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Human and mouse embryonic stem cells (ESCs) are derived from
blastocyst-stage embryos but have very different biological properties, and molecular analyses suggest that the pluripotent state of
human ESCs isolated so far corresponds to that of mouse-derived
epiblast stem cells (EpiSCs). Here we rewire the identity of conventional human ESCs into a more immature state that extensively
shares deﬁning features with pluripotent mouse ESCs. This was
achieved by ectopic induction of Oct4, Klf4, and Klf2 factors
combined with LIF and inhibitors of glycogen synthase kinase 3β
(GSK3β) and mitogen-activated protein kinase (ERK1/2) pathway.
Forskolin, a protein kinase A pathway agonist which can induce
Klf4 and Klf2 expression, transiently substitutes for the requirement
for ectopic transgene expression. In contrast to conventional human
ESCs, these epigenetically converted cells have growth properties, an
X-chromosome activation state (XaXa), a gene expression proﬁle,
and a signaling pathway dependence that are highly similar to those
of mouse ESCs. Finally, the same growth conditions allow the derivation of human induced pluripotent stem (iPS) cells with similar
properties as mouse iPS cells. The generation of validated “naïve”
human ESCs will allow the molecular dissection of a previously undeﬁned pluripotent state in humans and may open up new opportunities for patient-speciﬁc, disease-relevant research.
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ouse embryonic stem cells (mESCs) are derived from the
inner cell mass (ICM) of developing blastocysts (1) and can
be maintained indeﬁnitely in vitro in a pluripotent state, as they
retain the capacity to contribute to somatic cell lineages when
injected into host embryos (2). Recently, an additional type of
pluripotent cells was derived from the postimplantation epiblast of
murine embryos, termed epiblast stem cells (mEpiSCs) (3, 4).
mESCs and mEpiSCs are molecularly and epigenetically distinct
and therefore represent discrete pluripotent states recently
termed naïve and primed pluripotent states, respectively (5). ICMderived naïve pluripotent stem cells efﬁciently contribute to chimeric embryos, maintain both X chromosomes in an active state
(XaXa) in female cells, and are relatively refractory in their potential to differentiate into primordial germ cells (PGCs) in vitro
(6). mEpiSCs, or primed pluripotent cells, can give rise to differentiated teratomas, but are highly inefﬁcient in repopulating the
ICM upon aggregation or injection into host blastocysts, have
predominantly undergone X-chromosome inactivation (XiXa),
and are poised for differentiation into PGC precursors in vitro
(3, 4, 7). Naïve mESCs can be cloned with high efﬁciency, grow as
packed dome colonies, and are stabilized by LIF/Stat3 and
destabilized by bFGF and TGFβ/Activin signaling. In contrast,
primed mEpiSCs are characterized by a ﬂattened morphology,
intolerance to passaging as single cells, and a dependence on
bFGF and TGFβ/Activin signaling rather than LIF/Stat3. EpiSCs
from the 129 mouse strain can be reverted to naïve state upon
exposure to LIF/Stat3 signaling, and this reversion can be boosted
www.pnas.org/cgi/doi/10.1073/pnas.1004584107

