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Abstract

Naïve pluripotency can be established in human pluripotent
stem cells (hPSCs) by manipulation of transcription factors,
signaling pathways, or a combination thereof. However, dif-
ferences exist in the molecular and functional properties of
naïve hPSCs generated by different protocols, which include
varying similarities with pre-implantation human embryos, dif-
ferentiation potential, and maintenance of genomic integrity.
We show here that short treatment with two chemical agonists
(2a) of nuclear receptors, liver receptor homologue-1 (LRH-1)
and retinoic acid receptor gamma (RAR-c), along with 2i/LIF
(2a2iL) induces naïve-like pluripotency in human cells during
reprogramming of fibroblasts, conversion of pre-established
hPSCs, and generation of new cell lines from blastocysts. 2a2iL-
hPSCs match several defined criteria of naïve-like pluripotency
and contribute to human–mouse interspecies chimeras. Activa-
tion of TGF-b signaling is instrumental for acquisition of naïve-
like pluripotency by the 2a2iL induction procedure, and transient
activation of TGF-b signaling substitutes for 2a to generate
naïve-like hPSCs. We reason that 2a2iL-hPSCs are an easily
attainable system to evaluate properties of naïve-like hPSCs and
for various applications.

Keywords chimera formation; human naïve pluripotency; nuclear receptors;

TGF-b signaling pathway

Subject Categories Stem Cells & Regenerative Medicine

DOI 10.15252/embr.201847533 | Received 5 December 2018 | Revised 13 June

2020 | Accepted 17 July 2020 | Published online 16 August 2020

EMBO Reports (2020) 21: e47533

Introduction

Mammalian pluripotency is defined as the ability of a cell to differen-

tiate into all the cell types of an adult organism. The epiblast of an

early embryo is considered to contain bona fide in vivo pluripotent

cells. In vitro-derived pluripotent stem cells (PSCs), including embry-

onic stem cells (ESCs) and induced PSCs (iPSCs), recapitulate numer-

ous properties of epiblast cells (Evans & Kaufman, 1981; Martin,

1981; Thomson et al, 1998; Takahashi & Yamanaka, 2006). In mice,

both ESCs and iPSCs are the genuine counterparts of pre-implantation

epiblast cells. Naı̈ve PSCs can participate in embryo development to

form chimeric organisms. However, human PSCs (hPSCs) are in a

primed state of pluripotency, similar to mouse post-implantation

epiblast-derived stem cells (EpiSCs). Both hPSCs and EpiSCs lack the

ability to form chimeras (Brons et al, 2007; Tesar et al, 2007; Nichols

& Smith, 2009). Although naı̈ve and primed pluripotent states have

some common features, there are considerable differences at the

cellular and molecular levels. Naı̈ve PSCs show a dome-shaped

morphology, two active X-chromosomes in female cells, rapid growth

rates, robust single-cell survival, and amenability to genetic manipu-

lation. In contrast, primed PSCs show flattened morphology, an inac-

tive X-chromosome in female cells, transcriptional leakages of a

number of early lineage differentiation genes, and sensitivity to

single-cell dissociation (Hassani et al, 2014, 2019).

Several studies have attempted to convert primed hPSCs into

naı̈ve cells by overexpressing naı̈ve-related transcriptional regula-

tors and/or impressing naı̈ve-related signaling pathways, which

might overcome primed characteristics that lead to inconsistent

lineage differentiation protocols, limiting the use of hPSCs in regen-

erative medicine (Li et al, 2009; Buecker et al, 2010; Hanna et al,

2010; Chan et al, 2013; Gafni et al, 2013; Takashima et al, 2014;

Theunissen et al, 2014; Ware et al, 2014; Chen et al, 2015; Duggal
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et al, 2015; Guo et al, 2016, 2017; Qin et al, 2016; Zimmerlin et al,

2016; Liu et al, 2017; Di Stefano et al, 2018). Both molecular and

functional properties of naı̈ve hPSCs generated by various protocols

differ in terms of gene regulatory network (GRN), in vitro and

in vivo differentiation potential, similarity to pre-implantation

human embryos, and maintenance of genomic integrity (Theunissen

et al, 2016). Therefore, further research is needed to establish

authentic hPSCs with naı̈ve-specific features.

In this study, we introduce an easy and efficient approach to

obtain functional naı̈ve-like hPSCs without the need for ectopic gene

expression. We took advantage of the power of two chemical

agonists (2a) specifically activating two nuclear receptors, liver

receptor homologue-1 (LRH-1 or NR5A2) and retinoic acid receptor

gamma (RAR-c). 2a in conjunction with GSK3 and MEK1/2 chemi-

cal inhibitors (2i) and LIF (hereafter called 2a2iL) reprograms

human cells into the naı̈ve-like state during fibroblast reprogram-

ming, conversion of conventional primed human ESCs (hESCs), and

hESC derivation from blastocysts. Our study builds on previous

reports demonstrating that enhanced expression of RAR-c and LRH-

1 leads to rapid and efficient reprogramming of mouse embryonic

fibroblasts (MEF), EpiSCs, and human fibroblasts toward ground

state-like pluripotency (Wang et al, 2011; Yang et al, 2015). Our

study reveals that a chemical approach based on 2a2iL treatment

induces naı̈ve pluripotency in human cells and an efficient contribu-

tion to interspecies chimeras. Since transient activation of the TGF-b
pathway is able to substitute for 2a treatment, we conclude that

2a2iL-hPSCs depends on TGF-b signal transduction for derivation

and maintenance of the naı̈ve-like state.

Results

Chemical agonists of LRH-1 and RAR-c induce naïve-like
pluripotency during reprogramming of human dermal fibroblasts

In order to induce naı̈ve pluripotency during reprogramming of

human dermal fibroblasts (HDFs), we used three episomal vectors

expressing OCT4, SOX2, KLF4, LIN28, L-MYC, and p53 shRNA

(Okita et al, 2011) along with RJW101 and CD437, two chemical

agonists (2a) of LRH-1 and RAR-c, respectively. We added 2a on

the first day after electroporation. The duration of 2a treatment

was tested for different time periods that ranged from at least

4 days to a maximum of 10 days. Small colonies with naive-like

morphology appeared 20–24 days after electroporation (Fig EV1A

and B). We found that 5 days of treatment with 2a followed by

addition of 2iL in serum-free medium led to the appearance of

colonies with a naı̈ve-like morphology (Fig EV1B). Extension of

treatment period had adverse effects and seemed to promote exit

from pluripotency.

Evaluation of one of the resulting lines, nRepi-iPSC1, revealed

the appearance of dome-shaped colonies during repetitive passag-

ing by TrypLE without the need for ROCK inhibitor (ROCKi;

Y27632) treatment (Fig EV1B). Further assessment also showed

alkaline phosphatase (ALP) enzyme activity and a stable kary-

otype after 20 passages (Fig EV1C and D). Analysis of pluripo-

tency markers revealed strong expressions of OCT4, NANOG,

TRA-1-81, and SSEA4 along with nuclear enrichment of STAT3

and TFE3 by immunofluorescence staining (Fig EV1E). The

differentiation potential of nRepi-iPSC1 was examined by subcuta-

neous injection into immunodeficient nude mice. We observed

teratoma formation in these mice after 2 months. Histological

analysis confirmed the generation of derivatives of all three

embryonic germ layers, including rosette structures, cartilage, and

primitive gut, which indicated the presence of ectoderm, meso-

derm, and endoderm derivatives, respectively, in nRepi-iPSC1-

derived teratomas (Fig EV1F). In comparison to primed human

iPSCs (hiPSCs; pRepi-iPSC4), derived in parallel, nRepi-iPSC1

showed significantly higher single-cell cloning efficiency in the

absence of ROCKi (Fig EV1G). These results indicated that 2a

substitutes for previously reported transgene-dependent overex-

pressions of LRH-1 and RAR-c to induce a naı̈ve-like pluripotent

state during hiPSC generation (Wang et al, 2011).

2a2iL treatment induces naïve-like pluripotency in primed hPSCs

We next analyzed whether 2a converts pre-established primed

hPSC lines into the naı̈ve-like state. A primed hESC line RH6

(pRH6) was cultured on a feeder layer in serum-free medium

supplemented with 2a2iL from 2 to 14 days in order to determine

the optimal exposure time (Fig 1A). Compacted dome-shaped colo-

nies were first observed on day three and became widespread on

days four to six (Fig 1A), while extended exposure with 2a2iL

promoted differentiation in hPSCs (Figs 1A and EV2A). To avoid

such complications, we developed a protocol for conversion of

primed to naı̈ve-like pluripotency where the primed hPSCs were

cultured as single cells for 1 day in conventional primed hPSC

medium containing ROCKi, followed by treatment with 2a2iL for

4 days in the absence of ROCKi, and further subsequent passage as

single cells only under 2iL conditions (Fig 1B). The converted

hPSCs were passaged every 3–4 days and maintained the naı̈ve-like

morphology for over 50 passages in 2iL medium (Fig 1C). The

application of 2iL medium as a naı̈ve-maintenance medium for

2a2iL-induced hPSCs (hereafter named 2a2iL-hPSCs) was intrigu-

ing, since we were unable to maintain naı̈ve-like hPSCs derived by

other published protocols (Gafni et al, 2013; Theunissen et al,

2014). The resultant naı̈ve-like 2a2iL-RH6 had ALP activity and

normal karyotype in 2iL medium (Fig 1C). Moreover, 2a2iL-RH6

expressed the pluripotency markers OCT4, NANOG, SOX2, and

TRA-1-81, but were negative for SSEA1 (Fig 1C).

