACAGCAAGAGGC
MSCV LTR R ChIP AACCATCAGATGTTTCCAGGGTG
GFP F ChIP/copy number GGCGGATCTTGAAGTTCACC
GFP R ChIP/copy number ACTACAACAGCCACAACGTCTATATCA
β-Major F Copy number CTGCTCACACAGGATAGAGAGGG
β-Major R Copy number GCAAATGTGAGGAGCAACTGATC
MFG LTR F round 1 Bisulfite TAGGTTTGGTAAGTTAGTTTAAGTAAYGTT
MFG LTR R round 1 Bisulfite TAAAAAAATAATAACAATCTAACCCRAAC
MFG LTR F round 2 Bisulfite GATTTATTATTGGGAGGTAAGTTGGTTAGT
MFG LTR R round 2 Bisulfite TAAAAAAATAATAACAATCTAACCCRAAC
Gfp F round 1 Bisulfite ATTATTTTTTAGATTGTTATGGTGAGTAAGGG
Gfp R round 1 Bisulfite TAACTATTATAATTATACTCCAACTTATACC
Gfp F round 2 Bisulfite GAGGAGTTGTTTATYGGGGTGGTGTTT
Gfp R round 2 Bisulfite TAACTATTATAATTATACTCCAACTTATACC
MSCV LTR F round 1 Bisulfite TAGGTTTGGTAAGTTAGTTTAAGTAAYGTT
MSCV LTR R round 1 Bisulfite AATACAAAACTAATTAACTAACTAATACAA
MSCV LTR F round 2 Bisulfite TTGTAAGGTATGGAAAATATATAATTG
MSCV LTR R round 2 Bisulfite AATACAAAACTAATTAACTAACTAATACAA
Gfp F RT-PCR GGCGGATCTTGAAGTTCACC
Gfp R RT-PCR ACTACAACAGCCACAACGTCTATATCA
Mage-a2 F RT-PCR AAGGGAGGTCTCCATGCTGT
Mage-a2 R RT-PCR TCTCCCATCTCAGGCTTCTC
G9a CKO F RT-PCR ACCCCAACATCATCCCTGTCCGGG
G9a CKO R RT-PCR GTCCCAGAATCGGTCACCGTAGTC
Eset CKO F RT-PCR GCTGCTTGGATGATATTGCC
Eset CKO R RT-PCR CAGGCCTTCTTTGTCTGCAA
β-actin F RT-PCR TCATGAAGTGTGACGTTGACATCCGT
β-actin R RT-PCR CCTAGAAGCACTTGCGGTGCACGATGGAG
MLV LTR F Southern Probes CATGTGAAAGACCCCACCTGTAG
MLV LTR R Southern Probes AGTCGGATGCAACTGCAAGAGGG
IAP LTR F Southern Probes CAGAAGATTCTGGTCTGTGGTGTT
IAP LTR R Southern Probes GAATTCATACAGTTGAATCCTTCT
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