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SUMMARY

In mammals, X chromosome dosage is balanced between sexes through the silencing of one X chromosome in females. Recent sin-
gle-cell RNA sequencing analysis demonstrated that the inactivation of the X chromosome is accompanied by the upregulation of
the active X chromosome (Xa) during mouse embryogenesis. Here, we have investigated if the reactivation of inactive-X (Xi) leads
to the loss of Xa upregulation in different cellular or developmental contexts. We find that while Xi reactivation and loss of
Xa upregulation are tightly coupled in mouse embryonic epiblast and induced pluripotent stem cells, that is not the case in
germ cells. Moreover, we demonstrate that partial reactivation of Xi in mouse extra-embryonic endoderm stem cells and human
B cells does not result in the loss of Xa upregulation. Finally, we have established a mathematical model for the transcriptional co-
ordination of two X chromosomes. Together, we conclude that the reactivation of Xi is not always synchronized with the loss of Xa

upregulation.

INTRODUCTION

X-linked genes play a crucial role in the development
and cell fate specification (Cloutier et al.,, 2022;
Marahrens et al., 1997; Schulz et al., 2014; Zhang et al.,
2016). In therian female mammals, one of the X
chromosomes is inactivated to compensate for the
dosage of X-linked gene expression between sexes
(Lyon, 1961). Therefore, X-linked genes are monoalleli-
cally expressed in both sexes compared to the biallelic
autosomal expression. To balance the X-linked gene
dosage relative to autosomal genes, genes on the
active-X (Xa) undergo upregulation. The concept of X
chromosome upregulation (XCU) was first hypothesized
by Ohno in 1967 (Ohno S, 1967). As per Ohno, during
the evolution of sex chromosomes, the Y chromosome
degraded, which led to a dosage imbalance between X
and autosomal genes, which was rectified through the
upregulation of X chromosome (Graves, 2016; Ohno S,
1967). Subsequently, to counteract the overexpression
of X-linked genes due to this upregulation, females
evolved X chromosome inactivation (XCI). However,
the existence of XCU remained contested for a long
time. The first evidence of XCU was documented
through microarray-based studies (Nguyen et al,
2006; Gupta et al., 2006; Lin et al.,, 2007, 2011).
Subsequently, many studies confirmed the presence of
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XCU (Borensztein et al., 2017a; Cidral et al.,, 2021;
Deng et al., 2011, 2013; Kharchenko et al., 2011; Larsson
etal., 2019; Li et al., 2017; Lyu et al., 2022; Mahadevaiah
et al., 2020; Mandal et al., 2020; De Mello et al., 2017;
Pessia et al., 2012; Sangrithi et al., 2017; Wang et al.,
2016; Yildirim et al.,, 2012). However, some studies
refuted the existence of such XCU (Chen et al., 2020;
Lin et al.,, 2012; Wang et al., 2017; Xiong et al., 2010;
Yang and Chen, 2019). Recently, Lentini et al., using
allele-resolved single-cell RNA sequencing (scRNA-seq)
analysis, showed that XCU and XCI occur in a coordi-
nated manner during early embryogenesis (Lentini
et al., 2022). Subsequently, we also demonstrated such
coordination between two X chromosomes in pre-gastru-
lating mouse embryos (Naik et al., 2022). In fact, it was
shown that reactivation of the inactive-X (Xi) in inner
cell mass (ICM) of blastocyst or mouse embryonic stem
cells (mESCs) leads to the loss of Xa upregulation (Lars-
son et al., 2019; Lentini et al., 2022). However, whether
such coordination between two X chromosomes in fe-
male cells is a universal phenomenon or restricted to
certain developmental windows or cell types remains
underexplored. In this study, we have explored the ki-
netics of loss of Xa upregulation upon Xi reactivation
in different developmental or cellular contexts and
show that loss of Xa upregulation is not always synchro-
nized with Xi reactivation.
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RESULTS

Loss of Xa upregulation upon reactivation of Xi in
mouse embryonic epiblast

In mice, XCI happens in two phases: initially imprinted
XCI in pre-implantation embryos, where paternal-X gets
inactivated (XiP*) and later switches to random XCI in
the post-implantation epiblast (Huynh and Lee, 2003;
Lyon, 1961; Okamoto et al., 2004; Takagi and Sasaki,
1975). Switching of imprinted to random XCI is mediated
through the reactivation of the imprinted Xi in the epiblast
cells (Mak et al., 2004; Okamoto et al., 2004). We explored
Xa expression dynamics during the initiation of imprinted
XCI by profiling allele-specific gene expression at different
stages of mouse pre-implantation embryos using available
scRNA-seq datasets (Figure S1A). These embryos harbored
polymorphic sites across their genome as they were derived
from two diverged mouse strains: C57BL/6] (C57) and Mus
castaneous (cast), which allowed us to perform allele-spe-
cific gene expression analysis (Figure S1A). We excluded
low-expressed genes (<1 TPM) from our analysis. First, we
presumably segregated cells of female embryos based on
their XCI status: cells with no XCI (Xa™*XaP%), partial
XCI (Xa™*XpP?), and complete XCI (Xa™*'XiP*") through
profiling fraction expression from maternal Xa (Xa™") (Fig-
ure S1B). As expected, in male cells, we found expression of
X-linked genes from the maternal allele only (Figure S1B).
Additionally, autosomal genes had equivalent allelic
expression from the paternal and maternal alleles, thereby
validating our allele-specific expression analysis methodol-
ogy (Figure S1B). Similarly, we observed the expression of
Xist from the XiP* allele only in pre-implantation embryos
(Figure S1C). Next, we explored the dynamics of Xa™*" up-
regulation upon the initiation of XCI through profiling
allelic X to autosomal (A) gene expression ratio. X:A ratio
is used as an indicator for the presence of XCU. If there is
upregulation from Xa™*, the expected Xa™*:A™" ratio
should be >1 and close to 2. We found that Xa™":A™* ratio
and XaP?:AP?! ratio in Xa™*'XaP** cells was almost equiva-
lent and greater than 1, indicating overall higher
X-linked expression than the autosomal genes during
pre-implantation development (Figure S1D). As expected,
we found that in Xa™*XpP?" cells, XaP*:AP?" ratio tends

to be down and reaches almost none in Xa™*XiP** XaXi
cells, indicating inactivation of the paternal-X (Figure S1D).
Interestingly, we found that the Xa™*:A™?" ratio increased
significantly in Xa™XpP*' and Xa™*'XiP*" cells compared
to Xa™*XaP* cells, indicating concomitant upregulation
of Xa upon XCI (Figure S1D). Similarly, we found that the
Xa™2&A™¢ ratio in male cells was close to 2, indicating
the presence of Xa upregulation (Figure S1D). Next, we pro-
filed the Xa upregulation directly by analyzing the allelic
expression pattern of autosomes and X chromosomes
and found that Xa expression in female Xa™*XpP?!/Xa™
XiP2t cells and male cells is significantly higher compared
to the autosomal allelic expression, corroborating the Xa
upregulation (Figure S1D). To eliminate the effect of gene
expression variation in the scRNA-seq dataset, we per-
formed the aforementioned analysis using common gene
sets among Xa™*'XaP?, Xa™*XpP?, and Xa™*'XiP?" cells
and found a similar trend of Xa upregulation (Figures S1E
and S1F). Moreover, analysis through different stages of
mouse pre-implantation embryos also showed a similar
pattern (Figure S1G). Altogether, in line with previous
findings, we conclude that upon XCI, concomitant Xa up-
regulation balances the X-linked gene dosage relative to
autosomal genes in mouse pre-implantation embryos
(Lentini et al., 2022).

Next, we investigated if the reactivation of Xi leads to the
loss of X upregulation in epiblast cells transitioning from
imprinted to random X inactivation. We identified epiblast
cells of ICM (EPLLICM) from blastocysts (E3.5, E4.0, and
E4.5) through uniform manifold approximation and
projection (UMAP) clustering and marker expression,
following the method as described by Lentini et al. (2022)
(Figures S2A-S2C). As there were few XaXa cells in the
late blastocyst, we used ES.5 XaXa epiblast cells (EPI:ES.5)
as identified in our previous study (Naik et al., 2022).
Next, we compared the allelic X:A ratio between
Xa™@*XiP? (EPLICM) and Xa™*XaP** (EPI:E5.5) cells (Fig-
ure 1A). Interestingly, we found that Xa™*:A™" ratio in
Xa™2XaP** (EPL:E5.5) cells reduced significantly compared
to the Xa™*'XiP?* (EPL:ICM) cells and reached close to 1,
indicating the loss of Xa™*" upregulation in these cells (Fig-
ure 1A and Table S1). Next, we validated this directly
through allelic expression analysis, which also showed no

Figure 1. Erasure of Xa upregulation upon reactivation of Xi in mouse embryonic epiblast

(A) Comparison of allelic X:A ratio (top) and allelic expression of X and autosomes (bottom) between EPI:ICM (Xa™™XiP®") and EPI:E5.5
(Xa™XaP") cells. A comparison between EPI:ICM and EPI:E5.5 epiblasts of male cells is also plotted.

