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Xist upstream deletion leads to dysregulation of Xist
and autosomal gene expression
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Xist long noncoding RNA is the master regulator of the X-Chromosome inactivation (XCI) process. Xist is expressed from the
inactive X and coats the inactive X to facilitate XCI. Cis-regulation of Xist expression remains poorly understood in the con-
text of maintenance of XCI. Here, we have explored the role of the Xist upstream sequences (~6 kb) lying between Tsix and Jpx
in the regulation of Xist and XCI in mouse extra-embryonic endoderm stem cells (XEN), which represent the maintenance
phase of imprinted XCl. Here, we show that the deletion of this Xist upstream sequence in the inactive X leads to the
upregulation of Xist expression accompanied by the dispersal of the Xist cloud. Notably, we find the loss of enrichment
of repressive marks such as H3K27me3, H4K20mel, and MacroH2A, except that of H2AKII9ub, in dispersed Xist nuclei.
However, X-linked genes remain silent despite Xist dispersal and loss of enrichment of repressive marks. Notably, we
find that many autosomal genes, including cohesin Rad2l, are dysregulated in Xist-upstream-deleted cells. Additionally,
we demonstrate that Xist-upstream deletion leads to alterations of topological contacts of the Xist locus with its upstream
positive regulator Ftx and across the inactive X and autosomes. Finally, we show genome-wide alterations of the occupancy
of architectural proteins CTCF/RAD2I, including at many loci of the inactive X such as the Xist upstream regions and the
Firre locus, which is critical for maintaining inactive X conformation. Taken together, we demonstrate that the Xist upstream

sequence imparts a multifaceted role in genome regulation beyond the XCI.

[Supplemental material is available for this article.]

X-Chromosome inactivation (XCI) is a process by which female
mammals compensate for the dosage of X-linked gene expression
between sexes (Lyon 1961; Gayen et al. 2015, 2016). XCI is an ex-
cellent model system for understanding regulatory elements in-
volved in epigenetic regulation. In mouse, there are two forms of
XCI: imprinted and random (Takagi and Sasaki 1975; Okamoto
et al. 2004; Sarkar et al. 2015; Maclary et al. 2017; Harris et al.
2019; Mandal et al. 2020). At the onset of early embryonic devel-
opment (~four-cell stage), all cells undergo imprinted XCI, where
the paternal X is inactivated and later switches to random XCI in
embryonic epiblast cells, where either paternal or maternal X is
chosen for the inactivation (Mak et al. 2004; Maclary et al. 2014;
Naik et al. 2022; Samanta et al. 2022). Both imprinted and random
XCl is orchestrated by Xist long noncoding RNA (IncRNA). Xist is
expressed from the inactive X and coats the inactive X. Xist recruits
different chromatin modifiers to enable heterochromatinization
of the inactive X (Maclary et al. 2014; Zylicz and Heard 2020;
Boeren and Gribnau 2021). Expression of Xist is regulated through
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a series of regulatory elements encoded from the X inactivation
center (Xic), a region (~800 kb) encompassing Xist. Xic is orga-
nized into two topologically associated domains (TADs)—(1) the
Tsix-TAD, comprised of negative regulators of Xist like Tsix, Xite,
and Linx; and (2) the Xist-TAD consisting of Xist and its positive
regulators Jpx, Ftx, Xert, Rlim (Lee et al. 1999; Ogawa and Lee
2003; Jonkers et al. 2009; Tian et al. 2010; Chureau et al. 2011;
Nora et al. 2012; van Bemmel et al. 2019; Galupa et al. 2020,
2022). In recent years, the role and mechanisms of different Xic-
encoded Xist activators (Jpx, Ftx, Rlim, Xert) located upstream of
the Xist locus have been extensively studied in the context of ran-
dom XCI (Shin et al. 2014; Furlan et al. 2018; Collombet et al.
2020; Gijaltema et al. 2022; Rosspopoff et al. 2023). However,
Xist activation mechanisms in imprinted XCI remain underex-
plored. Although few studies explored the role of Ftx, Rlim, and en-
hancer elements of the Xert locus in the induction of Xist
expression during the initiation of imprinted XCI (Shin et al.
2010; Soma et al. 2014; Ravid Lustig et al. 2023), regulatory ele-
ments involved in the Xist expression during the maintenance
phase of imprinted XCI remain largely unclear. Here, we have ex-
plored the role of the Xist upstream sequences (~6 kb) lying be-
tween Tsix and Jpx in regulation of Xist and XCI in mouse
extraembryonic endoderm stem cells (XEN), which represent a
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maintenance phase of imprinted XCI ex vivo. We show that dele-
tion of this Xist upstream sequence in the inactive X has diverse ef-
fects, such as upregulation of Xist expression, dispersal of Xist
clouds, alteration of topological interactions of the Xist locus,
and dysregulation of autosomal gene expression.

Results

Xist and its upstream regulators in XEN cells with imprinted
inactive X exhibit topological interactions similar to random
inactivated X but have different chromatin features

It has been demonstrated that the proper topological organization
and chromatin features of the Xic are important for the proper reg-
ulation of Xist expression and the orchestration of XCI. The Xic
comprises two TADs: the Xist TAD and the Tsix TAD (Nora et al.
2012; van Bemmel et al. 2019). The Tsix-TAD comprises the nega-
tive regulators of Xist, like Tsix, Xite, and the Xist-TAD consists of
Xist and its positive regulators Jpx, Ftx, and Rlim (Fig. 1A). Upon
XCI, TADs disappear broadly across the inactive X except for a
few transcribing loci (Nora et al. 2012; Minajigi et al. 2015;
Giorgetti et al. 2016). At the Xic, upon XClI, the Tsix-TAD disap-
pears; however, Xist-TAD-like interactions persist (Nora et al.
2012; Giorgetti et al. 2016). In recent years, cis-regulatory mecha-
nisms of Xist activators located upstream of Xist (Jpx, Ftx, Rlim)
have been studied in the context of random XCI (Furlan et al.
2018; Rosspopoff et al. 2023; Malcore and Kalantry 2024). Here,
we investigated whether similar Xist-TAD-like interactions exist
in XEN cells, which represent the maintenance phase of imprinted
XCI. To explore this, we profiled the topological interactions of the
Xist locus by performing allele-specific circular chromosome con-
formation capture sequencing (4C-seq) in XEN cells. The XEN cell
used for this study is a hybrid cell line derived from two divergent
mouse strains Mus musculus (Mus) and Mus molossinus (Mol),
which allowed us to perform allele-specific analysis (Fig. 1B;
Arava et al. 2023; Naik et al. 2024). Moreover, paternal X is inacti-
vated in XEN cells, which helped us to distinguish between active
X- and inactive X-specific signals (Arava et al. 2023; Naik et al.
2024). From a viewpoint near the Xist transcriptional start sites,
we found major contacts of the Xist with the regions encompass-
ing Ftx loci on the inactive X in XEN cells (Fig. 1C). These interac-
tions were found to be less in the active X Chromosome; however,
we observed that Xist interacts at the 3’ region of the Slc16a2 locus
of the active X (Fig. 1C). Additionally, we observed contacts of the
Xistlocus with a few loci within the adjacent Tsix-TAD, suggesting
the existence of inter-TAD interactions (Fig. 1C). Next, we com-
pared the Xist locus interactions of XEN cells with the mouse em-
bryonic fibroblast cells (MEF), which represent the random form of
XCI. We performed virtual 4C analysis using the available Hi-C
data of MEF cells (Du et al. 2024). This MEF cell line is a hybrid
(PWK/Phj X C57BL/6N) and derived from a single clone having
PWK-X as the inactive X, which allowed us to distinguish between
active versus inactive X in our analysis. We observed that the major
contacts of the Xist in MEF cells belong to the regions encompass-
ing Ftxloci on the inactive X, like XEN cells (Fig. 1D; Supplemental
Fig. S1A). Next, we profiled the enrichment of CTCF and cohesin
(RAD21) in XEN cells across the Xic in the active X Chromosome
versus inactive X Chromosome through allele-specific chromatin
immunoprecipitation sequencing (ChIP-seq) analysis. We also an-
alyzed an available CUT&RUN data set of CTCF and another sub-
unit of the cohesin complex SMC3 for XEN cells (Supplemental
Table S1; Du et al. 2024). We observed that the allelic CTCF enrich-

