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ABSTRACT

Xist RNA, which is responsible for X inactivation, is a key epigenetic
player in the embryogenesis of female mammals. Of the several
repeats conserved in Xist RNA, the A-repeat has been shown to be
essential for its silencing function in differentiating embryonic stem
cells. Here, we introduced a new Xist allele into mouse that produces
mutated Xist RNA lacking the A-repeat (Xist®A®4%). XistcACA5 RNA
expressed in the embryo coated the X chromosome but failed
to silence it. Although imprinted X inactivation was substantially
compromised upon paternal transmission, allele-specific RNA-seq
in the trophoblast revealed that Xist®A%4% RNA still retained some
silencing ability. Furthermore, the failure of imprinted X inactivation
had more significant impacts than expected on genome-wide gene
expression. It is likely that dosage compensation is required not only
for equalizing X-linked gene expression between the sexes but also
for proper global gene regulation in differentiated female somatic
cells.

KEY WORDS: X chromosome inactivation, Xist RNA, Trophoblast,
Mouse, Transcriptome

INTRODUCTION

Dosage compensation of X-linked genes is a crucial epigenetic
event that occurs at around the peri-implantation stages to allow
successful development of female mice. The X inactive-specific
transcript (Xisf) gene encodes a long noncoding RNA that is
monoallelically expressed from one of the two X chromosomes
and coats the chromosome that it originates from, which triggers
chromosome-wide heterochromatinization to compensate for
dosage differences of X-linked genes between the sexes (Heard
and Disteche, 2006; Lyon, 1961; Marahrens et al., 1997; Penny
et al., 1996). In the mouse embryo, there are two waves of X
chromosome inactivation (XCI) depending on the developmental
lineages. XCI first takes place with a bias to silencing the paternal X
chromosome (Xp) during preimplantation stages (imprinted XCI)
and is maintained in the trophectoderm and primitive endoderm
lineages (Takagi and Sasaki, 1975). The absence of dosage
compensation causes an arrest in proliferation of the progenitor
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cells of the trophoblast and results in the failure of placental
differentiation (Mugford et al., 2012; Roberts et al., 2004). It is
likely that the defects in the extraembryonic tissues lead to
deterioration in the subsequent development of embryonic tissues
(Takagi and Abe, 1990). In contrast to the cells in the
extraembryonic lineages, those specified to the epiblast lineage in
the blastocyst transiently reactivate Xp to erase the memory of
imprinted XCI and subsequently undergo XCI in a random fashion,
such that either Xp or the maternal X chromosome (Xm) is
inactivated regardless of parental origin.

X-linked noncoding Xist RNA plays a pivotal role in both
imprinted and random XCI. It is monoallelically upregulated on
either X chromosome at the onset of XCI and coats it in cis to cause a
series of changes in epigenetic state, such as histone modifications
and DNA methylation. It has been shown that an X chromosome
deficient for Xist never undergoes inactivation, demonstrating that
Xist is essential for XCI to occur in cis (Marahrens et al., 1997). The X
chromosome coated with Xist RNA forms a unique silencing domain
characterized by the accumulation of inactive histone marks such as
trimethylation of H3K27 (H3K27me3) (Plath et al., 2003; Rougeulle
and Avner, 2003; Silva et al., 2003) and exclusion of active marks
such as hypoacetylation of H3K9 and H4 (Jeppesen and Turner,
1993) as well as hypomethylation of H3K4 (Chaumeil et al., 2006).
These changes in histone modifications take place relatively early in
the process of XCI, suggesting that they are involved in the initiation
and/or early maintenance of the inactive state.

Much of our knowledge about the molecular mechanisms of XCI
have been derived from studies using not only female embryonic
stem cells (ESCs), in which XCI can be initiated by the induction of
Xist expression, but also male ESCs. The A-repeat, which is one of
the repeats in the 5’ region of Xist RNA that are conserved among
many eutherian mammals, is essential for the silencing function of
the RNA but not for its localization to the X chromosome (Wutz
etal., 2002). Intriguingly, the Xist cloud formed by the RNA deleted
for the A-repeat, although defective in X-linked gene silencing,
retains a histone modification status indistinguishable from that of
the cloud formed by wild-type Xist RNA, such as hypoacetylation of
histone H4 and enrichment of H3K27me3 and H4K20mel
(Chaumeil et al., 2006; Kohlmaier et al., 2004; Pullirsch et al.,
2010). It has been suggested that this apparent discrepancy is
reconciled by the finding that X-linked genes that fail to be silenced
are located at the outside or periphery of the cloud formed by the
Xist RNA lacking the A-repeat, and are therefore not incorporated
into the apparent heterochromatin domain (Chaumeil et al., 2006),
although the molecular basis of how the A-repeat exerts its effect on
this spatiotemporal regulation is not known. When we previously
attempted to explore this issue by targeted deletion of the A-repeat
in mouse, it completely abolished the expression of Xist, precluding
evaluation of the RNA lacking the A-repeat (Hoki et al., 2009).

In this study, we introduced a mutated Xist allele into mouse
that is expected to constitutively express Xist RNA lacking the

DEVELOPMENT


mailto:tsado@nara.kindai.ac.jp
http://orcid.org/0000-0003-4254-2417
http://orcid.org/0000-0002-1232-0250

RESEARCH ARTICLE

Development (2017) 144, 2784-2797 doi:10.1242/dev.149138

5’ sequence including the A-repeat, and studied the effect of this
mutated Xist on XCI during embryogenesis. The mutated Xist RNA
was successfully expressed and coated the X chromosome in cis
in the embryo, but failed to silence genes on the chromosome in
embryonic and extraembryonic lineages. As has been reported in
differentiating ESCs, the X chromosome coated with this silencing-
defective Xist RNA in both lineages apparently acquired histone
modifications typical for the properly inactivated X chromosome.
Paternal transmission of this allele resulted in embryonic lethality at
the peri-implantation stages due to the failure of imprinted XCI in
the extraembryonic tissues, suggesting the importance of the
A-repeat for the silencing function of Xist RNA in the embryo.
Transcriptomic analysis of this mutant trophoblast in comparison
with another mutant trophoblast carrying a paternally derived Xist
null allele revealed that, although the dysfunctional Xist RNA
expressed in the trophoblast indeed failed to inactivate many genes
on the Xp, it still retained some ability to silence a subset of genes,
suggesting that the silencing function of the Xist RNA lacking the
A-repeat is not completely abolished. Furthermore, we found that
the failure of imprinted paternal XCI had more significant
impacts than we expected on the genome-wide regulation of gene
expression. Based on these findings, the biological significance of
dosage compensation in female mammals is discussed.

RESULTS

A novel Xist allele that produces RNA lacking the A-repeat

in mouse

Since our previous study revealed that a simple deletion of
the A-repeat abolished Xist upregulation during embryonic
development (Hoki et al., 2009), we decided instead to express
Xist RNA lacking the A-repeat using a CAG promoter, using the
same approach as we used previously to create the Xist“¢ allele
(Amakawa et al., 2015). The 5’ region of Xist spanning from its
endogenous promoter to the X#ol site 0.9 kb downstream of the
major transcription start site in exon 1 was replaced with a fragment
containing the CAG promoter and a floxed selection marker by
gene targeting to generate the Xist“?45-?L allele (Fig. S1A,B). The
presence of the loxP-flanked selection marker inhibits expression of
the mutated Xist allele, similar to a stop cassette. Chimeric males that
were subsequently produced were crossed with females heterozygous
for Xist“‘® and eventually the targeted allele was successfully
transmitted to offspring (Xist“Y/Xist“45-2L \where the maternal
allele precedes the paternal allele — the same convention is used
hereafter) (Fig. S1C). These Xist“C/XistcAG45 2L females were
further crossed with males carrying a Pgk2-cre transgene, which is
specifically expressed in spermatocytes (Kido et al., 2005), to
produce males carrying Xist“45-2L in combination with Pgk2-cre
[XistCAGA-2L1Y ; Tg(Pgk2-cre)]. These males, in which Cre-mediated
conversion from XistOA2L 1o Xist“AG4Y occurs  during
spermatogenesis, allowed us to study the effect of the mutated,
most likely dysfunctional, Xist RNA (Xist“/%4> RNA) on XCI in
female offspring (+/Xist“494%",

Imprinted XCI is compromised upon paternal transmission

of XistCAG:%

In a previous study, we found that all +/Xist“““ embryos obtained
from a cross between wild-type females and Xist“*“?L/Y ; Tg(Pgk2-
cre) males were apparently normal and expressed the full-length
Xist RNA under control of the CAG promoter (Amakawa et al.,
2015). It was therefore reasonable to expect that Xist“94>" RNA,
although lacking the A-repeat, would be expressed and thus we
would be able to evaluate its silencing function. Unless Xist<494%

RNA has proper silencing function, no female pups would be
obtained upon paternal transmission of Xist““4" owing to the strict
requirement for paternally expressed functional Xist RNA for
imprinted XCI in the extraembryonic tissues. Accordingly, we
crossed wild-type females with Xist“CA5-2L)y; Tg(Pgk2-cre)
males. Of 141 pups born, no females were obtained, suggesting
that female embryos had been lost in utero (Fig. S1D).

