Research

Global survey of escape from X inactivation
by RNA-sequencing in mouse
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X inactivation equalizes the dosage of gene expression between the sexes, but some genes escape silencing and are thus
expressed from both alleles in females. To survey X inactivation and escape in mouse, we performed RNA sequencing in
Mus musculus X Mus spretus cells with complete skewing of X inactivation, relying on expression of single nucleotide poly-
morphisms to discriminate allelic origin. Thirteen of 393 (3.3%) mouse genes had significant expression from the inactive
X, including eight novel escape genes. We estimate that mice have significantly fewer escape genes compared with humans.
Furthermore, escape genes did not cluster in mouse, unlike the large escape domains in human, suggesting that expression
is controlled at the level of individual genes. Our findings are consistent with the striking differences in phenotypes
between female mice and women with a single X chromosome—a near normal phenotype in mice versus Turner syndrome
and multiple abnormalities in humans. We found that escape genes are marked by the absence of trimethylation at lysine
27 of histone H3, a chromatin modification associated with genes subject to X inactivation. Furthermore, this epigenetic
mark is developmentally regulated for some mouse genes.

[Supplemental material is available online at http://www.genome.org. The ChIP-chip data from this study have been
submitted to the NCBI Gene Expression Omnibus (http:// www.ncbi.nlm.nih.gov/geo) under accession no. GSE20617. The
sequence data from this study have been submitted to the NCBI Short Read Archive (http://www.ncbi.nlm.nih.gov/

Traces/sra/sra.cgi) under accession no. SRAOI0053.]

In mammalian females, one of two X chromosomes is randomly
inactivated during early development to equalize dosage of
X-linked genes between the sexes by a process called X inactivation
(Lyon 1961). Although most genes are silenced on the inactive X,
some remain expressed from both the active and inactive X
chromosomes (Heard and Disteche 2006). In human, 15% of
X-linked genes consistently escape X inactivation, and a further
10% escape in certain tissues or individuals (Prothero et al. 2009).
In mouse, the proportion of genes that escape X inactivation is
unknown; yet most advances in our understanding of the molec-
ular mechanisms of X inactivation have been made in this model
organism, where expression and regulation of genes can be fol-
lowed and potentially manipulated during embryogenesis. A global
survey of X inactivation and escape in mouse as done in the present
study provides a basis for the molecular analysis of genes that re-
main expressed despite being embedded in silenced chromatin.
Deficiency in escape genes is thought to cause abnormal
phenotypes observed in individuals with a single X chromosome
(45,X) or with a deletion of part of the X (Zinn et al. 1993). Women
with such chromosomal abnormalities have Turner syndrome,
characterized by short stature, infertility, and multiple other phys-
ical anomalies. Interestingly, X0 mice have very few abnormal
phenotypes (Burgoyne et al. 1983a,b), suggesting that humans and
mice differ in the number and identity of escape genes (Disteche
1995). By determining the X-inactivation status of mouse genes, it
should be possible to exclude genes that escape X inactivation in
both species as candidates for the more severe Turner phenotypes,
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these being presumably caused by genes that escape X inactivation
only in human. To date, only four mouse escape genes (Eif2s3x,
Kdm5c, Kdmé6a, Mid1) have been reported (Agulnik et al. 1994; Dal
Zotto et al. 1998; Ehrmann et al. 1998; Greenfield et al. 1998).
In addition, XIST/Xist (X-inactivation-specific transcript), a non-
coding RNA essential for the onset of X inactivation, is exclusively
expressed from the inactive X (Borsani et al. 1991; Brockdorff et al.
1991; Brown et al. 1991).

RNA sequencing in combination with single nucleotide
polymorphism (SNP) identification has been used to follow allele-
specific gene expression, for example, to discover novel mouse
imprinted genes, which are expressed from a single parental allele
(Babak et al. 2008). Since X inactivation is random (Lyon 1961),
allele-specific expression can only be detected in single cells or in
populations of cells with skewed X inactivation. We previously
derived a mouse cell line that contains an active X chromosome
from Mus spretus and an inactive X from Mus musculus (C57BL/6])
(Lingenfelter et al. 1998). In the present study, the frequent SNPs
between mouse species were exploited to identify the allelic origin
of X-linked transcripts. We found that mice, in contrast to
humans, have few genes that escape X inactivation.

