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Abstract

Human pluripotent stem cells (PSCs) express human endogenous retrovirus type-H (HERV-H), which
exists as more than a thousand copies on the human genome and frequently produces chimeric
transcripts as long-non-coding RNAs (IncRNAs) fused with downstream neighbor genes. Previous
studies showed that HERV-H expression is required for the maintenance of PSC identity, and aberrant
HERV-H expression attenuates neural differentiation potentials, however, little is known about the actual
of function of HERV-H. In this study, we focused on ESRG, which is known as a PSC-related HERV-H-
driven IncRNA. The global transcriptome data of various tissues and cell lines and quantitative expression
analysis of PSCs showed that ESRG expression is much higher than other HERV-Hs and tightly silenced
after differentiation. However, the loss of function by the complete excision of the entire ESRG gene body
using a CRISPR/Cas9 platform revealed that ESRG is dispensable for the maintenance of the primed
and naive pluripotent states. The loss of ESRG hardly affected the global gene expression of PSCs or
the differentiation potential toward trilineage. Differentiated cells derived from ESRG-deficient PSCs
retained the potential to be reprogrammed into induced PSCs (iPSCs) by the forced expression of
OCT3/4, SOX2, and KLF4. In conclusion, ESRG is dispensable for the maintenance and recapturing of
human pluripotency.
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Introduction

Human pluripotent stem cells (PSCs) express several types of human endogenous retroviruses (HERV)
[1-3]. The HERYV type-H (HERV-H) family is a primate-specific ERV element that was first integrated into
new world monkeys. During further primate evolution, this family’s major expansion occurred before the
branch of old world monkeys [4]. The typical structure of a HERV-H consists of an interior component,
HERVH-int, flanked by two long terminal repeat 7 (LTR7), which have promoter activity [5, 6]. Recent
studies have demonstrated that the activity of LTR7 is highly specific in established human PSCs and
relatively absent in early human embryos. In contrast, other LTR7 variants such as LTR7B, C, and Y are
activated in broad types of early human embryos from the 8-cell to epiblast stages [7].

The importance of HERV-Hs in human PSCs has been shown. The knockdown of pan HERV-Hs using
short hairpin RNAs (shRNAs) against conserved sequences in LTR7 regions revealed that HERV-H
expression is required for the self-renewal of human PSCs [8, 9] and somatic cell reprogramming toward
pluripotency [8-14]. In addition to the self-renewal, the precise expression of HERV-Hs is crucial for the
neural differentiation potential of human PSCs [10, 15]. In this way, HERV-H expression contributes to
PSC identity.

The transcription of HERV-H frequently produces a chimeric transcript fused with a downstream neighbor
gene, which diversifies HERV-H-driven transcripts. Therefore, many HERV-H-driven RNAs contain
unique sequences aside from HERV-H consensus sequences. Indeed, PSC-associated HERV-H-
containing long non-coding RNAs (IncRNAs) have been reported [15-17]. One of them, ESRG (embryonic
stem cell-related gene; also known as HESRG) was identified as a transcript that is predominantly
expressed in undifferentiated human embryonic stem cells (ESCs) [18, 19]. ESRG is transcribed from
HERV-H LTR7 promoter [8, 20] and is activated in an early stage of somatic cell reprogramming induced
by the forced expression of OCT3/4, SOX2, and KLF4 (OSK) [12, 13, 20]. One previous study showed
that the short hairpin RNA (shRNA)-mediated knockdown of ESRG induces the loss of PSC characters
such as colony morphology and PSC markers along with the activation of differentiation markers,
suggesting the indispensability of ESRG for human pluripotency [8]. However, despite these
characterizations, the function of ESRG is still unknown.

In this study, we completely deleted ESRG alleles to analyze ESRG function in human PSCs with no off-
target risk. Surprisingly, the loss of ESRG, which is thought to be an essential IncRNA for PSC identity,
exhibited no impact on the self-renewal or differentiation potentials of both primed and naive human
PSCs. Neural progenitor cells (NPCs) derived from ESRG-deficient PSCs could be reprogrammed into
induced PSC (iPSC) by OSK expression. This study revealed that ESRG is dispensable for human
pluripotency.
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Results

