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Colognori, Sunwoo et al. show that X-inactivation establishment is a biphasic process with distinct
genetic requirements. Repeat A initiates Polycomb recruitment and gene silencing, whereas
Repeat B stabilizes them. Surprisingly, X-inactivation can initiate without Repeat B. Without
Repeat A, however, differentiating female cells lose one X-chromosome to overcome loss of
silencing.
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SUMMARY

X-chromosome inactivation (XCI) is a global silencing mechanism by which XX and XY
mammals equalize X-linked gene dosages. XCI begins with an establishment phase during which
Xist RNA spreads and induces de novo heterochromatinization across a female X chromosome,
and is followed by a maintenance phase when multiple epigenetic pathways lock down the inactive
X (Xi) state. Involvement of Polycomb repressive complexes 1 and 2 in XCI has been intensively
studied, but with conflicting conclusions regarding their recruitment and role in Xi silencing. Here
we reveal that establishment of XCI has two phases and reconcile the roles that Xist Repeats A
and B play in gene silencing and Polycomb recruitment. Repeat A initiates both processes,
whereas Repeat B bolsters or stabilizes them thereafter. Once established, XCI no longer requires
Repeat A during maintenance. These findings integrate disparate studies and present a unified
view of Xist’s role in Polycomb-mediated silencing.
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INTRODUCTION

XCl is initiated by a chromosome-counting mechanism that triggers dosage compensation
only when there is more than one X-chromosome in the early mammalian embryo (Starmer
and Magnuson, 2009; Disteche, 2016; Jegu et al., 2017). Once committed to XClI, one X-
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chromosome is selected to undergo a series of distinct epigenetic changes that are separable
into establishment and maintenance phases. The long noncoding RNA Xist is instrumental
in both phases. During establishment, Xist spreads across the future inactive X (Xi) and
carries out several essential functions: (i) eviction of activating factors (Minajigi et al., 2015;
Jegu et al., 2019), (ii) recruitment of silencing factors, including Polycomb repressive
complexes 1 and 2 (PRC1, PRC2) (Wang et al., 2001; Plath et al., 2003; Silva et al., 2003;
de Napoles et al., 2004; Kohlmaier et al., 2004; Schoeftner et al., 2006; Zhao et al., 2008;
Pintacuda et al., 2017; Colognori et al., 2019), and (iii) global transformation of the 3D
chromosomal structure (Rao et al., 2014; Minajigi et al., 2015; Giorgetti et al., 2016; Wang
et al., 2018). The establishment phase involves building a chromosomal memory that
persists through the ensuing maintenance phase and ensures stable retention of repressive
heterochromatin (Kohlmaier et al., 2004; Simon et al., 2013). During this early window, the
incipient Xi is easily perturbed and reactivated (Wutz and Jaenisch, 2000; Kohlmaier et al.,
2004); but once established, the Xi is remarkably stable and becomes more difficult to
reactivate (Brown and Willard, 1994; Csankovszki et al., 2001; Minajigi et al., 2015;
Carrette et al., 2017; Adrianse et al., 2018). Even so, the Xi continues to require Xist to fully
maintain its silent configuration. In somatic female cells, loss of Xist RNA results in reversal
of some 3D chromosomal structures (Minajigi et al., 2015; Wang et al., 2019), loss of
repressive Polycomb marks (Plath et al., 2003; Zhang et al., 2007; Nozawa et al., 2013;
Pintacuda et al., 2017; Colognori et al., 2019)(Zhang et al., 2007; Nozawa et al., 2013), and
partial reactivation of Xi genes (Zhang et al., 2007; Yildirim et al., 2013; Bhatnagar et al.,
2014; Carrette et al., 2017; Adrianse et al., 2018). The establishment and maintenance
phases are therefore biologically and functionally distinct.

There has been considerable interest in understanding the mechanistic differences between
the earlier and more dynamic period of XCI (establishment) versus the later and more stable
period of XCI (maintenance). Because Xist RNA and XCI are widely viewed as paradigms
for understanding Polycomb-mediated epigenetic regulation (Starmer and Magnuson, 2009;
Disteche, 2016; Jegu et al., 2017), similar concepts may extend to autosomal gene regulation
as well. Moreover, a deeper understanding could inform growing interest in pharmacological
Xi-reactivation as a method of treating X-linked neurodevelopmental disorders (Bhatnagar et
al., 2014; Carrette et al., 2017; Sripathy et al., 2017; Adrianse et al., 2018; Carrette et al.,
2018). Notably, for Rett Syndrome, reactivation of the wildtype MECPZallele on the Xi
could potentially restore expression of the missing protein for therapeutic impact. More
comprehensive knowledge of how the Xi progresses through various stages would
enormously benefit design of treatment approaches.

Two motifs within Xist RNA have been linked to the processes of gene silencing and
Polycomb recruitment: Repeats A and B. Regarding gene silencing, the importance of
Repeat A is universally accepted (Wutz et al., 2002; Minks et al., 2013), whereas reports on
Repeat B have argued for varying degrees of silencing defects upon its deletion—though
there is agreement that the defects are not as severe as those associated with loss of Repeat
A (Pintacuda et al., 2017; Bousard et al., 2019; Colognori et al., 2019; Nesterova et al.,
2019). Regarding Polycomb recruitment, the relative roles of Repeats A and B have yet to be
resolved, with some observations supporting Repeat A as an important factor (Kohlmaier et
al., 2004; Zhao et al., 2008; Davidovich et al., 2013; Kaneko et al., 2013; Cifuentes-Rojas et
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al., 2014; da Rocha et al., 2014; Davidovich et al., 2015; Lee et al., 2019) and others arguing
that the Repeat B region alone is responsible (da Rocha et al., 2014; Pintacuda et al., 2017;
Nesterova et al., 2019). Finally, the functional relationship between Polycomb recruitment
and gene silencing remains unclear. Some reports show that loss of Polycomb recruitment
has only a minor effect on Xi silencing (Kalantry and Magnuson, 2006; Leeb and Wutz,
2007; Bousard et al., 2019), while others show a significant effect (Wang et al., 2001;
Kalantry and Magnuson, 2006; Almeida et al., 2017; Pintacuda et al., 2017; Colognori et al.,
2019; Nesterova et al., 2019).

These disparate findings have been difficult to reconcile and urge further investigation to
elucidate the functional relationships between Repeats A and B in Xi gene silencing and
Polycomb recruitment. Here, we reconcile disparate models by demonstrating the existence
of two discrete phases during XCI establishment. We ascribe Repeats A and B functions in
the two establishment phases, with Phase 1 being primarily Repeat A-dependent and Phase 2
being primarily Repeat B-dependent. We provide evidence that XCI can thus best be
characterized as a 3-part process with discrete genetic requirements and epigenetic
outcomes.