by expression of pluripotency factors including Klf4, Klf2, Nanog,
or c-Myc (8–11).
The derivation of naïve pluripotent stem cells from nonobese
diabetic (NOD) mouse strains and from rats, previously considered “nonpermissive” for ESC derivation, has been achieved by
culturing the cells in medium supplemented with small molecules
or growth factors that alleviate inhibitory differentiation cues
and/or reinforce key signaling pathways that stabilize the core
transcriptional circuitry of naïve pluripotency [e.g., inhibition of
glycogen synthase kinase 3β (GSK3β) and mitogen-activated
protein kinase pathway (ERK1/2) in addition to LIF/Stat3 stimulation or exogenous constitutive expression of Klf4 or c-Myc]
(5, 11–13). These conditions compensate for genetic determinants, which may be unique to each strain or species but preclude
the in vitro propagation of naïve pluripotency. Notably, these
genetic determinants do not interfere with the maintenance of the
primed pluripotent state, as EpiSCs from both rats and NOD
mice can be readily isolated (4, 11). NOD naïve pluripotent cells
when isolated from preimplantation blastocysts or generated
through in vitro reprogramming are highly metastable and adopt
a primed pluripotent state in vitro upon withdrawal of the exogenous supporting factors and addition of bFGF/Activin (11).
Although not identical, human ES cells (hESCs) share several
deﬁning features with primed mEpiSCs and are distinct from
naïve mESCs (14). mEpiSCs and hESCs share a ﬂattened morphology, intolerance to passaging as single cells, dependence on
TGFβ/Activin signaling (15), inactivation of the X chromosome
in most female cell lines isolated (16), and a high propensity to
differentiate into PGCs in response to BMP4 in vitro (17). The
similarities between hESCs and mEpiSCs in addition to the
aforementioned highly “metastable” naïve NOD pluripotent
cells have underscored the possibility that the establishment and
maintenance of the primed pluripotent state in human cells may
reﬂect an inherent instability of naïve pluripotency that cannot
be stabilized by the conventional culture conditions used to
propagate hESCs (11). These observations have provoked further questions relating to the nature of in vitro isolated hESCs
and human induced pluripotent stem cells (hiPSCs) (5, 11, 18):
Can the same exogenous factors used for the isolation of NOD
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mESCs help establish and maintain the naïve or “mouse ESClike” pluripotent state in human cells? Or, alternatively, are
human cells even less permissive and require manipulation of
additional or different signaling pathways? Here we sought to
deﬁne the factors that stabilize a human pluripotent state in vitro
which shares deﬁning features with the naïve pluripotent cells of
mice by molecular and functional criteria. The conditions described herein allow the isolation of naïve hiPSCs and epigenetic
reversion of conventional hESCs toward a naïve pluripotent
state. Our ﬁndings provide evidence for a validated and previously unidentiﬁed naïve state of pluripotency in humans.
Results
Stabilization of the Naïve Pluripotent State in Human Cells. To test
whether conditions devised to stabilize mouse NOD and rat ESCs
(5, 11, 12) inﬂuence the properties of human pluripotent stem
cells in vitro, we utilized previously described C1 secondary human
female ﬁbroblasts (19) to derive hiPSCs under various culture conditions (Fig. 1A). The C1 secondary ﬁbroblast line harbors doxycycline (DOX) inducible lentiviral vectors encoding OCT4, SOX2, and
KLF4 reprogramming factors and a constitutively active lentivirus
encoding the reverse tetracycline transactivator. After 14–25 days
of culture in serum-free N2B27 medium and a combination of
the ERK1/2 inhibitor PD0325901 (PD), the GSK3 inhibitor
CHIR99021 (CH), and LIF (abbreviated PD/CH/LIF), colonies
with naïve mESC-like morphology appeared that could be maintained in media with DOX and PD/CH/LIF (Fig. 1A and Figs. S1A
and S2A). Similar colonies were observed after transferring DOXindependent C1 hiPSC lines grown in bFGF/serum-containing
growth conditions into N2B27 PD/CH/LIF + DOX for 5–7 days
(Fig. 1B). Individual C1 hiPSC naïve-like clones were picked
and further passaged with trypsin in the presence of DOX and
inhibitors for over 50 passages. These lines were nearly indistinguishable morphologically from mESCs (Fig. 1A), remained
karyotypically normal after extended passaging (Fig. S1B),
expressed human pluripotency markers (Fig. S1C), displayed
a pre-X inactivation epigenetic state (XaXa) as evidenced by lack