ment profile was well aligned between the ChIP-seq and
CUT&RUN data sets (Supplemental Fig. S1B). Similarly, the enrich-
ment of RAD21 (ChIP-seq) with the SMC3 (CUT&RUN) looked
similar but differed to some extent (Supplemental Fig. S1C). We
found that the Xist and Ftx loci was flanked by convergent arrays
of CTCF binding sites, and these CTCF binding sites were often
co-enriched with cohesins (SMC3 and RAD21), suggesting cohesin
and CTCF-mediated looping between these loci as observed in our
4C analysis (Fig. 1E). Next, we compared the CTCF and SMC3 en-
richment of XEN cells with the available data set of MEF cells with
random XCI (Supplemental Table S1; Du et al. 2024). We found
that the Xist and Ftx locus in MEF cells also flanked by CTCF and
cohesins, like XEN cells (Supplemental Fig. S1D). Next, we profiled
the enrichment of H3K27ac and H3K4mel in the Xist upstream
regulatory region of XEN cells through ChIP-seq. We also analyzed
the available data set for H3K27ac in XEN cells (Supplemental
Table S1; Du et al. 2024). We observed a strong enrichment of
H3K27ac and H3K4mel at the Xist upstream region encompassing
Xistand Ftx on the inactive X, indicating an enhancer-like proper-
ty of this region (Fig. 1F). Similar enrichment was observed on the
active X as well (Fig. 1F). Notably, we found that such enrichment
of H3K27ac was absent in MEF cells with random XCI (Fig. 1F).
However, there were few major peaks observed near the Xist
and Ftx loci (Fig. 1F). Additionally, we analyzed the available
H3K4me1 data set from trophoblast stem cells (TSC) with imprint-
ed XCI (Calabrese et al. 2012). We found similar enrichment of
H3K4me1l across the Xist and Ftx loci in TSCs (Fig. 1F). Taken to-
gether, we conclude that, in both XEN (imprinted) and MEF (ran-
dom) cells, the major contacts of the Xist locus on the inactive X
belong to the regions encompassing Ftx loci; however, the chroma-
tin features of this region are different between them.

Deletion of Xist upstream sequence leads to upregulation
of Xist expression and dispersal of Xist clouds

The cis-regulation of Xist by Xist upstream sequences in the con-
text of the maintenance phase of imprinted XCI remains underex-
plored. Here, we explored the role of the Xist upstream sequences
(~6 kb) lying between Tsix and Jpx in the regulation of Xist and
XCI in XEN cells. We performed an allele-specific analysis of
H3K27me3 and H3K9me3 ChlIP-seq data to identify the enrich-
ment of these repressive marks at this locus. As expected, we ob-
served very high enrichment of H3K27me3 on the inactive X
compared to the active X, whereas enrichment at autosomal alleles
was equivalent, thus validating our allelic analysis pipeline
(Supplemental Fig. S1E). We find that the Xist upstream sequences
(~6 kb) lying between Tsix and Jpx on the inactive X are devoid of
enrichment of repressive H3K27me3 (Fig. 2A). However, some en-
richment of H3K9me3 appears to be there, although peaks were
not called significant with a Q-value cutoff <0.05 (Fig. 2A).
Moreover, it was previously reported that this region harbors
DNase hypersensitive sites (DHSs) in mouse somatic tissues and
embryonic stem cells (Fig. 2A; Sheardown et al. 1997; Newall
et al. 2001). Additionally, this region has been referred to as being
conducive to retrotransposition and harbors two ribosomal pro-
tein pseudogenes (pS19X and pS12X) (Fig. 2A; Rougeulle and
Avner 1996; Romer and Ashworth 2000). Notably, this region is
enriched with long interspersed elements (LINEs) and short inter-
spersed elements (SINEs), which are believed to play a role in Xist
spreading, coating, and X-linked gene silencing (Fig. 2A; Lyon
1998; Chaumeil et al. 2006; Chow et al. 2010; Loda et al. 2017).
Additionally, it has been shown that this region contains the PO
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Figure 1. Comparison of Xist locus interactions and chromatin features at the Xic between imprinted and random X inactivation. (A) Schematic repre-
senting the linear arrangement of genes across the Xist and Tsix TADs. (B) Diagrammatic representation of hybrid XEN cells derived from a cross between
Mus musculus (Mus) and Mus molossinus (Mol) mice. The X Chromosome derived from Mus is the inactive X. (C) Allele-specific 4C interaction profile con-
sidering Xist locus as the viewpoint (marked by red arrow) across the X-inactivation center (Xic) in XEN cells (imprinted). Green and blue tracks represent Xi
and Xa interaction profiles, respectively. Black boxes below each track denote significant interactions (Q-value <0.01). Delta plots represent the differences
in interactions between Xa versus Xi (red peaks—gain of interactions, and blue peaks—loss of interactions in the Xa compared to the Xi). The shaded area
highlights differences in interactions between Xi versus Xa in the region encompassing the Xist and Ftx loci. (D) Plots representing interactions profile of
the Xist locus across the Xicin Xi (green) and Xa (blue) in XEN cells (4C) versus MEFs (Virtual-4C). The red arrow marks the viewpoint. For virtual 4C analysis,
Hi-C data for MEF was used from Du et al. (2024). (E) Plots showing Xi-specific 4C interaction profile considering Xist locus as the viewpoint (marked by red
arrow) across the Xic and Xi-specific enrichment of CTCF, RAD21, SMC3 in XEN cells. Black boxes under each track denote significant peaks. 4C contacts
overlapping with CTCF and RAD21/SMC3 peaks are highlighted through dotted boxes. (F) Plots showing the ChiIP-seq enrichment of H3K27ac in XEN
(iXCl) versus MEFs (rXCl) and H3K4me1 in XEN (iXCl) and TSCs (iXCl) in inactive- X (green) and active- X (blue) of the Xic. Black boxes denote significant
peaks under each track. ChIP-seq data set for H3K27ac XEN (XiM°!' XaMu) and H3K27ac MEF were obtained from Du et al. (2024) and H3K4me1 TSC was
obtained from Calabrese et al. (2012). The shaded area highlights the enrichment pattern of H3K27ac and H3K4me1. iXCl: imprinted X-Chromosome
inactivation; rXCl: random X-Chromosome inactivation.
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Figure 2. Xist upstream deletion leads to Xist upregulation and Xist dispersal. (A) Top: Plots showing the enrichment of CTCF, RAD21, SMC3, H3K27ac,
H3K4me1, H3K27me3, and H3K9me3 at the Xist upstream region targeted for the deletion (shaded) in the Xi of XEN cells. Black boxes denote significant
peaks under each track. Enrichment of LINE (black boxes) and SINE (red boxes) elements, DHSs (black boxes) are indicated. Analysis of CTCF XEN (xiMus
XaM°"), RAD21, H3K27ac, H3K4me1, H3K27me3, and H3K9me3 is based on ChIP-seq. CUT&RUN data of CTCF XEN (XiM®' Xa™“*) and SMC3 XEN ob-
tained from Du et al. (2024). Bottom: Schematic showing the region intermediate to Tsix and Jpx that is targeted for deletion in XEN cells. sgRNA binding
sites: g1 and g2. PCR primers F2 and R2, and F1 and R1 shown as gray arrows used for amplification of the wild-type allele and the allele with deletion,
respectively. (B) PCR-based identification of clones having the deletion of the Xist upstream region (D1) on the paternal allele (top) and maternal allele
(bottom). Arrowheads represent the position of the expected amplicon. Primer pairs used for each deletion are shown on the right. NTC stands for no tem-
plate control and M for Marker. (C) Left: Genome browser view of Xist expression for WT clones, WT EV, and D1 AXp clones as observed through RNA-seq.
Right: Bar plots representing the log, fold change for Xist (>2.4 log, fold change; FDR <0.01) in D1 AXp over WT clone and WT EV clones as seen through
RNA-seq analysis. (D) Analysis of Xist expression levels by RT-qPCR in WT EV and D1 deleted clones. Tbp is used as the normalizing control. n=3 biological
replicates for each of WT EVand D1 AXm and n=2 for D1 AXp was used. Error bars represent the standard error of mean. Pvalues (two-tailed t-test): (**) P<
0.01. (E) Top: Heat map showing the increased expression of Jpx, ftx, and Rlimin D1 AXp cells compared to the WT clone and WT EV clones. Bottom: Plots
showing the log; fold change in expression levels of Jpx, Ftx, Rlimin D1 AXp versus WT clone and WT EV clones as quantified through RNA-seq. (F) RNA-FISH
using double-stranded DNA probe for Xist/ Tsix-Cy3 (red) in wild-type empty-vector transfected (WT EV) and heterozygous clones of both paternally (D1
AXp) and maternally (D1 AXm) deleted clones. DAPI (blue) counterstains the nucleus. Scale bars: 1T um. (G) Plot representing the quantification of the Xist
RNA-FISH signals in WT EV and heterozygous (D1 AXp and D1 AXm) clones. Bottom: Schematic representing different types of Xist pattern. n =3 biological
replicates in each of WT EV and D1 AXm and n=2 for D1 AXp. Pvalues (two-way ANOVA): (****) P<0.0001, (*) P<0.05 and NS implies nonsignificant. (H)
Box plots representing the quantification of sphericity and the area occupied by Xist clouds in WT EV clones and clones with paternal D1 deletion. P values
(Mann-Whitney U test): (****) P<0.0001. n=113, 100, 110, 100, 103.
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Xist promoter, although the existence of the PO promoter re-
mained controversial (Johnston et al. 1998; Warshawsky et al.
1999). Taken together, we hypothesized that this region may har-
bor regulatory elements that may be involved in the regulation of
Xistand XCI. To test our hypothesis, we deleted the Xist upstream
sequences (~6 kb) lying between Tsix and Jpx without interrupting
Xist, Tsix, and Jpx using the CRISPR-Cas9 tool in XEN cells (Fig 24,
B). We generated two heterozygous XEN cell lines with paternal
deletion (D1 AXp.1, D1 AXp.2) and three heterozygous clones
with maternal allele deletion (D1 AXm.1, D1 AXm.2, D1 AXm.3)
using CRISPR-Cas9 (Fig. 2B). The paternal or maternal deletions
were verified through SNP-based Sanger sequencing (Supplemen-
tal Fig. S2A,B). We also generated empty-vector transfected clonal
lines (WT EV1, WT EV2, and WT EV3) and WT XEN clonal lines
(WT clone) for our experiments. Through RNA-seq analysis, we ob-
served upregulation of Xist in paternally deleted clonal lines (D1
AXp) compared to both WT clones and WT EV clones (log, FC>
2.4; FDR <0.01) (Fig. 2C). Reverse transcription quantitative-PCR
(RT-qPCR) analysis, also showed significant upregulation of Xist in
paternally deleted clonal lines (D1 AXp) compared to the WT EV
clones (Fig. 2D). However, in maternally deleted clonal lines (D1
AXm), we did not observe such significant upregulation of Xist
(Fig. 2D). However, through RNA-seq analysis, we observed moder-
ate upregulation of Xist upstream regulators /px (log, FC>1; FDR
<0.05), Fix (log, FC>0.5; FDR <0.2), and Rlim (log, FC>1.5; FDR
<0.01) in D1 AXp cells compared to both WT clones and WT EV
clones (Fig. 2E). Of note, we did not notice such an increase in ex-
pression for Jpx, Ftx, and Rlim in RT-qPCR analysis (Supplemental
Fig. S2C). Additionally, the expression of Chicl(log, FC>3; FDR
<0.01), a gene located in the adjacent Tsix-TAD, increased in D1
AXp clones (Supplemental Fig. S2D). Next, we performed RNA fluo-
rescence in-situ hybridization (RNA-FISH) analysis for Xist in WT
EV, D1 AXp, and D1 AXm XEN cells. We found a huge upregulation
of Xist and dispersal of Xist clouds (~31%—-42% cells) in D1 AXp
lines (Fig. 2F,G). Investigation of these dispersed clouds showed
multiple discrete Xist foci that spread along a large area of the nucle-
oplasm. However, the D1 AXm or the WT EV clones did not show
this kind of Xist dispersal (Fig. 2F,G). Additionally, a significant per-
centage of cells in D1 AXp showed faint Xist clouds (Fig. 2F,G). Next,
we compared the area and the sphericity of the dispersed Xist of D1
AXp lines with the compact Xist of WT EV clones and found that,
whereas the area of the dispersed Xist clouds of the D1 AXp in-
creased significantly, the sphericity of the clouds became signifi-
cantly lower (Fig. 2H). Collectively, our analysis revealed that the
deletion of the Xist upstream region leads to the upregulation of
Xist expression and dispersal of Xist clouds.