Xi gene silencing is initiated but not maintained in female cells lacking Xist Repeat B

Recent work has shown that Xist Repeat B plays a major role in recruiting PRC1 and PRC2
to the Xi for proper establishment of silencing (Pintacuda et al., 2017; Colognori et al.,
2019; Nesterova et al., 2019). In these studies, deleting Repeat B significantly impaired Xist-
mediated gene silencing and essentially abolished deposition of PRC1/PRC2 histone
modifications (H2AK119ub/H3K27me3) across the Xi. A separate study, however, reported
that Xist transcripts lacking Repeat B do not show significantly impaired silencing and
exhibit some residual H2AK119ub/H3K27me3 at Xi regions (Bousard et al., 2019). These
seemingly contradictory results warrant closer examination. Indeed, because many of these
studies were conducted using an autosomal transgene or inducible Xist system in male
embryonic stem cells (ESCs), or on the already-established Xi in fibroblasts, the effect of
deleting Repeat B has not been explored fully in a physiological context during ESC
differentiation when XCI is established de novo.

Here, we examined female ESCs carrying WT Xist or Xist lacking the Repeat B region
(ARepB, Fig. S1A (Colognori et al., 2019)) as they underwent differentiation. Importantly,
our parental cell line is a Mus musculus Mus castaneus hybrid, enabling us to distinguish the
two X chromosomes by genetic variants between strains. Moreover, XM\ carries a 7six
mutation forcing it to become the future Xi in ~95% of cells, rather than a random choice
between XMUS and X% (Ogawa et al., 2008). All cell lines were extensively validated by
several means to ensure: (i) the identity of the deletion, (ii) that it occurs on X™MUS, (jii) that
Xist RNA levels and splicing are not altered, (iv) that it does not affect preferential Xist
expression from (and thus inactivation of) XMUS gver X and (v) that it does not interfere
with ESC differentiation. First, Sanger sequencing across the deleted region, while using
SNPs to determine allelic identity, ensured deletion of the expected sequence on XM\ (Table
S1). Second, two-color RNA fluorescence in situ hybridization (FISH) using one probe
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specifically targeting the deleted sequence and another targeting a control exon 7 sequence
ensured Xist transcripts lacked the deleted sequence (Fig. S1B). Third, RT-gPCR for
different regions across Xist again confirmed loss of the deleted region without affecting
adjacent ones or overall Xist levels (Fig. S1C). Fourth, RT-gPCR for Xist using allele-
specific (SNP-targeting) primer sets verified ~95% expression from XMUYS (Fig. S1D). Lastly,
characteristic expression patterns of common differentiation markers (Sox2, Oct4, Gatad)
were indistinguishable between WT Xist and deletion cells, suggesting normal progression
of differentiation across 14 days (Fig. S1E).

We began by performing a transcriptomic timecourse for XMUS (Xi) expression. In WT Xist
cells, XCI occurred as expected between days 0-14 of cell differentiation, evidenced by the
progressive decrease in activity from X™MUS (Fig. 1A). By contrast, ARepB cells showed a
biphasic profile: Between days 0-8, the ARepB chromosome could initiate noticeable
silencing, as demonstrated by the progressive decrease in X™MUS transcripts to <20% X-linked
gene expression by day 8 (Fig. 1A). Beyond day 8, this initial silencing eroded such that, by
day 14, XMUS activity reverted back to ~40% of X-linked allelic reads. Autosomes, as
represented by Chromosome 13, did not display any sign of skewed gene expression in
ARepB cells (Fig. S2A). Examination of specific X-linked genes (e.g., 7spy/2and Armcx2)
confirmed the overall trends (Fig. 1B). These findings suggest a hidden biphasic dynamic
during XCI establishment.

We validated these findings using two orthogonal approaches. First, we performed
timecourse allele-specific RT-gPCR to quantify X™MUS; X expression for nine genes located
at various positions along the X and that are normally subject to XCI (Fig. 1C). Consistent
with our transcriptome-wide analysis, all nine genes showed a statistically significant drop
from biallelic expression at day 0 to monoallelic expression from XMUS at days 8 and 14 in
WT Xist cells. By contrast, ARepB cells showed a similar drop from day 0 to 8, but a
statistically significant reversion back toward biallelic expression at day 14 for eight out of
nine genes assayed. Second, we performed nascent RNA FISH for two of the above genes,
Atrxand Mecp2, in combination with Xist RNA FISH to indicate the X™MUS (Fig. 1D,E). In
WT cells, there was a progressive loss of nascent transcription overlapping the Xist cloud
between days 0-14, as expected. On the other hand, ARepB cells demonstrated an initial
silencing of Afrxand Mecp2 between days 0-8, but regained expression between days 8-14.
Notably, Xist clouds appeared dispersed on the ARepB chromosome, as previously reported
(Colognori et al., 2019). Together these data show that XCI does initiate—though transiently
and not to a full extent—despite the absence of Repeat B, thereby implicating additional
Xist motifs in initiating silencing. However, the data also demonstrate that the establishment
process cannot be completed without Repeat B.

Polycomb recruitment to Xi is initiated but cannot be maintained without Xist Repeat B

As Repeat B has now been associated with Polycomb binding to the Xi (Pintacuda et al.,
2017; Bousard et al., 2019; Colognori et al., 2019; Nesterova et al., 2019), we performed
immunofluorescence (IF) for the H2AK119ub and H3K27me3 histone marks (deposited by
PRC1 and PRC2, respectively) across a timecourse beginning with the earliest appearance of
Xist clouds at day 3. Among nearly all WT Xist-positive cells, strong foci of H2AK119ub
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and H3K27me3 staining were observed on the XM (Fig. 2A,B), as expected. Unexpectedly,
ARepB cells also displayed noticeable enrichment of both repressive marks in Xist-positive
cells during early timepoints (Fig. 2A,B). These data suggest that, contrary to recent reports,
deleting Repeat B does not fully abrogate the initiation of Polycomb recruitment.

The PRC2 mark, H3K27me3, was observed overlapping with Xist clouds in ~85% of Xist-
positive ARepB cells and remained stable between days 4-7, after which time the signal
began to fade away to undetectable levels by day 10, suggesting that Repeat B is required for
maintaining PRC2. Yet at the same time, PRC2 must come independently of Repeat B
during the initiation phase. In parallel, the PRC1 mark, H2AK119ub, remained stable
between days 4-6 in ~80% of Xist-positive cells, after which point it also faded away and
became undetectable by day 8, suggesting Repeat B’s role in stabilizing PRC1 as well. The
differential kinetics for H3K27me3 with respect to H2AK119ub are similar to the previous
observation that depleting HNRNPK (Repeat B’s direct binding partner) has a more
immediate effect on PRC1 than PRC2 (Pintacuda et al., 2017; Colognori et al., 2019; Zylicz
et al., 2019). This delay may reflect order of recruitment, difference in turnover rate for each
mark, or differential requirements for PRC1/2 recruitment. Importantly, the rise and fall of
repressive histone marks coincided with the initiation and erosion of gene silencing
(inflection around day 8) (Fig. 1), and support the idea of a biphasic dynamic during XCI
establishment.

At higher resolution, allele-specific chromatin immunoprecipitation (ChIP)-seq for
H2AK119ub and H3K27me3 agreed with the IF data (Fig. 2C-E). WT Xist cells showed
characteristic enrichment of H2AK119ub and H3K27me3 across XM between days 5-14
(Fig. 2C). Consistent with IF data, ARepB cells also accumulated the two marks on XMus
(red track) compared to X2 (blue track), although overall levels were lower than on the WT
Xist XM (Fig. 2D). Quantification of coverages over genes revealed significant enrichment
of H2AK119ub at day 5, but less so at days 8-14 (Fig. 2E)—consistent with IF data. The
H3K27me3 mark was enriched on the ARepB XM on day 5 and persisted longer to day 8,
but less so by day 14 (Fig. 2E). When examined individually, there were no obvious
differences in coverage dynamics for genic versus intergenic regions, or genes silenced by
XCI versus those non-expressed to begin with (at least at this temporal resolution), though
genes silenced by XCI exhibited a stronger gain in H2AK119ub and H3K27me3 during the
inactivation process (Fig. S2B,C).