When embryos were dissected out at E7.5 from females crossed
with Xist“GA5-2L)y; Tg(Pgk2-cre) males, a subset of the embryos
were stunted and had abnormal morphology, all of which were
females carrying the Xist“%4"" allele on the Xp (XX“A94% where
the maternal X precedes the paternal X carrying Xist©14%")
(Fig. 1A,B). Histological analysis revealed that the ectoplacental
cone and extraembryonic ectoderm were severely affected in the
morphologically abnormal embryos, which were most probably
females carrying the paternal Xist“145" allele (Fig. 1C). They were
reminiscent of female embryos carrying the paternally transmitted
Xist-deficient X (XX*A, where X** carries Xist*) (Hoki et al.,
2009), implying failure of imprinted XCI.

Xist®A645 RNA coats the X chromosome but fails to induce
its silencing in the embryo
We next studied the transcriptional status of the mutated paternal
XCAGAY in the extraembryonic tissues. RNA-FISH was performed
for Xist expression using two different probes (Fig. 1D-F) or one of
these probes in combination with a probe for another X-linked gene,
either Hprt or Atrx, in the trophoblast of E7.5 XX®AGA5" compared
with that in wild-type and XX®AG embryos (Fig. 2A-D). It was
evident that an Xist RNA cloud was formed in the nucleus of all
of these types of embryos, indicating that the Xist““4" allele
was upregulated as expected and that its transcript coated the X
chromosome (Fig. 1E,F). Although the majority of cells in the
extraembryonic tissues of XX“AG4%" exhibit dispersed Xist signals,
such dispersed signals as well as the typical condensed signals were
found in the wild-type and XX“AC controls. Apparent differences in
the morphology of the representative Xist cloud in XXA645" and
that in wild type and XX®AG can most probably be ascribed to the
difference in the cell type that composes the extraembryonic tissues.
Given that the ectoplacental cone and extraembryonic ectoderm are
essentially missing in XXAG45" embryos (Fig. 1C), we suspect that
those cells with the condensed signals in wild type and XXAS most
likely belong to the tissues that are missing in XX®A945" embryos.
The hybridization signals of other X-linked genes were detected
in the cloud of Xist“/“4> RNA in addition to those on the active X
chromosome (91% for Hprt and 70% for Atrx; Fig. 2A-D). This
contrasted with the pattern observed in the trophoblast of wild-type
and XX“AY embryos, where the expression of Xist and X-linked
genes were mutually exclusive in the majority of nuclei positive for
Xist (83% for Hprt and 73% for Atrx in wild type; 79% for Hprt and
75% for Atrx in XXAY). This demonstrates that, as expected from a
previous study using differentiating ESCs (Wutz et al., 2002),
Xist“G45" RNA fails to silence genes on the X chromosome on
which it accumulates in the embryo. To investigate whether the
silencing defects of Xist™%4>" RNA could already be detected
during the preimplantation stage, the same analysis was carried out
in E3.5 blastocysts (Fig. 3A-F). The prevalence of nuclei with the
mutated Xist RNA cloud in XX®AGAS" blastocysts (81%) was
comparable to that with the Xist cloud in wild-type XX (89%) and
XXCAG (81%) blastocysts (Fig. 3A,B). Whereas Hprt and Atrx were
apparently silenced on the X coated with the Xist RNA in 73-80% of
the nuclei in wild-type and XX®AG blastocysts, expression of these
genes was detected in the cloud formed by Xist“/“4>" RNA in the
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Fig. 1. Imprinted XCl is compromised in the embryo with the paternal X coated with Xist®*¢45 RNA. (A) The number of E7.5 mouse embryos recovered from
wild-type females (XX) crossed with XCAGAS-2LY; Pgk2-cre males. The Xist®A®4% allele converted from the Xist®A G452 allele in the spermatocytes is transmitted
to female embryos at the expected ratio. (B) Gross morphology of E7.5 embryos carrying the paternally transmitted Xist¢4% allele as compared with those
carrying the paternally transmitted Xist** allele. Female embryos (bottom), which carry paternally transmitted Xist“¢4% (left) or Xist** (right), are shown in
comparison with wild-type male littermates (top). The phenotype of females obtained from the respective crosses is similar. Scale bar: 500 uym. (C) Histological
analysis of a presumptive female embryo carrying the paternal Xist®A®4% recovered at E7.5 comparison with that of a presumptive wild-type male littermate. al,
allantois; am, amnion; ch, chorion; ee, embryonic ectoderm; epc, ectoplacental cone; exe, extra-embryonic ectoderm; pe, parietal endoderm; tb, trophoblast; ve,
visceral endoderm. Scale bar: 200 um. (D) The wild-type Xist, Xist“A€ and Xist“A®4% alleles, and positions of the probes used for the detection of Xist RNA. The
Xist3' probe (green, pXist_SS12.5) detects both wild-type Xist and Xist®"4% RNA, whereas the Xist5' probe (red, pX21Xh) detects only wild-type Xist RNA
containing the 5’ region. Xh, Xhol; B, Bglll; R, EcoRl; H, Hindlll. (E) Accumulation of Xist®*¢4% RNA was confirmed by RNA-FISH in the E7.5 trophoblast. XX,
wild-type female embryo; XXCA®, female embryo carrying paternal Xist®A¢; XXCAGA5' female embryo carrying paternal Xist® 4%, Whereas RNA expressed from
wild-type Xist and Xist““C is detected by both Xist5’ and Xist3’ probes to yield a yellow hybridization signal when the images are merged, the mutant RNA
expressed from Xist®AG4% is detected only by the Xist3’ probe to yield a green hybridization signal. (F) Summary of RNA-FISH analysis in E7.5 trophoblast.
Prevalence of the nuclei showing the respective expression patterns of Xist is shown: light gray, no Xist; gray, Xist RNA detected by both Xist5" and Xist3’ probes;
black, Xist RNA detected by only Xist3’ probe. n, the number of embryos analyzed. At least 100-150 nuclei were counted in each case.
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Fig. 2. Xist®A®4% RNA is defective in X-linked gene silencing in the trophoblast. (A,C) Representative images of two-color RNA-FISH in E7.5 XXCAGAY
trophoblast detecting (A) Hprt or (C) Atrx in combination with Xist. Neither Hprt nor Atrx was silenced in the cloud formed by Xist®A4% RNA in the majority of the
nuclei. (B,D) Summary of (B) Hprt or (D) Atrx silencing in the Xist cloud in XX, XX®A® and XX®A®4% n number of embryos analyzed. Error bars indicate s.d.

majority of the nuclei in XX“A545" blastocysts (83% for Hprt and
93% for Atrx), indicating the failure of gene silencing on X“AG4Y
from the early phase of imprinted XCI at the preimplantation stage
(Fig. 3C-F). We therefore concluded that Xist“/“4" RNA
upregulated on Xp at the onset of imprinted XCI could coat the X
chromosome but failed to induce proper silencing.

Xist®A€45 RNA still retains some silencing ability in the
trophoblast
To further investigate the extent to which the silencing function of
Xist RNA was abolished in the absence of the A-repeat, we carried out
allele-specific RNA sequencing (RNA-seq) using the trophoblast of
E7.5 embryos. In addition to wild-type and XX“AG45" embryos,
XXAA embryos carrying the functionally null Xist* allele (Hoki
etal., 2009) were also included in the assay. Females of the JF1 strain
were used for the respective crosses, so that the parental origin of the
transcripts could be distinguished according to differences in the
single-nucleotide polymorphisms (SNPs) and insertions/deletions
(indels) present between JF1 and relevant males of B6 background.
Among X-linked genes expressed in the trophoblast, 319
informative genes were selected for the evaluation of misexpression
from Xp in the mutants. Fig. 4A shows the number of genes with
respective percentage paternal reads in increments of 5%, which

represents the frequency of the paternal reads that appeared in the total
allele-specific reads mapped at the genomic loci of these genes. The
vast majority of genes in the wild-type trophoblast were included in the
0 to 10% category, indicating that the expression of these genes was
substantially repressed on Xp, as expected. Several genes exhibiting
more than 10% frequency were classified as being expressed from
the inactive Xp and could, therefore, be referred to as ‘escapees’.
The same analysis was carried out in XX** and XXCAGAY
trophoblasts. XX**, which does not express Xist RNA at all in the
extraembryonic tissues (Fig. S2C), served as a control for the status
of ‘no dosage compensation’ for the X-linked genes. Expression
levels of paternal Xist were ~4-fold higher in XXA64" than in
wild type, ruling out the possibility that the lower expression of the
mutant Xist RNA contributes to the defective silencing (Fig. S2C).
A large proportion of the selected X-linked genes were distributed at
around 50% in the XX trophoblast, suggesting that these genes
were expressed from the paternal allele at levels comparable to those
from the maternal allele. The presence of a minor fraction of genes
expressed more highly on the Xp than on Xm (up to 80%) could be
due not only to the underlying genetic differences but also to
indirect effects of the failure in dosage compensation (see below).
By contrast, percentage paternal reads in the XXCAGAY
trophoblast were rather variable, with a bimodal distribution at
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Fig. 3. Defective X-linked gene silencing by Xist®A¢1% RNA is evident in the blastocyst. (A) Representative images of two-color RNA-FISH detecting wild-type
Xist, Xist®A€ and Xist®*¢4% RNA using the probes shown in Fig. 1C. (C,E) Representative images of two-color RNA-FISH in blastocysts detecting (C) Hprt or (E) Atrx
in combination with Xist. Neither Hprt nor Atrx was silenced in the cloud formed by XistA¢4% RNA in the majority of the nuclei. (B,D,F) Summary of RNA-FISH
detecting (B) wild-type and the mutated Xist RNAs, (D) Hprt and (E) Atrx in combination with Xist. The average number of blastomeres examined in each case is
shown above the bar. n, number of embryos analyzed. Xist“A¢4% RNA fails to silence the X-linked genes in the preimplantation stages. Error bars indicate s.d.