ESRG is robustly expressed in PSCs and tightly silenced after differentiation

The RNA sequencing (RNA-seq) and chromatin immunoprecipitation (ChIP-seq) of histone H3
modifications indicated that the ESRG locus is open and actively transcribed in human PSCs but not in
differentiated cells such as human dermal fibroblasts (HDFs) (Fig. 1A). As well as other HERV-H-related
genes, LTR7 elements in ESRG gene are occupied by pluripotency-associated transcription factors (TFs)
such as OSK [9, 10] (Fig. 1A). Little or no ESRG expression was detected in 24 adult tissues and five
fetal tissues (Fig. S1A). Compared to other PSC-associated HERV-H chimeric transcripts, ESRG
expression exhibits a sharp contrast between PSCs and somatic tissues [8, 10, 15-17]. Furthermore,
ESRG is expressed in PSCs, including embryonic carcinoma cell (ECC) lines, but is silenced in four
cancer cell lines and ten cell lines derived from normal tissue (Fig. S1B). Quantitative reverse
transcription-polymerase chain reaction (QRT-PCR) revealed that the ESRG expression is significantly
higher than the expression of other HERV-H-related transcripts and is comparable to the expression of
SOX2 and NANOG, which play essential roles in pluripotency (Fig. 1B). These data suggest that ESRG
expression is abundant in PSCs and is tightly silenced in differentiated states.

ESRG is dispensable for human pluripotency

The above results led us to hypothesize the important role of ESRG in human PSCs. To make a complete
loss of function of the INcRNA ESRG, we employed a CRISPR/Cas9 platform and two single guide RNAs
(sgRNAs) that flanked ~8,400 bp of the genomic region including the entire ESRG gene based on the
human genome database and RNA-seq data (Figs. 1A and S2A). As a result, we obtained multiple
independent ESRG knockout (KO) PSC lines that exhibit complete deletion of the gene body with unique
minor deletion patterns in both alleles under a primed PSC culture condition (Figs. S2B and S2C). In this
study, we used three clones as wild-type (WT) controls carrying intact ESRG alleles with no or minor
deletions at the sgRNA recognition sites (Fig. S2D). We performed all subsequent experiments in 3 WT
versus 3 KO manner. The expression of ESRG was undetectable in the KO clones by gRT-PCR (Fig.
1C). Immunocytochemistry showed that ESRG KO PSCs express the PSC core transcription factors (Fig.
1D) and PSC-specific surface antigens (Fig. 1E). The loss of ESRG made no impact on the expression
of neighbor genes located within 10 Mbp of ESRG (Fig. 1F). Global transcriptome analysis revealed that
the loss of ESRG altered the expression of only a few genes (Fig. 1G). Moreover, ESRG KO PSCs
normally survived while maintaining the undifferentiated state as judged by alkaline phosphatase (AP)
activity and the absence of any apparent genomic abnormalities (Figs. 1H and S3). These data suggest
that ESRG is dispensable for the self-renewing of primed PSCs.

We also tested if ESRG is required for another state of pluripotency, the so-called naive state, which also
expresses ESRG but at a significantly lower level than the primed state (Fig. 2A). Regardless of the
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ESRG expression, naive PSCs could be established by switching the media composition and could self-
renew while keeping a tightly packed colony formation (Fig. 2B) [21-23]. Furthermore, they exhibited a
significantly high expression of the naive pluripotency markers KLF4 and KLF17 and attenuated the
expression of the primed PSC marker ZIC2 (Fig. 2C) [24, 25]. Microarray analysis revealed that ESRG
had no effect on the global gene expression of either primed or naive PSCs (Fig. 2D). We also
differentiated ESRG WT and KO naive PSCs to the primed pluripotent state. As a result, irrespective of
the ESRG genotype, we detected the hallmarks of primed pluripotency such as flatter colony formation,
the reactivation of ZIC2 and the suppression of KLF4 and KLF17, suggesting the bidirectional transition
between naive and primed pluripotency does not require ESRG (Figs. 2E and 2F). Taken together, these
data demonstrate that ESRG is dispensable for the maintenance of human PSCs.

ESRG is not involved in differentiation

Next, we analyzed whether ESRG is required for the differentiation of PSCs by embryoid body (EB)
formation. The absence of ESRG had no effect on EB formation by floating culture or differentiation into
trilineage such as alpha-fetoprotein (AFP) positive (+) endoderm, smooth muscle actin (SMA) (+)
mesoderm and BIII-TUBULIN (+) ectoderm (Figs. 3A and 3B). Other lineage markers such as DCN
(endoderm), MSX1 (mesoderm) and MAP2 (ectoderm) were also well induced in EBs derived from either
ESRG WT or KO PSCs (Fig. 3C). Global transcriptome analysis by microarray indicated the loss of ESRG
caused no significant gene expression changes during EB differentiation (Fig. 3D). These data suggest
that ESRG KO PSCs retained the potential to differentiate into all three germ layers.