X inactivation is associated with ordered epigenetic changes
established during embryogenesis. Silencing is initiated by the
noncoding RNA Xist, which coats the future inactive X chromo-
some in cis (Clemson et al. 1996), followed by loss of histone
modifications associated with active chromatin and gain of modi-
fications associated with repressed chromatin (Heard and Disteche
2006). In particular, the Polycomb group repressive complex 2
(PRC2), responsible for the deposition of the repressive mark
H3K27me3 (trimethylation at lysine 27 of histone H3), is recruited
to the inactive X chromosome during early embryogenesis in
a Xist-dependent process (Plath et al. 2003; Silva et al. 2003; Zhao
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et al. 2008). The global survey of X inactivation in mouse that we
performed provides a baseline to examine molecular changes as-
sociated with X inactivation and escape. To explore enrichment of
H3K27me3 at escape genes, H3K27me3 profiles were compared
between female and male mouse tissues and embryos using chro-
matin immunoprecipitation with microarray hybridization (ChIP-
chip). We determined that mouse genes that escape X inactivation
are depleted in the repressive histone mark, a process that is ap-
parently developmentally regulated for some genes.

Results

SNP identification

To identify novel genes that escape X inactivation in mouse, we
performed high-throughput RNA sequencing (RNA-seq) on an in-
terspecific female cell line (Patski) (Lingenfelter et al. 1998). This cell
line, originally grown from embryonic kidney, from a cross between
M. spretus and a C57BL/6] (BL6) mouse with an Hprt mutation, was
subsequently grown in hypoxanthine aminopterin thymidine
(HAT) medium to select for cells with inactivation of the BL6 X
chromosome. Complete (100%) skewing of X inactivation was ver-
ified by allele-specific primer extension assays and by late replication
analyses (Lingenfelter et al. 1998). Karyotyping confirmed that the
Patski cell line is a female diploid cell line (Supplemental Fig. S1).

Allele-specific expression of X-linked genes was determined
based on RNA-seq reads that overlap SNPs between M. spretus and
BL6. Two sources of SNPs were used to determine allelic expression.
First, reads were aligned to M. spretus SNPs identified by genome
sequencing (Wellcome Trust Sanger Institute, http://www.sanger.
ac.uk). Second, SNPs were identified by aligning all reads to the BL6
genome, and a machine learning approach (http://svm.sdsc.edu/
cgi-bin/nph-SVMsubmit.cgi) was used to discriminate SNPs from
sequencing errors. This approach has the advantage of detecting
novel SNPs only present in our cell line (Babak et al. 2008). However,
it is biased toward regions preferentially expressed from the M.
spretus allele (i.e., no SNPs would be detectable for genes with mono-
allelic expression from BL6). Conversely, the first approach allowed
us to detect transcripts solely expressed from the BL6 allele on the
inactive X, for example, Xist. Using all identified SNPs, polymorphic
regions on the mouse X chromosome were screened for bi-allelic
expression by counting allele-specific reads that overlapped SNPs.

Based on the M. spretus genomic sequence available in the
Sanger database, SNPs between M. spretus and BL6 cover 750
X-linked genes or ~87% of the total number of identified X-linked
genes based on a combination of UCSC mm9 RefSeq genes and
Ensembl genes. Of the 15,792 SNPs located on the X chromosome,
5780 were detected by RNA-seq and thus expressed in the Patski
cell line, representing 393/750 (or 52%) X-linked transcripts that
have SNPs (Supplemental Table S1). Genes not detected in our
analysis include those with no or low expression in the cell line, or
else genes not included in the Sanger database, because of either
incomplete coverage or high conservation between BL6 and M.
spretus. A number of expressed SNPs were confirmed by conven-
tional sequencing of genomic DNA and of cDNA (Figs. 1, 2). There
was good agreement between SNPs present in the Sanger database
and those discovered by the learning approach, which identified
187 (false discovery rate [FDR] = 0.03) novel expressed X-linked
SNPs. It is possible that a subset of SNPs represented in only one set
of data are false-positive calls. Alternatively, there may be differ-
ences between the genome of the M. spretus selected for sequenc-
ing and the M. spretus our cell line was derived from.