around 0% and 50% (Fig. 4A). This is clearly distinct from the autosomal genes are expressed from both parental alleles at

distribution of percentage paternal reads in XX*. Such a bimodal ~ comparable levels, as shown by a peak at 50% (Fig. S2A,B). This
distribution in XX®A6A5" s specific for X-linked genes, as demonstrates that a subset of X-linked genes are silenced or nearly
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Fig. 4. Failure of imprinted XCI impacts the expression of not only
X-linked but also autosomal genes in the trophoblast. (A) The number of
genes with respective percentage paternal reads among 319 X-linked genes
analyzed. The vast majority of genes on the Xp are classified into 0-5%
paternal reads in wild type (XX), indicating that they are substantially silenced
(left). Most of the genes on X** are classified into 40-60% paternal reads,
indicating that they are expressed from both X chromosomes at comparable
levels in XX (right). Although many genes are expressed at relatively high
levels on XCAGAY 5 subset of genes are classified into 0-10% paternal reads,
indicating that they are inactivated by Xist®A¢4% RNA in XXCAGAS (middle).
(B) Genes that are inactivated and those that stay active often form clusters on
XCAGAS Data shown in A are delineated as a heatmap according to the
position of 319 genes along the X chromosome. Those genes manifesting
fewer than 20% paternal reads are classified as inactivated genes (cyan),
whereas all others are classified as active (yellow). Positions of Xist, Hprt and
Atrx are indicated. Expression levels of the respective genes in XX are shown
beneath the heatmap. Dashed lines indicate the median of FPKM values.
(C) Whether the genes on XCAGA% are silenced or not in XXCAGAY correlates
with their expression levels in wild-type female embryos. The 319 genes
analyzed are classified into three groups according to their percentage
paternal reads (<10%, 71 genes; 10-40%, 103 genes; >40%, 145 genes) and
their average expression levels (FPKM, log scale) in the wild-type XX
trophoblast are compared among the three groups. Genes expressed more
highly on XCAGAS" appear to be more highly expressed in XX. The significance
of the difference was evaluated by the Wilcoxon test. (D) Whether the genes on
XCAGAS gre silenced or not in XXCACAY correlates with gene (FPKM >1 in XX)
density. The gene densities are compared among the three groups classified in
C. (E) The expression levels of X-linked genes are variably affected in the
absence of proper XCI in the trophoblast. For 295 genes that are silenced in
wild-type Xp (percentage paternal reads <10), their percentage paternal reads
and expression levels in XX trophoblast relative to the values in wild-type
trophoblast are plotted (left). The same analysis in XX®A®4%' trophoblast is also
shown (right). The red curve indicates the expected relationship between the
percentage paternal reads and expression levels assuming that the genes on
the Xm are expressed at the same levels in wild type and mutants and those on
the Xp in wild type are completely silenced. (F) The expression levels of
autosomal genes are also affected in both XXCAGA5 gand XX*A. Among
autosomal genes, those with FPKM greater than 1 in any one of wild type,
XXCAGAY or XXAA (11,688 genes) were analyzed. Changes in their expression
levels between XXCAGAY and XX relative to wild-type trophoblast are
compared. Differentially expressed genes in either XXCAG4%" or XX*A (change
of expression >3-fold and g-value<0.05) are indicated in red. The major axis
regression line is shown (solid line).

XCAGAS ! tCA GAS'

silenced on in the trophoblast, suggesting that Xis
RNA still retains some residual silencing ability. Interestingly, those
genes silenced on X494 are not randomly distributed but tend
to be clustered along the chromosome and often found in regions
of low gene density, and their expression levels are generally low in
the wild type (Fig. 4B-D, Fig. S2D). By contrast, the X-linked genes
that Xist“G45" RNA failed to silence were expressed at relatively
high levels in wild type (Fig. 4C).

Lack of dosage compensation affects gene expression
globally in the trophoblast

We further explored the relationship between percentage paternal
reads of the X-linked genes silenced in the wild type and the
changes in their expression levels (FPKM) relative to those in
XXCAGAY and XXA4 trophoblasts (Fig. 4E). The red curve in
Fig. 4E indicates the relationship between the relative expression
levels and percentage paternal reads, assuming that the expression
levels of Xm genes are the same between wild type and the
respective mutants, and that Xp genes in wild type are completely
repressed. Many genes make a cluster on the red curve at around
50% paternal reads in XX*4, where the expression levels of these
genes are around twice those from Xm in wild type, suggesting that
the increase in their expression levels in XX* can be essentially
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ascribed to the misexpression from Xp. There are, however, many
other genes that deviate from the red curve, indicating that their
expression is misregulated on Xm as well as on Xp, which fails to
undergo inactivation in XX#, Expression levels of those genes
shifted upward from the red curve are increased on both Xp and Xm
relative to the respective X chromosomes in wild type, whereas
those shifted downward represent genes whose expression on Xm is
decreased compared with that on Xm in wild type. This suggests that
the failure of imprinted X inactivation in the trophoblast results in
the aberrant expression of genes on not only Xp but also Xm.

The same analysis in XX“A94%" revealed that, in contrast to XX,
many of the misregulated genes were distributed between 0% and
50% paternal reads at variable expression levels, most probably
indicating the residual silencing ability of Xisf“¢4> RNA. It should
be noted that although many genes manifest 0-10% paternal reads
they are not necessarily silenced but, in fact, those that deviate upward
from the red curve are expressed more strongly on the paternal
XCAGAY than those on Xp in wild type. Genes clustering on the red
curve at 0% paternal reads represent those silenced on X494 to the
same extent as on Xp in wild type. The failure of appropriate silencing
of the paternal X©AGAS" in the trophoblast therefore results in
misregulation of genes on not only Xp but also Xm, as was the case
in XX,

These findings prompted us to examine the interesting possibility
that this failure also causes global changes in gene expression.
Fig. 4F and Fig. S2E show a comparison between the changes in
autosomal gene expression in XXAG4" and those in XXA4. The
changes in expression for 11,688 autosomal genes were very similar
in each mutant relative to wild type, as plotted along the diagonal
with a correlation coefficient of 0.85. Among these autosomal
genes, those expressed at levels at least 3-fold higher or lower in the
mutants relative to wild type with g-value <0.05 (red dots) were
considered to be significantly upregulated or downregulated in each
mutant. The number of upregulated genes was much greater than
that of downregulated genes. It should be noted that upregulation is
more prominent in XX** than in XX®AG45" (Fig. 4F, Fig. S2C),
suggesting more severe effects on autosomal gene regulation in the
former. These findings raise the intriguing possibility that dosage
compensation impacts not only X-linked genes but also the
regulation of gene expression genome-wide in the trophoblast.

We carried out an in-depth analysis of Gene Ontology (GO)
functional annotation for autosomal genes dysregulated in the
trophoblast of XX®AGAS" and found that specific pathways were
affected (Tables S1 and S2). Genes involved in developmental
processes (e.g. cell motility, cell proliferation, cell death, and signal
transduction) and in protein translation (e.g. TRNA and tRNA
metabolic processes) were overrepresented in the upregulated and
downregulated genes, respectively. Interestingly, downregulation of
genes related to translation is one of the responses in gene expression
commonly observed in aneuploid cells in diverse species (Sheltzer
et al., 2012), suggesting that the presence of an additional active X
chromosome has effects reminiscent of autosomal aneuploidy.

