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SUMMARY

Recently, a unique form of X chromosome dosage compensation has been demonstrated in human preimplantation embryos, which
happens through the dampening of X-linked gene expression from both X chromosomes. Subsequently, X chromosome dampening
has also been demonstrated in female human pluripotent stem cells (hPSCs) during the transition from primed to naive state. However,
the existence of dampened X chromosomes in both embryos and hPSCs remains controversial. Specifically, in preimplantation embryos
it has been shown that there is inactivation of X chromosome instead of dampening. Here, we performed allelic analysis of X-linked genes
at the single-cell level in hPSCs and found that there is partial reactivation of the inactive X chromosome instead of chromosome-wide
dampening upon conversion from primed to naive state. In addition, our analysis suggests that the reduced X-linked gene expression in

naive hPSCs might be the consequence of erasure of active X chromosome upregulation.

INTRODUCTION

In therian mammals, to balance the X chromosome dosage
between males and females, one X chromosome becomes
inactivated in female cells (Lyon, 1961). The dosage imbal-
ance between a single active X chromosome and two copies
of autosomes (AA) is compensated through upregulation of
the active X chromosome in both males and females (Deng
et al., 2011; Larsson et al., 2019; Ohno, 1967). Recently,
another form of X chromosome dosage compensation
has been demonstrated in human preimplantation em-
bryos, termed X chromosome dampening. Based on sin-
gle-cell transcriptome analysis of human preimplantation
embryos, Petropoulos et al. (2016) found that X-linked
gene expression gradually decreased from morula to blasto-
cyst stage while both X chromosomes were maintaining
active state (Petropoulos et al., 2016). Based on these re-
sults, they proposed that dampening of X-linked gene
expression from both X chromosome as a likely dosage
compensation mechanism during human preimplantation
development. However, the dampening phenomenon in
human embryos remains controversial (De Mello et al.,
2017; Saiba et al., 2018). De Mello et al. (2017) found evi-
dence of inactivation of the X chromosome instead of
dampening in preimplantation embryos when they reana-
lyzed the same transcriptome dataset of Petropoulos et al.
(2016) with more stringency. In addition, Sahakyan et al.,
2017a showed that naive human pluripotent stem cells
(hPSCs) also exhibit the X chromosome dampening found
in embryos (Sahakyan et al., 2017a). However, similar to
the human embryos, X chromosome states in hPSCs re-
mains unclear (Kaur et al., 2019; De Mello et al., 2017).

Conventional hPSCs derived from blastocysts represent a
primed state instead of naive state and are therefore unable
to recapitulate the preimplantation X chromosome states
(Nichols and Smith, 2009; Sahakyan et al., 2017b). To
model the preimplantation X chromosome state, Sahakyan
etal., 2017a converted primed hPSCs to the naive state us-
ing S5iLAF culture conditions (Figure 1A) (Theunissen et al.,
2014). The primed cell line used for their study, UCLA1,
harbored one active X chromosome and one inactive X
chromosome. The transition of primed to naive state
happened through an intermediate early naive state (Fig-
ure 1A). Primarily based on RNA-sequencing (RNA-seq)
analysis using a bulk cell population, they suggested that
the inactive X chromosome was reactivated upon transi-
tion from primed to the early naive state and that was fol-
lowed by X chromosome dampening in late naive cells
(Figure 1A). However, considering the heterogeneity of
cell states during the conversion process, in this study we
have analyzed an available single-cell RNA-seq (scRNA-
seq) dataset of early and late naive cells from Sahakyan
et al. (2017a) to gain better insight into X chromosomal
states (Figure 1A).

RESULTS

Increased XIST Expression and Reduction in X-Linked
Gene Expression upon Conversion of Early to Late
Naive State

First, in early and late naive cells, we quantified the expres-
sion of XIST, a master regulator of X inactivation. We found
that a majority of the early naive cells had very low level of
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Figure 1. Transition of Early to Late
Naive State is Associated with Increased
XIST Expression and Reduction in
X-Linked Gene Expression