Previous studies showed that HERV-H expression regulates the neural differentiation potential of human
PSCs [10, 15, 26]. Thus, in addition to the random differentiation by EB formation, we tested whether
ESRG contributes to the directed differentiation of PSCs into NPCs by the dual SMAD inhibition method
[27, 28]. Both ESRG WT and KO PSCs were able to differentiate into expandable NPCs, which expressed
the early neural lineage marker PAX6 but not OCT3/4 (Fig. 3E). Other NPC markers such as SOX1 and
NES were well induced, whereas the PSC marker NANOG was silenced (Fig. 3F). These data suggest
that ESRG is not responsible for HERV-H-regulated neural differentiation. Taken together, we concluded
that ESRG is not required for the differentiation of human PSCs.

ESRG is not required for somatic cell reprogramming toward pluripotency

A previous study showed that the overexpression of ESRG improves iPSC generation [8], suggesting a
positive effect on somatic cell reprogramming toward pluripotency. The activation of ESRG in the early
stage of reprogramming and the high expression of ESRG during reprogramming support this hypothesis
(Fig. 4A) [20]. Therefore, we reprogrammed ESRG WT and KO NPCs to iPSCs by introducing OSK.
iPSCs emerged from ESRG WT and KO NPCs with comparable efficiency (Fig. 4B). This observation
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suggests that ESRG is dispensable for iPSC generation. In addition, along with OSK, we transduced c-
MYC, a potent enhancer of iPSC generation [29, 30], or exogenous ESRG. ¢c-MYC but not exogenous
ESRG increased the efficiency of the iPSC generation from ESRG WT and KO NPCs equally (Fig. 4B).
Taken together, these data suggest that ESRG has no impact on somatic cell reprogramming toward
iPSCs.

Discussion

In this study, we completely excised the entire ESRG gene to understand its role in human PSCs while
avoiding residual expression and off-target effects. Unexpectedly, ESRG KO PSCs showed no apparent
phenotypes in self-renewal or differentiation potential. A previous study showed the importance of ESRG
in human PSC identity by using an shRNA-mediated knockdown approach [8]. Although we used the
same H9 ESC line as that study, the different strategies for the loss of function and subsequent
experiments, such as knockdown and knockout, may explain the different results. For example, the speed
of the loss of function may differ. Generally, RNA interference (RNAI) induces acute silencing of the target
gene expression, whereas the knockout process is relatively slow and has multiple stages, including
CRISPR/Cas9-mediated deletion, clonal expansion, subcloning and others. Another possibility is the off-
target effect of RNAI. Similar observations have been found for the role of IncRNA Cyrano that is highly
conserved in mouse and human. Knockdown by using shRNA suggested Cyrano IncRNA maintains
mouse PSC identify [31], but targeted deletion of the Cyrano gene and gene silencing by CRISPR
interference demonstrated no impact on mouse or human PSC identity [32-34]. Further, it has been
argued that the shRNA-mediated knockdown of nuclear IncRNAs might be difficult or inefficient compared
to cytoplasmic RNAs such as mRNAs [35, 36]. In addition, while small nucleotide insertions or deletions
causing frameshift of the reading frames work well for the loss of function of protein-coding genes, the
same is not true for non-coding RNAs. In this context, our study succeeded to generate the complete
deletion of ESRG gene alleles, providing highly reliable results.

This study clearly demonstrated that ESRG is dispensable for human PSC identity. Neither primed nor
naive PSCs require ESRG for their identities, such as colony morphology or gene expression signatures,
meaning ESRG is dispensable for human pluripotency, at least in an in vitro culture environment.
However, since ESRG is expressed in epiblast-stage human embryos [8, 37], it might be involved in early
human embryogenesis.

ESRG is stochastically activated by OSK in rare reprogrammed intermediates that have the potential to
become bona fide iPSCs and is highly expressed throughout the process of reprogramming toward iPSCs
[20]. In the present study, we showed that ESRG KO NPCs can be reprogrammed with the same
efficiency as ESRG WT NPCs. These data suggest that ESRG is a good marker of the intermediate cells
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in early stage of reprogramming rather than a functional molecule that is need for iPSC generation.

In summary, this study provides clear evidence of the dispensability of ESRG for PSC identities, such as
global gene expressions and differentiation potentials, in two distinct types of pluripotent states. We also
demonstrated that the function of ESRG is not required for recapturing pluripotency via somatic cell
reprogramming. Finally, the tightly regulated and high expression of ESRG promises to make an excellent
marker of undifferentiated PSCs both in basic research and clinical application [20, 38].
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Methods

The culture of primed PSCs | H9 ESC (RID:CVCL_9773) and 585A1 iPSC (RRID:CVCL_DQO0G6) lines
were maintained in StemFiT AKO2 media (Ajinomoto) supplemented with 100 ng/ml recombinant human
basic fibroblast growth factor (bFGF, Peprotech) (hereafter F/A media) on a tissue culture plate coated
with Laminin 511 E8 fragment (LN511E8, NIPPI). A 201B7 iPSC (RRID:CVCL_A324) line was cultured
on mitomycin C (MMC)-inactivated SNL mouse feeder cells (RRID:CVCL_K227) in Primate ESC Culture
medium (ReproCELL) supplemented with 4 ng/ml bFGF.

