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ABSTRACT

Alternative splicing of mRNA precursors results in
multiple protein variants from a single gene and is
critical for diverse cellular processes and develop-
ment. Xistencodes a long noncoding RNA which is a
central player to induce X-chromosome inactivation
in female mammals and has two major splicing vari-
ants: long and short isoforms of Xist RNA. Although a
differentiation-specific and a female-specific expres-
sion of Xist isoforms have been reported, the func-
tional role of each Xist RNA isoform is largely unex-
plored. Using CRISPR/Cas9-mediated targeted mod-
ification of the 5’ splice site in Xist intron 7, we cre-
ate mutant female ES cell lines which dominantly ex-
press the long- or short-splicing isoform of Xist RNA
from the inactive X-chromosome (Xi) upon differen-
tiation. Successful execution of CRISPR/Cas-based
splicing modulation indicates that our CRISPR/Cas-
based targeted modification of splicing sites is a
useful approach to study specific isoforms of a tran-
script generated by alternative splicing. Upon differ-
entiation of splicing-mutant Xist female ES cells, we
find that both long and short Xist isoforms can in-
duce X-chromosome inactivation normally during ES
cell differentiation, suggesting that the short splic-
ing isoform of Xist RNA is sufficient to induce X-
chromosome inactivation.

INTRODUCTION

Alternative splicing of mRNA precursors is widespread
in multicellular eukaryotes, especially in higher vertebrates
(1,2). In multicellular eukaryotes, alternative splicing is
more common than in unicellular eukaryotes in which most
of genes are intron-less or very short introns and alterna-
tive splicing is rarely found. The total number of genes

is not radically different between vertebrates and inverte-
brates, but the numbers of alternative spliced genes and the
number of variants are higher in vertebrates, suggesting that
alternative splicing could be related with the complexity of
species. For example, in humans, ~98% of multi-exon genes
undergo alternative splicing (3). Significant expansion of
the proteome generated through alternative splicing from
limited numbers of genes provides diverse regulatory func-
tions for proteins such as a tissues-specific and developmen-
tal stage-specific functions (4).

Xist encodes a long noncoding RNA and is required for X
chromosome inactivation (XCI) by which one of the two X-
chromosomes is transcriptionally silenced in female mam-
mals (5-8). During XCI, Xist RNA highly expressed from
the inactive X-chromosome (Xi) recruits various chromatin
modifying enzymes to the Xi and induces chromosome-
wide epigenetic modifications (9,10). Disruption of Xist ex-
pression results in failure of female embryonic develop-
ment or induction of cancer in females (11,12), indicating
the critical role for Xist throughout the female life cycle.
Xist is transcribed into a variety of different isoform tran-
scripts through differentiation-specific transcription start
sites (13), alternative polyadenylation sites (14,15), and al-
ternative splicing (16). Although there are various isoforms
of Xist RNA, the specific functions of each remain unex-
plored.

A previous report using tetracycline-inducible Xist mu-
tant transgenes integrated in X-linked Hprt locus in male ES
cells demonstrated that repeat A located at the 5'-end of Xist
RNA is essential for X-linked gene silencing, and function-
ally redundant elements for Xist RNA localization are dis-
persed across the rest of Xist region (17). In this assay, Xist
mutant transgene lacking the 3’-half of Xist RNA including
exon 7 still exhibits normal Xist RNA localization and in-
duction of X-linked gene silencing. Using the Xist transgene
assay, however, the role of Xist elements for XCI can be ad-
dressed only at the early stage of XCI, since inactivation of
the single male X-chromosome leads to cell death. Thus, the
role of the 3’-half region of Xist RNA including exon 7 in
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XCI has been overlooked until recently. Several papers us-
ing Xist mutant female cells have shown that the critical Xist
elements/regions for XCI reside across Xist RNA (18-22).
Our recent study demonstrated that exon 7 of long splicing
isoform of Xist RNA is essential for stable Xist RNA local-
ization on the Xi and harbors one of the two major binding
region for heterogeneous nuclear ribonucleoprotein U (hn-
RNP U) protein required for anchoring Xist RNA to the
Xi (20,23). The short splicing isoform of Xist RNA, which
loses a large part of exon 7 present in the long splicing iso-
form of Xist RNA, is reported as a female-specific isoform
of Xist RNA (16). Since the short splicing isoform of Xist
RNA loses one of two major hnRNP U binding regions
present in exon 7 of the long splicing Xist RNA isoform, we
sought to address whether the short splicing Xist isoform is
capable of inducing XCI.

To investigate the function of specific splicing isoforms of
Xist RNA, modification of the 5" and 3’ splice sites or dele-
tion of the intron is one potential approach. Modulation
of splicing efficiency by altering the consensus sequence for
splicing at the 5’ and 3’ splice sites may result in a domi-
nant expression of a specific isoform of transcripts without
disturbing the majority of the genomic sequence. Instead
of traditional gene targeting, the CRISPR (clustered regu-
larly interspaced short palindromic repeat)/Cas (CRISPR-
associated) system derived from microbes has widely been
used as a tool to modify genomic DNA sequence, because
it is easy to design and efficient for genome editing in a va-
riety of systems (24,25). Here we show an efficient strategy
to modulate Xist intron 7 splicing using the CRISPR /Cas9
system. We targeted Xist intron 7 in mouse female ES cells
to generate cell lines dominantly expressing the short- or
long-splicing isoform of Xist RNA. To our surprise, the
dominant expression of the short splicing Xist isoform in-
duced by mutations at the 5" splice site did not affect Xist
RNA localization nor X-linked gene silencing. We discuss
the implications of these results to understand the potential
role of the short splicing isoform of Xist RNA in XCI.

MATERIALS AND METHODS

Cell culture

Wildtype J1 male and 16.7 female ES cells and their deriva-
tives 7Tsix-truncated J1 male and 16.7 female ES cells
have been described previously (20,26-28). Tsix-truncation
mutant female ES cells expressing FLAG-HA-hnRNP U
from endogenous hnRNP U loci has been described pre-
viously (20). ES cells were cultured in ES media with 2i in-
hibitors and induced differentiation by the embryoid body
procedure (20). To generate MEF, female Mus musculus
129S1/SvimJ mouse (Jackson Laboratory) was crossed with
male M. musculus castaneus mouse (CAST/Ei], Jackson
Laboratory). MEF cells were established from E12.5 mouse
embryo of resulting progeny.

ES cell targeting with CRISPR/Cas9 system

For Xist intron 7 targeting, synthetic forward and re-
verse primers were annealed and inserted to the modi-
fied pX459ver2 plasmid with the sgRNA®*E) mutation
at BbsI (21,29,30). ssODNs for Xist splicing-enhanced or
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-repressed were used for the homology directed repair
(HDR)-mediated modification for SXT or LXT Xist splic-
ing mutations, respectively. Primer information is listed in
Supplementary Table S1.