Next, to further explore, we generated XEN cell lines with two
segmental deletions (D2: near to Xist, and D3: near to Jpx) of the
Xist upstream region using CRISPR-Cas9 (Fig. 3A). We generated
heterozygous clones having deletion from either paternal or ma-
ternal allele for each of the D2 and D3 deletions. We validated het-
erozygous deletions through PCR followed by Sanger sequencing
(Fig. 3B,C; Supplemental Fig. S3A-D). We also obtained homo-
zygous clones for the D3 deletion (D3 AXpAXm.1l and D3
AXpAXm.2) (Fig. 3C; Supplemental Fig. S3D). Next, we performed
RNA-FISH for Xist in the D2- and D3-deleted XEN cell clones. We
found that deletion of the region near Jpx (D3) on the inactive X
allele leads to the dispersal of Xist clouds to an almost similar ex-
tent (~32%-40% nuclei) as was observed in D1 AXp (Fig. 3E,F).
D3 homozygous deletion also showed a similar phenotype (Fig.
3E,F). Accordingly, the dispersed Xist clouds of D3 homozygous
and paternally deleted clones exhibited greater area and decreased

sphericity compared to the compact Xist clouds of WT clones (Fig
3G). In converse, D3 deletion from the maternal/active X allele did
not lead to such defects, suggesting the cis-effect of D3 deletion to-
wards the Xist dispersal (Fig. 3E,F). RNA-FISH analysis also indicat-
ed the upregulation of Xist expression in D3 homozygous and
paternally deleted clones (Fig. 3E). Consistent with this result,
RNA-seq analysis of D3 homozygous clones revealed significant
upregulation of Xist expression compared to both WT clones
and WT EV clones (log, FC>1.2; FDR <0.01) (Fig. 3H). RT-qPCR
analysis also showed an increase in the expression of Xistin D3 ho-
mozygous and paternally deleted clones (Fig. 3I). However, the D2
deletion from paternal/inactive X or the maternal/active X allele
did not show such Xist upregulation or dispersal (Fig. 3D;
Supplemental Fig. S4A). Collectively, our analysis suggested that
the Xist upstream sequence near Jpx recapitulates the Xist upregu-
lation and dispersal phenotypes as observed in D1 AXp.

On the other hand, through RNA-seq analysis, we found that
there was a moderate increase in expression of Jpx (log, FC>1.4;
FDR <0.01), Ftx (log, FC>1; FDR <0.01), and Rlim (log, FC>1;
FDR <0.05) in D3 AXpAXm cells compared to the WT clones and
WT EV clones (Fig. 3J; Supplemental Fig. S4C). However, RT-
qPCR analysis did not show such an increase in expression for
Ftx and Rlim, but the expression of Jpx was found to be higher in
D3 AXpAXm cells (Supplemental Fig. S4B). We did not observe
any considerable changes in expression for Jpx, Ftx, and Rlim in
any of the D2-deleted lines (Supplemental Fig. S4A). Separately,
the expression of Chicl(log, FC>2; FDR <0.01), a gene located
within the Tsix-TAD, was found to be increased in D3 homozygous
XEN cells, consistent with what was found for the D1 AXp lines
(Supplemental Fig. S4C).