Induction and maintenance of naive PSCs | The conversion of primed PSCs to the naive state was
performed as described previously [23]. Prior to naive conversion, primed PSCs were maintained on
MMC-treated primary mouse embryonic fibroblasts (PMEFs) in DFK20 media consisting of DMEM/F12
(Thermo Fisher Scientific), 20% Knockout Serum Replacement (KSR, Thermo Fisher Scientific), 1%
MEM non-essential amino acids (NEAA, Thermo Fisher Scientific), 1% GlutaMax (Thermo Fisher
Scientific) and 0.1 mM 2-mercaptoethanol (2-ME, Thermo Fisher Scientific)) supplemented with 4 ng/ml
bFGF. The cells were harvested using CTK solution (ReproCELL) and dissociated to single cells. One
hundred thousand cells were plated onto MMC-treated PMEFs in a well of a 6-well plate in DFK20 media
plus bFGF and 10 uM Y-27632. Thereafter, the cells were incubated in hypoxic condition (5% O2). On the
next day, the media was replaced with NDiff227 (Takara) supplemented with 1 uM PD325901 (Stemgent),
10 ng/ml of recombinant human leukemia inhibitory factor (LIF, EMD Millipore) and 1 mM Valproic acid
(Wako). Three days later, the media was switched to PXGL media (NDiff227 supplemented with 1 uM
PD325901, 2 uM XAV939 (Wako), 2 uM G66983 (Sigma Aldrich) and 10 ng/ml of LIF). When round shape
colonies were visible (around day 9 of the conversion), the cells were dissociated using TrypLE Express
(Thermo Fisher Scientific) and plated onto a new PMEF feeder plate in PXGL media plus 10 yM Y-27632.
The media was changed daily, and the cells were passaged every 4-5 days. Cells after at least 30 days
of the conversion were used for the assays.

Differentiation of naive PSCs to the primed state | Naive PSCs were harvested using TrypLE Express
and plated at 5 x 10° cells onto a well of a LN511E8-coated 6-well plate in PXGL media supplemented
with 10 uM Y-27632. On the next day, the media was replaced with F/A media. After 2 and 8 days, the
cells were harvested and split to a new LN511E8-coated plate in F/A media plus 10 uM Y-27632. On day
16 of the differentiation, the cells were fixed for immunocytochemistry, and RNA samples were collected
to analyze the marker gene expression.

Induction and maintenance of NPCs | Primed PSCs were differentiated into expandable NPCs by using
the STEMdiff SMADI Neural Induction Kit (Stem Cell Technologies) as previously described [26-28]. In
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brief, primed PSCs were maintained on a Matrigel (Corning)-coated plate in mTeSR1 media (Stem Cell
Technologies) prior to the NPC induction. The cells were harvested using Accutase (EMD Millipore) and
transferred at 3 x 10° cells to a well of an AgrreWell800 plate (Stem Cell Technologies) in STEMdiff Neural
Induction Medium + SMAD:i (Stem Cell Technologies) supplemented with 10 uM Y-27632. Five days later,
uniformly sized aggregates were collected using a 37 um Reversible Strainer (Stem Cell Technologies)
and plated onto a Matrigel-coated 6-well plate in STEMdiff Neural Induction Medium + SMADi. Seven
days later, neural rosette structures were selectively removed by using STEMdiff Neural Rosette
Selection Reagent (Stem Cell Technologies) and plated onto a new Matrigel-coated 6-well plate in
STEM(dIff Neural Induction Medium + SMAD:i. After that, the cells were passaged every 2-3 days until day
30 post-differentiation. The established NPCs were maintained on a Matrigel-coated plate in STEMdiff
Neural Progenitor Medium (Stem Cell Technologies) and passaged every 3-4 days.

The culture of other cells | HDFs and PLAT-GP packaging cells (RRID:CVCL_B490) were cultured in
DMEM (Thermo Fisher Scientific) containing 10% fetal bovine serum (FBS, Thermo Fisher Scientific).

Embryoid body (EB) differentiation | PSCs were cultured on a Matrigel-coated plate in mTeSR1 media
until reaching confluency prior to EB formation. The cells were harvested using CTK solution
(ReproCELL), and cell clumps were transferred onto an ultra-low binding plate (Corning) in DFK20
media. For the first 2 days, 10 uM Y-27362 was added to the media to improve cell survival. The media
was changed every other day. After 8 days of floating culture, the EBs were we transferred onto a tissue
culture plate coated with 0.1% gelatin (EMD Millipore) and maintained in DFK20 media for another 8
days.

