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ABSTRACT

X inactive-specific transcript (Xist) is a long noncoding RNA that plays an essential role in X chromosome inactivation. Although
Xist RNA, like common protein-coding mRNAs, is transcribed by RNA polymerase II, spliced and polyadenylated, it is retained in
the nucleus and associates with the X chromosome it originates from. It has been assumed that Xist RNA recruits proteins involved
in epigenetic modifications and chromatin compaction to the X chromosome. One of the major proteins constituting the nuclear
matrix, hnRNPU, has been shown to be required for the association of Xist RNAwith the inactive X chromosome (Xi). In this study,
we found that the first 950-nt sequence of Xist RNA had the potential to associate with chromatin in a manner independent of
hnRNP U. Furthermore, its chromatin association is apparently dependent on the presence of an intact A-repeat sequence,
which is one of the repeats in Xist/XIST RNA conserved among many mammalian species, and has been shown to be
important for Xist RNA-mediated silencing. Taking this unexpected finding and a previous study demonstrating the effect of
Xist RNA lacking the A-repeat on the formation of the silent heterochromatin domain together, we suggest that the A-repeat
captures chromatin near the initial loading site of Xist RNA and relocates it into the core of the heterochromatin domain.
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INTRODUCTION

X chromosome inactivation (XCI) is a mechanism to com-
pensate for the dosage difference of X-linked genes between
XX females and XYmales (Lyon 1961). An X-linked noncod-
ing RNA, X-inactive specific transcript (Xist), is a key regula-
tor of XCI, and an X chromosome deficient for Xist fails to
initiate XCI (Borsani et al. 1991; Brockdorff et al. 1991;
Brown et al. 1991, 1992; Penny et al. 1996; Marahrens et al.
1997). Although Xist RNA, like common protein-coding
mRNAs, undergoes splicing and polyadenylation, which fa-
cilitate nuclear export of mRNA, Xist RNA escapes nuclear
export and stays in the nucleus (Brockdorff et al. 1992;
Brown et al. 1992). In addition, Xist RNA spreads along the
X chromosome from which it is transcribed, and associates
with the entire chromosome in a cis-limited manner at the
onset of XCI. Recent studies demonstrated that one of the
nuclear matrix proteins, heterogeneous nuclear ribonucleo-
protein U (hnRNP U; also known as SAF-A) mediates the as-
sociation of Xist RNA with the inactive X (Xi) (Hasegawa
et al. 2010; Sakaguchi et al. 2016), and hnRNP U depletion
results in dissociation of Xist RNA from the X chromosome.
In addition, hnRNP U was not only detected as one of the

proteins associated with Xist RNA by mass spectrometry
analysis following a pull-down of Xist RNA–protein com-
plexes (Chu et al. 2015; McHugh et al. 2015; Minajigi et al.
2015), but it was also found in close spatial proximity to
Xist RNA by 3D-SIM (Smeets et al. 2014), suggesting a phys-
ical interaction between Xist RNA and hnRNP U. Xist RNA
anchored by hnRNP U on the X chromosome subsequently
induces a series of changes in the epigenetic state and causes
compaction of the chromosome for heterochromatinization.
It has been suggested that a human ortholog of structural
maintenance of chromosomes hinges on the domain con-
taining 1 (SmcHD1), which is a protein whose loss causes fe-
male-specific lethality during embryonic development in the
mouse, and its binding partner, HBiX1, are involved in com-
paction of Xi (Blewitt et al. 2008; Nozawa et al. 2013). Their
depletion results in decompaction of Xi in human cultured
cells even though XIST RNA stays associated with Xi. This
observation suggests that the chromosomal association of
XIST/Xist RNA on its own cannot induce compaction of
the X chromosome, and that instead, compaction requires
additional factors such as SMCHD1/SmcHD1 and HBiX1.
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While the analysis of a series of deletions in Xist RNA has
identified the A-repeat as a domain essential for chromosome
silencing (Wutz et al. 2002), it is largely unknown whether
any sequences of Xist RNA are involved in compaction of
the chromosome.
In this study, we showed that a 950-nucleotide (nt) se-

