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which was previously used for the propagation of human embry-
onic germ (EG) cells (24), activates the enzyme adenylate cyclase,
which increases the intracellular levels of cyclic adenosine
monophosphate (cAMP) and subsequently activates the protein
kinase A (PKA) signaling pathway (25). FK stabilizes C1 hiPSCs
independently of DOX, at least partly through induction of KIf2
and KIf4 expression (Fig. S5). We tested whether PD/CH/LIF/FK
in combination with transient transgene induction could revert the
established WIBR3 hESC line to a naive pluripotent state. WIBR3
hESCs were transiently transfected with Oct4 and KIf4 or KIf4 and
KIf2 and then grown in PD/CH/LIF/FK (Fig. 2A). After 8-12 days,
dome-shaped colonies with packed round-cell morphology, typical
of naive mESCs, appeared (Fig. 2A and Fig. S6A). Colonies were
picked, trypsinized, and passaged in PD/CH/LIF/FK. Because
these cell lines were morphologically similar to naive mESCs, we
refer to the selected cells as naive hESCs (naive WIBR3.1-3.5) and
naive hiPSCs.

Fig. 2. Characteristics of naive hESC lines. (A) Scheme for reverting hESCs to
generate naive hESCs. Representative images of WIBR3 hESCs at different
stages of the reversion process in PD/CH/LIF/FK. p, passage number. Magni-
fications of captured images are indicated. (B) Single-cell cloning efficiency
of different pluripotent stem cell lines as determined by the number of wells
containing Nanog+ colonies after 7 days. (C) Estimated cell doubling time.
Plated cells were plated in triplicates and counted at 1, 4, and 7 days after
plating, and increase in cell number was used to extrapolate average dou-
bling time. Error bars represent SD, and P values using Student’s t test in-
dicate significant difference in the average of hESC/hiPSC lines in comparison
with the average of naive hESC/hiPSC lines.
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Naive hESCs and hiPSCs Are Pluripotent. Naive hESC/hiPSC lines
were grown on feeder cells in PD/CH/LIF/FK, passaged using
trypsin, and demonstrated a normal karyotype (Fig. S6B). Naive
hESCs and hiPSCs displayed >85% single-cell cloning efficiency
after trypsinization, comparable to the high clonogenicity typical
for mESCs (Fig. 2B). In contrast, conventional hESCs and hiPSCs
have a low clonogenicity (<5%), or ~20% in the presence of Rho
kinase (ROCK) inhibitor (Fig. 2B). The average doubling time for
naive hESCs was slightly decreased by ~20% (Fig. 2C). The cells
stained positive for pluripotency markers (Fig. S6C), and Oct4 and
Nanog promoters were hypomethylated in naive hESCs in com-
parison with somatic fibroblasts (Fig. S6D). To determine the
differentiation ability of naive hESCs/hiPSCs in vitro, we used
suspension culture to generate embryoid bodies (EBs). After 7
days in suspension, RT-PCR confirmed that these EB differenti-
ated cells expressed markers of all three developmental lineages
(Fig. S7A). The naive hESCs/hiPSCs formed teratomas with so-
matic tissues representative of the three germ layers (Fig. S7B).
Naive hiPSCs could also be directed to differentiate into neuronal
cells in vitro (Fig. S7C). Unlike the naive pluripotent stem cells
ectopically expressing the factor transgenes that could be main-
tained for more than 50 passages in PD/CH/LIF (Fig. S1B), the
genetically unmodified Forskolin-dependent naive hESCs could
not be maintained for longer than 15-20 passages, at which point
they stopped proliferating and differentiated. An appreciable
difficulty and restriction in passaging pluripotent cells have been
previously described for human EG cells propagated in the pres-
ence of Forskolin (24), and may be due to toxicity associated with
this compound or its inability to fully substitute for ectopic trans-
gene expression (Fig. 1).