Taken together, these data demonstrate several crucial points: (i) Polycomb complexes can
be recruited and XCI can initiate without Repeat B; (ii) Without Repeat B, however,
Polycomb recruitment and gene silencing cannot be fully established or stabilized; (iii) The
establishment of gene silencing and Polycomb recruitment can therefore be characterized as
“biphasic”. The first phase is primarily Repeat B-independent, while the second is Repeat B-
dependent. This discovery left open the question of what additional Xist motifs are essential
for the first phase of establishing silencing.
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Failed Xi gene silencing and selective pressure towards X-aneuploidy in cells lacking Xist

Repeat A

The Repeat A motif has been reported to play a role in both Xi silencing and Polycomb
recruitment (Wutz et al., 2002; Zhao et al., 2008; Minks et al., 2013; Cifuentes-Rojas et al.,
2014; Bousard et al., 2019; Lee et al., 2019; Nesterova et al., 2019). However, various
deletions of Repeat A have produced different findings, resulting in a lack of consensus
regarding its in vivo role. This is due partly to the fact that existing deletions cover different
sequences around Repeat A and have been analyzed in different contexts, such as on an
autosomal transgene and/or in male cells. Previous observations also suggested that
sequences within or around Repeat A can influence Xist expression and/or splicing (Wutz et
al., 2002; Zhao et al., 2008; Hoki et al., 2009; Royce-Tolland et al., 2010; Colognori et al.,
2019).

In vivo investigation of Repeat A’s role in XCI necessitates a discrete deletion in the
endogenous context in female cells. Here, we created a distinct ARepA clone in female
ESCs that removes a minimal region containing the motif without affecting Xist splicing or
expression levels (Fig. STA-C). As earlier, we carried out extensive validation of our cell
line to ensure ARepA Xist was expressed selectively from XMUS during differentiation (Table
S1, Fig. S1B-E)—though ARepA Xist clouds often appeared smaller than WT Xist clouds,
as noted previously (Ha et al., 2018). Interestingly, roughly half of cells lacked any Xist
cloud over the course of differentiation (Fig. S1C,S3A). Follow-up analysis showed that this
was due to loss of an X chromosome in most cells, occurring specifically during cell
differentiation. While 95% of ARepA cells carried two X chromosomes on day 0, only 9%
retained them both by day 14 (Fig. S3B). This contrasted sharply with differentiation of WT
Xist or ARepB cells, which consistently retained their XX status. We suspect that a crucial
function for Repeat A during differentiation precludes survival (or competitive advantage) of
XX cells lacking it. Indeed, because the ARepA mutation renders Xist unable to properly
silence the Xi in cis (see below), there may be strong selective pressure to lose one X during
differentiation in order to achieve proper 1X gene dosage (Fig. 4A). Interestingly, XMuS
(selectively expressing ARepA Xist) and X (carrying a WT but non-expressed copy of
Xist) were lost with roughly equal probability, as determined by allele-specific PCR of
genomic DNA from the differentiated cell population (Fig. S3B). This lack of discrimination
could explain why roughly half of cells were Xist-positive (XM“SO) and half were Xist-
negative (X20), and further supports the idea that Xi®* and Xa are functionally
interchangeable in supplying cells with the necessary X-linked gene products (Fig. 4A). We
also point out that, at least in the context of our 7six mutant background, once an early
decision was made to express (mutant) Xist from and silence XM (even if unsuccessful),
this decision appeared irreversible: Xist expression did not “switch” alleles despite a capable
WT Xistcopy on X, and continued to be expressed from X™MUS even after subsequent loss
of X%, Notably, the Xistallele expressed from X™MUS is mutated (ARepA) and cannot initiate
silencing on XMYS, Thus, in these XMYSO cells, an overall “count” of one Xa and dosage
compensation were preserved (Fig. S1B-D). The acute tendency to become XO is further
testament to the importance of RepA for female cells undergoing dosage compensation.
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Due to the stochastic loss of X or X™MUS and mixture of XO/XX cells during ARepA ESC
differentiation, we could not pursue genomic analyses such as RNA-seq and ChIP-seq.
However, in spite of large variation between replicates, we were clearly able to see
expression from both alleles for nine X-linked genes using allele-specific RT-qPCR (Fig.
4B), indicative of failed Xi silencing. To rule out that apparent biallelic expression could be
an artifact of cellular mosaicism, we examined nascent transcription at the single-cell level
using RNA FISH. Within the fraction of Xist-positive cells (most being XMSO, some being
Xmusxeas)y - Atrx and Mecp2 demonstrated clear failure to be silenced throughout the entire
14-day differentiation time-course, despite an overlying Xist cloud (Fig, 4C,D). These
results reaffirm the consensus in the field that Repeat A is critical for gene silencing (Wutz
etal., 2002).

An early wave of Xi Polycomb recruitment requires Xist Repeat A

To address whether Repeat A is required for Polycomb targeting, we inspected H2AK119ub
and H3K27me3 modifications in IF experiments. In Xist-positive ARepA differentiating
ESCs, a focus of H2AK119ub and H3K27me3 could still be observed over the Xist domain
throughout the time-course (Fig. 4E,F). We conclude that, at the cytological level, loss of
Repeat A alone is insufficient to abolish bulk enrichment of these marks, consistent with
previous transgenic studies on autosomes (Plath et al., 2003; Kohlmaier et al., 2004; da
Rocha et al., 2014). Without ChIP-seq analysis, however, we could not rule out finer defects
that might be present at the molecular level despite clear foci at the cytological level, as
demonstrated previously (Wang et al., 2018; Wang et al., 2019; Zylicz et al., 2019). Indeed,
recent data have suggested that Repeat A is necessary for spreading both H2AK119ub and
H3K27me3 into active genic regions (Bousard et al., 2019; Zylicz et al., 2019).

Additional support for Repeat A function came from female ESCs carrying deletions of both
Repeats A and B on XM (Table S1, Fig. SIA-E). Similar to ARepA, ARepAB
differentiating ESCs exhibited a cluster of Xist RNA in roughly half of cells (Fig. S3A) and
had heightened tendency to become XO during differentiation, with only 8% of cells
retaining both X chromosomes by day 14 (Fig. 4A,S3B). Furthermore, ARepAB cells failed
to undergo gene silencing, as shown by persistence of biallelic Mecp2and Atrx expression
in allele-specific RT-gPCR and nascent RNA FISH experiments (Fig. 4B-D). Notably, Xist
cloud dispersal seen in ARepB cells (Fig 1D,S1B) (Colognori et al., 2019) became
exacerbated by the simultaneous deletion of Repeat A, suggesting Repeat A may also play a
role in localizing and/or spreading Xist on the Xi. However, in contrast to both the ARepA
and ARepB single deletions, the ARepAB double deletion completely abolished
H2AK119ub and H3K27me3 signals on the Xi, as determined by IF (Fig. 4E,F). This was
true throughout the entire differentiation timecourse. Thus, Repeats A and B both contribute
to establishing Polycomb recruitment and gene silencing during the early window of XCI.