quence near the 5′ end of Xist RNA containing the A-repeat
possessed the potential to associate with chromatin in a man-
ner independent of hnRNP U. We reexamined previous
CLIP-seq data (Huelga et al. 2012) and found that HNRNP
U in human cells bound poorly to the 5′ region of XIST
RNA. This finding led us to overexpress the corresponding
950-nt region in the mouse Xist sequence and examine its
behavior. The results demonstrated that the 950-nt RNA
formed dispersed signals in the nucleus,
as was the case for full-length Xist RNA
in those cells depleted for hnRNP U. In
addition, a substantial portion of the
950-nt RNA was found in the chromatin
fraction, but not in the nucleoplasmic or
cytoplasmic fraction. Interestingly, mu-
tation in the conserved A-repeat se-
quence altered the distribution of the
mutated RNA, that is, the RNA did not
form dispersed signals but single pin-
point signals at the integration sites.
Given the functional importance of the
A-repeat, chromatin binding of the 950-
nt RNA might be involved in XCI. The
functional implications of this finding
are discussed.

RESULTS

Xist RNA is retained in the nucleus
by a mechanism independent of
hnRNP U-mediated chromosomal
accumulation

A previous study showed that depletion
of hnRNP U in female somatic cells leads
to dissociation of Xist RNA from the in-
active X chromosome (Xi) (Hasegawa
et al. 2010), suggesting that association
of Xist RNA with an Xi is mediated by
hnRNP U. However, in that study, dif-
fuse Xist RNA signals detected by RNA-
FISH were still retained in the nucleus
and apparently associated with chroma-
tin. This implies that the nuclear reten-
tion and chromosomal association of
Xist RNA are not necessarily a result of
its association with Xi mediated by
hnRNP U, and that a distinct mechanism
also operates not only to prevent the nu-

clear export of Xist RNA but also to facilitate its association
with chromatin. To investigate this hypothesis, we knocked
down hnRNP U in female immortalized mouse embryonic
fibroblasts (iMEFs) by siRNA (Fig. 1A) and analyzed the sub-
cellular localization of Xist RNA by not only RNA-FISH but
also RT-qPCR on cDNA prepared from nuclear and cytoplas-
mic RNA (Fig. 1B,C). Upon knockdown of hnRNP U, the
hybridization signal of Xist RNA detected by RNA-FISH
became dispersed in the nucleus, consistent with a previous
report (Fig. 1B; Hasegawa et al. 2010). RT-qPCR also demon-
strated that Xist RNA was still substantially enriched in the
nucleus (at the same level of enrichment as Malat1 nuclear
lncRNA) (Tripathi et al. 2010), contrasting subcellular local-
ization of protein coding mRNA such as β-actin (Fig. 1C). To

FIGURE 1. Effect of knockdown using siRNA against hnRNP U. (A) Efficiency and specificity of
knockdown in female iMEFs were confirmed by Western blotting using cells treated with siRNA
against hnRNP U (si hnRNP U) in comparison with cells treated with scrambled siRNA against
hnRNP U (Scr.). (B) Xist RNA was detected by RNA-FISH in female iMEFs upon siRNA treat-
ment. Scale bar, 10 µm. (C) Quantitative RT-PCR comparing absolute copy number of each tran-
script between the cytoplasmic and nuclear fractions after knockdown of hnRNP U. Error bars,
standard deviation (SD). (D) Subcellular localization of Xist RNA delocalized from Xi upon
knockdown of hnRNP U in iMEFs was examined in comparison with pre-mRNA and mRNA en-
coding Gapd by RT-PCR.
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further examine if the Xist RNA delocal-
ized from Xi upon knockdown of
hnRNA U still associated with chroma-
tin, we isolated RNA from the chromatin
and nucleoplasmic fractions prepared us-
ing urea buffer (Pandya-Jones and Black
2009) for RT-PCR. As shown in Figure
1D, Xist RNA was substantially enriched
in the chromatin fraction. These results
suggested that Xist RNA delocalized
from Xi still stayed in the nucleus and as-
sociated with chromatin at ectopic sites,
raising the possibility that factors other
than hnRNP U interact with Xist RNA
and allow it to associate with chromatin.