Xist RNA is biallelically expressed in embryonic tissue

of xxCAGAS’

To further investigate the silencing ability of Xist“1“4" RNA, we
examined XCI status in the embryonic lineage. RNA-FISH was
carried out for the expression of Xist in the distal part of E7.5
XXCAGAS” embryos, in which embryonic ectoderm was enriched.
Unexpectedly, we noted that most of the nuclei contained two Xist
clouds. To confirm that these two Xist clouds represented biallelic
expression from the wild-type X and X©A64%' we carried out RNA-
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FISH using the two Xist probes described above (Fig. 5A,B). The
results demonstrated that one cloud represents Xist“4“4" RNA and
the other the wild-type Xist RNA. RNA-FISH for the expression of
either Hprt or Atrx, when examined simultaneously with a probe
common to both wild-type and mutated Xist RNA (Xist3’), revealed
that expression of one of the two alleles was detected as a single
pinpoint in one of the two Xist clouds in the majority of the nuclei
(70% for Hprt and 68% for Atrx; Fig. SC-F). Although we could not
distinguish which of the wild-type and mutant Xist clouds
overlapped with a pinpoint signal of the X-linked genes, it would
be reasonable to assume that Xist RNA expressed from the wild-type
allele could trigger the silencing of the X-linked genes in cis,
whereas the mutant Xist“/“4>" RNA failed to do so.

Both X chromosomes acquire histone modifications typical
of the normally inactivated X in XX®A%25" embryonic tissue
An X chromosome that is to be inactivated undergoes a series of
changes in histone modifications during the initiation phase of XClI,
which apparently depends on Xist RNA accumulation on the X
chromosome. To examine whether Xist“/“4%" RNA was competent
to induce histone modifications, we carried out whole-mount
immunofluorescence staining of E7.5 XX®AGA" embryos using
antibodies against various histone modifications. Immunofluorescence
staining was carried out with antibody against H3K27me3 in
combination with anti-Oct3/4 (Pou5f1) antibody, which allowed us
to distinguish the cells of the embryonic tissue from those of the
extraembryonic tissues. As was shown by RNA-FISH for Xist, two
H3K27me3 domains were detected in the nucleus of Oct3/4-
positive cells (representing the embryonic tissue), whereas only one
such domain was detected in the nucleus of Oct3/4-negative cells
(representing the extraembryonic tissues) (Fig. 6A). We also
analyzed the acetylation status of the H3K27me3 domains, which
we assumed represented the X chromosome coated with Xist RNA.
Immunofluorescence of acetylated histone H4 was excluded from
the H3K27me3 domains in both the embryonic and extraembryonic
tissues, suggesting hypoacetylation of the X chromosome highlighted
with H3K27me3 (Fig. 6B). These analyses indicate that the X
chromosome coated with Xiszf™%> RNA, which is defective in
silencing, is apparently indistinguishable from the normally inactivated
X chromosome in terms of the status of these histone modifications.

To further analyze the epigenetic state of the X chromosome coated
with Xist“%4Y" RNA, other histone modifications or the localization
of proteins known to be enriched on the inactive X chromosome were
examined in newly generated ESCs from XX®AG4%" blastocysts.
Embryoid body formation of XX“A645" ESCs successfully induced
both mutant and normal Xist RNA, as observed in the epiblast of E7.5
embryos (Fig. 6C). Immunofluorescence staining or immuno-RNA-
FISH showed that there were no obvious differences in the epigenetic
modifications between the wild-type X and X“AG45' both of which
were highlighted with Xist RNA and H3K27me3 (Fig. 6D-F). This is
consistent with a previous finding in ESCs that histone modifications
such as H3K27me3 and H4K20mel are still induced by Xist RNA
lacking the A-repeat (Kohlmaier et al., 2004; Pullirsch et al., 2010).
We concluded that Xist“94" RNA, although defective in
chromosome silencing, could induce global changes in histone
modifications on the X chromosome from which it originated, in a
manner similar to the wild-type Xist RNA.

DISCUSSION

The A-repeat is essential for XCl during embryogenesis

The importance of the A-repeat in the silencing function of Xist
RNA was first shown by Wutz and colleagues using a transgenic

approach in differentiating ESCs (Wutz et al., 2002). Although their
assay system has provided significant insights into Xist RNA-
mediated chromosome silencing, the possible impact of Xist RNA
lacking the A-repeat on XCI has not been addressed in the context of
embryonic development. In this study, we showed for the first time
that Xist™“45" RNA, which lacks the 5’ region including the
A-repeat, is dysfunctional and fails to induce proper XCI in both the
embryonic and extraembryonic lineages, and we further analyzed its
effects on XCI in the embryo. Upon paternal transmission of the
Xist“4945" gllele, female embryos died at the early postimplantation
stage due to severe developmental defects in the extraembryonic
tissues caused by the failure of imprinted XCI. Allele-specific
RNA-seq revealed that many genes on the Xp coated with
Xist4645  RNA in the trophoblast were significantly
misexpressed, but some of the genes located on this chromosome
were still properly silenced, suggesting that although the silencing
function of Xist“/“4%" RNA was severely compromised, it retains
some silencing ability.

Although the extraembryonic ectoderm is essentially missing, the
trophoblast is relatively well formed in XX“AG45" embryos, as
compared with that in XX2* embryos. Thus, partial dosage
compensation mediated by the apparent residual silencing ability
of Xist“94 RNA may allow relatively normal development of the
trophoblast, but this extent of dosage compensation might not be
sufficient to support the development of the extraembryonic
ectoderm in XX®AGAS embryos. Accordingly, the trophoblast
might be more tolerant than the extraembryonic ectoderm to the
failure of imprinted X inactivation.

Embryonic tissue of XX®A¢45" shows biallelic expression

of Xist RNA to accomplish dosage compensation

One of the unexpected findings in this study is the biallelic
expression of Xist in the embryonic tissues of XX“A945" embryos.
Since Xist RNA is exclusively expressed from the Xist““¢ allele in
the embryonic tissue of XX“AC (Amakawa et al.,, 2015), we
expected that only the Xist“%4"" allele would be upregulated in
XXCAGAS embryonic tissue. This was not the case, however, and
the wild-type Xist allele was also upregulated in addition to the
mutated Xist“47" allele, implying that the wild-type Xist allele was
secondarily upregulated so as to achieve dosage compensation in
XXCAGAS embryos, in which Xist©1945" RNA failed to induce a
sufficient level of XCI.

A strict requirement for dosage compensation during embryonic
development might underlie upregulation of the second, wild-type
Xist allele. A recent model proposes the action of a putative X-linked
activator for the initiation of XCI, which can stochastically
upregulate every Xist allele regardless of the number present in a
cell in a dose-dependent manner. X-linked Rnf12 (Rlim) is a known
candidate for such an activator (Gontan et al., 2012; Monkhorst
et al., 2008). According to this model, the dose of Rnf12 produced
from two active X chromosomes is high enough to stochastically
activate either of the Xist alleles or both, but once one of the X
chromosomes subsequently undergoes inactivation the dose of
Rnfl2 produced from the remaining active copy would never
surpass the threshold for Xist activation, and therefore could induce
no more Xist. This would be consistent with our current observation
of biallelic expression of Xist in XX“A94%" embryos. Since the X
chromosome coated with Xisf““4>" RNA does not undergo
inactivation, it would be reasonable to assume that the dose of
X-linked Rnf12 would remain high enough to activate the second
Xist allele on the wild-type X, resulting in biallelic expression of Xist
in the embryonic tissue. However, our preliminary result using the
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Fig. 5. Defective X-linked gene silencing by XistcA64% RNA in E7.5 XX®A®A% embryonic tissue. (A) Representative images of RNA-FISH using two different
probes detecting Xist RNA. Accumulation of both wild-type and Xist“¢4% RNA is evident in XX®A®45' (B) Summary of the expression pattern of Xist in the
embryonic tissue of the indicated genotypes. (C,E) Representative images of two-color RNA FISH for (C) Hprt or (E) Atrx expression in combination with Xist.
(D,F) Summary of the expression pattern of (D) Hprt or (F) Atrx in embryonic tissue of the indicated genotypes. In the majority of the nuclei, expression of these
X-linked genes was evident on one of the Xs, presumably XCA®2% Error bars indicate s.d.
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Fig. 6. An X chromosome coated with Xist¢A¢45 RNA assumes chromatin
modifications typical of the normally inactivated X chromosome.

(A) Representative images of whole-mount immunofluorescence staining of
E7.5 XXCAGAY (n=3) and size-matched E6.5 XX (n=3) embryos with an
antibody against H3K27me3 in combination with an antibody against Oct3/4.
Cells positive for Oct3/4 represent the embryonic tissue, whereas those negative
for Oct3/4 represent the extraembryonic tissues. In the XX®AGA5 embryo, each
nucleus contains a single H3K27me3 domain in the extraembryonic tissues but
two domains in the embryonic tissue, suggesting that Xist“4¢4% RNA is
competent to induce H3K27me3. Boxed regions are magnified beneath.

(B) Whole-mount immunofluorescence staining of E6.5 XX (n=3) and E7.5
XXCAGAY (n=3) embryos with an antibody against acetylated histone H4 (H4ac) in
combination with an antibody against H3K27me3. H4ac is excluded from the
domain enriched for H3K27me3. Boxed regions are magnified beneath.

