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SUMMARY
Reprogramming of murine female somatic cells to induced pluripotent stem cells (iPSCs) is accompanied by X chromosome reactiva-

tion (XCR), by which the inactive X chromosome (Xi) in female somatic cells becomes reactivated. However, how Xi initiates reacti-

vation during reprogramming remains poorly defined. Here, we used a Sendai virus-based reprogramming system to generate partially

reprogrammed iPSCs that appear to be undergoing the initial phase of XCR. Allele-specific RNA-seq of these iPSCs revealed that XCR

initiates at a subset of genes clustered near the centromere region. The initial phase of XCR occurs when the cells transit through

mesenchymal-epithelial transition (MET) before complete shutoff of Xist expression. Moreover, regulatory regions of these genes

display dynamic changes in lysine-demethylase 1a (KDM1A) occupancy. Our results identified clustered genes on the Xi that

show reactivation in the initial phase of XCR during reprogramming and suggest a possible role for histone demethylation in this

process.
INTRODUCTION

Derivation of induced pluripotent stem cells (iPSCs) from

somatic cells by introduction of key pluripotency transcrip-

tion factors offers tremendous potential for regenerative

medicine, disease modeling, drug development, and un-

derstanding fundamental mechanisms of how cells deter-

mine their identities (Takahashi and Yamanaka, 2013).

Cell identity is governed by a defined pattern of gene

expression, which is underpinned by various epigenetic

mechanisms (Barrero et al., 2010). As such, somatic cell

reprogramming serves as an excellent model system to un-

ravel epigenetic mechanisms that determine cell identity.

One of the most drastic epigenetic changes during reprog-

ramming is reactivation of the inactive X chromosome

(XCR) in mammalian female somatic cells (Pasque and

Plath, 2015). XCR is the reversal of X chromosome inacti-

vation (XCI), which occurs during differentiation of cells

in the inner cell mass (ICM) of female embryos. Because

iPSCs are equivalent to embryonic stem cells (ESCs) derived

from the ICM, conversion of female somatic cells into
Stem Ce
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iPSCs evokes XCR when iPSCs acquire the naive pluripo-

tent state (Nichols and Smith, 2009).

XCI and XCR involve chromosome-wide epigenetic

changes during early embryonic development of female

eutherianmammals. In themouse, the paternal X chromo-

some undergoes imprinted XCI by the action of a non-cod-

ing RNA, Xist, at the cleavage stage (Okamoto et al., 2004)

and is subsequently reactivated in the ICMof the blastocyst

(Sado et al., 2001). Then ICM cells randomly choose one of

the two active X chromosomes for inactivation (Lyon,

1961). The chosen X chromosome initiates expression of

Xist, which subsequently spreads to coat the whole X

chromosome and eventually inactivates genes on the X

chromosome (Engreitz et al., 2013; Simon et al., 2013),

except for escapee genes that are not subject to XCI (Brown

et al., 1991). The inactive X chromosome ismaintained sta-

bly by H3K27me3 and DNA methylation throughout sub-

sequent cell divisions (Csankovszki et al., 2001).

In contrast to XCI, which is recapitulated by in vitro

differentiation of female ESCs, XCR poses a major chal-

lenge for its mechanistic understanding due to lack of an
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Figure 1. Establishment of a TaqMan-
based system to quantify allele-specific
transcripts from the X chromosomes
(A) Isolation of hybrid MEFs for XCR analyses.
(B) TaqMan probes that discriminate tran-
scripts from B6 and Sp alleles. TaqMan probes
in a single reaction recognize their cognate
allele-specific transcripts, which differ by SNPs
or anMNP, and emit fluorescence (VIC or FAM).
(C) Mouse X chromosome showing the loca-
tions of Lamp2, Atrx, and the X-inactivation
center (Xic).
(D) Linear correlation between the ratio of the
allele-specific cDNA amounts and the ratio of
emitted fluorescence for each allele. cDNAs
derived from homozygous B6 and Spmice were
mixed at five different ratios, and qRT-PCR was
performed using TaqMan probes for the Lamp2
or Atrx gene. The square of the correlation
coefficient is indicated by R2.
(E) Relative abundance of allele-specific
transcripts in drug-selected MEFs. The relative
abundances of allele-specific transcripts in
HAT- or 6-TG-selected bsMEFs were calculated
by using TaqMan probes for Lamp2 or Atrx.
Data represent mean ± SEM of at least three
independent experiments. *p < 0.05 and **p <
0.01. n.s., not significant.
appropriate in vitro system. However, XCR has been

observed in several experimental systems in which somatic

cells or nuclei are reprogrammed into the pluripotent state.

XCR has been reported to occur in somatic cell nuclear

transfer (Eggan et al., 2000), cell fusion between somatic

cells and pluripotent cells (Takagi et al., 1983), and tran-

scription factor-mediated reprogramming of somatic cells

to iPSCs (Maherali et al., 2007). Studies using mouse em-

bryos and in vitro reprogramming systems revealed a close

link between XCR and pluripotency (Maherali et al.,

2007). Besides the negative effect of Xist on XCR (Pasque

et al., 2014), only a small number of factors are known to

play a role inXCR. For example,Tsix and PRDM14 promote

XCR, whereas KDM6A (also known as UTX) and HDACs

delay XCR (Talon et al., 2019). A more recent study that

used allele-specific RNA sequencing (RNA-seq) revealed

that genes on the Xi become progressively reactivated dur-

ing reprogramming (Janiszewski et al., 2019). However, the

earliest events of XCR during reprogramming remain

poorly defined.