For Tksix intron 2 targeting, SpCas9 in the modified
pX459ver2 plasmid was replaced by high specificity eSp-
Cas9(1.1) (31), yielding pX459Me. In addition, we intro-
duced VQR mutations to eSpCas9(1.1) for NGA PAM
recognition (32). A synthetic tRNA promoter primer pair
for sgRNA without 5'-G to replace U6 promoter (33) and
a primer pair for sgRNA were annealed and inserted to
pX459Me(+VQR) plasmid at Pcil-BbslI site. ssODNs STsT
were used for HDR-mediated modification to enhance in-
corporation of 7six exon 3.

Transfection and selection for CRISPR /Cas9-mediated
genome editing using ssSODN were described previously
(20). Genomic PCR primers (X7) used to identify mutant
clones in Figure 2C and Supplementary Figure S3C are:
Xist, Xist-AI7-SD-F and Xist-AI7-SD-R; and T¥six, Tex2-
F1 and Tint3-R1, respectively.

Generation of female ES cells expressing long or short splic-
ing Xist isoform by gene targeting

Bacterial recombineering system was used to construct the
vector for targeting the 5 and 3’ splice sites of Xist in-
tron 7 (34). For targeting the 5 splice site of Xist intron
7, the left- and right-arm adaptors for bacterial homolo-
gous recombination were annealed and inserted into pBS-
2xLoxP-Zeo at Xhol/HindIII and EcoRI/NotlI sites (20),
respectively. For targeting the 3’ splice site of Xist intron
7, the left- and right-arm adaptors were inserted into pBS-
2xLoxP-Zeo, at Xhol/HindIIl and EcoRI/Notl sites, re-
spectively. BstZ171/Spel splice acceptor (SA)-internal ri-
bosome entry site (Ires)-puromycin resistance gene (Puro)-
truncated thymidine kinase (ATK)-tandem poly(A) sig-
nals (tpA) cassette from pGEM-SAlres-PuroATK-tpA or
SA-Ires-hygromycin resistance gene (Hyg)-ATK-tpA cas-
sette from pGEM-SAlIres-HygATK-tpA was inserted at
Pmll/Nhel between two LoxP sites, yielding the targeting
vector for bacterial recombination for the 5’ or 3’ splice sites
of Xist intron 7, respectively. pBS-sx16delL containing a 9.8
kb fragment from Xisz exon 1 to exon 7 (chrX: 103 464 270-
103 474 034 in GRCm38/mm10, UCSC genome browser)
was transfected into SW106 strain and targeted by Xhol-
Notl fragment of the bacterial targeting vector, generating
the 5 splice site targeting vector for mouse ES cells. pBS-
sx16delL2 containing a 8.4 kb fragment from Xisz exon 7
to downstream region (chrX: 103 457 842-103 466 223 in
GRCm38/mm10, UCSC genome browser) and XhoI-NotI
fragment of the bacterial targeting vector were used for gen-
erating the 3’ splice site mouse targeting vector. The Xist
intron 7 targeting vectors linearized by Sall were used for
transfection of mouse ES cells by electroporation.

For transfection of targeting construct into mouse ES
cells, 2 x 107 ES cells and 40 g of linearized mouse target-
ing vector were used for electroporation using the Bio-rad
Gene Pulser Xcell and 0.4 cm gap cuvette at 240 V, 500 wF
setting. The transfected mouse ES cells were cultured with-
out selection drug for 24 hours and then cultured with 250
wg/ml Hygromycin or 2 wg/ml Puromycin for 7-8 days. To
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remove selection marker by Cre-loxP recombination, cells
were transfected with Cre-expression vectors and were se-
lected by 0.2 wM Fialuridine (FIAU, Sigma-Aldrich) for 7-
8 days to isolate TK-negative colonies. Isolated individual
ES colonies were screened by genomic PCR using primer
sets (the 5 splice site targeting, 7.2TSTS5-F and UptpA-
F for 5-end, SA-R, and 7.2TSTIn-R for 3’-end; 3’ splice
site targeting, 7.2TSTIn-F and UptpA-F for 5-end, SA-R
and 7.2TST3-R for 3'-end; Tsix targeting, TST-F and SA-R
for 5-end, TST-R and UptpA-F for 3’-end) as described in
Supplementary Figure S2.

Reverse transcription PCR (RT-PCR)

RT-PCR were performed according to Yamada et al. (20).
For reverse transcription and quantitative real time PCR
(qRT-PCR) analysis of each Xist splicing mutant, two inde-
pendent mutant cell lines were used. The qRT-PCR data is
an average of three independent differentiation experiments
per each mutant cell line. Briefly, total RNA was extracted
using RNAzol RT (Molecular Research Center) as per the
manufacturer’s instructions. DNA contamination was elim-
inated from 2 pg of total RNA using 0.5 units TURBO
DNase (Invitrogen) at 37°C for 1 hour. 0.4 pg RNA was
used for cDNA synthesis with gene-specific reverse primers
using Maxima H Minus Reverse Transcriptase (Thermo
Scientific) at 50°C for 30 min according to the manufac-
turer’s instructions. As a minus RT control, reaction with-
out Maxima H Minus Reverse Transcriptase was performed
in parallel to ensure specificity of the qRT-PCR. cDNA was
5-fold diluted with H,O and stored in —20°C.

Real-time PCR reactions were performed by adding 0.5
pl cDNA and 0.5 pM forward and reverse primers to
Fast SYBR Green Master Mix in StepOnePlus Real-Time
PCR System (Applied Biosystems). All real-time PCR was
done in triplicate with the conditions as followed: 1 min
at 95°C (1x), followed by 15 s at 95°C, 30 s at 58-62°C
(See Supplementary Table S1) (40x). A melt curve from
60 to 95°C was run to ensure only one specific product
was amplified. Primer pairs used in qRT-PCR was previ-
ously described except for forward primer to detect short
Xist isoform (Supplementary Table S1) (20): 129 allele-
specific Xist (X1-3), Xist'?*-E1-3-F and Xist'?-E1-3-R;
129 allele-specific Pgkl, Pgkl1'”-F and Pgkl!'*-R; 129
allele-specific Mecp2, Mecp2!?-F and Mecp2!?°-R; Gapdh,
Gapdh-F and Gapdh-R; long Xist isoform (XL), Xil7LRT-
F and Xil7LRT-R; short Xist isoform (XS), Xil7SRT-F2
and Xil7SRT-R.

For RT-PCR analysis of 7six splicing mutant, PCR re-
actions were performed using 1 wl cDNA and 0.5 uM for-
ward and reverse primers in total 20 .l Maxima Hot Start
PCR Master Mix (Thermo Scientific). PCR reaction was
performed with the conditions as followed: 4 min at 95°C
(1x), followed by 30 s at 95°C, 30 s at 58°C, and 20 s at 72°C
(28x) for Tsix or 10 s at 72°C (24 x) for Gapdh. Primer pairs
used in PCR: Tsix exons 2-4, Tex2-F1 and Tex4-R1; Gapdh,
Gapdh-F and Gapdh-R.

