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Using a high-throughput chemical screen, we identified two
small molecules that enhance the survival of human embryonic
stem cells (hESCs). By characterizing their mechanisms of action,
we discovered an essential role of E-cadherin signaling for ESC
survival. Specifically, we showed that the primary cause of hESC
death following enzymatic dissociation comes from an irreparable
disruption of E-cadherin signaling, which then leads to a fatal
perturbation of integrin signaling. Furthermore, we found that
stability of E-cadherin and the resulting survival of ESCs were con-
trolled by specific growth factor signaling. Finally, we generated
mESC-like hESCs by culturing them in mESC conditions. And these
converted hESCs relymore on E-cadherin signaling and significantly
less on integrin signaling. Our data suggest that differential usage
of cell adhesion systems by ESCs to maintain self-renewal may ex-
plain their profound differences in terms of morphology, growth
factor requirement, and sensitivity to enzymatic cell dissociation.

human embryonic stem cell survival ∣ cell-cell adhesion ∣ cell-ECM adhesion

Conventional murine and human embryonic stem cells
(hESCs) derived from blastocysts can be propagated indefi-

nitely and have the ability to generate all cell types (1–3). They
express pluripotency transcription factors, including the ones that
can reprogram somatic cells back to pluripotent states: Oct4,
Sox2, Nanog, and Klf4. However, murine and human ESCs re-
spond very differently to several key signaling pathways in self-
renewal or differentiation. For example, murine ESCs (mESCs)
self-renew under leukemia inhibitory factor (LIF) and bone mor-
phogenic protein (BMP) (4, 5), whereas human ESCs (hESCs)
appear dependent on FGF, and TGFβ/Activin/Nodal pathway
activity for self-renewal (6–11). These studies clearly suggest that
there exist two distinct self-renewal mechanisms. In addition,
hESCs grow in vitro as large flattened 2D colonies, whereas
mESCs display characteristic small-domed 3D appearances of
compact colonies. Moreover, unlike mESCs, hESCs are very
vulnerable to single-cell dissociation. Massive cell death occurs
after complete single-cell dissociation, which has been a signifi-
cant hurdle for rapid expansion and genetic manipulation of
hESCs. To address this critical challenge and understand the
molecular mechanisms that govern hESC survival, we used a
high-throughput chemical screening approach and identified
two small molecules with distinct mechanisms of action that
significantly increase hESC survival after single-cell dissociation.
In depth characterizations of compounds’ mechanism of action
revealed that hESC survival and self-renewal is regulated by
the interplay between two cell adhesion systems: cell-cell adhe-
sion and cell-ECM adhesion. Our studies also uncovered a com-
mon mechanism that underlies and integrates two seemingly
distinct self-renewal states represented by conventional murine
and human ESCs.

Results
Identification of Small Molecules That Promote hESC Survival After
Single-Cell Dissociation. To improve hESC culture and uncover

molecular mechanisms underlying hESC death after single-cell
dissociation, we performed a high-throughput phenotypic chemi-
cal screen of 50,000 synthetic compounds to identify small mole-
cules that promoted hESC survival after trypsin dissociation.
From the screen, two compounds, a 2,4-disubstituted thiazole
(named Thiazovivin/Tzv) and a 2,4-disubstituted pyrimidine
(named Tyrintegin/Ptn) were identified that significantly in-
creased cell survival after dissociation while maintaining pluripo-
tency [i.e., characteristic hESC colony morphology and alkaline
phosphatase (ALP) expression] (Fig. 1A).

Tzv and Ptn both enhance survival of single hESCs more than
30-fold on matrigel-coated plates after enzymatic dissociation
(Fig. 1 B and C). hESCs have been serially passaged in Tzv or
Ptn containing chemically defined medium for more than 40
generations. Under such conditions, hESCs homogenously
maintained the characteristic colony morphology, expression of
typical pluripotency markers, and normal karyotype (Fig. 1D
and Fig. S1). When these cells were injected into nude mice, they
generated complex teratomas consisting of all three primary germ
layer tissues (Fig. S1). These results, confirmed with several
independent hESC lines, collectively and convincingly demon-
strated that both compounds could substantially promote hESC
survival without compromising their self-renewal and full
developmental potency.