Partial fragments of Xist RNA
accumulated on the chromosome
in cis

To explore which part of Xist RNA delo-
calized from Xi was involved in the
apparent chromatin association, we em-
ployed an inducible overexpression ap-
proach. We first prepared NIH3T3 cells
stably expressing rtTA, a tetracycline-in-
ducible transactivator, and subsequently
introduced a test fragment under the
control of a tetracycline-inducible pro-
moter via a piggyBac transposon system
to facilitate efficient integration into the
genome (Supplemental Fig. S1A). When
a sequence encoding either EGFP or
full-length Xist cDNA was used as a test fragment, RNA tran-
scribed from the inducible promoter upon administration of
doxycycline (dox) behaved in the manner expected, that is,
mRNA encoding EGFP was exported to the cytoplasm,
whereas a full-length Xist RNA stayed in the nucleus to
form a so-called Xist cloud representing its chromosomal ac-
cumulation (Supplemental Fig. S1B–E). This confirmed that
overexpression of Xist RNA did not perturb its localization
property. Expression of these test fragments was observed
upon administration of dox in almost all cells recovered after
drug selection, indicating efficient integration and dox-in-
duction of our system.

We then divided the full-length Xist cDNA into three piec-
es, each of which consisted of a 6-kb sequence (TSS, Mid, and
End), and examined the localization of their transcripts upon
induction by doxycycline (Fig. 2A). While one of the three
fragments (End) failed to produce a prominent signal, the
other two fragments (TSS andMid) were still able to produce
large signals resembling Xist clouds (Fig. 2B–D). Quantitative
RT-PCR revealed, however, that all three of these kinds of
transcripts were retained in the nucleus (Fig. 2E–G). The
abundance of the transcripts derived from the TSS and Mid

fragments in the nucleus was much higher than that from
the End fragment (Supplemental Fig. S2), implying that ei-
ther the expression level and/or stability of the latter tran-
scripts was lower than that of the former two transcripts.
In addition, these results suggested that hnRNP U, which
has been shown to associate with broad regions of Xist
RNA (Hasegawa et al. 2010), still interacted with the tran-
scripts of the 6-kb TSS and 6-kb Mid fragments and an-
chored them onto chromatin, and therefore these
fragments would not be suitable for exploring hnRNP U-in-
dependent chromatin association of Xist RNA.

A 0.9-kb truncated Xist RNA fragment could associate
with chromatin in an hnRNP U-independent manner

A recent study demonstrated by RIP-qPCR that hnRNP U
binds to almost the entire span of mouse and human Xist/
XIST RNA (Yamada et al. 2015). We therefore next investi-
gated more precisely the binding sites of hnRNP U with
XIST RNA in human by reanalyzing CLIP-seq data (Huelga
et al. 2012). This analysis revealed that although hnRNP U
bound to XIST RNA essentially along its entire length, as

FIGURE 2. Overexpression of partial Xist RNA fragments. (A) Xist cDNA fragments used for
overexpression assay. (B–D) Each of the fragments overexpressed in NIH3T3 cells was detected
by RNA-FISH. Scale bar, 10 µm. (E–G) Distribution of overexpressed Xist fragments and
Malat1 was compared between the cytoplasm and nucleus by RT-qPCR. Error bars, standard
deviation (SD).
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previously reported, the 5′ region of XIST RNA containing
the A-repeat was largely devoid of hnRNP U (Fig. 3A). The
presence of transcripts containing this region was evident
from the RNA-seq data. In addition, more recent study by
fRIP-seq also revealed poor binding of hnRNP U at the 5′ re-
gion of Xist containing the A-repeat in the mouse
(Hendrickson et al. 2016). Since this region is conserved
among many species and required for Xist RNA-mediated si-
lencing in the mouse, it was of interest to examine the behav-
ior of this fragment when it was expressed on its own.
Accordingly, we introduced the corresponding mouse 950-
nucleotide (nt) sequence as a test fragment and induced its