Xist dispersal leads to the loss of repressive chromatin marks on the
inactive X

After initiation of XCI, many repressive chromatin marks such as
H3K27me3, H2AK119ub, H4K20me, Macro H2A, etc., accumulate
on the inactive X, which plays an important role in the mainte-
nance of gene silencing. We investigated whether the dispersal
of Xist clouds leads to any defects or loss of enrichment of these
different repressive marks on the inactive X. To explore this, we
performed immunofluorescence (IF) for these different marks, fol-
lowed by RNA-FISH for Xist in WT, D1, and D3 XEN cells. As ex-
pected, we found that all these marks are robustly enriched on
the inactive X in WT XEN cells (Fig. 4). However, we observed
that, whereas ~90% of WT XEN cells nuclei have robust enrich-
ment of H3K27me3, there was a loss of enrichment of
H3K27me3 in nuclei having dispersed Xist in D1 AXp, D3 AXp,
and D3 AXpAXm XEN cells (Fig. 4A). However, compact Xist coat-
ed nuclei in these cells maintained robust enrichment of
H3K27me3 (Fig. 4A). Altogether, our data suggested that dispersal
of the Xist cloud in D1 AXp, D3 AXp, and D3 AXpAXm XEN cells
leads to loss of H3K27me3 enrichment. Notably, H2AK119ub
was still robustly enriched in Xist-dispersed nuclei of D1 AXp, D3
AXp, and D3 AXpAXm XEN cells similar to the compacted Xist nu-
clei (Fig. 4B). On the other hand, enrichment of H4K20me1l was
lost in ~90% of nuclei with the dispersed Xist cloud in D1 AXp,
D3 AXp, and D3 AXpAXm XEN cells (Fig. 4C). Additionally, where-
as cells having compact Xist clouds retained strong and localized
enrichment of MacroH2A.1, cells having dispersed Xist clouds pos-
sessed only an impression of faint and diffused MacroH2A.1, im-
plying that proper Xist coating on the inactive X is critical for
the association of MacroH2A.1 (Fig. 4D). Taken together, our
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Figure 3. Segmental deletions of the Xist upstream sequence. (A) Schematic showing the segmental deletions (D2 and D3) regions upstream of Xist.
Guide RNA target sites are represented as arrowheads (g1 and g3) for the D2 deletion and as arrowheads (g3 and g2) for the D3 deletion. Primer pairs
are shown as orange and red arrows, F3 and R3 amplify the deleted allele, and F4 and R4 amplify the wild-type allele of the D2 deletion. F2 and R2
amplify the undeleted allele, and F5 and R5 amplify the deleted allele of the D3 deletion. (B) PCR-based identification of D2 paternally (D2 AXp.1
and D2 AXp.2) and maternally deleted clones (D2 AXm.1 and D2 AXm.2). Orange arrows mark the position of the expected amplicons. M denotes
marker and NTC: no template control. (C) PCR for the paternally (D3 AXp.1 and D3 AXp.2), homozygous (D3 AXp AXm.1 and D3 AXp AXm.2) and
maternally (D3 AXm.1 and D3 AXm.2) deleted lines of the D3 deletion. Red arrowheads mark the position of the amplicons. The primers used for
each PCR are indicated on the right. (D) RNA-FISH for WT EV and D2 deletion clones using double-stranded Xist/ Tsix-Cy3 (red) probe. Nuclei are coun-
terstained with DAPI (blue). Scale bars: 1 pm. (E) RNA-FISH using double-stranded DNA probe for Xist/ Tsix-Cy3 (red) in WT EV, D3 AXp, AXpAXm, and
AXm clones. Scale bars: 1 um. (F) Quantification of the pattern of different Xist coating in the D3 deleted clones. n=3 for WT EV clones and n = 2 for each
of D3 AXp, D3 AXpAXm, and D3 AXm clones. P values (two-way ANOVA): (****) P<0.0001, (**) P<0.01. (G) Quantification of the sphericity and area
occupied by the Xist clouds in the D3 deleted (homozygous and paternally deleted) clonal lines and WT EV clones. P values (Mann-Whitney U test):
(****) P<0.0001.n=113,100, 110, 99, 102, 98, 97. (H) Left: Genome browser view of Xist expression for WT clones, WT EV and D3 AXpAXm clones
as obtained from RNA-seq. Right: Bar plots representing the log, fold change for Xist in D3 AXpAXm over WT clone and WT EV clones. (/) RT-qPCR for
analysis of Xist expression levels normalized to Tbp for the D3 deleted lines. (/) Heat map showing the increased expression of Jpx, Ftx, and Rlim in D3
AXpAXm cells compared to the WT clone and WT EV clones.
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Figure4. Xistdispersal s associated with the loss of enrichment of repressive chromatin marks on the inactive X. (A) Representative images of IF-RNA FISH
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analysis suggested that Xist dispersal in D1 AXp, D3 AXp, and D3
AXpAXm XEN cells leads to loss of H3K27me3, H4K20me1l, and
MacroH2A enrichment on the inactive X. However, H2AK119ub
enrichment remains robustly maintained.

Xist dispersal does not affect the nucleolar association
of the inactive X

Next, we explored whether the dispersal of Xist and loss of differ-
ent repressive chromatin marks leads to the perturbation of nucle-
olar association of the inactive X. The inactive X is known to
primarily occupy two regions of the nucleus—one in association
with the nucleolus and the other in close proximity to the nuclear
membrane (Zhang et al. 2007). The association of the inactive X to
the nucleolus primarily occurs during the maintenance phase of
X(ClI, and it is believed that nucleolar association helps to maintain
the heterochromatin state of the inactive X. It is thought that nu-
cleolar association of the inactive X is primarily facilitated by the
Xist RNA, and upon loss of Xist, the inactive X has been found
to dissociate from the nucleolus (Zhang et al. 2007; Kelsey et al.
2015). Therefore, to test whether the inactive X loses its nucleolar
association upon Xist dispersal, we performed IF staining for fibril-
larin (a protein that is a part of the fibrillar matrix of the nucleolus)
to mark the nucleolus, followed by RNA-FISH for Xist (Fig. 5A). The
Xist clouds were quantified by categorizing the signals to be asso-
ciated with only the nucleolus, or to the nuclear membrane, or
to both the nucleolus and the nuclear membrane, or neither of
them (Fig. 5A). We found that the dispersed Xist clouds of the
D1 AXp, D3 AXp, and D3 AXpAXm XEN cells were associated to
the nucleolus similarly as the compact Xist clouds of the WT or
the maternally deleted lines (Fig. 5A). Taken together, our analysis
suggested that inactive X remains associated with the nucleolus
despite Xist dispersal and loss of repressive marks.

Xist-tethering proteins remain enriched on the inactive X
of the Xist-dispersed nuclei

Next, we wanted to find out if the dispersal of Xist is because of the
loss of proper enrichment of Xist-tethering proteins, such as
CELF1, CIZ1, etc., upon Xist upstream deletion. CELF1 has been
identified as a key protein that forms a heterochromatic assembly
that maintains proper Xist localization, and its loss results in Xist
disassociation from the inactive X (Pandya-Jones et al. 2020). We
first looked at the CELF1 enrichment in the D1 deletion lines
that displayed Xist dispersal using IF staining for CELF1 coupled
with Xist RNA-FISH but did not find any noticeable defect in the
CELF1 enrichment in such nuclei (Fig. SB). This implied that
Xist dispersal was not a consequence of alteration in CELF1 enrich-
ment levels. Next, we looked into the enrichment of another teth-
ering protein, CIZ1, that establishes very strong interaction with
the Xist RNA and keeps it stably associated with the inactive X
(Ridings-Figueroa et al. 2017). We performed similar experiments
for the CIZ1 protein and found that CIZ1 also remained associated
with dispersed Xist clouds in paternally deleted D1 lines (Fig. 5C).
Altogether, our analysis suggested that the dispersal of Xist clouds
was not associated with the loss of tethering proteins.

Xist upstream deletion does not perturb X-linked gene silencing
but affects autosomal gene expression

As we observed loss of enrichment of several repressive marks
(H3K27me3, H4K20mel, and MacroH2A) on the inactive X of dis-
persed Xist nuclei, it intrigued us to explore the status of X-linked

gene silencing on the inactive X. For this, we performed allele-spe-
cific RNA-seq analysis for the WT clones, WT EV clones, D1 AXp,
and D3 AXpAXm XEN cells. As expected, both in WT clones and
WT EV clones, X-linked genes showed exclusive expression from
the maternal active X (XM°)), except for a few escapee genes (Fig.
6A). In D1 AXp, and D3 AXpAXm cells as well, the majority of
the X-linked genes expression originated exclusively from the ma-
ternal active X (XM"), suggesting that the inactive X still main-
tained X-linked gene silencing in these cells despite the loss of
repressive marks and Xist dispersal (Fig. 6A). Notably, four genes
(Arhgap6, Hccs, Zrsr2, Syapl) appeared to be reactivated in D1
AXp and D3 AXpAXm XEN cells compared to WTEV clones.
However, they exhibited an escapee expression pattern in WT
clones (Fig. 6A). Because RNA-seq gave us insight only about the
bulk expression profile of the X-linked genes, we wanted to check
whether there was X-linked gene reactivation at the single-cell lev-
el through RNA-FISH. We performed RNA-FISH for three X-linked
genes, namely: Rlim, Atrx, and Pgkl coupled with Xist (Fig. 6B). As
expected, WT-XEN cells showed monoallelic expression for all
three X-linked genes. Dispersed Xist nuclei in D1 AXp and D3
XpXm XEN cells maintained monoallelic expression of the
X-linked genes similar to the compact Xist-coated nuclei (Fig.
6B). Taken together, our analysis suggested that X-linked genes re-
mained silent on the inactive X, despite Xist dispersal or loss of
repressive marks. Although there was no effect on inactive X
gene silencing, we explored if there was any effect on autosomal
gene expression. Many autosomal genes showed differential ex-
pression (log, FC>2; FDR <0.01) in D1 AXp and D3 AXpAXm
XEN cells, compared to both WT clones and WT EV clones (Fig.
6C,D; Supplemental Table S2). Notably, the differentially ex-
pressed genes in Xist upstream deleted clones showed a high level
of similarity (77% —-93%) when compared to both WT clones and
WT EV clones, confirming the accuracy of our analysis (Fig. 6C,D;
Supplemental Fig. SSA). Moreover, many upregulated or downre-
gulated genes were common between D1 AXp and D3 AXpAXm
XEN cells (Supplemental Fig. S5B). Accordingly, Gene Ontology
analysis of differentially expressed genes showed enrichment of
genes in many common biological processes between D1 AXp
and D3 AXpAXm XEN cells, such as chromatin organization, chro-
matin remodeling, chromosome organization, metabolic process-
es, etc. (Supplemental Fig. S5D). Importantly, we observed the
upregulation of Rad21 in D1 AXp (log, FC>1.3; FDR < 0.01),
and D3 AXpAXm XEN cells (log, FC>0.6; FDR < 0.12) compared
to both WT clones and WT EV clones (Fig. 6E; Supplemental Fig.
S5C). Collectively, we conclude that Xist upstream deletion is asso-
ciated with the alterations of autosomal gene expression.