Tzv and Ptn Enhance Cell-ECM Adhesion-Mediated Integrin Signaling.
Tzv and Ptn have a dramatic effect on cell attachment even within
a few hours. And both compounds have little impact on cell
proliferation (Fig. S1). Thus the observed survival-promoting
effect may be largely attributed to an increase in cell attachment
following cell dissociation and seeding processes. To directly
examine the compound’s effect on cell attachment, dissociated
hESCs were treated with Tzv or Ptn. Within a few hours, treated
cells displayed dramatically increased adhesion to matrigel- or
laminin-coated plates but not to gelatin-coated plates (Fig. 1E).
Integrin signaling, initiated by cell-ECM adhesion, provides a
survival mechanism, and β1 integrin is regarded as a major integ-
rin mediator for hESCs (12, 13). The expression of β1 integrin
was not affected by trypsin or compound treatment (Fig. S2).
The monoclonal antibody HUTS-21, which specifically binds
to the activated form of β1 integrin, was used to measure integrin
activity (14). Notably, compound treatment increased the level of
HUTS-21 binding, suggesting Tzv and Ptn increase cell-ECM
adhesion-mediated integrin activity (Fig. S2). Integrin signaling
is known to cross-talk with growth factor signaling to promote
cell survival by activating phosphatidylinositol-3-kinase and
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MAPK pathway, which are two master regulators of hESC
self-renewal (15–21). Thus, it is not surprising that Ptn treatment
significantly enhances phosphorylation of multiple growth factor
receptors, including FGFR, IGFR, and EGFR1, and their down-
stream PI-3 kinase and MAPK activities (Fig. S2). Furthermore,
inhibition of FGFR, IGFR, EGFR1, and ErbB2 greatly abolished
increased AKT phosphorylation and diminished the survival-
promoting effect induced by Ptn treatment (Fig. S2). Collectively,
our results demonstrate that compounds can enhance cell-ECM
adhesion to activate integrin signaling, which synergizes with
growth factors to promote cell survival.

Tzv Protects hESCs in the Absence of ECM by Regulating E-Cadherin-
Mediated Cell-Cell Interaction. Although Tzv could not promote
hESC attachment to gelatin-coated plates, we observed that
the treated-cells formed aggregates floating in the plate and were
protected from death (Fig. 2A, Fig. S3). This phenomenon was
not observed with Ptn treatment. Massive cell death occurred
when cells were plated onto gelatin-coated plates even in the
presence of Ptn. These observations suggested that Tzv may have
another function to promote cell survival in addition to activating
integrin, and Tzv and Ptn may have different biological targets.
Since cell aggregation is most often mediated through cell-cell
adhesion, and E-cadherin is the primary cell-cell adhesion mole-
cule and a highly expressed protein in hESCs (22), we tested the
effect of a specific E-cadherin blocking antibody on multicellular
aggregate formation. When the cells were cultured in the pre-

sence of an antibody, the formation of large, compact aggregates
following Tzv treatment was severely inhibited and extensive cell
death was observed (Fig. 2A), suggesting that Tzv enhances hESC
survival in suspension, presumably acting through E-cadherin-
mediated cell-cell adhesion.

To study the mechanism by which Tzv regulates E-cadherin-
mediated cell-cell adhesion, we first examined E-cadherin expres-
sion in hESCs after trypsin dissociation. Strikingly, most of the
full-length E-cadherin had been cleaved after trypsin dissociation
(Fig. 2B). In Tzv-untreated cells, newly synthesized full-length
E-cadherins appeared 1 h after enzyme treatment and was signi-
ficantly reduced after 4 h, suggesting that newly synthesized
E-cadherin in dissociated hESCs was not stable. However, in
Tzv-treated cells, E-cadherin protein level was significantly in-
creased (Fig. 2C). Furthermore, flow cytometry analysis revealed
that cell surface E-cadherin in hESCs was significantly increased
by Tzv (Fig. 2D). Therefore, Tzv is likely to affect cell adhesion by
modulating the cell surface level of E-cadherin. Semiquantitative
RT-PCR revealed comparable amounts of E-cadherin transcripts
in mock controls and Tzv-treated cells (Fig. S3), suggesting the
difference in E-cadherin protein levels was not due to altered
transcription. Finally, an endocytosis assay revealed that internal-
ization of E-cadherin was significantly blocked by Tzv (Fig. 2E).
Thus it is likely that Tzv stabilizes E-cadherin on the cell surface
through inhibition of endocytosis. To confirm the important role
of E-cadherin stabilization for cell survival, we coated plates
with a dimeric E-cadherin-Fc chimera protein containing the
E-cadherin ectodomain fused to the IgG Fc fragment. Remark-
ably, dissociated hESCs attached to the coated surface and their
survival was significantly increased in a dose-dependent manner
(Fig. 2F). Our data implicate that cleavage of E-cadherin itself by
trypsin is not the direct cause of cell death but that the disruption
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of cell-cell interaction by trypsin, which in turn destabilizes
E-cadherin, is the main reason. Tzv inhibits endocytosis of E-
cadherin on the cell surface, consequently stabilizing E-cadherin
and leading to reestablishment of cell-cell interaction, which is
essential for hESC survival in ECM-free conditions.