Identification of escape genes and of genes subject
to X inactivation in mouse

To quantify allelic expression of X-linked genes, the ratio of BL6
(inactive X) to M. spretus (active X) sequence reads was calculated
for each SNP. The majority of transcripts (260/393, or 66%) iden-
tified as polymorphic showed no evidence of BL6 sequences, in-
dicating that these genes are subject to X inactivation (Fig. 2B;
Supplemental Tables S1, S2). The rest of the transcripts (133/393,
or 34%) had at least one sequence read derived from BL6, consis-
tent with some escape from X inactivation (Supplemental Tables
S1, S3). However, for most of these transcripts (120/393), expres-
sion from the inactive X was very low, suggesting low or leaky
expression from the silenced allele or overlap with a false-positive
SNP (Fig. 3; Supplemental Table S3). Consequently, these genes
were classified as subject to X inactivation. Forty-four genes were
also classified as subject to X inactivation based on a single SNP;
three of these genes (Tsx, Rps4x, Efhc2) are known to be inacti-
vated. A total of 380 genes were ultimately classified as subject to X
inactivation (Supplemental Tables S2, S3), including many well-
known genes (e.g., Iqsec2, G6pdx, Pgk1, Rbmx, Smcla, Tspyl2, Zfx).
The total number of mouse genes that escape X inactivation
based on at least 10% expression from the inactive X versus the
active X, which was the cutoff previously used to identify human
genes that escape X inactivation (Carrel and Willard 2005), was
only 13, representing 3.3% of mouse X-linked transcripts assayed
(Table 1; Fig. 3; Supplemental Fig. $3). One of the escape transcripts
we identified is a noncoding RNA, 6720401G13Rik. Our survey cor-
rectly identified four previously known mouse escape genes—
Kdm5c, Eif2s3x, Kdmé6a, and Mid1 (Fig. 2A; Table 1). Bi-allelic ex-
pression of four additional transcripts with robust expression from
the inactive X—Ddx3x, Shroom4, Car5b, and 2610029G23Rik—was
confirmed by conventional sequencing of PCR and RT-PCR prod-
ucts (Fig. 1B; Table1). Note that tracings obtained by conventional
sequencing do not necessarily reflect the allele-specific copy
number, that is, heterozygous peaks do not always show a 50/50
ratio for genomic DNA. This is due to the fact that peak height is
highly dependent on neighboring DNA sequence (Parker et al.
1995). For Shroom4 and Car5b the relative expression levels from
the inactive X versus the active X were confirmed using RT-PCR
products digested with a restriction endonuclease that distin-
guishes alleles based on the SNP. Bi-allelic expression was quanti-
fied by real-time qPCR, which showed 48% and 45% expression
from the inactive X, compared to 42% and 44% BL6 reads, for
Shroom4 and Car5b, respectively (Fig. 1C; Supplemental Table S1);
thus, the RNA-seq data and the qPCR results were in agreement.
Xistwas correctly identified as a transcript expressed uniquely
from the inactive X (Fig. 3; Table 1; Borsani et al. 1991). Surpris-
ingly, Mid1 also had an apparently higher expression from the
inactive X compared to the active X, as indicated by the large
number of BL6 reads for SNPs located at its 3" end. However, SNPs
located in exon 2 showed 46% expression from the inactive X (Fig.
2; Supplemental Table S1). The high number of BL6 reads for the
3’'-end region of Midl is probably due to amplification of the
pseudoautosomal portion of this gene in M. musculus (Dal Zotto
etal. 1998). No other gene showed multiple SNPs exclusively from
BL6. However, some genes showed discrepant results between
SNPs: six genes showed a single SNP with a substantial number of
BL6 reads but still lower than spretus counts, while 29 other genes
had BL6 reads higher than spretus reads for one or two SNPs. In
theory, these discrepant SNPs could represent either alternative
transcripts or polymorphisms/mutations in the M. spretus used to
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RNA-seq identification of four novel escape genes (Ddx3x, Shroom4, Car5b, 2610029G23Rik). The escape genes are shown with six adjacent

genes subject to X inactivation (Usp9x, Cask, Ccnb3, Zrsr2, Siah1b, MageeT). (A) RNA-seq data are graphed as the sequence read ratio (orange bars)
between BL6 (inactive X) and M. spretus (active X) at each SNP (short, dark-blue bars) identified in the four escape genes (filled in orange). A few SNPs had
ratios higher than those at the maximum scale (Supplemental Table S1). Flanking genes subject to X inactivation (filled in light blue) have very low BL6/
spretus ratios. The inactivation status of the genes filled in gray is unknown due to the absence of expressed SNPs. Data were uploaded into the UCSC
Genome Browser (Mouse July 2007 [mm9] assembly). (Top) Chromosome X coordinates. (B) Validation of SNPs and of bi-allelic expression of the escape
genes by conventional sequencing of PCR and RT-PCR products. Chromatograms are shown for genomic DNA and cDNA with SNP coordinate un-
derneath. (Arrows) Heterozygous bases. (C) Quantification of escape level of Shroom4 and Car5b. Genomic DNA and cDNA were amplified by PCR,
followed by restriction endonuclease digestion. Products were separated by gel electrophoresis as shown in the gel pictures (SNP coordinate on top). (S) M.
spretus DNA; (SD) M. spretus DNA digested; (B) BL6 DNA; (BD) BL6 DNA digested; (P) Patski genomic DNA; (PD) Patski genomic DNA digested; (Pc) Patski
cDNA; (PcD) Patski cDNA digested. Graphs at right of the gels show relative expression levels from the inactive X (Xi) versus the active X (Xa) after real-time