Deletion of Xist upstream sequence leads to the
alterations of topological contacts of Xist and genome-wide
CTCF/RAD2I occupancy

Next, we investigated whether the deletion of Xist upstream se-
quences on the inactive X affects the spatial contacts of the Xistlo-
cus. To explore this, we performed allele-specific 4C-seq on
paternally deleted lines (D1 AXp.1, D1 AXp.2) and WT XEN.
From the viewpoint at the Xist locus, we found alterations of con-
tacts of Xist with the regions encompassing Ftx in the inactive X
Chromosome in D1 AXp cells (Fig. 7A; Supplemental Fig. S6A).
Notably, we observed more gains of contact than loss between
Xist and the Ftx loci in D1 AXp cells compared to the WT (Fig.
7A). Concordant with the increased contacts between Xist and
Ftx loci in D1AXp cells, we found increased occupancy of RAD21
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encompassing the Xist and Ftx loci (Fig. 7B). On the other hand, on the inactive X in D1 AXp cells leads to major alterations in con-
we observed loss of few CTCF peaks at these loci (Fig. 7C). Taken tacts between the Xist and Ftx loci and CTCF/RAD21 occupancy
together, we conclude that deletion of Xist upstream sequence (Supplemental Tables S3, S4). Separately, we observed alterations
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of Xistlocus contacts and CTCF and RAD21 occupancy in active X
Chromosomes as well (Supplemental Fig. S6B-D).

Next, we investigated if the deletion of the Xist upstream se-
quence affects the long-range interactions of the Xist locus. We
found that Xist has several long-range contacts across the inactive
X beyond the Xic (Fig 7D; Supplemental Fig. S7B). Moreover, we
observed major alterations of long-range interactions with the
Xist locus throughout the inactive X in Xist upstream-deleted D1
AXp.1 and D1 AXp.2 cells (Fig 7D; Supplemental Table S4).
Additionally, we found that there were changes in interchromo-
somal contacts in D1 AXp cells (Supplemental Figs. S7A, S8, and
S9). Taken together, our analysis suggested that deletion of Xistup-
stream sequences on the inactive X not only impairs the contacts
at the Xic but also affects the interaction of the locus across the X
Chromosome and the genome. Next, we profiled the enrichment
of CTCF and RAD21 in WT and Xist upstream-deleted D1 AXp
cells. We found that the overall enrichment of CTCF and RAD21
on the inactive X was less than the active X Chromosome in WT
cells (Supplemental Fig. S10A,B). As expected, allelic enrichment
of CTCF/RAD21 on autosomes was equivalent, validating our al-
lele-specific ChIP-seq analysis pipeline (Supplemental Fig. S10A,
B). Notably, in D1 AXp cells, enrichment of CTCF and RAD21 on
the inactive X was also less than the active X (Supplemental Fig.
S10A,B). However, we found loss and gain of peaks for CTCF and
RAD21 at many loci across the inactive X in D1 AXp cells compared
to the WT cells (Fig 7E,F; Supplemental Table S3). It is known that
the inactive X gets compartmentalized into two large megado-
mains that hinge at the microsatellite repeat region Dxz4. In addi-
tion, the inactive X harbors two superloops that include long-
range high-frequency interactions between Firre-Dxz4 and Dxz4-
x75 (Deng et al. 2015; Barutcu et al. 2018; Fang et al. 2020).
Previous studies have demonstrated that CTCF/RAD21 is enriched
at these superloop-forming loci and plays an important role in the
formation of superloops (Barutcu et al. 2018; Froberg et al. 2018).
Invariably, we found strong enrichment of CTCF and RAD21 in
WT XEN cells at the Firre locus (Fig. 7G; Supplemental Fig. S11A,
B). The occupancy of RAD21 at the Firre locus of the inactive X
was drastically reduced in the D1 AXp XEN lines compared to
the WT cells (Fig. 7G). However, we did not observe much alter-
ation in the CTCF/RAD21 occupancy at Dxz4 and x75 loci
(Supplemental Fig. S11C). Taken together, our analysis suggests
that deletion of Xist upstream sequence on the inactive X leads
to alterations of contacts of the Xist locus and binding of CTCF/
RAD21 across the inactive X, indicating there could be impairment
of superloop formation and overall conformational changes of the
inactive X Chromosome in the D1 AXp XEN lines. Additionally,
we observed alterations of CTCF/RAD21 occupancy across auto-
somes and the active X as well in D1 AXp cells (Fig. 7EF;
Supplemental Table S3).

Discussion

In this study, we have explored the contribution of Xist upstream
elements in the regulation of Xistand XCI in XEN cells, which un-
dergo imprinted XCI. We show that the Xistlocus in XEN cells an-
chors interactions with the Xist upstream regulators on the
inactive X similar to MEF cells with random XCI (Fig 1). Such inter-
actions were reported previously in other cell types with random
XCI (Nora et al. 2012; Galupa and Heard 2018; Galupa 2023;
Poonperm et al. 2023). Importantly, we found that the major inter-
actions were between the Xist and Ftx locus, which often coincided
with the enrichment of CTCF and cohesin (RAD21 and SMC3)

similar to that of the MEF cells with random XCI (Fig. 1;
Supplemental Fig. S1D). However, we found few interactions of
the Xist locus with the neighboring Tsix-TAD loci, suggesting the
existence of inter-TAD interactions as reported previously (Fig.
1C; Despang et al. 2019; Galupa et al. 2020). Additionally, we ob-
served the enrichment of enhancer marks H3K4mel and H3K27ac
in a region encompassing Xist to Ftx loci in XEN cells (Fig. 1F).
However, such enrichment for H3K27ac was absent in MEF cells
having random inactive X (Fig. 1F).

Next, we investigated the role of an ~ 6-kb region upstream of
Xist, located between Tsix and Jpx, in regulating Xist and XCI. We
demonstrate that the deletion of these Xist upstream sequences in
the inactive X in XEN cells leads to the upregulation of Xist expres-
sion as well as the dispersal of Xist clouds (Fig. 2). A series of studies
have deleted the different Xist activators (Jpx, Ftx, Xert, Rlim) locat-
ed upstream of Xist and explored the effect on Xist regulation and
XCI (Shin et al. 2010, 2014; Tian et al. 2010; Barakat et al. 2014;
Wang et al. 2016; Furlan et al. 2018; Hosoi et al. 2018; Collombet
et al. 2020; Gjaltema et al. 2022; Ravid Lustig et al. 2023). Addi-
tionally, deletion of an ~2.5-kb region in ES cells encompassing
two DHSs located at around 1.4 kb and 3 kb upstream of the Xist
TSS, respectively, did not result in any phenotype (Newall et al.
2001; Clerc and Avner 2003). Taken together, whereas many up-
stream regulators of Xist have been perturbed to date, no study
has explored the effect of the deletion of the Xist upstream se-
quence lying between Tsix and Jpx reported in our study. There-
fore, our deletion analysis of this region provides significant and
novel insights related to regulating Xist and XCI.