expression in NIH3T3 cells containing rtTA for the analysis
of subcellular localization (Fig. 3B). Interestingly, RNA de-
rived from the 950-nt sequence formed dispersed signals in
the nucleus, like delocalized full-length Xist RNA (Figs. 1B,
3C) and was retained in the nucleus (Fig. 3D). RNase A treat-
ment prior to RNA-FISH completely abolished the dispersed
signals, indicating that they represented RNA hybridized with
the probe (Fig. 3C). We further examined if the RNA derived
from the 950-nt fragment was associated with chromatin by
RT-PCR using RNA isolated from the chromatin and nucle-
oplasmic fractions. As Figure 3E shows, the RNA derived
from the 950-nt fragment was enriched in the chromatin

fraction, but not detected in the nucleo-
plasmic or cytoplasmic fraction. If the
dispersed signals represented RNA that
was not associated with chromatin, this
RNA should have been detected in the
nucleoplasmic fraction. The results
therefore suggested the association of
this RNAwith chromatin in a manner in-
dependent of hnRNP U.

Dispersed chromatin association of
950-nt transcripts depended on the
presence of an intact A-repeat
sequence

Since the A-repeat, which is present in
the RNA derived from the 950-nt se-
quence, has been shown to be essential
for the proper silencing function of Xist
RNA (Wutz et al. 2002; Sakata et al.
2017), we were interested in the func-
tional relationship between A-repeat-
mediated silencing and the chromatin as-
sociation of 950-nt RNA. It has been sug-
gested that the A-repeat could form
multiple stem–loop structures, and if
the formation of such structures was dis-
rupted by point mutations or inversions,
the silencing function of Xist RNA was
weakened (Wutz et al. 2002; Duszczyk
et al. 2011). Accordingly, we attempted
to destroy the stem–loop structure by in-
troducing two base substitutions (C to G
and G to A) in the first part of the two
stem–loop structures in each repeat unit
of the 950-nt sequence, as previously de-
scribed (Fig. 4A 950-nt mut and 950-nt
as, respectively, and Fig. 4B; Wutz et al.
2002) and induced expression of the re-
spective mutated RNAs in NIH3T3 cells
carrying rtTA. Interestingly, both mutant
RNAs failed to form dispersed signals
and instead formed pinpoint signals at

FIGURE 3. Analysis of binding regions of hnRNP U on Xist RNA. (A) The data set of previous
hnRNP U CLIP-seq and RNA-seq in human HEK293 cells (Huelga et al. 2012) was analyzed. The
5′ region of Xist RNA was found to be poorly bound by hnRNP U (rectangle drawn with dashed
red line). (B) A 950-nt test fragment derived from the 5′ region of Xist RNA overexpressed in
NIH3T3 cells. (C) RNA-FISH detecting the 950-nt RNA fragment (left). RNA-FISH was carried
out in the same manner, but using cells treated with RNase A (right). Scale bar, 10 µm. (D)
Comparison of absolute copy number of the 950-nt RNA fragment between cytoplasmic and nu-
clear fractions. Error bars, standard deviation (SD). (E) Subcellular localization of the 950-nt
RNA fragment was examined by RT-PCR.
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the integration sites (Fig. 4C,D), suggesting a loss of the abil-
ity to associate with chromatin shown by 950-nt RNA. It is
therefore likely that the hnRNP U-independent chromatin
association of Xist RNA requires an intact A-repeat sequence
that forms multiple stem–loop structures.

950-nt RNA forms dispersed signals regardless
of its abundance

Although the behavior of 950-nt RNA described above was in
accord with the A-repeat-dependency of the chromatin asso-
ciation of Xist RNA, this conclusion was based on observa-
tions of these transcripts expressed at variable levels from
transgenes randomly integrated at multiple sites in the ge-