(C) Timecourse of embryoid body (EB) differentiation. Arrows indicate days when
histone madifications and localization of SmcHD1 (which localizes on the inactive
X chromosome) were examined. (D) Representative images of immuno-RNA-
FISH and immunofluorescence analyses of differentiated XXCAG2% ESCs.
Immuno-RNA-FISH was performed using two different probes for Xist RNA and
an antibody against either H3K27me3 or H3K4me2 on ESCs differentiated for
4 days (H3K27me3) or 5 days (H3K4me2). H3K27m3 was enriched on, and
H3K4me2 was excluded from, the X and XCAGA5 chromosomes coated with wild-
type Xist and Xist®c4% RNA, respectively. Immunofluorescence staining was
performed using one of antibodies against H4K20me1, SmcHD1 or H4ac in
combination with an antibody against H3K27me3 on ESCs differentiated for

5 days (H4K20me1 and H4ac) or 7 days (SmcHD1). Two H3K27me3 domains
that formed in differentiated XX®A®A%" ESCs, representing the wild-type X and
XCAGAS chromosomes, were enriched for H4K20me1 and SmcHD1 but devoid of
H4ac. (E,F) Summary of (E) immuno-RNA-FISH and (F) immunofluorescence
analyses of differentiated XXCAGAY ESCs. The XA®A5 chromosome assumes
the properties of the normally inactivated X chromosome in the vast majority of
nuclei.

distal part of early postimplantation XXAGA5" embryos, which is

enriched with epiblast cells, suggests that the upregulation of
wild-type Xist is not necessarily preceded by the upregulation of
Xist“4G45" (Fig. S3). When RNA-FISH was carried out for Xist
expression using two probes, which allowed us to differentiate wild-
type and Xist“1%4> RNA, we observed monoallelic upregulation of
either wild-type or Xist““4> RNA during the early phase of XCI in
the epiblast cells. This suggests that a mechanism for the random
choice of monoallelic upregulation is still effective on either the
wild-type or Xist“4" allele despite the fact that Xist“494%" is
driven by the CAG promoter. This appears consistent with our
recent finding that, in undifferentiated ESCs, the CAG promoter
driving the Xist“!€ allele does not efficiently promote transcription
but rather behaves in a manner similar to the endogenous Xist
promoter, causing only a basal level of transcription (Amakawa
et al., 2015). We anticipate that, given the constitutively active
nature of the CAG promoter in many differentiated cells,
monoallelic upregulation of the wild-type Xist allele at the onset
of XCI should be followed by upregulation of Xist“14?’, resulting
in biallelic expression of Xist in the embryonic tissues of XXCAGAY
later on. Detailed analyses of XX“A54% ESCs would provide further
insights into the mechanisms of action of putative activators of Xist,
such as Rnf12, in the initiation of XCI.

XCAGAS" acquires chromatin modifications typical of the
inactive X chromosome

An X chromosome acquires a series of epigenetic modifications
following the accumulation of Xist RNA and forms a silencing
compartment, into which X-linked genes that are to be silenced
relocate (Escamilla-Del-Arenal et al., 2011; Patrat et al., 2009).
Formation of this silencing compartment appeared to be
independent of the A-repeat. Although repetitive sequences
present in intergenic regions are incorporated in the silencing
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compartment formed by Xist RNA lacking the A-repeat, X-linked
genes that remain active do not relocate into it, explaining why the
mutated Xist RNA fails to induce XCI (Chaumeil et al., 2006).

Our immunofluorescence analysis demonstrated that the X
chromosome coated with Xisf™%4> RNA manifested histone
modification patterns typical for the normally inactivated X
chromosome in XX“A94Y suggesting that Xist“/“4>" RNA could
also form a silencing compartment in the embryos that is apparently
indistinguishable from that of the properly silenced X chromosome,
as previously described in differentiating ESCs (Chaumeil et al.,
2006; Kohlmaier et al., 2004). It is likely that the histone modification
patterns observed by immunofluorescence analysis in XXCAGAY
represent those distributed in the intergenic regions, which occupy
most of the X chromosome, but not in gene regions that do not
undergo inactivation. In this case, however, some genes juxtaposing
the intergenic region that acquires repressive histone modifications
might not need to relocate into the silencing compartment to become
silenced. Alternatively, although the patterns of immunofluorescence
were apparently indistinguishable, since it does not provide a
quantitative measure there could be reduction of one or more histone
modifications on the X coated with the mutated Xist RNA in
XXCAGAY This could also contribute to inefficient silencing. In the
present study, we could not address these issues, since the mutant
embryos were too small to prepare enough chromatin for a ChIP-seq
analysis. Given the fact, however, that the X chromosome coated with
the mutated Xist RNA in differentiating ESCs established from
XXCAGAY blastocysts recapitulates the effects seen in the embryos,
such ESCs would provide an alternative source material for the assay.
It would be of particular interest to compare the distribution of histone
modifications between the wild-type X and X494 which are
coated with the wild-type and the mutated Xist RNA, respectively,
when present in the same nucleus in XX“A94" ESCs.

Biological significance of dosage compensation in female
mammals

It was intriguing to find that the failure of proper imprinted XCI in the
trophoblast did not result in a simple overexpression of X-linked
genes but rather aberrant upregulation and downregulation of many
genes not only on the X chromosome but also autosomes. This
suggests that dosage compensation has a much greater impact on gene
regulation genome-wide than previously thought in the trophoblast.
This is reminiscent of a study demonstrating the improvement of
somatic cell nuclear transfer (SCNT) by impeding Xist expression on
the active X (Inoue et al., 2010). In SCNT embryos, Xist becomes
upregulated on both X chromosomes in females and on the single X
in males at the early preimplantation stages, resulting in remarkable
downregulation of many X-linked genes at the blastocyst stage. The
use of somatic cells that are either heterozygous or hemizygous for
the Xist null mutation as a donor of the nucleus significantly improves
the development of SCNT embryos, in which the expression levels
of the X-linked genes are restored to relatively normal levels.
Intriguingly, this is accompanied by a significant improvement in the
expression levels of many autosomal genes, which are also
misregulated in the SCNT embryos. Insufficiency of X-linked gene
expression, in this case, apparently causes aberrant expression of
autosomal genes. In XX*4 and XXAGA" trophoblasts, by contrast,
an overexpression of X-linked genes due to the failure of imprinted
XCI apparently affects autosomal gene expression.

These findings suggest that inappropriate levels of X-linked gene
expression directly or indirectly affect the expression levels of
autosomal genes. It is therefore likely that dosage compensation in
female mammals is required not only for equalizing the dosage
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difference of X-linked genes between the sexes but also for proper
gene expression genome-wide.

MATERIALS AND METHODS

Construction of the targeting vector

A targeting vector was constructed by modifying pCAG-CAM20, which
was previously constructed to generate the Xist“/“*~ allele (Amakawa et al.,
2015). pPCAG-CAM20 was digested with Sall and X#ol to release a 3.7 kb
CAG-Pac cassette and a 0.9 kb Xist 5 fragment (nt 21-912). The reaction
products were directly subjected to self-ligation and a plasmid containing
only the 3.7 kb CAG-Pac cassette was isolated to derive pCAGAA.

Gene targeting and mice

The targeting vector was introduced into R1 ESCs (Nagy et al., 1993) by
electroporation using Gene Pulser (240 V, 500 uF; Bio-Rad). Selection was
applied 24 h later in the presence of 2 pg/ml puromycin. Of 405 colonies
picked up, one harbored the expected homologous recombination
(Xist4945"-2Ly " Chimeric males were generated and crossed with females
heterozygous for Xist“‘“ (Amakawa et al., 2015) to facilitate the germline
transmission of the Xist“1943-2L allele. Female mice carrying Xist“1¢4%-2L
in combination with Xist thus generated were crossed with Pgk2-cre
transgenic males, which express Cre recombinase specifically in the
spermatocyte, to recover XCAGAS 2Ly Pok2_cre males. These males were
subsequently crossed with wild-type females to produce female embryos
that inherited the Xist“4“4%" allele converted from Xist““47-2L during
spermatogenesis. Correct targeting events and germline transmission were
verified by Southern blotting.

XXCAG and XXA24 embryos were obtained at E7.5 from crosses between
wild-type females with X“AG2LY; Pgk2-cre and X2AY males, respectively
(Amakawa et al., 2015; Hoki et al., 2009). For RNA-seq, JF1 females were
used for crossing with the respective wild-type B6, XCAGAS 2Ly Pok2-cre,
or X2AY males.

All' mice were maintained and used in accordance with the Guidelines for the
Care and Use of Laboratory Animals of Kindai University (KDAS-26-006).

RNA-FISH

To differentiate between signals for wild-type Xist and Xist“1“4%" RNA,
two plasmids pXist_SS12.9 and pX21Xh that contain different parts of the
Xist cDNA were labeled with either Cy3-dUTP (GE Healthcare) or Green-
dUTP (Abbott Molecular) using a Nick Translation Kit (Abbott
Molecular). Probes for Hprt and Atrx were prepared in the same way
using BAC clones RP24-335G16 and RP23-260115, respectively.
Cytological preparations of postimplantation embryos and blastocysts
were made as described by Takagi et al. (1982) and Okamoto et al.
(2000), respectively. RNA-FISH was performed as described previously
(Sado et al., 2001).