On the other hand, we observed loss of enrichment of differ-
ent repressive marks from the inactive X, such as H3K27me3,
H4K20me1l, and MacroH2A.1, in Xist-dispersed nuclei (Fig 4). This
indicated that recruitment of such marks may require the proper
Xist cloud formation. However, H2AK119ub was still found to be
strongly enriched on the inactive X of nuclei with dispersed Xist,
suggesting that enrichment of H2AK119ub is not dependent on
proper compact coating of Xist (Fig 4). Our result is consistent
with a recent study showing that, during the initiation of XClI,
H2AK119ub is enriched even before Xist gets accumulated in a com-
pact manner on the inactive X (Valledor et al. 2023). Furthermore,
our results support the finding that PRC2-mediated H3K27me3 is
directly recruited by Xist RNA and might not always be dependent
on PRCI1 for its recruitment, as a result of which dispersal of Xist
contributes to the loss of PRC2 recruitment (Cifuentes-Rojas et al.
2014; Davidovich and Cech 2015). On the other hand, there was
no alteration in nucleolar association of the inactive X despite
Xist dispersal and loss of repressive mark enrichment (Fig. 5A). It
is believed that CTCF and cohesin binding at the Firre locus is im-
portant for perinucleolar localization of the inactive X (Yang et al.
2015). However, we find that loss of cohesin (RAD21) at the Firre lo-
cus in Xist upstream-deleted cells did not affect the perinucleolar lo-
calization of the inactive X, suggesting cohesin at the Firre locus may
be dispensable for nucleolar localization of the inactive X (Fig. 7G).
In this respect, the Xist RNA might itself be sufficient to recruit the
inactive X to the nucleolus independent of the cohesin binding at
the Firre locus (Zhang et al. 2007). Separately, we found that Xist-
tethering proteins such as CELF1 and CIZ1 were still robustly en-
riched in Xist-dispersed nuclei, indicating that enrichment of teth-
ering proteins is not sufficient for proper Xist coating (Fig. 5B,C).
Notably, despite Xist dispersal and loss of enrichment of repressive
marks, genes on the inactive X remained silent (Fig. 6A). However,
we observed dysregulation of autosomal gene expression in these
cells (Fig. 6C,D).
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We found that the Xist locus has long-range contacts across
the inactive X as described previously (Fig. 7D; Splinter et al.
2011; Galupa et al. 2020). We observed alterations of contacts of
the Xist locus across the inactive X and autosomes in D1 AXp cells
(Fig. 7D; Supplemental Figs. S8, S9). We think such alterations of
contacts can be attributed to the global alterations of CTCEF/
RAD21 occupancy in D1 AXp cells (Fig. 7EF). We believe that
the upregulation of expression of cohesin Rad21 alters global cohe-
sin occupancy in D1 AXp cells and thereby leads to such contact
alterations. In fact, previous studies reported that the upregulation
of cohesins is associated with alterations of topological contacts
(Sun et al. 2023). Dispersed Xist RNA in D1 AXp cells can bind to
the other loci at autosomes, which can also alter the CTCF and
cohesin binding. Indeed, previous studies reported that Xist can
evict the cohesin protein from the inactive X Chromosome
(Minajigi et al. 2015). Separately, contact alterations in D1 AXp
cells can be linked to dysregulation of numerous genes related to
chromosome organization (Supplemental Fig. S5D). On the other
hand, we see variations in interactions among the clones. This can
be attributed to the variations in breakpoints among the Xist up-
stream deleted clones (Supplemental Fig. S2B) as well as to varia-
tion in the extent of Rad21 upregulation among clones. It is
worth discussing that one of the limitations of our 4C analysis is
that it lacks biological replicates for WT XEN cells. Separately, we
observed an alteration of contacts between the Xist and Fix loci
in D1 AXp cells. We found more gain of interactions than loss be-
tween these loci (Fig. 7A). Notably, there was a greater gain of
RAD21 enrichment in these loci as well (Fig. 7B). We observed
the loss of a few CTCF peaks at Xist and Ftx loci in the inactive X
of deleted cells (Fig. 7C). Taken together, we conclude that most
likely alterations of CTCF/RAD21 occupancy at the Xist upstream
locus leads to the alterations of Xist locus interactions. However,
we noticed that the loss or gain of interactions did not overlap
with the loss or gain of CTCF/RAD21 binding. The upregulation
of Xist in D1 AXp cells could be attributed to these topological
changes. Indeed, it has been shown that topological alterations
can lead to dysregulation of transcription of genes at Xic (Nora
et al. 2012; van Bemmel et al. 2019). Alternatively, it is also possi-
ble that expression changes of Xist and other transcripts in that re-
gion altered the topological interactions. Whether the alterations
in the topological contacts are a cause or an effect of the observed
transcriptional changes remains an open question. Separately,
changes in Xist expression could be due to the Xist locus becoming
closer to cis-regulatory elements upon deletion of Xist upstream
sequence.

Next, we observed substantial loss of RAD21 enrichment at
the Firre locus, which is known to be involved in the inactive X
superloop formation, indicating that there could be destabiliza-
tion of superloops, as diminished CTCF/RAD21 binding has
been shown to lead to loss of chromatin contacts (Fig. 7G). Impor-
tantly, superloops on the inactive X are essential for maintaining
the 3D structure and the inactive X packaging; therefore, destabi-
lization of the superloops can lead to the deformation of the 3D
structure of the inactive X (Darrow et al. 2016). It is possible that
conformational changes of inactive X upon deletion of Xist up-
stream sequence leads to the dispersal of Xist. Indeed, previous re-
ports have shown that spreading and coating of Xist RNA depend
on the structure and the spatial configuration of the X Chromo-
some (Chen et al. 2016). Xist has been shown to make use of spe-
cific “entry sites” at the inactive X, which are topologically
proximal to its locus of transcription, to bind and spread across
the whole X Chromosome (Boeren and Gribnau 2021). The chang-

es in the spatial conformation of the Xic and also the whole X
Chromosome can be speculated to have affected Xist's search for
its entry sites, which led to the dispersal of Xist. Alternatively,
the Xist upregulation and dispersal of Xist may lead to alterations
in the topological conformation of the Xic and X Chromosome.
Separately, Xist dispersal could be attributed to the upregulation
of Xist expression. Indeed, previous studies reported that overex-
pression of Xist leads to the spreading of Xist beyond the X Chro-
mosome, which appears to be in the form of discrete foci
concomitant to what we have observed (Jachowicz et al. 2022).
On the other hand, segmental deletions of the Xist upstream re-
gion revealed that the deletion of Xist upstream sequence near
Jpx (D3) recapitulates the Xist upregulation and dispersal pheno-
types as observed in D1 deletion (Fig. 3). We believe that D2 and
D3 harbor different genomic or epigenomic elements, which can
contribute to these phenotypic differences. Indeed, D2 and D3 re-
gions differ in terms of enrichment of LINEs, DHSs, pseudogenes,
and promoter elements (Xist PO: belongs to D3) (Supplemental Fig.
$4D). Moreover, enrichment of H3K9me3 appeared to be higher in
D3 compared to D2, although peaks were not significant (Supple-
mental Fig. S4D). Another possibility is that D2 deletion might
have no effect on the topological interactions between Xist and
Ftx loci, and thereby, it does not affect Xist regulation. In the fu-
ture, it will be interesting to investigate the mechanism underlying
these differences in phenotypic outcomes between D2 and D3 de-
letions. Separately, we propose that autosomal dysregulation could
be due to several reasons, such as (1) binding of dispersed Xist RNA
at other autosomal loci, affecting their expression through recruit-
ment of silencing proteins, (2) genome-wide alterations of CTCF
and cohesin occupancy and associated topological interactions,
or (3) dysregulation of genes involved in chromatin remodeling
and chromatin organization. Indeed, a recent study demonstrated
that dispersed Xist can affect autosomal gene expression (Dror
et al. 2024). Taken together, our study reveals that the deletion
of the Xist upstream sequences located between Tsix and Jpx leads
to diverse outcomes such as upregulation of Xist, dispersal of Xist
clouds, loss of repressive mark enrichment from the inactive X,
and dysregulation of autosomal gene expression (Fig. 8A,B). In
the future, mechanisms underlying these phenotypic outcomes
need to be explored.

Methods

Cell culture

XEN cells used for this study are hybrid and carry maternal active X
(XM°ly and paternal inactive X (XM") as reported previously
(Cloutier et al. 2018; Arava et al. 2023; Naik et al. 2024). XEN cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(Himedia, #ALO07A) as described previously (Naik et al. 2024).
Media was supplemented with 20% fetal bovine serum (GIBCO,
#10270-106), 3 mM L-glutamine (GIBCO, #25030081), 1.5x
MEM nonessential amino acids (GIBCO, #1140-050), Pen-Strep
(GIBCO, #15140122), and B-mercaptoethanol (Sigma-Aldrich,
#M3148). Cells were grown on gelatin (Himedia, # TCL059)-coated
plates at 37°C with 5% CO, and passaged using 0.05% trypsin.

CRISPR-based knockout cell line generation

Different Xist upstream deletion clones (D1, D2, and D3) were gen-
erated through CRISPR-Cas9-based approaches using pairs of small
guide RNAs (sgRNAs) targeting specific genomic regions, designed
using an online tool CHOPCHOP (https://chopchop.cbu.uib.no)
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Figure 8. Deletion of Xist upstream sequence leads to diverse outcomes. (A) Model representing inactive X in XEN cells coated with Xist along with dif-
ferent repressive chromatin marks: H3K27me3, H2AK119ub, H4K20me1, and MacroH2A.1. Right side schematic showing the topological contacts of Xist
with its upstream regulator. (B) Model showing that Xist upstream deletion on the inactive X leads to diverse outcomes such as (1) upregulation of Xist, (2)
dispersal of Xist coating, loss of enrichment of repressive chromatin marks: H3K27me3, H4K20me1, and MacroH2A.1, (3) dysregulation of autosomal gene

expression including upregulation of cohesin (Rad21), (4) genome-wide alterations of CTCF/RAD21 occupancy, (5) alterations of Xist locus contacts with
Xist upstream regulators, and (6) genome-wide alterations of Xist locus contacts.
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and checked against off-target effects using the tool Cas-offinder
(http://www.rgenome.net/cas-offinder/). sgRNAs used for differ-
ent deletion clones are as follows: (1) For D1- sgRNA1: CAAGATTA
CTATTTTACCCCAGG; sgRNA2: GACCAAGGCGGGGTAGAAGA
AGG. (2) For D2- sgRNA1l: CAAGATTACTATTTTACCCCAGG;
sgRNA2: AATTATAGGAGGGCTTCACATGG. (3) For D3- sgRNA1:
AATTATAGGAGGGCTTCACATGG; sgRNA2: GACCAAGGCGGG
GTAGAAGAAGG.