(A) Schematic representation of different
stages and corresponding X chromosome

states of conversion of primed hPSCs to
naive state as described in Sahakyan et al.,
2017a. In this study, we performed analysis
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XIST expression, whereas late naive cells mostly showed a
higher level of XIST expression (Figure S1A). Overall our
analysis revealed that transition of early to late naive state
was associated with a significant increase of XIST expres-
sion (Figure S1B). Next, based on quality (reads per kilobase
per million mapped reads [RPKM] sum and mean) and XIST
expression level, we selected the top 28 early cells having a
low level of XIST and the top 30 late cells having a higher
level of XIST expression for further analysis (Figure 1B).
Again, comparison of XIST expression in these cells (28
early versus 30 late) showed a significant increase in late
naive cells compared with early naive cells (Figure 1B). In
addition, we found that there was a significant reduction
in X-linked gene expression in late naive cells compared
with early naive cells (Figure 1C; Table S1). Altogether,
our analysis of scRNA-seq data showed increased XIST
expression and reduction in X-linked gene expression
upon transition from the early to late naive state.
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Reduction in X-Linked Gene Expression in Late Naive
Cells Is Independent of XIST

It has been shown that X chromosome dampening in pre-
implantation embryos is associated with the expression of
XIST from both X chromosomes (Petropoulos et al., 2016).
In fact, X dampening initiates concomitantly with the
initiation of XIST expression; therefore, it is thought that
XIST might have an important role in the dampening pro-
cess. To test this, we examined what fraction of cells shows
XIST expression from both X chromosomes in late naive
cells and whether the reduction in X-linked gene expres-
sion is restricted to the XIST biallelically expressed cells.
We found that about 26% cells (9 of 35) expressed XIST
from both X chromosomes (Figure 2A and Table S2). Inter-
estingly, comparison of the global X-linked gene expres-
sion level of XIST-biallelic versus -monoallelic cells did
not show any significant difference (Figure 2B and Table
S2). Moreover, we observed that there was no significant
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Figure 2. Reduction in X-Linked Gene
Expression in Late Naive Cells Is Indepen-
dent of XIST

(A) Allelic expression of XIST in late naive
cells (n = 35 cells).

(B) Comparison of X-linked gene expression
among XIST-monoallelic (n = 26 cells and 40
genes), XIST-biallelic (n = 9 cells and 35
genes), and XIST-negative (n = 17 cells and
41 genes) cells. Non-significant at p < 0.05
(Mann-Whitney U test).
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difference in X-linked gene expression when we compared
it against the XIST-negative cells (Figure 2B and Table S2).
Based on these data, we concluded that reduction in
X-linked gene expression in late naive cells was indepen-
dent of XIST.

No Evidence of X Chromosome Inactivation or
Dampening

We then looked into possible mechanisms behind the
reduction in X-linked gene expression in late naive hPSCs.
First, we postulated that it could be due to X chromosome
inactivation or dampening. To test for X inactivation, we
profiled allelic expression of multiple X-linked genes
distributed across the X chromosome based on single-

XIST- negative (n=41 genes)

nucleotide polymorphisms (SNPs) in early and late cells
(Figure 3 and Table S3). We found that the majority of early
cells showed monoallelic expression of many genes along
with biallelically expressed X-linked genes, which indi-
cated incomplete reactivation of X-linked genes (Figures
3A and 3B). Moreover, we found significant variation in
the proportion of biallelic versus monoallelic genes be-
tween these cells (Figure 3B). Interestingly, late naive cells
showed a pattern of allelic expression similar to that of as
early cells. However, there was a significant increase in
the fraction of SNPs showing biallelic expression in late
naive cells compared with early naive cells (Figure 3B).
Altogether, these data indicated that late naive cells do
not harbor inactive X chromosome but rather have a

Stem Cell Reports | Vol. 14 | 745-754 | May 12,2020 747



'O‘

AN

A Il Biallelic Monoallelic Not determined
[=2] o N~ n © © © D M W0 (o] ~
o ON _ - @ - = 2] D D © o

o OANNL O OO N~ I © (Y o m O I~ N o
- OWOVO DO FT—— NONNLWO © 0O — O N <
HHNOWOOOOOW VY~ OO 0 SQowWwo o
NODODTr-r O+~ ANOANT~TO OO OO [%¢] — 0 O N O Al
TONN~— T+~ OT-K N—— )@ LWm 8\ [T N 5]
[ 2 [ [4
E6 [ [

E8

E11

E18

E25

E27

E29

E33

E34

E38

E40

E41 [

E44

E45

E51

E55 1

E57

E62

E65

E68

E75

E76

E81

E85

E87

E88

E90

E92

Early naive cells (ChrX)

