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G9a is a histonemethyltransferase responsible for the dimethylation of histone H3 at lysine 9 (H3K9me2). G9a plays
key roles in transcriptional silencing of developmentally regulated genes, but its role in X-chromosome inactivation
(XCI) has been under debate. Here, we uncover a female-specific function of G9a and demonstrate that deleting G9a
has a disproportionate impact on the X chromosome relative to the rest of the genome. G9a deficiency causes a
failure of XCI and female-specific hypersensitivity to drug inhibition of H3K9me2.We show thatG9a interacts with
Tsix and Xist RNAs, and that competitive inhibition of the G9a-RNA interaction recapitulates the XCI defect.
During XCI, Xist recruits G9a to silence X-linked genes on the future inactive X. In parallel on the future Xa, Tsix
recruits G9a to silence Xist in cis. Thus, RNA tethers G9a for allele-specific targeting of the H3K9me2modification
and the G9a-RNA interaction is essential for XCI.

[Keywords: G9a; H3K9me2; Tsix; X chromosome inactivation; Xist; epigenetics; noncoding RNA]

Supplemental material is available for this article.

Received February 12, 2020; revised version accepted May 27, 2021.

G9a is a widely expressed histone methyltransferase en-
zyme with a conserved SET domain (Tachibana et al.
2001) and functions as a heteromeric complex with G9a-
like protein (GLP). G9a and GLP possess the same sub-
strate specificity and function as themain histone 3 lysine
9 (H3K9) methyltransferases in vivo (Tachibana et al.
2002, 2005, 2008). While H3K9me3 is crucial for silencing
of pericentromeric heterochromatin and is regulated by
Suv39h1/2, the mono- and dimethylation induced by
G9a/GLP are mainly associated with transcriptional re-
pression of euchromatin (Tachibana et al. 2002; Peters
et al. 2003; Rice et al. 2003). G9a is critical for embryonic
development and multiple lineage commitments during
differentiation and is also responsible for various aspects
of tumorigenesis (Shinkai and Tachibana 2011; Shankar
et al. 2013). Loss of G9a in mice results in embryonic le-
thality (E9.5–E12.5) (Tachibana et al. 2002), and in vitro,
G9a-deficient embryonic stem (ES) cells exhibit severe dif-
ferentiation defects due to attenuated silencing of pluripo-
tency genes Oct-3/4 and Nanog (Feldman et al. 2006).
Although chromatin immunoprecipitation high-

throughput sequencing (ChIP-seq) studies show that G9a
deposits H3K9me2 mark at specific genomic locations,

the basis of G9a’s locus-specific recruitment is not yet un-
derstood. Multiple interacting proteins have been report-
ed to localize G9a to specific chromatin loci (Shinkai
and Tachibana 2011), and it was also suggested to be re-
cruited by long noncoding RNAs (ncRNAs) Kcnq1ot1
andAirn to theKcn1 and Igf2r loci, respectively, to silence
multiple genes in cis during the epigenetic process of ge-
nomic imprinting (Nagano et al. 2008; Pandey et al.
2008). However, the role of G9a as an RNA-binding pro-
tein and themechanisms underlying its epigenetic silenc-
ing have not been systematically addressed to date.
The role of ncRNAs has been intensively studied in

the epigenetic silencing process of X-chromosome in-
activation (XCI), a mechanism used by mammals to bal-
ance X-chromosome gene dosages between the two
sexes (Starmer and Magnuson 2009; Wutz 2011; Disteche
2012; Lee 2012; Dupont and Gribnau 2013; Schulz and
Heard 2013; Jégu et al. 2017). During early development,
female cells randomly choose oneX chromosome for inac-
tivation. XCI is controlled by an X-linked region called the
X-inactivation center (Xic) that is known for harboring
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multiple ncRNA genes, including Xist (Brockdorff et al.
1992; Brown et al. 1992) and Tsix (Lee and Lu 1999; Lee
et al. 1999). Before XCI, Xist is not expressed but becomes
up-regulated during XCI only from the inactive X (Xi),
where it initiates chromosome-wide silencing as it blan-
kets the Xi in cis (Clemson et al. 1996). Xist is negatively
regulated by an antisense transcript Tsix (Lee et al. 1999),
and disruption of Tsix results in impaired designation of
the active X (Xa) (Lee and Lu 1999), failure to repress
Xist, and consequent elevation of Xist expression (Lee
and Lu 1999; Sado et al. 2001, 2005;Morey et al. 2004; Shi-
bata and Lee 2004; Ohhata et al. 2008). The expression
and spread of Xist through the Xi involves recruitment
of silencing factors that establish and maintain the Xi
(Wutz 2011; Disteche 2012; Lee 2012; Jégu et al. 2017).
Two major repressive marks of Xi are H3K9 and histone
3 lysine 27 (H3K27) methylation (Heard et al. 2001;
Wang et al. 2001; Boggs et al. 2002; Mermoud et al.
2002; Peters et al. 2002; Plath et al. 2003; Silva et al.
2003; Kohlmaier et al. 2004).

While the mechanism of H3K27 methylation has been
studied extensively, much less is known about the role
of H3K9 methylation during XCI. The available literature
presents conflicting views. For instance, various studies
suggest that H3K9 methylation is reported to be an early
marker of XCI (Heard et al. 2001; Boggs et al. 2002; Mer-
moud et al. 2002; Peters et al. 2002). Another study has
also identified CDYL as an XCI-related protein and sug-
gests that CDYL binds to the Xi through the H3K27me3
and H3K9me2 mark, thereby implicating G9a and the as-
sociated H3K9me2 mark in XCI (Escamilla-Del-Arenal
et al. 2013). On the other hand, the exact role of G9a and
H3K9me2 remainsuncertain. Forone, someearlier studies
used H3K9me2 antibodies with variable specificity and
potential for cross-reactivity to other histone marks such
as H3K27me3 (Silva et al. 2003). Uncertainty was further
introduced by a report in which it was shown that Xist ex-
pression andmaintenance of XCI in G9a-deficient embry-
os were unaffected (Ohhata et al. 2004), even as a G9a
conditional knockout showed derepressed X-linked genes
in male cells (Yokochi et al. 2009). Thus, the question of
whether G9a affects XCI remains unsettled by the early
studies. Here, using epigenomic technologies, we further
explore the role of G9a during XCI and demonstrate that
G9a is an RNA-binding protein with a disproportionate
impact on the X chromosome in female cells.

Results

A female-specific differentiation defect inG9a−/− ES cells

Using CRISPR technology, we generated female G9a
knockout ES cells using TsixTST/+ (Ogawa and Lee 2003)
as a parental line. The resulting knockout (G9a−/−) cells
showed a complete loss of G9a expression in two indepen-
dent clones and decreased total H3K9me2 (Fig. 1A). We
confirmed the deletion of G9a by loss of G9a immunos-
taining (Fig. 1B; Supplemental Fig. S1A,B) and concurrent
loss of H3K9me2 immunostaining (Supplemental Fig.
S1C,D). However, there was some residual H3K9me2

(Fig. 1A), consistentwith the idea that otherH3K9methyl-
transferases could possibly compensate for the deletion of
G9a (Tachibana et al. 2005). When differentiated in vitro,
we observed a striking difference between G9a−/− versus
control G9a+/+ (in the TsixTST/+ background) cells (Fig.
1C). EveryG9a−/− clone tested showed a significant defect
in embryoid body (EB) outgrowth between days 4 and 10 of
differentiation (Fig. 1C; Supplemental Fig. S2). Consistent
with poor outgrowth, cell proliferation assays showed a
significant decrease in number of mutant versus normal
cells at each test time point (Fig. 1D). The proliferation
defect was also observed when comparing G9a−/− versus
G9a+/+ cells in a Tsix+/+ background (16.7, wild type
[WT]) (Fig. 1D). Interestingly, this early differentiation
defect was observed only in female but not in male
G9a−/− cells (Fig. 1C), which showed a similar level of
outgrowth in comparison with wild-type (J1) controls
(Tachibana et al. 2002). We conclude that there is a fe-
male-specific ES cell differentiation defect when G9a is
ablated.

G9a is required to regulate both Tsix and Xist

Before XCI, female ES cells possess two active Xs (Xa) but
can be induced to undergo XCI when differentiated in cul-
ture (Brown and Willard 1994; Beard et al. 1995). The fe-
male-specific defect observed in G9a−/− cells suggests a
potential problem with XCI. During differentiation of fe-
male ES cells, Xist RNA is up-regulated, and the tran-
scripts cluster into a “cloud” of Xi-associated particles
(Clemson et al. 1996; Sunwoo et al. 2015). Although
H3K9me2 was suggested previously to be enriched
on the Xi (Heard et al. 2001; Escamilla-Del-Arenal et al.
2013), here we could not detect enrichment of
either G9a or its H3K9me2mark by immunofluorescence
(Supplemental Fig. S1A,C). However, an absence of cyto-
logical enrichment would not exclude a role for G9a dur-
ing XCI.