We previously developed a somatic cell reprogramming

system based upon replication-defective and persistent Sen-

dai virus (SeVdp) vector (Nishimura et al., 2011). An SeVdp-

derived reprogramming vector, SeVdp(fK-OSM), expresses
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OCT4, SOX2, KLF4, and c-MYC, and its KLF4 is tagged

with a destabilization domain (DD). DD promotes degrada-

tion of the tagged KLF4, and the amount of KLF4 expressed

from the vector is controllable by Shield1, a chemical inhib-

itor of the DD function (Nishimura et al., 2014). Depending

upon the amount of Shield1 added to the culture, SeVdp

(fK-OSM) converts somatic cells into iPSCs that have been

reprogrammed to different extents. These partially reprog-

rammed iPSCs remain relatively stable and easily expand-

able (Nishimura et al., 2014). In this study, we used a series

of partially reprogrammed iPSCs and investigated the early

events of XCR during reprogramming.
RESULTS

A TaqMan-based system to detect allele-specific

transcripts from the X chromosome

To study early events of XCR during reprogramming, we set

out to establish a convenient system to monitor allele-spe-

cific transcripts from the Xi. First, we produced hybrid em-

bryos by crossing male Mus spretus (Sp) and female Mus

musculus domesticus C57BL/6J (B6) that carried a mutant

Hprt allele (Figure 1A).Mus spretus andMusmusculus strains



diverged more than 1.5 million years ago and thus show

one sequence variant every 50–130 bases (Mahler et al.,

2008; Zhang et al., 2005). Thus, hybrid cells between the

two strains would possess many single-nucleotide poly-

morphisms (SNPs), multiple-nucleotide polymorphisms

(MNPs), and indels, which are available for distinguishing

allele-specific transcripts. On the basis of genome analysis

of the hybrid embryos, we chose females that carried the

mutant Hprt allele to obtain mouse embryonic fibroblasts

(MEFs) (Figure 1A). The obtained MEFs, termed bsMEFs,

were then selected with hypoxanthine-aminopterin-

thymidine (HAT) or 6-thioguanine (6-TG) to isolate cells

that carried a Mus musculus-derived X chromosome in an

inactive (B6Xi) or active (B6Xa) form, respectively (Fig-

ure 1A). The selected cells were confirmed by allele-specific

digestion patterns of the amplified Lamp2 transcripts from

the X chromosome (Figures S1A and S1B).

We then searched a database of the Mouse Genomes

Project at the Wellcome Sanger Institute (https://www.

sanger.ac.uk/data/mouse-genomes-project/) for polymor-

phisms to design TaqMan probes that distinguish allele-

specific transcripts from Sp and B6 X chromosomes

(Figure 1B). Among the tested TaqMan probes, those for

Lamp2 and Atrx, which included transversion in one

MNP and two SNPs, respectively, were found to discrimi-

nate alleles quantitatively (Figures 1C, 1D, S1C, and S1D).

These probes enabled quantitative estimation of allele-spe-

cific transcripts in highly correlative linear ranges (R2 >

0.9), which approached 2 orders of magnitude (Figures

1D and S1E). The allele-specific transcript analyses showed

that unselected bsMEFs exhibited a skewedXCI, with 70%–

75% of the cells possessing an active Sp X chromosome

(SpXa) (Figure 1E). In addition, HATor 6-TG selection high-

ly enrichedMEFs with B6Xi and SpXa (HAT-bsMEFs) or with
B6Xa and SpXi (6TG-bsMEFs), respectively (Figures 1A and

1E). Thus, the TaqMan probes encompassing either a single

MNP or two SNPs enable quantification of allele-specific

transcripts from the Lamp2 and Atrx genes, providing a

quick, sensitive means to capture low-level transcripts

from the Xi during reprogramming.

Partially reprogrammed iPSCs permit gene expression

from the Xi

To generate iPSCs, we used SeVdp(fK-OSM) vector that ex-

presses four reprogramming factors, OCT4, SOX2, c-MYC,

and KLF4 (Nishimura et al., 2011). In this vector, KLF4 is

fused with a DD, the KLF4 protein level is reduced by ubiq-

uitin-mediated degradation (Banaszynski et al., 2006), and

the KLF4 level is adjustable by the amount of added Shield1

(Nishimura et al., 2014) (Figure 2A). Indeed, addition of

100 nM Shield1 practically prevents KLF4 degradation

and reprograms MEFs to the fully pluripotent state.

Without Shield1, however, the KLF4 level is reduced to
�30%, and reprogramming virtually stalls at an intermedi-

ate stage (Nishimura et al., 2014). Addition of 30 nM

Shield1 increases the KLF4 level to �70% and allows re-

programming to a more advanced stage before stalling

(Nishimura et al., 2014). Although these partially reprog-

rammed iPSCs are relatively stable in the SeVdp(fK-OSM)

system (Nishimura et al., 2014), we noted that prolonged

culture allowed them to progress in reprogramming, albeit

at a markedly slower rate.