Histology
E7.5 embryos in the decidua were fixed with Bouin’s fixative, dehydrated,
embedded in paraffin, sectioned at 5 pm, and stained with Hematoxylin
and Eosin.

Whole-mount immunofluorescence

Embryos dissected out from the decidua were fixed with 1%
paraformaldehyde for 10 min at room temperature, permeabilized in PBS
containing 0.5% Triton X-100 and 0.5% BSA for 15-20 min, and incubated
with primary antibodies in PBS containing 0.5% BSA and 0.5% Tween 20
for 1 h at room temperature. Primary antibodies were: anti-H4ac rabbit
polyclonal antibody (Millipore, 06-598; 1:200), anti-H3K27me3 mouse
monoclonal antibody (a gift from Hiroshi Kimura; 1:1000) (Hayashi-
Takanaka et al.,, 2011), anti-H3K27me3 rabbit polyclonal antibody
(Millipore, 07-449; 1:100) and anti-H4K20mel (a gift from Hiroshi
Kimura; 1:100) (Hayashi-Takanaka et al., 2015). Secondary antibodies were
Alexa Fluor 488-conjugated rabbit anti-goat IgG, CF594-conjugated goat
anti-mouse IgG and Alexa Fluor 488-conjugated goat anti-mouse IgG (all
Invitrogen; 1:1000). Fluorescent images were captured using an Olympus
Disk Scanning Unit (DSU) mounted on an inverted microscope (IX71,

Olympus) and an EM-CCD camera (iXon, Andor), using MetaMorph
imaging software (Molecular Devices).

RNA-seq

Total RNA was isolated from the trophoblast of E7.5 embryos using Trizol
(Invitrogen). Libraries were prepared using the TruSeq RNA Sample Prep
Kit v2 (Illumina) using at least 20 ng total RNA, and were sequenced using
an [llumina HiSeq2500 or 1500 instrument to generate 101 bp single-end
reads. The numbers of biological replicates were three for wild type, seven
for Xist“1%4Y' | four for Xist*4, and one for Xist“49.

Genome annotations

For a set of the SNPs and indels (referred to as variants) of the JF1 strain,
we applied a whole-genome de novo assembly strategy to JF1 genomic
reads generated by Takada et al. (2013). Reads from the JF1-2 library
[DDBJ Sequence Read Archive (DRA) accession numbers DRX000502
and DRX000503] were assembled into scaftigs using fermi v1.1-r751 (Li,
2012) with option ‘-k 60’. Those scaftigs were aligned to a reference
genome (UCSC mm9), including unlocalized/unplaced scaffolds and one
unit of rDNA repeats (GenBank accession number BK000964.1) as
decoys, using bwa mem v0.7.10 (Li, 2013 preprint) with option *-D 0 -c
10000 -w 1000°. Scaftigs with low mapping quality (MAPQ<40) or
overlapping satellite repeats (annotated as GSAT_MM and SYNREP_NM
in the UCSC RepeatMasker track) were filtered out to avoid
misidentification of variants. Using outputs of SAMtools v0.1.19
mpileup (Li et al., 2009), we extracted informative positions satisfying
the following criteria in the reference genome: (1) a depth of scaftigs >1
and <3; (2) all bases among scaftigs were consistent when multiple scaftigs
were overlapped; (3) indel length <40 bp. By comparing with the reference
genome, we called variants for the JF1 strain. Note that our mutant mice
were originally derived from ESCs of 129 background and retained the
genomic sequence of the 129 strain in the vicinity of the mutated Xist locus
even after extensive backcrosses into the B6 background. We also created a
set of variants on the X chromosome of the 129S1 strain using genomic
reads derived from the 129S1/SvimJ strain (Keane et al., 2011) [NCBI
Sequence Read Archive (SRA) accession numbers ERX113419,
ERX113423, ERX113427, ERX113431, ERX113435, ERX113439,
ERX113447, and ERX113443] as above. These variants located at
informative positions on the X chromosome between the JF1 and 129S1
strains were used for further analysis. We constructed the strain-specific
genomes by incorporating the JF1 or 129S1 variants into the B6 genome
(only the X chromosome was considered for the 129S1 allele). For gene
annotation, RefSeq genes were obtained from the UCSC genome browser
(accessed January 21, 2015), and genes corresponding to small RNAs were
excluded.

Allele-specific RNA-seq alignment

We adapted our pipeline (Nozawa et al., 2013) to allow allele-specific
mapping. We prepared a concatenated custom reference, including the
strain-specific genomes and sequences spanning splice junctions based on
the RefSeq genes for all possible alleles (B6, JF1, and 129S1 for the Xist
mutants; B6 and JF1 for wild type), which allowed us to trace the possible
allelic origins of each read easily and handle splicing during RNA-seq
alignment. We filtered out RNA-seq reads derived from rRNA
and mitochondrial transcripts by mapping to 45S RNA, 5S RNA, and
mitochondrial DNA (GenBank accession numbers BK000964.1 and
NR_030686.1; UCSC mm9 chrM). After trimming of the first two bases
of each read, an error-rich stretch caused by random hexamer priming during
library preparation, the filtered reads were aligned to the custom reference
using bwa samse (Li and Durbin, 2009), and the best hits of each read were
extracted. The coordinates of hits mapping to splice junctions and/or non-B6
sequences were converted to mm9 genomic coordinates, and redundancy in
the coordinates for each read was removed while retaining their allelic
information. As a result, each read had a set of coordinates in the mm9
reference and each coordinate had a set of possible allelic origins. Reads
unmapped anywhere or with a number of coordinates >20 were excluded,
and the remaining were classified into two categories: unique hits (number
of coordinates=1) and multiple hits (all others).
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Parental imbalance and abundance in gene expression

To assign the parental origin using a set of allelic origins at each variant site
on the X chromosome, the haplotype of the Xp chromosome in each sample
with the mutated Xist was required. We inferred two recombination
boundaries between B6-derived and 129S1-derived regions on the Xp
chromosome proximal and distal to the Xist locus using the distribution of
unique hits occurring only in the B6 or 129S1 genome. We referred to
unique hits with only one of the maternal or paternal origins as allele-
specific reads, and used these to measure parental imbalance in gene
expression. For each gene, we counted the number of maternal or paternal
allele-specific reads (Nmat and Npat, respectively) overlapping exonic
variants within the gene, while ignoring variants overlapping multiple hits
in order to control for mapping bias caused by differences in uniquely
mappable positions among strain-specific genomes (Degner et al., 2009).
Allele-specific reads overlapping distinct genes were basically ignored, but
used in certain cases to create union gene models merging inseparable
genes. For each gene, when the number of allele-specific reads was >10, the
value of percentage paternal reads was defined as 100 Npat/(Nmat+Npat);
otherwise, as a missing value. The representative value of percentage
paternal reads for each Xist genotype was the average of biological replicates
when at least half of the replicates were available. To facilitate comparison
among Xist genotypes, we selected genes that were defined from the
representative values in all wild type, Xist©4“45" and Xist* as informative
genes. In initial analysis, we noticed that the X-linked Las!/ and Dynlit3
genes, which have not been reported to escape XCI, showed skewed
expression toward the inactive X even in wild type. The RNA-seq alignment
revealed that the aberrant data were caused by reads overlapping a single
SNP for each gene, and close inspection of the variant call data showed that
these SNPs were incorrectly called due to misalignment of pseudogenes.
Therefore, those two genes were omitted from further allele-specific
analysis.

To estimate gene expression level as the FPKM (fragments per kilobase
of exon per million fragments mapped) in a non-allelic manner, the
alignments including both unique and multiple hits were processed using
Cufflinks v2.2.1 cuffdiff (Trapnell et al., 2010) with option ‘~library-type ff-
firststrand —library-norm-method classic-fpkm —multi-read-correct’.

GO analysis

GO functional annotation was performed using DAVID (Huang et al.,
2009). Only autosomal genes were considered as both differentially
expressed and background genes. We selected 563 upregulated genes
(>3-fold change and g-value<0.05) and 181 downregulated genes (>2-fold
change and g-value<0.05) in XX®A94Y GO terms with Benjamini-
Hochberg-corrected P<1x10~* are shown in Tables S1 and S2.

Derivation of ESCs

ESCs were derived from blastocysts recovered from JF1 females crossed
with XCAGAS-2Ly: Pok2_cre males and maintained according to Ying
et al. (2008). ESCs were induced to differentiate as embryoid bodies for
3 days in conventional ES medium [DMEM (Sigma-Aldrich) containing
15% FBS, 1x non-essential amino acid (Nacalai), 0.1 mM beta-
mercaptoethanol and 1x Penicillin/Streptomycin] without LIF, and
resultant embryoid bodies were plated on coverslips to facilitate
further differentiation. Immunofluorescence analysis was then carried
out in essentially the same manner as described for whole-mount
immunofluorescence above.
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Fig. S1. Targeting scheme for generating the XistCAG45 gllele

(A) Genomic fragment containing the endogenous Xist promoter and the 5’ region of
exon 1 (-912 nt) was replaced with a CAG-Pac ECFP-pA cassette to produce the XistCAG
4572L gllele. In the presence of cre recombinase, the XistCAG45*2L gllele is converted into
XistCAGAS,

(B) Homologous recombination was confirmed by Southern blotting. RCA2.344
harbored the correct targeting event. Genomic DNA of RCA2.344 and parental R1 was
digested with either HindIII (left) or Bg/ll (right), transferred onto a nylon membrane,
and probed with either PE0.24 (left) or XXh0.7 (right) (Sado, et al, 2005).