Notably, Xist clouds appeared either smaller or less in-
tense in the G9a−/− cells (Fig. 1E; Supplemental Fig. S1B,
D). To investigate the dynamics of Xist cloud formation,
we performed Xist and Tsix RNA-FISH in G9a+/+ and
G9a−/− cells (Fig. 1E,F; Supplemental Fig. S1). In G9a+/+

cells, Tsix is initially expressed frombothX chromosomes
but becomes down-regulated on the future Xi while per-
sisting on the future Xa. In these G9a+/+ cells, we intro-
duced a heterozygous Tsix truncation mutation (TsixTST/+).
The nonfunctional truncated Tsix transcript on the Mus
musculus musculus (mus) X chromosome predestines
this allele to become the Xi during cell differentiation.
Thus, in theG9a+/+ cells, the X chromosome ofMusmus-
culus castaneus (cas) origin (with awild-typeTsix allele) is
invariably the Xa (Fig. 1E,F; Ogawa and Lee 2003). We per-
formed RNA-FISH using probes that could detect both
wild-type and truncated Tsix RNA (probe is proximal to
the truncation site). In G9a−/− cells, there was a measur-
able but small increase in the number of nuclei showing
persistent biallelic Tsix expression. There was also a
small but significant decrease in the number of nuclei
with proper Xist clouds (Fig. 1E,F). Interestingly, Tsix
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Figure 1. G9a deletion results in a female-specific differentiation defect. (A) Western blot shows the expression of G9a in controlG9a+/+

(TsixTST/+) cells and in two independentG9a−/− clones. H3K9me2 andOCT4 (control) are also shown. (B) G9a immunostaining combined
with Xist RNA-FISHwas performed in female d10G9a+/+ andG9a−/− differentiated cells. Representative fields are shown. (C ) Microscop-
ic images of representative embryoid bodies (EBs) after 4 d of differentiation in suspension and 2 d on gelatin. TsixTST/+ (G9a+/+) is the pa-
rental line, and #28 and #41 are two independent G9a−/− clones. As controls, wild-type male J1 ES cells and male G9a−/− ES cells were
used. Percentages of EBs (with sample size, n) showing the phenotype (either a normal outgrowth or no outgrowth) are indicated in red
text for each genotype. See Supplemental Figure S2 for additional examples at various differentiation days. (D) Cell proliferation assay.
The number of cells for each genotype was counted on the indicated day of ES differentiation. (∗) P <0.05, as determined by Student’s
t-test comparingG9a+/+ versusG9a−/− clones in either a WT (16.7) or TsixTST/+ background. n=3 biological replicates. (E) Representative
images of Tsix and Xist RNA-FISH inG9a−/− and parental controls. Schematic drawings of the FISH results shown next to each panel. (F )
Quantitation of results fromD. (∗) P <0.013, (∗∗) P<0.0004 based on χ2 test. (G) RT-qPCR of Xist levels in female control andG9a−/− cells
during differentiation. n =3–9. (∗) P <0.05. (H) Allele-specific RT-qPCR result of Xist level in undifferentiated (d0) and differentiated (d10)
female ES cells. The left panel is zoomed into the right one to show d0. n =3. (∗) P<0.05, (∗∗) P <0.01. (I ) RT-qPCR of Tsix levels in female
control and G9a−/− cells during differentiation. n=3–9. (∗) P <0.05.
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could often be detected together within a large Xist
domain, suggesting a failure of Tsix silencing. Together
with the female-specific differentiation defect, these data
provided the first hint of a problem with XCI.

We also examined Xist dynamics by reverse transcrip-
tion and quantitative polymerase chain reaction (RT-
qPCR). Oddly, there was an increase in Xist expression
overall (Fig. 1G,H), despite a decrease in the number of
Xist clouds (Fig. 1E,F). This observation suggests an im-
proper localization of Xist RNA to the Xi in the absence
of G9a. Such localization defects have been observed in
other contexts where Xist is highly expressed but cannot
bind normally to the Xi (Sarma et al. 2010; Jeon and Lee
2011; Sunwoo et al. 2017; Colognori et al. 2019). Similarly,
Tsix expression remained higher during differentiation in
the G9a-deficient cells (Fig. 1I). Taking advantage of
the single-nucleotide polymorphisms between the mus
and cas chromosomes, we performed allele-specific RT-
qPCR to quantitate the differences. With allele-specific
primers, we found that Xist expression was elevated
from both X chromosomes in pre-XCI mutant cells (Fig.
1H, left). During differentiation, the Xist up-regulation oc-
curred predominantly from the mus X chromosome—the
future Xi (Fig. 1H, right). Significantly, however, Xist was
also detected from future Xa in mutant cells. These re-
sults suggest that Xist expression is under the control of
G9a in both pre-XCI cells and cells undergoing XCI. Col-
lectively, these findings uncover a dysregulation of Tsix
and Xist in cells deficient for G9a.

Loss of G9a causes aberrant Xi silencing

Given the Tsix/Xist dysregulation, we next performed
transcriptomic analysis to examine changes in genome-
wide versus X-linked gene expression in G9a-deficient
cells. On a genome-wide basis, some genes increased in
expression and others decreased, as expected when epige-
netic factors are ablated (Fig. 2A,B; Supplemental Table
S1). Specifically, in undifferentiated cells, G9a deletion re-
sulted in up-regulation of 665 and down-regulation of 539
genes. In differentiated cells, 762 genes were up-regulated,
and 992 genes were down-regulated. Pathway analysis
suggested that, in undifferentiated ES cells, G9a deletion
affected the expression of genes involved primarily in
morphogenesis, neuronal development, cell signaling,
and cell death (Fig. 2A, left). In differentiated ES cells,
enriched pathways included organ development and
tissue morphogenesis (Fig. 2A, right). These data
position G9a as an important regulator of embryonic
development.

Interestingly, among genome-wide changes in differen-
tiated cells, the X chromosome stood out.When analyzing
bulk X-linked gene expression (Xa +Xi combined), there
were twice as many aberrantly up-regulated X-linked
genes than the autosome-wide average, and the number
of down-regulated X-linked genes was two to three times
lower than the autosomal average (Fig. 2B,C). Among 1478
annotated X-linked genes in the mm9 annotation of the
mouse genome, only 404 were expressed in ES cells (Fig.
2D). Of these, 67 showed significantly increased expres-

sion, while only 19 showed a decrease. On the other
hand, there was not a major difference for chr13. The dif-
ference in the number of DEGs between chrX and chr13
was significant (χ2 test, P= 0.0062). The difference in cu-
mulative distribution profiles between bulk chrX and
chr13 genes was also significant (Fig. 2E). These bulk anal-
yses indicate that X-linked genes were up-regulated rela-
tive to autosomal genes, but they do not provide
information about which allele was up-regulated. Analyz-
ing genes in bulk also does not yield the sensitivity or spe-
cificity that allelic analyses generally provide.

To determine whether the Xa or Xi was affected, we
analyzed the data allele-specifically using three biologi-
cal replicates each of G9a+/+ and G9a−/− clones. We cal-
culated the degree of allelic skewing (AS) using the ratio
(cas−mus)/(cas +mus), where a value of +1 indicated ab-
solute skewing of expression in favor of the cas allele,
while −1 indicated absolute skewing to the mus allele,
and zero represented equal expression from the two al-
leles. Among 1478 X-linked genes, 392 have allelic infor-
mation. Among the 392 genes, 203 genes were expressed
(RPKM>0.5). Of expressed X-linked genes, 117 showed
cas (Xa) bias (P< 0.05) in G9a+/+ cells on d10. In G9a−/−

cells, cas (Xa) skewing was seen in only 66 genes. This
difference (117 vs. 66) is highly significant (P= 0.0088,
χ2 test). Thus, 43.5% of expressed cas-biased genes (51/
117) showed reactivation in the absence of G9a.

Cumulative distribution plots (CDPs) showed a signif-
icant right shift (more genes with higher expression)
when comparing differentially expressed genes upon
G9a deletion on chrX versus chr13 (Fig. 2E). When allelic
skew of all genes with cas-biased expression in the
control were compared, a significant shift down in the
G9a−/− cells indicated insufficient silencing of the Xi
(Fig. 2F). Heat map analysis showed that most of the genes
were expressed biallelically (no significance difference
upon G9a deletion) in G9a+/+ cells on chrX and 13 on
d0, prior to XCI, as expected (Fig. 2G). Similarly, scatter
plot analysis of individual genes demonstrated a cluster-
ing at AS=0 (Supplemental Fig. S3). In contrast, establish-
ment of XCI in d10 G9a+/+ ES cells resulted in skewing of
alleles to favor cas expression, occurring only on chrX and
not chr13 (Fig. 2G; Supplemental Fig. S3). When G9a was
ablated, the red shift was significantly less robust for chrX
(P<0.001) (Fig. 2G, bottom bar graphs), and scatter plot
analysis showed a clear deviation from AS=0 (Supple-
mental Fig. S3). These general trends were also evident
in allele-specific CDPs of allelic ratios (Fig. 2H). Finally,
allele-specific RNA-seq coverage tracks of three X-linked
genes, Pim2, Idh3g, and Dkc1, exemplified the loss of
Xi gene silencing in the absence of G9a (Fig. 2I).