nome. Accordingly, we attempted to examine the behavior
of each of these RNAs when they were expressed from a single
genomic locus. A single copy of each of the three transgenes
was introduced at the Col1a1 locus by homologous recombi-
nation (Fig. 5A,B) in male ES cells expressing nlsrtTA
(Supplemental Fig. S3A; Wutz and Jaenisch 2000), in which
the 950-nt sequence present in the endogenous Xist locus had
previously been removed using the CRISPR-Cas9 system
(Supplemental Fig. S3B,C). We successfully isolated cells in
which each of the three transgenes, 950-nt, 950-nt mut,
and 950-nt as, had been introduced into one of the two
Col1a1 alleles (Fig. 5A). RNA-FISH was carried out in these
cells expressing one of the three forms of the RNA. As shown
in Figure 5B–D, while the two mutant forms of the RNA
formed a single pinpoint signal, 950-nt RNA was detected
as many signals dispersed in the nucleus of undifferentiated
ES cells, as was seen in NIH3T3 cells. These results demon-
strated that the 950-nt RNA carrying the intact A-repeat se-
quence, but not the two forms of A-repeat mutant RNA,
formed dispersed signals regardless of its abundance. This in-
dicated that the chromatin association is a unique property of
950-nt RNA in both differentiated and undifferentiated cells.

DISCUSSION

In this study, we found that a 950-nt sequence of the 5′ region
of Xist RNA was the only region devoid of hnRNP U in the
Xist RNA sequence, and that upon overexpression, this
950-nt sequence formed dispersed signals, which most likely
represented association with chromatin, in the nucleus.
Interestingly, this chromatin association was apparently de-
pendent on the presence of the intact A-repeat sequence.
The importance of the A-repeat in chromosome silencing
has been shown by the induced expression of the mutated
Xist RNA lacking the A-repeat and its failure to induce
gene silencing on the chromosome it coats in ES cells
(Wutz et al. 2002; Chaumeil et al. 2006; Engreitz et al.
2013) and in vivo (Sakata et al. 2017). Detailed microscopy
analysis has revealed that genes that fail to be silenced by
the mutated Xist RNA lacking the A-repeat are located out-
side or at the periphery of the mutated Xist RNA cloud.
This finding led to the idea that the A-repeat is required for
relocation of X-linked genes, which are subjected to inactiva-
tion, into the core of the Xist cloud constituting a heterochro-
matin compartment (Chaumeil et al. 2006). A more recent
study using RAP-seq analysis further demonstrated that
Xist RNA does not necessarily continuously propagate along
the chromosome from the Xist locus, but rather associates
with chromatin in three-dimensionally close proximity to
the Xist locus, from which Xist RNA spreads locally along
the chromosome (Engreitz et al. 2013). Interestingly, the lo-
cal spreading of the mutated Xist RNA lacking the A-repeat
appears to be less efficient than that of wild-type Xist RNA,
especially into regions where actively transcribed genes are
densely located. Our finding that the A-repeat on its own

FIGURE 4. Mutation of the A-repeat affected the behavior of the 950-
nt RNA fragment. (A) Test fragments used for the analysis. Red dots in-
dicate mutations introduced in the A-repeat. (B) Possible secondary
structure, which might be formed by the consensus sequence of the
A-repeat (Wutz et al. 2002), and positions of two point mutations intro-
duced according to Wutz et al. (2002) in the 950-nt mut RNA fragment
are shown in red. (C,D) RNA-FISH was carried out to detect each of
these test fragments. Scale bar, 10 µm.
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has the property of associating with chromatin in a manner
independent of hnRNP U might account for the difference
in behavior betweenXist RNAwith and without the A-repeat.
It is tempting to speculate that wild-type Xist RNA associated
with the chromatin sites spatially juxtaposed to the Xist locus
by hnRNP U would be able to efficiently spread along the
chromosome and capture local chromatin nearby. If this is
the case, the mutated Xist RNAwould still be able to associate
with such initial chromatin sites via hnRNP U but would not
be able to capture chromatin nearby due to the lack of the A-
repeat. This could result in the failure of the mutated Xist
RNA to relocate such a chromatin region into the core of

the heterochromatin domain. Lamin B
receptor and SHARP, which have been
identified as proteins that can interact
with the A-repeat (Chu et al. 2015;
McHugh et al. 2015; Chen et al. 2016),
might be involved in the proposed chro-
matin capture mediated by the A-repeat.
Previous RAP-seq analysis could not re-
veal differences in the distribution of
Xist RNA with and without the A-repeat
at high resolution, most probably due
to limited recovery of chromatin associ-
ated with the respective RNA (Engreitz
et al. 2013). It will be of interest to
know if there are any common features
in the chromatin regions associated
with the 950-nt RNA overexpressed in
our assay system. This would provide fur-
ther insights into how the A-repeat exerts
its effect on chromosome silencing.