gPCR analyses.

derive the Patski cell line. However, since conventional sequencing
of several of these SNPs (Mmgtl, Atp6apl, Idh3g, Huwel, Hmgns,
Ubqln2, Hsé6st2, Sic6a8, and B230358A15Rik) did not show het-
erozygosity in genomic DNA, we conclude that they are not real
SNPs (Supplemental Fig. S2). SNPs that were inconsistent with the
majority of SNPs within the same gene were not further considered.

Human and mouse differ in the number and identity
of escape genes

Significant differences were observed between mouse and human
in terms of X inactivation and escape (Table 1; Supplemental Tables
S2,83). Eight of 11 genes that we found to escape X inactivation in
mouse also escape in human (i.e., are expressed from at least one
out of nine hybrids that retain the human inactive X) (Carrel and
Willard 2005), suggesting that escape from X inactivation is par-
tially conserved (Table 1). Of the 380 genes subject to X inac-
tivation in mouse (with no or few BL6 sequence reads), 133 escape

X inactivation in human (expressed in at least one out of nine
hybrid lines); 184 are subject to X inactivation, and 63 do not
have orthologs or have not been studied in human (Supplemental
Tables S2, S3).

There was no clustering of escape genes in mouse, unlike the
large domains of escape in human (Fig. 4). Thus, in mouse, escape
from X inactivation is apparently controlled at the level of in-
dividual genes and not of chromatin domains. Furthermore, es-
cape genes appeared to be randomly distributed along the mouse
X chromosome, with no preference for a region corresponding to
a specific evolutionary strata as defined in human (Fig. 3; Table 1;
Ross et al. 2005).

Escape genes are depleted of H3K27me3

To investigate the role of H3K27me3 in escape from X inactivation,
enrichment profiles were generated from female and male mouse
adult liver and 12.5 days postcoitum (dpc) embryos by ChIP-chip.
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RNA-seq identification and conventional sequencing validation of the X-inactivation status of mouse genes. (A) Four genes previously known

to escape X inactivation (Kdm5c, Kdméa, Eif2s3x, Mid1; filled in orange) correctly identified by RNA-seq; (B) four examples of genes subject to X in-
activation (Huwel, Ubgin2, Hs6st2, Hmgn5; filled in light blue) identified by RNA-seq. (Left) RNA-seq data are graphed as the sequence read ratio (orange
bars) between BL6 (inactive X) and M. spretus (active X) at each SNP (short, dark-blue bars). A few SNPs had ratios higher than those at the maximum scale
(Supplemental Table S1). Data were uploaded into UCSC Genome Browser (Mouse July 2007 [mm9] assembly). (Top) Chromosome X coordinates. (Right)
Validation of SNPs and of bi-allelic (A) or mono-allelic (B) gene expression by conventional sequencing of PCR and RT-PCR products. Chromatograms are
shown for both genomic DNA and cDNA with SNP coordinate underneath. (Arrows) Heterozygous bases.

The majority of escape genes (Kdm5c, Eif2s3x, Kdmé6a, Ddx3x,
6720401G13Rik, 2610029G23Rik) were completely depleted in
H3K27me3 in both female and male liver and embryos, while
adjacent genes subject to X inactivation (e.g., Igsec2, Mageel,
Usp9x) were specifically enriched in female but not male samples
(Fig. SA-D; Supplemental Fig. S3). The escape genes Car5b, Bgn,
and 1810030007Rik, which had the lowest levels of escape, had
some enrichment in H3K27me3 in female liver and embryos.
Conversely, some genes were not enriched in H3K27me3 even
though they are subject to X inactivation, for example, Klhl15
(Supplemental Fig. S3). Nonetheless, a majority of genes subject
to X inactivation (251/366, or 68%) displayed enrichment in
H3K27me3, and the average enrichment was higher at the 5’-end
of these genes compared to escape genes (Fig. 5G).