Thus, we conclude that ∼40% of X-linked genes do not
undergo proper XCI in the absence of G9a. The overall
number of affected genes is similar to those observed for
mutants of other XCI-related factors, including SMCHD1
or Polycomb complexes, and mutants of specific Xist do-
mains affecting interactions with key protein partners
such as BRG1 (Blewitt et al. 2008; Gendrel et al. 2012;
Wang et al. 2018; Colognori et al. 2019; Jégu et al. 2019;
Nesterova et al. 2019).
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Figure 2. Up-regulation of X-linked gene expression following G9a ablation. (A) Pathway analysis to present significantly enriched bio-
logical processes upon G9a deletion (P <0.05, FDR<0.05). (B) Percentage of genes on each chromosome being up-regulated (top) or down-
regulated (bottom) in d10G9a−/− compared with control cells. Line indicates autosomal median (3.09 for down-regulated and 2.16 for up-
regulated genes). (C ) Scatter plot shows the distribution of genes on chrX (top) or chr13 (bottom), whose expression was significantly
changed (P<0.05, min 1.5×) in d10 ES cells between control andG9a−/− cells. Log fold change is plotted against relative expression level
(logCPM). (CPM)Counts permillion reads. (D) Diagram shows the number of genes expressed in day 0 and day 10, number of differentially
expressed genes (DEGs; P <0.05, min. 1.5×), and number of analyzed genes on chrX and 13 (top); number of annotated genes on chrX and
chr13, number of expressed genes in differentiated cells, and DEGs (middle; this difference in the number of DEGs between chrX and
chr13 is significant; χ2 test, P =0.00662); and number of genes on chrX with allelic information, genes with cas-biased expression in dif-
ferentiated cells, and number of G9a-sensitive genes in terms of allelic skew (bottom). P-value is based on χ2 test. (E) Cumulative density
plot shows the difference between chr13- and chrX-linked genes (bulk inclusive of bothmus and cas alleles) being induced inG9a−/− cells.
P-value was calculated using Mann–Whitney test. (F ) Allelic skew values for all (348) cas-biased genes on chrX are plotted and sorted by
value. P= 0.039 based onWilcoxon test. (G, top) Heatmap presents the allelic skew (cas−mus)/(cas +mus) of gene expression on chrX and
chr13 in d0 and d10G9a+/+ andG9a−/− cells. (Bottom) Box plots of the above allelic skewwith the indicated P-values based on a Student’s
t-test. (∗∗∗) P≪0.001. (H) Cumulative density plots of cas/mus allelic ratios between G9a+/+ and G9a−/− cells indicate d0 and d10 differ-
ences on chrX and chr13. P-values were calculated using Mann–Whitney test. (I ) IGV tracks show allele-specific RNA-seq coverage of
representative X-linked genes in differentiated G9a+/+ and G9a−/− cells.
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Disproportionate impact of G9a deficiency on the X
chromosome relative to autosomes

Because G9a is responsible for the H3K9me2 mark, we
performed ChIP-seq to determine how the mark was af-
fected by G9a loss. Analysis of two biological replicates
showed good correlation (Supplemental Fig. S4). In accor-
dance with Western blot results (Fig. 1A), ChIP-seq re-

vealed a global decrease, but not complete loss, of
genomicH3K9me2 in day 0G9a−/− cells (Fig. 3A). Howev-
er, ChIP-seq analysis also unveiled several findings that
were not evident in the bulk H3K9me2 quantitation.
First, the deficiency of H3K9me2 was more prominent
in day 0 cells as compared with day 10 cells, although a
deficit (albeit smaller) persisted on day 10 (Fig. 3A; Supple-
mental Fig. S5A). Second, H3K9me2 characteristically

E F

B

A

C D

Figure 3. Genome-wide impact of G9a deficiency onH3K9me2 andH3K9Ac in day 0 female ES cells. (A) IGV tracks illustrate H3K9me2
and H3K9Ac coverages across a 4500-kb region of chrX (left) and chr13 (right) in undifferentiated (day 0) G9a+/+ and G9a−/− cells. (B)
H3K9Ac (top) andH3K9me2 (bottom) ChIP-seqmetagene profiles and heatmaps of normalized coverages relative to their expression level
on chrX (left) and chr13 (right). Four RPKM quartiles are analyzed along with a category of genes with no expression (Non-exp). (C,D) Vi-
olin plots for log2H3K9Ac (C ) andH3K9me2 (D) coverages over promoters (TSS±1 kb) for d0G9a−/− versusG9a+/+ cells showa significant
increasewhenG9a is depleted.P <2×10−202 or P<7.5 × 10−48, respectively,Mann–Whitney test. (E) Cumulative frequency plot of log2 fold
change inG9a−/− versusG9a+/+ cells on day 0. Note the right shift, with 71% of genes showing increased H3K9Ac (cumulative fraction=
0.29). (F ) Log2 input-normalized coverages for H3K9Ac (left) and H3K9me2 (right) in G9a−/− versus G9a+/+ cells on day 0.
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marked broad regions rather than defined peaks, as shown
by metagene plots (Fig 3B; Supplemental Fig. S5B). The
partial recovery of H3K9me2 in day 10 cells support the
notion of a compensatory H3K9me2 mechanism and sug-
gests a selective pressure in differentiating cells to use al-
ternative H3K9me2 silencing mechanisms to survive.
Nevertheless, H3K9me2 was not fully restored during dif-
ferentiation, and a disparity persisted in day 10 cells on
both X chromosomes and autosomes.
We then performed ChIP-seq analysis of H3K9 acetyla-

tion (H3K9Ac), an active mark with an opposing and mu-
tually exclusive relationship to H3K9me2 at the
promoters (Tachibana et al. 2002; Peters et al. 2003; Rice
et al. 2003). Analysis of two biological replicates showed
good correlation (Supplemental Fig. S4). At a global level,
the H3K9Ac pattern shows two types of differences in the
G9a−/− cells versus theG9a+/+ parental control: Pre-exist-
ing acetylation peaks increased, and new peaks appeared
where there previously were none (Fig. 3A, bottom panels;
Supplemental Fig S5A). We performed a metagene analy-
sis for genes grouped by their expression levels (RPKM)
in four separate quartiles (Fig. 3B; Supplemental Fig.
S5B). In G9a+/+cells, as expected, H3K9me2 was enriched
over genes in the lowest quartile (<1 RPKM) for both chr13
and chrX. This quartilewas themost sensitive toG9a loss,
as evidenced by the increased H3K9Ac enrichment, but
even genes in other expressed quartiles and nonexpressed
genes showed an increase (Fig. 3B; Supplemental Fig. S5B).
Metagene profiles indicated an overall dip in H3K9me2 at
the promoters where H3K9Ac peaks were seen (Fig 3B;
Supplemental Fig. S5B). This anticorrelationwas especial-
ly evident in the top two quartiles and held true in both
day 0 and 10 cells. Overall, G9a-deficient cells showed a
significant decrease of H3K9me2 across gene bodies and
a concurrent increase in H3K9Ac peaks over promoters,
irrespective of quartiles (Fig. 3C,D; Supplemental Fig.
S5C,D). Consistent with this, CDP analysis showed an
overall right shift in log2FC (0.29 on day 0; 0.54 on day
10) for H3K9Ac (Fig. 3E; Supplemental Fig. S5EF), and
scatter plot analysis showed an upward deviation from
the diagonal (Fig. 3F). Together, these data demonstrate
an inverse correlation between H3K9me2 and H3K9Ac
for both Xs and autosomes.
To distinguish Xa fromXi cells undergoing XCI, we per-

formed an allele-specific analysis in day 10 cells. The
mm9 assembly lists 1478 X-linked genes in the mouse ge-
nome, of which 972 genes provided a minimum of five al-
lele-specific reads for H3K9me2. A total of 446 genes
showed Xi bias in G9a+/+ cells, as expected {allelic
skewing defined as the difference in the allelic coverage
[AS = (cas−mus)/(cas +mus)], with +1 indicating absolute
skewing in favor of Xa, −1 indicating absolute skewing to
Xi, and zero representing allelic equality}. On the other
hand, 271 showed H3K9Ac favoring Xa, as expected.
To assess impact when G9a was ablated, we performed

allelic analysis in two biological replicates for both
H3K9me2 and H3K9Ac ChIP-seq and examined changes
in cumulative distribution plots (CDPs). Xi showed a sig-
nificant upward shift in H3K9me2 skewing in G9a−/−

cells, indicating that there was a greater impact on the

mus (Xi) alleles than on cas (Xa) (Fig. 4A). On the other
hand, there was a significant downward shift for
H3K9Ac in G9a−/− cells, indicating that acetylation in-
creased disproportionately on mus (Xi) relative to cas
(Xa) (Fig. 4B). The opposing trends for H3K9me2 and
H3K9Ac are consistent with the twomarks beingmutual-
ly exclusive. Overall, the disproportionate effects on Xi
relative to Xa argue that the Xi is more affected by G9a
loss than the Xa or any other chromosome.
The disproportionate effects were in fact even more

pronounced when we considered only those genes that
are significantly differentially marked by G9a. In wild-
type cells, 67 X-linked genes qualified as mus-biased
with a cumulative binomial distribution probability of
P< 0.05. Among these, only 15 genes maintained such
bias when G9a was ablated. Thus, 78% of these asym-
metrically marked genes lost H3K9me2. Using the
same criteria, 265 genes showed significant cas bias for
H3K9Ac in wild-type cells. Among them, only 108 genes
remained biased after G9a deletion. Biological replicates
showed similar results: From 61 H3K9me2 mus-biased
genes in the wild type, only 11 remained biased in
G9a−/−; from 186 H3K9Ac cas-biased genes, only 88 re-
mained in the G9a−/− (Fig. 4C,D). These data demon-
strate again that G9a has a disproportionate impact on
Xi relative to Xa.
Metagene analysis revealed a similar trend. Analysis of