Continued Polycomb recruitment during XCI maintenance requires Xist Repeat B but not A

Given the unexpected relationship between Repeats A and B during XCI establishment, we
next investigated their roles in XCI maintenance by examining similar ARepA and ARepB
deletions in female MEFs. Our parental MEF cell line is again a Mus musculus/Mus
castaneus hybrid, but one that became tetraploid post-XClI and thus carries 2 Xi’s (X™4S) and

Dev Cell. Author manuscript; available in PMC 2021 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Colognori et al.

Page 9

2 Xa’s (X®)(Yildirim et al., 2011). IF for H2AK119ub/H3K27me3 revealed that loss of
Repeat B alone was sufficient to abolish both marks from Xi (Fig. 4A), as previously
observed (Colognori et al., 2019). On the other hand, deletion of Repeat A alone had no
apparent cytological effect (Fig. 4A). To obtain higher resolution information, we performed
allele-specific ChlP-seq for H2AK119ub and H3K27me3. In agreement with IF data, there
was chromosome-wide depletion of both marks from XMUS (becoming indistinguishable
from X%@) in ARepB cells (Colognori et al., 2019), but no similar effect in ARepA cells (Fig.
4B-D). Furthermore, we detected no obvious differences in coverage over genic versus
intergenic regions, or non-expressed genes versus those subject to XClI, besides again higher
coverage over genes subject to XCI (except in ARepB cells where the marks are both absent)
(Fig. S4A,B). Together, these data indicate that, while Repeat A plays a role in establishing
Polycomb recruitment during the first phase of XClI, it appears dispensable once recruitment
has been established. On the other hand, Repeat B is required for Polycomb recruitment
during establishment and remains relevant throughout the XCI maintenance phase.

DISCUSSION

Here our work has addressed the longstanding confusion over the roles of Xist Repeats A
and B for Polycomb recruitment and Xi gene silencing. In doing so, we found that XCI can
best be characterized as having three distinct phases (Fig. 4E): (i) an early establishment
phase [days 0-8 of ESC differentiation] during which Repeat A is required to initiate gene
silencing and an early wave of Polycomb recruitment; (ii) a /ate establishment phase [days
8-14] during which Repeat B is essential for stabilizing Polycomb proteins and gene
silencing on the Xi; and (iii) a maintenance phase [in somatic cells] in which Repeat A is no
longer required but Repeat B continues to play a role in Polycomb maintenance. During the
maintenance phase, gene silencing is stabilized but may still depend on continued expression
of Xistin a context-dependent manner, as post-XCI deletions of Xist (in part or in whole)
can cause either major physiological perturbations (Yildirim et al., 2013) or minimal
reactivation unless combined with other pharmacological agents (Csankovszki et al., 2001;
Minajigi et al., 2015; Carrette et al., 2017; Adrianse et al., 2018; 2015; Colognori et al.,
2019). Of note, our data do not rule out that Repeat A may also function during late
establishment (dotted lines, Fig. 4E), since we did not conditionally remove it during this
time frame. Similarly, Repeat B may also contribute somewhat to early establishment
(dotted lines, Fig. 4E), since initial gene silencing and Polycomb recruitment were less
robust upon its removal, and deletion of both Repeats A and B was necessary to abolish
early Polycomb enrichment. Thus, during the early critical stages, Repeats A and B may
work together and both be required to establish the typical Polycomb binding patterns,
associated enrichment of H3K27me3 and H2AK119ub, and full genic silencing on the Xi.

Our data show that deleting Repeat B alone does not preclude initiation of Polycomb
recruitment and gene silencing during early XCI between days 0-8 (Fig. 1,2). Thus, in
contrast with recent proposals (Pintacuda et al., 2017; Nesterova et al., 2019), Repeat B is
not the only motif involved in these activities. However, without Repeat B, gene silencing
and Polycomb recruitment cannot proceed to completion and are also unstable, exhibiting a
reversion to biallelic expression and an inability to retain the Polycomb marks beyond day
~8. Thus, Repeat B functions as a parallel pathway to stabilize and/or bolster gene silencing
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and Polycomb on Xi. In this regard, our study reconciles disparate conclusions of prior
studies in which deletions of Repeat B have been shown to both significantly affect Xi
silencing (Pintacuda et al., 2017; Colognori et al., 2019; Nesterova et al., 2019) or
oppositely, to have little effect (Bousard et al., 2019). Our work explains this disparity in that
Repeat B’s impact on Xi silencing changes over the timecourse of XClI, being more
pronounced at later versus earlier timepoints. It also explains the residual amounts of
H2AK119ub and H3K27me3 detected in one study after deleting Repeat B (Bousard et al.,
2019).

Moreover, while all reports agree that Repeat A is required for Xi silencing (Wutz et al.,
2002; Bousard et al., 2019; Nesterova et al., 2019), there has been a lack of consensus
regarding its role in targeting Polycomb complexes (Plath et al., 2003; Kohlmaier et al.,
2004; Zhao et al., 2008; Hoki et al., 2009; Davidovich et al., 2013; Kaneko et al., 2013;
Cifuentes-Rojas et al., 2014; da Rocha et al., 2014; Davidovich et al., 2015). Although we
were unable to pursue a more detailed epigenomic analysis of the ARepA mutant due to its
instability and propensity to become XO during differentiation, our cytological comparison
of ARepB versus ARepAB cells promote the idea that Repeat A contributes to early targeting
of Polycomb complexes. Deleting either Repeat A or B alone does not fully abolish
initiation of Polycomb recruitment, but simultaneous deletion of both does. Therefore, by
inference, Repeat A must collaborate with Repeat B during XCI establishment for full
recruitment of Polycomb complexes, with Repeat A being more critical for the early phase
and Repeat B being more critical for subsequent phases. This was likely missed in the past
because the requirement is revealed only in conjunction with a Repeat B deletion (Fig. 4).

Although on its own, the ARepA mutant shows Xi enrichment of PRC1 and PRC2 marks in
most Xist-positive cells, there could be underlying local defects that cannot be discerned by
cytological assays. Indeed, SMCHD1-depleted cells also demonstrate an apparently normal
Xist cloud and enrichment of H2AK119ub/H3K27me3 by IF, but regional defects become
clear in higher-resolution molecular assays (Wang et al., 2018; Wang et al., 2019). Together,
our data affirm a role for Repeat A in the initiation of Polycomb recruitment, consistent with
previous studies (Kohlmaier et al., 2004; Zhao et al., 2008; Cifuentes-Rojas et al., 2014;
Davidovich et al., 2015), and are also conceptually consistent with work attributing to
Repeat A the recruitment of Polycomb to initially active genes in ESCs (Simon et al., 2013;
Bousard et al., 2019; Zylicz et al., 2019). Mechanistically, how this recruitment occurs is
still under debate. One possibility is through direct RNA-mediated recruitment of Polycomb
complexes (Zhao et al., 2008; Cifuentes-Rojas et al., 2014). An alternative is through
indirect recruitment as a consequence of de novo gene silencing by other Repeat A-
interacting proteins such as SPEN (Nesterova et al., 2019). It is also possible that both types
of mechanisms are at play. Our findings also have implications for the role of Polycomb
complexes during Xi gene silencing. Previous literature suggests Polycomb may be
dispensable for initial silencing (Kalantry and Magnuson, 2006; Leeb and Wutz, 2007), but
is required for its stabilization (Kalantry and Magnuson, 2006; Wang et al., 2001) until
additional mechanisms such as DNA methylation solidify the silenced state in maintenance
phase (Csankovszki et al., 2001). Our observation that deleting Repeat B leads to reversal of
gene silencing coincident with loss of Polycomb marks at differentiation day 8 supports the
latter half of this hypothesis (Figs. 1,2). As for a role in initial silencing, Polycomb mark

Dev Cell. Author manuscript; available in PMC 2021 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Colognori et al.