Plasmid | Full-length ESRG complementary DNA (cDNA) was amplified using ESRG-S and ESRG-AS
primers and inserted into the BamHI/Notl site of a pMXs retroviral vector [39] using In-Fusion technology
(Clontech). The primer sequences for the cloning are available in S1 Table.

Reprogramming | Retroviral transduction of the reprogramming factors was performed as described
previously [12, 20]. A pMXs retroviral vector encoding human OCT3/4 (RRID:Addgene_17217), human
SOX2 (RRID:Addgene _17218), human KLF4 (RRID:Addgene _17219), human c¢-MYC
(RRID:Addgene_17220) and ESRG (6 ug each) along with 3 pg of pMD2.G (gift from Dr. D. Trono;
RRID:Addgene_12259) was transfected into PLAT-GP packaging cells, which were plated at 3.6 x 108
cells per 100 mm dish the day before transfection, using FUGENEG® transfection reagent (Promega). Two
days after the transfection, virus-containing supernatant was collected and filtered through a 0.45 um-
pore size cellulose acetate filter to remove the cell debris. Viral particles were precipitated using Retro-X

9


https://doi.org/10.1101/2020.11.25.397935
http://creativecommons.org/licenses/by-nc-nd/4.0/

251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.25.397935; this version posted November 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Concentrator (Clontech) and resuspended in STEMdiff Neural Progenitor Medium containing 8 pg/mi
Polybrene (EMD Millipore). Then, appropriate combinations of viruses were mixed and used for the
transduction to NPCs. This point was designated day 0. The cells were harvested on day 3 post-
transduction and replated at 5 x 10* cells per well of a LN511E8-coated 6-well plate in STEMdiff Neural
Progenitor Medium. The following day (day 4), the medium was replaced with F/A media, and the medium
was changed every other day. The iPSC colonies were counted on day 24 post-transduction. Bona fide
iPSC colonies were distinguished from non-iPSC colonies by their morphological differences and/or
alkaline phosphatase activity.

Deletion of ESRG gene | A ribonucleoprotein complex consisting of 40 pmol of Alt-R S.p. HiFi Cas9
Nuclease V3 (Integrated DNA Technologies) and two single guide RNAs (sgRNAs): sgESRG-U (5'-
AGAGAAUACGAAGCUAAGUG-3’) and sgeESRG-L (5-AUUGCAGUUGUCACAUGACA-3’), 150 pmol
each; SYNTHEGO) was introduced into 5 x 10° H9 ESCs (passage number 49) from a subconfluent
culture using a 4D-Nucleofector System with X Unit (Lonza) and P3 Primary Cell 4D-Nucleofector Kit S
(Lonza) with the CA173 program. Three days after the nucleofection, the cells were harvested and
replated at 500 cells onto a LN511E8-coated 100 mm dish in F/A media supplemented with 10 uM Y-
27632. The cells were maintained until the colonies grew big enough for subcloning. The colonies were
mechanically picked up, dissociated using TrypLE select and plated onto a LN511E8-coated 12-well plate
in F/A media supplemented with 10 uM Y-27632.

The genomic DNA of the expanded clones was purified using the DNeasy Blood & Tissue Kit (QIAGEN).
Fifty nanograms of purified DNA was used for quantitative polymerase chain reaction (PCR) using
TagMan Genotyping Master Mix (Thermo Fisher Scientific) on an ABI7900HT Real Time PCR System
(Applied Biosystems). TagMan Assays (Thermo Fisher Scientific) such as ESRG_cn1 (Hs05898393 cn)
and ESRG_cn2 (Hs06675423 cn) detected the ESRG locus and TagMan Copy Number Reference
Assay human RNase P (4403326, Thermo Fisher Scientific) was used as an endogenous control. To
verify the indel patterns in wild-type clones, fragment around the sgESRG-U and sgESRG-L recognition
sites were amplified with ESRG-U-S/ESRG-U-AS and ESRG-L-S/ESRG-L-AS primer sets, respectively.
The amplicons were purified using the QIAquick PCR Purification Kit (QIAGEN) and subjected to
sequencing. To check the deleted sequences in the knockout clones, a fragment with ESRG-U-S/ESRG-
L-AS primers was amplified. Conventional PCR was performed using KOD Xtreme Hot Start DNA
Polymerase (EMD Millipore). The fragments were cloned into pCR-Blunt 1| TOPO using the Zero Blunt
TOPO PCR Cloning Kit (Thermo Fisher Scientific), and the sequencing was verified using M13 forward
and M13 reverse universal primers. The sequence data was analyzed using SnapGene software (GSL
Biotech LLC). The primer sequences are provided in S1 Table.
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RNA isolation and reverse-transcription polymerase chain reaction | The cells were lysed with
QIAzol reagent (QIAGEN), and the total RNA was purified using a miReasy Mini Kit (QIAGEN) according
to the manufacturer’s protocol. The reverse transcription (RT) of 1 ug of purified RNA was done by using
SuperScript Il First-Strand Synthesis SuperMix (Thermo Fisher Scientific). Quantitative RT-PCR was
performed using TagMan Assays with TagMan Universal Master Mix Il, no UNG (Applied Biosystems) on
an ABI7900HT or a QuantoStudio 5 Real Time PCR System (Applied Biosystems). The C; values of the
undetermined signals caused by too low expression was set at 40. The levels of MRNA were normalized
to the GAPDH expression, and the relative expression was calculated as the fold-change from the control.
Information about the TagMan Assays is shown in S2 Table.