To determine whether the 2a2iL induction protocol is applicable

to other pre-established primed hPSC lines, we investigated various

different hPSC lines. RH5, RiPSC1, RH2, and Bom-phiPSC11

responded to 2a2iL induction and were converted into a naı̈ve-like

cells that expressed ALP, OCT4, NANOG, and TRA-1-81.

Figure EV2B shows the characteristics of RH5 and RiPSC1. Careful

morphological analysis revealed the appearance of mesenchymal-

like cells (MLCs) in some lines during early passages. However,

such cells were easily eliminated by a differential adhesion culture

during subsequent passages (Fig EV2C).

Next, we sought to determine whether 2a2iL supports feeder-

independent conversion of primed hPSCs into the naı̈ve-like

state. We found that the lack of feeder cells did not support

long-term expansion (> 24 passages) of naı̈ve-like cells in the 2iL

condition, although 2a2iL-hPSCs maintained a naı̈ve-like

morphology and expressed naı̈ve-specific markers in the feeder-

free culture during serial passaging (Fig EV3A). Finally, we
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investigated whether 2a2iL-hPSCs are able to return to the

primed state. Transfer of naı̈ve-like single cells onto the MEF-

coated plates containing basic fibroblast growth factor (bFGF)

supplemented medium caused a switch back to the primed state,

which required mechanical passaging (Fig EV3B). Overall, these

data indicated that the 2a2iL induction protocol supports acquisi-

tion of naı̈ve-like pluripotency and keep the ability to return to

the primed state under proper conditions.

A

B

C

Figure 1. 2a2iL induces conversion of primed hPSCs into a naïve-like state.

A Determination of a time window for 2a2iL treatment needed to induce a naïve-like pluripotency state in primed hPSCs. One day of treatment with 2a followed by the
addition of 2a2iL for up to 14 days. Scale bars: 200 lm.

B Schematic illustration that outlines induction of the naïve-like state from primed hPSCs. Primed hPSCs were first cultured as single cells in conventional hPSC
medium in the presence of ROCK inhibitor (ROCKi) on day 0. The medium was replaced by serum-free medium plus 2a2iL on day 1 without ROCKi. Compact dome-
shaped colonies began to appear on day 3. The resultant naïve-like cells were passaged as single cells in the absence of ROCKi on day 5 in 2iL medium. 2a2iL-hPSCs
were passaged every 3–4 days in 2iL, and kept typical naïve-like morphology for over 50 passages.

C Characteristics of 2a2iL-RH6 cells represented by dome-shaped colonies, ALP activity, and a normal male karyotype (46, XY). 2a2iL-RH6 expressed the common
pluripotency markers OCT4, NANOG, SOX2, and TRA-1-81, but not SSEA1. Nuclei were stained with 40 , 6-diamidino-2-phenylindole (DAPI) and propidium iodide (PI).
Scale bars: 200, 100, and 50 lm in the inset.
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2a2iL-hPSCs exhibit various hallmarks of naïve pluripotency

2a2iL-hPSCs showed a reduction in doubling time to ~ 16 h

compared to primed hPSCs with ~ 36 h (Fig 2A). 2a2iL-hPSCs

cultured as single cells without ROCKi had a 40% increase in

cloning efficiency compared to primed hPSCs, which further

increased to 80% increase when 2a2iL-hPSCs were cultured as

single cells in the presence of ROCKi (Fig 2B). To monitor OCT4

distal enhancer activity, pRH6 and the corresponding 2a2iL-RH6

were transfected with Luciferase/Renilla reporter constructs, which

are under the control of distal or proximal enhancer sequences of

the OCT4 gene (Gafni et al, 2013). Our results indicated that OCT4

transcription depends on the distal enhancer in 2a2iL-RH6 cells in

comparison to proximal enhancer dependency in primed parental

cells (Fig 2C). Blastocyst- and naı̈ve-specific markers TFCP2L,

KLF17, REX1, STELLA, DNMT3L, TBX3, and TET1 were upregulated

in 2a2iL-hPSCs at the transcript and protein levels (Fig 2D–F).

Nuclear enrichment of KLF17, KLF4, TFE3, and STAT3 transcription

factors was observed in 2a2iL-hPSCs (Fig 2E). Analysis of X-

chromosome activity in female 2a2iL-hPSCs showed almost

complete absence of H3K27me3 nuclear foci in female cell lines

compared to their primed counterparts (Fig 2G). Taken together,

our analysis demonstrated that 2a2iL-hPSCs exhibited various prop-

erties of naı̈ve pluripotency.

2a2iL-hPSCs contribute to interspecies chimeras

Next, we evaluated the developmental potential of 2a2iL-hPSCs by

identifying derivatives of three embryonic germ layers. 2a2iL-hPSCs

efficiently formed embryoid bodies (EBs) (Fig 3A). qRT–PCR analy-

sis of 25-day EBs derived from 2a2iL-RH6 indicated expression of

different lineage markers that showed different expression levels

compared to their parental primed cells (Fig 3B). Directed differenti-

ation into the three germ lineages demonstrated the potential of

2a2iL-RH6 to differentiate into neuroectodermal, mesodermal, and

endodermal cells, which were visualized by immunofluorescence

staining (Fig 3C). Moreover, subcutaneous injection of 2a2iL-RH6

cells into nude mice resulted in teratoma formation that contained

derivatives of all three embryonic germ layers (Fig 3D).

Formation of chimeras is the gold standard to assess pluripo-

tency. Hence, we evaluated the contribution of 2a2iL-hPSCs to

human–mouse interspecies chimeras. To this end, 2a2iL-RH6 was

engineered to express the pCAG-eGFP transgene allowing cell trac-

ing (Fig 3E). Ten 2a2iL-RH6-eGFP cells were injected into the blas-

tocoel of mouse blastocysts at embryonic day (E) 3.5 and analyzed

for chimera formation within 2 days of in vitro culture (Fig 3E).

Most of the 2a2iL-RH6-eGFP cells survived and integrated into the

inner cell mass (ICM) 48 h after the injection, which indicated

compatibility between 2a2iL-hPSCs and mouse ICM cells (Fig 3E).

To determine the contribution of 2a2iL-RH6-eGFP to post-implanta-

tion development, 431 blastocysts were injected with 2a2iL-

RH6-eGFP cells and transferred into the uteri of foster mothers. Sixty

injected embryos implanted successfully and developed normally

until E10.5, when the embryos were harvested (nearly 14% implan-

tation efficiency; Table EV1). All 60 fetuses were sectioned and eval-

uated for the presence of GFP signals to assess for chimera

formation. We then selected eight embryos that showed higher

levels of detectable GFP signal for further analysis (Fig 3F and G).

To validate the presence of 2a2iL-RH6-eGFP cells, we stained with

an antibody detecting human nuclear antigen (HNA), which recapit-

ulated the results obtained by GFP-based cell tracing (Fig 3F).

Furthermore, PCR analysis for a human-specific mitochondrial

sequence in embryos with high numbers of GFP-positive cells in

comparison to low number confirmed the presence of human cells

in the chimeras with high numbers of GFP-positive cells (Fig 3G).

To obtain a more detailed view of the fate of 2a2iL-RH6 in chimeric

embryos, we performed immunofluorescence analysis against

pluripotency- and lineage-specific markers. The results showed

nearly complete loss of NANOG expression in randomly selected

tissue sections from eight chimeras (Fig 3H). In addition, antibodies

against human TUJ1, SOX17, and BRACHYURY (BRA) confirmed

the presence of differentiated derivatives of 2a2iL-RH6 in chimeric

tissue sections (Fig 3I). We also checked green and red signals in

non-injected mouse (E10.5, negative control) that had been stained

with HNA (negative control) to exclude cellular auto-fluorescents

(Fig EV3C). These results demonstrated the high developmental

potential of 2a2iL-hPSCs by various in vitro and in vivo differentia-

tion assays and confirmed the functionality of 2a2iL-hPSCs by

successful formation of human–mouse interspecies chimeras.

2a2iL permits direct generation of naïve-like hESCs
from blastocysts

Next, we determined whether 2a2iL allows direct derivation of

naı̈ve-like hESC lines from blastocysts. Initially, we cultured a

number of whole zona-free human blastocysts in 2a2iL-

supplemented medium on MEF-coated plates. We observed ICM

outgrowths that were phenotypically similar to naı̈ve-like colonies.

However, no pluripotent-like cells were observed after enzymatic

passaging (Fig EV4A). We assumed that trophectoderm (TE) cells

▸Figure 2. 2a2iL-hPSCs show characteristics of naïve pluripotency.

A Doubling time in pRH6 versus 2a2iL-RH6. **P < 0.01 (t-test). Data presented as mean � SD (n = 3).
B Cloning efficiency in the presence (+) and absence (�) of ROCK inhibitor (ROCKi) in pRH6 versus 2a2iL-RH6. ROCKi (�) *P < 0.05, ROCKi (+) *P < 0.01 (t-test), data

presented as mean � SD (n = 3).
C Firefly luciferase expression of constructs that contain distal and proximal enhancers of OCT4 after transfection of pRh6 and 2a2iL-RH6. The ratio of firefly luciferase

expression to Renilla luciferase expression (expressed from co-transfected plasmid) measured 48 h after transfection showed proximal enhancer activity in pRH6 and
distal enhancer activation in 2a2iL-RH6. OCT4 PE-Luc ***P < 0.001, OCT4 DE-Luc *P < 0.05 (t-test). Data presented as mean � SD (n = 3).