We reprogrammed HAT-bsMEFs by using SeVdp(fK-OSM)

with 100nMShield1 (High-K) to generate iPSCs that express

endogenous Oct4, Nanog, and Rex1 at high levels (Fig-

ure S2A). These fully reprogrammed iPSCs expressed

Lamp2 and Atrx from B6Xi (Figures S2B), with clear downre-

gulation ofXist (Figure S2C). However, the B6X-specific tran-

scripts often surpassed the cognate SpX-specific transcripts at

this stage of reprogramming (Figure S2B). This suggests that

loss of an X chromosome (Pasque et al., 2018), a secondary

XCI (Kim et al., 2014), or erosion of Xa (Vallot et al., 2015)

mayhaveoccurredwhen iPSCs reached the fully pluripotent

state. A similar phenomenon was also observed whenwe re-

programmed femaleMEFs derived fromMomijimice,which

carriesmCherry and EGFP at theHprt locus (Kobayashi et al.,

2016). When mCherry(+)/EGFP(�) MEFs were reprog-

rammed with SeVdp(fK-OSM) at 100 nM Shield1, 81.4%

and 93.2% of the cells became mCherry(+)/EGFP(+) at

days 30 and 37, respectively, which indicates that XCR

occurred in these cells (Figures S2D and S2E). However, a

substantial faction of cells lost expression of eithermCherry

or EGFP at day 44 (Figure S2E).

Given the instability of XCR when iPSCs were fully re-

programmed, we sought to focus on the earlier phase of

XCR, which appeared to have initiated by day 30 of reprog-

ramming under the High-K condition (Figure S2E). To

obtain iPSCs at earlier stages, we reprogrammed MEFs

without Shield1 or with 30 nM Shield1 (Figure 2A).

When HAT-bsMEFs were reprogrammed by SeVdp(fK-

OSM) without Shield1 (Low-K) or with 30 nM Shield1

(Mid-K) for 43 days, the cells progressed to intermediate

stages and expressed various pluripotency markers,

including Fbxo15, Nodal, Nr5a2, Utf1, endogenous Oct4,

Nanog, and Rex1, at low or moderate levels (Figure 2B)

(Nishimura et al., 2014). Low-K cells expressed low levels

of Lamp2 from the Xi at day 34, and Mid-K cells expressed

significant levels of Lamp2 at days 26 and 34. Both Low-K

cells and Mid-K cells failed to express Atrx from the Xi

until day 43 (Figure 2C). Low-K cells showed no significant

Xist downregulation throughout reprogramming, whereas

Mid-K cells showed Xist downregulation at day 43 (Fig-

ure S2F). These results suggest that some genes on the

Xi may become reactivated at an early reprogramming

stage, before acquisition of full pluripotency during

reprogramming.
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Figure 2. Reactivation of X-linked genes from the Xi in partially reprogrammed iPSCs
(A) Generation of iPSCs with different pluripotency levels (Low-K, Mid-K, and High-K) by SeVdp(fK-OSM) in the presence of different
Shield1 concentrations.
(B) Expression kinetics of pluripotency markers in partially reprogrammed iPSCs. HAT-bsMEFs were reprogrammed under the Low-K and
Mid-K conditions. The expression levels of indicated genes were determined by qRT-PCR at indicated days of reprogramming.
(C) Relative abundances of allele-specific transcripts of Lamp2 and Atrx in HAT-bsMEFs reprogrammed under the Low-K and Mid-K con-
ditions. The same cells prepared in (B) were analyzed for qRT-PCR using TaqMan probes.
All data represent mean ± SEM of at least three independent experiments. *p < 0.05 and **p < 0.01 versus HAT-bsMEFs (day 0).
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A subset of genes exhibits early-onset reactivation

from the Xi during reprogramming

To obtain a comprehensive viewof chromosome-wide gene

reactivation from the Xi at intermediate stages, we per-

formed RNA-seq analysis of Low-K and Mid-K (hereafter

termedMid-K1) cells at different time points of reprogram-

ming (up to day 56). BesidesMid-K1 cells, we preparedMid-

K2 cells reprogrammed for a shorter period (up to day 36)

because Mid-K1 cells had already expressed Lamp2 by day

35 (Figure S3A). The expression of Lamp2 expression from

the Xi (Figure S3A) and pluripotency markers (Figure S3B)

showed that Mid-K2 cells are intermediate between Low-

K and Mid-K1 cells. After RNA-seq of Low-K, Mid-K1, and

Mid-K2 cells, the X-linked transcript reads encompassing

SNPs, MNPs, and indels were assigned to either B6 or Sp

X chromosome. Then, the B6- or Sp-specific transcripts

were annotated to more than 400 X-linked genes to quan-

titatively assess the relative level of B6Xi-specific transcripts

(Figure S4A).

