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In this study, we isolated and characterized spontaneously differentiated human embryonic stem cells (SD-
hESCs) found in hESC colonies in comparison to the morphologically premature ESCs in the colonies to
investigate the potential role of SD-hESCs in embryogenesis. SD-hESCs were distinguished from undiffer-
entiated hESCs by their higher expression of GATA6, a marker for primitive endoderm and transthyretin, a
marker visceral endoderm in embryoid bodies (EBs). SD-hESCs expressed OCT4 and NANOG, markers for
pluripotent stem cells, at significantly lower levels than undifferentiated hESCs. EBs derived from isolated
SD-hESCs were morphologically distinct from cells directly derived from the undifferentiated hESCs; they
contained higher number of cysts compared to EBs from undifferentiated hESC-derived EBs (42% vs. 20%).
Furthermore, the extracellular signal molecule, BMP2/4, induced a higher GATA4/6 expression and cystic
EB formation than control and noggin-treated EBs. Since cystic formation in EBs play a role in primitive
endoderm formation during embryogenesis, the SD-hESC may be a relevant cell type equipped to differ-
entiate into primitive endoderm. Our results suggest that SD-ESCs generated during routine hESC culture
are not just an artifact of in vitro culture and these cells could serve as a useful model to study the process of
embryogenesis.

Introduction

Pluripotent human embryonic stem cell (hESC) lines are
derived from the inner cell mass (ICM) of preimplantation

embryos [1]. The ICM is a group of cells found in the mam-
malian blastocyst, which gives rise to the embryo and is po-
tentially capable of forming all embryonic and extraembryonic
tissues, except the trophoblast. As the cells of the ICM become
rearranged into an epithelial configuration, sometimes they are
referred to as the embryonic shield, a thin layer of cells ap-
pearing ventral to the main cellular mass. The main upper layer
of cells is known as the epiblast, and the lower layer is called the
hypoblast or primitive endoderm. The hypoblast is considered
as an extraembryonic endoderm, and it ultimately gives rise to
the mesodermal lining of the yolk sac. After the hypoblast has
become a well-defined layer and the epiblast has taken on an

epithelial configuration, the former ICM is transformed into a
bilaminar disk, with the epiblast and hypoblast on the dorsal
and ventral surface, respectively. The epiblast contains the cells
that will make up the embryo itself, but extraembryonic tissues
also arise from this layer. The next layer to appear after the
hypoblast is the amnion, a layer of extraembryonic ectoderm
that ultimately encloses the entire embryo in a fluid-filled
chamber called the amniotic cavity [2]. When cultured as ag-
gregated hESCs to form embryoid bodies (EBs), the structures
recapitulate the early steps of preimplantation development
[3], including the formation of extraembryonic endoderm on
the surface of the ICM, and the columnar epithelium with a
central cavity [4]. Upon differentiation of hESCs, extraembry-
onic endoderm markers such as GATA-4, GATA-6, and
transthyretin (TTR) are induced, and the stem cell marker OCT-
3/4 is diminished. Expression of GATA-4 and GATA-6, which
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are zinc finger transcriptional activators that bind to the con-
sensus DNA sequence (A/T)GATA(A/G) [5], is restricted to
the primitive endoderm and visceral endoderm of the extra-
embryonic tissues [6–9]. Thus, members of the GATA family
are key transcription factors in the formation of extraembryonic
endoderm.

When hESC lines are cultured on feeder cells, they form
dense clusters of cells (colonies) composed of morphologi-
cally and phenotypically heterogeneous cell populations
[3,10]. While most colonies of hESCs remain undifferenti-
ated, a portion loses its self-renewal capacity by spontane-
ously differentiating (denoted here as SD-hESCs). Whereas
undifferentiated hESCs are largely confined to the core areas
within the colonies, SD-hESCs are positioned surrounding
the core of undifferentiated hESCs, with fibroblast-like cell
morphology [11]. Formation of the cell complex referred to
as an EB structure appears as an intrinsic feature of hESCs
and pluripotent stem cell lines. They subsequently convert to
heterogeneous cell populations composed of several cell
lineages. Induced human pluripotent stem cell lines are also
able to form colonies composed of morphologically hetero-
geneous cell types, including SD-hESCs, which are similar to
that seen in conventional hESC cultures [12–14]. It is not
known if SD-hESCs are biologically relevant, or if they are
distinct cell types that may play a role in embryogenesis.
Information obtained from studies of SD-hESCs could be
important for improving the efficiency of differentiation as
well as for increasing/maintaining pluripotency of hESCs
during culture. We have now characterized SD-hESCs and
compared them to undifferentiated hESCs for their devel-
opmental status at the phenotypic and gene levels using
mechanically isolated SD-hESCs from undifferentiated hESC
colonies after culture for different time periods.