D qRT–PCR analysis of pluripotency-related genes in pRH6 and 2a2iL-RH6. *P < 0.05, **P < 0.01, ***P < 0.001 (t-test). Data presented as mean � SD (n = 3).
E Immunofluorescence staining for several naïve-specific markers in 2a2iL-RH6. Scale bar: 100 lm.
F Western blot analysis of naïve-related pluripotency markers in pRH6 and 2a2iL-RH6. **P < 0.01, ***P < 0.001 (t-test). Data presented as mean � SD (n = 3).
G Immunofluorescence staining against pRH5 and 2a2iL-RH5 (46, XX) for H3K27me3. Nuclei were stained with 40 , 6-diamidino-2-phenylindole (DAPI). Reactivation of

inactive X-chromosome in female 2a2iL-RH5 was confirmed by the lack of H3K27me3 nuclear foci. Scale bar: 50 lm.
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which cover the ICM outgrowths probably prompted exit from

pluripotency. Thus, we removed TE cells by microsurgery and

proceeded using two slightly different protocols (Fig 4A). In proto-

col 1, human blastocysts were cultured in conventional bFGF-

containing hPSC medium for 4 days and further cultivated in 2a2iL

until day 10, when the first enzymatically passage was performed

(Fig 4A and B). Using this approach, we generated three naı̈ve hESC

lines that had similar morphologies to mESCs from 19 ICM

outgrowths (~ 16% efficiency of line derivation; Fig 4C). One of the

three hESC lines was lost at passage 8 because of a technical prob-

lem. Of the remaining two lines, nRH11 was propagated up to

passage 20 and nRH12 was propagated up to passage 17 before stor-

age (Fig EV4B and C). nRH11 and nRH12 readily dissociated into

single cells in the absence of ROCKi, responded to 2iL medium for

continuous passaging, and expressed a panel of pluripotency mark-

ers (Fig EV4B and C).

In protocol 2, we treated the isolated ICMs with a 2a2iL cocktail

for 10 days (Fig 4A and B). The ICM outgrowths were dissociated

as single cells on day 10 and cultured in the absence of ROCKi in

2iL medium (Fig 4A). After the first passage, a naı̈ve-like morphol-

ogy appeared in three of 10 trypsinized ICM outgrowths (~ 30% line

derivation efficiency; Fig 4C). One line was lost before passage 10,

and the two surviving lines, nRH13 and nRH14, were propagated

for further analysis. Importantly, karyotyping of nRH11, nRH12,

and nRH13 by G-banding at passages 16 or 17 revealed that the

nRH13 cells had a normal 46XX karyotype (Fig 4D), but nRH11 and

nRH12 cells showed tetraploidy and trisomy for chromosome 16,

respectively. Because of the quality of human embryos as the source

for hESC derivation was not optimal, we could not distinguish

whether the observed abnormality was attributed to genomic insta-

bility in the embryos or was the result of single-cell dissociation

during repetitive passaging (Nguyen et al, 2013). nRH13 was used

for further analysis.

nRH13 expressed the common pluripotency markers ALP

(Fig 4D), OCT4, SOX2 and TRA-1-81, and naı̈ve-related pluripotency

markers NANOG, KLF17, and TFCP2L1 (Fig 4E). Expression analy-

sis of mRNAs related to naı̈ve-associated markers revealed elevated

KLF5, KLF2, TBX3, DNMT3L, and KLF17 gene expressions in nRH13

compared to primed pRH6 cells (Fig 4F). Moreover, nRH13 readily

formed EBs and showed spontaneous differentiation as shown by

qRT–PCR analysis for differentiation-associated markers on day 20

(Fig 4G). In summary, the data indicated that the highly efficient

2a2iL regimen allows derivation of naı̈ve-like hESCs directly from

human blastocysts.

Transcriptional profiling of 2a2iL-hPSCs

We performed a whole-transcriptome RNA-sequencing (RNA-seq)

analysis for 2a2iL-hPSCs and the parental primed cells for two cell

lines, RH5 and RH6. The pairwise Pearson correlation coefficient

◀ Figure 3. Functional pluripotency assessment of 2a2iL-hPSCs.

A Phase contrast images of embryoid bodies (EBs) from 2a2iL-RH6 cells that differentiated into neurons. Scale bars: 200 and 100 lm in the inset.
B qRT–PCR analysis of 20-day EBs from pRH6 and 2a2iL-RH6 for markers of different embryonic germ layer derivatives. *P < 0.05, **P < 0.01, ***P < 0.001 (t-test). Data

presented as mean � SD (n = 3).
C Immunofluorescence images of differentiated 2a2iL-RH6 cells that depict expression of markers for neuron-like cells (TUJ-1), cardiac-muscle-like cells (CTNT), and

hepatocyte-like cells (SOX17). Nuclei were stained with 40 , 6-diamidino-2-phenylindole (DAPI). Scale bar: 100 lm.
D 2a2iL-RH6 cells form teratomas that consist of three embryonic germ layer-derived tissues. (i) Rosette structures (ectoderm), (ii) cartilage (mesoderm), and (iii)

primitive gut (endoderm; scale bar 50 lm).
E From left to right: Phase contrast and GFP representation in 2a2iL-RH6-eGFP; presence of injected 2a2iL-RH6-eGFP in the mouse blastocyst and integration into the

inner cell mass (ICM) after 3-, 24-, and 48-h incubation periods. Scale bars: 200, 100, and 50 lm in the inset.
F Fluorescence images of tissue sections from human–mouse chimeras in E10.5 showed cells positive for GFP (top) and human nuclear antigen (HNA) (bottom) in

different parts of the embryos, including the head (i), trunk (ii), and tail (iii) with the higher magnification in the right panels. Scale bars: 200 and 100 lm in the
inset.

G Genomic PCR analysis for a human-specific mitochondrial sequence (391 bp) in human–mouse chimeras.
H Immunofluorescence staining against NANOG shows lack of expression in E10.5 human–mouse chimera tissue sections. Scale bars: 200 and 100 lm in the inset.
I Immunofluorescence staining against TUJ1, BRACHYURY (BRA), and SOX17 in E10.5 human–mouse chimera tissue sections represents differentiation derivatives of

2a2iL-RH6. Scale bars: 200 and 100 lm in the inset.

▸Figure 4. 2a2iL allows derivation of naïve-like hESCs from human blastocysts.

A Schematic overview of protocols used to derive naïve-like hESC lines by 2a2iL from human blastocysts. Two protocols were used to generate naïve hESC lines. In
protocol 1, isolated ICMs were cultured in hESC medium that contained basic fibroblast growth factor (bFGF) for 4 days followed by 2a2iL-supplemented medium
until day 10. Dome-shaped colonies representative of the naïve state formed after single-cell dissociation. In protocol 2, ICMs were exposed to 2a2iL-supplemented
medium at the beginning of seeding.

B Morphology of ICM outgrowths by protocols 1 and 2 during the first 4 days after seeding. nRH11-14 (naïve Royan H11, 12, 13, and 14): naïve hESC lines produced
from human embryos using 2a2iL condition. Scale bar: 100 lm.

C Comparison of the efficiency of naïve-like hESCs derivation from human blastocysts by two protocols.
D Representative example of naïve-like hESCs (nRH13) at passage 33. Dome-shaped colonies were stained for ALP activity and karyotyped. Scale bars: 200 and 100 lm

in the inset.
E Expression of the common pluripotency markers OCT4, SOX2, and TRA-1-81, and naïve-related pluripotency markers NANOG, KLF17, and TFCP2L1 in nRH13. Nuclei

were stained with 40 , 6-diamidino-2-phenylindole (DAPI). Scale bar: 100 lm.
F qRT–PCR analysis for pluripotency markers in nRH13 in comparison to a primed hESC line, pRH6. *P < 0.05, **P < 0.01, ***P < 0.001 (t-test). Data presented as

mean � SD (n = 3).
G Expression of lineage markers after embryoid body (EB) formation and spontaneous differentiation in nRH13 cells. *P < 0.05, ***P < 0.001 (t-test). Data presented as

mean � SD (n = 3).
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heatmap showed a high degree of correlation among primed and

2a2iL-hPSCs (Fig 5A). We also found a clear separation of primed

versus 2a2iL-hPSCs (adjusted P < 0.01; fold change: > 2) by princi-

pal component analysis (PCA; Fig 5B). Bioinformatics analysis

revealed a set of 1,728 genes that was differentially expressed

between primed and 2a2iL-hPSCs, including 948 and 780 upregu-

lated transcripts, respectively (Benjamini–Hochberg adjusted

P < 0.05; log2 fold change: > 1; Fig 5C). Several pluripotency

markers were similarly expressed in the two cell types; however,

the 2a2iL-hPSCs showed significantly higher expressions of TBX3,

DNMT3L, GDF3, BMP4, FGF4, MYC, NODAL, KLF5, and WNT3

(Dataset EV1).

Next, we compared the transcriptome of 2a2iL-hPSCs to previ-

ously published datasets to determine how they relate to each

other (Gafni et al, 2013; Theunissen et al, 2014, 2016; Duggal

et al, 2015; Qin et al, 2016). We included expression profiles from

A

D

F G

E

B C

Figure 5.
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five different studies of 49 samples (29 naı̈ve and 20 primed;

Dataset EV2) along with our samples (two primed and four 2a2iL-

hPSCs). PCA readily discriminated 2a2iL-hPSCs from primed

hPSCs and indicated that 2a2iL-hPSCs clustered with other

reported naı̈ve hPSCs (Fig 5D).