Rho-ROCK Signaling Regulates Cell Adhesion and Cell-Cell Interaction.
To better understand the molecular mechanism of Tzv, affinity
pull-downs using immobilized Tzv were used to identify the
putative molecular target of this compound (Fig. S4). It was
revealed that Rho-associated kinase (ROCK) is a direct target
of Tzv and this was confirmed by an in vitro Rho kinase assay
(Fig. 3A). Tzv (2 μM) inhibits ROCK activity and protects hESCs
at a similar level as Y-27632 (10 μM), a widely used selective
ROCK inhibitor (Fig. 3A and Fig. S4). In contrast, Ptn had no
effect on ROCK activity even at 10-μM concentration. Concur-
rent with our studies, Y-27632 has recently been shown to
promote hESC survival; however, its underlying mechanism
remains unknown (23, 24).

ROCK is a downstream effector of Rho signaling, a master
regulator of cytoskeleton remodeling and contractile force
generation (25, 26). We hypothesized that Rho-ROCK signaling
may regulate cell-ECM interaction and cell-cell interaction in
hESC. To investigate the Rho-ROCK mechanism in regulating
cell-ECM adhesion, we treated cells with cell-permeable
Clostridium botulinum C3 toxin, which inactivates Rho, and
Y-27632, a selective ROCK inhibitor, and assessed cell attach-
ment. Inhibition of Rho and ROCK activities resulted in a
marked increase of cell attachment to ECM (Fig. S4). To examine
the cell adhesion process during replating in detail, we labeled F
actin using a fluorescent derivative of phalloidin. As shown in
Fig. 3B, cells after dissociation showed prominent stress fiber
formation and hypercontraction and were unable to spread even
on ECM-coated plates. In contrast, treatment with Y-27632 led
to the disappearance of stress fibers and increased focal adhesion.
These results suggest that cell hypercontraction induced by

Rho-ROCK signaling may be the main cause of cell attachment
deficiency.

Next, we investigated whether Rho-ROCK signaling also
regulates E-cadherin-mediated cell-cell adhesion in ECM-free
conditions. As shown above, three hours after trypsinization, in
the untreated cells, E-cadherin levels were very low due to its
instability. However, in the cells treated with Clostridium
botulinum C3 toxin and Y-27632, E-cadherin total protein and
its surface level were significantly increased (Fig. 3C and Fig. S4).
Similarly, treatment with blebbistatin, a selective inhibitor of
myosin II that is a downstream effector of ROCK, also enhanced
the level of E-cadherin (Fig. 3C and Fig. S4). Furthermore, treat-
ment with C3 and blebbistatin led to formation of cell aggregates
and protected cell from death in suspension culture (Fig. 3D).
Taken together, these results suggest that the Rho-ROCK-Myosin
II axis plays an important role in mediating cell-cell adhesion by
regulating the stabilization of E-cadherin in ECM-free conditions.

E-Cadherin Signaling and Integrin Signaling Regulate Each Other
Through Modulating Rho Activities and Both Are Required for Survival
and Self-Renewal of hESCs. Inhibition of the Rho-ROCK pathway
prevents hESCs from death suggests that superactivation of
Rho-ROCK signaling induced by single-cell dissociation may
be the primary reason why hESCs are vulnerable to trypsin treat-
ment. It was found that Rho and ROCK activities were truly
significantly induced by trypsin treatment (Fig. 4 A and B). Next,
we investigated the mechanism by which cell dissociation induced
activation of the Rho-ROCK pathway. Cell-cell adhesion has
been shown to regulate Rho signaling (27), and trypsin treatment
induces irreparable cell-cell adhesion in hESCs. Thus we inves-
tigate the regulation of Rho-ROCK by cell contact in hESCs.
hESCs were plated at low density or at 10-fold higher density.
RhoA·GTP and ROCK activity were significantly lower in the
postconfluent culture than in the subconfluent culture, suggesting
that cell-cell interaction could suppress Rho and ROCK activity
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densities on Matrigel-coated plates (n ¼ 3). (E) Western blot showing the
active Rho level in hESCs 30 min after replating on BSA or different concen-
trations of E-cad-Fc chimera-coated plates. (F) Cell attachment on Matrigel-
coated plates for different densities of hESCs (n ¼ 2). LC, low-density culture
(1.5 × 104 cells per well of 6-well plate). HC, higher-density culture (15 × 104

cells per well of 6-well plate). All graphs show mean �SEM.