of XIST clouds (Fig. S3A), generated differentiated teratomas
(Fig. S1D), were insensitive to inhibition of bFGF and Activin/
Nodal signaling or addition of BMP4 similar to mouse ESCs (Fig.
1C), and could be stably grown in DOX + PD/CH/LIF in the absence of serum or feeder cells (Fig. S2B). However, unlike NOD
murine iPSCs that could be maintained under these conditions
independent of transgene induction by DOX (11), these C1 naïvelike hiPSCs rapidly differentiated upon withdrawal of DOX (Fig. 1
A and E and Fig. S2A). Constitutive transgene-mediated expression of Klf4 and Oct4 or Klf4 and Klf2 was required to propagate
C1 hiPSCs in the PD/CH/LIF condition independent of DOX
(Fig. 1D). Similarly, BGO1 or WIBR3 hESCs were stably transfected with the Oct4 and Klf4 transgenes and transferred into
growth condition of N2B27 medium with PD/CH/LIF (Fig. S4).
Stable pluripotent lines were established that had a normal karyotype (Fig. S4 A and B), maintained endogenous pluripotency
genes in a hypomethylated state (Fig. S4C), generated mature
differentiated teratomas (Fig. S4D), and required continuous expression of ectopic transgenes and PD/CH/LIF to remain stable in
vitro (Fig. S4E). These results indicate that human cells may be less
“permissive” than that of the NOD mouse strain and thus may
require additional exogenous factors to allow stabilization of naïve
pluripotent cells in vitro.
The DOX-dependent naïve C1.2 hiPSC line was next used to
screen for other compounds and growth factors that could stabilize
C1.2 hiPSCs upon DOX withdrawal in N2B27 PD/CH/LIF medium (Fig. 1E). We included additional compounds that have
previously been shown to support the pluripotency of naïve
mESCs, such as inhibitors of TGFβ (SB431542, RepSox, A83-01)
and FGF tyrosine kinase receptor (PD173074) signaling pathways,
BMP4, IL-6, or molecules that substitute for Klf4/Klf2 in reprogramming or regulate their expression (Kenpaullone, BIX01294,
BayK8644, Forskolin, and AICAR) (20–23). The combined action
of the perturbations (termed 13i + LIF conditions) allowed the
stabilization of C1.2 hiPSCs in the absence of DOX. By removing
one inhibitor at a time, we identiﬁed PD, CH, and Forskolin (FK)
as crucial components in this mixture of inhibitors (Fig. 1E). FK,

Fig. 1. Derivation of naïve mouse ESC-like induced pluripotent stem cells. (A) Strategy and representative images of
C1 cultures and subcloned cell line C1.2 observed at different
stages during reprogramming. p, passage number. NOD
mESCs and C1.2 hiPSCs after DOX withdrawal are also shown.
(B) C1 hiPSC line maintained in conventional bFGF/serumsupplemented human ES growth conditions (hESM) was
transferred into N2B27 PD/CH/LIF + DOX, and emerging colonies were subcloned. Representative C1.10 hiPSC clone is
shown. (C) Signaling dependence of pluripotent cell lines.
Pluripotent cells were equally divided and plated on feeders
in the indicated growth medium in which these cell lines are
normally maintained, and 36 h later the wells were supplemented with the indicated inhibitors or growth factors. After
6 days, wells were ﬁxed and stained for Nanog to determine
the relative percentage of pluripotent colonies. Colony formation is normalized to an internal control growth medium
only without inhibitors. (D) C1.2 hiPSC line was electroporated with mammalian expression vectors expressing the
indicated reprogramming factors and cells were subjected
to puromycin selection and passaged in PD/CH/LIF without
DOX. Values indicate relative percentage of SSEA4+ colonies
obtained in comparison with control cells that were transfected with an Oct4/Klf4/Sox2-encoding polycistronic construct. (E) Screening of factors that allow propagation of
transgene-independent (i.e., DOX-independent) C1 hiPSCs in
PD/CH/LIF-supplemented media. Effect of the removal of individual factors from the pool of 13 indicated small molecules or cytokines on the stabilization of pluripotent C1
hiPSCs independent of DOX. C1 cells were plated on feeders
in N2B27 media with the indicated factors. P values using
Student’s t test indicate signiﬁcant change in comparison with cells grown in DOX/PD/CH/LIF conditions, which were deﬁned as a control (100% survival).
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Naïve hESCs and hiPSCs Are Pluripotent. Naïve hESC/hiPSC lines
were grown on feeder cells in PD/CH/LIF/FK, passaged using
trypsin, and demonstrated a normal karyotype (Fig. S6B). Naïve
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
naïve 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 naïve hESCs in comparison with somatic ﬁbroblasts (Fig. S6D). To determine the
differentiation ability of naïve hESCs/hiPSCs in vitro, we used
suspension culture to generate embryoid bodies (EBs). After 7
days in suspension, RT-PCR conﬁrmed that these EB differentiated cells expressed markers of all three developmental lineages
(Fig. S7A). The naïve hESCs/hiPSCs formed teratomas with somatic tissues representative of the three germ layers (Fig. S7B).
Naïve hiPSCs could also be directed to differentiate into neuronal
cells in vitro (Fig. S7C). Unlike the naïve pluripotent stem cells
ectopically expressing the factor transgenes that could be maintained for more than 50 passages in PD/CH/LIF (Fig. S1B), the
genetically unmodiﬁed Forskolin-dependent naïve 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 presence of Forskolin (24), and may be due to toxicity associated with
this compound or its inability to fully substitute for ectopic transgene expression (Fig. 1).
Naïve Human Pluripotent Cells Share Signaling and Functional Features
with Mouse ESCs. We investigated whether naïve hESCs share de-