P22 gl g2 Il A2 1 4 pll3 ¢ pL2z  plll g2 qB1 qB3 'Ll 12 gL gL' 23 B ' '§ @ @1 g3 g2 7

ChrX

Monoalielic [l Biallelic
**k
*kk —
100, 100 100
s
2 80
S W 80 80 B o
2d £d
2% 60 60 R 60
S5 =]
3o L0
X = X
L E 40 40 2 < 40
° < T
2 x L X
<5 2%
® ° 20 2 z°
2
00("2‘3‘”#{58; BANTERIRYL PHOOI - ©owon Ov-o-—a)v—NN COWVANANV—PVEO =N COrPO=-N o C’E.’:lrly Late
IOEBIRIY BODOBURNEE JBhbia YogE 55855853 958399988885 85% S8YYEEG 3 naiive naive
Early Naive cells Late Naive cells
Biallelic genes — Early Naive cells — Late Naive cells
40
ns
o
= =] 5
2 30 — s
o c 0
o
c B4
2L 20, D10
o g8
10 c K
S 20
G 25
n=70 genes
O T T ><T 1]
Early naive Late naive ChrX

Figure 3. Partial Reactivation of Inactive X Chromosome upon Conversion of Primed to Naive State
(A) Allelic expression analysis of X-linked genes in early and late naive cells at single-cell level. Bottom: genomic position on the X
chromosome of the X-linked genes analyzed.

(legend continued on next page)
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partially reactivated X chromosome. If the late naive cells
underwent X inactivation, monoallelic expression of
most of the X-linked genes would be expected. In contrast,
we observed increased biallelic expression upon transition
from early to late stage. Next, we examined whether X
dampening was causing reduction of X-linked gene expres-
sion in late naive cells. From the allelic analysis of X-linked
gene expression it was clear that late naive cells harbor
partially reactivated X chromosome. If these cells harbored
dampened X chromosomes, we would have expected bial-
lelic expression of most of the genes chromosome wide,
which was not observed. In addition, we compared median
expression of biallelically expressed genes of early cells
with that of the late naive cells. If X dampening was occur-
ring, we would have expected a significant decrease in me-
dian expression of biallelically expressed genes in late cells.
However, significant differences were not observed (Fig-
ure 3C). Taken together, we concluded that there was
neither X inactivation nor dampening upon conversion
of early to late naive cells. Second, to determine whether
loss of an X chromosome in late cells is causing the reduc-
tion in X-linked gene expression in late naive cells, we
explored X chromosome ploidy of these cells. It was clear
that cells harbored two X chromosomes as evidenced by
the biallelic expression of some X-linked genes (Figure 3A).
However, the possibility existed that these cells may lose
part(s) of the X chromosome. To test for this, we analyzed
the gene expression ratio of X-linked genes across the X
chromosome, but significant differences between early
and late naive cells were not identified (Figure 3D and Table
S4). Therefore, we confirmed that loss of a portion of the X
chromosome is not the cause of reduction in X-linked gene
expression in late naive cells.

Erasure of Active X Upregulation Might Be the Cause
of Reduced X-Linked Gene Expression in Late Naive
Cells

Next, we investigated whether the erasure of active X chro-
mosome upregulation might be causing the reduction in
X-linked gene expression in late naive cells as proposed
by De Mello et al. (2017). In recent years, the existence of
upregulated active X chromosome has been extensively
demonstrated in mammals as hypothesized by Ohno(De
Mello et al., 2017; Deng et al., 2013, 2011; Li et al., 2017;
Lin et al., 2011; Sangrithi et al., 2017), although some
studies have found lack of active X upregulation (Chen