(C) Germline transmission of XistCAG45 2L was confirmed by Southern blotting.
Southern blot containing tail DNA digested with Xbal was probed with XB (Ohhata, et

al, 2008).

(D) Selective loss of female embryos carrying the paternal XistCAG45 allele. No female
pups were born upon paternal transmission of XistCAG45, strongly suggesting that

imprinted X-inactivation was compromised in female embryos.
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Fig. S2. Sakata & Nagao et al.
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Fig. S2. Expression profile of X-linked and autosomal genes in in XXCAGA5 gnd XX A in

comparison with XX.
(A), (B) Most of the autosomal genes are biallelically expressed in the wild-type, XXCAG

45 and XX2A trophoblast. (A) Given that the mode of % paternal distribution among
autosomal genes is slightly below 50% in XXCAGA5 and XX 24, it is likely that the

maternal decidual tissues are contaminated in the trophoblast of both types of

mutants. Since the majority of autosomal genes are expected to be equally expressed

both among tissues and between alleles, we estimated that proportion of the maternal
contamination in XX, XXCAGA5 and XX A are 0%, 5.2%, and 11.2%, respectively. (B)
However, when the expression of the paternal copies, which could be identified only in
the trophoblast, is extracted and plotted against the observed overall expression ratios
of autosomal genes in XXCAGA5 pelative to XX, the majority of misregulated genes
exhibit a similar trend of changes as shown in Fig. 4F. This indicates that such
maternal contamination would not affect our conclusion.

(C) Expression levels of paternal Xistin each genotype are plotted as mean with
standard deviation.

(D) Comparison of % paternal reads of the 319 genes in all the individual trophoblast
analyzed with their position along the X chromosome.

(E) Heat map comparing the expression levels of the 1,277 autosomal genes shown in
red in Figure 4F. Genes were aligned so that those show similar kinetics of the changes

in their expression levels.
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Fig. S3. Sakata & Nagao et al.

Fig. S3. Comparison of expression patterns of Xistin the embryonic tissue among
respective genoetypes at early postimplantation stages.

Cells in the distal part of the embryo recovered from E5.5 to E7.5 were classified

according to their expression patterns of Xist.in respective genotype. While cells

expressing either wild-type or mutated Xist RNA are both observed in XXCAGA5 the
population of those cells with biallelic expression increases over time. One reason why
the prevalence of cells with a single mutant Xist cloud is higher than that of cells with
a single wild-type Xist cloud could be ascribed to the fact that we did not remove the
visceral endoderm, in which the mutated Xist allele is exclusively expressed due to
imprinted X inactivation, from the distal part of the embryos enriched with the
epiblast. Each Color of bar graphs matches that of rectangles showing respective
patterns of Xist expression. Yellow Xist cloud, wild-type Xist RNA; green Xist cloud,

Xist CAGA5 RNA; n, the number of embryos examined.
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Table S1. Overrepresented GO terms for autosomal up-regulated genes (2 3-fold with significance)