For some genes H3K27me3 profiles differ in relation to the
developmental stage. For example, Midl was enriched in
H3K27me3 only in female embryos but not in liver (Fig. SE). Thus,
Mid1 may be initially silenced and only escape X inactivation later
in development or in some tissues, which would explain previous
conflicting results (Dal Zotto et al. 1998; Li and Carrel 2008). In
contrast, Shroom4 was enriched in H3K27me3 only in female liver
but not in embryos, suggesting a progressive and possibly tissue-
specific onset of silencing (Fig. 5F). The RNA-sequencing data
were generated using a cell line and thus would not address tissue-
specific differences in escape.

Discussion

Our study demonstrates the usefulness of high-throughput RNA
sequencing to identify genes that escape X inactivation and genes

subject to X inactivation. Few mouse genes with robust expression
from the inactive X chromosome were identified. Mouse escape
genes are embedded within inactive chromatin as single genes,
unlike the large domains of escape in human, as shown by our
current comparisons of six regions, which significantly add to
a previous comparison of one domain around KdmS5c (Tsuchiya
and Willard 2000; Tsuchiya et al. 2004). We conclude that the
mouse has very few escape genes, as previously suggested (Disteche
1995). The significant difference in the number of genes that es-
cape X inactivation between human and mouse is consistent with
the more severe phenotypes of 45,X women compared to 39,X
mice. As many as 99% of human conceptions with a single X
chromosome result in death in utero (Hook and Warburton 1983).
Those who survive have Turner syndrome, including infertility,
short stature, and other physical anomalies, but no mental im-
pairment except for difficulty with spatial recognition (Bondy
2009). Candidate genes deficient in Turner individuals are located
either in the pseudoautosomal region—for example, the SHOX
gene, clearly implicated in short stature—or in the short arm of the
X chromosome based on deletion analysis (Clement-Jones et al.
2000; Zinn and Ross 2001). It should be noted that the survey of X
inactivation and escape in human was mainly done using rodent X
human hybrid lines that retained an inactive human X chromo-
some. The different systems used in that survey and the present
survey could explain some species-specific differences. However,
the survey of human genes was validated at least in part using SNPs
in human fibroblast cell lines (Carrel and Willard 2005).

A subset of escape genes conserved between human and
mouse must be under selection to retain expression from the
inactive X. Whether these genes are implicated in sex-specific
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Figure 3. Distribution of escape genes on the mouse X chromosome.
The ratio between RNA-seq reads from BL6 (inactive X) and M. spretus
(active X) is graphed for each gene against its location (UCSC Genome
Browser, Mouse July 2007 [mm9] assembly). (Red) Genes with an average
expression level from the inactive X higher than 10% of the active X; (dark
blue) other genes. Underneath, an ideogram of the mouse X chromosome
indicates regions that correspond to evolutionary strata (1, 2, 3, and 5)
defined in human (Ross et al. 2005). Genes in strata 4 are apparently
deleted in mouse. (Cen) Centromere; (PAR) pseudoautosomal region.

phenotypes remains to be determined. Re-examination of pre-
viously published expression array data to compare expression
levels between female and male mouse tissues (Raefski and O’Neill
2005; Yang et al. 2006; Isensee et al. 2008) and between female
and X0 mouse brains (Raefski and O’Neill 2005) indicates higher
female-specific expression of mouse escape genes, which is tissue-
dependent (Supplemental Table S4). However, expression is not
doubled in females, consistent with our RNA-seq data, in which
ratios between BL6 and spretus reads were lower than 1, except for
Xist, Mid1, and 6720401G13Rik. Similarly, human escape genes
show a relatively modest increase in expression in female versus
male cell lines, suggesting lower expres-

sion from the inactive X (Carrel and

(Schroder et al. 2008). Although immune responses are disrupted
in Turner individuals, no such effect has been reported in X0 mice.
Car5b, which encodes a carbonic anhydrase localized in mito-
chondria, is more highly expressed in female, versus male, mouse
hearts, consistent with escape from X inactivation (Supplemental
Table S4; Isensee et al. 2008).