Throughout the analyzed periods of reprogramming,

alleles on the Xa showed relatively constant expression

levels, whereas those on the Xi showed little or low expres-

sion except for escapee genes (Figure S4B). First, we catego-

rized gene expression patterns of B6Xi-specific transcripts

into 12 distinct clusters in an unbiased manner. Low-K

cluster 1, Mid-K1 clusters 2 and 4, and Mid-K2 cluster 4

included genes that gradually increased expression

throughout reprogramming (Figure 3A). Eight genes in

the overlap of Low-K cluster 1 and Mid-K2 cluster 4 were

localized to the region proximal to the centromere (Fig-

ure 3B). Seven of themwere also included inMid-K1 cluster

4 but none in Mid-K1 cluster 2 (Figure 3C). Thus, Gpkow,

Wdr45,Gm45208, Tfe3,Hdac6,Wdr13, and Ftsj1 are shared

among the three clusters and localized near the centromere

of the X chromosome (Figure 3D).
Figure 3. Expression profiles of the genes on the Xi during repro
(A) Clustering of expression patterns of genes reactivated on the Xi. X-l
Low-K, Mid-K1, or Mid-K2 cells. The colored squares indicate clusters
(B) X chromosomal locations of the genes that show increasing expr
shows overlapping genes between Low-K cluster 1 and Mid-K2 cluster
genes included in Low-K cluster 1 and Mid-K2 cluster 4 (right panel). T
diagram.
(C) Venn diagrams show overlapping genes among Low-K cluster 1, M
Low-K cluster 1, Mid-K2 cluster 4, and Mid-K1 cluster 4 (right).
(D) Locations of the seven genes that show early-onset reactivation.
(E) Heatmaps of transcriptional reactivation of the genes on the Xi ch
ordered by their genomic locations on the X chromosome. The genes th
K1 cluster 4 are colored in yellow (one gene), red, (seven genes), purp
(C). Genes regarded as escapee genes are marked with red circles. Xtrem
black lines, respectively.
(F) Relative abundances of allele-specific transcripts of Hdac6 in HAT
same cells prepared in Figure 2B were analyzed.
Data represent mean ± SEM of at least three independent experiment
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We then calculated the relative levels of the Xi-specific

transcripts against the Xa-specific transcripts at different

time points of Low-K,Mid-K1, andMid-K2 cells to generate

heatmaps. As evident in Figure 3E, reactivation of genes on

the Xi occurred earlier near the centromere region than in

other regions. This region corresponds to the same 7.7–8.2

Mb region identified by clustering gene expression patterns

(Figure 3C) and includes Gpkow, Wdr45, Gm45208, Tfe3,

Hdac6, Wdr13, and Ftsj1 (Figure 3D). These genes initiated

expression from the Xi when the mesenchymal markers

(Cdh2, Snai1, Zeb2, and Twist1) were downregulated and

epithelial markers (Cdh1, Ocln, and Epcam) were upregu-

lated, which indicates an ongoing mesenchymal-epithelial

transition (MET) (Skrypek et al., 2017) (Figure S4C). In

addition, early-onset reactivation was confirmed more

quantitatively by a TaqMan probe for Hdac6 (Figures 3F

and S1D), which showed a similar expression profile to

that by RNA-seq data (Figure 3E). By contrast, genes ex-

pressed from the Xi in HAT-bsMEFs included escapee genes

(Shroom4, 1810030O07Rik, Ddx3x, Kdm6a, Firre, Bgn,

Eif2s3x, Xist, Pbdc1, Kdm5c, Car5b, and Mid1), which are

defined as genes that show at least 10% expression from

the Xi versus Xa (Figure 3E) and reported as escapee

genes by others (Brown et al., 1991; Carrel and Willard,

2005). Given that the seven genes that show early-onset re-

activation were clustered in a �0.5 Mb region, we named

the region Xtreme (X-transcriptional reactivation mani-

festing element).

Single-cell analysis of early-onset reactivation from

the Xi during reprogramming

To further confirm early-onset reactivation of genes in the

Xtreme region, we used Mid-K cells to analyze Hdac6 reac-

tivation on the Xi at single-cell resolution. MEFs were re-

programmed in the presence of 30 nM Shield1 for 26 or
gramming
inked genes were assigned into 12 clusters by expression patterns in
that show a trajectory of increasing expression.
ession and are shared between Low-K and Mid-K2. A Venn diagram
4 (left panel), and a scatter diagram shows distribution of the all
he colors of dots in the scatter diagram reflect the ones in the Venn

id-K2 cluster 4, and Mid-K1 cluster 2 (left) as well as those among

romosome. B6 allele frequencies in each polymorphic position were
at are common in among Low-K cluster 1, Mid-K2 cluster 4, and Mid-
le (eight genes), and green (three genes), as in the right diagram in
e region and pseudoautosomal region (PAR) are shown with red and

-bsMEFs reprogrammed under the Low-K and Mid-K conditions. The

s. *p < 0.05 and **p < 0.01 versus HAT-bsMEFs (day 0).