Naive Human Pluripotent Cells Share Signaling and Functional Features
with Mouse ESCs. We investigated whether naive hESCs share de-
fining features with mESCs and thus would constitute a pluripotent
state which is distinct from the previously described hESCs. ICM-
derived mESCs are stabilized upon inhibition of the ERK1/2
pathway, in contrast to hESCs and mEpiSCs, which are induced to
differentiate by ERK inhibition (5, 26). Consistent with previously
described observations, genetically unmodified conventional hESCs
could not be propagated in the presence of the ERK1/2-specific
inhibitor PD (Fig. 3A). Similarly to NOD mESCs, the stability of
naive hESCs was dependent on the continuous presence of ERK1
inhibition (Fig. 3A and Figs. S2A and S8A) (11). Also, the naive
hESCs depended on LIF signaling, displayed high levels of pStat3
(Fig. S8B), and readily differentiated when exposed to a JAK in-
hibitor (JAKi) that blocks Stat3 phosphorylation. This behavior is
similar to mESCs and contrasts with conventional hESCs, which
were resistant to JAKi (Fig. 3A). Consistent with this observation,
naive hESCs that were stably transfected with a dominant-negative
Stat3 encoding transgene rapidly differentiated and could not be
maintained, whereas cells transgenic for a constitutively active
Stat3 mutant could be propagated in the absence of exogenous LIF
(Fig. S8C). In addition, hESCs and mEpiSCs rapidly differen-
tiated upon inhibition of the TGFp/Activin signaling pathway by
SB431542 or A83-01, whereas mESCs and naive hESCs/hiPSCs
maintained their pluripotent state in response to SB431542 or
A83-01 but differentiated upon addition of recombinant TGFf
(Fig. 3A). Finally, addition of BMP4 growth factor or inhibition
of bFGF signaling by two different FGF4-receptor inhibitors
(PD173074 and SU5401) resulted in the differentiation of hESCs
and mEpiSCs, but not of naive hESCs/hiPSCs or mESCs (Fig. 3A).

It has been shown that mEpiSCs as well as hESCs are primed
for differentiation into PGC-like cells and readily activate germ-
cell markers such as DAZL, BLIMP1, and VASA upon exposure
to BMP4. This is in contrast to mESCs, which are inefficient in
activating these markers and require prior EB formation (7, 17,
27). We tested whether the naive ESCs would resist activation of
PGC markers similarly to mESCs (3). Fig. 3B shows that VASA,
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Fig. 3. Naive hESCs share defining signaling and epigenetic features with
mESCs. (A) Signaling dependence of pluripotent cell lines conducted as in
Fig. 1C. After 7 days, wells were fixed and stained to determine the relative
percentage of colonies positive for pluripotency markers. SSEA1 staining was
used for mouse stem cells. Colony formation was normalized to an internal
control growth medium without inhibitors (first left column). Normalized
percentages lower than 5% are defined as “sensitivity” to the presence of
the supplemented inhibitor. (B) RT-PCR expression of early germ-cell markers
in the presence or absence of BMP4/7/8 cytokines. (C) Representative fluo-
rescence in situ hybridization (FISH) analysis for XIST RNA (red) and Cotl
nuclear RNA (green). Pri-WIBR3.2 cell line was analyzed after passaging in
conventional bFGF/serum-containing human ESC growth conditions. Num-
bers indicate average percentage of XIST-positive nuclei counted.

BLIMP1, and DAZL were readily activated in hESCs upon
culture in BMP4, in contrast to naive hESCs, which showed no
up-regulation of these markers. Similar results were obtained
when using a VASA-EGFP reporter transgene to measure effi-
ciency of early PGC differentiation (Fig. S9A). In summary,
mMESCs and naive hESCs have comparable biological charac-
teristics and depend on similar signaling pathways. However,
these pathways are different from those operating in hESCs and
mEpiSCs, suggesting that the two states of pluripotency can be
controlled, at least in part, by similar mechanisms in the human
and mouse species.

Epigenetic Reversion and Maintenance of the Pre-X Inactivation State
in Female Naive hESCs. X-chromosome inactivation represents an
important epigenetic difference between the two states of pluri-
potency: Whereas female mESCs are in a pre-X inactivation state
with two active X chromosomes (XaXa), mEpiSCs and most if not
all hESCs have already undergone X inactivation (XiXa) (10, 28).
Recently, we have demonstrated that environmental conditions
such as oxidative stress induce precocious and irreversible X
inactivation during early stages of hESC derivation (28). X in-
activation is reversible in mouse cells, as reprogramming of XiXa
somatic cells to pluripotency has been shown to reactivate the silent
X chromosome (10, 29-31). Therefore, we tested whether the
conversion of hESCs into naive hESCs would reactivate the inactive
X chromosome. Fig. 3C shows that WIBR3 hESCs grown in con-
ventional bFGF/serum containing hESC medium and in atmo-
spheric oxygen concentration (20% pO,) or exposed to PD/CH/
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LIF/FK for 72 h expressed an XIST cloud in all cells, which is in-
dicative of X inactivation. However, no XIST clouds were seen in
any of eight independently derived naive WIBR3 hESC and naive
hiPSC lines tested between p8-p20 (Fig. 3C and Fig. S3A), consis-
tent with the observed changes in the methylation of the XIST
promoter region (Fig. S3D). When naive hESCs were transferred to
bFGF/serum-containing hESC growth conditions, the cells adapted
the flattened morphology of conventional hESCs. These reverted
cells, designated primed pluripotent cell lines, had initiated X in-
activation, as evident by the acquisition of XIST clouds and changes
in XIST promoter methylation (e.g., pri-WIBR3.2 in Fig. 3C and
Fig. S3D). Similar results were obtained when analyzing XIST
clouds and XIST promoter methylation in naive and primed C1
hiPSC lines (Fig. S3 A, B, and D). Overall, these results indicate that,
similar to mouse cells, X inactivation is reversible and sustainable in
naive human stem cells after epigenetic reversion of the primed
pluripotent state.