Interestingly, the elevated expression of FGF4, GDF3, NODAL,

LEFTY2, TDGF1, and WNT3 in 2a2iL-hPSCs resembled the transcrip-

tional signature found in human epiblasts of pre-implantation

embryos (Stirparo et al, 2018) and 2a2iL-hPSCs are closely to early

human pre-implantation embryos (Yan et al, 2013) together with

other naı̈ve hPSCs in the PCA (Huang et al, 2014; Pastor et al, 2016;

Theunissen et al, 2016) (Fig 5E). While PC1 showed that 2a2iL-

hPSCs are in line with morula and closer to primed cells, they have

been entirely separated from their parental primed cells. Functional

annotation of genes upregulated in the naı̈ve-like state identified

pathways related to tissue morphogenesis and extracellular matrix

(Fig 5F), whereas primed hESCs typically activate pathways related

to nervous system development (Fig 5F). We observed that tran-

scripts for various signal molecules such as FGFs, WNTs, and

growth factors that belonged to the TGF-b superfamily were

enriched in 2a2iL-hPSCs. KEGG pathway analysis of the RNA-seq

data revealed significant upregulation of 16 pathways, of which

pluripotency regulation had the highest rank (Fig 5G). Similar to the

naı̈ve state in rodents, the PI3K-AKT, WNT, Hippo, and MAPK path-

ways were strongly enriched in naı̈ve-like human cells, which

suggests that activation of these pathways is necessary to establish

human naı̈ve pluripotency.

Moreover, we observed upregulation of the components of the

TGF-b signaling pathway in 2a2iL-hPSCs. This was of particular

interest since growth factors or chemicals that directly modulate

TGF-b signaling were absent in our culture media (Fig 5G). The role

of the TGF-b pathway in human naı̈ve pluripotency has been poorly

explored, despite the fact that a number of reported human naı̈ve

cells require supplementation with growth factors such as TGF-b
and Activin A (Gafni et al, 2013; Theunissen et al, 2014) or endoge-

nous activation of these pathways (Qin et al, 2016). This prominent

upregulation of TGF-b pathway components in the 2a2iL-hPSCs

caught our attention for further experiments.

The TGF-b pathway is critical for sustaining naïve-like
pluripotency in 2a2iL-hPSCs

A comparison of the transcriptional profiles focusing on TGF-b path-

way-related molecules, extracted from MSigDB and KEGG data-

bases, showed increased expressions of NODAL, LEFTY1, LEFTY2,

SMAD7, and PITX2 (Fig 6A). qRT–PCR analysis confirmed the

higher expressions of various TGF-b pathway-related molecules in

2a2iL-hPSCs in comparison to primed cells (Fig 6B). In order to

analyze the role of TGF-b signaling, 2a2iL-RH6 was cultured in the

presence of a TGF-b signaling chemical inhibitor, SB431542 (SB43).

The number of naı̈ve-like cells significantly declined after 24-h treat-

ment with SB43, and the cells began to differentiate into MLCs in

subsequent days (Fig 6C). After one passage, most naı̈ve-like cells

disappeared and MLCs covered the culture dish, which clearly indi-

cated the dependency of 2a2iL-hPSCs on TGF-b signaling. This

finding was also validated by another TGF-b inhibitor, A83-01 (A83)

(Fig 6C). We examined whether activation of TGF-b signaling was

related to the 2a protocol by focusing on the target genes of the RA-

and LRH-1 signaling pathways (Balmer & Blomhoff, 2002; Rhinn &

Dolle, 2012; Tsankov et al, 2015). Twenty-seven putative, upregu-

lated target genes were detected for RA-related signaling pathways

and 16 target genes for the LRH-1-related signaling pathways in

2a2iL-hPSCs (Fig 6D and E). Upregulation of the putative target

genes correlated with upregulation of TGF-b signaling (Fig 6F),

suggesting that the 2a treatment stimulates TGF-b signaling. We

concluded that induction of naı̈ve pluripotency in 2a2iL-hPSCs

might be dependent on activation of intrinsic TGF-b signaling.

To further confirm the functional role of TGF-b signaling in

2a2iL-hPSCs, we focused on the time window for conversion of

primed hPSCs into naı̈ve-like by the 2a2iL induction protocol. Our

experiments showed increased expressions of NODAL and LEFTY1/

2 during the conversion window after exposure with 2a for 1, 3, and

5 days in comparison to primed- and 2iL-treated hPSCs (Fig 7A).

Next, primed hPSCs were treated with SB43 for 5 days in conjunc-

tion with 2a2iL during the conversion window. The results showed

while primed hPSCs started to form dome-shaped colonies with a

sharp border during the first 3 days, this morphology became

◀ Figure 5. Transcriptome analysis of 2a2iL-hPSCs.

A Pairwise Pearson correlation coefficient heatmap of transcriptome profiles (RNA-seq) from 2a2iL-, pRH5, and pRH6 cell lines. Each cell of the heatmap shows the
pairwise Pearson correlation coefficient heatmap of genes with the largest expression variances in a pair of samples.

B Principal component analysis (PCA) of the mean-centered transcriptome profiles. The share of variation captured by each principal component is mentioned in the
axis labels.

C The volcano plot shows a differential expression between 2a2iL- versus primed hPSCs lines. X-axis shows the log2 fold change, and the y-axis shows the negative
log10 scaled adjusted P-value (Benjamini–Hochberg). Red and blue points represent upregulated genes in 2a2iL- and primed cells, respectively (absolute log2 fold
change > 1, adjusted P-value < 0.05). Gray points indicate non-significant genes between these states.

D Integrated analysis of six different naïve-primed datasets. Circular and triangular points in the PCA plot represent naïve and primed samples, respectively. Each color
indicates one dataset. Black points represent data generated in this study. Each dataset is indicated by the name of the corresponding author and the year of
publication (Dataset EV2).

E Integrated analysis of transcriptome profiles of primed and naïve hPSCs, including primary human embryonic cells. Each point represents a biological sample; the
colors represent the cell type. Naïve and primed samples are depicted in red and blue, respectively. Samples from pre-implantation embryo are shown in different
colors. The number inside each circle indicates the study from which the data are obtained. Large dash circle indicates morula stage of human embryo which is
almost in line with our data (small dash circle). All empty points are from dataset (9) Tang 2013 (Yan et al, 2013).

F Functional annotation of 2a2iL- and primed upregulated genes. The most significant over-represented Gene Ontology (GO) terms and their significance level, along
with related genes, are presented in each row. Adjusted P < 0.05 (adjusted P-value was obtained using the Benjamini and Hochberg correction to determine the false
discovery rate with a log2 fold change > 1).

G Bar plot showing KEGG signaling pathway analysis of genes significantly upregulated in 2a2iL-hPSCs (Benjamini–Hochberg adjusted P < 0.05 and log2 fold change
> 1). X-axis shows �log10 of adjusted P-value.
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Figure 6. TGF-b pathway is critical for maintenance of 2a2iL-hPSCs.

A Position of TGF-b family members in the volcano plot of differentially expressed genes in 2a2iL- and primed hPSCs. X-axis shows log2 fold change, and y-axis shows
negative log10 adjusted P-value < 0.05 (adjusted P-value was obtained using the Benjamini and Hochberg correction to determine the false discovery rate). Red and
blue points represent upregulated genes in 2a2iL- and primed hPSCs, respectively. Genes with no significant expression change are shown in gray.

B qRT–PCR analysis of several TGF-b-related genes in pRH6 and 2a2iL-RH6. **P < 0.01, ***P < 0.001 (t-test). Data presented as mean � SD (n = 3).
C Inhibition of the TGF-b pathway by two small molecules, SB43 and A83. Left panel: morphology of naïve-like cells 3 days after treatment. Right panel: morphology of

treated cells after passaging. Scale bar: 100 lm.
D Heatmap shows expression of putative LRH-1 target genes in this study’s transcriptome profiles. Colors indicate log2 fold change of marker genes in the naïve versus

primed hPSCs, with a range from dark blue for lower expression to dark red for higher expression.
E Heatmap shows expression of putative RARc target genes in this study’s transcriptome profiles. Colors indicate log2 fold change of marker genes in the naïve versus

primed hPSCs, with a range from dark blue for lower expression to dark red for higher expression.
F KEGG analysis of putative LRH-1 and RARc target genes is upregulated in 2a2iL-hPSCs. Adjusted P < 0.05 (adjusted P-value was obtained using the Benjamini and

Hochberg correction to determine the false discovery rate with a log2 fold change > 1).
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gradually disturbed and high numbers of non-viable MLCs emerged

during the next 2 days (Fig 7B).

To investigate whether activation of the TGF-b pathway mimics

effects of 2a during induction of the naı̈ve-like state, we added TGF-

b to 2iL medium (TGFb2iL) for 5 days. This treatment promoted the

appearance of naı̈ve-like hPSC colonies, which could be dissociated

into single cells in 2iL medium without overt differentiation or cell

death (Fig 7C). The TGF2iL-hPSCs showed substantially increased

expressions of REX1, KLF2, KLF5, TFCP2L, TBX3, DPPA3, DNM3L,

NR5A2, ARGFX, KHDC1L, and KLF17 compared to primed cells

(Fig 7D). TGFb2iL-hPSCs had a proliferation rate and clonogenicity

comparable to naı̈ve-like 2a2iL-hPSCs (Fig 7E and F). They also

expressed OCT4, NANOG, KLF17, REX1, and TFCP2L1, and showed

nuclear localization of TFE3 and STAT3 (Fig 7G). Taken together,

the results demonstrated that TGF-b is able to substitute for 2a to

induce naı̈ve-like pluripotency in 2iL culture medium. Our findings

emphasize the importance of the TGF-b pathway for both generation

and maintenance of naı̈ve-like 2a2iL-hPSCs.