34 days, and the cells were sorted using fluorescence-acti-

vated cell sorting (FACS) to obtain single cells. RNAwas pre-

pared from each cell and used to generate cDNA by reverse

transcription with random displacement amplification

(RT-RamDA), a method that captures transcriptome in sin-

gle cells with high sensitivity (Hayashi et al., 2018). The

cDNA was then used to detect allele-specific expression of

Hdac6, Lamp2, and Atrx by the TaqMan-basedmethod (Fig-

ure 4A). In addition, Xist expression in each cell was deter-

mined using qPCR of the cDNA (Figure 4A). At day 26 of

reprogramming, 44% of the cells were Hdac6(+) and

Lamp2(�), whereas 6% were Hdac6(�) and Lamp2(+). At

day 34, 62% of the cells were Hdac6(+) and Lamp2(�),

whereas 15% were Hdac6(�) and Lamp2(+) (Figure 4B, up-

per panels). These results show that Hdac6 has tendency

to be reactivated earlier than Lamp2 from the Xi during re-

programming. Comparison of Hdac6 and Atrx also showed

that Hdac6 is reactivated earlier than Atrx on the Xi (Fig-

ure 4B, lower panels). Using single-cell analysis, we also

analyzed the relationship between Xist expression and

Hdac6 reactivation on the Xi. At days 26 and 34 of reprog-

ramming, 25% and 31% of the cells showed reactivation of

Hdac6 while still expressing Xist (Figure 4C). However, in

the cells that expressed both Hdac6 and Xist on the Xi,

Xist expression was clearly reduced (Figure S5). As shown

in Figure 4D, Hdac6, Lamp2, and Atrx were expressed

from the Xi in 57%, 43%, and 0% of the Xist(+) cells at

day 26, respectively. At day 34, Hdac6, Lamp2, and Atrx

were expressed from the Xi in 67%, 17%, and 50% of the

Xist(+) cells, respectively. Thus, Lamp2 and Atrx were also

reactivated on the Xi in the cells expressing Xist. Collec-

tively, these single-cell analyses confirm that Hdac6 in the

Xtreme region tends to be reactivated earlier than Lamp2

and Atrx during reprogramming. In addition, a substantial

fraction of cells shows reactivation of genes on the Xi even

when Xist is still present.

Identification of factors required for early-onset

reactivation on the Xi

To find structural features of the Xtreme region, we re-

analyzed the assay for transposase-accessible chromatin

(ATAC) sequencing data of the Xi chromosome in hybrid fe-

male cells between M. m. domesticus and M. m. castaneus

(Giorgetti et al., 2016). We found that the Xtreme region

on the Xi adopts a more accessible structure compared

with the whole Xi (Figure 5A). In addition, Figure 5B shows

that the chromatin accessibility of theXtreme region is com-

parable with regions containing escapees, 1810030O07Rik,

Firre, Bgn, Xist, Pbdc1, Kdm5c, Car5b, and Mid1 (Yang et al.,

2010). Moreover, the Xtreme region is one of the gene-rich

regions on theX chromosomeand forms a single TAD (topo-

logically associating domain) in ESCs (Marks et al., 2015).

These findings suggest that the Xtreme region on the Xi
chromatin may be relatively accessible for transcriptional

regulators during an early stage of reprogramming.

To screen for such factors that might gain access to the

Xtreme region and function in the reactivation of the genes

during an early stage of reprogramming, we used the ChIP-

Atlas database (Oki et al., 2018), which includes 332 tran-

scriptional regulators that have been experimentally

confirmed to occupy the regulatory regions within the

Xtreme region in ESCs. We searched for factors that show

occupancy within the 1 kb of the transcription start sites

(TSSs) of Gpkow, Gm45208, Wdr45, Tfe3, Hdac6, Wdr13,

and Ftsj1 genes (Figures 5C and S6A–S6C), all of which

show early-onset reactivation on the Xi during reprogram-

ming (Figure 3D). Five transcriptional regulators, KDM1A,

KDM4C, NELFA, TCF12, and OTX2, were found to occupy

the regulatory regions of at least five of the seven genes in

the Xtreme region (Figures 5C and S6A–S6C).

To confirm their involvement in early-onset reactivation

of the genes on the Xi, we knocked down each candidate

gene by short hairpin RNAs (shRNAs) expressed from

silencing-resistant retrovirus vectors (Figures S6D–S6G)

and reprogrammed the cells with SeVdp(fK-OSM) with

30 nM Shield1. After 20 days of reprogramming, almost

no reactivation ofHdac6 on the Xi was observed in the cells

transduced with a control retrovirus expressing a fluores-

cent protein, Kusabira-Orange (hKO). However, knock-

down of Kdm1a, Nelfa, or Otx2 elicited Hdac6 reactivation

to various but statistically significant extents (Figure 5D).

By contrast, Lamp2 and Atrx were not reactivated on the

Xi at this stage of reprogramming (Figure 5E). Importantly,

expression of shRNA forKdm1a,Nelfa, orOtx2 showed only

minor effects on the expression levels of pluripotency

markers such as endogenous Oct4, Nanog, and Rex1 (Fig-

ure 5F), indicating that knockdown of Kdm1a, Nelfa, or

Otx2 may facilitate Hdac6 reactivation even when they do

not promote the reprogramming process. These results sug-

gest a possible role for KDM1A, NELFA and OTX2 in facili-

tating early-onset reactivation of genes on the Xi.

Dynamic changes of KDM1A occupancy upon

reactivation of genes in the Xtreme region of the Xi

Given that the seven genes in theXtreme region retain rela-

tively accessible chromatin on the Xi (Marks et al., 2015)