(B) Comparison of allelic X(escapees):A ratio (left) and allelic expression of escapees and autosomes (right) between EPT:ICM (Xa™XiP™")

and EPI:E5.5 (Xa™™XaP™") cells.

(C) Heatmap representing the allelic expression changes of Xa™* and XiP** genes upon transition of EPT:ICM (Xa™XiP*") cells to EPI:E5.5
(Xa™XaP*) cells. Xa™, maternal active-X; XiP*", paternal inactive-X. In all boxplots, the line inside each of the boxes denotes the median
value, the red circle denotes the mean value, and the edges of each box represent 25% and 75% of the dataset, respectively (Wilcoxon
rank-sum test: p values < 0.0001; ****, < 0.01; **, NS: not significant).
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significant differences in expression between Xa™*' and

A™2* allelic expression in Xa™**XaP* (EPL:ES.5) cells (Fig-
ure 1A). Analysis using a common set of genes among
Xa™*XaP* vs. Xa™*'XiP?" cells corroborated our observa-
tions (Figures S2D and S2E). Next, we performed the afore-
mentioned analysis with escapee genes only. Genes with
fraction XiP?* allele expression >0.10 in EPI:ICM (Xa™*Xi-
Paty cells were categorized as escapee genes (Figure S2F).
We found that escapee genes also undergo upregulation
in Xa™XiP?* (EPL:ICM) cells and upregulation is lost in
Xa™¥*XaP?" (EPL:ES.5) cells (Figure 1B). We would like to
clarify that our escapee list can be confounded slightly
with the genes undergoing reactivation at this stage. How-
ever, we found that many escapee genes identified belong
to the escapees reported earlier in different mouse cells.
Finally, allelic expression analysis of individual X-linked
genes revealed that, indeed, the expression of many genes
from the Xa™** is reduced upon transition from Xa™?'XiP?¢
to Xa™?*XaP* state (Figure 1C). Taken together, these ana-
lyses suggested the loss of Xa upregulation in female
epiblast upon reactivation of the Xi. Overall, we found a
positive correlation between the XCI and XCU across
different stages of embryogenesis (Figure S2G). We
extended our analysis to male cells as well. Surprisingly,
we found that there is a reduction in Xa™®:A™" ratio in
EPI:E5.5 cells compared to the EPL:ICM cells, albeit the
Xa™@:A™2t ratio was still close to 1.5 (Figure 1A). Impor-
tantly, the allelic expression analysis confirmed the pres-
ence of upregulated Xa in the EPLES.5 male cells
(Figure 1A).

Loss of Xa upregulation upon reactivation of the Xi
during mouse iPSC reprogramming

It is known that Xi genes get reactivated during the
induced pluripotent stem cell (iPSC) reprogramming, and
this reprogramming system has extensively been used to
understand X chromosome dynamics (Bauer et al., 2021;
Janiszewski et al.,, 2019; Maherali et al.,, 2007; Pasque
et al., 2014; Talon et al., 2021). We investigated the status
of Xa upregulation upon reactivation of Xi during the re-

programming of female mouse embryonic fibroblast
(MEF) to iPSC. We used the available bulk RNA sequencing
(RNA-seq) dataset of Oct4, Sox2, Klf4, and Myc-mediated
iPSC reprogramming from the study by Janiszewski et al.
(2019) (Figure 2A). These cells harbor polymorphic chro-
mosomes originating from Mus musculus (mus) and cast
strains, which allowed us to profile allelic expression (Fig-
ure 2A). Notably, these cells were pre-selected to have the
XM as the Xi (Janiszewski et al., 2019). We analyzed day
2 MEF, different intermediate FUT4-positive cells (day 8,
day 10, day 13, and day 15), and iPSCs (Figure 2A). We
considered genes that showed >10 TPM expression for
our analysis to exclude low-expressed genes. We found
that Xa“®:A“" ratio in day 2 MEF was close to 2, indi-
cating upregulation of Xa®' (Figure 2B). Intriguingly, we
found a gradual decrease in the Xa“%A“" ratio from day
8 onward upon the increase in Xi™"*:A™" ratio, suggesting
concomitant loss of Xa“* upregulation upon reactivation
of Xi™* (Figure 2B). Indeed, gene-wise analysis of reacti-
vated genes (genes with fraction expression from X™*
>0.1 in XaXa iPSCs) revealed a decrease in the expression
of many genes from Xa®" in Xa“"Xa™"* iPSC compared
to the Xa“'Xi™"* day 2 MEF cells (Figures S3A and S3B).
Next, to get better insight, we extended our analysis to
the single-cell level using the scRNA-seq dataset from
Talon et al. (2021). These cells are hybrid (cast X mus),
and inactivation is skewed toward the X™Y allele,
which enabled us to profile allelic gene expression and
distinguish expression from Xa®" vs. Xi™* (Figure 2C).
We analyzed day O MEF, different intermediate SSEA1-
positive cells (day 8, day 9, day 10, and day 12), and iPSCs
(Figure 2C). First, we presumably identified X-inactivated
(Xa®™tXi™") and X-reactivated (Xa“'Xa™") cells by
profiling the fraction of allelic expression of X chromo-
somes throughout the different stages of reprogramming
(Figures S3C and S3D). As expected, we found that day O
MEF cells belonged to the X-inactivated category, whereas
iPSC belonged to the X-reactivated category (Figure S3D).
The majority of cells of day 8, day 9, day 10, and day 12
belonged to the X-inactivated category along with

Figure 2. Erasure of Xa upregulation upon reactivation of Xi during mouse iPSCs reprogramming

(A) Schematic showing different stages of reprogramming of female MEF to iPSC (bulk RNA-seq dataset).

(B) The plot represents allelic X:A ratio throughout the different stages of iPSC reprogramming.

(C) Schematic showing different stages of reprogramming of female MEF to iPSC (scRNA-seq dataset).

(D) Top: comparison of allelic X:A ratio between X-inactivated (Xa®™i™") vs. X-reactivated (Xa“®**Xa™*) cells during iPSC reprogramming.
Bottom: allelic expression (log2 allelic TPM+1) of X-linked and autosomal genes in X-inactivated vs. X-reactivated cells during iPSC re-
programming (Wilcoxon rank-sum test: p value < 0.0001; ****, NS: not significant).

(F) Heatmap representing the allelic expression changes of Xa®* and Xi™ genes upon conversion of X-inactivated (Xa“*Xi™*) cells to

X-reactivated (Xa“®**Xa™*) cells during iPSC reprogramming.

(F) Plots representing non-allelic X:A ratio throughout the different stages of reprogramming of male MEF to iPSC. In all boxplots, the line
inside each of the boxes denotes the median value, the red circle denotes the mean value, and the edges of each box represent 25% and

75% of the dataset, respectively.
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X-reactivated cells (Figure S3D). Next, we profiled allelic
X:A ratio in these cells throughout the different stages of
reprogramming. We found that Xa®:A®“' ratio in
X-inactivated (Xa“®*Xi™") cells was >1.5 and close to 2,
indicating Xa®" upregulation (Figure 2D; Table S2). Inter-
estingly, Xa“%A' ratio decreased significantly in
X-reactivated (Xa“"Xa™") cells and reached to ~1, sug-
gesting the loss of Xa“' upregulation in these cells (Fig-
ure 2D; Table S2). Allelic expression analysis of X-linked
and autosomal genes also conferred the loss of X upregula-
tion in X-reactivated (Xa'Xa™") cells (Figure 2D).
Moreover, analysis of a common set of genes among
X-inactivated vs. X-reactivated cells also recapitulated the
loss of Xa“* upregulation (Figures S4A and S4B). Next,
we delineated the correlation between the loss of Xa®" up-
regulation vs. reactivation of the Xi™* by comparing the
Xa®*: A" ratio with the fraction expression from Xa®*
and we found a moderate positive correlation (r = 0.65),
indicating Xi reactivation and loss of Xa upregulation are
tightly coupled (Figure S4C). Next, we compared the allelic
expression of individual reactivated X-linked genes be-
tween X-inactivated vs. X-reactivated cells (Figures S4D
and 2E). As expected, we found that many X-linked
genes showed a reduction in expression from the Xa®"
upon conversion from X-inactivated (Xa“*'Xi™*) to
X-reactivated (Xa®'Xa™") state during reprogramming
(Figure 2E). Escapee genes also showed a gradual loss of up-
regulation from the Xa“' upon the gradual increase of
their expression from the Xi™* (Figure S4E). Altogether,
our analysis suggested dynamic loss of Xa upregulation
upon reactivation of the Xi during iPSC reprogramming.
Our result is in line with previous findings, which showed
that reactivation of the Xi is associated with the loss of Xa
upregulation in mESC and ICM (Larsson et al.,, 2019;
Lentini et al., 2022). On the other hand, we also profiled
Xa expression dynamics during iPSC reprogramming in
male cells through X:A ratio analysis using available bulk
RNA-seq datasets (Chronis et al., 2017; Velychko et al.,
2019) (Figure 2F). As expected, we find that male cells do
not undergo such loss of Xa upregulation as observed in fe-
male cells (Figure 2F). Together, we conclude that the loss
of Xa upregulation during iPSC reprogramming is female
specific and primarily triggered by the reactivation of
the Xi.