Immuno-FISH and immunofluorescence

Immuno-FISH was performed as described (21,35). An-
tibodies used in this study are: anti-H3K27me3 (MABI
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#0323, 1:1000 dilution and Cell Signaling #9733, 1:1000),
anti-H2AK119Ub (Cell Signaling #8240, 1:1000), anti-
H4K20mel (Active motif #39727, 1:5000), anti-ASH2L
(Bethyl Laboratories A300-107A, 1:400).

UV-crosslinking RNA immunoprecipitation (RIP) analysis

UV-Crosslinking RIP was performed following a previously
described procedure (20). qRT-PCR was performed using
the primers listed in Supplementary Table S1.

RESULTS

Short splicing isoform of Xist RNA is expressed in both male
and female ES cells

Compared with the long splicing isoform of Xist RNA, the
short splicing isoform of Xist RNA lacks a 5668 nt-length
fragment located downstream of repeat E at the 5'-end of
Xist exon 7 (Figure 1A). Although a previous report showed
that the short splicing isoform of Xist RNA is transcribed
in female cells (16), the presence ratio remains unclear be-
tween short and long splicing Xist RNA isoforms in undif-
ferentiated embryonic stem (ES) and differentiated female
cells. To determine the short/long Xist isoform ratio, we de-
signed short and long splicing isoform-specific primer pairs
for quantitative RT-PCR (qRT-PCR) (XS and XL in Fig-
ure 1A). Male and female ES cells used in this work con-
tain a mutation in 7six, a Xist antagonist, which results in
higher Xist expression in undifferentiated male and female
ES cells and leads to non-random X-inactivation in female
cells upon induction of X-inactivation (20,26). As previ-
ously reported, Xist exhibited sex-specific dynamic expres-
sion patterns during X-chromosome inactivation (Figure
1B). In undifferentiated ES cells, a low level of the long Xist
RNA isoform was transcribed in both male and female cells.
Upon embryoid body (EB) differentiation, robust Xist up-
regulation was induced in female cells but lower Xist expres-
sion was maintained in male cells. Finally, whereas Xist ex-
pression was extinguished in male mouse embryonic fibrob-
last (MEF) cells, robust Xist expression was maintained in
female MEF cells. Surprisingly, the short splicing isoform
of Xist RNA was detected not only in female ES and EB
cells but also in male ES and EB cells (Figure 1B).

To determine the relative expression level of short and
long splicing isoforms of Xisz, we first determined the am-
plification efficiencies of short and long splicing isoform-
specific primer pairs (Figure 1C). Ten-fold serial dilutions
of genomic DNA extracted from the heterozygous Xist in-
tron 7-deletion mutant female ES cells were used as tem-
plates for quantitative real-time PCR analysis (See Supple-
mentary Figure S2). This Xist mutant female ES cell line
has one wildtype X chromosome with the full length of Xis¢
and the other mutant X chromosome deleted a 5.7-kb re-
gion corresponding to Xist intron 7 of the short splicing iso-
form. The standard curves created by the qRT-PCR data
showed that both short and long splicing isoform-specific
primer pairs amplified the target region with high efficiency
(91% and 93%, respectively). We then examined the ratio
of short and long splicing isoforms of Xist RNA expressed
in different cell types (Figure 1D). Compared with the long
splicing Xist isoform, the short splicing Xist RNA isoform
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Figure 1. Expression of short and long splicing isoform of Xist RNA in male and female cells. (A) Schematics of short and long splicing isoform of Xist.
White and black boxes indicate Xist exons and repeat E, respectively. The positions of primer pairs are shown as asterisks: X1-3, total Xisz expression; XL
and XS, long and short splicing isoform of Xist expression, respectively. Two major hnRNP U binding regions in Xist RNA are shown by orange gradient
lines. (B) RT-PCR of short and long splicing isoform Xist expression in 7six mutant ES cells and embryoid bodies (EB), and wild-type mouse embryonic
fibroblast (MEF) cells derived from Mus musculus 129S1/SvimJ and Mus musculus castaneus (CAST/EiJ) mating. M, male; F, female. (C) Standard curve
for short and long Xist splicing isoform-specific primer pairs, XL and XS shown in (A). X-axis, relative amount of serial dilutions of input genomic DNA
(100 ng to 100 pg) extracted from heterozygous Xist intron 7 deletion mutant female ES cells; y-axis, the Ct number measured by real time PCR. (D) Ratio
of short and long Xist splicing isoform expressed in male and female ES, EB and MEF cells. The mean £ SD from three independent experiments is shown.

was expressed at a lower level in all types of cells we tested
except for male MEF cells which do not express Xisz. In-
terestingly, male cells showed a higher short Xist isoform
ratio than female cells. The ratio of the short splicing Xist
isoform against the long isoform was approximately 0.30
in undifferentiated ES and 0.20 in differentiating EB male
cells, respectively. On the other hand, in all types of female
cells, the ratio of the short splicing Xist RNA isoform was
consistent at ~0.05.

CRISPR/Cas9-based modulation of splicing efficiency for
Xist intron 7

Given the short isoform of Xist RNA lacks the hnRNP U
binding region which presents in exon 7 of the long splicing
Xist isoform (Figure 1A) (20), we next sought to address
whether the short isoform of Xist RNA functions to induce
XCI: stable localization of Xist RNA and induction of X-
linked gene silencing on the Xi. Although it remains diffi-
cult to predict alternative splicing efficiency from DNA se-
quences at the 5" and 3’ splice sites, it is worth noting that the
5" and 3’ splice sites of alternative splicing often differ from
consensus sequence in constitutive splicing (2). Thus, the 5’
and 3’ splice sites could be primary targets for modifications
whereby efficiency of alternative splicing is enhanced or re-
pressed. We compared the nucleotide sequences of the 5
and 3’ splice sites of Xist intron 7 with consensus sequences
of constitutive splicing sites (36,37), as well as those of the
other Xist introns, to determine whether modification of the

5" and 3’ splice sites could alter splicing efficiency of Xist in-
tron 7 (Figure 2A) (38). Invariant sequences at the 5'- and
3’-ends of the intron are conserved in all Xist introns: GT
and AG, respectively (Figure 2A). Three nucleotides in Xist
intron 7 splice sites are different from the constitutive splic-
ing consensus sequences: —1 and +4 positions of the 5 splice
site, and +1 position of the 3’ splice site of Xist intron 7.
Considering that a presence of T at position +4 of the ¥
splice site of Xist intron 2 and T at position +1 of the 3
splice site of introns 5 and 6 do not impair their splicing ef-
ficiency, C at position —1 of the 5 splice site of Xist intron
7 could be a major reason for the weaker splicing efficiency.
Thus, we chose the C at position -1 of the 5 splice site of Xist
intron 7 as a primary target for modifications to modulate
splicing efficiency. Optimization of the 5’ splice site of Xist
intron 7 could lead to improved splicing efficiency of Xist in-
tron 7 and induce higher expression of the short Xist RNA
isoform. In contrast, disruption of invariant sequences at
the 5'-end of Xist intron 7 is likely to result in no splicing of
Xist intron 7 and exclusive expression of the long splicing
Xist RNA isoform.