Discussion

The main motivation for development of an efficient protocol to

establish human naı̈ve pluripotency is the production of cells that

have a high growth rate, are resistant to single-cell dissociation, and

show the capability to differentiate into three germ layers while

maintaining genome integrity. Various approaches have been tried,

including forced expression of naı̈ve-related transcription factors (Li

et al, 2009; Buecker et al, 2010; Hanna et al, 2010; Takashima et al,

2014; Chen et al, 2015), manipulation of different signaling path-

ways with small molecules (Chan et al, 2013; Ware et al, 2014;

Duggal et al, 2015; Qin et al, 2016), or targeting of numerous

protein kinases such as PKC, p38, JNK, BRAF, SRC, CDK, and ROCK

(Gafni et al, 2013; Theunissen et al, 2014; Guo et al, 2016, 2017;

Zimmerlin et al, 2016; Szczerbinska et al, 2019) to induce the naı̈ve

pluripotent state in human cells. These different culture conditions

induce different levels of naivety in PSCs. Although most of these

protocols lead to the generation of similar cellular phenotype, their

gene profiling shows a spectrum of naı̈ve pluripotency levels that

can be typically clustered into two separate groups; bona fide and

intermediate naı̈ve pluripotency (Taei et al, 2020). According to this

clustering, naı̈ve-like cells derived from studies including Chan et al

(2013), Duggal et al (2015), Chen et al (2015), Qin et al (2016),

Zimmerlin et al (2016), Gafni et al (2013), and Ware et al (2014)

are in intermediate state, while 5i/LAF- and t2iLGö-derived cells

related to studies of Theunissen et al (2014) and Takashima et al

(2014) are in bona fide state of naı̈ve pluripotency (Taei et al, 2020).

Here, we report that synthetic small molecule ligands specific

to the nuclear receptors LRH-1 and RAR-c in combination with 2i

and LIF (2a2iL) induce naı̈ve-like pluripotency in human cells

during (i) reprogramming of fibroblasts, (ii) conversion of existing

primed hPSCs, and (iii) derivation of hESCs from human blasto-

cysts. We found that 2a2iL-hPSCs own the majority of key criteria

of naı̈ve pluripotency: (i) dome-shaped morphology of the colo-

nies, (ii) single-cell passaging and high cloning efficiency without

the need for ROCKi treatment, (iii) short doubling time that resem-

bled mouse PSCs, (iv) activation of luciferase reporter constructs

under the DE of OCT4, (v) nuclear localization of naı̈ve-related

markers such as STAT3 and TFE3, and (vi) normal karyotype after

long-term passaging. The expression of a panel of naı̈ve-related

markers including REX1, KLF17, and TFCP2L1 indicated upregula-

tion in 2a2i-PSCs versus primed cells at the transcript and protein

levels. Our transcriptome analysis also indicated that 2a2iL-hPSCs

are molecularly in the intermediate state of naı̈ve pluripotency

(Fig EV5; Taei et al, 2020).

We rigorously tested the properties of 2a2iL-hPSCs by assessing

their contribution to human–mouse chimeras. In contrast to previ-

ous reports that described a rather inefficient integration of naı̈ve

hPSCs into hosts (Theunissen et al, 2014, 2016; Wu et al, 2017), we

observed considerable contribution of 2a2iL-hPSCs to different parts

of the host embryos indicating that intermediate naı̈ve hPSCs have

higher potency in generation of chimera (Taei et al, 2020). The

successful integration of 2a2iL-hPSCs into post-implantation mouse

embryos suggests a potential stage matching between 2a2iL-hPSCs

and pre-implantation epiblast of mouse ICM. Therefore, it seems

that the transient induction with 2a2iL might position hPSCs in a

state that maintains self-renewal ability in 2iL-supplemented

medium. We suppose that long-term proliferation of 2a2iL-hPSCs in

2iL medium without the need for ROCKi for single-cell dissociation

will lead to generation of mPSC-like hPSCs that can be matched with

mouse ICMs to participate into post-implantation tissue develop-

ment. Results from other researchers have shown that previously

established naı̈ve hPSCs lacked the ability to proliferate in 2iL alone

and other supplements such as different kinase inhibitors were

needed (Gafni et al, 2013; Takashima et al, 2014; Theunissen et al,

2014). Many of these studies have used ROCKi in naı̈ve hPSC-

maintenance medium.

The ability of these naı̈ve hPSCs to form interspecies chimeras

has been subject to an intense debate. Some studies have claimed

that established naı̈ve hPSCs have the ability to form chimeras

(Gafni et al, 2013); however, others challenged the reproducibility

of those experiments (Theunissen et al, 2014). Various potential

reasons were raised to explain the barriers that prevent effective

formation of interspecies chimeras with hPSCs, including the

◀ Figure 7. TGFb-2iL converts primed hPSCs to the naïve state.

A qRT–PCR analysis of ligands associated with TGF-b signaling during conversion of primed to naïve-like pluripotency by 2a2iL induction protocol at days 1, 3, and 5. 2iL
was selected as a control group. ***P < 0.0001. One-way ANOVA. Data presented as mean � SD (n = 3).

B Inhibition of TGF-b pathway using SB43 during conversion of primed to naïve pluripotency. Scale bar: 100 lm.
C Morphology of TGFb2iL-treated RH6 cells along with ALP activity. Scale bar: 200 lm.
D qRT–PCR analysis of naïve-related genes in pRH6, 2a2iL-, and TGFb2iL-RH6. *P < 0.05, **P < 0.01, ***P < 0.001. One-way ANOVA. Data presented as mean � SD (n = 3).
E Bar plot representing cell proliferation rates of 2a2iL- and TGFb2iL-RH6 by cell counts. **P < 0.01 (t-test). Data presented as mean � SD (n = 3).
F Bar plot of the cloning efficiency of 2a2iL and TGFb2iL-RH6 based on the number of ALP positive colonies. ***P < 0.001 (t-test). Data presented as mean � SD (n = 3).
G Immunofluorescence images show the expression of naïve pluripotency markers in TGF-b2iL-RH6. Nuclei were stained with 40 , 6-diamidino-2-phenylindole (DAPI).

Scale bar: 100 lm.
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proliferation rate of donor cells (Masaki et al, 2016), evolutionary

distance, and developmental matching between donor cells and host

embryos (Wu et al, 2017). For example, Wu et al (2017) have

reported that the use of an intermediate type of pluripotency, which

is a type of pluripotency that is molecularly between the primed and

naı̈ve states, exhibits a high degree of chimerism in post-implanta-

tion pig embryos (Taei et al, 2020). In addition, Yang et al (2017)

have reported that human extended pluripotent stem (EPS) cells,

which can self-renew in LCDM medium containing hLIF and the

small molecules CHIR99021, DiM, and MiH, can colonize both

embryonic and extraembryonic tissues in mouse conceptuses. Since

the molecular state of the cells in both mentioned studies is different

from other published naı̈ve hPSCs ((Wu et al, 2017; Yang et al,

2017) and our unpublished data), we assume that the ability of

chimera formation in 2a2iL-hPSCs is related to the specific molecu-

lar state of the cells that are functionally matched to pre-implanta-

tion mouse embryos.

Our study emphasizes the importance of nuclear receptors to

achieve functional pluripotency. In recent years, nuclear receptors

have found a special position among the other regulators of

pluripotency and reprogramming (Gonzales & Ng, 2013). Nuclear

receptor acts as transcription factors but more than half of them

are considered to be orphan receptors. It was suggested that deor-

phanization might provide novel targets for pharmaceuticals

(Whitby et al, 2011). The foremost members include Esrrb (Feng

et al, 2009; Martello et al, 2012), LRH-1 (Gu et al, 2005; Guo &

Smith, 2010; Heng et al, 2010), Nr5a1 (Barnea & Bergman, 2000),

Dax1 (Niakan et al, 2006), RARs (Pikarsky et al, 1994), and Ncoa3

(Wu et al, 2012). However, in-depth knowledge about the function

of nuclear receptors in hPSCs is critically missing. Transcriptome

analysis has shown expressions of several nuclear receptors,

including ESRRB, RAR-c, LRH-1, and NCOA3 in early pre-implanta-

tion human embryos (Stirparo et al, 2018). It has been reported

that expression of ESRRB and RAR-c increases from zygotes and 2-

, 4-, and 8-cell embryos to the morula developmental stage, peak

at the early stage of ICM development, and decreases thereafter

(Stirparo et al, 2018). Additionally, LRH-1 is strongly expressed

during all stages of pre-implantation human embryos, with a peak

at the 8-cell stage. LRH-1 serves as a marker for the human naı̈ve

state (Zimmerlin et al, 2016). Nr5a2 can be substituted for OCT4

in the reprogramming process and modulates expression of

NANOG (Heng et al, 2010). On the other hand, short-term activa-

tion of retinoic acid (RA) signaling prevents differentiation of

hPSCs (De Angelis et al, 2018), although other studies have

suggested that RAR-c promotes lineage differentiation (Goncalves

et al, 2009; Gely-Pernot et al, 2012; Rhinn & Dolle, 2012; Zhang

et al, 2015). RAR-c is indispensable for reprogramming of mouse

fibroblasts and EpiSCs into mESC-like cells through activation of

b-catenin signaling (Yang et al, 2015). In addition, the heterodimer

of LRH-1 and RAR-c activates OCT4 expression by binding to RA-

responsive elements (RAREoct) and subsequent recruitment of the

transcriptional co-activators (Gonzales & Ng, 2013).