Page 11

enrichment was observed on Xi in a Repeat A-dependent manner coincident with initial
transient silencing in ARepB cells (Fig. 2). However, the marks were also enriched on Xi in
ARepA cells despite failure to initiate silencing (Fig. 4). Thus, it is less clear whether
Polycomb recruitment in this case is a cause or consequence of initial silencing.

The functional importance of Repeat A is further underscored by our inability to derive
stable XX female differentiated ESCs lacking it. The instability occurred only during
differentiation and not in undifferentiated cells, suggesting that the propensity towards
aneuploidy is caused by selective pressure to make up for failed dosage compensation.
Intriguingly, loss of Repeat B does not similarly lead to aneuploidy, potentially because of
the less drastic effect on Xi gene silencing (still some silencing at day 14 [Fig. 1A]) or
compensation by partial downregulation of Xa (Colognori et al., 2019). It is also tempting to
speculate that proper X dosage may be more critical during early differentiation (when
Repeat A is critical) than late (when Repeat B is critical).

In a broader context, our study reveals establishment of gene silencing and Polycomb
domains to be more complex than previously thought, entailing distinct molecular
requirements compared to their maintenance. Xi gene silencing and Polycomb domains
occurring in the presence of Xist Repeat A eventually disappear without Repeat B. This is
consistent with burgeoning evidence that pre-existing Polycomb marks alone are insufficient
to recruit the complexes and maintain Polycomb domains on autosomes; de novo
recruitment occurs via different means (Kahn et al., 2016; Hojfeldt et al., 2018; Oksuz et al.,
2018). Notably, the division of labor between Repeats A and B in recruiting Polycomb
during XCI establishment does not persist into the maintenance phase, when Repeat B but
not A continues to be required (Fig. 4). Perhaps Repeat A is required during de novo XCI
establishment to silence initially active genes, but becomes dispensable in the maintenance
phase when Xi genes are already silenced. Whether similar multi-phasic and/or context-
dependent mechanisms are required to establish and maintain epigenetic silencing over
autosomal Polycomb targets would be of high interest to future investigations.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Jeannie T. Lee
(lee@molbio.mgh.harvard.edu).

Materials Availability—Cell lines generated in this study will be available upon request
following completion of an MTA.

Data and Code Availability—Original unprocessed microscope images in this
manuscript have been deposited at Mendeley Data and are available at: https://doi.org/
10.17632/77fjk9p346.1

Raw high-throughput sequencing data and processed files for RNA-seq and ChlP-seq
reported in this paper have been deposited at GEO under accession number: GSE135389
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Xist deletion cell lines—Xist deletions were generated by CRISPR/Cas9 using a pair of
gRNAs flanking the target region. gRNA sequences (Table S1) were designed using tools
available online (http://crispr.mit.edu) and cloned into pSpCas9(BB)-2A-GFP or
pSpCas9(BB)-2A-Puro vectors (Ran et al., 2013). gRNA/Cas9 plasmid was delivered into
ESCs by electroporation (Bio-Rad Gene Pulser Xcell) or MEFs by nucleofection (Lonza
Nucleofector I1) as per manufacturer’s instructions. Following plasmid delivery, cells were
cultured for one week to allow enough time for DNA cutting and repair. Single cells were
then sorted into 96-well plates by FACS, expanded, and screened by genomic PCR, Sanger
sequencing (Table S1), and two-color Xist RNA FISH.

Xistdeletion ESCs were generated in the parental (“WT Xist™) M. musculusi M. castaneus
F2 hybrid female ESC line carrying a mutated 7six allele previously described as
“Tsix"STH*” (Ogawa et al., 2008). This mutation drives selective inactivation of XMUS, Xijst
deletion MEFs were generated in the parental (“WT Xist”) M. musculusl M. castaneus F1
hybrid (tetraploid) female MEF line previously described as “EY.T4” . All deletion cell lines
used in this study are listed in the Key Resource Table, and characterized in detail in Table
S1 and Fig. S1.

Cell culture—MEFs were grown in medium containing DMEM, high glucose, GlutaMAX
supplement, pyruvate (Thermo Fisher Scientific), 10% FBS (Sigma), 25 mM HEPES pH
7.2-7.5 (Thermo Fisher Scientific), 1x MEM non-essential amino acids (Thermo Fisher
Scientific), 1x Pen/Strep (Thermo Fisher Scientific), and 0.1 mM BME (Thermo Fisher
Scientific) at 37°C with 5% CO,. ESCs were grown on y-irradiated MEF feeders in medium
containing DMEM, high glucose, GlutaMAX supplement, pyruvate, 15% Hyclone FBS
(Sigma), 25 mM HEPES pH 7.2-7.5, 1x MEM non-essential amino acids, 1x Pen/Strep, 0.1
mM BME, and 500 U/mL ESGRO recombinant mouse Leukemia Inhibitory Factor (LIF)
protein (Sigma, ESG1107) at 37°C with 5% CO». LIF was excluded from the medium
during ESC differentiation procedures (see below).

ESC differentiation—Undifferentiated ESCs were grown on y-irradiated MEF feeders for
3 days, after which ESC colonies were trypsinized and feeders removed (day 0). ESCs were
then switched to medium lacking LIF and grown in suspension for 4 days, forming
embryoid bodies (EBs). EBs were cytospun onto glass slides or settled down onto gelatin-
coated coverslips at day 4 and allowed to further differentiate until the indicated timepoints.

METHOD DETAILS

Oligo FISH probes—Oligo FISH probes for Xist RepA, RepB, or exon 7 were previously
described (Colognori et al., 2019). Briefly, probe sequences were designed using tools
available online (https://www.idtdna.com/calc/analyzer). Amino-ddUTP (Kerafast) was
added to the 3’-ends of pooled oligos by Terminal Transferase (New England BioLabs) as
per manufacturer’s instructions. Oligos were purified by phenol/chloroform extraction,
concentrated by ethanol precipitation, resuspended in 0.1 M sodium borate, and labeled with
Cy3B (GE Healthcare) or Alexa647 NHS-ester (Life Technologies). After another ethanol
precipitation, labeled oligos were resuspended in water and labeling efficiency was evaluated
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by absorbance using NanoDrop (Thermo Fisher Scientific). Custom Stellaris FISH probes
(LGC Biosearch Technologies) were designed against the first intron of Atrx or Mecp2
using the Stellaris RNA FISH probe designer available online (www.biosearchtech.com/
stellarisdesigner) and labeled with Quasar570 dye.