To modify the 5 splice site of Xist intron 7 to mod-
ulate splicing efficiency for Xist intron 7, we used the
CRISPR /Cas9-mediated homology-directed repair (HDR)
system to introduce mutations using a single-stranded
oligodeoxynucleotides (ssODNs) as a repair template (Fig-
ure 2B) (39). For CRISPR /Cas9-mediated modification at
the 5’ splice site of Xist intron 7, we chose a 20 bp-length se-
quence from position +5 to -15 of the 5 splice of Xist intron
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Figure 2. Short and long Xist isoform-specific targeting with CRISPR/Cas9. (A) Alignment of all 5" and 3’ splice sites in Xisz with a consensus splicing
sequence of a major U2 class intron (36,37). r: adenine (a) or guanine (g); y is cytosine (c) or thymine (t). The exon and intron nucleotide sequences are
capitalized or lowercased, respectively. Arrowheads indicate cleavage sites by splicing. (B) Map of Xist/Tsix locus to show the strategy of isoform-specific
targeting and the 7six truncation. The asterisk indicates the position of primer pair (X7) used in (C). The sgRNA sequence and adjacent protospacer-
adjacent motif (PAM) for CRISPR /Cas9 genome editing are shown as green and orange boxes, respectively. The mutations introduced by CRISPR /Cas9
are labeled in red. Arrow indicates double-strand break site. HindIII site to confirm CRISPR/Cas9-based targeted HDR is highlighted by blue. SA,
splicing acceptor; IRES, internal ribosome entry site; Hyg, hygromycin resistance gene; tpA, tandem polyadenylation signal. (C) Genomic PCR and
following HindIII digestion analysis to confirm the CRISPR /Cas9 targeting. (D) qRT-PCR of short and long Xis¢ expression in ES cells to confirm the
splicing efficiency alteration in isoform-specific targeting cell lines. Gapdh was used as an internal control for normalization. The mean £+ SD from three
independent experiments is shown. P-values were calculated to TST control by an unpaired t-test (*P < 0.05, **P < 0.01, ***P < 0.001).

7 as sgRNA sequence. To improve splicing efficiency of Xist
intron 7 which resulted in dominant expression of the short
splicing Xist isoform (termed SXT, short Xist transcript), C
to G transversion at position -1 of the 5 splice site of Xist
intron 7 was introduced as well as T to A at position +4.
In contrast, to abolish Xist intron 7 splicing for exclusive
expression of the long splicing Xist isoform (termed LXT,
long Xist transcript), we used ssODN with mutations in in-
variant sequences at positions +1 and +2 of the 5 splice site.
In addition, we introduced HindIII site (position —16 to —11
of the 5’ splice site) to easily identify the Xis¢ splicing mutant
ES clones.

A Tsix-truncated 16.7 female ES cell line (TST) was used
as a parental cell line to target Xist intron 7 in this study. The
16.7 ES cell line has one X-chromosome from Mus muscu-
lus 129Sv/J (129) and the other from M. musculus castaneus
(Cast). In the TST cell line, the 129 X with the Tsix mutation
always become the Xi upon differentiation due to disrup-
tion of 7six, a negative regulator of Xist (27,40,41), which
allows allele-specific analysis of X-linked gene expression.
By screening using genomic PCR followed by HindIII di-
gestion, several homozygous Xist splicing mutant cell lines

were isolated (Figure 2C). We also confirmed the alteration
of sequences around the 5 splice site of Xist intron 7 in
each cell line by Sanger sequencing (Supplementary Fig-
ure S1). To confirm whether the mutations at the 5 splice
site at Xist exon 7 alter the splicing efficiency in SXT and
LXT Xist splicing mutant female ES cells, we analyzed the
Xist expression by qRT-PCR using short and long isoform-
specific primer pairs (Figure 2D). As we predicted, while the
expression level of the long Xist RNA isoform was compa-
rable with that in control TST cells, expression of the short
Xist isoform was further repressed in LXT mutant cell lines
as compared to control TST ES cells. By contrast, in SXT
female ES cell lines, the expression level of the long Xist iso-
form was significantly reduced with approximately 10% in
control TST cells whereas the expression level of the short
Xist RNA isoform was more than 10 times higher than in
TST cells. These data indicate that SXT and LXT muta-
tions at the 5 splice site of Xist intron 7 by CRISPR /Cas9-
mediated HDR can efficiently modulate splicing efficiency
of Xist intron 7.

We also created female ES cell lines dominantly express-
ing long and short splicing isoform of Xist from 129 X-
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Figure 3. Xist upregulation in isoform-specific targeting cells during ES cell differentiation. (A) 129 Xi allele-specific qRT-PCR of the Xis expression across
exons 1-3. (B) Ratio of short splicing isoform of Xist RNA to long Xist isoform in control TST and Xisz splicing mutant cells upon differentiation. Xist
splicing isoform-specific primer pairs (XL and XS in Figure 1A) were used for qRT-PCR. (C, D) Expression of long (C) and short (D) splicing isoform of
Xist RNA using qRT-PCR with Xist splicing isoform-specific primer pairs (XL and XS). The expression values in (A), (C), and (D) were normalized to
Gapdh and those of the undifferentiated control TST cells which is set to 1. The mean + SD from three independent experiments is shown. P-values were
calculated to TST control at the same day of differentiation by an unpaired z-test (*P < 0.05, **P < 0.01, ***P < 0.001).

chromosome by traditional gene targeting (Supplementary
Figure S2). Using successive gene targeting followed by
cre-loxP recombination, we replaced 5’ and 3’ splice sites
of Xist intron 7 by loxP, yielding female ES cells express-
ing long splicing Xist isoform with 2 loxP sites. In addi-
tion, we also obtained female ES cell lines expressing short
splicing Xist isoform with 1 loxP. Finally, we disrupted
Tsix to induce non-random XCI from 129 mutant Xist al-
lele. Compared with CRISPR/Cas9-based approach, the
strategy using traditional gene targeting to generate short
splicing Xist isoform-expressing ES cells is associated with
large deletion of genomic sequence from Xisz. Another dis-
advantage of traditional gene targeting for our Xist mu-
tant ES cells is that series of gene targeting and Cre-loxP
recombination took more than 4 months compared with
CRISPR /Cas9-based approach which took approximately
one month. Since our Xist mutant female ES cell lines cre-
ated by gene targeting exhibited similar phenotype to those
created by CRISPR /Cas9-based approach in Xist expres-
sion and X-linked silencing upon differentiation, results ob-
tained from Xist mutant ES cell lines by traditional gene
targeting are shown in Supplementary data (Supplementary
Figures S2 and S4).

This CRISPR/Cas-mediated modulation can be also
used to modulate other kinds of alternative splicing events.
As an example, we modified the efficiency of Tsix exon 3
skipping (Supplementary Figure S3). Optimization of the
3’ splicing site in Tsix intron 2 significantly enhanced the
efficiency of exo3-incorporation in the Tsix transcript.