Transcriptome analysis in this study showed upregulation of a

number of ligands, including ligands related to TGF-b signaling in

2a2iL-hPSCs. In this regard, evaluation of LRH-1 and RAR-c target

genes and gain- and loss-of-function studies suggested that 2a might

activate TGF-b signaling. We observed that short-term treatment of

cells with 2a during conversion from primed to naı̈ve-like

pluripotency led to upregulation of NODAL and LEFTY1/2. We also

found that the transient activation of TGF-b signaling substitutes for

2a induction to stimulate naı̈ve-like pluripotency in human cells.

Overall, our data revealed that the TGF-b signaling pathway is criti-

cal both for induction and maintenance of naı̈ve-like pluripotency.

Several reports also used TGF-b/Activin A to establish naı̈ve

pluripotency in hPSCs (Qin et al, 2016). Consistent with this, it has

been reported that inhibition of TGF-b signaling in bona fide naı̈ve

pluripotent cells can generate extraembryonic trophectoderm indi-

cating the dependency of human naı̈ve pluripotency to TGF-b signal-

ing (Dong et al, 2020; preprint: Guo et al, 2020). Compared to

primed hPSCs in which continuous supplementation of TGF-b/
Activin A is necessary to protect pluripotency, we found that tran-

sient stimulation of TGF-b signaling is sufficient to induce and main-

tain the naı̈ve-like state in hPSCs. Further experiments need to

determine the molecular mechanisms of TGF-b signaling pathway in

human naı̈ve pluripotency regulation.

Materials and Methods

Ethical issues

Early human embryos were obtained from the Assisted Reproduc-

tive Technology (ART) Clinic of Royan Institute (Tehran, Iran) in

compliance with the approval statute of the Institutional Review

Board and Ethical Committee. Informed consent forms for embryo

donation were signed by infertile couple who referred for treatment

at Royan. Royan Institutional Review Board approved all procedures

conducted with mice and their embryos. In this study, mice were

maintained on a 12-h light/dark schedule. Royan ethical committee

is composed of members with scientific, legal, clergyman, and

bioethical expertise.

Primed and naïve-like hPSC culture

Serum-free medium used in this study consisted of DMEM/F12

(Invitrogen), 20% knockout serum replacement (KOSR, Invitrogen),

2 mM L-glutamine (Invitrogen), 1% non-essential amino acids

(NEAA, Invitrogen), 1% insulin-transferrin-selenium (ITS, Invitro-

gen), 1% penicillin–streptomycin (Invitrogen), and 0.1 mM b-
mercaptoethanol (b-ME, Sigma-Aldrich). Primed hPSC medium

contained serum-free medium supplemented with 12 ng/ml basic

fibroblast growth factor (bFGF, Royan Institute).

Previously established primed hPSCs, including hESCs Royan H5

(RH5), RH6 (Baharvand et al, 2006), human iPSCs Royan iPSC1

(RiPSC1) (Totonchi et al, 2010), and the newly derived primed

iPSCs in this study, pRepi-iPSC4, were maintained on a mitomycin

C-inactivated MEF feeder layer in primed hPSCs medium. The

primed cells were passaged every 5–7 days using dissociation solu-

tion composed of 2.5% trypsin solution (10 ml), 20% KOSR

(20 ml), 100 mM CaCl2 (1 ml, Sigma-Aldrich), and PBS without

Ca2+ and Mg2+ (69 ml, Invitrogen). For single-cell passaging,

primed hPSCs were treated with TrypLE (1X; Invitrogen) and

cultured in primed hPSC medium supplemented with 10 lM Y27632

(Sigma-Aldrich) as a ROCK inhibitor for 24 h to prevent cell death.

For induction of the naı̈ve-like state of pluripotency, we used

serum-free medium supplemented with 2a2iL. 2a2iL consisted of
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two chemical agonists of nuclear receptors (2a), RJW101 (10 lg/ml;

kindly gifted by Dr. Richard J. Withby) and CD437 (0.1 lg/ml, Invit-

rogen) that were related to LRH-1 and RARc, respectively, and 2iL,

which included PD0325901 (1 lM; Sigma-Aldrich), CHIR99021

(3 lM; Stemgent), and human leukemia inhibitory factor (hLIF;

10 ng/ml). For conversion of primed hPSCs into the naı̈ve-like state,

primed hPSCs were dissociated using TrypLE (Invitrogen) and

seeded at a density of 2 × 105 cell per 3.5 cm2 on MEF-coated plates

that contained primed hPSC medium in the presence of 10 lM
ROCK inhibitor (ROCKi, Y27632) (day 0). On day 1, the medium

was refreshed with serum-free medium supplemented with 2a2iL.

The cells were treated with this medium for 4 days in the absence

of ROCKi. The medium was refreshed every day. On day five, naı̈ve-

like colonies were dissociated as single cells by TrypLE and re-

plated on MEF-coated dishes in serum-free medium plus 2iL.

Passaging of naı̈ve-like hPSCs was carried out by TrypLE every three

to 4 days, and the cells were seeded on inactivated MEF in the pres-

ence of 2iL. Induction of naı̈ve-like pluripotency under feeder-free

culture conditions was performed similar to the feeder condition,

but on Matrigel (Sigma-Aldrich)-coated plates. Naı̈ve-like hPSCs

were also induced with TGF-b (1 ng/ml; Fitzgerald) in 2iL medium.

Inhibition of TGF-b signaling was performed using SB431542 (2 lM,

Cayman Chemical Company) or A83-01 (Sigma-Aldrich).

Generation of naïve-like hiPSCs

Human dermal fibroblasts were obtained from the Royan Stem Cell

Bank (Royan Institute) and cultured in feeder medium that included

DMEM supplemented with 10% fetal bovine serum (FBS), 1% NEAAs,

2 mM L-glutamine, 1% penicillin/streptomycin, and 0.1 mM b-ME.

Reprogramming was carried out as previously described (Okita et al,

2011). Briefly, 40 lg of expression plasmid mixtures (Addgene plas-

mid, 15 lg of each) that included pCXLE-hOCT3/4-shp53 (OCT4, P53

shRNA), pCXLE-hSK (SOX2, KLF4), and pCXLE-hUL (L-MYC, LIN28)

were transfected into 1 × 10⁶ HDF cells via electroporation (Bio-Rad)

at conditions of 250 mV, 500 lF with a one-time pulse. The transfected

cells were plated on 100 mm dishes covered with gelatin (0.01%,

Sigma-Aldrich). For induction of naı̈ve-like pluripotency, the culture

medium was refreshed with fibroblast medium supplemented with 2a

on day one post-electroporation. The cells were treated with TrypLE

on day 6 and re-plated on MEF-coated 60 mm dishes in serum-free

medium supplemented with 2iL. After 20–24 days, there were dome-

shaped colonies. Induction of the primed state hiPSCs was performed

as previously described (Okita et al, 2011). For further evaluation,

naı̈ve-like hiPSCs were passaged by TrypLE to single cells every 3 or

3 days, and cultured in 2iL medium on MEF- or gelatin-coated plates.

Derivation of naïve-like ESCs from human blastocysts

We generated hESC in a naı̈ve-like state as follows. The zona

pellucida of 6- to 7-day-old blastocysts was removed by brief incu-

bation in acid Tyrode’s solution. Inner cell masses (ICM) of the

denuded blastocysts were isolated mechanically by a microsurgical

approach (Meng et al, 2010) and cultured on MEF feeder layer in

2a2iL medium. Initial outgrowths of ICM were harvested on day

10 using TrypLE and then cultured in 2iL medium. Subsequent

passaging of the naı̈ve-like hESC lines was performed for storage

and further analysis.

Spontaneous differentiation

In vitro differentiation of 2a2iL-hPSCs was performed via embryoid

body (EB) formation. Dissociated 2a2iL-hPSCs were separated from

MEF by the differential adhesion method and cultured as suspen-

sions in bacterial dishes that contained 2iL medium. After 2 days,

the medium was replaced by differentiation medium that included

DMEM/F12 with 15% FBS. The medium was refreshed every other

day. After 8 days, EBs were plated onto gelatin-coated plates. The

EBs were evaluated for lineage-specific markers ≤ 21 days later by

immunofluorescence staining and qRT–PCR analysis.

Directed differentiation into cardiomyocytes

Induction of differentiation into beating cardiomyocytes was

performed as previously described (Fonoudi et al, 2015). Briefly,

individual 2a2iL-hPSCs were forced to form EBs at a density of

2 × 105 cells per ml in 2iL medium for 2 days. Then, the medium

was replaced by basal cardiomyocyte differentiation medium that

included RPMI 1640 (Invitrogen) supplemented with 2% B27 (Life

Technology) without RA or insulin, 1% NEAA, 2 mM L-glutamine,

and 0.1 mM b-ME. For the first 24 h, we added 12 lM of

CHIR99021. The following day, CHIR99021 was removed and the

EBs were cultured for an additional 24 h in basal cardiomyocyte dif-

ferentiation medium. Subsequently, the cells were treated with

5 lM purmorphamine (Stemgent, sonic hedgehog agonist), 5 lM
IWP2 (Tocris Bioscience, WNT antagonist), and 5 lM SB431542

(Sigma-Aldrich, TGF-b receptor inhibitor) for 48 h. EBs mostly

began contractions on day 10.