In brief, sgRNAs were cloned individually into the plasmid
pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene, #62988) and then
transfected into XEN cells using Xfect transfection reagent
(Clontech, #631318) in the presence of 1x Opti-MEM (GIBCO,
#31985-070). Next, after selection through Puromycin (3 ug/
mL), clones were FACS-sorted in 96-well plates as single cells and
expanded for PCR screening, followed by Sanger sequencing.
The nature of the heterozygous clones (carrying paternal or mater-
nal deletion) was differentiated through PCR conducted using
primers spanning single-nucleotide polymorphisms. All primers
used for the screening are listed in Supplemental Table S5.

RNA FISH

For RNA FISH, we generated double-stranded RNA-FISH (dsRNA
FISH) probes through random priming of BAC templates (Xist,
Atrx, Rlim, Pgkl) using the Bioprime labeling kit (Invitrogen,
#18094-011). Probes were labeled using Cy3-dUTP (Enzo Life
Sciences, #ENZ-42501) and purified through ProbeQuant G-50
Micro columns (Cytiva, #28903408). Strand-specific RNA-FISH
(ssSRNA FISH) probes were produced using the MAXIscript T3/T7
kit (Ambion, #AM1326). ssRNA FISH probes were labeled using
FITC-UTP and purified through Mini Quick Spin RNA columns
(Roche, #11814427001). Labeled double-stranded and ssRNA
FISH probes were then precipitated in the presence of 0.3 M
sodium acetate (Sigma-Aldrich, #71196) and 0.5 M ammonium ac-
etate (Sigma-Aldrich, #09691), respectively, along with 300 ug of
yeast tRNA (Invitrogen, #15401011), 150 ug of sheared salmon
sperm DNA (Invitrogen, #15632-011), and absolute ethanol
(Hayman, #F205220) at 13,000 rpm for 20 mins at 4°C. The pellet
was washed with 70% and then 100% ethanol, vacuum-dried and
resuspended in deionized formamide (VWR Life Sciences, #0606)
and then denatured at 95°C for 10 min followed by immediate
snap-freezing on ice. A hybridization solution containing 20%
dextran sulphate (SRL, #76203) and 2x SSC (SRL, #12590) was
mixed with the denatured solution, and the probes were then
stored at —20°C until use.

For RNA-FISH, cells were permeabilized and fixed as described
below. Cells mounted on coverslips or on which IF had been con-
ducted (fixed after IF with 2% PFA) were first dehydrated through
an ethanol series of 70%, 85%, 95%, and 100% for 2 min each and
air-dried. Cells were then hybridized with double-stranded or sin-
gle-stranded probes overnight at 37°C. On the next day, cells were
washed thrice with 2x SSC/50% formamide and 2x SSC, and twice
with 1x SSC for 7 min each at 37°C. DAPI (Invitrogen, #D1306) di-
luted to 1:1000 was added at the third 2x SSC wash. The coverslips
were finally mounted using Vectashield (Vector Labs, #H1000)
and sealed with nail polish before visualization and image
acquisition.

Immunofluorescence followed by RNA-FISH

For immunofluorescence, XEN cells were grown on gelatin
(Himedia, #TCL0S9)-coated coverslips, followed by their permea-
bilization with ice-cold Cytoskeletal (CSK) buffer (composed of
300 mM Sucrose, 100 mM NaCl, 3 mM MgCl,, and 10 mM
PIPES buffer, pH 6.8) for 30 sec, followed by treatment with CSK

buffer containing 0.4% Triton X-100 for 30 sec and another round
of CSK buffer for 30 sec. Cells were then fixed using 3% parafor-
maldehyde (Electron Microscopy Sciences, #15710) for 10 min,
washed 3x with 70% ethanol, and then stored at —20°C in 70%
ethanol before conducting IF or RNA-FISH. For IF, XEN cells plated
on 22-um coverslips (Blue Star) were washed 3x with PBS (Himedia,
#TL1006) for 3 min while shaking, following which they were in-
cubated in blocking buffer composed of 0.5 mg/mL BSA (New
England Biolabs, #B9001S), 80 units of RNAse-OUT RNAse inhib-
itor (Invitrogen, #10777-019), 0.2% Tween-20 (Promega,
#H5152), and PBS for 30 min in a chamber humidified using
PBS/0.2% Tween-20 at 37°C. Cell samples were then incubated
with appropriately diluted primary antibody for 1 h at 37°C. The
anti-trimethyl Histone H3 (Lys27) antibody (Merck, #07-449)
was used at a dilution of 1:2500, the anti-Ubiquityl-Histone H2A
(Lys119) antibody (CST, #8240T) at a dilution of 1:1600, the
H4K20mel antibody (ABclonal, # A2370) at a dilution of 1:80,
the MacroH2A.1 antibody (ABclonal, #A9059) at a dilution of
1:400, the CIZ1 antibody (ABclonal, #A17349) at a dilution of
1:500, the CELF1 antibody (Invitrogen, #MA1-16675) at a dilution
of 1:80, and the FBL antibody (ABclonal, #A1136) at a dilution of
1:200. Samples were then washed using PBS/0.2% Tween-20 3x for
3 min each, while shaking at 37°C, following which they were in-
cubated with 1:300 diluted fluorescently conjugated secondary an-
tibody (Alexa Fluor, Invitrogen, #A21428 and #A21422). Cell
samples were then washed 3x with PBS/0.2% Tween-20 for 3
min each at 37°C and processed further for RNA-FISH as described
above.

RT-qPCR

For RT-qPCR, RNA was isolated from XEN cells following the
TRIzol (Ambion) method. RNA was first reverse-transcribed using
the Primescript 1° strand cDNA synthesis kit (TaKaRa, #6110A)
with random hexamers at 30°C for 10 min, 42°C for 60 min, fol-
lowed by heat inactivation of the reverse transcriptase enzyme at
95°C for 5 min. Real time PCR was performed on the cDNA using
the KAPA SYBR FAST qPCR master mix (2x) kit (Roche, #KK4618)
with intron spanning primers in a QuantStudio 3 Real-time PCR
system. All Ct values were normalized against Thp. A 2*-AACt
method was followed to calculate all relative fold changes of the
genes. All RT-qPCR primers used for this study have been listed
in Supplemental Table SS.

RNA sequencing and analysis

RNA sequencing and analysis was performed as described previ-
ously with few modifications (Naik et al. 2024). In brief, total
RNA was isolated from XEN cells wusing TRIzol (Life
Technologies, #15596-026) following the manufacturer’s proto-
col. Next, quality of the RNA was checked through Bioanalyzer
and used for the library preparation. The RNA-seq library was pre-
pared following the manufacturer’s protocol using the NEBNext/
TruSeq library preparation kit and sequenced on the Illumina plat-
form using pair-end (2 x 150 bp) chemistry. For data analysis, first
FastQC of the transcriptomic sequencing reads was performed and
adapter content were removed using Trim Galore! (v0.6.6) (http://
www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Fur-
ther, the rRNA reads were removed using RiboDetector (v0.2.7)
(Deng et al. 2022). Next, the STAR (2.7.9a) tool was used to map
the transcriptomic sequencing reads to the mouse genome
GRCm38 (mm10) (Dobin et al. 2013). Counting of reads was
done using featureCounts (2.0.1) (Liao et al. 2014). For differential
gene expression analysis, R package DESeq2 tool was used (Love
et al. 2014). The potential batch effect was accounted prior to
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differential gene expression analysis by correcting gene counts
using ComBat-seq, where it was required (Zhang et al. 2020).
For Gene Ontology to identify enriched biological processes, we
used gprofiler g:GOSt (https://biit.cs.ut.ee/gprofiler/gost).

Allele-specific RNA-seq analysis

Allele-specific analysis of RNA-seq data was performed following
the previously described method (Naik et al. 2021, 2022, 2024).
In brief, an in silico reference genome was constructed by incorpo-
rating available strain-specific SNPs (https://www.sanger.ac.uk/
science/data/mouse-genomes-project) into the mm10 reference
genome using VCFtools. Next, transcriptomic reads were mapped
separately to in silico-created parental genomes using STAR. To
profile allelic read counts, an average of SNP-wise reads for a
gene was calculated. Only those SNPs were considered that had a
minimum read count of 10 per SNP site. Next, genes were filtered
if they had at least two informative SNPs. Finally, the allelic ratio
was calculated using the following formula: (Allele-Mus or Allele-
Mol/Allele-Mus + Allele-Mol).