MATERIALS AND METHODS

Construction of plasmids

To construct pEFrtTAIB containing an rtTA
expression cassette, an EF1α promoter frag-
ment in CSII-EF-RfA (gift from Kunitada
Shimotono), an IRES sequence in pSA-
IRES-EGFP (Sado et al. 2005), and a blastici-
din S deaminase (BSD)-pA fragment ampli-
fied by PCR from pcDNA6TR (Thermo)
were serially cloned into pBluescript II SK
(+) to generate pEFIB. To convert tTA to
rtTA, a tTA fragment amplified from ptTA-
bleo (a gift from Dr. Tatsuo Fukagawa) was
cloned into pBluescript II SK (+), and subse-
quently mutations D95N, L101S, G102D, and
E71K were introduced according to Gossen
et al. (1995) by sequential inverse PCR using
primers containing respective mutations.
The resultant rtTA fragment was cloned into
pEFIB to produce pEFrtTAIB.

A basic construct for overexpression of re-
spective test fragments, pPBTight, which contains the tetracycline-
inducible promoter and a CAG-IRES-Puromycin resistance gene
(PuroR) cassette between piggybac transposon terminal repeats,
was generated using pPBCAG-BstXI-IP (a gift from Hitoshi Niwa)
and pTRE-Tight (Clontech). A unique NotI site was used for the
cloning of respective test fragments (6-kb TSS, Mid, and End,
950-nt and 950-nt as). To make 950-nt mut, pBluescript II SK
(+) containing the 950-nt fragment was used to replace the A-repeat
region with a synthetic 469-bp A-repeat mutant oligo sequence
(IDT) by inverse PCR in combination with In-Fusion cloning tech-
nology (Clontech). Full-lengthXist cDNAwas cloned into pPBTight
by combining partial genomic fragments and fragments amplified
by PCR.

FIGURE 5. Behavior of the test RNA fragments expressed from the Col1a1 locus. (A) Targeting
scheme to introduce expression cassette of the test fragments from the Col1a1 locus (pTight,
Doxycycline-inducible promoter) (left). The test fragments used for the assay encode 950-nt,
950-mut, and 950-as sequences. Cells harboring the expected targeted recombination were iden-
tified by genomic PCR (right). (TA) Targeted allele, (WT) wild-type allele. ΔXist#7 is the parental
cell line used for targeting (Supplemental Fig. S3). Positions of each primer are shown on the left.
(B–D) Representative images of RNA-FISH detecting the test RNA fragments expressed from the
Col1a1 locus. Prevalence of the nuclei with indicated expression pattern of respective RNA are
shown.
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To disrupt the Xist locus by CRISPR-Cas9-mediated genome ed-
iting, two gRNA sequences were designed using CRISPRdirect
(https://crispr.dbcls.jp) (Naito et al. 2015). Double-stranded
gRNA oligos were cloned into pX330 vector to generate pXPR-
Xist(-20) and pXPR(0.9k).

For targeted introduction of respective test fragments at the
Col1a1 locus, a targeting vector containing the pTight promoter
and a pA cassette as well as a Puromycin cassette was generated by
serial PCR and In-Fusion cloning. Respective test fragments were
cloned at the unique NotI site. One gRNA was designed against
the Col1a1 locus and cloned into pX330 (pCRISPR-Col1a1), and
was used to increase targeting efficiency. All primers and oligos
used for constructions are shown in Supplemental Table 1.

Cell culture and generation of transgenic cell lines

Mouse embryonic fibroblasts immortalized by SV40 large T antigen
(iMEFs) and NIH3T3 cells were cultured in DMEM supplemented
with 10% fetal bovine serum and 1% penicillin–streptomycin. To
generate the rtTAIB cell lines, NIH3T3 cells transfected with 1.1
µg of pEFrtTAIB using Fugene HD reagent were selected for 7 d
from 24 h after transfection in medium containing 1 µg/mL of
Blasticidin S HCl (InvivoGen), and subsequently cloning was
done by limited dilution. One of the rtTAIB cell lines thus generated
was used for overexpression of respective test fragments. Cells lipo-
fected with 1.1 µg of each overexpression construct in combination
with 1.1 µg of piggyBac transposase expression vector (a gift from
Dr. Hitoshi Niwa) were selected for 7 d from 24 h after transfection
in medium containing 1 µg/mL of each of Blasticidin S HCL and pu-
romycin (Invitrogen).