Our results indicate that the SD-hESCs isolated from undif-
ferentiated hESCs more efficiently develop into primitive en-
doderm lineage cells than do undifferentiated hESCs. Moreover,
EBs derived from isolated SD-hESCs have higher levels of cav-
ities compared to EBs derived directly from undifferentiated
hESCs. This suggests that SD-hESCs may be biologically im-
portant with the capacity to differentiate into developmentally
relevant EB structures, and are likely not simply artifactual cell
types artificially generated during in vitro culture.

Materials and Methods

hESC maintenance and formation of EBs

The undifferentiated hESC line H9 was cultured accord-
ing to protocols from the WiCell Research Institute. As we
have previously reported [15,16], hESC line H9 was plated
as mechanically isolated colonies and cultured on a feeder
layer of mouse embryonic fibroblasts (MEFs), which were
first inactivated with 10 mg/mL mitomycin C (seeded at
2 · 105/35-mm dish) with a daily change of medium that
consisted of the Dulbecco’s modified Eagle’s medium
(DMEM)/F12, 20% serum replacement, 1 mM glutamine,
0.1% nonessential amino acids, 0.1% penicillin/streptomy-
cin, 0.1 mM b-mercaptoethanol, and 4 ng/mL recombinant
human fibroblast growth factor 2 (basic) (FGF-2) (all sup-
plements were purchased from Invitrogen Corporation) and
maintained in 5% CO2 and air. For passaging, hESC colonies
were mechanically detached with a glass pipette during
transfer to reduce the number of differentiated cells per

colony clump. This was done at a 1:2 or 1:3 split ratio. To
form EBs with undifferentiated and SD-hESCs, we first
separately isolated SD-hESCs from undifferentiated hESCs
in the hESC colonies, and then individually seeded each cell
type to nonadhesive bacterial dishes and cultured them in
hESC media without FGF-2 and in the absence of MEFs.

RNA isolation and RNA expression analysis

Total RNA was extracted from cultured cells using the Trizol
reagent (Invitrogen), according to the manufacturer’s protocol.
One microgram of DNase-I-treated total RNA was reverse
transcribed using random priming and Superscript II reverse
transcriptase (Invitrogen) according to the manufacturer’s in-
structions. Standard polymerase chain reaction (PCR) conditions
were as follows: 10 min at 94�C; followed by cycles of 30 s de-
natured at 94�C, 30 s annealing at 55�C, and 30 s extension at
72�C. Primer sequences are as follows: GATA6 forward-aaaaa
gagggaattcaaacc, GATA6 reverse-cctatgtagagcccatcttg; GATA4
forward-ctccttcaggcagtgagagc, GATA4 reverse-gagatgcagtgtgct
cgtgc; NEUROD1 forward-attctaagacgcagaagctg, NEUROD1
reverse-actggtaggagtaggggtgt; HAND1 forward-ctccaagatcaa
gactctgc, HAND1 reverse-gcgtcctttaatcctcttct; AFP forward-
agaacctgtcacaagctgtg, AFP reverse-gacagcaagctgaggatgtc; DCN
forward-gagctcaggaattgaaaatg, DCN reverse-aagcttgttgttgtc
caagt; TTR forward-gtgcatgtgttcagaaaggctgct, TTR reverse-
agtcgttggctgtgaataccacct; NANOG forward-caaaggcaaacaaccc
actt, NANOG reverse-tctgctggaggctgaggtat; OCT4 forward-
aactcgagcaatttgccaagctcc, OCT4 reverse-aactcgagcaatttgcc
aagctcc; SOX2 forward-gccgagtggaaacttttgtcg, SOX2 reverse-
gcagcgtgtacttatccttctt; b-ACTIN forward-caggagatggccactg
ccgca, and b-ACTIN reverse-tccttctgcatcctgtcagca.