Xist upregulation occurs normally in SXT and LXT female
cells

We next examined the effects of SXT and LXT mutations on
Xist upregulation when we differentiated Xist splicing mu-
tant female cells to induce non-random XCI due to 75ix mu-
tation. To measure the total Xist expression level from the
129 Xi, we performed 129 mutant allele-specific qRT-PCR
analysis to determine total Xist expression from the Xi us-
ing the primer pair (X1-3) that spans introns (Figures 1A
and 3A and Supplementary Figure S4A). The expression
levels of total Xist RNA from the 129 Xi gradually increased
during ES cell differentiation in all cell lines. No significant

difference in Xist upregulation was observed upon differen-
tiation between control TST cells and SXTs or LXTs mu-
tant cells, although the Xist RNA level in SXT mutant cells
was slightly lower than that of control TST and LXT mu-
tant cells at day 12 of differentiation. These data suggest
that SXT and LXT mutant female ES cell lines can induce
Xist upregulation even though several nucleotides are re-
placed at the 5’ splice site of Xisz intron 7 by CRISPR /Cas9-
mediated HDR.

Next, we used qRT-PCR with splicing isoform-specific
primer pairs (XL and XS in Figure 1) to examine whether
dominant expressions of short- and long-splicing isoforms
of Xist RNA in SXT and LXT mutant ES cells (Figure
2D), respectively, are maintained during ES cell differen-
tiation. We determined the ratio of short splicing isoform
to long splicing isoform of Xist RNA based on qRT-PCR
data using Xist splicing isoform-specific primer pairs (Fig-
ure 3B and Supplementary Figure S4B). The proportion of
the short Xist RNA isoform in control TST cells was con-
stantly low (approximately 0.05 of short/long splicing Xist
isoform ratio) during differentiation, consistent with data in
Figure 1D. Dominant expression of the short splicing iso-
form of Xist RNA in SXT Xist splicing mutant cells became
more evident as differentiation progressed. At day 12 of dif-
ferentiation, short splicing isoform of Xist RNA was ap-
proximately 20-fold higher than long Xist isoform (Figure
3B). Throughout ES cell differentiation, the relative expres-
sion level of the long Xist splicing isoform in SXT mutant
cell lines was much lower than that in undifferentiated con-
trol TST cells (Figure 3C). In contrast, in LXT Xis¢ splic-
ing mutant cells, short isoform Xist expression was signifi-
cantly lower (approximately 0.01 or less) than those in TST
cells, which exhibited approximately 0.05 short/long Xist
isoform ratio constantly during ES cell differentiation (Fig-
ure 3B). During ES cell differentiation, LXT mutant cell
lines consistently exhibited weaker expression of the short
Xist isoform than undifferentiated control TST cells (Figure
3D). This data suggested that the CRISPR /Cas9-mediated
SXT and LXT mutations at the 5 splice site of Xist intron
7 result in dominant expression of short and long splicing
isoforms of Xist RNA, respectively.
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Figure 4. Accumulation of Xist RNA and H3K27me3 on the Xi by short and long splicing mutant Xist RNA. (A and B) Representative image of Immuno-
FISH for Xist RNA (green) and H3K27me3 (red) in undifferentiated ES cells (A, day 0) and differentiating EB cells (B, day 8). Nuclei were counterstained
with DAPI. Scale bar is 10 wm. (C) Frequency of Xist RNA cloud- and H3K27me3-positive cells upon differentiation. More than 200 nuclei were counted

at each time point for each cell line in three independent experiments.

Short Xist splicing isoform coats Xi and recruits repressive
histone modifications to the Xi

One of the characteristic features of Xist RNA is its unique
localization along the entire Xi to induce X-linked gene si-
lencing (42). Nuclear scaffold protein hnRNP U is a crit-
ical factor for Xist RNA to associate with the Xi (23,43).
Since the short splicing isoform of Xist RNA lacks one of
the two major hnRNP U binding region in exon 7 of long
Xist splicing isoform (20), we examined whether the short
isoform of Xist RNA can be localized on the Xi and re-
cruit histone modifications enzymes to the Xi. We differen-
tiated Xist splicing mutant cell lines, as well as control TST
cells, and performed immunofluorescence against histone
H3 trimethyl lysine 27 (H3K27me3) combined with fluo-
rescence in situ hybridization (FISH) for Xist RNA (Fig-
ure 4). At the undifferentiating stage (day 0), neither Xist
RNA clouds nor focal H3K27me3 signal was observed in
the nucleus in both SXT and LXT Xist mutant cells as well
as control TST cells (Figure 4A and C). Upon differenti-
ation, the percentage of cells with Xist RNA clouds and
focal H3K27me3 enriched on the Xi was increased in all
cell lines (Figure 4B and C). The percentage of Xist-positive
and H3K27me3-positive cells was comparable between TST

cells and Xist splicing mutant cells (SXT and LXT) at each
stage during ES cell differentiation. Consistent with a pre-
vious report that Xist exon 7 is not required for PRC2 re-
cruitment (20), these results demonstrate that Xist intron 7
is dispensable for PRC2 recruitment to the Xi. These data
also indicate that the short splicing isoform of Xist RNA as
well as the long isoform is able to localize on the Xi.

Since Xist RNA recruits various chromatin modifying
enzymes to the Xi to induce chromosome-wide gene si-
lencing (9,10), we examined the deposition of other his-
tone modifications on the Xi in SXT and LXT mutant fe-
male cells upon differentiation. We performed immunoflu-
orescence for two epigenetic hallmarks of the Xi, ubiquityl-
histone H2A (H2AK119Ub) and histone H4 monomethyl
lysine 20 (H4K20mel) (Supplementary Figure S5). Simi-
lar to the staining pattern of H3K27me3, no focal signal
of H2AK119Ub and H4K20mel was evident in undiffer-
entiated female ES cells. However, focal stainings of these
histone marks were colocalized with H3K27me3 on the Xi
upon differentiation. The staining pattern of these histone
marks showed no significant difference between control
cells and Xist splicing mutant cells during X-inactivation.
Consistent with our recent study showing that Xist repeat E
is required for ASH2L localization to the Xi (21), ASH2L
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Figure 6. X-linked gene silencing induced by Xist short and long isoform.
gRT-PCR using 129 Xi allele-specific primer sets for two Xi-linked genes,
Pgkl and Mecp2. Gapdh was used as an internal control for normalization.
Each value was also normalized to that of each undifferentiated cell line.
The mean £ SD from three independent experiments is shown. P-values
were calculated by an unpaired t-test (* P<0.05).

recruitment to Xi was normal in both SXT and LXT Xist
splicing mutant cell lines since both SXT and LXT mu-
tant Xist RNAs retains Xist repeat E (Supplementary Fig-
ure S6). No significant difference was found between con-
trol and Xist splicing mutant cells at any stage. These data
suggest that the short isoform of Xist RNA can recruit var-
ious histone modifying enzymes and chromatin factors to
establish unique heterochromatic features on the Xi.