Xu et al. PNAS ∣ May 4, 2010 ∣ vol. 107 ∣ no. 18 ∣ 8131

BI
O
CH

EM
IS
TR

Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF4


(Fig. 4 C and D). Moreover, when cells were plated onto the
E-cadherin-coated plate, Rho activity was significantly reduced,
providing direct evidence that E-cadherin-mediated cell-cell
interaction could regulate Rho activity in hESCs (Fig. 4E). Based
on our results/model, down-regulation of Rho-ROCK signaling
would reduce cell hypercontraction induced by trypsin treatment
and lead to enhancement of cell attachment. Consistent with this,
the cell attachment rate was about 5-fold higher in the postcon-
fluent culture compared with the subconfluent culture, indicating
that cell-cell interactions may regulate cell-ECM interaction
(Fig. 4F). Furthermore, increased hESC attachment in the post-
confluent culture was abolished by incubation with E-cadherin
blocking antibodies (Fig. 4F). Collectively, our results suggest
that cell-cell adhesion regulates cell-ECM adhesion through
repressing Rho-ROCK activities.

Under ECM-free conditions, Ptn treatment could not stabilize
E-cadherin in hESCs after trypsinization. However, in the pre-
sence of ECM, treatment of hESCs with Ptn led not only to cell
attachment to ECM-coated plates but also to rapid stabilization
of E-cadherin (Fig. S5). And E-cadherin was more stable in cells
seeded on the matrigel-coated plate than in cells on gelatin-
coated plate (Fig. S5). Furthermore, Rho activity was significantly
reduced when cells were plated on a matrigel-coated plate
instead of a gelatin-coated plate, suggesting that cell-ECM inter-

action could also regulates cell-cell interaction by modulating
Rho-ROCK pathway (Fig. S5).

Differential Usage of Cell Adhesion Systems May Contribute to
Functional Differences Between Distinct Self-Renewal States of
Pluripotent Stem Cells. In contrast to hESCs, mESCs are much
more tolerant of single-cell dissociation and can be clonally
expanded. When treated with trypsin, most E-cadherin in mESCs
is degraded as in hESCs (Fig. S6). However, newly synthesized
E-cadherin is much more stable than that in hESCs (Fig. 5A).
Because E-cadherin stability is regulated by Rho-ROCK signal-
ing as we have shown above, we examined the activity of Rho and
ROCK in mESCs after trypsin dissociation. In contrast to hESCs,
Rho and ROCK activity were not increased significantly in
mESCs (Fig. S6), suggesting that mESCs have a distinct mechan-
ism to regulate Rho and ROCK activities, by which E-cadherin is
stabilized. Because human and murine ESCs are maintained in
distinct culture conditions, we hypothesized that the stability
of E-cadherin in hESCs andmESCs may be regulated by signaling
environments of their unique culture conditions, and it may be
possible to improve cell survival when culturing hESCs under
mouse signaling conditions. While LIF alone is not sufficient
for long-term maintenance of hESCs, we found that addition of
mitogen-activated protein kinase/extracellular signal-regulated

E-Cad

GADPH

1h 3h 6h
hESC converted hESC Oct4 Nanog SSEA4

converted
hESC

hESC
hESC

converted
hESC

Control IgG Integrin Ab E-cadherin Ab

A

D E

G

Rho/ROCK

ce
ll-

E
C

M
in

te
ra

ct
io

n

Rho/ROCK

PI-3K

E-cad 
endocytosis

cell contraction

Growth Factors

Survival and 
Proliferation

Anti-differentiation 
and pluripotency

?