overall coverage profiles showed that the difference oc-
curred across gene bodies for H3K9me2, whereas it oc-
curred predominantly at promoters for H3K9Ac (Fig. 4E,
top and middle). Notably, both Xa and Xi were affected
by G9a depletion, but CDP analysis showed that a signifi-
cantly greater effect was observed for the Xi (Fig. 4E, bot-
tom). Overall, 244 genes had >1.5-fold decreased
H3K9me2 on the Xi in G9a−/− cells, whereas only 141
showed higher H3K9me2 and the others remained un-
changed (Supplemental Table S2). Out of 244 genes with
decreased H3K9me2, nearly all (230/244) showed higher
acetylation on Xi in G9a−/− cells (Supplemental Table
S2). For acetylation overall, 463 genes showed >1.5×-fold
increased acetylation on Xi in G9a−/− cells, whereas
only 155 genes showed lower acetylation (Supplemental
Table S2). These changes corresponded to a significant in-
crease in gene expression from the Xi (mus) relative to Xa
(cas) in G9a-deficient cells on day 10 (Fig. 4F).
Thus, G9a deletion inversely changes the balance of

methylation and acetylation on Xi and, in doing so, per-
turbs gene repression on the Xi. This was also the case
at the X-inactivation center. The Tsix promoter was acet-
ylated biallelically, whereas Xist lacked acetylation and
hadH3K9me2 (Fig. 4G). InG9a−/− cells, however, acetyla-
tion increased at the Xist promoter on both alleles. Most
importantly, this increased acetylation occurred also on
the Xa at theXist promoter on day 10 (Fig. 4G), suggesting
failure of Xist silencing on the Xa. ChIP-qPCR performed
on additional replicates corroborated the findings (Supple-
mental Fig. S5G,H), with Magea2 serving as a positive
control (Tachibana et al. 2002). Collectively, our data
demonstrate an impact of G9a loss on XCI and reveal
Tsix and Xist as targets of G9a-dependent methylation.
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Figure 4. Allele-specific changes in H3K9me2 andH3K9Ac uponG9a deletion on chrX. (A,B) Impaired allelic skew in d10G9a−/− versus
G9a+/+ cells based on Xi (mus)-skewed H3K9me2 (A) or Xa (cas)-skewed H3K9Ac (B) in control cells. Genes were selected based on differ-
ence inAS values.P-values are based onWilcoxon test. Twobiological replicates (1,2) are shown. (C,D) Impaired allelic skew in d10G9a−/−

versusG9a+/+ cells basedon significant allelically skewedH3K9me2 (C ) orH3K9Ac (D).Geneswereselectedbasedoncumulativebinomial
distribution probability (P<0.05) calculated from allelic coverage and on allelic bias. P-values are based onWilcoxon test. Two biological
replicates are shown. (E) H3K9me2 (left) and H3K9Ac (right) coverage profiles over Xa and Xi genes inG9a+/+ (blue) andG9a−/− (red) cells.
Metagenes (top), normalized coverage tracks for individual X-linked genes (middle), and CDPs for H3K9me2 gene body coverage and
H3K9Ac promoter coverage (bottom) are shown. Two biological replicates (1 and 2) shown for each. (F ) A significant increase in gene ex-
pression fromtheXi (mus) relative toXa (cas) inG9a-deficient cells is shownby a drop inRNAallelic skew. Included in analysiswere genes
with amore than twofold increase inH3K9Ac on theXi afterG9a depletion, and lociwith a >1.5-fold decrease inH3K9me2 on theXi allele.
P= 0.0011 by the Mann–Whitney test. (G) IGV tracks of normalized composite coverages (comp or all reads) or allele-specific coverages
(mus or cas) for H3K9Ac over the Tsix/Xist locus. G9a+/+ versusG9a−/− cells are shown for undifferentiated (d0) and differentiated (d10)
states. Boxes highlight differences in the promoter regions after G9a deletion.
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G9a binds Xist and Tsix RNAs

G9a has been shown to interact with Kcnq1ot1 and Airn,
two transcripts within imprinted gene clusters (Nagano
et al. 2008; Pandey et al. 2008). Given G9’s effect on XCI,
we asked whether G9a could bind XCI regulators as well.
We performed cross-linked RNA immunoprecipitation
(UV-RIP) using aG9a-specific antibodyor IgGas a negative
control (Fig. 5A). Indeed, in parent control cells, both Xist
and Tsix RNAs were enriched in the G9a pull-downs.
Kcnq1ot1 was also enriched in our hands. In contrast, nei-
ther cyclophilin A RNA nor U1 showed enrichment. The
enrichment of Xist, Tsix, and Kcnq1ot1 was abolished in
G9a−/− cells, demonstrating a specificity of the binding.
These data indicate that G9a interacts with Xist and
Tsix RNAs.
Next, we expressed and purified G9a protein from bacu-

lovirus-infected Sf9 cells (Fig. 5B). In vitro histonemethyl-
transferase assays demonstrated that the purified protein
was catalytically active (Fig. 5C, PRC2-positive control).
In vitro RNA pull down assays using purified G9a and pu-
rified total ES cellular RNA revealed some degree of en-
richment for Xist and Kcnq1ot1, but not negative
control U1 RNA, among this complex pool of cellular
RNAs (Fig. 5E). RNAs transcribed from two G9a target
loci, Kis2 and Rian, also showed modest enrichment.
However, Tsix RNA did not in this assay.
To map preferred binding domains within each tran-

script, we in vitro transcribed various RNA fragments
and performed RNA-binding assays (Fig. 5D,F). Xist frag-
ments containing repeats A and C (pXE1 and pXE9)
showed significant enrichment. Similarly, Tsix also pref-
erentially bound G9a within the repeats A and C regions
(RepA and RepC). To validate these interactions, we car-
ried out RNA electrophoretic mobility shift assays
(EMSAs) using purified protein and RNA fragments. In
multiple independent experiments, Tsix RepA and RepC
fragments showed a shift with G9a protein, but not with
green fluorescent protein (GFP) or glutathione S-transfer-
ase (GST) negative control proteins (Fig. 5G,H; Supple-
mental Fig. S6). Xist RepA also showed a shift with G9a,
but not with GFP or GST (Fig. 5G,H; Supplemental Fig.
S6). In contrast, G9a could not shift negative control β-ac-
tin (ActB) ormaltose-binding protein (MBP) RNA (Fig. 5G,
H; Supplemental Fig. S6). Dose-response densitometry re-
vealed a quantitative difference between G9a versus GFP
binding, as the fraction bound to G9a was 10 times higher
relative to GFP (Fig. 5I). These findings suggest that G9a
interacts with Xist and Tsix through two repeat motifs,
RepA and RepC. However, we note that the degree of in-
teraction was overall variable and modest, indicating
that the interactions may be transient in nature or that
other factors might be required for stable interactions in-
side cells. Because RepA has also been shown to interact
with PRC2 (Zhao et al. 2008; Cifuentes-Rojas et al.
2014; Davidovich et al. 2015) and G9a likewise also inter-
acts with PRC2 (Mozzetta et al. 2014; Maier et al. 2015),
there could be an interplay between G9a and PRC2 at
RepA. Increasing G9a levels actually reduced the RepA
shift by PRC2 (Fig. 5J, top), whereas addition of the GFP

negative control protein had no effect (Fig. 5J, bottom).
The neutralization of the PRC2–RepA shift could be ow-
ing to an antagonismbetween the two proteins or, alterna-
tively, to formation of a larger multifactor complex that is
too large to migrate into the gel.
To look for functional interaction between G9a and

XCI, we reasoned that if H3K9 dimethylation on the Xi
was driven by Xist RNA’s recruitment of G9a, we would
expect localization of Xist and the H3K9me2 mark on a
chromosome-wide scale. Indeed, analysis of Xist CHART
data (Simon et al. 2013) and our H3K9me2 ChIP-seq data
demonstratedwell-correlated Xist andH3K9me2 coverag-
es across the Xi (Pearson’s r= 0.6396) in differentiating fe-
male ES cells (Fig. 5H). This correlation was on par with
Xist’s correlation with EZH2 (r= 0.5727), consistent
with the idea that PRC2 and G9a complex with each oth-
er. Interestingly, however, Xist’s correlation with PRC2’s
mark H3K27me3 was considerably higher on the Xi (r=
0.9677). This difference between H3K27me3 and
H3K9me2 likely reflects the overall higher coverage of
H3K27me3 across the Xi relative to H3K9me2. We con-
clude that G9a can physically interact with Xist and
Tsix RNAs, although the interaction may be transient
or weak in an in vitro setting.