Western blotting

hESCs or differentiated hESCs were harvested at the in-
dicated times and lysed with the lysis buffer (20 mM Tris-
HCl, pH 7.5, 1 mM EGTA, 1 mM EDTA, 1 mM b-glycerol
phosphate, and 1% Triton X-100; Sigma) containing a pro-
tease inhibitor cocktail (PIC; Roche, Ltd.). Extracted proteins
were denatured using the SDS sample buffer at 100�C for
5 min. The cell lysates were analyzed by SDS-PAGE, trans-
ferred onto polyvinylidene difluoride membranes, and im-
munoblotted with the following primary antibodies: mouse
anti-OCT-4 (1:1,000), rabbit anti-GATA6 (1:1,000), rabbit anti-
GATA4 (1:500; Santa Cruz Biotechnology), and mouse b-
actin (1:2,000; Sigma).

Immunocytochemistry

Cells were fixed with 4% (w/v) paraformaldehyde for
30 min, and permeabilized with 0.1% (v/v) TritonX-100 in
phosphate-buffered saline (PBS) for 5 min. After treatment
with a blocking solution containing 10% (v/v) goat serum
for 30 min, the cells were incubated with primary antibodies
at 4�C for overnight. Antibodies used for immunocyto-
chemistry were as follows: mouse anti-OCT-4 (1:500), rabbit
anti-GATA6, and rabbit anti-TTR (1:250; BD Biosciences).
After washing with PBS, the stained cells were visualized
using secondary antibodies conjugated with FITC (Mole-
cular Probe) and rhodamine (Molecular Probe) by confocal
microscopy (LSM 510; Zeiss). Two micrograms per milliliter
DAPI (Sigma) was added during the last wash.
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Statistical analysis

All experiments were independently performed three
times, each in triplicate, and data are represented as mean
value – SD for statistical comparison. Significance of differ-
ences was assessed by an unpaired Student’s t-test, where
P < 0.05 was considered significant.

Results and Discussion

hESCs differentiate spontaneously
into heterogeneous cell populations during
maintenance culture

hESCs cultured on feeder layers become heterogeneous.
Most remain undifferentiated, but some spontaneously give
rise to differentiated cells within the same colony. SD-
hESCs resemble fibroblast cells in morphology, and typi-
cally reside on the periphery of dense colonies containing
morphologically undifferentiated stem cells (Fig. 1A, B; ar-
rows indicate SD-ESCs). Immunocytochemical analysis
showed that SD-hESCs found in cultured hESC colonies
were positive for GATA6, a marker for primitive endoderm
cells, but were negative for OCT4, a pluripotency gene (Fig.
1B-a, b). OCT4-positive (green) cells were localized within
the center of the colonies and SD-hESCs surrounding the
colonies expressed GATA6 (red), but not OCT4 (Fig. 1B-d).
SD-hESCs were manually separated from undifferentiated
hESCs using mechanical dissection based on morphological

features [17,18] and these cells were subcultured separately
for two passages. Real-time PCR (RT-PCR) (Fig. 1C-a) and
western blot (Fig. 1C-b) analysis revealed that expression of
GATA4/6 in separated SD-hESCs was upregulated in
contrast to that of OCT4, SOX2, and NANOG, which was
downregulated after subculture, indicating differentiation
toward primitive endoderm. In contrast, expression of
NEUROD1, a marker for ectoderm lineage, HAND1, a
marker for mesoderm lineage and AFP, a marker for en-
doderm lineage were not noticeably altered, demonstrating
that the subculture of SD-hESCs compared to undifferenti-
ated hESCs resulted in changes of gene expression in a
specific fashion (Fig. 1C). Subcultured SD-hESCs also ex-
pressed BMP4. The segregated specific expression patterns
of OCT4 and GATA6 in hESC colonies suggest that orga-
nized differentiation was undertaken during the culture
possibly into epiblast and hypoblast lineages.