Fig. 2. Characteristics of naïve hESC lines. (A) Scheme for reverting hESCs to
generate naïve hESCs. Representative images of WIBR3 hESCs at different
stages of the reversion process in PD/CH/LIF/FK. p, passage number. Magniﬁcations 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 doubling time. Error bars represent SD, and P values using Student’s t test indicate signiﬁcant difference in the average of hESC/hiPSC lines in comparison
with the average of naïve hESC/hiPSC lines.
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ﬁning features with mESCs and thus would constitute a pluripotent
state which is distinct from the previously described hESCs. ICMderived 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
naïve hESCs was dependent on the continuous presence of ERK1
inhibition (Fig. 3A and Figs. S2A and S8A) (11). Also, the naïve
hESCs depended on LIF signaling, displayed high levels of pStat3
(Fig. S8B), and readily differentiated when exposed to a JAK inhibitor (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,
naïve 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 differentiated upon inhibition of the TGFβ/Activin signaling pathway by
SB431542 or A83-01, whereas mESCs and naïve hESCs/hiPSCs
maintained their pluripotent state in response to SB431542 or
A83-01 but differentiated upon addition of recombinant TGFβ
(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 naïve 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 germcell 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 naïve ESCs would resist activation of
PGC markers similarly to mESCs (3). Fig. 3B shows that VASA,
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which was previously used for the propagation of human embryonic 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 Klf2
and Klf4 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 naïve pluripotent state. WIBR3
hESCs were transiently transfected with Oct4 and Klf4 or Klf4 and
Klf2 and then grown in PD/CH/LIF/FK (Fig. 2A). After 8–12 days,
dome-shaped colonies with packed round-cell morphology, typical
of naïve 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 naïve mESCs, we
refer to the selected cells as naïve hESCs (naïve WIBR3.1–3.5) and
naïve hiPSCs.

LIF/FK for 72 h expressed an XIST cloud in all cells, which is indicative of X inactivation. However, no XIST clouds were seen in
any of eight independently derived naïve WIBR3 hESC and naïve
hiPSC lines tested between p8-p20 (Fig. 3C and Fig. S3A), consistent with the observed changes in the methylation of the XIST
promoter region (Fig. S3D). When naïve 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 inactivation, 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 naïve 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
naïve human stem cells after epigenetic reversion of the primed
pluripotent state.
Naïve Human Pluripotent Cells Are Transcriptionally Similar to Mouse
ESCs. To deﬁne molecular signatures of the naïve hESCs, we com-

Fig. 3. Naïve 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 ﬂuorescence in situ hybridization (FISH) analysis for XIST RNA (red) and Cot1
nuclear RNA (green). Pri-WIBR3.2 cell line was analyzed after passaging in
conventional bFGF/serum-containing human ESC growth conditions. Numbers indicate average percentage of XIST-positive nuclei counted.

BLIMP1, and DAZL were readily activated in hESCs upon
culture in BMP4, in contrast to naïve hESCs, which showed no
up-regulation of these markers. Similar results were obtained
when using a VASA-EGFP reporter transgene to measure efﬁciency of early PGC differentiation (Fig. S9A). In summary,
mESCs and naïve hESCs have comparable biological characteristics 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 Naïve hESCs. X-chromosome inactivation represents an