and Zhang, 2016; Xiong et al., 2010). To probe this further,
we analyzed the X-to-autosomal (X:A) gene expression ra-
tio of different male primed hPSC lines. If a diploid male
cell has upregulated active X, the X:A ratio should be
more than 0.5 and closer to 1. Indeed, we found that the
X:A ratio of all male primed cells was greater than 1, indi-
cating that primed hPSCs harbor an upregulated active X
chromosome (Figure 4A and Table S5). We then asked
whether the active X upregulation becomes erased in naive
hPSCs. To test this, we compared the X:A ratio of male
primed cells against different male naive cell lines. Interest-
ingly, a significant reduction of X:A ratio in naive cells
compared with the primed cells was observed, suggesting
erasure of active X chromosome upregulation in naive cells
(Figure 4A). We made sure that the X:A ratio was not
affected by the difference between X-linked and autosomal
gene expression distribution for each dataset (Figure 4B).
We focused on male cells for analysis of active X upregula-
tion, as in female cells X-linked gene expression is often
confounded with X chromosome inactivation/reactiva-
tion/erosion. However, we profiled the X:A ratio in three
different primed female cells (including UCLA1), which
are known to harbor one inactive X chromosome (Fig-
ure 4C). We found that the X:A ratio of female primed cells
was greater than 1, which indicated that these cells harbor
an upregulated active X chromosome (Figures 4C and S2B).
Next, we examined the X:A ratio dynamics during the
primed-to-naive conversion of UCLA1 female cells. A sig-
nificant increase in the X:A ratio upon transition from
primed to early naive state was observed (Figures 4D and
S2B). Considering the partial X reactivation upon transi-
tion of primed to early naive cells, it is obvious that the
X:A ratio should increase provided that the active X upre-
gulation is not completely erased. If there was complete
erasure of active X upregulation, the X:A ratio should not
have an observable increase. Therefore, these data indi-
cated that erasure of active X upregulation was incomplete
in the early naive state. Conversely, a decrease in the X:A
ratio was observed in the late naive state compared with
the early naive state, which suggested that erasure of active
X upregulation was occurring (Figures 4D and S2B). In this
scenario, it is possible that the erasure of active X upregula-
tion led to the overall reduction in X-linked gene expres-
sion in late naive cells. However, the decrease in X:A ratio
from early to late naive state was not significant as ex-
pected. We think that a significant increase in biallelic

(B) Histogram showing the percentage of SNPs showing monoallelic and biallelic in each cell of early (n = 28) cells and late naive (n = 30)

cells. p <0.00001, p < 0.01 (average plot) (Student’s t test).

(C) Comparison of median of expression level of biallelically expressed genes between early naive (n = 28) cells and late naive (n =30) cells.

Non-significant at p < 0.05 (Mann-Whitney U test).

(D) Ploidy analysis of the cells of early naive (n =28) cells and late naive (n = 30) cells through the analysis of gene expression ratio across

the X chromosome.
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X-linked gene expression from early to late naive state was
masking this to some extent. In summary, our data suggest
that X dampening is not the determining factor for the
reduction in X-linked gene expression in late naive cells,
and erasure of active X upregulation lead to the decrease
in X-linked gene expression (Figure 4E).

DISCUSSION

X chromosome states in female human preimplantation
embryos have remained elusive to date. While it has been
reported that preimplantation embryos carry dampened
X chromosomes, other studies have provided evidence of
inactivation of one of the X chromosomes. One of
the major challenges in resolving this issue is the lack of
availability of a surplus number of human embryos for
experimentation. Therefore, hPSCs derived from human
embryos serve as an alternative system. However, conven-
tional hPSCs represent the primed state instead of the naive
state of preimplantation embryos (Davidson et al., 2015;
Sahakyan et al., 2017b). Recently, Sahakyan et al., 2017a
converted primed hPSCs to naive state to model the X chro-
mosome states of preimplantation embryos and suggested
that naive hPSCs also carry dampened X chromosomes.
However, our analysis indicates that the conversion of
primed hPSCs to naive state is associated with the partial re-
activation of the inactive X chromosome instead of the
chromosome-wide dampening (Figure 4E). The main
reason behind the dissimilar outcomes between our study
and that of Sahakyan et al., 2017a is likely that their conclu-
sion is primarily based on analysis of bulk RNA-seq of the
cell population, whereas our conclusion is based on anal-
ysis of an scRNA-seq dataset. Since scRNA-seq provides bet-
ter clarity regarding cellular state and gene expression to
distinguish the heterogeneity among cells in a population,
we believe that our analysis provides better insight into X
chromosome states of hPSCs. In addition, our study sug-
gests that erasure of active X upregulation might be causing
the reduction in X-linked gene expression in late naive cells
(Figure 4E).