To compare the ability of SD-hESCs and undifferentiated
hESCs to differentiate into primitive endoderm, we exam-
ined cellular colocalization expression patterns of GATA6
and TTR by immunostaining and confocal microscopy (Fig.
2). SD-hESCs were distinguished from undifferentiated
hESCs by expressing higher levels of GATA6 indicating that
SD-ESCs have already initiated differentiation into primi-
tive endoderm. Conversely, SD-hESCs rapidly lost GATA6
as they differentiated into day 15 EBs suggesting that
GATA6 expression is confined to only early stages of dif-
ferentiation into primitive endoderm (Fig. 2A). Expression

FIG. 1. hESC colonies contain two different cell types based on Oct4 or GATA6 expression. (A) Phase-contrast image of hESCs
forming SD-ESCs (black arrow). The right image was magnified in the red box of the left image. (B) Phase-contrast (a) and
fluorescent immune-staining (b–d) analysis was conducted after cell culture for 5 days. OCT4 (green) (b) and GATA6 (red) (c)
were detected in the two distinctive colonies consisting of pluripotent and primitive endoderm cells, respectively. Nuclei were
stained with DAPI (blue) (d). Scale bar represents 50mm. (C) Expression of marker genes for pluripotency (OCT3/4, SOX2, and
NANOG), primitive endoderm (GATA6 and GATA4), and three germ cell layers (NEUROD1, HAND1, BMP4, and AFP) was
examined by RT-PCR (a) and western blot (b) in undifferentiated and SD-hESCs. SD-hESC, spontaneously differentiated human
embryonic stem cell; RT-PCR, real-time–polymerase chain reaction. Color images available online at www.liebertpub.com/scd
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of TTR, a marker for visceral endoderm was not detected in
undifferentiated hESCs, but was detected in SD-hESCs (Fig.
2B). TTR was highly expressed in day 15 EBs derived from
SD-hESCs as well as from EBs derived from undifferenti-
ated hESCs. The level of TTR was higher in day 15 EBs
derived from SD-hESCs than the levels in undifferentiated
hESCs (Fig. 2B). Neither EBs from undifferentiated hESCs,
nor those from SD-hESCs, expressed OCT-4 (green), indi-
cating that day 15 EBs have completed differentiation

beyond the pluripotency stage. Thus, our results demonstrate
that SD-hESCs expressed GATA6 at high levels compared
to undifferentiated hESCs suggesting that SD-hESCs may
initiate differentiation into primitive endoderm. Interest-
ingly, SD-hESCs downregulated GATA6 expression, while
simultaneously upregulating TTR during differentiation
into day 15 EBs. This switch of GATA6 and TTR expression
was more evident in the cells derived from SD-hESCs
compared to those from undifferentiated hESCs. This

FIG. 2. SD-hESCs efficiently
differentiate into primitive
endoderm. Undifferentiated
hESCs and SD-hESCs and
day-15 EBs derived from each
of these respective types of
hESCs were analyzed for ex-
pression of OCT4 (green; a
pluripotent cell marker),
GATA6 (red; a primitive en-
doderm marker (red) (A), and
TTR (red; a visceral endoderm
marker) (B). Nuclei were
counterstained with DAPI
(blue). Scale bar represents
50mm. EBs, embryoid bodies;
TTR, transthyretin. Color
images available online at
www.liebertpub.com/scd

FIG. 3. Undifferentiated
hESCs and SD-hESCs develop
morphologically distinctive
EBs. (A) Colonies derived from
undifferentiated hESCs and
SD-hESCs were mechanically
separated and cultured to de-
velop EBs and analyzed by
phase-contrast imaging at dif-
ferent time points. Colonies
derived from undifferentiated
hESCs and SD-hESCs were
morphologically distinctive
with tightly packed cell clusters
(indicated by arrows [) and
distinct layers within EBs with
fluid-filled and balloon-like
cysts (indicated by arrowhead
:). (B) Percentages of cystic
EBs were counted at serial time
points (5, 10, 15 days) after EB
formation. Data are presented
as mean values – SD from
five independent experi-
ments. Student’s t-test: *p < 0.05
and **p < 0.01. Color images
available online at www
.liebertpub.com/scd

GATA6 CELLS ARE INDISPENSABLE FOR HESC DIFFERENTIATION 2709



suggests that SD-hESCs may more efficiently differentiate
into primitive endoderm than cells from undifferentiated
hESCs.