Comparisons of H3K27me3 enrichment in female and male
liver and embryos showed that the repressive histone mark is de-
pleted at escape genes. H3K27me3 profiles in mouse female ES cells
showed a similar depletion at escape genes (J Berletch, unpubl.),
confirming a previous study of a limited region of the mouse X
chromosome (Marks et al. 2009). Our current findings of abrupt
changes in chromatin modifications at transitions between genes
subject to X inactivation and escape genes support our previous
findings that suggest a role for the chromatin insulator protein
CTCF in protecting chromatin domains (Filippova et al. 2005).
Depletion of H3K27me3 at escape genes is consistent with the
recent findings that Xist RNA, which recruits the PRC2 complex to
deposit H3K27me3 on the inactive X (Zhao et al. 2008), is not
present at escape genes such as KdmS5c and Kdm6a (Murakami et al.
2009). Furthermore, depletion of EED, a component of the PRC2,
leads to reactivation of the inactive X chromosome (Kalantry et al.
2006), suggesting that H3K27me3 is important for the mainte-
nance of the inactive X status. Based on their H3K27me3 profiles,
Mid1 and Shroom4 may escape from X inactivation only in specific
tissues and/or developmental stages. Previous studies have in-
dicated that another escape gene, KdmS5c, also shows variation in
escape in different tissues and developmental stages (Carrel et al.
1996; Sheardown et al. 1996; Lingenfelter et al. 1998). In this study,
we did not observe H3K27me3 enrichment at Kdm5c in 12.5-dpc
embryos, suggesting that its transient silencing (Lingenfelter et al.
1998; Chaumeil et al. 2006) either may be largely over at that stage,
or may be mediated by another epigenetic mechanism.

Together, our global survey of genes that escape X inac-
tivation in mouse provides a baseline for developmental and tis-
sue-specific studies of molecular mechanisms of escape. In addi-
tion, we identified 133 genes subject to X inactivation in mouse,
which are known to escape X inactivation in human (Carrel and
Willard 2005). The significant differences between species will

Willard 2005; Johnston et al. 2008). Table 1. Data on 13 mouse escape genes
The novel mouse escape genes we
identified are candidates for the pheno- . BL6  Spretus Ratio Human — Human Escape in
types of 39,X mice (Lynn and Davies Mouse transcript ID SNPs reads reads (BL6/spretus) transcriptID strata human
2007). Abnormal phenotypes in X0 mice 138 2515 3 830.33 XIsT 1 9/9
include mild behavioral deflc1enc1€s, Mid1 39 1172 637 1.84 MID1 3 1/9
slightly reduced fertility, and postnatal  67204071G73Rik 3 13 10 1.30 — — —
growth retardation. In particular, Shroom4, ngggz9623 ) g 27 3] 8.87 gDI\;IgA 13 g?g
; : M— : 6 Ri 47 6 77 Xorf26

which does not escape X inactivation in 7., o 37 642 849 0.76 EIF253 3 9/9
human, may play arole in behavioral def- 5.3, 15 470 662 0.71 DDX3X 3 9/9
icits, which include anxiety and abnor-  shroom4 75 653 949 0.69 SHROOM4 2 0/9
mal reaction to fear. The SHROOM pro-  BC022960 3 3 6 0.50 — — —
tein family interacts with actin filaments ~ Kdm3c 26 283 654 0.43 kDM5C 2 9/9

. . . Car5b 17 93 226 0.41 CA5B 3 9/9
to generate thickened epithelial sheets g gn 4 1 4 0.25 BGN 1 0/6
and is involved in neurulation (Hagens  7870030007Rik 22 30 238 0.13 CXorf38 3 8/9

et al. 2006; Lee et al. 2009). Mutations of
SHROOM4 are associated with X-linked
mental retardation in humans (Hagens
et al. 2006). Ddx3x encodes a helicase and
has been implicated in dosage-dependent

immune responses against viral invasion  determined.

Mouse transcript identification (ID) listed with the number of SNPs, the number of BL6 reads, the
number of spretus reads, and the ratio between BL6 (inactive X) and spretus (active X) reads. Corre-
sponding human transcripts and human strata are listed together with their escape status expressed as
the number of rodent X human hybrid cell lines that retain the human inactive X chromosome and
express the gene/total number of cell lines tested (Carrel and Willard 2005; Ross et al. 2005). —, Not
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Figure 4. Mouse escape genes are not clustered in domains. Six mo
sponding human region underneath. CXorf38 is the corresponding human

use escape genes with surrounding regions are each aligned with the corre-
geneto 1810030007Rik. 4930578C19Rik was previously found to be subject to

X inactivation, while CXorf36 escapes X inactivation (DK Nguyen and CM Disteche, unpubl.). The size of regions with no known genes is indicated.

help identify genes important for the phenotypes associated with
Turner syndrome.