The reactivation of Xi and loss of Xa upregulation are
not well coordinated in mouse germ cells

Germ cells are specified as primordial germ cells (PGCs)
from the post-implantation epiblast of mouse embryo
(Hajkova et al., 2002, 2008; Lawson et al., 1999). PGCs
then migrate to the gonad, where they undergo sexual
differentiation. During the migration, PGCs undergo
extensive epigenetic reprogramming to erase the parental
information and establish new marks during gametogen-
esis (Du et al., 2022; Hill et al., 2018). One such crucial
epigenetic reprogramming that occurs in female PGCs is
the reactivation of the Xi (Chuva De Sousa Lopes et al.,
2008; Sangrithi et al., 2017; Severino et al., 2022; Sugimoto
and Abe, 2007). However, whether the reactivation of Xi in
germ cells leads to the loss of Xa upregulation remains
poorly understood. Here, we have profiled the Xa expres-
sion dynamics during the reactivation of the Xi in germ
cells at the single-cell level using the available scRNA-seq
dataset of an in vitro germ cell differentiation system (Sever-
ino et al., 2022). In brief, Severino et al. derived primordial
germ cell like cells (PGCLCs) from embryonic stem cells
(ESCs) and differentiated PGCLCs to facilitate their meiotic
entry using an in vitro reconstituted ovary (rOvary). rOvary
was reconstituted through the aggregation of PGCLC and
somatic cells from E13.5 embryonic gonad along with
mesonephros to mimic female urogenital environment to
facilitate the meiotic entry of germ cells (Hayashi et al.,
2012). It has been shown that rOvary mimics the proper
development of germ cells, including X reactivation,
imprint erasure, and cyst formation (Hayashi et al,
2012). Importantly, Severino et al. have demonstrated
that this in vitro PGCLC system recapitulates the heteroge-
neity and X chromosome dynamics of in vivo germ cell
specification during the post-implantation development
(Severino et al., 2022).

We analyzed scRNA-seq data of differentiated mouse
germ cells, which originated from XGFP-negative PGCLC
population as described in the study by Severino et al.
(2022) (Figure 3A). XGFP-negative PGCLC population
harbored inactivated X chromosome and underwent reac-
tivation upon rOvary-mediated differentiation and thereby
served as a good system to track the loss of Xa upregulation
upon Xi reactivation. Additionally, these cells harbored
polymorphic chromosomes from mus and cast origins,

(B) Comparison of allelic X:A ratio between X-inactivated (Xa“'Xi™) and X-reactivated (Xa“*"Xa™"*) cells.

(C) Allelic expression (log2 allelic TPM+1) of X-linked and autosomal genes in X-inactivated (Xa“*'Xi

(XaCaStXamUS) .

(D) Scatterplots showing the correlation between Xa
Xcast

cast

upregulation (Xa
allele) in mitotic, pre-meioticl, pre-meiotic2, and meiotic (labeled with different colors) germ cells. R is Pearson’s correlation. In all

M) vs. X-reactivated cells

cast_Acast mus

) and reactivation of the Xi"™* (fraction expression from

boxplots, the line inside each of the boxes denotes the median value, the red circle denotes the mean value, and the edges of each box
represent 25% and 75% of the dataset, respectively (Wilcoxon rank-sum test: p values < 0.0001; ****, < 0.01; ** and < 0.05; *; NS: not

significant).
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thereby allowing us to profile allele-specific expression.
Notably, X™" is inactivated in these cells (Figure 3A). First,
we segregated cells into mitotic and meiotic populations
based on UMAP and marker-based clustering, as described
by Severino et al. (2022) (Figure S5A). In consistency with
Severino et al., we identified mitotic (mitotic 1 and 2), early
meiotic (pre-meiotic 1 and 2), and late meiotic germ cells
(Figures S5A and S5B). Next, we presumably categorized
X-inactivated (Xa“*'Xi™"%) and X-reactivated (Xa“**Xa™")
cells by profiling the fraction allelic expression of X chro-
mosomes (Figure S5C). We excluded low-expressed genes
(<1 TPM) from our analysis. As expected, Xa“*":A“" ratio
of X-inactivated (Xa®*Xi™") cells of different stages was
~1.5-2, suggesting these cells harbor upregulated Xa (Fig-
ure 3B). However, we found that there was no reduction
in Xa®“A®* ratio in X-reactivated (Xa“*'Xa™"*) meiotic
germ cells, indicating no loss of Xa upregulation in these
meiotic cells upon X reactivation (Figure 3B and
Table S3). To validate more, we compared the allelic expres-
sion of X chromosomes with the autosomal alleles
of meijotic germ cells. Indeed, we found that like
X-inactivated cells (Xa“'Xi™"), the expression of Xa“*"
was significantly higher compared to the autosomal alleles
in X-reactivated (Xa“®'Xa™") meiotic germ cells, corrobo-
rating the fact that there is no loss of Xa®* upregulation
in these cells (Figure 3C). Next, we performed gene-wise
analysis for the reactivated genes (genes with fraction
X™Us expression >0.10 in Xa'Xa™"* cells, excluding es-
capees) (Figure S6D). We found that the majority of reacti-
vated genes did not have a reduction in expression from
the Xa®" in X-reactivated (Xa“*'Xa™") pre-meiotic cells
compared to the X-inactivated (Xa®'Xi™") cells (Fig-
ure S7D). Only a subset of X-linked genes showed a mild
reduction in Xa“* expression (Figure S7D). Taken together,
our analysis suggests that the reactivation of the Xi and the
loss of Xa upregulation are not well coordinated in meiotic
germ cells. On the other hand, we observed a significant
reduction in Xa“*“A“**ratio in X-reactivated (Xa“**Xa™")
pre-meiotic cells compared to the X-inactivated (Xa®"
Xi™%) cells (Figure 3B). However, we must mention that
Xa ' A was still quite high in X-reactivated pre-meiotic
cells, indicating that the loss of Xa" upregulation is not
robust in these cells. In fact, allelic expression analysis of
X-linked and autosomal genes showed significantly higher
expression of Xa" genes compared to the autosomal al-
leles in X-reactivated (Xa“®'Xa™") pre-meiotic cells, sug-
gesting these cells are maintaining Xa upregulation despite
the robust Xi reactivation (Figure 3C). We would like to
mention that allelic expression analysis provides a better
readout of Xa upregulation compared to the X:A ratio.
Gene-wise analysis of the reactivated genes (Figures S6B
and S6C) also showed that many genes do not have a reduc-
tion in expression from the Xa®' in X-reactivated (Xa“"