Mouse embryonic stem cells (ESCs) expressing nls-rtTA (J1rtTA/
N, a gift from AntonWutz [Wutz and Jaenisch 2000]) were cultured
in DMEM supplemented with 15% KSR, 1% non-essential amino
acids, 1% penicillin–streptomycin, 500 U of LIF and 2i inhibitors
(1 µM PD0325901 and 3 µMCHIR99021). To disrupt the Xist locus,
lipofection was carried out using 1.1 µg each of pXPR-Xist(-20),
pXPR-Xist(0.9k), and a pEFIB containing a BSD gene under the
control of the human EF1α promoter. Following selection with 4
µg/mL of Blasticidin S for 2 d, cells were seeded at low density, so
that single cell-derived colonies could be isolated. For gene targeting
in ESCs, 30 µg of the targeting construct was used for electropora-
tion in combination with 10 µg of pCRISPR-Col1a1, and subsequent
selection was carried out using puromycin at 2 µg/mL. Induction by
doxycycline was performed at concentrations of 1 µg/mL and 2 µg/
mL for NIH3T3 cells and ES cells, respectively.

Knockdown of hnRNP U

Knockdown of hnRNP U was carried out as previously described
(Hasegawa et al. 2010) using siRNA with the same sequence. One
hundred thousand female iMEFs plated on a 35-mm dish at 24 h
prior to transfection were treated with siRNA using RNAiMAX
(Invitrogen). Forty-eight hours later, one quarter of the cells were
reseeded and treated with siRNA again after an additional 24
h. Sampling for Western blotting and RNA-FISH was done at 24
h after the second transfection of siRNA. Western blotting was car-
ried out using standard procedures with an antibody against hnRNP
U (Abcam #20666).

Subcellular fractionation

Cells were lysed in 10 mM Tris–Cl pH 7.5, 10 mM NaCl, 3 mM
MgCl2, 0.5%Nonidet P-40 on ice, and centrifuged to precipitate nu-
clei. To prepare cytoplasmic RNA, the supernatant was treated with
200 µg/mL of proteinase K in 0.1 M Tris–Cl pH 7.5, 0.22 M NaCl,
1% SDS, 12.5 mM EDTA for 60 min at 37°C and subsequent extrac-
tion with phenol/chloroform and ethanol precipitation. Nuclear
RNA was prepared using TRIzol (Ambion). Chromatin fraction-
ation assays were performed using urea buffer as previously de-
scribed (Pandya-Jones and Black 2009).

RT-qPCR

First-strand cDNA was prepared from 1 µg of total RNA using
SuperscriptIII (Invitrogen) and random primers. One-fiftieth of
the cDNA thus prepared was subjected to quantitative PCR using
a KAPA SYBR FAST qPCR kit (Kapa Biosystems) according to the
manufacturer’s instructions. Quantification was performed by com-
parison with a series of standard plasmids (from 103 to 106 copies)
amplified in parallel.

RNA fluorescent in situ hybridization (FISH)

RNA-FISHwas carried out as described previously (Sado et al. 2001)
using probes prepared by nick translation using plasmids containing
each of the test fragments and the puromycin resistance gene.

High-throughput sequencing analysis

To identify the HNRNP U binding region in human XIST RNA, a
previous hnRNP U CLIP-seq data set (Huelga et al. 2012) was ana-
lyzed to align the reads along the reference genome (Human hg19)
using TopHat v2.0.12 (Kim et al. 2013). RNA-seq data in the same
data set (Huelga et al. 2012) were analyzed in the same way to con-
firm the presence of transcripts derived from the 5′ region of XIST.
Data visualization was performed with Integrative Genomics Viewer
(IGV) v2.3.47 (Robinson et al. 2011; Thorvaldsdóttir et al. 2013).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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