important epigenetic difference between the two states of pluripotency: 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 inactivation 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 naïve hESCs would reactivate the inactive
X chromosome. Fig. 3C shows that WIBR3 hESCs grown in conventional bFGF/serum containing hESC medium and in atmospheric oxygen concentration (20% pO2) or exposed to PD/CH/
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pared their global gene expression pattern with that of hESCs,
mESCs, and mEpiSCs. Fig. S9B shows that four naïve hESC lines
and two naïve hiPSC lines cluster together and are different from
a large number of hESCs and hiPSCs, including hESCs grown in
mTESR1-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 naïve hESCs/hiPSCs, whereas transcripts associated
with naïve mESCs such as Klf4, Klf2, Tbx3, Gbx2, Lin28, and
SOCS3 were signiﬁcantly up-regulated in naïve 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 naïve
hESCs/hiPSCs. This set of genes included Otx2, Sox17, Cer1, Foxa2,
Zic1, Lhx2, and XIST (Fig. 4A and Fig. S9C). These expression
differences between hESCs/hiPSCs and naïve hESCs/hiPSCs are
consistent with previously described differences in gene expression
between mESCs and mEpiSCs (3, 4). Finally, ﬂuorescence-activated cell sorter (FACS) analysis showed that hESCs and mEpiSCs
had initiated surface expression of MHC class I proteins, which are
normally expressed on somatic cells (34), in contrast to mESCs and
naïve hESCs/hiPSCs, which had residual surface expression consistent with a more immature phenotype (Fig. 4B).
An unbiased cross-species hierarchical clustering (35) was performed to assess whether the naïve 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; naïve 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 naïve pluripotency (11). Cross-species gene expression 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 distinct pluripotent states. All naïve hESCs/hiPSCs clustered with
mESCs 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 naïve
hiPSCs/ESCs and the hESCs/hiPSCs, as indicated by the blue blocks
in the correlation matrix (Fig. 4C and Fig. S9D). Finally, we measured the activity of the distal and proximal enhancer regions of
Oct4 genes that are reciprocally regulated in the pre- and postimplantation mouse embryo (3) as well as in mESCs and mEpiSCs.
Predominant utilization of the highly conserved Oct4 distal enhancer (36) was observed in naïve hESCs/hiPSCs as measured by
Hanna et al.

Fig. 4. Naïve hESCs/hiPSCs share a global transcriptional proﬁle with mESCs.
(A) Bar chart showing median expression ratio of pluripotency and lineagespeciﬁc marker genes in hESCs and naïve hESCs. Asterisks delineate genes in
which the false discovery rate was <0.1 between the naïve and primed group
of samples. (B) FACS analysis for surface expression of human and mouse
MHC class I alleles. Black graph indicates isotype match control. MFI, median
ﬂuorescence intensity. P values using Student’s t test indicate signiﬁcant
change (P < 0.01). (C) Cross-species gene expression clustering where mESCs
and naïve hESCs formed a distinct group apart from mEpiSCs and hESCs.
Legend shown on right with yellow and blue indicating positive and negative correlation, respectively. Gene expression relative abundance was clustered by Spearman correlation and average linkage. Mouse samples are
labeled in purple and human samples are labeled in brown.

luciferase reporter constructs (Fig. S9E), indicating that the gene
expression network active in naïve hESCs enhances utilization of
the distal Oct4 enhancer as typically observed in mESCs.
Discussion
Our results demonstrate that naïve hESCs/hiPSCs are distinct from
conventional hESCs/hiPSCs and mEpiSCs and closely resemble the
Hanna et al.

Fig. 5. Metastable states of pluripotency. Model describing relationships
between genetic background and requirements for exogenous factors to
achieve in vitro stabilization of the naïve (ICM-like or ESC-like) and primed
(epiblast-like or EpiSC-like) pluripotent states. “Metastability” pertains to
describing a system with two or more in vitro stable states that can interconvert by deﬁned signals. The transcription factors and culture supplements minimally required for interconversion and stabilization of the
respective pluripotent states in the different strains and species are highlighted.