Although these two studies led to dissimilar outcomes,
several observations in our analyses were consistent with
findings by Sahakyan et al., 2017a. For example, we also
found that early naive cells were mostly XIST negative
and transitioned to XIST positive in the late naive state,
which was accompanied by a reduction in X-linked gene
expression (Figure 1). Moreover, about 26% of cells in late
naive state showed XIST expression from both X chromo-
somes, which was similar to what was reported by
Sahakyan et al., 2017a. We should point out that in preim-
plantation embryos the majority of the cells (~85%) ex-
press XIST from both X chromosomes (Okamoto et al.,
2011) and it is believed that XIST might have an important
role in X dampening. However, we found that reduction in
X-linked gene expression was independent of XIST as XIST-
biallelic, -monoallelic, and -negative cells showed almost
similar levels of gene expression in late naive cells
(Figure 2B).

On the other hand, allelic analysis of X-linked gene
expression at the single-cell level revealed striking differ-
ences between the two studies. We found that early and
late naive cells harbored partially reactivated X chromo-
some as indicated by monoallelic expression of many genes
in each cell of both cell states (Figure 3). This was contrary
to the findings of Sahakyan et al.,, 2017a whereby they
found that most of the genes had biallelic expression.
Importantly, we found significant variations in allelic
patterns of gene expression in different cells within a pop-
ulation, such as when the same genes, which were monoal-
lelic in some cells, showed biallelic expression in other
cells. In this scenario, bulk cell population analysis will al-
ways show biallelic gene expression, which might be the
case for Sahakyan’s observation. Interestingly, while Sa-
hakyan et al., 2017a interpreted the reduction in X-linked
gene expression in late naive cells as dampening, we found
a lack of dampening, since there was no significant differ-
ence in the median expression of biallelically expressed
genes between early and late naive cells (Figure 3C).
In fact, Theunissen et al. (2016) found that female naive
cells had significantly higher X-linked gene expression
compared with male naive cells, which also suggested

Figure 4. Reduction in X-Linked Gene Expression in Naive hPSCs Might Be Due to the Erasure of Active X Upregulation

(A) Comparison of X:A ratio between male primed and naive hPSCs. p < 0.001(Student’s t test). Number of independent replicates of RNA-
seq dataset used were as follows. Male primed: WIBR1 (n = 1), hESCs (n=3), HUES8 (n=2), H1_A (n=2), UCLA2 (n=1), Wis2 (n =2), hESCs
(Sc) (n =8 single cells), H1_B (n = 3). Male naive: 4i/L/A WIN1 (n = 1), 5i/L/A WIN1 (n = 1), 3iL hESCs (n = 3), t2iLGo HNES1_A (n = 3),
t2iLGo HNES1_B (n = 1), 4iLIF H1 (n = 2), NHSM Lis1 (n = 2), t2iLGo HNES1_C (n = 2).

(B) Histograms representing the distribution of X-linked and autosomal gene expression for male primed and naive hPSCs with their

different replicates (p > 0.05 by Kolmogorov-Smirnov test).

(C) Analysis of X:A ratio in different primed female hPSCs. Replicates of RNA-seq dataset used: WIBR2 and WIBR3 (n = 1); UCLA1 (n = 2).
(D) Comparison of X:A ratio in UCLA1 primed, early naive cells (cl4), and late naive cells (cl9 and cl12) based on two replicates of RNA-seq

dataset for each. p < 0.05.

(E) Proposed model representing the X chromosome states during the conversion of primed hPSCs to the naive state.
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that naive female cells harbored active X chromosomes
instead of dampened X chromosomes (Theunissen et al.,
2016). In addition, we observed that the proportion of
biallelically expressed genes increased significantly in late
naive cells compared with early naive cells, which indi-
cated that the cells were still undergoing the reactivation
process. Some observations by Sahakyan et al., 2017a also
indicated that there was an incomplete erasure of epige-
netic memory on the inactive X in the naive state. They
found, upon differentiation, that naive hPSCs underwent
non-random X inactivation dissimilar to the normal devel-
opment, and the same X chromosome that was inactive in
the primed hPSCs was again inactivated. Even naive cells
showed an accumulation of H3K27me3 repressive marks
on one of the X chromosomes, which had not been
observed in preimplantation blastocysts (Okamoto et al.,
2011). We think that the presence of H3k27me3 is the
result of incomplete erasure of inactive X marks, which is
consistent with our observation of a partially reactivated
X chromosome. Taken together, these findings suggest
that naive cells were still in the process of removing inac-
tive X epigenetic marks.