Disrupting G9a–RNA interaction recapitulates
the G9a−/− phenotype

In addition to PRC2 and G9a (as shown here), repeat A has
been shown to interact with other protein factors as well,
including the RNA helicase ATRX (Sarma et al. 2014), the
megadalton protein SPEN (Chu et al. 2015; McHugh et al.
2015; Minajigi et al. 2015), and RNAmethylation protein
RBM15 (Patil et al. 2016; Nesterova et al. 2019). Repeat A
may thus serve as a hub for a large number of XCI factors,
including G9a. We would therefore predict that blocking
the interaction of repeat A with essential proteins such
as G9a would have significant physiological effects on
XCI. We wished to test this idea in a way that would cir-
cumvent issues associated with transient transfection
during a multiday course of cell differentiation. We there-
fore developed an in vivo knockoff system to perturb the
RNA–protein interactions through competitive inhibi-
tion. In this system, we stably overexpressed RepA or
RepC under a doxycycline (dox)-inducible promoter to
outcompete interactions with the endogenous the endog-
enous Xist RNA domains.
Dox induction was robust in every case (Fig. 6A,B). In

multiple biological replicates, ChIP-qPCR showed that
overexpressing the competing RNA fragments led to sig-
nificantly decreased H3K9me2 at the Tsix promoter and
5′ end of Xist (Fig. 6C,D; Supplemental Fig. S7), whereas
the Magea2 control did not exhibit any change in
H3K9me2 (Fig. 6E; Supplemental Fig. S7C). Finally, over-
expression of the competing RNA fragments phenocopied
the growth and differentiation defect of the G9a-deficient
female ES cells (Fig. 1B vs. 6F). RNA-FISH revealed
concurrent defects in XCI, as evidenced by retention of
biallelic Tsix expression and failure of Xist up-regulation
(Fig. 6G). Taken together, our findings argue that
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Figure 5. G9a specifically interacts with Xist and Tsix RNAs. (A) UV-RIP was performed in control and G9a−/− cells using IgG or G9a
antibodies. RNAs pulled down were analyzed by RT-qPCR, and the relative levels are shown. (B) Coomassie staining of acrylamide gel
shows purified FLAG-G9a from Sf9 cells. (C ) Autoradiogram of histone methyltransferase assay performed on control PRC2 of purified
G9a proteins and negative control. Coomassie staining is shown as loading control. (D) Schematic representation of Xist/Tsix to show
the RNA fragments used for in vitro binding experiments. (E) In vitro RNA pull-down was performed using purified GFP or G9a proteins
and total RNA from d0 and d10 ES cells. RT-qPCRwas used to quantitate enriched RNAs. (F ) In vitro RNA binding was performed using
the indicated in vitro transcribed RNA fragments (20 pmol) and purifiedGFP or G9a. RNAswere quantitated using RT-qPCR, and the fold
enrichments over the GFP are shown. (G) Autoradiogram of RNA EMSA experiments. Xist or Tsix repeat A or repeat C, or ActB probes
were used to bind increasing concentrations (100, 200, 520, 1040, and 2080 nM) of purifiedG9a orGFP. Bound (∗) and unboundRNAprobes
are as marked. (H) Autoradiogram of RNA EMSA experiments. Xist or Tsix repeat A, repeat C, or negative control MBPActB probes were
used to bind increasing concentrations of purified G9a, GST, or GFP. Bound and unbound RNA probes are as marked. (I) Densitometric
analysis of protein–RNA binding in EMSA experiments. Titration of G9a or GFP against 20 pmol of RepA probe for the experiments inG.
(J) Autoradiogram of three-component EMSA experiments. (Top) PRC2–RepA interaction was tested against increasing concentrations
(50, 100, 250, and 500 nM) of G9a protein. PRC2, 10 or 20 nM as indicated. RepA at 10 pM. (Bottom) PRC2–RepA interaction was tested
against increasing concentrations of GFP at 1, 2, 4, 10, 20, 40, and 100 nM. (K ) Distribution of Xist RNA coverage (CHART in blue) over
chrX correlates with G9a-specific H3K9me2-ed genes (red) in day 10 female ES cells.
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disrupting RepA and RepC interactions recapitulates the
XCI defects and failed cell differentiation in G9a-ablated
female cells. Although the data are also consistent with

an inhibition of other interacting proteins (PRC2,
SPEN, RBM15), these other proteins are not known to
be H3K9 dimethylases. Thus, the disruption of H3K9
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Figure 6. Competitive inhibition of G9a–RNA interactions perturbs XCI in female cells. (A,B) Expression of indicated RNA fragments
was assessed by RT-qPCR after 24 h of induction with 1 mg/mL doxycycline or vehicle (PBS; n=3). (∗) P <0.05. (C–E) Cells were differen-
tiated in the absence or presence of 1mg/mLdoxycycline for 6 d, andChIPwas performed. Enrichmentwas quantitatedwithQ-PCR at the
indicated regions (n =3). (∗) P <0.05. (F ) Microscopic images of embryoid bodies after 6 d of differentiation and doxycycline treatment. (G)
RNA-FISH for Tsix and Xist was performed in the vehicle or doxyxcycline-treated cells after 6 d of differentiation. DAPI was used for nu-
clear staining.
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dimethylation argues that G9a is competitively inhibited
and plays a crucial histone-modifying function for XCI
through RepA and RepC.

Pharmacological inhibition of H3K9 dimethylation
recapitulates the XCI defect

To further test the idea that the histonemethyltransferase
activity ofG9a is critical for spreading of Xi gene silencing,
we turned to pharmacological inhibitors of G9a’s methyl-
transferase activity. The small molecule inhibitors
UNC0638 (UNC) (Guler et al. 2017) and BIX01294 (BIX)
(Kubicek et al. 2007) have been shown to have selective in-
hibition of H3K9 dimethylation. In ES cells, we found that
both inhibitors decreased global H3K9me2 (Fig. 7A).
UNC’s effectwas especially strong, demonstrating a stron-
ger depletion than the G9a knockout. UNC treatment
even resulted in H3K9me2 depletion in a G9a−/− back-
ground. These observations are consistent with the pre-
sumption that other H3K9 methyltransferases, such as
GLP (Vedadi et al. 2011), could compensate for G9a’s
absence.

We then determined the effect of UNC and BIX treat-
ment on XCI. In control male ES cells, neither drug had
an obvious effect on cell differentiation and outgrowth
of EBs (Fig. 7B; Supplemental Fig. S8A). On the other
hand, the drugs severely affected the outgrowth of female
ES cells (Fig. 7B; Supplemental Fig. S8A). The effect was
even more dramatic whenG9a−/− female cells were treat-
ed with the H3K9me2 inhibitors, with cells not only fail-
ing to outgrowbut actively dying during differentiation. In
contrast,G9a−/−male cells continued to growand resisted
cell death (Fig. 7B; Supplemental Fig. S8A). Altogether,
H3K9me2 inhibitors phenocopied the effect of G9a dele-
tion, with an even stronger phenotype when drug treat-
ment occurred in a G9a−/− background. RNA-FISH
showed blunted Xist clusters in UNC-treated control fe-
male cells, phenocopying the G9a deficiency (Fig. 7C,D).
Interestingly, however, the dearth of full Xist clouds was
not owing to failure of Xist expression, as the steady-state
RNA levels appeared unchanged in UNC-treated female
cells undergoing differentiation (Fig. 7E). This was also
the case in G9a−/− female cells (Fig. 7E). Thus, the failure
of G9a recruitment to the Xi is not due to inability to ex-
press Xist in either drug-treated or G9a-deficient cells.
UNC and BIX yielded similar results (Fig. 7D; Supplemen-
tal Fig. S8B–E), but the H3K9me3 inhibitor, chaetocin,
did not cause this female-specific effect (Supplemental
Fig. S8B,C). These data demonstrate the specificity for
H3K9me2 and G9a’s physiological relevance for XCI.
The female-specific hypersensitivity and the nearly com-
plete loss of surviving cells provide evidence for the essen-
tial nature of Xist-mediated recruitment of G9a and G9a-
mediated H3K9me2 during the establishment of XCI.

Discussion

To elucidate the role of G9a and H3K9me2 during XCI,
here we have created G9a−/− female ES cells and system-

atically investigated the contribution of the H3K9me2
mark during XCI. We found that female cells are hyper-
sensitive to G9a loss, and pharmacologically blocking
the H3K9 dimethylation causes a severe growth defect.
Ablating G9a disproportionately affects X-linked genes
and results in a failure of Xist-mediated gene silencing.
We also found that G9a makes contact with noncoding
RNAs, as is now observed to be the case for many epige-
netic modifiers (Lee 2012; Melé and Rinn 2016). During
XCI, Xist recruits G9a to silence X-linked genes on the fu-
ture Xi, whereas Tsix recruits G9a to silence Xist on the
future Xa. RNA-mediated recruitment is likely to require
additional factors inside cells in order to stabilize the in-
teraction, given that G9a by itself only has a modest affin-
ity for Xist and Tsix RNA in vitro (Fig. 5). Perturbing the
RNA–G9a interaction recapitulates the XCI defect. We
therefore conclude that G9a plays a critical role during
XCI and that RNA tethers G9a for allele-specific targeting
of the H3K9me2 modification.