Naive Human Pluripotent Cells Are Transcriptionally Similar to Mouse
ESCs. To define molecular signatures of the naive hESCs, we com-
pared their global gene expression pattern with that of hESCs,
mESCs, and mEpiSCs. Fig. S9B shows that four naive hESC lines
and two naive hiPSC lines cluster together and are different from
a large number of hESCs and hiPSCs, including hESCs grown in
mMTESR1-defined culture conditions and Nanog-overexpressing
hESCs, which can grow in a feeder-independent manner (32, 33).
Gene array analysis and confirmation by RT-PCR showed that
Oct3/4 and Sox2 were expressed at equivalent levels in hESCs/
hiPSCs and naive hESCs/hiPSCs, whereas transcripts associated
with naive mESCs such as Klf4, KIf2, Tbx3, Gbx2, Lin28, and
SOCS3 were significantly up-regulated in naive hESCs/hiPSCs
(Fig. 4A and Fig. S9 C and D). In contrast, transcripts associated
with genes expressed in the epiblast and early germ layers as well as
in hESCs (3, 4) were significantly down-regulated in the naive
hESCs/hiPSCs. This set of genes included Otx2, Sox17, Cerl, Foxa2,
Zicl, Lhx2, and XIST (Fig. 4A and Fig. S9C). These expression
differences between hESCs/hiPSCs and naive hESCs/hiPSCs are
consistent with previously described differences in gene expression
between mESCs and mEpiSCs (3, 4). Finally, fluorescence-acti-
vated cell sorter (FACS) analysis showed that hRESCs and mEpiSCs
had initiated surface expression of MHC class | proteins, which are
normally expressed on somatic cells (34), in contrast to mESCs and
naive hESCs/hiPSCs, which had residual surface expression con-
sistent with a more immature phenotype (Fig. 4B).

An unbiased cross-species hierarchical clustering (35) was per-
formed to assess whether the naive and primed state of pluripotency
in human cells globally corresponded to those characterized in
mouse cells. For this, 24 different pluripotent stem cell lines were
compared (Fig. 4C), including hESCs/hiPSCs; naive hESCs/hiPSCs;
129 mESCs and EpiSCs; NOD mESCs; NOD mEpiSC-like cells
which were generated from NOD mESCs and miPSCs, which were
grown in bFGF/Activin after withdrawal of exogenous inhibitors
that stabilize their naive pluripotency (11). Cross-species gene ex-
pression analysis on 9,949 mouse-human orthologous genes in the
gene expression datasets clustered the samples into two main groups
as indicated by the top bifurcation in Fig. 4C representing two dis-
tinct pluripotent states. All naive hESCs/hiPSCs clustered with
mMESCs and miPSCs independent of genetic background, species
differences, or growth conditions (Fig. 4C). Notably, hESCs and
hiPSCs clustered with mouse EpiSCs and NOD EpiSC-like cells,
and marked anticorrelation was apparent between the naive
hiPSCs/ESCs and the hESCs/hiPSCs, as indicated by the blue blocks
in the correlation matrix (Fig. 4C and Fig. S9D). Finally, we mea-
sured the activity of the distal and proximal enhancer regions of
Oct4 genes that are reciprocally regulated in the pre- and post-
implantation mouse embryo (3) as well as in mMESCs and mEpiSCs.
Predominant utilization of the highly conserved Oct4 distal en-
hancer (36) was observed in naive hESCs/hiPSCs as measured by
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