Our study suggests that erasure of active X upregulation
might be causing the reduction in X-linked gene expres-
sion upon transition from early to late naive state. Many
recent studies have demonstrated the existence of upregu-
lated active X chromosomes in mammals (Deng et al.,
2013; Larsson et al., 2019). We also found evidence for up-
regulated active X in different male primed hPSC lines (Fig-
ure 4A). Importantly, our analysis of male primed and naive
cells strongly indicates that there is erasure of active X up-
regulation upon conversion of primed to naive state (Fig-
ure 4A). Erasure of upregulation has been demonstrated
previously in spermatids during oogenesis and germ cell re-
programming of both sexes (Di and Disteche, 2006; De
Mello et al., 2017; Sangrithi et al., 2017). Moreover, our
observation is consistent with some other studies in
mouse, which showed that naive embryonic stem cells
(ESCs) have lower X:A ratio compared with the differenti-
ated cells (Lin et al., 2007; Marks et al., 2015). In particular,
during female ESC differentiation, upregulation increases
concomitantly with the initiation of X inactivation (Lars-
son et al., 2019). In fact, Theunissen et al. (2016) found a
reduction in X-linked gene expression in male naive hPSCs
compared with that in primed hPSCs, which may be due to
the erasure of active X chromosome upregulation (Theu-
nissen et al., 2016). Furthermore, it has been shown that
male blastocysts had significantly lower X:A ratio
compared with the primed hPSCs (De Mello et al., 2017).
Taken together, we believe that primed-to-naive conver-
sion of hPSCs is accompanied by erasure of active X upregu-
lation. In addition, our data indicate that the erasure of
upregulation for female UCLA1 might still be ongoing in
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the early naive state and only reaches near completion
in the late naive state, thereby leading to a reduction in
X-linked gene expression upon transition from early to
late naive state (Figure 4D). In fact, during germ cell reprog-
ramming it has been shown that erasure of upregulation
and reactivation of inactive X does not occur simulta-
neously; rather, loss of upregulation occurs later than loss
of X inactivation (Sangrithi et al., 2017).

Collectively, our study indicates that the conversion of
primed to naive state is associated with the incomplete
reactivation of X chromosome rather than X inactivation
or X dampening. Importantly, our data also indicates
that erasure of active X upregulation lead a reduction of
X-linked gene expression in naive hPSCs. Although our re-
sults argue against dampening and propose that erasure of
active X upregulation leads to reduced X-linked gene
expression in late naive cells, further work must be done us-
ing better scRNA-seq data. Finally, better culture conditions
are necessary to establish naive hPSCs that recapitulate the
X chromosome states of preimplantation embryos.

EXPERIMENTAL PROCEDURES

Data Acquisition

RNA-seq datasets were acquired from the Gene Expression
Omnibus under the accession number GEO: GSE87239 (Sahakyan
et al., 2017a). For additional datasets, see Supplemental Experi-
mental Procedures.

Variant Calling

First, reads were mapped to the human genome (hg38) using STAR.
To mark the duplicate reads from the aligned reads of single cells,
we used Picard tools v2.18.11 (https://broadinstitute.github.io/
picard/). Next, we retrieved the allelic read counts for SNPs by us-
ing GATK (v3.8) “HaplotypeCaller.” We considered those SNPs
for our analysis that were present in the UCLAL cell line database
(GSM2420529). Furthermore, we annotated those SNPs using
dbSNP Build 152 (GRCh38.p12).

Allelic Expression Analyses

For allelic expression analysis, we considered the SNPs having >3
reads per SNP site in a cell. We proceeded with those SNPs having
informative reads in at least five different cells of each category:
early and late naive. The allelic expression was calculated by
directly counting the allele-specific reads covering a SNP position
mapped to the reference or the alternative allele and then dividing
it by the total number of reads covering that position. A SNP was
considered monoallelic if at least 90% of the allelic reads was com-
ing from only one allele. We only considered allelic ratios of SNPs
for those genes that had RPKM > 1. Finally, we considered only
those SNPs for which the allelic data were available in at least
four cells for early and late naive cells. We validated the allele-spe-
cific expression pipeline through analysis of genes of an autosome
(Chr17), which showed mostly biallelic expression of SNPs (Fig-
ure S2A). Moreover, SNPs belonging to the same gene showed


https://broadinstitute.github.io/picard/
https://broadinstitute.github.io/picard/

almost similar allelic expression pattern in most of the cells with
few exceptions.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/
10.1016/j.stemcr.2020.03.027.
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