SD-ESCs differentiate into cystic EBs

At an early developmental stage, cyst formation in EBs is
an essential process for the initiation of gastrulation. To in-
vestigate whether GATA6-positive SD-hESCs were different
from undifferentiated hESCs in their capacity to develop
cavities in EBs, both cell types were separately cultured in
suspension and induced to develop EBs. We found that SD-
hESCs developed cavities in EBs more efficiently compared
to EBs derived from undifferentiated hESCs. EBs from SD-
ESCs contained fluid-filled chambers/cavities at times as

short as 5 days after initiation of EB formation. In contrast,
undifferentiated hESCs failed to form cystic EBs at 5 days of
culture. When we cultured EBs derived from SD-hESCs or
from undifferentiated hESCs for longer than 15 days, 42% of
the SD-hESC-derived EBs exhibited cavities, while only 20%
of EBs derived from undifferentiated hESCs developed cysts
(Fig. 3A, B). Together, these data suggest that SD-hESCs are a
good model to study appropriate differentiation of hESCs
into cystic EBs in vitro.

BMP signal induces cystic EB formation

To get more insight into mechanisms of extracellular sig-
nal molecular-induced cystic EB formation, we evaluated the
BMP pathway. Previous reports have demonstrated that

FIG. 4. BMP4 induced cystic
EB formation. (A) Colonies
derived from undifferentiated
hESCs and SD-hESCs were
mechanically separated and
cultured to develop EBs, and
then analyzed by phase-
contrast imaging at different
time points. EBs derived from
undifferentiated hESCs with
BMP2/4 treatment were mor-
phologically distinct, with flu-
id-filled and balloon-like cysts.
Percentages of cystic EBs were
counted at serial time points
(10 and 15 days) after EB for-
mation. Data are presented as
mean values – SD from the
average of three independent
experiments. (B) Expression of
undifferentiated specific mar-
ker genes (OCT4 and SOX2)
and differentiated primitive
endoderm marker genes
(GATA4, GATA6, and TTR) are
displayed in control, BMP2/4,
and noggin-treated 10- and
15-day EBs by quantitative
RT-PCR analysis. Student’s
t-test: *p < 0.05, **p < 0.01, and
***p < 0.001.
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BMP2 and 4 regulate endoderm differentiation [19–21]. To
determine whether BMP signaling might be involved in
cystic formation, we treated with BMP2/4 or the BMP an-
tagonist, noggin for 3 days after we transferred undifferen-
tiated ESCs to suspension culture. By the next day of culture,
> 95% of the aggregates differentiated, giving rise to simple
EBs with an outer layer. As shown in Figure 4, BMP2/4
treatment resulted in induction of cystic EBs at 10 and 15
days. However, with noggin treatment, the number of cystic
EBs was less than control. RT-PCR data showed that GATA4
and 6 expression were increased in 10-day EBs, but reduced
in 15-day EBs. However, expression of TTR still increased in
late EBs. This suggests that BMP signals are involved in
cystic formation and SD-ESCs (Figs. 1C and 3).

Cystic EBs differ from noncystic EBs by expressing
high levels of TTR when derived from SD-ESCs

To compare the characteristics of noncystic and cystic EBs
derived from undifferentiated hESCs or SD-hESCs, we iso-
lated EBs at days 10 and 15 after initiation of EB formation and
examined mRNA expression of pluripotent genes (OCT4 and
NANOG), primitive endoderm (GATA6), visceral endoderm
(TTR), and for other lineage-specific markers (NEURO D1,
HAND1, and DCN) by RT-PCR (Fig. 5). Undifferentiated
hESCs were used as controls. Results showed that cystic EBs
differed from noncystic EBs by expressing significantly lower
levels of OCT4 and NANOG, but significantly higher levels of
TTR, indicating that cystic EBs likely represent more visceral
endoderm differentiated forms of EBs than noncystic EBs.
Compared to TTR, GATA6 levels were only marginally dif-
ferent between noncystic and cystic EBs. As expected, hESCs
expressed high levels of OCT4 and NANOG, but very little
GATA6 and TTR or other lineage markers. In addition, we
compared mRNA expression levels of markers for the three
germ layers (NEUROD1, HAND1, and DCN) in noncystic
and cysytic EBs derived from undifferentiated hESCs and
SD-hESCs. There was no significant difference in the ex-
pression levels of the lineage-specific genes between non-
cystic and cystic EBs. Furthermore, cystic EBs derived from
undifferentiated hESCs and from SD-hESCs showed com-
parable expression levels of the lineage-specific genes. Taken
together, these results suggest that cystic-EBs represent
characteristics of primitive endoderm, and SD-hESCs pro-
duce cystic EBs more efficiently than undifferentiated hESCs
in vitro.