Gene expression analysis by microarray | The total RNA samples were purified using the miReasy
Mini Kit, and the quality was evaluated using a 2100 Bioanalyzer (Agilent Technologies). Two hundred
nanograms of total RNA was labeled with Cyanine 3-CTP and used for hybridization with SurePrint G3
Human GE 8x60K (version 1 (G4851A) and version 3 (G4851C), Agilent Technologies) and the one-color
protocol. The hybridized arrays were scanned with a Microarray Scanner System (G2565BA, Agilent
Technologies), and the extracted signals were analyzed using the GeneSpring version 14.6 software
program (Agilent Technologies). Gene expression values were normalized by 75th percentile shifts.
Differentially expressed genes between ESRG WT and KO ESCs were extracted by t-tests with Benjamini
and Hochberg corrections [fold change (FC) > 2.0, false-discovery rate (FDR) < 0.05].

Immunocytochemistry | The cells were washed once with PBS, fixed with fixation buffer (BioLegend)
for 15 min at room temperature and blocked in PBS containing 1% bovine serum albumin (BSA, Thermo
Fisher Scientific), 2% normal donkey serum (Sigma-Aldrich) for 45 min at room temperature. For the
staining of intracellular proteins, the fixed cells were permeabilized by adding 0.2% TritonX-100 (Teknova)
during the blocking process. Then the cells were incubated with primary antibodies diluted in PBS
containing 1% BSA at 4°C overnight. After washing with PBS, the cells were incubated with secondary
antibodies diluted in PBS containing 1% BSA and 1 pug/ml Hoechst 33342 (Thermo Fisher Scientific) for
45 min at room temperature in the dark. The fluorescent signals were detected using a BZ-X710 imaging
system (KEYENCE). The antibodies and dilution rate were as follows: anti-OCT3/4 (1:250, 611203, BD
Biosciences), anti-SOX2 (1:100, ab97959, Abcam), anti-NANOG (1:100, ab21624, Abcam), anti-KLF17
(1:100, HPA024629, Atlas Antibodies), anti-PAX6 (1:1,000, 901301, BioLegend), SSEA3 (1:100, 09-0044,
Stemgent), SSEA4 (1:100, 09-0006, Stemgent), SSEA5 (1:100, 355201, BioLegend), TRA-1-60 (1:100,
MAB4360, EMD Millipore), TRA-2-49/6E (1:100, 358702, BioLegend), anti-AFP (1:200, GTX15650,
GeneTex), anti-SMA (1:200, CBL171-l, EMD Millipore), anti-BllI-TUBULIN (1:1,000, XMAB1637, EMD
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Millipore), Alexa 488 Plus anti-mouse IgG (1:500, A32766, Thermo Fisher Scientific), Alexa 647 Plus anti-
rabbit 1gG (1:500, A32795, Thermo Fisher Scientific), Alexa 594 anti-rat IgM (1:500, A21213, Thermo
Fisher Scientific) and Alexa 555 anti-mouse IgM (1:500, A21426, Thermo Fisher Scientific).

Quantification and statistical analysis | Data are presented as the mean * standard deviation unless
otherwise noted. Sample number (n) indicates the number of replicates in each experiment. The number
of experimental repeats is indicated in the figure legends. To determine statistical significance, we used
the unpaired t-test for comparisons between two groups using Excel Microsoft 365 (Microsoft). Statistical
significance was set at p < 0.05. All graphs and heatmaps were generated using GraphPad Prism 8
software (GraphPad).