(Figures 5A and 5B), we hypothesized that these genes

may be reactivated via conformational and/or epigenetic

regulation of chromatin.We therefore focused on an epige-

netic regulator, KDM1A (also known as LSD1), and per-

formed chromatin immunoprecipitation sequencing

(ChIP-seq) analysis of HAT-bsMEFs with or without reprog-

ramming under the Low-K or Mid-K conditions. We then

determined KDM1A occupancies on the Xi relative to Xa

and compared KDM1A occupancies on the seven genes,

the Xtreme region, and the whole Xi. Under the Low-K
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Figure 4. Transcriptional reactivation from the Xi and Xist expression in single cells
(A) Flowchart of single-cell analysis to detect Xist expression and allele-specific Lamp2, Atrx, and Hdac6 transcripts.
(B and C) Patterns of allele-specific gene expression in single cells. Expression of Hdac6, Lamp2, and Atrx from the Xi in single cells was
determined using qRT-PCR with TaqMan probes. Xist expression was also determined from same cDNAs. Cells were categorized into
indicated groups by expression patterns of Hdac6 and Lamp2 or Atrx (B) or Hdac6 and Xist (C).
(D) Cells that showed Hdac6, Lamp2, and Atrx reactivation with Xist expression. The numbers indicate percentages of cells that expressed
Hdac6, Lamp2, or Atrx from the Xi in populations of Xist-expressing cells.
Raw data are shown in Figure S5.
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Figure 5. Screening of transcriptional regulators potentially involved in transcriptional reactivation on the Xi
(A) Chromatin accessibility of the Xi chromosome. Left: calculation of relative accessibilities of alleles on the Xi. Right: relative
accessibilities of the alleles in the Xtreme region in the Xi. The relative accessibilities of alleles were classified into four groups according
to their values. Percentages of the four groups are indicated for the whole Xi or the Xtreme region of the Xi.
(B) Variation in chromatin accessibility in the whole Xi. 129 (Xi) reads that overlap with each polymorphism were summed up in 2 Mbs
windows and shown along X chromosome with the Xtreme region and escapee genes.
(C) Flowchart to screen for transcriptional regulators that may be involved in transcriptional reactivation on the Xi.
(D and E) Relative abundance of allele-specific transcripts when the candidate genes were knocked down. After retrovirus-mediated
transduction of shRNA against each candidate, HAT-bsMEFs were reprogrammed under the Mid-K condition. Relative abundance of allele-
specific transcripts for Hdac6 (D) or Lamp2 and Atrx (E) were determined at about day 20 of reprogramming.

(legend continued on next page)
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condition, KDM1A occupancies on the enhancer, pro-

moter, and gene body of the seven genes increased notice-

ably compared with the Xtreme region or the whole Xi

chromosome (Figure 6A). Under the Mid-K condition,

KDM1A occupancy virtually disappeared at the enhancer

and promoter regions, concomitant with partial reactiva-

tion of Hdac6 (Figure 6B). Even under this condition,

however, KDM1A occupancy at the gene body remained

relatively high. Thus, these dynamic changes in KDM1A

occupancy suggest a possible physical and/or functional

regulation of KDM1A during reactivation in the Xtreme re-

gion of the Xi.

To further confirm the role of KDM1A in the reactivation,

as indicated by shRNA experiments (Figure 5D), we tested

tranylcypromine (TCP), a specific inhibitor of the histone

demethylase activity of KDM1A (Sun et al., 2016). HAT-

bsMEFs were reprogrammed for 20 days with SeVdp

(fK-OSM) in the presence or absence of 5 mM TCP under

the Low-K orMid-K condition.WhenHAT-bsMEFs were re-

programmed under the Low-K condition, TCP did not

enhance expression of Hdac6 from the Xi (Figure 7A).

Under the Mid-K condition, however, TCP significantly

enhanced expression of Hdac6 from the Xi (Figure 7A)

but not Lamp2 and Atrx2 (Figure 7B), suggesting that

inhibition of the histone demethylase activity facilitates

reactivation of Hdac6 on the Xi. Although TCP promotes

reprogramming when retrovirus is used for expressing re-

programming factors (Sun et al., 2016), TCP did not pro-

mote Sendai virus-mediated reprogramming under the

Low-K or Mid-K condition (Figure 7C). Thus, KDM1A inhi-

bition appears to directly reactivate Hdac6 expression from

the Xi rather than via indirect effect through promotion of

reprogramming.
DISCUSSION

XCR is observed during female cell reprogramming via

introduction of transcription factors into somatic cells (Ma-

herali et al., 2007; Tran et al., 2018) and fusion of somatic

cells with ESCs (Tada et al., 2001). These studies under-

scored a close coupling between XCR and pluripotency,

and this coupling is believed to be mediated by the plurip-

otency factors OCT4, SOX2, and NANOG, which bind the

first intron of Xist to downregulate its expression (Navarro

et al., 2010). However, these studies assessed XCR by

relying on fluorescence in situ hybridization (FISH) analysis

of the Xist RNA (Chaumeil et al., 2003) or reactivation of
(F) Expression of pluripotency markers in HAT-bsMEFs reprogrammed
and Rex1 mRNA levels were determined in the same cells used in (D)
All data represent mean ± SEM of at least three independent experimen
retrovirus infection.
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well-studied X-linked genes such as Pgk1, Mecp2, and Atrx

(Maherali et al., 2007; Pasque et al., 2014; Tomoda et al.,

2012). In our RNA-seq analyses of partially reprogrammed

iPSCs, Pgk1, Mecp2, and Atrx are reactivated relatively late

during the process of XCR (Figure 3E), suggesting that

XCR in previous studies generally designates its comple-

tion rather than its initiation.

Although numerous reports indicate a close association

between Xist shutoff and XCR, it is well known that Xist

does not play an essential role in maintenance of the Xi

(Brown and Willard, 1994; Csankovszki et al., 1999).