Xa™") pre-meiotic cells compared to the X-inactivated
cells (Xa®*'Xi™") (Figures S7B and S7C). Only a subset of
X-linked genes showed a mild reduction in Xa®** expres-
sion. On the other hand, X-reactivated mitotic cells
showed a robust reduction in Xa“":A®" ratio compared
to the inactivated cells, although the Xa®*' expression
was still quite high compared to the autosomal alleles,
which was corroborated in gene-wise allelic expression
analysis (Figures 3B, 3C, S6A, and S7A). However, we
noticed slight hyperactivation of the Xi™"* allele in reacti-
vated (Xa®'Xa™") mitotic cells. Taken together, we
conclude that loss of upregulation is partial, not complete,
in the case of pre-meiotic and mitotic germ cells. Indeed,
correlation analysis between loss of Xa upregulation vs.
Xi reactivation showed a moderate correlation for mitotic
or pre-meiotic germ cells (r = 0.66-0.75), whereas correla-
tion was very much lower for meiotic germ cells (r = 0.26)
(Figure 3D). To mitigate the variation in gene numbers in
our scCRNA-seq analysis, we repeated our X:A and allele-spe-
cific expression analysis using a common set of genes be-
tween X-inactivated vs. X-reactivated cells and found that
overall observations remain consistent (Figure S8B and
S8C). Similarly, analysis of mitotic 1 and mitotic 2 cells
separately resulted in similar outcomes (Figure S8D). Inter-
estingly, we found that most of the escapees undergo loss of
Xa upregulation upon Xi reactivation in mitotic, pre-
meiotic, and meiotic cells (Figures S8A and S6). Next, we
explored if X reactivation timing contributes to the
observed differences in pre-meiotic vs. meiotic gem cells.
To explore that, we identified the late reactivating genes,
which are reactivated in pre-meiotic 2 or meiotic cells but
not in pre-meiotic 1 cells. However, we could identify
only a few such genes and found that while few of them un-
dergo loss of Xa upregulation, others do not (Figure S8E).
We want to emphasize that our analysis is currently limited
by low gene numbers, and therefore, it will be interesting to
explore this aspect using the in vivo germ cell development
dataset in the future. Collectively, we conclude that the loss
of Xa upregulation upon Xi reactivation in pre-meiotic or
meiotic germ cells is not well coordinated as it was observed
for embryonic epiblast or iPSCs. It is worth discussing that
in vitro re-capitulation of germ cell development may not
faithfully illustrate the in vivo conditions, and therefore,
more extensive study using an in vivo system can provide
better clarity. On the other hand, we would like to mention
that for analysis related to germ cells, we used genes from
the following autosomes: Chr13, Chr9, Chr8, Chr7, and
Chr$, as other autosomes are not fully hybrid in these cells.
This was because the ESC line used for germ cell generation
by Severino et al. was an F2 ESC line derived from a cross of
mus with cast (Severino et al., 2022). Therefore, to be
consistent, we repeated our analysis for the embryonic
epiblast and iPSC data considering these autosomes only,
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and we found that the overall results remained consistent
(Figures S9A and S9B).

Partial reactivation of Xi in mouse XEN and human B
cells does not trigger the loss of Xa upregulation

So far, in the aforementioned experiments, we investigated
the loss of Xa upregulation in different lineages, which
undergo spontaneous Xi reactivation. Next, we explored
if the forced reactivation of Xi can trigger the loss of Xa up-
regulation in cell types that do not undergo Xi reactivation
naturally. In a recent study, we showed that ablation of Xist
in extra-embryonic endoderm (XEN) stem cells leads to the
partial reactivation of Xi (Arava et al., 2023). Here, we
explored if the reactivation of Xi genes in these cells leads
to the loss of Xa upregulation. The XEN cells were derived
from two divergent mouse strains, mus and Mus Molassinus
(mol), allowing us to perform allele-specific gene expres-
sion analysis. Importantly, X inactivation is skewed toward
paternal-X (X™"%) as XEN cells undergo imprinted X inacti-
vation (Figure 4A). In these cells, Xist was deleted from
paternal or Xi allele (AXist™"®) through a CRISPR-Cas9-
based approach using two single-guide RNAs (sgRNAs) tar-
geting the Xist upstream region and intron1, respectively
(Figure 4A) (Arava et al., 2023). We validated the lack of
Xist expression in this AXist™"® XEN cell line using RNA-
fluorescent in situ hybridization (RNA-FISH) and RNA-seq
analysis (Figures 4B and 4C). Next, to track the reactivation
and loss of Xa upregulation, we compared allelic X:A ratio
between wild-type (WT) and AXist™*® XEN cells using the
allelic RNA-seq data. We found that while Xi™"*:A™"* ratio
in WT XEN cells is close to zero, it increased to ~0.5 in
AXist™"* XEN (Figure 4D). Similarly, allelic expression anal-
ysis showed almost no expression of X-linked genes from
the Xi™* in WT cells; however, Xi gene expression
increased in AXist™"* XEN (Figure 4E). However, the incre-
ment was minimal and much lesser than the autosomal
allelic expression, suggesting partial reactivation of the Xi
(Figure 4E). However, we observed no differences in
Xa™LA™l ratio between WT and AXist™ XEN cells, indi-

cating no loss of Xa upregulation (Figure 4D). Allelic
expression analysis of X-linked and autosomal genes
corroborated similar facts (Figure 4E). Next, we interro-
gated if homologous genes on the Xa of the reactivated
genes undergo loss of Xa upregulation. To test this, first,
we presumably identified different categories of reactivated
genes (Xr-low, Xr-intermediate, and Xr-robust) based on
the fraction allelic expression from the Xi (Figure 4F).
Next, we compared allelic X:A ratio and allelic expression
of these reactivated genes between WT and AXist™"* XEN
cells. We found that the Xa™:A™°! ratio for reactivated
genes in WT XEN cells was close to 1.5, indicating these
genes undergo upregulation; however, there was no change
of this ratio in AXist™® XEN cells (Figure 4G). Similarly,
allelic expression analysis showed significantly higher
expression of these X-linked genes from Xa™°' allele
compared to the autosomal allele in both WT and AXist™"*
XEN cells, indicating no loss of upregulation of these
homologous genes on the Xa upon reactivation on the Xi
(Figure 4H). Finally, we profiled the gene-wise allelic
expression of different categories of reactivated genes in
WT and AXist™*® XEN cells, which revealed not much
change in expression from the Xa upon reactivation
(Figure 4I). Escapee genes also did not show a loss of Xa
upregulation (Figure S9C). Taken together, our analysis re-
vealed that forced partial reactivation of the Xi in AXist™"*
XEN cells does not result in the loss of Xa upregulation
(Figure 5G).

Next, we extended our analysis to human B cells using
available RNA-seq data (Yu et al., 2021). In these cells, Xi
was reactivated by knocking down XIST through CRISPR
interference (sgXIST) along with the treatment with
DNMT and EZH2 inhibitors. Further, these cells have
skewed X inactivation toward the paternal-X and, there-
fore, allowed us to differentiate the X-linked gene expres-
sion from Xa vs. Xi through allele-specific analysis. First,
we performed allelic X:A ratio analysis in these cells and
found that control B cells (Ctrl) harbor upregulated Xa as
indicated by high (>1.5) Xa™®:A™?" ratio (Figure 5A). On

Figure 4. Partial reactivation of Xi does not lead to the loss of active-X upregulation in mouse XEN cells

(A) Schematic showing the target sites of sgRNAs at the Xist locus and heterozygous deletion of Xist from the paternal Xi

™S allele.

(B) Left: detection of Xist/Tsix RNA (white) and Rnf12 (red) through RNA-FISH in WT and AXist™* XEN cells. DAPI stained the nuclei in
blue. The scale bar represents 1 um. Right: quantification of Xist-coated nuclei in WT and AXist™* XEN cells.

-seq signals for Xist in and AXist cells.
(C) RNA-seq signals for Xist in WT and AXist™* XEN cell

(D) Plot representing the allelic X:A ratio in WT and AXist™* XEN cells.

(E) Plot representing autosomal and X chromosome allelic expression (Log?2 allelic TPM+1) in WT and AXist™* XEN cells.

(F) Identification of different categories of reactivated genes (Xr-low, Xr-intermediate, and Xr-robust) based on the reactivation status
through profiling the fraction Xi™* allele expression in WT and AXist™* XEN cells.

(G) Allelic X:A ratio for reactivated X-linked genes in WT and AXist™* XEN cells.

(H) Allelic expression (log2 allelic TPM+1) plot for autosomal and reactivated X-linked genes in WT and AXist™* XEN cells.

(I) Heatmap representing the allelic expression changes of Xa™! and Xi™* genes (reactivated genes) of WT XEN cells upon partial re-
activation of Xi in AXist™* XEN cells (Wilcoxon rank-sum test: p value < 0.0001; ****; NS: not significant).
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the other hand, in sgXIST, inhibitor-treated and sgXIST +
inhibitor cells, there was a modest increase in XiP*“:AP*" ra-
tio compared to the Ctrl, indicating partial reactivation of
the Xi (Figure 5A). However, there were not much changes
in Xa™:A™" ratio in these cells, suggesting no loss of Xa
upregulation (Figure 5A). Allelic expression of X-linked
and autosomal genes corroborated the similar facts (Fig-
ure 5B). Next, to be precise, we extended our analysis by
focusing only on the reactivated genes. As described earlier,
we identified different categories of reactivated genes (Xr-
low, Xr-intermediate, and Xr-robust) through fraction
allelic expression analysis of X chromosomes (Figure 5C).
Allelic X:A ratio analysis of the reactivated genes cohort
showed a slight reduction in Xa™*%A™ ratio in sgXIST, in-
hibitor-treated cells compared to the Ctrl cells (Figure 5D).
However, we did not observe such a reduction in the case of
sgXIST + inhibitor cells (Figure 5D). On the other hand,
allelic expression analysis revealed that there was still
higher Xa™?*" expression compared to the autosomal allelic
expression in sgXIST, inhibitor-treated and sgXIST + inhib-
itor cells (Figure SE). Finally, gene-wise allelic expression
analysis revealed that the majority of genes did not show
a reduction in their expression from the Xa™*" in sgXIST,
inhibitor-treated and sgXIST + inhibitor cells compared to
the Ctrl cells (Figure SF). Very few genes showed a slight
reduction in expression from Xa™' in sgXIST, inhibitor-
treated and sgXIST + inhibitor cells. On the other hand,
we observed that the expression of escapee genes from
the Xa is higher compared to the corresponding autosomal
allelic expression, indicating they undergo upregulation in
B cells. These escapees maintained higher Xa expression
compared to the autosomes in sgXIST, inhibitor-treated
and sgXIST + inhibitor cells, although it was not significant
in the case of sgXIST and sgXIST + inhibitor cells (Fig-
ure S9D). However, the gene-wise analysis did not show a
loss of Xa upregulation for these escapees (Figure SOE).
Overall, it appeared that in B cells, forced partial reactiva-
tion of the Xi does not trigger the loss of Xa upregulation
(Figure 5G). For X upregulation analysis in both XEN and
B cells, we analyzed those genes, which showed >10 TPM
expression to exclude low-expressed genes.