Directed differentiation into hepatocytes

Embryoid body formation was performed by culturing 2 × 105 cells

per ml of 2a2iL-hPSCs in 2iL medium for 2 days. Then, the medium

was replaced by RPMI 1640 supplemented with 2% B27 without RA

or insulin, 1% NEAA, 2 mM L-glutamine, 0.1 mM b-ME, and 12 lM
CHIR for 24 h. The next day, the EBs were plated on Matrigel-coated

plates in RPMI/B27 supplemented with 10 ng/ml Activin A.

Teratoma formation

Teratomas were induced as follows. 2a2iL-hPSCs were dissociated

using TrypLE. Approximately 2–3 × 106 cells were suspended in

100 ll Matrigel and injected subcutaneously into the flanks of 7- to

8-week-old nude male mice. The resulting teratomas were isolated

30 days after cell transplantation and fixed in 4% paraformalde-

hyde (PFA), embedded in paraffin, sectioned into 5–7 lm sections,

and stained with hematoxylin and eosin. The stained sections were

studied under a bright-field microscope for derivatives of all three

germ layers.

Mouse-human chimera formation

For in vitro and in vivo interspecies chimera generation, E3.5 mouse

blastocysts were injected with 10–15 single 2a2iL-RH6-eGFP. For

in vitro evaluation, chimeric embryos were cultured in 2iL medium

for 48 h. For in vivo chimera formation, the chimeric embryos were

cultured in 2iL medium for 2 h and a number of the 10–12 embryos
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Table 1. Primer sequences and reaction conditions of qRT–PCR or PCR.

Gene name Primer (50–30) Accession no.

Annealing
temperature
(°C)

qRT–PCR

GAPDH F: ctc att tcc tgg tat gac aac ga NM_001289746.1 60

R: ctt cct ctt gtg ctc ttg ct

OCT4 F: ctg ggt tga tcc tcg gac ct NM_002701.4 60

R: cac aga act cat acg gcg gg

NANOG F: aaa gaa tct tca cct atg cc NM_024865.2 60

R: gaa gga aga gga gag aca gt

SOX2 F: ggg aaa tgg aag ggg tgc aaa aga gg NM_003106.3 60

R: ttg cgt gag tgt gga tgg gat tgg tg

KLF4 F: att acc aag agc tca tgc ca NM_004235.4 60

R:cct tga gat ggg aac tct ttg

REX1 F: ttt acg ttt ggg agg agg NM_174900.3 60

R: gtg gtc agc tat tca gga g

DPPA3 F: aaa gct tcc gat aga ggg ga NM_199286.3 60

R: tgc tca ccg aag aaa att cc

TBX3 F: ttt gaa gac cat gga gcc cg NM_005996.3 60

R: aca ttc gcc ttc ccg act tg

KLF2 F: ggc aag acc tac acc aag ag NM_016270 60

R: cac aga tgg cac tgg aat gg

KLF5 F: cct ggt cca gac aag atg tga NM_001730 60

R: gaa ctg gtc tac gac tga ggc

DPPA5 F: gtc gtg gtt tac ggc tcc tat NM_001025290 60

R: ggc aag ttt gag cat ccc tc

MAEL F: ttg ctg atg cca tcc ctt act NM_032858 60

R: agctgacatatctggaggtgaa

HORMAD1 F: gcc cag ttg cag agg act c NM_001199829 60

R: tct tgt tcc ata agc gca ttc t

TFCP2L1 F: cag ccc gag cac tac aac c NM_014553 60

R: ctc cca gct tcc gat tct cc

SOX1 F: cac aac tcg gag atc agc aa NM_005986.2 60

R: ggt act tgt aat ccg ggt gc

PAX6 F: gtc cat ctt tgc ttg gga aa NM_001127612 60

R: tag cca ggt tgc gaa gaa ct

TUBB3 F: gta tcc cga ccg cat cat NM_006086 60

R: tct cat ccg tgt tct cca

NESTIN F: tcc agg aac gga aaa tca ag NM_006617.1 60

R: gcc tcc tca tcc cct act tc

GATA4 F: cct gtc atc tca cta cgg NM_002052.3 60

R: gct gtt cca aga gtc ctg

BRA F: aat tgg tcc agc ctt gga at NM_003181.2 60

R: cgt tgc tca cag acc aca

CTNT F: atg atg cat ttt ggg ggt ta NM_000364.2 60

R: cag cac ctt cct cct ctc ag

AFP F: aaa tgc gtt tct cgt tgc tt NM_001134.1 60
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were transferred into each of the 2.5-day post-coitus pseudo-

pregnant foster mothers. The implanted embryos were harvested

from the uteri of the foster mothers on E10.5. The contribution of

2a2iL-hPSCs in chimeric embryos was analyzed via immunohisto-

chemistry and PCR for human-specific mitochondrial sequences

(Table 1) (Cooper et al, 2007).

Immunocytofluorescence staining

For immunocytofluorescence, naı̈ve-like hPSCs or differentiated

cells were fixed in 4% PFA (Sigma-Aldrich) for 20 min at 37°C

and permeabilized with 0.2% Triton X-100 for 10 min at room

temperature for the intracellular markers. Non-specific antibody

binding sites were blocked with 10% host serum of the secondary

antibody for 15 min at 37°C. The cells were exposed to the

primary antibodies diluted in PBS that contained 0.1% bovine

serum albumin (BSA, Sigma-Aldrich) overnight at 4°C, then rinsed

three times with PBS without Ca2+ and Mg2+ supplemented with

0.05% Tween-20 (PBS/Tween), and incubated with secondary

antibodies for 1 h at 37°C. The nuclei were counterstained with

1 mg/ml 40, 6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich).

An Olympus fluorescent microscope (Olympus BX51) was used to

visualize the cells. The primary and secondary antibodies used in

this study are listed in Table 2.

Table 1. (continued)

Gene name Primer (50–30) Accession no.

Annealing
temperature
(°C)

R: gcc aca ggc caa tag ttt gt

FOXA2 F: gga gcg gtg aag atg gaa NM_021784.4 60

R: tac gtg ttc atg ccg ttc at

SOX17 F: ctc tgc ctc ctc cac gaa NM_022454.3 60

R: cag aat cca gac ctg cac aa

DNMT3b F: tcc cag ctc tta cct tac ca NM_001207056.1 60

F: aaa ctc ctt ccc atc ctg ata ctc

TET1 F: cca acc tta ggg agt aac act g NM_030625.2 60

R: ggg agt gct gct tct ttc tg

DNMT3L F: atg aag tca agg cta acc agc NM_175867 60

R: cgt cat cgt cgt aca gga aga g

KLF17 F: gtctttcttccgttctgatgag NM_173484.3 60

R: ttcttcattcacctaaggacca

SMAD2 F: aactatctcctactactctttccc NM_005901.6 60

R: cactcctcttcctatatgcct

SMAD3 F: agacaccagttctacctcct NM_005902.4 60

R: ggtctctggaatattgctctg

NODAL F: gcg tac atg ctg agc ctc ta NM_018055 60

R: ggt gac ctg gga caa agt g

NR5A2 F: ctttgtcccgtgtgtggagat NM_205860.3 60

R: gtcggcccttacagcttcta

ARGFX F: gaacgtacttctttcacccac NM_001012659 60

R: ttcctgaaccaaacctttactg

KHDC1L F: gacttgatgacacgtaccttcg NM_001126063.3 60

R: agcgtgacacttggagtcct

LEFTY-1 F: tgctacaggtgtcggtgcagagg NM_020997.4 60

R: agaaacggacacttgaaggccagg

LEFTY-2 F: gggaattgggatacctggat NM_003240.5 60

R: ctaaatatgcacgggcaagg

PCR

Mitochondrial cytochrome C oxidase subunit
I (COI)_Homo Sapiens

F: tagacatcgtactacacgacacg - 58

R: tccaggtttatggagggttc

BRA, brachyury.
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Immunohistofluorescence staining

We sought to validate the contribution of 2a2iL-RH6-eGFP in

mouse embryos. Initially, the embryos were isolated from sacri-

ficed mouse at E10.5. The embryos were fixed for 24 h in 10%

neutral buffered formalin solution (Merck) in PBS (pH 7.4) at

25◦C and gradually dehydrated using serial dilutions of ethanol

and xylol (Merck). The embryos were embedded with melted

paraffin (Merck) and sectioned in 6 lm thicknesses by micro-

tome (SLEE). For immunostaining, the sections were placed on

slides and the sections were blocked by non-specific antibodies

with 10% goat serum for 1 h at 37°C. The sections were incu-

bated overnight with the selected primary antibodies at 4°C.

Subsequently, they were incubated with the specific secondary

antibodies for 1 h at room temperature and then studied under

a fluorescent microscope (Olympus BX5L). Before and after each

antibody stage, the slides were washed with PBS-tween. The

primary and secondary antibodies used in this study are listed

in Table 2.

Cell population doubling time

Cell population doubling time was assessed according to a proto-

col mentioned by Ware et al (2014). Briefly, naı̈ve-like and

primed hPSCs were treated with TrypLE and the single cells were

seeded on 3.5-cm2 MEF-coated plates at a density of 80,000 cells.