Moreover,Xist is downregulated gradually after acquisition

of pluripotency (Do et al., 2008; Kim et al., 2015). Indeed,

some genes initiate reactivation on the Xi in the blastocyst

even in the presence of Xist coating and H3K27me3 (Wil-

liams et al., 2011). In nascent primordial germ cells, some

X-linked genes initiate biallelic expression before Xist

expression is shut off, and XCR appears to occur over a pro-

longed period (Sugimoto and Abe, 2007). During genera-

tion of human iPSCs, the Xi undergoes structural changes

in the presence of Xist coating (Tchieu et al., 2010).

Consistent with these observations, our single-cell analysis

suggests that complete shutoff of Xist is not necessary for

initiating gene reactivation on the Xi. However, given

that the Xist level is reduced to some extent in the cells

that showed reactivation of Hdac6, Lamp2, or Atrx, it may

be possible that Xist is partially removed from the Xi

regions where reactivation occurs.

Our analysis of gene expression patterns indicates that

some genes in the Xtreme region of the Xi initiate reactiva-

tion early when the cells are undergoing MET. This result is

in good agreement with a more recent study involving

allele-specific RNA sequence analysis of female hybrid cells

formed between M. m. domesticus and M. m. castaneus dur-

ing reprogramming (Janiszewski et al., 2019). In addition to

the findings of Janiszewski et al., we could identify a cluster

of genes with early reactivation on the Xi. This may be

because we used a sensitive RT-PCR-based TaqMan system

to select a series of stable partially reprogrammed iPSCs

generated from hybrid cells between M. m. domesticus and

M. spretus. However, our results are based upon partially re-

programmed iPSCs generated by an SeVdp-based vector

and therefore warrant further analyses using iPSCs gener-

ated by a more commonly used retroviral system.

The Xtreme region is located near the centromere

embedded in repressive heterochromatin structure (Kerry,

2014). On the mouse X chromosome, the Xtreme region

is farthest from the Xist gene, from which Xist spreads in
with knockdown of the candidate genes. Endogenous Oct4, Nanog,
.
ts. *p < 0.05 versus reprogrammed cells with control hKO-expressing



Figure 6. KDM1A occupancy in the Xtreme
region
(A) KDM1A occupancy in different XCR states.
HAT-bsMEFs were reprogrammed under the
Low-K or Mid-K condition for about 20 days.
The extracted chromatins were used for
allele-specific ChIP-seq for KDM1A. KDM1A
occupancies on the Xi relative to its occu-
pancies on the Xa at enhancer, promoter, and
gene body are shown. Relative KDM1A occu-
pancies on the Xi in MEFs are set to 1. Seven
genes are Gpkow, Wdr45, Gm45208, Tfe3,
Hdac6,Wdr13, and Ftsj1 in the Xtreme region.
n.d., not detected.
(B) Relative abundance of allele-specificHdac6
transcripts in the cells used for ChIP-seq.
Data consist of a single experiment.
two waves to coat the whole X chromosome in cis (Simon

et al., 2013). More relevantly, the Xtreme region is one of

the regions where the gene density is highest on the whole

X chromosome (Marks et al., 2015). Thus, the Xtreme re-

gion may form a less compact heterochromatin on the

Xi. In fact, when XCI is induced by inhibiting Tsix tran-

scription during differentiation of ESCs into NPCs, the

genes in the Xtreme region of the Xi escape XCI (Marks

et al., 2015), although these genes are not considered as

canonical escapee genes (Berletch et al., 2015; Carrel and

Willard, 2005; Li et al., 2012). Heterochromatin structure

on the Xi requires repeated maintenance by regenerating

heterochromatin after each DNA replication (Allshire and

Madhani, 2018). If the Xtreme region is intrinsically less

compact, it may become more susceptible to reactivation

of the resident genes because of accelerated DNA replica-

tion and cell division at the MET stage of reprogramming

(Plath and Lowry, 2011).

Although Gpkow,Wdr45, Gm45208, Tfe3,Hdac6,Wdr13,

and Ftsj1 in the Xtreme region show early XCR, we note

that not all genes in this region are reactivated early.

Thus, in addition to regulation by changes in gross chro-

matin structure, each gene should be regulated individu-

ally, probably via epigenetic regulation such as histone

modifications. Indeed, active removal of H3K27me3 and

deposition of H3K4me3 correlate with reversal of im-

printedXCI (Borensztein et al., 2017), andHDAC1/3 inhib-

itor enhances XCR, likely via enhanced acetylation of

histones (Janiszewski et al., 2019). Our demonstration of

dynamic changes in KDM1A occupancy also points to a

role for histone modifications in early-onset reactivation

on the Xi. KDM1A apparently substitutes some inhibitory

mechanism, such as a repressive chromatin structure, and

takes over a predominant role in maintaining gene repres-

sion. If this shift in repressive mechanism occurs, it would
render theXtreme regionmore dependent onKDM1A than

other regions of the Xi. Subsequent removal of KDM1A

from the regulatory regions correlates with reactivation of

Gpkow, Wdr45, Gm45208, Tfe3, Hdac6, Wdr13, and Ftsj1,

where KDM1A occupancy is frequently observed in ESCs

(Figure S6C). Consistent with this possible role of

KDM1A, the Xi was reported to lack H3K4 methylations,

including H3K4me1 and H3K4me2, which are demethy-

lated by KDM1A (Heard et al., 2001; Rens et al., 2010).