Data availability | RNA-seq and ChIP-seq (GSE56569 and GSE89976) and Gene expression microarray
(GSE54848, GSE156834 and GSE159101) results are accessible in the Gene Expression Omnibus
database of the National Center for Biotechnology Information website.
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Figure legends

Figure 1 | ESRG is dispensable for primed pluripotency

(A) Epigenetic status of the ESRG locus. Shown are RNA-seq and ChlP-seq data for histone
modifications and PSC core transcription factor (TF) binding on the ESRG locus in HDFs and iPSCs on
human genome assembly hg19. The green arrowheads at the bottom indicate the location of the LTR7
elements. (B) Expression of PSC-associated mRNAs and HERV-H chimeric RNAs. Shown are the
averaged expressions of the indicated transcripts in H9 ESCs, 585A1 iPSCs and 201B7 iPSCs. Error
bars and white lines indicate min. to max. and the mean of each gene expression, respectively. Values
are compared to GAPDH. n=3. (C) Expression of ESRG in ESRG WT and KO PSC clones. Values are
normalized by GAPDH and compared with primed H9 ESCs. n=3. (D) Expression of PSC core
transcription factors. Bars,100 um. (E) Expression of PSC-specific surface antigens. Bars, 100 um. (F)
Expression of neighbor genes <10 Mbp apart from ESRG gene. Values are normalized by GAPDH and
compared with parental primed H9 ESCs. n=3. (G) Global gene expression. Scatter plots compare the
microarray data of ESRG WT and KO primed PSCs. The colored plots indicate differentially expressed
genes (DEGs) with statistical significance (FC>2.0, FDR, 0.05). Number of DEGs are shown in the figure.
n=3. (H) Plating efficiency. Shown are the number of AP (+) colonies raised from 100 or 200 ESRG WT
and KO PSCs. n=3. Numerical values for B, C, F, and H are available in S1 Data.

Figure 2 | No impact of ESRG on naive pluripotency

(A) The ESRG expression. Shown are relative expressions of ESRG in primed PSCs, naive PSCs, NPCs
and HDFs. Values are normalized by GAPDH and compared with the primed 585A1 iPSC line. *P<0.05
vs. primed PSCs by unpaired t-test. n=3. (B) Conversion to naive pluripotency. Shown are representative
images of ESRG WT and KO primed and naive PSCs under phase contrast and of immunocytochemistry
for KLF17 (red) and OCT3/4 (green). Bars, 200 pm. (C) The expression of primed and naive PSC markers.
Shown are the relative expressions of common PSC markers (POU5F1 and NANOG), a primed PSC
marker (ZIC2) and naive PSC markers (KLF4 and KLF17). Values are normalized by GAPDH and
compared with primed H9 ESCs. n=3. (D) Global transcriptome. Scatter plots comparing the microarray
data of ESRG WT and KO naive PSCs. The colored plot indicates DEG with statistical significance
(FC>2.0, FDR,0.05). Number of DEGs are shown in the figure. n=3. (E) Differentiation to primed
pluripotency. Representative images of ESRG WT and KO naive PSCs before and after conversion to
the primed pluripotent state are shown. Bars, 200 um. (F) The expression of primed and naive PSC
markers. Shown are the relative expressions of the marker genes in (C) in ESRG WT and KO naive
PSCs before and after the differentiation to the primed pluripotent state. Values are normalized by
GAPDH and compared with primed H9 ESCs. n=3. Numerical values for A, C, and F are available in S1
Data.
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Figure 3 | ESRG-deficient PSCs are capable of differentiating.

(A) Differentiation by EB formation. Bars, 500 um. (B) Trilineage differentiation. Bars, 200 ym. (C) The
expression of differentiation markers. Shown are the relative expressions of PSC markers (POU5F1 and
NANOG) and differentiation markers (DCN, MSX1 and MAP2) on days 8 and 16 of EB differentiation.
Values are normalized by GAPDH and compared with primed H9 ESCs. n=3. (D) Global gene expression
of differentiation derivatives. Scatter plots compare the microarray data of ESRG WT and KO PSC-
derived EBs on days 8 and 16. Number of DEGs (FC>2.0, FDR,0.05) are shown in the figure. n=3. (E)
NPC differentiation. Representative images of ESRG WT and KO PSCs and NPCs under phase contrast
and of immunocytochemistry for PAX6 (red) and OCT3/4 (green) are shown. Bars, 200 uym. (F) The
expression of NSC markers. Shown are the relative expressions of PSC markers (POU5F1 and NANOG)
and NPC markers (PAX6, SOX1 and NES) in ESRG WT and KO PSCs and NPCs. Values are normalized
by GAPDH and compared with primed H9 ESCs. n=3. Numerical values for C and F are available in S1
Data.

Figure 4 | ESRG is dispensable for iPSC reprogramming.