PNAS Early Edition | 5 of 6

DEVELOPMENTAL
BIOLOGY

naïve pluripotent state of ICM-derived mESCs (5, 11) by numerous
molecular and biological criteria including growth properties, signaling pathway dependency, state of X-chromosome inactivation,
and transcriptional characteristics. These ﬁndings support the notion that distinct states of pluripotency can be speciﬁed by culture
conditions but that genetic background, as well as species differences, determine the requirements and threshold for exogenous
factors that establish and maintain the naïve pluripotent state. As
schematically shown in Fig. 5, the 129 mouse strain is the most permissive genetic background, as active LIF/Stat3 signaling is sufﬁcient to stabilize the naïve state of ICM-derived mESCs in the
presence of feeder cells, whereas the NOD genetic background
requires constitutive expression of Klf4 or c-Myc or simultaneous
enhancement of Wnt signaling and inhibition of the ERK1/2 pathway to stabilize the ICM-derived ESCs in the naïve pluripotent state
(11, 13). Human cells seem to be the least permissive, as naïve
hESCs are obtained at relatively low efﬁciencies and require perturbation of additional molecular pathways in order to achieve
stochastic epigenetic reversion and stabilization of the naïve state of
pluripotency (Fig. 5) (37). In the absence of such exogenous culture
and transcription factors, naïve hESCs adopt an EpiSC-like or
primed pluripotent state in vitro that is stabilized by bFGF/Activin
signaling (Fig. 5). It would be important to delineate whether the
latter effect underlies the relative increased heterogeneity in gene
expression and differentiation characteristics observed between
different conventional hESCs and hiPSCs (Fig. S9B) (38). Moreover, the clonal relationship demonstrated by Southern blot analysis
between naïve and primed C1 hiPSC lines (Fig. S3) demonstrates
that the conversions between the primed and naïve pluripotent
states are not due to simple selection for preexisting cells continuously present in hESC polyclonal in vitro cultures.
Our ﬁndings further support previous observations implicating
regulation of the KLF transcriptional circuitry in establishing and
maintaining naïve pluripotency (10, 11, 39, 40). It will be of interest
to deﬁne the genetic determinants underlying the different
requirements for propagation of the naïve pluripotent state in different strains and species, and whether strain and species differences in the regulatory regions of KLF genes or their transcriptional
target genes may be important and reﬂect differences observed in
early development. Moreover, it is possible that the origin of pluripotent cells explanted in vitro for propagation may inﬂuence the
requirement for exogenous factors to stabilize naïve pluripotency.

This hypothesis is supported by the observation that NOD-derived
iPSCs and ESCs required exogenous supplementation of PD/CH or
KP/CH in addition to LIF, whereas NOD germ-line stem cells
remained stable in LIF alone (41).
It should be emphasized that undeﬁned differences may exist
between mESCs and the naïve human pluripotent cells described in
this work. Also, further optimization of growth conditions need to
be conducted to enhance the stability of naïve human pluripotency
and to permanently stabilize this pluripotent state in the absence
of genetic manipulations and to test whether such conditions can
be applicable for other species. Further enhancement of the naïve
core transcriptional circuitry by shielding Activin/Nodal signaling,
FGF4-receptor autophosphorylation and p38 signaling inhibition,
or hypoxia is likely to stabilize naïve pluripotency (8, 28). Finally,
the deﬁnition and characterization of a naïve pluripotent state in
human cells may expand the capabilities for using human ESCs
and iPSCs in regenerative medicine and disease modeling both
in vitro and in vivo (42, 43).

Neurobasal (Invitrogen; 21103), 5 mL N2 supplement (Invitrogen; 17502048),
10 mL B27 supplement (Invitrogen; 17504044), 10 μg recombinant human LIF
(Millipore; LIF1005), 1 mM glutamine (Invitrogen), 1% nonessential amino
acids (Invitrogen), 0.1 mM β-mercaptoethanol (Sigma), penicillin-streptomycin
(Invitrogen), 5 mg/mL BSA (Sigma), and small-molecule inhibitors as below.
Naïve hESCs/hiPSCs were kept on mitomycin C-inactivated mouse embryonic
ﬁbroblast feeder cells unless indicated otherwise, and were passaged by
single-cell trypsinization every 5–10 days. Passage numbers of naïve hiPSCs/
hESCs indicate number of passages counted after induction of the naïve state.
Small molecules and cytokines were purchased from Tocris, Calbiochem,
Stemgent, or Sigma, and were supplemented as indicated at the following
ﬁnal concentrations: JAK inhibitor (JAKi, 6 μM), Kenpaullone (KP, 5 μM),
PD0325901 (PD, 1 μM), CHIR99021 (CH, 3 μM), forskolin (FK, 10 μM), FGF4receptor inhibitors PD173074 (0.1 μM) and SU5401 (2 μM), TGFβ/ALK inhibitors
A83-01 (1 μM), RepSox (1 μM), and ALK inhibitor (ALKi; SB431542, 2 μM),
AICAR (0.5 mM), BixO1294 (1 μM), BayK8644 (1 μM), BMP4 (10 ng/mL), IL-6 (10
ng/mL), and recombinant human TGFβ (500 ng/mL). Detailed experimental
procedures are provided in SI Materials and Methods.

Culture of Naïve Human Pluripotent Cells. Naïve human pluripotent cells were
grown in serum-free N2B27-based media. Five hundred microliters of media
was generated by including: 240 mL DMEM/F12 (Invitrogen; 11320), 240 mL
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