Methods

Mouse tissues and cell lines

Male and female adult liver and embryos were collected from BL6
mice. The Patski cell line derived from a cross between M. spretus
and BL6 (Hprt—), was previously selected in HAT so that the X
chromosome from BL6 is always inactive (Lingenfelter et al. 1998).
Patski cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) with 10% FBS and 1% penicillin/streptomycin.

Library construction and RNA sequencing

RNA was prepared using an mRNA-Seq sample preparation kit
(Ilumina). mRNA was purified from 10 pg of total RNA using
magnetic oligo(dT) beads, followed by fragmentation and synthesis
of first-strand and second-strand cDNA. Double-stranded cDNA
was end-repaired, and additional A bases were added to the 3’ end
of the DNA fragments. After ligation of adaptors, size selection of
the library was done by gel electrophoresis followed by excision and
purification of DNA (using the QIAGEN gel extraction kit) in the
200 = 25-bp range. PCR was performed to enrich the purified DNA
templates. Sequencing of the RNA-seq shotgun library was done on
an [llumina Genome Analyzer, yielding 36-bp single-end reads.

SNP identification and assessment of escape
from X inactivation

Of 39 million reads, 32.5 million mapped uniquely to the reference
mouse genome (BL6). As a primary source of polymorphisms be-

tween BL6 and spretus, we used X chromosome SNPs identified by
the Mouse Genome Project (Wellcome Trust Sanger Institute,
http://www.sanger.ac.uk) that intersected with our transcriptome
data. To identify additional SNPs (e.g., novel to our cell line or
missed by large-scale genomic sequencing), Novoalign (Novocraft)
was used to align sequence reads against NCBI mouse genome re-
lease 36 (UCSC Feb. 2006 release [mmS8]) and a collection of splice
junctions generated from RefSeq genes, Ensembl genes, and UCSC
Known Genes (Pruitt et al. 2007; Hubbard et al. 2009; Kuhn et al.
2009). Predicted splice junctions from ESTs, Genscan, and N-scan
(Kuhn et al. 2009) predictions were also considered. All possible
splice sites that would generate transcripts resulting from skipping
events spanning up to two exons were represented. A minimum
of 5 nt overlap per flanking junction sequence was required for
alignment to be considered, based on maximizing overall align-
ment sensitivity (data not shown). All reads that aligned uniquely to
the genome or splice sites were retained for further analysis. Reads
that contained mismatches to the reference BL6 genome were used
to identify SNPs as described previously (Babak et al. 2008) with
several modifications. Briefly, at all genomic positions where at least
one mismatch existed, the number of all represented bases and the
sum of the phred qualities supporting those base calls were tallied.
The Support Vector Machine (SVM) (Pavlidis et al. 2004) was used to
quantify the likelihood that mismatches at these positions arose
from sequencing errors. The SVM was trained on previously pub-
lished RNA-seq data from BL6/CAST (Babak et al. 2008) using
publicly known SNPs (Frazer et al. 2007) and was run using default
settings (http://svm.sdsc.edu/cgi-bin/nph-SVMsubmit.cgi). At a
score threshold corresponding to a FDR of 3%, 169,031 SNPs were
discovered, of which 3571 (2%) were on the X chromosome. SNPs
could be missed by this approach because the BL6 X chromosome in
this case is inactivated and the SVM was trained to identify het-
erozygous SNPs (i.e., both alleles represented).
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Figure 5. H3K27me3 is usually depleted at escape genes in female tissues. (A-D) Escape genes Kdm5c, Kdméa, Ddx3x, and 2610029G23Rik are
completely devoid of H3K27me3 in female tissues, while adjacent genes subject to X inactivation (e.g., Igsec2, Mageel, Usp9x) are enriched. (E-F)
Depletion in H3K27me3 at escape genes Mid1 and Shroom4 differs between tissues/developmental stages. (FL) Female liver; (FE) female embryos; (ML)
male liver; (ME) male embryos. ChiIP-chip peak files were uploaded in the UCSC Genome Browser (Mouse July 2007 [mm9] assembly). (Top) X chro-
mosome coordinates. Escape genes are filled in orange, and inactive genes in light blue. (Arrow) Transcription direction. (G) H3K27me3 enrichment at the
5’ end of genes subject to X inactivation is higher than at escape genes in female liver. Average H3K27me3 enrichment for genes subject to X inactivation
(366 genes; light blue curve) is compared to average enrichment for escape genes (10 genes; orange curve). Data are shown as log; of the signal ratio
between ChIP and input fractions for 3 kb upstream and 3 kb downstream of the transcription start site (black arrow).