Thus, restoration of H3K4me2 by either removal or inhibi-

tion of KDM1A is expected to play an important role in re-

activating genes during XCR.
EXPERIMENTAL PROCEDURES

XCR induction by reprogramming
HAT-bsMEFs were reprogrammed by infection with SeVdp

(fK-OSM) including blasticidin S-resistant gene at 32�C for 14 h,

as described previously (Nishimura et al., 2014). To minimize

contamination of feeder cells, feeder cells were removed by addi-

tion of 1 mg/mL of blasticidin S (Wako) 2 days before harvesting

the cells. For knockdown of a gene, HAT-bsMEFs were transduced

with a retroviral vector expressing shRNA against each target

gene for 2 days, followed by selection of the infected cells by

1 mg/mL puromycin. To inhibit the enzymatic activity of

KDM1A, HAT-bsMEFs were cultured in the presence of 5 mM of

TCP hydrochloride (Abcam) from 7 days before reprogramming.

Determination of allele-specific transcripts by qRT-

PCR using TaqMan probes
To quantify relative amount of allele-specific transcripts, standard

cDNAs and mixtures of B6 cDNA and Sp cDNA in various ratios

were prepared by mixing each cDNA at B6/Sp = 1:99, 20:80,

50:50, 66:33, or 99:1 by copy number. For the standard curve,

log2(Sp cDNA copy number/B6 cDNA copy number) and log2
(FAM DRn/VIC DRn) were plotted on the x and y axes, respectively
Stem Cell Reports j Vol. 17 j 53–67 j January 11, 2022 63



Figure 7. Enhanced transcriptional reactivation on the Xi by a KDM1A inhibitor, TCP
(A and B) Effect of TCP on the transcriptional reactivation of the Xi. HAT-bsMEFs were reprogrammed under the Low-K or Mid-K condition
with or without 5 mM TCP. Abundance of allele-specific Hdac6 transcripts at days 0 and 20 of reprogramming (A) and Lamp2 and Atrx
transcripts at day 20 of reprogramming (B) were determined using qRT-PCR with TaqMan probes.
(C) Effect of TCP on induction of pluripotency markers. Endogenous Oct4, Nanog, and Rex1 mRNA levels were determined at day 20 of
reprogramming as described in (A).
All data represent mean ± SEM of at least three independent experiments. *p < 0.05. n.s., not significant.
(Lo et al., 2003). qPCR was performed using TaqMan Genotyping

Master Mix (Thermo Fisher Scientific) using the ‘‘Genotyping’’

method in QuantStudio 5 Real-Time PCR System (Thermo Fisher

Scientific), following a modified program: the pre- and post-PCR

read was done at 25�C. The cycle number was increased to 60

cycles when the target was Hdac6. The sequences of the primers

and probes are listed in Table S1.
Determination of allele-specific transcripts using

RNA-seq
Variant calling was performed using the Basic Variant Call tool in

CLC Genomics Workbench version 10.1.1 (Qiagen) to obtain a

list of SNP positions and allele frequencies of variants in the

RNA-seq reads. The B6 reference read was defined as a read aligned

to the reference genome (mm10). The Sp variant read was defined

as a read not assigned to the reference genome. To distinguish

sequence errors from true polymorphisms, only variants found

in more than two samples were classified as polymorphisms be-

tween B6 and Sp. At each polymorphism, B6 and Sp allele fre-

quencies were calculated as B6 reference read number/(B6 refer-

ence read number + Sp variant read number) and Sp variant read
64 Stem Cell Reports j Vol. 17 j 53–67 j January 11, 2022
number/(B6 reference read number + Sp variant read number),

respectively. B6 gene frequency was calculated as an average of

B6 allele frequencies of all polymorphisms in the gene. For clus-

tering according to the B6 gene frequency profile, we used Ward’s

agglomerative hierarchical clustering on the basis of a Euclidean

distance matrix computed using the standard R functions hclust()

with method = ‘‘ward.D2’’ and dist() with method = ‘‘euclidean.’’

Data at each time point were derived from a single sample.
Single-cell analysis of allele-specific expression
Cells were dissociated with 0.5 g/L trypsin-EDTA (Nacalai Tesque)

and suspended in culture medium. Dissociated cells were subjected

to single-cell sorting using MoFlo XDP (Beckman) followed by

cDNA synthesis using the RT-RamDA cDNA Synthesis Kit (Toyobo).

RT-RamDAcDNAswere prepared from32and24 single cells ofMEFs

and reprogrammedcells, respectively, andonlyRT-RamDAcDNAs in

whichTbp expressionwas detectedusing qPCRwere used for further

experiments. For Tbp and Xist RNA detection, one-fifth the amount

of cDNAwas used for qPCR analyses. For allele-specific detection us-

ing the TaqMan probe, one-fifth the amount of RT-RamDA cDNA

was pre-amplified by PCR using AmpliTaq Gold 360 Mastermix



with the primers listed in Table S1. PCR cycles for pre-amplification

were as follows: 16 cycles for Lamp2, 20 cycles forAtrx, and 30 cycles

forHdac6. Then,one-fifth theamountofpre-amplifiedPCRproducts

were used for qPCR with the TaqMan probe. Cells that exhibited

more than25%of theB6allele-specific transcript abundancewere re-

garded to show transcriptional reactivation of the gene on the Xi.

Statistical analysis
Student’s t tests were used to test for statistical significance differ-

ence between datasets. A p value < 0.05 was considered to indicate

statistical significance.

Data and code availability
The accession number for the RNA-seq and ChIP-seq datasets re-

ported in this paper is GSE157484.
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