Self-activation with cross-inhibitory regulation
explains X chromosome dynamics during X
reactivation

Next, we attempted to establish a phenomenological
mathematical model to understand the nature of interac-
tions between two X chromosomes during X chromo-
some reactivation. This is a simplified model where the
expression levels of the X chromosomes are abstracted
as nodes in a regulatory network. Our experimental
data have shown dynamic erasure of X upregulation
upon reactivation of the Xi during iPSC reprogramming.
We simulated different alternative models and asked
what nature of interactions between the two X chromo-
somes best explains the observed X chromosome dy-
namics during iPSC reprogramming based on mean
allelic X:A ratio at different stages of reprogramming at
the population level (Figure 2). We also tested different
models in the context of partial reactivation as observed
in AXist™"® XEN cells (Figure 4). In this case, due to the
lack of temporal data, we assumed a hypothetical case of
iPSC reactivation stalling at day 12, and the value at day
12 was extrapolated up to day 15. These values match
qualitatively with the partial reactivation state of
AXist™"® XEN cells. In our modeling framework, each X
chromosome was considered a single entity, and we
used the mean X:A ratio to represent the activity level
for that particular X chromosome.

First, we verified the fits related to X:A ratio dynamics of
the Xa and Xi chromosomes during iPSC reprogramming
using antagonistic/inhibitory cross-regulation between
the two chromosomes. We obtained poor fits, as repre-
sented in Figure 6A, suggestive of the fact that the model
must be modified. The fits obtained by the addition of
self-activations were much better than those without
self-activations (Figure 6B). However, the fits obtained
by the addition of self-inhibition were not satisfactory
(Figure 6C). Similar exercises were done for the partial re-
activation cases, for which the fits were better with self-
activation as compared to the case of self-inhibition and
no self-regulation (Figures 6D-6F). Taken together, this
analysis indicated that some form of self-activatory

Figure 5. Partial reactivation of Xi in human B cells does not lead to the loss of X upregulation
Plots representing (A) allelic X:A ratio and (B) autosomal and X chromosome allelic expression (log2 allelic TPM+1) in Ctrl, sgXIST, inhibitor

and sgXIST + inhibitor-treated B cells.

(C) Identification of different categories of reactivated genes (Xr-low, Xr-intermediate, and Xr-robust) based on the reactivation status
through profiling of the fraction paternal X expression in Ctrl, sgXIST, inhibitor and sgXIST + inhibitor-treated B cells. Plots for (D) allelic
X:A ratio for reactivated genes and (E) allelic expression (log2 allelic TPM+1) for autosomal and reactivated X-linked genes.

(F) Heatmap representing allelic expression of X-linked genes from XiP*" and Xa™™ allele in Ctrl, sgXIST, inhibitor and sgXIST + inhibitor-

treated B cells.

(G) Model representing that the partial reactivation of Xi does not result in loss of Xa upregulation in XEN and B cells. In all
boxplots, the line inside each of the boxes denotes the median value and red circle mean value (Wilcoxon rank-sum test: p values < 0.0001;

*RE* < 0.001; ***, < 0.01; ** and < 0.05; *).
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regulation is necessary to explain the observed X chromo-
some dynamics. Next, we considered all combinations of
cross-regulatory links (interactions between the chromo-
somes) and self-regulatory links (interactions within a
chromosome) (Figure 6G). We first tested the self-regula-
tory connections while the cross-regulatory connections
were kept fixed as inhibitory. For both the full reactivation
and partial reactivation cases, we observed that the
connection to Xi being activatory gives a good fit regard-
less of the connection to Xi (Figures 6H and 6I) compared
to the other cases. Next, we tested the cross-regulatory
connections while fixing the self-regulatory connection
as activatory. Here, we observed that the case that best
fits both the full and partial reactivation case is when
the incoming connection to Xa is inhibitory, while the
incoming connection to Xi can be inhibitory or activatory
(Figures 6] and 6K). Similarly, we also tested the cross-reg-
ulatory connections while fixing the self-regulatory
connection to be inhibitory. We found that the incoming
connection to Xa does not matter as much for the full re-
activation case when the connection to Xi being inhibi-
tory gives a better fit (Figure 6L). In the partial reactivation
case, the incoming connection to Xa being inhibitory
(Figure 6M) provides a relatively better fit, whereas the
incoming connection to Xi does not matter as much. Alto-
gether, our simulation results indicate that the self-activa-
tion with cross-inhibitory regulation better explains the X
chromosome dynamics during reactivation of the Xi
consistently for both partial and full reactivation. Our
model so far has been fit to the mean X:A values at the
population level. However, we observe heterogeneity in
the population in the experimental data, i.e., at any
time point, there is a fraction of the population having
Xi (XaXi) and the others which initiated reactivation of
the Xi (XaXa). Furthermore, this fraction keeps changing
over time. We hypothesized that the heterogeneity can be
explained by the presence of noise in the system. To test
this hypothesis, we added a noise term to our equations

and solved them with the parameter set we obtained
from our fits. We see here that the addition of noise leads
to a fraction of cells reactivating faster than the others in
the system, evident by the bimodality (Figure 6N). Hence,
our model, while phenomenological in nature and devoid
of detailed mechanistic regulatory aspects, is sufficient to
explain the heterogeneity in reactivation in addition to
the mean behavior of the population.

DISCUSSION

In this study, we have explored the coordination of tran-
scriptional output between two X chromosomes in female
cells in different cellular/developmental contexts. We
demonstrate that upon initiation of imprinted XCI in
mouse pre-implantation embryos, there is concomitant
upregulation from the Xa. Our result is consistent with a
recent study by Lentini et al., (2022). Importantly, in line
with the previous findings (Larsson et al., 2019; Lentini
etal., 2022), we show that the reactivation of Xi in the em-
bryonic epiblast cells is tightly coupled with the loss of Xa
upregulation (Figure 1). Similarly, we find that the reactiva-
tion of Xi during iPSC reprogramming is associated with
the dynamic loss of Xa upregulation (Figure 2). However,
we find that the reactivation of the Xi in meiotic germ cells
is not tightly coupled with the loss of Xa upregulation, sug-
gesting that transcriptional states of two Xs are not always
tightly linked; instead, it can occur in a lineage-specific
manner (Figure 3). We acknowledge that our observation
is based on an in vitro system that mimics the meiotic entry
of PGCs, which may not fully represent the in vivo germ cell
developmental dynamics and therefore, in the future,
studying X chromosome dynamics in vivo can provide bet-
ter clarity to this aspect. Indeed, a previous study indicated
that the loss of X upregulation in germ cells in vivo is not
coupled with the reactivation of X chromosome as the
overall expression of X chromosomes was very high

Figure 6. Phenomenological model to explain partial and full reactivation dynamics

(A-F) Plots representing fits obtained from simulations related to X:A ratio of two X chromosomes during iPSC reprogramming: (A) with
only cross-inhibition, (B) with cross-inhibition and self-activation, and (C) with cross-inhibition and self-inhibition. Plot representing fits
on allelic X:A ratio during partial reactivation: (D) with only cross-inhibition, (E) with cross-inhibition and self-activation, and (F) with

cross-inhibition and self-inhibition.

(G) Schematic representation of all combinations of possible cross-regulatory links (interactions between the chromosomes) and self-

regulatory links (interactions within a chromosome).

(H and I) Heatmap representing R? for different fits for testing self-regulatory connections with fixed cross-inhibition on full and partial

reactivation data, respectively.

(3 and K) Heatmaps of R? for fits for testing cross-regulatory connections with fixed self-activation on full and partial reactivation data,

respectively.

(L and M) Heatmaps of R? for fits testing cross-regulatory connections with fixed self-inhibition on full and partial reactivation data,

respectively.