RNA FISH—Cells were cytospun onto glass slides or settled down onto gelatin-coated
coverslips and rinsed with PBS. They were permeabilized with cold CSKT buffer (100 mM
NaCl, 300 mM sucrose, 10 mM PIPES, 3 mM MgCly, 0.5% Triton X-100, pH 6.8) for 10
min and then fixed with 4% paraformaldehyde for 10 min at room temp. Cells were rinsed
with PBS and dehydrated in a series of increasing ethanol concentrations. Labeled oligo
probe pool (1-5 nM for Xist RNA FISH, 100 nM for Atrx or Mecp2 nascent RNA FISH)
was added to hybridization buffer containing 25% formamide, 2x SSC, 10% dextran sulfate,
and nonspecific competitor (0.1 mg/mL mouse Cot-1 DNA [Thermo Fisher Scientific]).
Hybridization was performed in a humidified chamber at 37°C overnight. After being
washed once in 25% formamide/2x SSC at 37°C for 20 min and three times in 2x SSC at
37°C for 5 min each, cells were mounted for wide-field fluorescent imaging. Nuclei were
counter-stained with Hoechst 33342 (Life Technologies).

X-chromosome painting—Cells were cytospun onto glass slides or settled down onto
gelatin-coated coverslips, rinsed with PBS, treated with RNase A (0.5 mg/mL in PBS) at
37°C for 40 min to remove RNA signal, and denatured for DNA FISH in 70% formamide/2x
SSC at 80°C for 15 min. Slides were quenched in ice cold 70% ethanol and dehydrated in a
series of increasing ethanol concentrations. 1:10 (v/v) XMP X Green mouse chromosome
paint (MetaSystems, D-1420-050-FI) was added to hybridization buffer containing 50%
formamide, 2x SSC, 10% dextran sulfate, and 0.2 mg/mL mouse Cot-1 DNA (Thermo
Fisher Scientific) and denatured at 95°C for 10 min. Hybridization was performed in a
humidified chamber at 37°C overnight. After being washed once in 0.2x SSC at 65°C for 10
min and three times in 2x SSC at room temp for 5 min each, cells were mounted for wide-
field fluorescent imaging. Nuclei were counter-stained with Hoechst 33342 (Life
Technologies).

IF/RNA FISH—Cells were cytospun onto glass slides or settled down onto gelatin-coated
coverslips and rinsed with PBS. They were permeabilized with cold CSKT buffer (100 mM
NaCl, 300 mM sucrose, 10 mM PIPES, 3 mM MgCly, 0.5% Triton X-100, pH 6.8) for 10
min and then fixed with 4% paraformaldehyde for 10 min at room temp. After being blocked
for 30 min in PBS/1% BSA supplemented with 10 mM ribonucleoside vanadyl complex
(New England BioLabs), primary antibodies were added and allowed to incubate at room
temp for 1 hr. Cells were washed three times with PBS/0.05% Tween-20 at room temp for 5
min each. After incubating with dye conjugated secondary antibody for 30 min at room
temp, cells were washed again with PBS/0.05% Tween-20 at room temp for 5 min each.
Cells were post-fixed in 4% paraformaldehyde and dehydrated in a series of increasing
ethanol concentrations. Xist RNA FISH was then performed as described above.
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Microscopy—~For wide-field fluorescent imaging, cells were observed on a Nikon 90i
microscope equipped with 60x/1.4 N.A. VC objective lens, Orca ER CCD camera
(Hamamatsu), and Volocity software (Perkin Elmer).

Antibodies—The following primary antibodies were used for ChlP-seq and IF:
H3K27me3 (GeneTex, GTX60892) and H2AK119ub (Cell Signaling, CST8240). Dye-
conjugated secondary antibodies were purchased from Life Technologies.

(Allele-specific) gPCR and RT-gPCR—For RT-gPCR, RNA was isolated from cells
using TRIzol Reagent (Thermo Fisher Scientific) as per manufacturer’s instructions.
Genomic DNA was removed using TURBO DNase from the TURBO DNA-free Kit
(Thermo Fisher Scientific). After inactivating TURBO DNase with DNase Inactivation
Reagent (also enclosed in TURBO DNA-free Kit), RNA was reverse transcribed into cDNA
using SuperScript 111 Reverse Transcriptase (Thermo Fisher Scientific) with random primers
(Promega, C118A) at 25°C for 5 min, 50°C for 1 hr, and enzyme inactivated at 85°C for 15
min. Depending on the experiment, gPCR was performed on cDNA or genomic DNA using
iTaq Universal SYBR Green Supermix (Bio-Rad) in a CFX96 Real-Time PCR Detection
System (Bio-Rad). For allele-specific detection, primers were designed to target genetic
variants within each gene, as previously described (Glaab and Skopek, 1999; Li et al., 2004).
The relative abundance of alleles was calculated using the formula: cas/mus fold difference
= 2/\(Ct/MUs — Ct®), and corrected for primer bias/efficiency by comparing to standard
curves using pure cas, mus, or hybrid cas/mus genomic DNA as previously described (Pinter
et al., 2015). Primer sequences are listed in Table S2.

ChlP-seg—Cells were cross-linked in PBS with 1% formaldehyde at room temp for 10
min with rotation at 1 million cells/mL, and quenched with 0.125 M glycine for 5 min.
Cross-linked cells were washed twice with cold PBS, pelleted, and snap-frozen in liquid
nitrogen. 10 million cross-linked cells per ChIP were thawed on ice and resuspended in 1
mL buffer 1 (50 nM HEPES pH 7.5, 140 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.25%
Triton X-100, 10% glycerol, 1x cOmplete EDTA-free protease inhibitor cocktail [Roche]),
and rotated for 10 min at 4°C. Nuclei were pelleted by centrifugation at 1,000 g for 5 min at
4°C, resuspended in 1 mL buffer 2 (10 mM HEPES pH 7.5, 200 mM NaCl, 1 mM EDTA,
0.5 mM EGTA, 1x cOmplete EDTA-free protease inhibitor cocktail) supplemented with 0.2
mg/mL RNase A (Thermo Fisher Scientific), and rotated for 10 min at 4°C. Nuclei were
pelleted by centrifugation at 1,000 g for 5 min at 4°C and resuspended in 1.3 mL buffer 3
(10 mM HEPES pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 1x cOmplete EDTA-
free protease inhibitor cocktail, 0.1% sodium deoxycholate, 0.5% sarkosyl). Nuclei were
sonicated (Qsonica Q800 Sonicator) in polystyrene tubes at 45% power reading, 30 sec
on/30 sec off for a total sonication time of 4 min at 4°C. Triton X-100 was added to the
lysate to 1%, which was then centrifuged for 10 min at 16,000 g to remove debris. The
lysate was pre-cleared for 2 hr at 4°C with rotation using 20 uL Dynabeads Protein G
(Thermo Fisher Scientific) pre-washed with PBS/0.5% BSA. After saving 10% as “input”
sample, the pre-cleared lysate was combined with 20 uL Dynabeads Protein G pre-bound to
2 Ug antibody (H3K27me3, GeneTex GTX60892; H2AK119ub, Cell Signaling CST8240),
and rotated overnight at 4°C. Afterwards, beads were washed five times with wash buffer
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(50 mM HEPES pH 7.5, 0.5 M LiCl, 1 mM EDTA, 1% NP-40, 0.7% sodium deoxycholate),
once with TEN buffer (10 mM Tris pH 8.0, 1 mM EDTA, 50 mM NacCl), and once with TE
buffer (10 mM Tris pH 8.0, 1 mM EDTA). Input sample and beads containing ChlP material
were resuspended in 400 uL TES buffer (50 mM Tris pH 8.0, 10 mM EDTA, 1% SDS)
supplemented with 0.5 mg/mL Proteinase K (Sigma) and incubated for 1 hr at 55°C and then
for >3 hr at 65°C to reverse cross-links. DNA was purified by phenol-chloroform extraction
and quantified with Quant-iT PicoGreen dsDNA Reagent (Thermo Fisher Scientific). Input
and ChlP-seq libraries were prepared using NEBNext ChlP-seq Library Prep Master Mix
Set for Illumina (New England BioL abs) as per manufacturer’s instructions. Libraries were
sequenced on Illumina HiSeq2000 (high-throughput run) or HiSeq2500 (rapid run),
generating ~50 million 50-nt paired-end reads per sample.