Cell counts were performed at two time points, after 48 h (base-

line) and 96 h (intervening growth). Three biological replicates

were used for the experiments.

Cloning efficiency assay

We determined clonogenicity of naı̈ve-like versus primed hPSCs

by plating the individualized cells on MEF-coated petri dishes at

a density of 10 and 100 cells per 3.5 cm2 plate and 1,000 cells

per 6 cm2 plate. Colony counting was performed at day 6 after

ALP staining. The clonogenic capacity was calculated as the

percent of total colony numbers per the initial number of

seeded cells.

Table 2. Primary and secondary antibodies used for immunofluorescence staining.

Antigen Company Cat no. Dilution/concentration

OCT4 Santa Cruz Sc5279 1:200

NANOG Sigma-Aldrich N3038 1:500

SOX2 Santa Cruz Sc20088 1:200

TRA1-81 Invitrogen 41-1100 1:100

SSEA1 R&D System MAB2155 1:250

KLF4 R&D System Af3158 1:200

TFE3 Sigma-Aldrich HPA023881 1:200

STAT3 Cell Signaling 4904S 1:200

TFCP2L1 Sigma-Aldrich HPA029708 1:100

KLF17 Sigma-Aldrich HPA024629 1:100

REX1 Santa Cruz Sc50671 1:100

H3K27me3 Abcam Ab6002 1:500

TUJ-1 Sigma-Aldrich T8660 1:200

CTNT Abcam Ab64623 1:200

SOX17 R&D System AF1924 1:100

TBRA R&D System AF2085 1:100

HNA AbD Serotec ab6970 1:200

GAPDH Proteintech 60004-1-Ig 1:30,000

Anti-mouse IgG-Atto488 Sigma-Aldrich 62197 1:500

Anti-mouse IgM-Texas Red Invitrogen Sc2983 1:200

Anti-rabbit IgG-Alexa Fluor 488 Santa Cruz A11008 1:500

Anti-goat IgG-Alexa Fluor 488 Invitrogen A11055 1:500

Anti-rabbit IgG-Alexa Fluor 546 Invitrogen A10040 1:500

Anti-mouse IgG-Alexa 546 Invitrogen A10036 1:500

Anti-rabbit IgG-peroxidase Sigma-Aldrich A0545 1:1,000

Anti-goat TgG-peroxidase Sigma-Aldrich A5420 1:20,000

Anti-mouse IgG-peroxidase Sigma-Aldrich A2554 1:50,000

HNA, human nuclear antigen.
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Karyotyping

In order to assess genetic integrity at the chromosome level, G-

banding staining was performed according to a standard protocol in

the Cytogenetics Laboratory of Royan Institute (Tehran, Iran).

Briefly, 2a2iL-hPSCs were treated with 0.66 mM thymidine (Sigma-

Aldrich) for 16 h at 37°C for cell cycle synchronization. Next, the cells

were refreshed with 2iL medium and allowed to enter the M phase for

5 h at 37°C. We added 0.15 mg/ml colcemid (Life Technology) for

45 min at 37°C to arrest the cells in metaphase. Subsequently, 2a2iL-

hPSCs were harvested using TrypLE and allowed to expand by the

addition of a hypotonic solution, 0.075 M KCl (Merck), for 10 min at

37°C. The cells were fixed with a 3:1 ratio of ice-cold methanol:acetic

acid (Merck) at three sequential times and dropped on chilled slides.

The chromosomes were visualized using G-banding staining, and we

evaluated at least 30 spreads to assess for genetic stability.

Western blotting

Total proteins were extracted from primed and 2a2iL-hPSCs using a

Qproteome Mammalian Protein Prep Kit (Qiagen, cat no. 37901). We

added 5× Laemmli buffer (0.25 M Tris–HCl, pH 6.8, 50% glycerol,

10% SDS, 0.01% bromophenol blue, 50 mM DTT) to 20 lg of total

protein and the solution was allowed to boil for 5 min at 95°C. Then,

the proteins were separated by 12% SDS–PAGE electrophoresis at

100 V for 1.5 h using a Mini-PROTEAN electrophoresis cell (Bio-Rad)

and transferred to a GE-PVDF membrane by wet blotting at 15 V for

16 h using a Trans-Blot (Bio-Rad). The membranes were blocked for

1 h with 2% milk and incubated overnight at 4°C with the following

primary antibodies: anti-NANOG, TFCP2L1, KLF17, and GAPDH.

Next, the membranes were washed with tris-buffered saline tween

(TBST) and incubated with secondary antibodies. Visualization of

the blots was performed using ECL substrate (Amersham, RPN2232)

with a Uvitec Alliance Q9 Advanced imaging system. Quantification

was performed by ImageJ software. Information related to the

primary and secondary antibodies is listed in Table 2.

Evaluation of OCT4 distal and proximal enhancer activity

Activation of OCT4 enhancer was evaluated by luciferase activity as

described by Chen et al (2015). Briefly, 1 × 106 hPSCs were separately

cultured on a 6 cm2 MEF-coated petri dish. The following day, the cells

were co-transfected with 2.5 lg of each of the PGL3 reporter plasmids:

pGL3-human OCT4 DESV40-Luc (Addgene), pGL3-human OCT4 PE-

SV40-Luc (Addgene), and pGL3-empty vector (Promega) with the inter-

nal control, 2.5 lg of psiCHECKTM-1 Vector (Promega), which expresses

Renilla by 5 ll lipofection (Lipofectamine 3000; Invitrogen). After 8 h,

the medium was replaced by 2iL medium. At 48 h post-transfection,

the cells were lysed and we measured the activities of both firefly and

Renilla luciferases by a Berthold detection system (Promega). Relative

luciferase was calculated by normalizing firefly luciferase activity (re-

porter) to Renilla luciferase activity (internal control).

RNA isolation, reverse transcription and quantitative real-time
PCR

Total RNA was extracted using a RNeasy mini Kit (Qiagen). The

isolated RNA was evaluated for purity and concentration using a

UV/visible spectrophotometer (WPA, Biowave II). Integrity and

quality were checked by 1% agarose gel electrophoresis. Subse-

quently, 2 lg of total RNA was converted to cDNA using a

Revert Aid First-strand Kit and random hexamer primer (Thermo

Scientific) in a final reaction volume of 20 ll. qRT–PCR was

performed with a mixture of 10 ll SYBR Premix Ex Taq II

(Takara), 0.4 ll ROX reference dye, 1 ll of 5 pmol for each

forward and reverse primer, and 2 ll sample (12.5 ng/ll) in a

final reaction volume of 20 ll by using Applied Biosystems

StepOnePlus (ABI). All experiments were carried out in three

biological and two technical replicates. The expression levels of

the target genes were normalized to GAPDH as the housekeeping

gene and quantified based on the ΔΔCt method. The sequence

primers are listed in Table 1.

RNA-sequencing and pre-processing of the data

RNA was isolated from the samples by using a PureLink miRNA

Isolation Kit (Ambion) in combination with a PureLink and RNA

Mini Kit to isolate RNA > 150 nucleotides. Large-sized RNA frac-

tions were treated with on-column DNase digestion (RNase-Free

DNase Set, Qiagen) to avoid contamination by genomic DNA. RNA

and library preparation integrity were verified by a BioAnalyzer

2100 (Agilent) or LabChip Gx Touch 24 (Perkin Elmer). We used

1 lg of total RNA as the input for the SMARTer Stranded Total RNA

Sample Prep Kit—HI Mammalian (Clontech). Sequencing was

performed on a NextSeq500 instrument (Illumina) using v2

chemistry, which resulted in a minimum of 30M reads per library

with a 2 × 75 bp paired end setup. The resultant raw reads were

assessed for quality, adapter content, and duplication rates

with FastQC (http://www.bioinformatics.babraham.ac.uk/projec

ts/fastqc), a quality control tool for high-throughput sequence data.

Reaper version 13–100 was employed to trim reads after a quality

drop below a mean of Q20 in a window of 10 nucleotides

(Davis et al, 2013). Only reads between 30 and 150 nucleotides

were cleared for further analyses. Trimmed and filtered reads

were aligned versus the Ensembl human genome version hg19

(GRCh37.p5) using STAR 2.4.0a with the parameter “–outFilter

MismatchNoverLmax 0.1” to increase the maximum ratio of

mismatches to mapped length to 10% (Dobin et al, 2013). The

number of reads that aligned to the genes was counted with feature-

Counts 1.4.5-p1 tool from the Subread package (Liao et al, 2014),

which is an efficient general purpose program for assigning

sequence reads to genomic features. Only reads that mapped at least

partially inside the exons were admitted and aggregated per gene.

Reads that overlapped multiple genes or aligned to multiple regions

were excluded.

Bioinformatics analysis

Analysis of the data was performed using R/Bioconductor. Differen-

tially expressed genes were identified using DESeq2 version 1.62

(Love et al, 2014). Only genes with a minimum absolute log2 fold

change of +1 a maximum Benjamini–Hochberg corrected P-value of

0.05 were deemed to be significantly differentially expressed. The

Ensemble annotation was enriched with UniProt data (release

06.06.2014) based on Ensembl gene identifiers (Activities at the

Universal Protein Resource [UniProt]).
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Data availability

The datasets and computer code produced in this study are

available in the following database: RNA-seq data: Gene Expression

Omnibus GSE116501 (https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE116501).

Expanded View for this article is available online.
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