(N) Time-course distribution of X level on addition of noise to the model.
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(Sangrithi et al., 2017). However, the study by Sangrithi
et al. was not able to disentangle the expression between
two X chromosomes at the individual cells as they lacked
single-cell analysis as well as allele-based analysis. On the
other hand, it may be possible that maintaining Xa upregu-
lation is a prerequisite for achieving proper X chromosome
dosage for meiotic entry of germ cells. Indeed, it has been
reported that E12.5 to E14.5 mouse germ cells at the onset
of meiotic entry have an excess dosage of X-linked
gene expression (Sangrithi et al., 2017). Notably, oogenesis
from XO or XY cells was not found to be efficient and
coupled with several defects such as delayed entry to
meiosis and progression, etc. (Hamada et al., 2020). Addi-
tionally, Severino et al. have shown that X chromosome
states are important for efficient meiotic entry (Severino
etal., 2022). In the future, more extensive studies are neces-
sary to understand the relevance of the X chromosome
state to PGC maturation. On the other hand, in the case
of pre-meiotic germ cells, there may be a partial loss of X
upregulation as the loss of upregulation was not complete
or robust (Figures 3C and 3D). Collectively, we conclude
that the coordination of transcriptional output of the two
X chromosomes is not tightly coupled in germ cells as we
observed for embryonic epiblast or iPSC reprogramming
cells. It is worth discussing that it may be possible that
although reactivation of the Xi in pre-meiotic germ cells
was robust, it apparently looks a bit trailing behind from
the completion, and that is why they do not show robust
loss of Xa upregulation. However, our gene-wise analysis
in germ cells showed robust reactivation of many
X-linked genes, but not much erasure of X upregulation
from the Xa chromosome (Figure S7). Moreover, in the
case of iPSC reprogramming, even a bit of partial reactiva-
tion of the Xi in the X-inactivated cells category triggered
the loss of Xa upregulation (Figure 2D). Together, in the
future, more extensive analysis using in vivo germ cells is
necessary to gain more insight into this aspect. On the
other hand, mitotic germ cells showed loss of Xa upregula-
tion upon Xi reactivation; however, we observed hyperac-
tivation of both X chromosomes (Figures 3B and 3C).
Together, our study uncovers that, while the transcrip-
tional outputs of X-linked genes from the two Xs in mouse
embryonic epiblast cells and iPSCs are tightly coordinated,
that is not the case in germ cells.

On the other hand, we demonstrate that forced and par-
tial reactivation of Xi in mouse XEN/human B cells is not
associated with the loss of Xa upregulation either globally
or from the homologous genes (Figure 5G). We must
mention that forced reactivation in XEN/B cells was par-
tial. Therefore, it could be possible that extensive chromo-
some-wide reactivation is necessary to trigger the loss of
Xa upregulation, or these cell types lack the factors
required for erasing Xa upregulation as they do not un-
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dergo the reactivation of Xi spontaneously. We would
like to mention one caveat of our analysis that there could
be a minute or partial loss of Xa upregulation upon partial
reactivation of X-linked genes, which is difficult to cap-
ture in our current analysis. Indeed, we noticed that a
few genes might be undergoing minor erasure or loss of
upregulation from Xa upon Xi reactivation; however,
they need to be investigated further in the future. Sepa-
rately, it is worth mentioning that iPSCs, germ cells, and
XEN cells used for our study were derived from a single
cross. Therefore, it is possible that some of the allelic dif-
ferences observed in our analysis could be due to the
interspecies hybrid mice.

Separately, we have established a phenomenological
mathematical model for transcriptional coordination of
X chromosomes. We show that self-activation and the
cross-inhibition between X chromosomes can provide a
simplified explanation for the observed dynamics of X
chromosomes during iPSC reprogramming (Figure 6).
Notably, our model is in line with the elastic model of
dosage compensation as described earlier (Lentini et al.,
2022). However, it should be noted that this model suffers
from the lack of high-resolution temporal data and might
not have fully captured the inherent heterogeneity of the
iPSC reprogramming system. Similarly, our model is
phenomenological in nature and does not give a mecha-
nistic basis, specifically the genetic and epigenetic factors
involved in the regulation of X chromosome. Future iter-
ations of this modeling framework can incorporate more
specific molecular intermediaries in the process, enabling
a better understanding of the key players. However, we
believe this model will pave the path for future investiga-
tion of different molecular networks involved in such in-
teractions. One possibility is that the cross-inhibition can
be mediated through different trans-acting factors and/or
competition between the two chromosomes for different
trans-acting activators, as we reported previously during
the initiation of random X inactivation (Naik et al.,
2022). On the other hand, self-activation can be mediated
through cis-acting repressors (Mutzel et al., 2019). Taken
together, our study provides insights into X chromosome
transcriptional dynamics in different developmental and
cellular contexts and related mechanistic aspects.

EXPERIMENTAL PROCEDURES

Allele-specific RNA-seq analysis

We performed allele-specific analysis of RNA-seq data as described
previously (Naik et al., 2021). In brief, we created an in silico refer-
ence genome by incorporating strain-specific SNPs into the mm10
reference genome. Strain-specific SNPs were obtained from
the Mouse Genomes Project (https://www.sanger.ac.uk/science/
data/mouse-genomes-project). Reads were mapped separately to


https://www.sanger.ac.uk/science/data/mouse-genomes-project
https://www.sanger.ac.uk/science/data/mouse-genomes-project

parental genomes using STAR. For removing any false positives in
allelic count, we only considered those SNPs with minimum read
counts of 10 (bulk RNA-seq data) and 3 (scRNA-seq data) per SNP
site and used at least 2 informative SNPs per gene. We calculated
allelic read counts by taking an average of SNP-wise reads. We
normalized allelic read counts across cells using scaling factors
obtained from DESeq2 using non-allelic count. The allelic ratio
was calculated using the following formula: Allele-A or Allele-B/
Allele-A + Allele-B. Allelic TPM fraction (A or B) was calculated us-
ing the formula: Allelic ratio (A or B) * TPM of the gene. Here,
Allele-A and Allele-B represents respective strains.

Visualization and plots
All plots were generated using R version 4.2.1 using ggplot2 library
and Integrative Genomics Viewer for genome visualization.

All other experimental procedures can be found in the supple-
mental experimental procedures.

RESOURCE AVAILABILITY

Lead contact
Further information and requests should be directed to Dr. Sri-
monta Gayen: srimonta@iisc.ac.in.

Materials availability
This study did not generate any new unique reagents.