The ICM is known to consist of heterogeneous cell
populations with distinct developmental potentials that
become either epiblast or primitive endoderm [22]. It has
been reported that the rodent ICM expresses both plur-
ipotency and extraembryonic endoderm-related genes.
However, the earliest stages of ICM formation and the role
of amniotic cavitation in human development are not
completely understood, mainly due to the paucity of hu-
man specimens, as well as ethical issues. Fortunately, the
process of proamniotic cystic formation can be studied in
vitro using hESC lines, which can form advanced deriva-
tives of all three embryonic germ layers, as well as three of
the four extraembryonic membranes [23]. Therefore, sys-
tematic in vitro differentiation of hESCs represents a pow-
erful tool for analyzing molecular mechanisms controlling
preimplantation development. In this study, we character-
ized SD-hESCs generated in vitro from hESCs. We propose
that SD-hESCs may mimic the characteristics of primitive
endoderm cells. Since SD-hESCs can be propagated con-
tinuously on gelatinized dishes by constitutive activation of
GATA-6 and they can differentiate into EBs that are mor-
phologically and genetically similar to visceral endoderm
cells, the isolated SD-hESCs can serve as a useful cell model
system to study the molecular mechanisms of human ICM
and blastocyst cavitation. Our study also suggests that
GATA-6 may be important for triggering differentiation of
hESCs to extraembryonic cell lineages.

We used a hESC suspension culture system, which
produces colonies composed of heterogeneous cell popu-
lations, including primitive endoderm cells, to study hu-
man early embryonic development. We were able to
clearly identify SD-hESCs in colonies. By using our ex-
pertise in mechanical dissection to sort out and isolate SD-
hESCs from undifferentiated hESCs in hESC colonies
under low-magnification microscopy, we characterized
SD-hESCs at a cellular and molecular level. SD-hESCs
were unique in that they expressed GATA-6, a primitive
endoderm marker, and had an ability to develop EBs with
high number of cysts. Because cyst formation in the ICM is
known to be important for embryogenesis, it is possible
that GATA6 may initiate an early stage of development of
yolk-like structures and that TTR may take over the next
steps for further differentiation of EBs into lineage-specific
germinal layers, such as blood islands or endothelial
cells, during embryogenesis [24–27]. Visceral endoderm is
important for multistep induction leading to complete

FIG. 5. Cystic EBs and noncystic
EBs differed in expression levels of
genes for pluripotent, primitive,
and visceral endoderm cells. Non-
cystic and cystic EBs were collected
from cultured hESCs and SD-hESCs
at days 10 and 15 after initiation
of EB formation and evaluated for
expression of specific genes for
pluripotency, primitive endoderm
(GATA6), visceral endoderm (TTR),
ectoderm (NEURO D1), mesoderm
(HAND1), and endoderm (DCN) by
RT-PCR analysis. b-ACTIN was
used as a loading control.
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terminal differentiation at day 7.5 of gestation in mice [28].
Moreover, visceral endoderm-like cells can induce the
differentiation of the epiblast to undergo hematopoiesis
and vasculogenesis and respecify prospective neuroecto-
dermal cell fates [25]. Mummery et al. previously dem-
onstrated that coculture of hESC lines with visceral
endoderm-like cells induce epithelia through formation of
large cystic structures that stain positively for a-fetopro-
tein and are presumably extraembryonic layers [29].
Therefore, we propose that SD-hESCs are not just an ar-
tifact cell produced during in vitro hESC culture, but that
they may represent an important intermediate cell state
related to appropriate germinal layer formation in the ICM
during human blastocyst development.
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