In the absence ofG9a,∼40%of geneswith Xa-biased ex-
pression demonstrate improper silencing (51 out of 117 Xi
genes; Fig. 2D). This percentage is on par with the partial
loss of XCI resulting from mutations in other crucial XCI
factors. For example, ablation of SMCHD1, a key regula-
tor of the 3D Xi structure, led to defects in Xist spreading
and heterochromatin formation. RNA-seq identified 73
SMCHD1-sensitive genes—a failure to silence 40% of ex-
pressed X-linked genes (Wang et al. 2018). Similarly, a
deletion ofXist’s repeat B compromised Polycomb recruit-
ment, Xist spreading, and silencing of ∼35% of expressed
X-linked genes (Colognori et al. 2019).When Pcgf3 (PRC1)
was also deleted, only 99 genes lost silencing on the Xi
(Almeida et al. 2017). These findings underscore the fact
that the Xi has multiple parallel mechanisms of silencing
and that, apart from Xist, mutating any other single gene
has ever been shown to fully compromise XCI. Our cur-
rent study elucidates G9a as one of the crucial pathways
converging on full Xi silencing.

Our current findings can be placed in the context of the
existing models (Fig. 7F). Prior to XCI, Tsix RNA is ex-
pressed biallelically, and this expression inhibits Xist in-
duction and the initiation of XCI (Lee et al. 1999). An
allelic choice mechanism then selects one Xa and one
Xi in a mutually exclusive manner. On the future Xa,
Tsix persists at high levels and continues to block Xist in-
duction (Lee and Lu 1999; Ohhata et al. 2008). Our present
work indicates that Tsix RNA recruits G9a to dimethy-
late H3K9 at the 5′ end of Xist, contributing to the lock-
down of Xist silencing on the future Xa. On the future
Xi, Tsix expression is lost, enabling the full up-regulation
of Xist RNA (Lee and Lu 1999; Luikenhuis et al. 2001;
Stavropoulos et al. 2001; Ohhata et al. 2008). Xist RNA
then binds YY1 within an essential nucleation site in cis
prior to spreading along the X chromosome (Jeon and
Lee 2011). As Xist spreads, it both recruits silencers to
and repels activators from the X chromosome (Zhao
et al. 2008; Chu et al. 2015; McHugh et al. 2015; Minajigi
et al. 2015; Moindrot et al. 2015; Monfort et al. 2015; Jégu
et al. 2019). Our current study suggests that Xist comes
into physical contact with and recruits G9a, resulting in

Szanto et al.

1046 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.337592.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.337592.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.337592.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.337592.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.337592.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.337592.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.337592.120/-/DC1


an enrichment of H3K9me2 over gene bodies on the Xi.
Given that G9a and PRC2 have been shown to physically
interact (Maier et al. 2015; Mozzetta et al. 2015), we pro-
pose that G9a and PRC2 may spread together with Xist
RNA, potentially in a single large complex, to specifically

target H3K9me2 and H3K27me3 to the Xi. Indeed, the
H3K9me2 and H3K27me3 marks colocalize with Xist
binding sites on theXi (Fig. 5H; Engreitz et al. 2013; Simon
et al. 2013). Our model presents a unified mechanism by
which two key repressive marks can be recruited to the
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Figure 7. Pharmacological inhibition of H3K9 dimethylation phenocopies G9a deficiency. (A)Westernblot shows the effect ofG9a inhib-
itorsUNC0638 (UNC) and BIX01294 (BIX) on globalH3K9me2 level.G9a+/+ orG9a−/− ES cells were treatedwith vehicleDMSO (C ) or 2 µM
inhibitor for 48h.GAPDHwasused as loading control. (B) Cells were differentiated for 6 d with LIF withdrawal while treated with vehicle
(C ) or 2 µMUNC. On day 4, EBs were put on gelatinized plates for 2 d to induce outgrow. Representative microscopic images are shown.
Percentages of EB (with sample size, n) showing the phenotype (either a normal outgrowth or no outgrowth) are indicated in red text for
each genotype. See Supplemental Figure S8A for additional examples at various differentiation days. (C,D) As above, cells were differen-
tiated, and representative images of Xist (C,D) and Tsix (C ) RNA-FISH are shown. Nuclei with Xist cloud or with two Tsix spots were
counted, and significance was assessed by using χ2 test. (∗) P <0.05. (E) RT-qPCR results of normalized Xist expression from cells treated
with vehicle or 0.5 µM inhibitor for 7 d. (F ) Our suggested model how G9a contributes to XCI by inducing H3K9me2 after Xist induction
and spreading.
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Xi. Notably, repeat A has been shown to interact with oth-
er protein factors as well, including the RNA helicase
ATRX (Sarma et al. 2014), the megadalton protein SPEN
(Chu et al. 2015; McHugh et al. 2015; Minajigi et al.
2015), and RNA methylation protein RBM15 (Patil et al.
2016; Nesterova et al. 2019). We therefore propose that re-
peat A is an RNA hub for consolidating a large number of
XCI factors.

Our study also reconciles previous disagreements over
whether H3K9me2 participates in XCI. While early stud-
ies suggested that H3K9me2 is an early marker of XCI
(Heard et al. 2001; Boggs et al. 2002; Mermoud et al.
2002; Peters et al. 2002), concerns about antibody cross-re-
activity with the H3K27me3mark have been raised (Silva
et al. 2003), leading to the notion that Xi genesmay be pri-
marily marked by H3K27me3 rather than H3K9me2. In
other studies, the role of G9a was tested by creating
knockouts in male cells, with one finding no effects on
the Xist promoter (Rougeulle et al. 2004) and the other
finding derepressed genes on the single male X chromo-
some (Yokochi et al. 2009). Notably, themale background
precluded characterization of XCI. In support of the pres-
ence of both marks on the Xi, another study showed that
CDYL required both H3K27me3 and H3K9me2 to bind
the Xi (Escamilla-Del-Arenal et al. 2013). However, a
more recent report suggested that knockdown of other
H3K9 methyltransferases has little or no effect for the X
chromosome in fibroblasts, with the exception of SETDB1
whose depletion did reduce H3K9 methylation (Keniry
et al. 2016). Because SETDB1 is predominantly an H3K9
trimethylase, it has been proposed that the H3K9me3
mark may be more relevant for the Xi in fibroblasts (Min-
kovsky et al. 2014; Keniry et al. 2016). Finally, further un-
certainty was created by the observation that neither Xist
expression nor maintenance of XCI was affected in G9a-
deficient embryos (Ohhata et al. 2004).

In spite of the disparate observations of the past two de-
cades, our present work has the potential to reconcile how
G9a and the H3K9me2 can indeed play an important role
for gene silencing on the Xi. First, highly specific mono-
clonal antibodies now enable discrimination among the
H3K9me2, H3K9me3, and H3K27me3 marks (Yokochi
et al. 2009; Simon et al. 2013; Allis and Jenuwein 2016; Ve-
lazquez Camacho et al. 2017; Au Yeung et al. 2019). Sec-
ond, we investigated function in a female background
and could therefore specifically test a role on the Xi. The
findings unequivocally establish an enrichment of
H3K9me2 marks on the Xi and the functional conse-
quences of losing that mark. Third, in experiments where
G9a deficiency was examined in embryos (Ohhata et al.
2004), compensation for the loss of the primary H3K9
dimethylase could very well have occurred during devel-
opment. There are a number of other H3K9 methyltrans-
ferases in mammalian cells, including GLP, SETDB1,
SUV39H1, and SUV39H2. Indeed, our present analysis in-
dicates that ablating G9a in ES cells did not fully abolish
H3K9me2 (Fig. 1A), suggesting a functional compensation
by remaining H3K9 methyltransferases, such as G9a’s
partner, GLP. In agreement, pharmacological inhibition
of both G9a and GLP by a nonselective compound result-

ed in a much more severe loss of H3K9me2 and more
severe recapitulation of the G9a defect in XCI (Fig. 7A–

D). Finally, our study focused on the de novo establish-
ment phase of XCI. In several studies where loss of Xi si-
lencing was not observed, the analyses were carried out
in post-XCI cells (Minkovsky et al. 2014; Keniry et al.
2016). Present understanding indicates that perturbing
XCI is muchmore difficult during the maintenance phase
because of the robust nature of Xi silencing (Brown and
Willard 1994; Csankovszki et al. 2001; Minajigi et al.
2015), but is clearly possible if multiple pathways are per-
turbed for pharmacological X reactivation (Carrette et al.
2018). In summary, our work provides new insight into
the role of G9a andH3K9me2, highlights the contribution
of noncoding RNA in targeting G9a in cis, and integrates
valuable studies of the past two decades.