Data and code availability

RNA-seq data for XEN cells are available at Gene Expression
Omnibus (GEO) with accession number: GEO: GSE273917 (Arava
et al., 2023). The other previously published dataset used for this
study is available at GEO under the following accessions: Pre-im-
plantation embryos — GEO: GSE45719 (Deng et al., 2014), GEO:
GSE80810 (Borensztein et al., 2017a), GEO: GSE89900 (Borensz-
tein et al., 2017b), and GEO: GSE74155 (Chen et al., 2016); Post-
implantation: GEO: GSE109071 (Cheng et al., 2019); iPSC: GEO:
GSE153846 (Talon et al., 2021), GEO: GSE126229 (Janiszewski
et al., 2019), GEO: GSE90894 (Chronis et al., 2017), and GEO:
GSE137001 (Velychko et al., 2019); B cells: GEO: GSE164596 (Yu
et al.,, 2021); and germ cells: GEO: GSE169201 (Severino et al.,
2022). The code used for this study is available at https://github.
com/Harshavardhan-BV/rev-XCI.
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Figure S1 (related to Fig. 1). (A) Schematic representing the experimental workflow of profiling
active-X upregulation upon X-inactivation in different stages of mouse pre-implantation hybrid
embryos (8-cell, 16-cell, 32-cell, E3.5 early, E4.0 mid and E4.5 late blastocyst) at the single-cell
level using scRNA-seq dataset. These embryos were generated from the crossing of two divergent
mouse strains, C57 and cast. (B) Top: Classification of female cells of pre-implantation embryos
based on X-inactivation state through profiling of fraction maternal expression of X-linked genes.
Male cells showed expression from the maternal allele only. Bottom: Fraction maternal expression of
autosomal genes in different stages of mouse pre-implantation embryos (8-cell, 16-cell, 32-cell, E3.5
early, E4.0 mid and E4.5 late blastocyst). (C) Box plot representing the allelic Xist expression in
cells of different stages of pre-implantation embryos. (D) Top: Allelic X:A ratio plot and bottom:
allelic expression (log2 allelic TPM+1) plots for X and autosomes in Xa™¥XaPd!; XamaXpPat and
XamXiPd female cells and male cells of pre-implantation embryos. (E) Venn diagram representing
the common set of genes (X and autosomal genes) among Xa™*XaP2'; Xam*XpPa and Xa™*XiP* cells.
(F) Top: Allelic X:A ratio plot and bottom: allelic expression (log2 allelic TPM+1) plots for a
common set of genes (X and autosomal genes) among Xa™#XaP!; Xama#XpPra and XamXiP cells. In
all boxplots, the line inside each of the boxes denotes the median value, red circle denotes the mean
and the edges of each box represent 25% and 75% of dataset, respectively (Wilcoxon rank-sum test:
P-value < 0.0001; ****) (G) Allelic X:A ratio and allelic expression (log2 allelic TPM+1) plots for
X and autosomes in Xa™XaP; Xa™*XpP and Xa™XiP* female cells and male cells throughout
different stages of pre-implantation.
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Figure S2 (related to Figure 1): (A) UMAP clustering of ICM (inner cell mass) and TE cells of
pre-implantation embryos (E3.5 early, E4.0 mid and E4.5 late blastocyst). (B) Violin plots
showing the expression of different markers corresponding to ICM and TE cells in UMAP-
based clusters. (C) Heatmap representing the expression of markers of EPI, TE and PrE clusters.
(D) Venn diagram representing the common set of genes (X and autosomal genes) among
EPLICM (Xa™XiPa) and EPL:E5.5 (Xa™XaP™) cells. (E) Comparison of allelic X:A ratio (top)
and allelic expression of X and autosomes (bottom) between EPL.ICM (Xa™'XiP*) and EPI:E5.5
(XamaXaPa) cells using a common set of genes. In boxplots, the line inside each of the boxes
denotes the median value, the red circle denotes the mean and the edges of each box represent
25% and 75% of the dataset, respectively (Wilcoxon rank-sum test: P-value < 0.0001; **** P-
value < 0.001; ***; NS: not significant). (F) Heatmap representing the allelic expression ratio of
X-linked genes in EPLLICM (XamXiPa) and EPL:ES.5 (Xam*XaPa) cells. Genes with fraction
XiPat allele expression in EPL:ICM (Xa™XiPa") cells< 0.10 are considered X-inactivated genes
and >0.10 as escapee genes. On the other hand, genes with a fraction of Xa™ allele expression
in EPLLES.S (Xa™XaP) cells >0.10 are considered reactivated genes. Genes with fraction
paternal allele expression: < 0.10 represents X-inactivated genes and >0.10 represents escapee
or reactivated genes. (G) Scatter plots of allelic X:A ratio (maternal) vs. fraction expression
from maternal allele in cells of different stages (labelled with different colours) of pre-
implantation embryos. R is Pearson’s correlation.
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Fig S3 (related to Figure 2). (A) Heatmap representing the allelic expression ratio of X-
linked genes in X-inactivated Day?2 (Xa®®tXimws) vs, X-reactivated iPSC (Xa*Xam*) cells.
Genes with fraction Xi™ allele expression in Xa®'Xi™s cells< 0.10 are considered X-
inactivated genes and >0.10 as escapee genes. On the other hand, genes with a fraction of
Xams allele expression in Xa®'Xa™ cells >0.10 are considered reactivated genes. (B)
Heatmap representing allelic expression from X™* and X' allele (Log2 normalised allelic
reads) of X-linked genes X-inactivated Day2 (Xa®Xims) vs. X-reactivated iPSC
(Xa®tXams) cells. (C) UMAP clusters of different stages of reprogramming of female MEF
to iPSC. (D) Identification of X-inactivated (Xa®'Xi™) and X-reactivated (Xa®s'Xam")
cells through profiling fraction Xa®' allele expression at different stages of reprogramming.
Cells with fraction Xa®" allele expression between 0.8 to 1 are categorized as X-inactivated
and the rest as X-reactivated.
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Fig S4 (related to Figure 2). (A) Venn diagram representing the common set of genes (X
and autosomal genes) among X-inactivated (Xa®'Xi™) and X-reactivated (Xa®'Xa™"s)
cells during iPSC reprogramming. (B) Comparison of allelic X:A ratio (top) and allelic
expression of X and autosomes (bottom) between X-inactivated (Xa®'Xi™) and X-
reactivated (Xa®'Xa™") cells using a common set of genes. (C) Scatter plots showing the
correlation between Xa®! upregulation (Xa®®:A") vs. reactivation of the Xi™ (fraction
expression from X' allele) in different stages of iPSC reprogramming (labelled with
different colours). R is Pearson’s correlation. (D) Heatmap representing the allelic
expression ratio of X-linked genes in Xa®'Xi™s vs. Xa®tXa™s cells of iPSC
reprogramming. Genes with fraction Xi™ allele expression in Xa®s'Xi™ cells< 0.10 are
considered X-inactivated genes and >0.10 as escapee genes. On the other hand, genes with
a fraction of Xa™* allele expression in Xa®'Xa™* cells >0.10 are considered reactivated
genes. (E) Allelic expression (log2 allelic TPM+1) of escapee genes and autosomal genes in
X-inactivated (Xa®'Xi™s) and X-reactivated (Xa®'Xa™s) cells during iPSC
reprogramming. In boxplots, the line inside each of the boxes denotes the median value, the
red circle denotes the mean and the edges of each box represent 25% and 75% of the
dataset, respectively. (Wilcoxon rank-sum test: P-value < 0.0001; ****; P-value < 0.05; *,
NS: not significant ).
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Fig S5 (related to Figure 3). (A) Plots representing UMAP-based clustering and
projection of marker gene expression on UMAP plot for mitotic and meiotic germ
cells. (B) Heatmap based on gene expression dynamics representing different stages of
germ cell maturation: mitotic 1, mitotic 2, early meiotic (pre-meiotic 1 and 2) and late
meiotic germ cells. (C) Identification of X-inactivated and X-reactivated cells through
profiling fraction Xa®" allele expression. Cells with fraction Xa®' allele expression
between 0.8 to 1 are categorized as X-inactivated and the rest as X-reactivated.
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Fig S6 (related to Figure 3). Heatmap representing the allelic expression ratio of X-linked
genes in Xa®'Xi™sys, Xa®tXa™ cells of (A) mitotic (B) Pre-meioticl (C) Pre-meiotic2 and
(D) meiotic cells. Genes with fraction Xi™* allele expression in Xa®'Xi™ cells< 0.10 are
considered X-inactivated genes and >0.10 as escapee genes. On the other hand, genes with a
fraction of Xa™ allele expression in Xa®'Xa™* cells >0.10 are considered reactivated genes.
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Fig S7 (related to Figure 3). Heatmap representing the allelic expression of X-linked genes
from X' and X™ allele in Xa®™'Ximsys, Xa®Xa™ cells of (A) mitotic (B) Pre-meioticl (C)
Pre-meiotic2 and (D) meiotic cells.
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Fig S8 (related to Figure 3). (A) Allelic expression (log2 allelic TPM+1) of escapee
genes and autosomal genes in X-inactivated (Xa®'Xi™) and X-reactivated (Xa®sXam)
mitotic, Pre-meioticl, Pre-meiotic2 and meiotic cells. (B) Venn diagram represents the
common genes (X and autosomal genes) among Xa®'Xi™s and Xa®'Xa™* germ cells. (C)
Comparison of allelic X:A ratio (top) and allelic expression of X and autosomes (bottom)
between X-inactivated (Xa®'Xi™*) and X-reactivated (Xa®'Xa™") cells using a common
set of genes. In boxplots, the line inside each of the boxes denotes the median value, the
red circle denotes the mean , and the edges of each box represent 25% and 75% of the
dataset, respectively. (Wilcoxon rank-sum test: P-values < 0.0001; **** < (0.001; *** <
0.01; ** and < 0.05; *). (D) Comparison of allelic X:A ratio (top) and allelic expression of
X and autosomes (bottom) between X-inactivated (Xa®®'Xi™) and X-reactivated
(XacastXamus) mitotic, Pre-meioticl, Pre-meiotic2 and meiotic cells. In boxplots, the line
inside each of the boxes denotes the median value, the red circle denotes the mean and the
edges of each box represent 25% and 75% of the dataset, respectively (Wilcoxon rank-
sum test: P-values < 0.0001; **** < (0.01; ** and < 0.05; * NS: not significant). (E) Top:
heatmap representing the allelic expression ratio of X-linked genes in X-inactivated
(XacastXimus) and X-reactivated (Xa®stXa™"s) pre-meioticl, pre-meiotic2 and meiotic cells.
Genes with fraction Xi™* allele expression in Xa®'Xi™" cells< 0.10 are considered X-
inactivated genes and genes with a fraction of Xa™* allele expression in Xa®'Xa™ cells
>0.10 are considered reactivated genes. Bottom: Heatmap representing the allelic
expression of X-linked genes from X' and X™ allele in Xa®™'Xi™sys. XasXa™" cells
of pre-meioticl, pre-meiotic2 and meiotic cells.
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Fig S9 (related to Figure 1, 2, 3, 4 and 5). (A) Comparison of allelic X:A ratio (top) and
allelic expression of X and autosomes (bottom) between EPL.ICM (Xam*XiP®) and EPI:E5.5
(Xam@XaP) cells. A comparison between EPI:ICM and EPL:ES.5 of male cells is also plotted.
(B) Top: Comparison of allelic X:A ratio between X-inactivated vs. X-reactivated cells during
iPSC reprogramming. Bottom: Allelic expression (log2 allelic TPM+1) of X-linked and
autosomal genes in X-inactivated vs. X-reactivated cells during iPSC reprogramming.
Autosomes used for these plots: Chrl13, Chr9, Chr8, Chr7 and Chr5. In all boxplots, the line
inside each of the boxes denotes the median value, the red circle denote the mean and the edges
of each box represent 25% and 75% of the dataset, respectively (Wilcoxon rank-sum test: P-
values < 0.0001; **** < (.001; *** NS: not significant). (C) Allelic expression (log2 allelic
TPM+1) of escapee genes and autosomal genes in WT vs. AXist™* XEN cells. (D) Allelic
expression (log2 allelic TPM+1) of escapee genes and autosomal genes in Ctrl and sgXIST,
inhibitor and sgXIST + inhibitor treated B-cells. In boxplots, the line inside each of the boxes
denotes the median value, the red circle denotes the mean, and the edges of each box represent
25% and 75% of the dataset, respectively (Wilcoxon rank-sum test: P-values < 0.01; ** and <
0.05; *). (E) Heatmap representing the allelic expression of escapee genes in Ctrl and sgXIST,
inhibitor and sgXIST + inhibitor treated B-cells.