GOID Term p-value |Benjamini

G0:0042127 |regulation of cell proliferation 5.19E-18| 3.11E-14
G0:0070887 |cellular response to chemical stimulus 2.02E-17| 6.06E-14
G0:0071310 (cellular response to organic substance 5.43E-17| 1.08E-13
G0:0048514 [blood vessel morphogenesis 8.62E-17| 1.66E-13
G0:0001568 [blood vessel development 1.47E-16] 1.33E-13
G0:0009966 (regulation of signal transduction 2.05E-16| 2.22E-13
G0:0040012 [regulation of locomotion 3.72E-16| 2.85E-13
G0:2000026 [regulation of multicellular organismal development 3.87E-16| 2.49E-13
G0:0030334 [regulation of cell migration 4.16E-16 2.95E-13
G0:2000145 [regulation of cell motility 4.18E-16 2.66E-13
G0:0001944 |vasculature development 5.58E-16| 3.02E-13
G0:0010033 [response to organic substance 5.65E-16| 2.77E-13
G0:0007166 |cell surface receptor signaling pathway 1.98E-15| 9.20E-13
G0:0051270 regulation of cellular component movement 2.01E-15| 8.55E-13
G0:0051241 [negative regulation of multicellular organismal process 2.73E-15| 1.11E-12
G0:0022603 [regulation of anatomical structure morphogenesis 2.84E-15| 1.08E-12
G0:0051240 |positive regulation of multicellular organismal process 5.06E-15| 1.80E-12
G0:0048870 |cell motility 1.32E-14| 4.40E-12
G0:0051674 |localization of cell 1.32E-14| 4.40E-12
G0:0009605 [response to external stimulus 1.50E-14| 4.72E-12
G0:0008219 |cell death 1.61E-14| 4.82E-12
G0:0010646 [regulation of cell communication 2.44E-14| 6.96E-12
G0:0016477 |cell migration 2.50E-14| 6.80E-12
G0:0012501 [programmed cell death 2.83E-14| 7.37E-12
G0:0040011 |locomotion 2.92E-14( 7.29E-12
G0:0042981 (regulation of apoptotic process 4.08E-14| 9.76E-12
G0:0023051 (regulation of signaling 4.82E-14| 1.11E-11
G0:0048584 |positive regulation of response to stimulus 6.16E-14| 1.37E-11
G0:0043067 [regulation of programmed cell death 7.49E-14| 1.60E-11
G0:0007167 [enzyme linked receptor protein signaling pathway 7.95E-14| 1.64E-11
G0:0045597 |positive regulation of cell differentiation 9.31E-14| 1.86E-11
G0:0072359 (circulatory system development 9.70E-14| 1.87E-11
G0:0072358 |cardiovascular system development 9.70E-14| 1.87E-11
G0:0008283 |cell proliferation 1.01E-13| 1.89E-11
G0:0035556 [intracellular signal transduction 1.17E-13| 2.12E-11
G0:0045595 [regulation of cell differentiation 1.38E-13| 2.43E-11
G0:0010941 [regulation of cell death 2.23E-13| 3.82E-11
GO0:0006915 |apoptotic process 2.75E-13| 4.57E-11
GO0:0001525 |angiogenesis 4.00E-13| 6.48E-11
G0:0051093 [negative regulation of developmental process 9.17E-13| 1.45E-10
G0:0009967 |positive regulation of signal transduction 2.47E-12| 3.79E-10
G0:0048585 [negative regulation of response to stimulus 3.59E-12| 5.37E-10
G0:0048646 [anatomical structure formation involved in morphogenesis 4.02E-12| 5.88E-10
G0:0006952 |defense response 8.19E-12| 1.17E-09
G0:1902531 (regulation of intracellular signal transduction 1.25E-11| 1.74E-09
G0:0034097 [response to cytokine 2.04E-11| 2.77E-09
G0:0051094 |positive regulation of developmental process 2.59E-11| 3.44E-09
G0:0006928 [movement of cell or subcellular component 2.83E-11| 3.69E-09
G0:1901342 |regulation of vasculature development 3.63E-11| 4.63E-09
G0:2000147 |positive regulation of cell motility 3.95E-11| 4.93E-09
G0:0030335 (positive regulation of cell migration 4.93E-11| 6.02E-09
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G0:0010942 |positive regulation of cell death 5.47E-11| 6.56E-09
G0:0043068 |positive regulation of programmed cell death 6.23E-11| 7.31E-09
G0:0009887 (organ morphogenesis 6.81E-11| 7.84E-09
G0:0051272 |positive regulation of cellular component movement 8.50E-11| 9.60E-09
G0:0023056 [positive regulation of signaling 8.99E-11| 9.97E-09
G0:0040017 |positive regulation of locomotion 9.12E-11| 9.93E-09
G0:0048468 (cell development 1.24E-10| 1.33E-08
G0:0008285 [negative regulation of cell proliferation 1.31E-10| 1.37E-08
G0:0009611 |response to wounding 1.40E-10( 1.44E-08
G0:0043065 |positive regulation of apoptotic process 1.57E-10( 1.59E-08
G0:0010647 |positive regulation of cell communication 1.66E-10| 1.66E-08
G0:0040007 |growth 2.17E-10( 2.13E-08
G0:0009628 [response to abiotic stimulus 2.23E-10| 2.16E-08
G0:0042060 [wound healing 5.52E-10| 5.25E-08
G0:0035295 [tube development 6.27E-10| 5.87E-08
G0:0001816 |cytokine production 6.41E-10| 5.91E-08
G0:0009719 |response to endogenous stimulus 1.17E-09( 1.06E-07
G0:0001817 |regulation of cytokine production 1.19E-09| 1.06E-07
G0:0006954 |inflammatory response 1.21E-09| 1.06E-07
G0:0009968 [negative regulation of signal transduction 1.32E-09| 1.15E-07
G0:0071363 |cellular response to growth factor stimulus 1.44E-09| 1.23E-07
G0:0045765 |regulation of angiogenesis 1.73E-09| 1.46E-07
G0:0030198 (extracellular matrix organization 2.33E-09| 1.93E-07
G0:0043062 |extracellular structure organization 2.56E-09| 2.10E-07
G0:0045596 [negative regulation of cell differentiation 3.62E-09| 2.93E-07
G0:0070848 |response to growth factor 4.80E-09| 3.83E-07
G0:1901343 [negative regulation of vasculature development 6.31E-09| 4.97E-07
G0:1901700 |response to oxygen-containing compound 6.74E-09| 5.24E-07
G0:0032101 [regulation of response to external stimulus 8.55E-09| 6.56E-07
G0:0032963 |collagen metabolic process 1.01E-08| 7.69E-07
G0:0044259 [multicellular organismal macromolecule metabolic process 1.21E-08| 9.09E-07
G0:0071345 |cellular response to cytokine stimulus 1.37E-08| 1.01E-06
G0:0051128 [regulation of cellular component organization 1.40E-08| 1.02E-06
G0:0010648 [negative regulation of cell communication 1.41E-08| 1.01E-06
G0:0001501 [skeletal system development 1.45E-08| 1.03E-06
G0:0001558 [regulation of cell growth 1.53E-08| 1.08E-06
G0:0023057 [negative regulation of signaling 1.62E-08| 1.13E-06
G0:0002684 |positive regulation of immune system process 1.72E-08| 1.19E-06
G0:0071495 |cellular response to endogenous stimulus 2.03E-08| 1.38E-06
G0:0060429 |epithelium development 2.22E-08| 1.50E-06
G0:0002682 [regulation of immune system process 2.23E-08| 1.49E-06
G0:0008284 |positive regulation of cell proliferation 2.25E-08| 1.48E-06
G0:0033993 [response to lipid 2.76E-08| 1.80E-06
G0:0016049 |cell growth 2.96E-08 1.91E-06
G0:0048732 (gland development 2.99E-08| 1.91E-06
G0:1902533 |positive regulation of intracellular signal transduction 3.58E-08| 2.26E-06
G0:0006468 |protein phosphorylation 3.94E-08| 2.46E-06
G0:0007178 |transmembrane receptor protein serine/threonine kinase signaling pathway 4.06E-08| 2.51E-06
G0:0001932 |regulation of protein phosphorylation 4.39E-08| 2.68E-06
G0:0030855 |epithelial cell differentiation 4.84E-08| 2.93E-06
G0:0001667 [ameboidal-type cell migration 5.65E-08| 3.39E-06
G0:0061448 [connective tissue development 5.97E-08| 3.54E-06
G0:0030155 (regulation of cell adhesion 7.05E-08| 4.14E-06
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G0:0042325 (regulation of phosphorylation 8.13E-08| 4.73E-06
G0:0022610 (biological adhesion 8.33E-08| 4.80E-06
G0:0051130 (positive regulation of cellular component organization 8.42E-08| 4.80E-06
G0:0031325 [positive regulation of cellular metabolic process 9.76E-08| 5.51E-06
G0:0060284 (regulation of cell development 1.02E-07| 5.69E-06
G0:0040008 [regulation of growth 1.03E-07| 5.71E-06
G0:0048608 |reproductive structure development 1.21E-07| 6.67E-06
G0:0051174 |regulation of phosphorus metabolic process 1.33E-07| 7.23E-06
G0:0007169 [transmembrane receptor protein tyrosine kinase signaling pathway 1.47E-07| 7.95E-06
G0:0061458 [reproductive system development 1.59E-07| 8.50E-06
G0:0001655 [urogenital system development 1.62E-07| 8.57E-06
G0:0000165 |MAPK cascade 1.74E-07| 9.13E-06
G0:0010720 [positive regulation of cell development 1.98E-07| 1.03E-05
G0:0023014 (signal transduction by protein phosphorylation 2.10E-07| 1.08E-05
G0:0009607 [response to biotic stimulus 2.24E-07| 1.14E-05
G0:0032964 (collagen biosynthetic process 2.52E-07| 1.28E-05
G0:0007155 |cell adhesion 2.59E-07( 1.30E-05
G0:0019220 (regulation of phosphate metabolic process 2.59E-07| 1.29E-05
G0:0014070 [response to organic cyclic compound 2.85E-07| 1.41E-05
G0:0044236 |multicellular organism metabolic process 3.06E-07| 1.50E-05
G0:0043066 [negative regulation of apoptotic process 3.09E-07| 1.50E-05
G0:0002685 (regulation of leukocyte migration 3.48E-07| 1.68E-05
G0:0072001 [renal system development 3.88E-07| 1.86E-05
G0:0090287 (regulation of cellular response to growth factor stimulus 3.96E-07| 1.88E-05
G0:0001822 (kidney development 4.02E-07| 1.90E-05
G0:0051707 |response to other organism 4.31E-07( 2.02E-05
G0:0043207 [response to external biotic stimulus 4.45E-07| 2.06E-05
G0:0043069 [negative regulation of programmed cell death 4.99E-07| 2.30E-05
G0:0032835 (glomerulus development 5.03E-07| 2.30E-05
G0:0048762 |[mesenchymal cell differentiation 5.48E-07| 2.49E-05
GO0:0006955 [immune response 6.18E-07| 2.78E-05
G0:0009893 (positive regulation of metabolic process 6.26E-07| 2.80E-05
G0:0030323 [respiratory tube development 7.05E-07| 3.13E-05
G0:0072593 |reactive oxygen species metabolic process 7.63E-07| 3.36E-05
G0:0000904 |cell morphogenesis involved in differentiation 8.00E-07| 3.50E-05
G0:0010632 [regulation of epithelial cell migration 8.11E-07| 3.52E-05
G0:0001818 [negative regulation of cytokine production 8.46E-07| 3.64E-05
G0:0032268 [regulation of cellular protein metabolic process 8.66E-07| 3.71E-05
G0:0060548 [negative regulation of cell death 9.28E-07| 3.94E-05
G0:0051246 (regulation of protein metabolic process 9.67E-07| 4.08E-05
G0:2000181 [negative regulation of blood vessel morphogenesis 1.01E-06| 4.24E-05
G0:0060485 [mesenchyme development 1.04E-06| 4.34E-05
G0:0003007 [heart morphogenesis 1.30E-06| 5.36E-05
G0:0043408 [regulation of MAPK cascade 1.48E-06| 6.05E-05
G0:0002252 [immune effector process 1.64E-06| 6.67E-05
G0:0035270 [endocrine system development 1.74E-06| 7.03E-05
G0:0007492 [endoderm development 1.76E-06| 7.06E-05
G0:0010604 (positive regulation of macromolecule metabolic process 1.95E-06| 7.77E-05
G0:0048729 (tissue morphogenesis 2.00E-06| 7.92E-05
G0:0031324 |negative regulation of cellular metabolic process 2.04E-06| 8.06E-05
G0:0001934 (positive regulation of protein phosphorylation 2.13E-06| 8.33E-05
G0:0030324 (lung development 2.14E-06| 8.34E-05
G0:0002009 [morphogenesis of an epithelium 2.32E-06| 8.97E-05
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G0:0001503 |ossification 2.32E-06( 8.92E-05
G0:0071675 |[regulation of mononuclear cell migration 2.35E-06| 8.97E-05
G0:0031399 [regulation of protein modification process 2.48E-06| 9.40E-05
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Table S2. Overrepresented GO terms for autosomal down-regulated genes (< 1/2-fold with significance)

GOID Term p-value |Benjamini

G0:0034660 [ncRNA metabolic process 8.29E-21| 2.04E-17
GO0:0034470 [ncRNA processing 1.55E-16] 1.37E-13
G0:0022613 [ribonucleoprotein complex biogenesis 4.71E-15 3.83E-12
G0:0042254 [ribosome biogenesis 4.73E-14 2.91E-11
G0:0006396 |RNA processing 2.31E-12| 1.13E-09
GO0:0006364 |rRNA processing 9.71E-12| 3.98E-09
G0:0016072 [rRNA metabolic process 1.66E-11| 5.84E-09
G0:0006520 [cellular amino acid metabolic process 1.13E-09| 3.48E-07
G0:0006399 [tRNA metabolic process 5.60E-09| 1.53E-06
G0:1901566 |organonitrogen compound biosynthetic process 7.32E-08| 1.80E-05
G0:1901605 |alpha-amino acid metabolic process 2.13E-07| 4.77E-05

Ohhata, T., Hoki, Y., Sasaki, H. and Sado, T. (2008) Crucial role of antisense transcription
across the Xist promoter in Tsix-mediated Xist chromatin modification. Development
(Cambridge, England), 135, 227-235.

Sado, T., Hoki, Y. and Sasaki, H. (2005) Tsix silences Xist through modification of chromatin
structure. Developmental cell, 9, 159-165.
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