ChIP sequencing

For chromatin immunoprecipitation (ChIP), we used the Simple
ChIP Enzymatic Chromatin IP kit with magnetic beads (Cell
Signalling Technology, #9003) and followed the manufacturer’s
instructions with some modifications. In brief, cells were fixed
with 1% formaldehyde (Sigma-Aldrich, #F8775) in DMEM
(Himedia, #ALOO7A) by incubating at room temperature for 20
min, and then quenching was performed with 125 mM glycine
by incubating for 5 min at room temperature. Following this, cells
were washed with ice-cold phosphate-buffered saline (PBS) and
then harvested for lysis. Cells were lysed using the lysis buffer pro-
vided in the kit by keeping them on ice. Following the lysis step,
the nuclei were isolated. Chromatin was fragmented by digestion
with micrococcal nuclease (provided in the kit), followed by soni-
cation with Bioruptor pico (Diagenode) for 20 cycles, 30 sec on/off.
Next, the chromatin was immunoprecipitated using ~1-5 pg of
different antibodies. The sources of ChIP antibodies are provided
in Supplemental Table S5. Isotype control IgG was used from the
Simple ChIP Enzymatic Chromatin IP kit with magnetic beads
(Cell Signalling Technology, #9003). Two percent of input chro-
matin DNA was kept aside before IP. The immunoprecipitated
chromatin and input chromatin were reverse-cross-linked, puri-
fied, and quantified using Qubit (Thermo Fisher Scientific). After
initial quality control, ChIP DNA was subjected to library prepara-
tion, and libraries were sequenced on the Illumina HiSeq platform
using 150 x 2 paired-end chemistry.

ChlIP-seq and CUT&RUN analyses

First, we performed peak calling before separating the allelic reads
for our ChIP-seq and CUT&RUN analysis. Quality controlled reads
were mapped against GRCm38 (mm10) using Bowtie 2 (Langmead
and Salzberg 2012), and blacklisted regions were removed accord-
ing to the ENCODE Project Consortium using BEDTools (v2.30.0)
(Quinlan and Hall 2010). The MACS2 (v2.2.7.1) tool was used for
peak calling with parameters -f BAMPE -g 2652783500 --keep-dup
all --nomodel (Zhang et al. 2008). To identify significant peaks, we
used different significant Q-values: for ChIP-seq; CTCF <0.00001,
RAD21 <0.01, and histone—H3K27ac <0.00001; H3K9me3,
H3K27me3, and H3K4mel <0.05, and for CUT&RUN <0.05.
CTCF motif was identified using FIMO tool based on the JASPAR
(MAO0139.1) database using a P-value cutoff of 0.001 (Grant et al.
2011).

Allele-specific ChIP-seq analysis was performed following the
methods as described previously (Ayyamperumal et al. 2024). In
short, a GRCm38 (mm10) N-masked in silico genome was created
using SNPsplit genome preparation. Next, ChIP-seq reads were
mapped to the in silico-created N-masked genome using Bowtie
2 (Langmead and Salzberg 2012). Blacklisted regions were removed
from our analysis according to the ENCODE Project Consortium.
SNPsplit (0.4.0) was then used to create allele-specific BAM files
by segregating the aligned reads into two distinct alleles (Krueger
and Andrews 2016). Next, BPM-normalized bigWig files were gen-
erated using the bamCoverage function from deepTools (v.3.5.0)
(Ramirez et al. 2016). Next, we calculated the allelic ratio for
each corresponding individual peak, identified through nonallelic
peak calling as described above. We calculated the allelic ratio us-
ing the following formula: (Allele-A or Allele-B/Allele-A + Allele-
B). Peaks with allelic ratio >0.80 were considered as monoallelic
and the rest were assigned as biallelic peaks. Enrichment plots
were generated using function ComputeMatrix followed by
plotHeatmap using deepTools (Ramirez et al. 2016). The previous-
ly published ChIP-seq and CUT&RUN data set used for this study is
available at the NCBI Gene Expression Omnibus (GEO; https://
www.ncbi.nlm.nih.gov/geo/) (Supplemental Table S1).

Circular chromosome conformation capture (4C) sequencing and
analysis

XEN cells (~10 million) were grown under appropriate conditions
and fixed using 1.5% formaldehyde (Sigma-Aldrich, #F8775) while
shaking at 40 rpm. Formaldehyde was quenched using 125 mM
glycine (Cell Signalling Technology, #7005). Cells were washed
with ice-cold PBS (2x), scraped, and pelleted before storing them
at —80°C. Cells were lysed using Tris-Cl pH 8.0 (10 mM), NaCl
(10 mM), NP-40 (0.2%), and PIC (1x), homogenized by a dounce
homogenizer (15 strokes with each of pestle A and pestle B) and
pelleted down. The nuclei pellet was then washed 2x with ice-
cold 1x DPBS and resuspended in restriction digestion buffer.
The pellet was then incubated at 65°C in the presence of 1% SDS
to get rid of uncrosslinked proteins for 8 min and then immediate-
ly transferred to ice. The SDS was neutralized using 10% TritonX-
100, following which the chromatin was digested using 100 units
of the 1% cutter Nlalll (NEB, #R0125L) overnight at 37°C. The di-
gested chromatin was then subjected to ligation using T4 DNA li-
gase (Invitrogen) and T4 DNA Ligase buffer (NEB, #B0202S) at
16°C for 4 h. The ligated samples were decrosslinked overnight us-
ing Proteinase K (Roche, #3115887001), PCR-purified, and etha-
nol-precipitated. Fifty units of Dpnll (NEB, #R0543M) were used
for the second restriction digestion, following which samples
were again ligated, purified, and precipitated similarly to obtain
the 4C library. The 4C library was treated with RNase A and puri-
fied using the QIAquick PCR purification kit. The concentration
of the 4C library was quantified, and PCR was conducted using
specific viewpoint oligos. The oligo sequences used for 4C are sum-
marized in Supplemental Table S5. The amplified product was
then PCR-purified and subjected to high-throughput sequencing
using HiSeq 2500. Data were analyzed using the R tool pipe4c
(v1.16) (https://github.com/deLaatLab/pipe4C) pipeline with de-
fault parameters (Krijger et al. 2020). In brief, reads were demulti-
plexed and mapped using Bowtie 2 against mm10. To achieve
allelic resolution of viewpoint interaction, reads were split based
on SNP present on read2. 13Cseq v(1.50.0) from R was used to iden-
tify significant interactions (Q-value <0.01) (Thongjuea et al.
2013). RPM-normalized bigWig files were used to visualize the
4C interaction. Virtual 4C analysis using HiC data was performed
using cooltools (Abdennur et al. 2024). The previously published

16 Genome Research
www.genome.org


https://biit.cs.ut.ee/gprofiler/gost
https://biit.cs.ut.ee/gprofiler/gost
https://biit.cs.ut.ee/gprofiler/gost
https://biit.cs.ut.ee/gprofiler/gost
https://biit.cs.ut.ee/gprofiler/gost
https://biit.cs.ut.ee/gprofiler/gost
https://www.sanger.ac.uk/science/data/mouse-genomes-project
https://www.sanger.ac.uk/science/data/mouse-genomes-project
https://www.sanger.ac.uk/science/data/mouse-genomes-project
https://www.sanger.ac.uk/science/data/mouse-genomes-project
https://www.sanger.ac.uk/science/data/mouse-genomes-project
https://www.sanger.ac.uk/science/data/mouse-genomes-project
https://www.sanger.ac.uk/science/data/mouse-genomes-project
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279822.124/-/DC1
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279822.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279822.124/-/DC1
https://github.com/deLaatLab/pipe4C
https://github.com/deLaatLab/pipe4C
https://github.com/deLaatLab/pipe4C
https://github.com/deLaatLab/pipe4C
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on July 15, 2026 .

Published by Cold Spring Harbor Laboratory Press

Role of Xist upstream element in gene regulation

HiC data set used for this study is available at GEO (Supplemental
Table S1).

Data visualization and plots

All plots were generated using R version 4.2.1 using ggplot2
(Wickham et al. 2016), and Python package pyGenomeTracks
was used to generate genomic tracks (Lopez-Delisle et al. 2021).

Microscopy

RNA-FISH and IF images were captured using Olympus IX73
Research Inverted microscope and cellSens [Ver.2.1] Life Science
imaging software equipped with a 100x oil-immersion objective.
Z-stacks for each image were acquired at a 0.25-um step size, and
EFI processing was conducted to get the maximum intensity pro-
jection of the image. For area and sphericity measurements, Xist
clouds were defined in the wild-type and mutant cells using the
ROI (region of interest) option, and the measurements were de-
rived from the measurements and ROI tool of the cellSens imaging
software. Intensity profile of H3K27me3 across the Xist cloud was
measured using the line Profile tool window, and measurements
were exported as a chart for plotting the profile. Xist-nucleolar
association measurements were performed based on single
z-sections.

Data access

All raw and processed sequencing data (RNA-seq, ChIP-seq, and
4C-seq) generated in this study have been submitted to the NCBI
Gene Expression Omnibus (GEO; https:/www.ncbi.nlm.nih
.gov/geo/) under accession number GSE245643.
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