Supplemental Experimental procedure

Cell culture

XEN cells were cultured using media Dulbecco's modified eagle medium (DMEM) (Hi-media,
#ALO07A) supplemented with fetal bovine serum (FBS, Gibco #10270-106) L-glutamine
(Gibco #25030081) Non-essential amino acids (NEAA, Gibco #11140050), penicillin-
streptomycin (Gibco, # 15140122) 1mM of 2-Mercaptanol (Sigma #M6250). Cells were

cultured on gelatin-coated plates and passaged through trypsinization.

RNA fluorescence in situ hybridization (RNA-FISH)

We generated double-stranded RNA-FISH probes as described previously (Gayen et al., 2015).
In brief, probes were generated through random priming of BAC DNA using the Bioprime
labeling kit (Invitrogen, #18094-011). Probes were labeled with Cy3-dUTP or Cy5-dUTP
(Enzo Life Sciences) and purified through ProbeQuant G-50 Micro columns (Cytiva,
#28903408). Probes were precipitated using 0.3M sodium acetate (Sigma, #71196), 300 pg of
Yeast tRNA (Invitrogen, #15401011), 150 pg 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 followed by 100% ethanol. After washing, probes were dried
and resuspended in deionized formamide (VWR Life Sciences, #0606), followed by denatured
at 95°C. Finally, probes were preserved at -20°C in a hybridization solution containing 20%

Dextran sulfate (SRL, #76203), 2X SSC (SRL, #12590).

For RNA-FISH, XEN cells were seeded on the coverslip and grown to ~60-70% confluency
and permeabilized with ice-cold cytoskeleton buffer (CSK, 100 mM NacCl, 300 mM sucrose, 3
mM MgCl,, and 10 mM PIPES buffer [pH 6. 8]) with 0.4% triton-X (SRL #30190). Next, cells
were fixed through 3% paraformaldehyde solution (PFA Electron Microscopy Sciences
#15710) for 10 min and followed by washed three times with ice-cold 70% ethanol. Next, cells
were dehydrated through an ethanol series of 70%, 85%, 95% and 100% and subsequently air-
dried. Cells were then hybridized with double-stranded probes for overnight at 37°C in a humid

chamber. The cell samples were then washed 3x with pre-warmed 2X SSC/50% Formamide,
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2X SSC, and 2 times with 1X SSC for 7 mins each at 37°C. DAPI (Invitrogen, #D1306) was
added during the third 2X SSC wash. The coverslips were finally mounted using Vectashield
(Vector Labs, #H1000) and visualized under the microscope.

RNA-sequencing analysis

Transcriptomic sequencing reads were mapped against mouse genome GRCm38 (mm10), and

human genome GRCh37 (hg19) using STAR (2.7.9a) (Dobin et al., 2013) with default

parameter and aligned reads were counted using HTSeg-count (2.0.2) (Anders et al., 2015).

The expression level of transcripts was calculated using TPM (Transcripts Per Kilobase

Million) counts.

Single-cell clustering and lineage identification

Seurat R package (Butler et al., 2018; Stuart et al., 2019) was used for single-cell clustering
and lineage identification. In brief, highly variable features (HVG) were identified using
“FindVariableFeatures” and cells were clustered using “FindClusters”. For visualization
dimension reduction, UMAP was performed using the function “RunUMAP”. Clusters were
annotated using a subset of lineage-specific marker gene expression. The following parameters
were used for clustering; pre-implantation: HVG=1000, dims=1:35, iPSCs reprogramming:

HVG=3000, dims=1:15 and germ cells: HVG=2000, dims=1:40.

X to A ratio

Considering the huge difference in the number of X-linked and autosomal genes, we calculated
allelic X:A ratio using bootstrapping procedures as described previously (Naik et al., 2022;
Pacini et al., 2021). In brief, we calculated the allelic X:A ratio by dividing the allelic
expression of X-linked genes with the allelic expression of the same number of autosomal
genes selected randomly for each cell/sample. This was repeated 1000 times and the median of
1000 values was considered. The same procedure was followed for the non-allelic X:A ratio
estimation. To exclude low-expressed genes from our analysis, we used genes having >10 TPM
for bulk RNA-seq data and >1 TPM for scRNA-seq data. We also excluded highly expressed

genes as well using a 98-percentile threshold.
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Sexing of the embryo

Sexing of the available single-cell dataset used for this study was performed if the sex was not
mentioned previously. Cells were assigned as male based on Y chromosomal gene expression

(Zty2, Zty1l, Kdm5d, Uty, Usp9y, Ddx3y, Eif2s3y, Ubelyl).

Simulation

We have considered the two X-chromosomes as interacting entities, and they are modeled as

differential equations given by:

dX;
dtL =01 f(KlaXa7n) f(Kliinvn)_le’i (1)
cross self decay
dXa _ f(Ka, Xi,n) f(Ky, Xa,n) — ko X, (2)
dt - 92 29 (3 4, as ), 2 a
Cross self decay
Where,
% if activatory
K, X,n) = % if inhibitory (3)
1 if no effect

Xi is the expression level of the inactive X given as X:A ratio, X, is the expression level of the
active X given as X:A ratio, g1 and g» are the production rates, k1 and k> are the decay rates, n

is the hill coefficient, K, K>, K3 and K4 are the half-saturation constants.

For the data for full reactivation, we took the data obtained from X-reactivation in iPSC given
in Fig. 2. Due to lack of data between day 0 to day 8, the starting point for X-reactivation was
considered to be day 7 and with the same level corresponding to day 0 in the iPSC data. The
mean value for day wise levels of X;and X, were considered. The levels for iPSC cells were
considered as the levels from day 13 to day 15. For the data for partial reactivation, we assumed
a hypothetical case of iPSC reactivation stalling at day 12. The value at day 12 was extrapolated
up to day 15. These values match qualitatively with the partial reactivation state in Fig. 4 and

have been done due to the lack of temporal data.

These equations are fit to the time course data for full and partial reactivation. This was done

by minimizing the sum of square error using the differential evolution algorithm of scipy. The
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initial population of parameters is sampled using Sobol sampling. The differential equations
are solved using the explicit Runge-Kutta method of order 5(4) with these parameters. Then,
the sum of square errors between the solutions evaluated at the given time points and the actual
data is calculated. A new parameter set is generated by adding a weighted difference between
two randomly chosen parameter sets to a third parameter set, similar to a mutation. Then, it
randomly combines parameters from the old set with this new set, similar to crossover. The
sum of square errors with this new set of parameters is also evaluated and compared with those
of the old parameters. If the values are lower with the new set, they replace the old set in the
next generation of the population. This is repeated multiple times until an optimal solution is

found (Storn and Price, 1997).

For the model with noise, we added a noise term #(#) to Equation 1 and Equation 2 where the
values are sampled from a normal distribution with mean 0 and standard deviation 1. These

were then solved with the fit parameters using explicit Runge-Kutta method of order 5(4).

Supplementary table legends
Table S1 (related to Fig. 1): Allelic X:A ratio in embryos.

Table S2 (related to Fig. 2): Allelic X:A ratio in cells of different stages of iPSC

reprogramming.

Table S3 (related to Fig. 3): Allelic X:A ratio in germ-cells.
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