Materials and methods

Cells and differentiation, transfection

Wild-type J1 male and TsixTST/+ female ES cells were described in
Lee and Lu (1999) and Ogawa et al. (2008). F1–2.1 female ES cells
carrying rtTAwere a gift fromR. Jaenisch (Luikenhuis et al. 2001).
Male G9a KO ES cells and their control wild-type male cells were
obtained from Prof. Y. Shinkai (Kyoto University) (Tachibana
et al. 2005). We used CRISPR technology on TsixTST/+ female
ES cells to generate female G9a knockout cells. gRNAs (20mer)
were designed using http://crispr.mit.edu (mG9a gRNA v1 sense:
caccgGATGGGGGTCGCATCGTGC, mG9a gRNA v2 sense:
caccgGCGGGGCCGCATCACTCAT) and cloned into pSpCas9
(BB)-2A-GFP (PX458; a gift from Feng Zhang; Addgene plasmid
48138) (Ran et al. 2013). One day after electroporation of parental
TsixTST/+ cells, GFP-positive cells were sorted, and single-cell
clones were grown and tested for the deletion. Positive clones
were further testedwith genomic PCR and sequencing to confirm
the microdeletion. Clones were finally tested for ploidity using X
chromosome and autosomal DNA-FISH probes. After cloning
mouse G9a into pBD100 vector with 3× FLAG tag, a stable ES
line was generated in F1–2.1 cells after electroporation and selec-
tion with 200 µg/mL hygromycin. Single-cell colonies were pick-
ed after 10 d of selection and tested for protein expression after
inducing with 1 µg/mL doxycycline for 24 h using Western
blot. For transient transfection experiments, 293FT cells were
used. Twenty-four micrograms of DNA was mixed with 4.8 µL
of 200 mM polyethylenimine solution (MW∼25 kD) in empty
medium, left for 15 min at room temperature, and added to the
cells. Transfection efficiency was set to ∼80%.

Western blot

Nuclei were isolated after incubating cells in hypotonic buffer (10
mM HEPES at pH 7.9, 1.5 mM MgCl2, 10 mM KCl) for 10 min,
and then IGEPAL CA-630 was added at 0.6% final concentration,
vortexed, and spun for 1 min at max speed. Nuclei were suspend-
ed in high-salt buffer (20 mM HEPES at pH 7.9, 1.5 mM MgCl2,
25% glycerol, 2.5 M NaCl, 0.05% IGEPAL CA-630 and protease
inhibitors). After rotating for 30 min at 4°C, debris was removed
by spinning atmax speed for 15min. Salt concentrationwas set to
150mMbefore SDS-PAGE. ForCLIPWestern, themembranewas
first exposed for autoradiography and then blocked, and antibod-
ies were added as normally into 5% dray fat milk in PBS+0.5%
Tween-20. Anti-G9a antibody (R&D clone A8620A), anti-
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H3K9me2 (Abcam ab1220), anti-Oct-3/4 (Santa Cruz H134), or
anti-FLAG (Sigma M2) was used for Western analysis.
Quantitative RT-PCRRNA was isolated from 1×107 to 2 × 107

cells with Qiagen RNeasy kit and DNase-treated, and 100 ng of
total RNA/reaction was reverse-transcribed using SuperScript
III and gene-specific reverse primers following themanufacturer’s
instructions. For quantitative PCR cDNA or diluted ChIP, DNA
was used with Bio-Rad iQ SYBR Green Supermix and custom-de-
signed primers listed in Supplemental Table S1. Relative quanti-
tation was performed in a CFX96 Bio-Rad system using Δ-ΔCt
method and cyclophilin A, Gapdh, or α-tubulin as a housekeeping
control. In case of ChIP, DNA input was used for normalization.
All reactionswere run in triplicates, and Student’s t-test was used
to calculate significance comparing biological replicates (n≥ 3).

UV cross-linking and RNA immunoprecipitation

UV-RIP was performed as described previously (Ule et al. 2003;
Jensen and Darnell 2008) withmodifications indicated below. Af-
ter being trypsinized and washed in PBS, 1.3 × 107 cells were
cross-linked using Stratalinker 1800 UV irradiation at 256 nm
for 250 mJ/cm2. Cell pellets were kept at −80°C. For each immu-
noprecipitation (IP), cell pellets were resuspended in 1 mL hypo-
tonic buffer (10 mM HEPES at pH 7.9, 1.5 mM MgCl2, 10 mM
KCl, 1 mMAEBSF, protease inhibitor cocktail, and RNase inhib-
itor) and incubated for 15 min on ice. Next, 1% digitonin and
0.1% Triton X-100 was added, and cells were suspended five
times with a 1-mL pipette. Nuclei were pelleted at 2500g for 5
min, washed in 1 mL hypotonic buffer, and resuspended in 1
mL of IP buffer (PBS supplemented with extra 150 mM NaCl,
10% glycerol, 0.5% Triton X-100, 1 mMAEBSF, protease, RNase
inhibitors) and incubated for 10 min on ice. After adding 40 U of
TurboDNase and 2mMCaCl2, lysates were incubated for 30min
at 37°C rotating. Next, we added 5 mM EDTA, an extra 150 mM
NaCl (450mM final), and 0.5% laurylsarcosine. After rotating for
30 min at 4°C, cell debris was pelleted at 16,000g for 15 min, and
the lysate was diluted again with 1 vol of IP dilution buffer (20
mM HEPES, 0.5% Triton-X100). Five percent was removed and
saved as input for RNA extraction. Lysate was split into two ali-
quots and immunoprecipitated overnight with IgG-negative con-
trol or anti-G9a antibody. Magnetic protein G beads were added
after overnight IP for 1 h. Beads were washed as follows: three
times with high-salt wash buffer (10 mM Tris-HCl at pH 7.5,
500 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 0.5%
Nonidet-P40) and twice with low-salt buffer (10 mM Tris-HCl
at pH 7.5, 1% Nonidet-P40). RNA was eluted by incubation in
prewarmed proteinase K buffer (100 mM Tris-HCl at pH 7.5, 50
mM NaCl, 10 mM EDTA, 0.5% SDS, 20 mg/mL proteinase K)
for 30 min at 37°C with frequent vortexing. RNA was then phe-
nol-extracted from the supernatant. RNA was analyzed by quan-
titative RT-PCR.

RNA sequencing

Total RNAwas isolated and DNase-treated as for RT-PCR. After
rRNA subtraction with an Epicentre Ribo-Zero kit, Illumina li-
braries were generated using NEBNext Ultra directional RNA li-
brary preparation set (New England Biolabs) following the
manufacturer’s instructions and submitted for Illumina deep
sequencing.

Chromatin immunoprecipitation (ChIP)

Cells (1.3 × 107) were fixed in 1% formaldehyde for 6 min at room
temperature. Glycine (125 mM) was added, and cells were har-

vested, washed in PBS, and kept at −80°C. For chromatin isolated
pelletwas suspended in 1mL of buffer 1 (50mMHEPES at pH 7.5,
150 mM NaCl, 1 mM EDTA, 0.5% IGECAP CA-630, 0.25% Tri-
ton X-100, protease inhibitors). After rotating for 10 min at 4°C,
nucleiwere collected by spinning at 1700g for 5min and then sus-
pended in buffer 2 (10mMTris-HCl at pH 8, 200mMNaCl, 5mM
EDTA, 2.5mMEGTA, protease inhibitors). After another 10-min
rotation at 4°C and spinning at 1700g for 5 min, nuclei were sus-
pended in buffer 3 (10 mM Tris-HCl at pH 8, 5 mM EDTA, 2.5
mM EGTA, protease inhibitors). RNase A (20 mg/mL) and 0.5%
lauroyl-sarcosine were added and rotated for 30 min at 37°C.
Next, chromatin was sheared using Diagenode Bioruptor XL
twice for 20 min each (with 30 sec on, 30 sec off cycles). Debris
was separated by spinning at 15,000g for 15 min. Supernatant
was diluted 1:2 with dilution buffer (30 mM Tris-HCl at pH 8,
300 mM NaCl, 2% Triton X-100). Input was removed, and 2 µg
of antibodies was added to the lysate, respectively: negative con-
trol IgG, anti-G9a (R&D clone A8620A), anti-H3K9me2 (Abcam
ab1220), or anti-H3K9Ac (Abcam ab4441). After overnight immu-
noprecipitation, magnetic protein G was added for 1 h, and then
beads were washed five times with wash buffer (50 mM HEPES
at pH 7.5, 10 mM EDTA, 0.5% sodium-deoxycholate, 1% IGE-
PAL CA-630, 0.5 M NaCl) and once with TEN (10 mM Tris-
HCl at pH 8, 50 mM NaCl, 1 mM EDTA). Next, ChIP material
was eluted by suspending beads in TES (50 mM Tris-HCl at pH
8, 1% SDS, 10 mM EDTA) and incubated for 20 min at 65°C
with frequent vortexing. Cross-links were reversed overnight at
65°C while adding 40 µg of proteinase K. DNA was isolated by
phenol extraction and ethanol precipitation and used for Q-PCR
or library construction with New England Biolabs’ NebNext
ChIP-seq library preparation master mix and following the man-
ufacturer’s instructions.

Protein purification

Mouse G9a cDNA was cloned into pFASTBAC1 with 3× FLAG
tag. Protein was isolated from infected Sf9 cell pellets using mag-
netic anti-FLAGM2 beads. After washing beads twice with high-
salt PBS supplemented with 750 mM NaCl and 0.5% Triton X-
100, proteinwas elutedwith 3× FLAGpeptide. Proteinwas finally
concentrated on Amicon 100-kD size exclusion columns. GFP-
FLAG and GST-His were expressed in BL21 E. coli and purified
using magnetic anti-FLAG M2 (Sigma-Aldrich) or glutathion-
sepharose beads (GE Healthcare Life Sciences), respectively, fol-
lowing the manufacturers’ instructions.