ChlIP-seq analysis—To account for the hybrid character of our cell lines, adaptor-
trimmed reads were separately aligned to custom mus/129 and cas genomes using
NovoAlign (Novocraft), then mapped back to reference mm9 genome using SNPs (Pinter et
al., 2012). This generated three tracks: composite (comp) of all reads, and two allele-specific
tracks using only allele-specifically mappable reads. After allele-specific alignment, input-
subtracted allele-specific ChIP-seq tracks were generated using SPP (Kharchenko et al.,
2008), with smoothing using 1-kb windows recorded every 500 bp, as previously described
(Wang et al., 2018). To account for different sequencing depths for ChlP-seq, samples
differing by >10% were compensated by random downsampling with SAMtools (Li et al.,
2009). The densities of H2AK119ub and H3K27me3 over gene bodies versus intergenic
regions, and genes subject to XCI versus non-expressed on the X chromosome were
computed by Homer (Heinz et al., 2010). For the timecourse ChlP-seq analysis in
differentiating ESCs, genes subject to XCI were defined as having non-zero FPKM in RNA-
seq for both undifferentiated WT and ARepB ESCs, and non-expressed genes as having zero
FPKM in any of the two datasets. For MEF ChIP-seq analysis, genes subject to XCI were
defined as having non-zero FPKM in RNA-seq for WT MEFs (expressed on Xa but not Xi),
and non-expressed genes as having zero FPKM (not expressed on Xa or Xi). Xistand 7six,
escapee genes, and regions too short (<200 bp) or unmappable were excluded from the
analysis. H2AK119ub and H3K27me3 densities were displayed as boxplots produced using
R and ggplot2. pvalues determined by Wilcoxon ranked sum test (two-sided).

RNA-seq—Total cell RNA was extracted using TRIzol Reagent (Thermo Fisher Scientific),
from which mRNA was isolated using NEBNext Poly(A) mRNA magnetic isolation module
(New England BioLabs) as per manufacturer’s instructions. RNA-seq libraries were
prepared using NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New
England BioLabs) as per manufacturer’s instructions. Libraries were sequenced on Illumina
HiSeq2000 (high-throughput run) or HiSeq2500 (rapid run), generating ~50 million 50-nt
paired-end reads per sample.

RNA-seq analysis—PCR duplicates were removed and reads separately aligned to
custom musi129 and cas genomes using TopHat2 (Kim et al., 2013). Final allele-specific
mapping to reference mm9 genome was generated based on SNPs (Pinter et al., 2012). Only
uniquely aligned concordantly mapped sequences were used in downstream analysis. Counts
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per gene were calculated using featureCounts (Liao et al., 2014). Using MatLab
(MathWorks), library sizes were normalized and genes with insufficient allelic information
(<13 allele-specific reads) were removed. We also removed potentially miscalled genes from
our alignment pipeline, defined as genes incorrectly assigned to mus from a pure cas RNA-
seq library. Allele-specific RPKM was calculated using allelic ratio (allele-specific counts)
applied to comp RPKM (total counts). Genes with comp RPKM<1 or overlapping
unmappable regions were excluded from the analysis, along with Xistand 7six.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical parameters including the statistical tests used and the values of 7, p, and Rare
reported in the figures, figure legends, or associated main texts. Statistical significance is
determined by the value of p < 0.05 by the indicated tests. For microscope images, 7
generally refers to the total number of counted cells or Xist clouds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

X-inactivation establishment is a biphasic process requiring Xist Repeats A
and B.

Polycomb complexes can initially be recruited without Repeat B.

Repeat A initiates Polycomb recruitment and X-silencing while B stabilizes
them.

Frequency of X-chromosome loss (XO state) is heightened by deleting Repeat
A.
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Figure 1. Xi gene silencing can be initiated, but not maintained, without Xist Repeat B.

See also Figures S1 and S2.

(A) Boxplots of allele-specific RNA-seq timecourse showing abortive Xi gene silencing in
ARepB versus WT Xist differentiating female ESCs. Two-tailed student #test, p values for
pairwise comparison as shown.

(B) Zoom-in of allele-specific RNA-seq tracks showing reads from individual X-linked
genes.

(C) Allele-specific RT-gPCR showing relative expression from each allele for several X-
linked genes in WT Xist and ARepB differentiating female ESCs. Error bars show standard
deviation between 3 biological replicates. Two-tailed student #-test, asterisks indicate p <
0.05.
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(D) Atrx and Mecp2 nascent RNA FISH combined with Xist RNA FISH in WT Xist and
ARepB differentiating female ESCs. Diffuse Xist cloud morphology caused by disruption of
Repeat B/Polycomb was previously described (Colognori et al., 2019). Arrowheads mark
positions of Xist cloud.

(E) Quantification of (D). Note that no Xist clouds are present at day 0 to indicate XM, but
expression is inferred by the presence of two pinpoint signals. 7> 100 per time point.
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Figure 2. Xi Polycomb recruitment can be initiated, but not maintained, without Xist Repeat B.
See also Figure S2.

(A) H2AK119ub and H3K27me3 IF combined with Xist RNA FISH in WT Xist and ARepB
differentiating female ESCs.

(B) Quantification of (A). Note that no Xist clouds are present at day 0 to indicate X™{S, but
cells accordingly show no focal enrichment of H2AK119ub or H3K27me3. 77> 100 per time
point.

(C) Allele-specific H2AK119ub/H3K27me3 ChiIP-seq timecourse in WT Xist and ARepB
differentiating female ESCs. Note the 2-fold difference in y-axis scaling between WT Xist
and ARepB tracks.

(D) Zoom-in of allele-specific ChIP-seq tracks in (C).
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(E) Boxplots quantifying allele-specific ChlP-seq coverage over X-linked genes. Wilcoxon
rank-sum test, p values as shown.
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Figure 3. Repeat A is required for gene silencing and contributes to early Polycomb recruitment
on Xi.

See also Figures S1 and S3.