Since Xist intron 7 region contains one of two hnRNP
U binding regions present in long splicing Xist isoform
(Figure 5A) (20), we next addressed whether hnRNP U-
binding to Xist RNA is maintained in the short splicing
Xist isoform by UV-crosslinking RNA immunoprecipita-
tion (RIP). Using the FLAG-HA-hnRNP U Tsix576 fe-
male ES cell line, which expresses FLAG-hnRNP U from
endogenous loci and has 7six truncation mutation on 129
allele (20), we established SXT and LXT Xist mutant cell
lines by CRISPR/Cas9-based approach (Supplementary
Figure S7). Compared with control TST and LXT mutant

cell lines, UV-crosslinking RIP using anti-FLAG antibody
revealed that hnRNP U-binding to Xist exon 1 is compa-
rable in SXT Xist mutant cell lines that dominantly express
short splicing Xist isoform (Figure 5B). This result indicates
that short splicing Xist isoform is able to bind with hnRNP
U though exon 1 as efficiently as long splicing Xist isoform.

Short Xist isoform is sufficient to induce X-linked gene silenc-
ing on the Xi

Since differentiated SXT mutant female cells expressing a
robust short isoform of Xist RNA exhibited normal local-
ization to the Xi and accumulation of various histone mod-
ifications on the Xi similar to control TST cells (Figures 3
and 4), we next examined whether the short splicing isoform
of Xist RNA can normally induce X-linked gene silencing
during XCI. We performed qRT-PCR analyses using 129
Xi allele-specific primer pairs for two X-linked genes, Pgk!
and Mecp2 (Figure 6 and Supplementary Figure S4C and
S4D). Upon ES cell differentiation, the levels of X-linked
genes decreased significantly from day 0 to day 12 in con-
trol TST cells, as expected. In both SXT and LXT cell lines,
expression levels of Pgkl and Mecp2 genes from 129 Xi al-
lele were gradually decreased with no significant difference
from control TST (Figure 6). Although silencing of Mecp2
slightly preceded Pgkl silencing, both X-linked genes were
efficiently repressed less than 8% at day 12 than those in
undifferentiated ES cells (day 0). These qRT-PCR data for
X-linked genes indicate that both short and long Xist iso-
forms can induce X-linked gene silencing during XCI com-
parable to control TST cell line. In sum, despite missing a
large region from the long splicing Xist isoform, the short
splicing isoform of Xist RNA functions as efficiently as the
long splicing isoform of Xist RNA in XCI.
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DISCUSSION

In this study, we provide a CRISPR/Cas-based strategy
to create cell lines expressing specific splicing isoforms of
Xist RNA. The alternative splicing of Xist intron 7 belongs
to a class of intron retention. Although intron retention
has been described as a consequence of mis-splicing, recent
studies show that intron retention is involved in regulation
of protein-coding gene expression through nuclear reten-
tion, exosome degradation or nonsense-mediated mRNA
decay (44,45). Due to the complexity of alternative splic-
ing, in which many DNA elements (multiple 5" and 3’ splice
sites, splicing enhancers, splicing silencers etc.) are involved
(46), it is still difficult to predict splicing efficiency of al-
ternative splicing to determine the targeted modification to
impact splicing efficiency. However, in terms of the num-
bers of the 5" and 3’ splice sites involved, intron retention
is the simplest alternative splicing class in which only one
5" and one 3’ splice sites are involved. Although invariant
sequences at the 5 splice site (position +1 and +2) in Xist
intron 7 are conserved, we found that highly conserved G
in constitutive intron at position —1 of the 5 splice site is
replaced by C in Xist intron 7. We suspected that this nu-
cleotide change causes less efficient splicing of Xist intron
7 and chose the 5 splice site to enhance or repress the re-
tention of Xist intron 7 by modulating splicing efficiency
using the CRISPR /Cas-based strategy. This approach pro-
vides a platform of genome editing to study functions of
specific splicing isoforms of a transcript generated by in-
tron retention, which is found in transcripts from approxi-
mately three quarters of multi-exonic genes in mice and hu-
mans (47,48). Untranslated regions and noncoding RNAs
have retained introns more frequently than protein-coding
regions. In addition, we also show that we can modulate
the efficiency of exon-skipping type alternative splicing in
Tsix by CRISPR /Cas-mediated intron targeting (Supple-
mentary Figure S3). Our described method does not re-
quire complex construction of targeting vectors; as such,
our method provides a useful approach to study functions
of various alternatively spliced transcripts.

Our RT-PCR analysis of the short splicing isoform of
Xist RNA differs from a previous report (16). The previ-
ous report showed that the short splicing isoform of Xist
RNA is exclusively expressed in female cells but not in male
(16). In our qRT-PCR experiments (Figure 1), we detected
short Xist isoform expression in both male and female cells,
and the ratio of the short Xist isoform in male undifferen-
tiated ES and differentiating EB cells to the long isoform
is even higher than that in female cells, although the level
of the short splicing isoform was lower than the long Xist
splicing isoform. It is possible that culture conditions affect
the alternative splicing pattern of Xisz in male ES and EB
cells. Alternatively, differences in relation to expression of
the short splicing isoform of Xist RNA could result from
the different male ES cell lines used in the previous report
and our work. Although the short splicing Xist isoform is
expressed in male ES and EB cells, Xist expression level is
constantly low and is finally extinguished in fully differenti-
ated MEFs. Thus, it is not likely that short splicing isoform
of Xist RNA plays a crucial function in Xist RNA-mediated
X-linked gene regulation in male cells.

Despite its low expression level, the short Xist isoform
is consistently expressed in all types of female cells (Figure
1D). Whereas exon 7 in the long Xist isoform contains one
of the two major hnRNP U binding regions (20), the short
splicing isoform of Xist RNA loses the hnRNP U binding
region present in exon 7 of long Xist isoform by intron 7
splicing (Figure 7). Since hnRNP U is a critical protein fac-
tor for Xist RNA localization on the Xi (23), we sought
to examine whether the short Xist isoform can induce XCI
using Xist splicing SXT mutant female ES cells expressing
the short isoform of Xist. To our surprise, SXT mutant cell
lines exhibit normal Xist RNA localization on the Xi and
X-linked gene silencing (Figures 4 and 6). Since Xist exon
7 truncation mutant female ES cells result in unstable lo-
calization and compromised X-linked gene silencing upon
differentiation (20), 1,658-bp exon 7 including 1.3-kb Xist
repeat E and 205-bp exon 8 in short splicing isoform of Xist
RNA is enough to maintain stable localization of Xist RNA
on the Xi as efficiently as the full length of exon 7 in the
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long Xist isoform. Although Xist repeat E deletion does not
significantly affect Xist RNA localization, dispersed Xist
RNA localization was observed in a subset of Xist repeat E
mutant female ES cells upon differentiation (21). Further-
more, a nuclear matrix binding protein CIZ1 binds to Xist
RNA repeat E and is required for Xist RNA localization
on the Xi in a tissue-specific manner (22,49). Thus, various
protein factors such as hnRNP U and CIZ1 might have a
redundant function through the Xist intron 7 region and
repeat E to support Xist RNA association with the Xi.
The short splicing isoform of Xist RNA functionally in-
duces XCI in mouse female ES cells upon differentiation
(Figures 4 and 6). However, the fact that the short isoform
of Xist is maintained at a low expression level in all types of
female cells might indicate that the short splicing isoform
of Xist is not fully comparable to the long splicing isoform
of Xist in a cell-type-dependent or tissue-specific manner.
In addition to hnRNP U, variable factors are involved in
Xist RNA targeting to the Xi as indicated by recent studies
(22,43,49). With low expression of some redundantly act-
ing factors for Xist RNA targeting to the Xi, the hnRNP U
binding region present within exon 7 of the long Xist iso-
form might be more critical than in the differentiating fe-
male EB cells used in this study. Further studies are required
to fully understand the role of short and long splicing iso-
forms of Xist during XCI using an in vivo mouse system.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Dr Feng Zhang for eSpCas9(1.1) (Addgene plas-
mid #71814); Dr Keith Joung for MSP469 (Addgene plas-
mid #65771); Katie Gerhardt for editing the manuscript.
Author contributions: M.Y. and Y.O. conceived the concept
of this work, designed and performed experiments, ana-
lyzed the data and wrote the manuscript.