In vitro RNA-binding assays

cDNAs of RNA fragments were cloned into pcDNA3 or pGEM7
vectors. After linearizing the vectors, RNA or amplified by PCR
was in vitro transcribed using either AmpliScribe T7 high-yield
transcription kit (Epicentre) or SP6 Megascript transcription kit
(Life Technologies) following the manufacturers’ instructions.
For RNA EMSA, 20 pmol RNAwas labeled with [©-32P]-ATP us-
ing T4 polynucleotide kinase and purified on G50 columns. La-
beled RNA (0.3–2 kcpm) was folded first by denaturing in 300
mM NaCl at 95°C and then kept at 37°C followed by 10 min at
room temperature. Next, 10 mM HEPES (pH 8) and 10 mM
MgCl2 was added and kept on ice. For in vitro binding, 150–500
nM protein was incubated with folded RNAs at room tempera-
ture in binding buffer (20 mM HEPES at pH 8, 150 mM NaCl,
1.5 mM MgCl2, 1 mM DTT, 0.01 ìg/ìl BSA, 0.005% IGEPAL
CA-630, 5% glycerol, 25 ng/ìl yeast tRNA). For competition as-
say, 10 pM radioactive RNA was mixed with 2× folding buffer
(600 mM NaCl, 10 mM MgCl2, 20 mM Tris 1M at pH 8.0, 2
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mM EDTA). RNA was folded by heating to 2 min at 95°C and
cooling down to 4°C at a 0.1°C/sec rate. G9a and GFP (1, 2, 4,
10, 20, 40, and 100 nM) were incubated with folded RNA and
20 nM Ezh2 in 4× RNA-binding buffer (200 mM Tris HCl at pH
8, 400 mM NaCl, 20 mM MgCl2, 4 mM DTT, 20% glycerol,
0.2%NP40, 8 U/µL RNase out) for 30 min at 30°C. After incuba-
tion for RNA EMSA, the RNA–protein complexes were resolved
in 0.4% agarose gel and 1× THEM running buffer (66mMHEPES,
34 mM Tris-HCl at pH 7.4, 1 mM EDTA, 10 mM MgCl2). Auto-
radiography was done by exposing the dried gel onto a phos-
phoscreen and scanned on Typhoon phosphorimager (GE
Healthcare Life Sciences). For in vitro binding assay, anti-FLAG
beads were added to the binding reaction for 30 min, and beads
were washed five times with high-salt PBS (300 mM final NaCl,
0.5% IGEPAL CA-630) and RNA was isolated by phenol extrac-
tion and ethanol precipitation. RNA was then quantified with
quantitative RT-PCR.

Histone methyltransferase assay

Methyltransferase assay was performed as earlier (Cifuentes-
Rojas et al. 2014). Briefly, 5S nucleosomal arrays were assembled
with purified E. coli expressed core histones. HMTase reactions
were assembled in methylation buffer (50 mM Tris-HCl at pH
8.5, 5 mM MgCl2, 4mM DTT) containing nucleosomes, 0.33
mM [3H]-S-adenosyl-methionine (Perkin Elmer), the indicated
[RNA], PRC2, and incubated at 30°C. Fixed-time assays were in-
cubated for 60 min, while for kinetic assays, aliquots (15 µL for
reactions with 150 nM PRC2, 30 µL for reactions with 20 nM
PRC2) were removed at the indicated times and quenched with
Laemmli buffer, resolved by 18% SDS-PAGE, and transferred to
an Immobilon-P membrane (Millipore). Blots were Coomassie-
stained, sprayed with EN3HANCE (Perkin Elmer), and exposed
to film.

Immunostaining and RNA-FISH

Experiments were performed as described (Lee and Lu 1999;
Zhang et al. 2007). Xist and Tsix RNA were detected using
Cy3-labeled Xist and 6FAM-labeled Tsix oligo probe cocktails.
After 4 h of incubation, slides were washed three times with
30% formamide, 2× SSC, and 3× with 2× SSC at room tempera-
ture and then rinsed once with PBS+0.2% Tween-20. For immu-
nostaining, after blockingwith 2%BSA in PBS for 15min at room
temperature, the primary antibodies anti-G9a (R&D clone
A8620A) or anti-H3K9me2 (Abcam ab1220) were added and
washed similarly to above. Digital images were taken with a
Nikon Eclipse 90i microscope (Nikon Instruments, Inc.) and pro-
cessed using Volocity software (Improvision). Cells were counted
and scored for the presence or absence of an Xist RNA cloud or
checked for ploidity.

Bioinformatics

All libraries were sequenced with Illumina HiSeq 2000 using 50
cycles to obtain paired-end reads. For non-allele-specific analysis,
adaptor-trimmed reads were aligned to mm9 reference genome,
while for allele-specific analysis to custom mus/129 and cas ge-
nomes, the aligned reads were lifted over to reference mm9 ge-
nome (Pinter et al. 2012). RNA was aligned with TopHat
(Trapnell et al. 2012) and ChIP DNA with Novoalign. For RNA
analysis, transcripts were assembled strand-specifically with Ho-
mer (Heinz et al. 2010), and tag libraries were generated over cod-
ing regions using the condensed genes option usingHomer’s built
in mm9 reference genome. Nonuniquely aligned reads and PCR

duplicates were excluded. Differentially expressed genes were
called between day 0 and day 10, TsixTST/+ (i.e., G9a+/+) and
G9a−/− cells based on fold change (min. 1.5-fold) and significance
(P< 0.05) in three biological replicates. Gene subsets based on ex-
pression levels were sorted by RPKMvalues of the control cells at
day 0 or day 10. For allelic analysis, we calculated allelic skew
(AS) by taking the number of allele-specifically aligned reads
over the genes: (cas−mus)/(cas +mus). Allele-specifically ex-
pressed geneswere called significantly biased after running a neg-
ative binominal distribution analysis withminimum10 reads per
gene and P< 0.05. To compare AS between paired samples, Stu-
dent’s t-test or Wilcoxon test was used as indicated or to assess
overall chromosome-wide differences, Mann–Whitney test was
used. χ2 test was used to test significance in the number of genes
being affected in control or knockout.
Pathway analysis was performed using overrepresentation

analysismethod ofWebGestalt (web-based gene set analysis tool-
kit; http://www.webgestalt.org). Significantly overrepresented
pathways were used (P <0.05, FDR<0.05).
ChIP-seq samples from the two biological replicates were com-

pared by calculating coverage over 100-kb windows, scatter plots
were generated in R/ggplot, and R2 values were calculated. When
merging the two data sets, an equal number of reads were ran-
domly sampled from each corresponding condition after align-
ment, and input normalization was performed with deepTools/
bamCompare after PCR duplicate removal, filtering out three
blacklist regions (chr2: 98502146–98507766, chr9: 2999324–
3039266, and chr9: 35112681–35113357) and fragments >1000
nt in size, producing read-centered, 50-nt binned, 300-nt
smoothed data sets. Metagene profiles and heat maps were gener-
ated with deepTools (Ramírez et al. 2016). We also called peaks
with macs2 (Zhang et al. 2008) compared with input (q <0.05
and 0.05 broad cutoff). Called peakswere thenmapped onto genes
or gene body+3kb 5′ upstream regions using the bedtools map,
and genes were further analyzed. H3K9Ac and H3K9me2 ge-
nome-wide coverages were compared by randomly sampling
equal numbers of samples from the conditions, and after remov-
ing repeats and duplicates, artifact read pile-up regions using
blacklisting violin plots were generated on log2-normalized cov-
erages over the gene bodies forH3K9me2 or over themacs2-called
peaks (P<0.0005) for H3K9Ac. To calculate significance, Wil-
coxon test was used. ChIP CDPs were used to plot allelic ratio
(mus/mus+ cas) in controls and knockouts.
ChIP sequencing data were aligned allele-specifically as above,

and unique, nonrepeat reads were assigned asmus- or cas-specific
based on the available SNPs or as neutral if no SNP information
was available or the coverage was similar on both alleles. Com-
posite (comp) tracks contained all of the above three types of
reads. Reference genes were defined based on Ensembl NCBIM67
(Ensembl release 67). Allelic skew (AS) was calculated by normal-
ized allele-specific coverages. Mus-specific allelic skew values
were used to compare knockout values with controls, and Wil-
coxon test was used to calculate significance. Cumulative bino-
mial distribution probability (P<0.05) was used to obtain genes
with significant allelic bias on the histone marks, and similarly
to above, control and knockout samples were compared using
Wilcoxon test. Genes with at least twofold difference or no chan-
ge betweenTsixTST/+ andG9a−/− coveragewere sorted to compare
allelic skew changes, and allele-specific metagene profiles were
looked at specifically on these regions on chrX using deepTools.
Allelic skew (AS) was calculated for H3K9me2 and H3K9Ac sim-
ilarly as for RNAexpression, and changes in ASwas compared be-
tween TsixTST/+ and G9a−/− cells especially on distinctly
methylated or acetylated regions. Next, differently methylated
genes were compared with differently acetylated promoters and
also with RNA expression data. Finally, G9a-dependent
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H3K9me2-ed genes were compared across chrX and Xist binding
sites from Simon et al. (2013) using 1-Mb windows, and the Pear-
son correlation coefficient was calculated. Both RNA-seq and
ChIP-seq data have been deposited to GEO under GSE130057
study.
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