F

E-cadherin Integrin

Human ESCsMurine ESCs converted hESCs

B C

Fig. 5. hESCs maintained in mESCs culture condition have better survival and are dependent on different cell adhesion signaling for survival and self-renewal.
(A) A time-course Western blot analysis of full-length E-cadherin expression in mESCs after replating for the indicated time. (B) Phase contrast images of the
conventional hESCs and converted hESCs 24 h after replating on noncoated plates. Bar, 100 μm. (C) Immunostaining of converted hESCs with typical
pluripotency markers. Bar, 50 μm. (D) Phase contrast images of the conventional hESCs and converted hESCs. Bar, 50 μm. (E) Fluorescent images of Oct4-
GFP hESCs and converted Oct4-GFP hESCs two days after replating on theMatrigel-coated plates in the presence of control IgG, integrin β1-blocking antibodies,
and E-cadherin blocking antibodies (5–10 μg∕mL). Representative pictures are shown from three independent experiments. (F) Cell-cell adhesion and cell-ECM
adhesion regulate each other through Rho-ROCK signaling. Two cell adhesion systems cooperate with growth factor signaling to control survival, self-renewal
of hESCs. (G) Pluripotent stem cell states may exhibit a broad range, and distinct cell states within this dynamic range could be created by different inputs from
the two cell adhesion signaling pathway. All graphs show mean �SEM.

8132 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1002024107 Xu et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1002024107/-/DCSupplemental/pnas.1002024107_SI.pdf?targetid=SF6


kinase kinase (MEK) inhibitor PD0325901 and p38 inhibitor
SB203580 (28, 29), known to enhance/stabilize self-renewal of
mESCs, could maintain hESCs under mouse conditions for many
passages. E-cadherin in the newly converted cells is more stable
than that in conventional hESCs when cells were dissociated by
trypsin (Fig. S6). Cell survival after trypsin dissociation was also
significantly improved for the converted hESCs under the mouse
conditions, and this improvement was more dramatic when cells
were grown under ECM-free conditions (Fig. 5B and Fig. S6).
Taken together, these results demonstrate that different proper-
ties of E-cadherin (e.g., stability) in mESCs, hESCs, and the
converted hESCs may be the primary determinant of their
distinct sensitivity toward single-cell dissociation. The converted
hESCs have been homogenously expanded for more than 20
passages. They maintain typical features of pluripotent stem cells,
including the expression of Oct4, Nanog, SSEA4, and the ability
to generate derivatives of all three germ layers through in vitro
differentiation (Fig. 5C and Fig. S6). However, the converted
hESCs are more similar to mESCs. They grow much faster
and display as more compact, domed, and smaller colonies than
conventional hESCs (Fig. 5D). Comparison of recently derived
rodent epiblast stem cells with conventional hESCs has suggested
that hESCs may represent a later stage of pluripotency develop-
mentally (i.e., postimplantation epiblast stage) than mESCs
(which are at the preimplantation inner cell mass stage) (30,
31). However, this view is also challenged by the fact that hESCs
could differentiate into trophoblast cells that first diverge at the
blastocyst stage before epiblast formation. While only a chimer-
ism test would definitively approve such developmental stage dif-
ferences for pluripotency, it can be performed only for animal
studies. A requirement of LIF but not of FGF suggests that
the converted hESCs may share a similar self-renewal mechanism
with mESCs. Self-renewal of hESCs is known to be dependent on
integrin signaling, whereas self-renewal of mESCs is not (32). To
compare the contribution of two cell adhesion signaling to the
self-renewal of the converted hESCs and conventional hESCs,
we incubated them in blocking antibodies against E-cadherin
and integrin. As predicted, attachment and proliferation of
conventional hESCs were strongly affected by blocking integrin
signaling. A similar effect of blocking E-cadherin was observed
in conventional hESCs, further confirming the essential regula-
tory role of cell-cell interaction on cell-ECM interaction. More
interestingly, attachment and proliferation of the converted
hESCs were significantly less affected by the integrin blocking
antibody but strongly inhibited by the E-cadherin blocking anti-
body (Fig. 5E). Furthermore, the converted hESCs were more
resistant to differentiation when growing on gelatin-coated plates
than conventional hESCs (Fig. S6). These results suggested that
integrin signaling is less important and E-cadherin is more impor-
tant for survival and self-renewal of the converted hESCs. More-
over, we compared E-cadherin expression and the focal adhesion
kinase (FAK) phosphorylation level, indicators of E-cadherin and
integrin signaling, respectively, in these two cell lines: The
converted hESCs have a higher level of E-cadherin expression
and a lower level of phosphorylated FAK than conventional
hESCs (Fig. S6). Taken together, our data suggest that mouse
conditions favor E-cadherin signaling, whereas human conditions
favor integrin signaling, and self-renewal of distinct states of plur-
ipotent stem cells could be achieved by different combinations of
the two cell adhesion systems.