(A) Repeat A/AB deletion leads to loss of an X chromosome (either X¢8 or XMUS) in ~90%
of cells over the course of differentiation.

(B) Allele-specific RT-gPCR showing relative expression from each allele for several X-
linked genes in ARepA and ARepAB differentiating female ESCs. Error bars show standard
deviation between 3 biological replicates. Two-tailed student #-test, asterisks indicate p <
0.05.

(C) Atrx and Mecp2 nascent RNA FISH combined with Xist RNA FISH in ARepA and
ARepAB differentiating female ESCs. Only Xist-positive cells (XMUSX®aS and XMUSQ) were
examined. Arrowheads mark positions of Xist cloud.
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(D) Quantification of (C). Note that no Xist clouds are present at day 0 to indicate X™{S, but
expressionis inferred by the presence of two pinpoint signals. /7> 100 per time point.

(E) H2AK119ub and H3K27me3 IF combined with Xist RNA FISH in ARepA and ARepAB
differentiating female ESCs. Note the diffuse Xist cloud morphology caused by disruption of
Repeat B/Polycomb (Fig. 1D) (Colognori et al., 2019) appears exacerbated by additional
loss of Repeat A/Polycomb (but not by Repeat A loss alone). Only Xist-positive cells
(XMusxcas and XMUSQO) were examined.

(F) Quantification of (E). Note that no Xist clouds are present at day 0 to indicate X™MYS, but
cells accordingly show no focal enrichment of H2AK119ub or H3K27me3. 12> 100 per time
point.
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Figure 4. Repeat B, but not A, continues to play a role in maintaining Polycomb across Xi.
See also Figures S1 and S4.

(A) H2AK119ub and H3K27me3 IF combined with Xist RNA FISH in WT Xist, ARepA,
and ARepB female MEFs. 7> 100 per deletion cell line, with nearly all cells showing the
indicated pattern of enrichment for each mark.

(B) Allele-specific H2AK119ub/H3K27me3 ChIP-seq in WT Xist, ARepA, and ARepB
MEFs.

(C) Zoom-in of allele-specific ChlP-seq tracks in (B).

(D) Boxplots quantifying allele-specific ChlP-seq coverage over X-linked genes. Wilcoxon
rank-sum test, p values as shown.
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(E) Diagram summarizing roles of Repeats A and B in gene silencing and Polycomb
recruitment throughout XCI. Repeat A is required for initial gene silencing and an early
wave of Polycomb recruitment; Repeat B is required for sustained gene silencing and
Polycomb recruitment. Dashed line indicates uncertain or minimal contribution.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit monoclonal anti-H3K27me3 GeneTex Cat#GTX60892
Rabbit monoclonal anti-H2AK119ub Cell Signaling Cat#CST8240
Chemicals, Peptides, and Recombinant Proteins

Recombinant mouse LIF Sigma Cat#ESG1107
Critical Commercial Assays

NEBNext Poly(A) mRNA Magnetic Isolation Module New England BioLabs Cat#E7490S
Agencourt AMPure XP Beads Beckman Coulter Cat#A63881
NEBNext ChIP-Seq Library Prep Master Mix Set for Illumina New England BioLabs Cat#E6240S
NEBNext Multiplex Oligos for Illumina (Index Primers Set 1) New England BiolLabs Cat#E7335S
Quant-iT PicoGreen dsDNA Reagent Thermo Fisher Scientific Cat#P7581
NEBNext Ultra Directional RNA Library Prep Kit for lllumina New England BiolLabs Cat#E7420S
Deposited Data

RNA-seq in WT Xist female mouse differentiating ESC (days This study GEO: GSE135389
0,5,6,7,8,10)

1R‘{\)IA-seq in WT Xist female mouse differentiating ESC (day Colognori et al., 2019 GEO: GSE107217
RNA-seq in ARepB Xist female mouse differentiating ESC This study GEO: GSE135389
(days, 0,5,6,7,8,10)

RNA-seq in ARepB Xist female mouse differentiating ESC Colognori et al., 2019 GEO: GSE107217
(day 14)

H3K27me3 ChIP-seq in WT Xist female mouse differentiating This study GEO: GSE135389
ESC (days 0,5,8,14)

H3K27me3 ChIP-seq in ARepB Xist female mouse This study GEO: GSE135389
differentiating ESC (days 0,5,8,14)

H2AK119ub ChIP-seq in WT Xist female mouse differentiating | This study GEO: GSE135389
ESC (days 0,5,8,14)

H2AK119ub ChIP-seq in ARepB Xist female mouse This study GEO: GSE135389
differentiating ESC (days 0,5,8,14)

H3K27me3 ChIP-seq in WT Xist female MEF Colognori et al., 2019 GEO: GSE107217
H3K27me3 ChIP-seq in ARepA Xist female MEF This study GEO: GSE135389
H3K27me3 ChIP-seq in ARepB Xist female MEF Colognori et al., 2019 GEO: GSE107217
H2AK119ub ChIP-seq in WT Xist female MEF Colognori et al., 2019 GEO: GSE107217
H2AK119ub ChIP-seq in ARepA Xist female MEF This study GEO: GSE135389
H2AK119ub ChIP-seq in ARepB Xist female MEF Colognori et al., 2019 GEO: GSE107217

Mendeley data

This study

http://dx.doi.org/10.17632/77fjk9p346.1

Experimental Models: Cell Lines

WT Xist female ESC (7six™T/*) Ogawa et al., 2008 N/A
ARepA Xist female ESC (clone 8) This study N/A
ARepB Xist female ESC (clone D2) Colognori et al., 2019 N/A
ARepAB Xist female ESC (clone 9) This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
WT Xist female MEF (EY.T4) Yildirim et al., 2011 N/A

“Old” ARepA Xist female MEF (clone X9) Colognori et al., 2019 N/A

“New” ARepA Xist female MEF (clone ds4) This study N/A

ARepB Xist female MEF (clone 22) Colognori et al., 2019 N/A
Oligonucleotides

Oligo FISH probes used for Xist RNA FISH Colognori et al., 2019 N/A

Stellaris FISH probes used for Atrx and Mecp2 nascent RNA LGC Biosearch Technologies | Custom

XMP X Green Mouse Chromosome Paint MetaSystems Cat#D-1420-050-FI
gRNAs used to generate Xist deletions (see Table S1) Integrated DNA Technologies | N/A

PCR primers (see Table S2) Integrated DNA Technologies | N/A

Recombinant DNA

pSpCas9(BB)-2A-GFP (PX461) Ran et al., 2013 Addgene Cat#48140
pSpCas9(BB)-2A-Puro (PX459) v2.0 Ran etal., 2013 Addgene Cat#62988

Software and Algorithms

HOMER v4.8 Heinz et al., 2010 http://homer.ucsd.edu/homer/index.html

NovoAlign v3.02 Novocraft http://www.novocraft.com/products/
novoalign/

TopHat2 v2.0.10 Kim et al., 2013 https://cch.jhu.edu/software/tophat/

index.shtml

SPP

Kharchenko et al., 2008

http://compbio.med.harvard.edu/
Supplements/ChlIP-seq/

featureCounts v1.5.0-p1

Liao et al., 2014

http://subread.sourceforge.net

SAMtools v1.4.1

Li et al., 2009

http://samtools.sourceforge.net/
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