FUNDING

National Institutes of Health [RO1-GM 102184 to Y.O.].
Funding for open access charge: CCHMC internal grant.
Conflict of interest statement. None declared.

REFERENCES

1. Kornblihtt,A.R., Schor,L.E., All6,M., Dujardin,G., Petrillo,E. and
Muiioz,M.J. (2013) Alternative splicing: a pivotal step between
eukaryotic transcription and translation. Nat. Rev. Mol. Cell Biol.,
14, 153-165.

2. Keren,H., Lev-Maor,G. and Ast,G. (2010) Alternative splicing and
evolution: diversification, exon definition and function. Nat. Rev.
Genet., 11, 345-355.

3. Pan,Q., Shai,O., Lee,L.J., Frey,B.J. and Blencowe,B.J. (2008) Deep
surveying of alternative splicing complexity in the human
transcriptome by high-throughput sequencing. Nat. Genet., 40,
1413-1415.

4. Kelemen,O., Convertini,P., Zhang,Z., Wen,Y., Shen,M., Falaleeva,M.
and Stamm,S. (2013) Function of alternative splicing. Gene, 514,
1-30.

5. Brockdorff,N., Ashworth,A., Kay,G.F., McCabe,V.M., Norris,D.P,,
Cooper,P.J., Swift,S. and Rastan,S. (1992) The product of the mouse

20.

21.

22.

23.

24.

25.

26.

PAGE 10 OF 11

Xist gene is a 15 kb inactive X-specific transcript containing no
conserved ORF and located in the nucleus. Cell, 71, 515-526.

. Willard,H.F., Brown,C.J., Hendrich,B., Rupert,J., Lafreniere,R.,

Xing,Y. and Lawrence,J.B. (1992) The human XIST gene: analysis of
a 17 kb inactive X-specific RNA that contains conserved repeats and
is highly localized within the nucleus. Cell, 71, 527-542.

. Penny,G.D., Kay,G.F., Sheardown,S.A., Rastan,S. and Brockdorff,N.

(1996) Requirement for Xist in X chromosome inactivation. Nature,
379, 131-137.

. Sado,T. and Brockdorff,N. (2013) Advances in understanding

chromosome silencing by the long non-coding RNA Xist. Philos.
Trans. R. Soc. Lond. B, Biol. Sci., 368, 20110325.

. Cerase,A., Pintacuda,G., Tattermusch,A. and Avner,P. (2015) Xist

localization and function: new insights from multiple levels. Genome
Biol., 16, 166.

. Pinter,S.F. (2016) A Tale of Two Cities: How Xist and its partners

localize to and silence the bicompartmental X. Semin. Cell Dev. Biol.,
56, 19-34.

. Marahrens, Y., Panning,B., Dausman,J., Strauss,W.M. and

Jaenisch,R. (1997) Xist-deficient mice are defective in dosage
compensation but not spermatogenesis. Genes Dev., 11, 156-166.

. Yildirim,E., Kirby,J.E., Brown,D.E., Mercier,F.E., Sadreyev,R.I.,

Scadden,D.T. and Lee,J.T. (2013) Xist RNA is a potent suppressor of
hematologic cancer in mice. Cell, 152, 727-742.

. Johnston,C.M., Nesterova,T.B., Formstone,E., Newall,A., Duthie,S.,

Sheardown,S.A. and Brockdorff,N. (1998) Developmentally
regulated Xist promoter switch mediates initiation of X inactivation.
Cell, 94, 809-817.

. Ma,M. and Strauss,W.M. (2005) Analysis of the Xist RNA isoforms

suggests two distinctly different forms of regulation. Mamm. Genome,
16, 391-404.

. Memili,E., Hong,Y.K., Kim,D.H., Ontiveros,S.D. and Strauss, W.M.

(2001) Murine Xist RNA isoforms are different at their 3’ ends: a role
for differential polyadenylation. Gene, 266, 131-137.

. Kim,J.S., Choi,H.W., Aratizo-Bravo,M.J., Schéler,H.R. and Do,J.T.

(2015) Reactivation of the inactive X chromosome and
post-transcriptional reprogramming of Xist in iPSCs. J. Cell Sci.,
128, 81-87.

. Wutz,A., Rasmussen, T.P. and Jaenisch,R. (2002) Chromosomal

silencing and localization are mediated by different domains of Xist
RNA. Nat. Genet., 30, 167-174.

. Hoki, Y., Kimura,N., Kanbayashi,M., Amakawa,Y., Ohhata,T.,

Sasaki,H. and Sado,T. (2009) A proximal conserved repeat in the Xist
gene is essential as a genomic element for X-inactivation in mouse.
Development, 136, 139-146.

. Senner,C.E., Nesterova,T.B., Norton,S., Dewchand,H., Godwin,]J.,

Mak,W. and Brockdorff,N. (2011) Disruption of a conserved region
of Xist exon | impairs Xist RNA localisation and X-linked gene
silencing during random and imprinted X chromosome inactivation.
Development, 138, 1541-1550.

Yamada,N., Hasegawa, Y., Yue,M., Hamada,T., Nakagawa,S. and
Ogawa,Y. (2015) Xist Exon 7 contributes to the stable localization of
Xist RNA on the inactive X-chromosome. PLoS Genet., 11,
¢1005430.

Yue,M., Ogawa,A., Yamada,N., Charles Richard,J.L., Barski,A. and
Ogawa,Y. (2017) Xist RNA repeat E is essential for ASH2L
recruitment to the inactive X and regulates histone modifications and
escape gene expression. PLoS Genet., 13, e1006890.

Sunwoo,H., Colognori,D., Froberg,J.E., Jeon,Y. and Lee,J.T. (2017)
Repeat E anchors Xist RNA to the inactive X chromosomal
compartment through CDKNI1A-interacting protein (CIZ1). Proc.
Natl. Acad. Sci. U.S. A., 114, 10654-10659.