(A) The expression of ESRG during reprogramming. The heatmap shows the normalized intensities of
ESRG, POU5F1 (endogenous), SOX2 (endogenous) and NANOG expression from microarray data in
the time course of iPSC reprogramming (days 0-49) and established iPSCs (far right). n=3. (B) The effect
of ESRG on iPSC generation. Shown are the numbers of AP (+) iPSC colonies 24 days after the
transduction of OSK along with Mock (n=4), ESRG (n=4) and ¢c-MYC (n=5). Numerical values for A and
B are available in S1 Data.

Supporting information

81 Fig. ESRG expression profiles. Expression of ESRG in human tissues. (A) Shown are the
normalized intensities of ESRG expression from the microarray data of PSCs (H9 ESC), 24 adult tissues
and five fetal tissues. (B) Expression of ESRG in human cell lines. The normalized intensities of ESRG
expression from the microarray data of several PSC lines including H9 ESC, 201B7 iPSC, 585A1 iPSC,
2102Ep embryonic carcinoma cells (ECC) and NTERA-2 ECC, cancer cell lines such as MCF7, HepG2,
HelLa and Jurkat, and normal tissue-derived cells such as adipose tissue-derived mesenchymal stem
cells (AdMSC), dental pulp-derived MSCs (DpMSC), human dermal fibroblasts (HDF), peripheral blood
mononuclear cells (PBMC), bronchial epithelial cells (BrEC), prostate epithelial cells (PrEC), hepatocytes
(Hep), epidermal keratinocytes (EKc), neural progenitor cells (NPC) and astrocytes (Astrocyte) are shown.
Numerical values for A and B are available in S1 Data.
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S2 Fig. Deletion of ESRG locus. (A) The scheme of ESRG targeting. The locations of sgRNAs for
targeting (sgESRG-U and -L), primers for genotyping (U-S/AS and L-S/AS) and TagMan Assays for copy
number analyses (cn1 and cn2) are shown. The sequences of sgRNAs and primers are provided in the
Methods section and S1Table. (B) The copy number of ESRG gene. The copy number of ESRG gene in
ESRG WT (clones 1, 21 and 28), a heterozygous clone (Het) that lacks one ESRG allele and KO (clones
10, 18 and 23) were quantified by qPCR using TagMan Copy Number Assays (cn1 and 2). Values are
normalized by RNase P and compared with parental H9 ESCs. n=3. (C) The sequences around the
deletion sites in ESRG KO ESC clones verified by Sanger sequencing. (D) The sequences around the
sgRNA recognition sites upstream (sgESRG-U) and downstream (sgESRG-L) of the ESRG locus in
ESRG WT ESC clones verified by Sanger sequencing. Numerical values for B are available in S1 Data.

S3 Fig. Karyotypes of PSC clones used in the study. Representative images of G-band staining show
that all clones used in the study maintained normal female karyotypes (46XX).

S1 Table. Primers used in this study.

S2 Table. TagMan Assays used in this study.

S1 Data. In separate sheets, the excel spreadsheet contains the numerical values for Figs. 1B, 1C,
1F, 1H, 2A, 2C, 2F, 3C, 3F, 4A, and 4B; S1A, S1B and S2B Figs.
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S1 Table. Primers used in this study

Name Sequence (5'to 3')

ESRG-U-S ACAATTACATGTCAATGCTGCGAG

ESRG-U-AS GTGGAATGTCATCAGTTAAGGTGG

ESRG-L-S CACTGCAAAGATCACATTCATCGC

ESRG-L-AS GGCTGGAGCTTAGAATGGTTCAG

ESRG-BamH1-S AGTTAATTAAGGATCCGCTGACTCTCTTTTCGGACTCAGC
ESRG-Not1-AS ACTGTGCTGGCGGCCGCACTCATCAAACCATTTGAATTTAATTGC
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S2 Table. TagMan Assays used in this study

Target Assay ID

ESRG Hs03666618_s1

LINC-ROR Hs04332550_m1
LINC00458 Hs05005988 m1
LINC01108 Hs04402672_m1
HHLA1 Hs00903176_g1

ABHD12B Hs00997975_g1

C40RF51 Hs03037752_m1
SCGB3A2 Hs00369678_m1
NCR1 Hs00950813_m1
RPL39L Hs01027925_m1
IL34 Hs01050928_g1

KLKB1 Hs00168478_m1
POUS5F1 Hs04260367_gH
SOX2 Hs01053409_s1

NANOG Hs02387400_g1

ZICc2 Hs00600845_m1
KLF4 Hs00358836_m1
KLF17 Hs00702999_m1
PAX6 Hs00240871_m1
NES Hs04187831_g1

SOX1 Hs01057642_s1

GAPDH Hs02786624_g1
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