A combined X chromosome SNP list was generated by merg-
ing the SNPs identified by genomic sequencing (Wellcome Trust
Sanger Institute) with the SNPs identified by the machine learning
approach. All reads were remapped with MAQ (mapping and as-
sembly with quality) (Li et al. 2008) to a version of the reference
mouse genome (mm9) that excluded the Y chromosome, as this
was an XX cell line. Except for Eif2s3x and Pgk1, reads with a MAQ
mapping score of zero were excluded from consideration. A MAQ
score of zero means that two regions or more have an equal map-
ping score on the reference genome, so that these reads will be
assigned to one of the locations at random. For two genes, Eif2s3x
and Pgkl1, the MAQ score was zero for most SNPs due to high se-
quence similarity between Eif2s3x and another region on the X
chromosome with no annotated transcript and between Pgk1 and
the testis-specific pseudogene Pgk2. The number of reads was tab-
ulated for the BL6 versus spretus alleles at the coordinates of an-
ticipated or predicted X chromosome SNPs covered by 1+ reads.
Three-hundred -thirty-six SNPs with BL6 reads but no spretus reads,
which were inconsistent with other SNPs in the same gene, were
not considered further.

SNP validation by conventional sequencing and quantification
of level of escape from X inactivation

Genomic DNA and RNA were extracted from Patski cells, followed
by PCR or RT-PCR using a first-strand cDNA synthesis kit (Invi-
trogen) and primers designed around candidate SNPs (Supple-
mental Table S5). After purification of PCR products, conventional
sequencing was performed to validate the SNPs. To quantify allelic
expression of Shroom4 and Car5b, PCR was done to amplify ge-
nomic DNA or cDNA from Patski cells and parental M. spretus and

BL6, using primers designed around SNPs (Supplemental Table SS5).
After purification (QIAGEN kit) amplification products were split
into two aliquots; one served as undigested control, while the
other was digested with a restriction endonuclease (Styl for
Shroom4 and Apal for Car5b) (New England BioLabs). Products
were examined by gel electrophoresis. For real-time qPCR analysis,
initial PCR reactions were done for 20 cycles to get linear ampli-
fication from Patski genomic DNA or cDNA before restriction en-
donuclease digestion. Real-time qPCR was done in triplicate using
a 7900 PCR system (Applied Biosystems) to compare digested and
undigested samples using primers that flank the restriction site
(Supplemental Table S5).

ChIP-chip analyses

ChIP was performed according to a fast chromatin immunopre-
cipitation method (Nelson et al. 2006). Briefly, after cross-linking
with 1% formaldehyde, chromatin was sonicated to ~500-bp frag-
ments and immunoprecipitated with a histone H3K27me3 anti-
body (Upstate) followed by pull-down using protein A-Sepharose
beads (Amersham). Controls included ChIP carried out without
antibody (no antibody fraction) and the input fraction. After in-
cubation with the antibody overnight, protein A-Sepharose beads
were added to pull down the chromatin. DNA was purified from
the ChIP fractions using a PCR purification kit (QIAGEN). ChIP
samples and corresponding input controls were amplified using
a whole-genome amplification kit (Sigma), and labeled with Cy5
and Cy3, respectively, according to Roche’s protocol. Labeled DNA
was hybridized to high-density tiling arrays that contained X
chromosome probes every 100 bp (2.1M format, Array10; Roche).
Nimblescan software (Roche) was used to search for peaks of
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enrichment using a 500-bp sliding window. A FDR score was
assigned to each enriched region using a stringent cutoff of <0.05%
FDR.

Computational analyses of enrichment of H3K27me3
at the 5’-end of genes

Average H3K27me3 enrichment at the 5’-end of genes was calcu-
lated using a platform generated by J. Henikoff and S. Henikoff
(Fred Hutchinson Cancer Research Center, Seattle) (Mito et al.
2003). Briefly, NimbleGen ratio files were uploaded into the plat-
form to identify 100-bp tiling intervals and search for overlapping
50-mers in 3-kb intervals on either side of the 5’-end of X-linked
transcripts prior to calculating average enrichment at each in-
terval. To avoid interference from overlapping or neighboring
genes, the search stopped at the overlapping or end of the current
gene on either side.
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