Hasegawa,Y., Brockdorff,N., Kawano,S., Tsutui,K., Tsutui,K. and
Nakagawa,S. (2010) The matrix protein hnRNP U is required for
chromosomal localization of Xist RNA. Dev. Cell, 19, 469-476.
Hsu,P.D., Lander,E.S. and Zhang,F. (2014) Development and
applications of CRISPR-Cas9 for genome engineering. Cell, 157,
1262-1278.

Doudna,J.A. and Charpentier,E. (2014) Genome editing. The new
frontier of genome engineering with CRISPR-Cas9. Science, 346,
1258096.

Sun,S., Del Rosario,B.C., Szanto.,A., Ogawa,Y., Jeon,Y. and Lee,J.T.
(2013) Jpx RNA activates Xist by evicting CTCF. Cell, 153,
1537-1551.



PAGE 11 OF 11

27.

28.

29.

30.

31.

32.

33.

34.

35

36.

37.

38.

Lee,J. T. and Lu,N. (1999) Targeted mutagenesis of Tsix leads to
nonrandom X inactivation. Cell, 99, 47-57.

Li,E., Bestor,T.H. and Jaenisch,R. (1992) Targeted mutation of the
DNA methyltransferase gene results in embryonic lethality. Cell, 69,
915-926.

Chen,B., Gilbert,L.A., Cimini,B.A., Schnitzbauer,J., Zhang,W.,
Li,G.-W.,, Park,J., Blackburn,E.H., Weissman,J.S., Qi,L.S. et al.
(2013) Dynamic imaging of genomic loci in living human cells by an
optimized CRISPR /Cas system. Cell, 155, 1479-1491.

Ran,FA., Hsu,P.D., Wright,J., Agarwala,V., Scott,D.A. and Zhang,F.
(2013) Genome engineering using the CRISPR-Cas9 system. Nat.
Protoc., 8, 2281-2308.

Slaymaker,I.M., Gao,L., Zetsche,B., Scott,D.A., Yan,W.X. and
Zhang,F. (2016) Rationally engineered Cas9 nucleases with improved
specificity. Science, 351, 84-88.

Kleinstiver,B.P., Prew,M.S., Tsai,S.Q., Topkar,V.V., Nguyen,N.T.,
Zheng.Z., Gonzales,A.P.W., Li,Z., Peterson,R.T., Yeh,J.-R.J. ez al.
(2015) Engineered CRISPR-Cas9 nucleases with altered PAM
specificities. Nature, 523, 481-485.

Mefferd,A.L., Kornepati,A.V.R., Bogerd,H.P., Kennedy,E.M. and
Cullen,B.R. (2015) Expression of CRISPR /Cas single guide RNAs
using small tRNA promoters. RNA, 21, 1683-1689.

Lee,E.C., Yu,D., Martinez de Velasco,J., Tessarollo,L., Swing,D.A.,
Court,D.L., Jenkins,N.A. and Copeland,N.G. (2001) A highly
efficient Escherichia coli-based chromosome engineering system
adapted for recombinogenic targeting and subcloning of BAC DNA.
Genomics, 713, 56-65.

. Yue,M., Charles Richard,J.L., Yamada,N., Ogawa,A. and Ogawa,Y.

(2014) Quick fluorescent in situ hybridization protocol for Xist RNA
combined with immunofluorescence of histone modification in
X-chromosome inactivation. J. Vis. Exp., €52053.

Shapiro,M.B. and Senapathy,P. (1987) RNA splice junctions of
different classes of eukaryotes: sequence statistics and functional
implications in gene expression. Nucleic Acids Res., 15, 7155-7174.
AbrilJ.E., Castelo,R. and Guigo,R. (2005) Comparison of splice sites
in mammals and chicken. Genome Res., 15, 111-119.

Zheng,C.L., Fu,X.-D. and Gribskov,M. (2005) Characteristics and
regulatory elements defining constitutive splicing and different modes
of alternative splicing in human and mouse. RNA, 11, 1777-1787.

39.

40.

41.

42.

43.

44,

45.

46.

47

48.

49.

Nucleic Acids Research, 2018, Vol. 46, No. 5 e26

Chen,F., Pruett-Miller,S.M., Huang,Y., Gjoka,M., Duda,K.,
Taunton,J., Collingwood,T.N., Frodin,M. and Davis,G.D. (2011)
High-frequency genome editing using ssDNA oligonucleotides with
zinc-finger nucleases. Nat. Methods, 8, 753-755.

Sado,T., Wang,Z., Sasaki,H. and Li,E. (2001) Regulation of
imprinted X-chromosome inactivation in mice by Tsix. Development,
128, 1275-1286.

Stavropoulos,N., Lu,N. and Lee,J.T. (2001) A functional role for Tsix
transcription in blocking Xist RNA accumulation but not in
X-chromosome choice. Proc. Natl. Acad. Sci. U.S.A., 98,
10232-10237.

Clemson,C.M., Chow,J.C., Brown,C.J. and Lawrence,J.B. (1998)
Stabilization and localization of Xist RNA are controlled by separate
mechanisms and are not sufficient for X inactivation. J. Cell Biol.,
142, 13-23.

Sakaguchi,T., Hasegawa, Y., Brockdorff,N., Tsutsui,K., Tsutsui,K.M.,
Sado,T. and Nakagawa,S. (2016) Control of chromosomal
localization of Xist by hnRNP U family molecules. Dev. Cell, 39,
11-12.

Wong,JJ.-L., Au,A.Y.M., Ritchie,W. and Rasko,J.E.J. (2016) Intron
retention in mRNA: No longer nonsense: known and putative roles of
intron retention in normal and disease biology. Bioessays, 38, 41-49.
Jacob,A.G. and Smith,C.W.J. (2017) Intron retention as a component
of regulated gene expression programs. Hum. Genet., 136, 1043-1057.
Matlin,A.J., Clark,F. and Smith,C.W.J. (2005) Understanding
alternative splicing: towards a cellular code. Nat. Rev. Mol. Cell.
Biol., 6, 386-398.

. Braunschweig,U., Barbosa-Morais,N.L., Pan,Q., Nachman,E.N.,

Alipanahi,B., Gonatopoulos-Pournatzis, T., Frey,B., Irimia,M. and
Blencowe,B.J. (2014) Widespread intron retention in mammals
functionally tunes transcriptomes. Genome Res., 24, 1774-1786.
Middleton,R., Gao,D., Thomas,A., Singh,B., Au,A., Wong,J.J.-L.,
Bomane,A., Cosson,B., Eyras,E., Rasko,J.E.J. ez al. (2017) IRFinder:
assessing the impact of intron retention on mammalian gene
expression. Genome Biol., 18, 51.

Ridings-Figueroa,R., Stewart,E.R., Nesterova,T.B., Coker,H.,
Pintacuda,G., Godwin,J., Wilson,R., Haslam,A., Lilley,F.,
Ruigrok,R. ez al. (2017) The nuclear matrix protein CIZ1 facilitates
localization of Xist RNA to the inactive X-chromosome territory.
Genes Dev., 31, 876-888.