Discussion
Using high-throughput chemical screening, we have identified two
smallmolecules with distinctmechanisms of action that greatly en-
hance hESC survival after single-cell dissociation. Such chemical
tools would enable more robust hESC culture and significantly
facilitate applications of hESCs such as gene targeting or drug
discovery. Stem cell fate/function in vivo is influenced by their

microenvironment (i.e., niche), which consists of signaling factors,
surrounding cells, and ECM (33–35). Cell-ECM interaction has
been implicated to play an important role for hESC survival
and self-renewal (36). Here, we discovered and mechanistically
characterized that E-cadherin-mediated cell-cell interaction
between hESCs constitutes an essential regulatory mechanism
to control hESCs survival and self-renewal (Fig. 5F). Why hESCs
are sensitive to cell dissociation butmESCs are not is a long-stand-
ing mystery. Our results suggest that nonrecoverable cell-cell
interaction due to unique growth factor signaling in hESC culture
media, which leads to irreparable destruction of the cell survival
niche (integrin signaling), is the main reason that hESCs are sen-
sitive to single-cell dissociation. In contrast to hESCs, E-cadherin
can fully recover after trypsin treatment in mESCs due to their
specific cytokine signaling. Thus, mESCs are more resistant to
cell-dissociation treatment.

Survival of hESCs could be achieved by utilizing either the
cell-ECM interaction mediated integrin pathway (in the presence
of ECM) or the cell-cell interaction mediated E-cadherin pathway
(in the absence of ECM). Our studies also indicate that self-
renewal of pluripotent stem cells can be maintained by utilizing
a different combination of cell adhesion systems. The reason
why different cytokines are required for self-renewal of murine
and human ESCs remains poorly understood. FGFand TGF beta
signaling are known as the major pathways promoting ECM
expression and the epithelial-mesenchymal transition process
(37), which enhance cell-ECM adhesion and reduce cell-cell
adhesion. Here, we demonstrate that growing hESC in conditions
favoringmouse ESCs significantly increases E-cadherin levels and
inhibits integrin signaling. Accordingly, self-renewal/survival of
hESCs under mouse conditions becomes significantly less depen-
dent on integrin signaling and reliesmore onE-cadherin signaling.
Coupled with the fact that E-cadherin signaling and not integrin
signaling is required for self-renewal of mESCs, our studies
suggest that the different requirements for cytokines by these
pluripotent stem cells (i.e., conventional mESCs, hESCs, and con-
verted hESCs) may correspond to their utilization of different cell
adhesion systems to maintain their cell identity. In addition to
varying cytokine requirements, some key pathways have been
shown to play opposite roles in murine and human ESCs: Inacti-
vation ofERK1/2 is required for self-renewal ofmESCs,whereas it
induces differentiation of hESCs (18, 28). Inhibition of ERK and/
or TGF has been shown to increase cell-cell adhesion and inhibit
cell-ECM adhesion (38, 39), providing further support for the
notion that different usage of cell adhesion systems may define
two types of self-renewal states for pluripotent stem cells. More-
over, the converted hESCs still need integrin although they are
significantly less dependent on integrin signaling than conven-
tional hESCs, suggesting theremaybe a broad range of pluripotent
stem cell states and that distinct cell states within this dynamic
range can be created by different inputs from the two cell adhesion
signaling pathways (Fig. 5G).

Finally, our studies also indicate that the physical structure of
ESCs (e.g., 2D or 3D and compactness) may not only be the result
of their self-renewal states but also may actively play an important
role in regulating self-renewal. Cell-ECM interaction modulates
growth factor signaling topromotehESCsurvival and self-renewal.
The role of E-cadherin signaling for self-renewal is still unknown.
However, the fact that both E-cadherin and integrin signaling
could regulate Rho activity suggests that cytoskeletal regulation
may be the key. Further study along these lines will provide addi-
tional insights into these complex regulatory networks.

Materials and Methods
Cell Culture. Human ESC lines H1, HES2, HUES7, and HUES9 were cultured
on irradiated mouse embryonic fibroblast feeder cells in DMEM-F12 supple-
mented with 2 mM L glutamine, 1× nonessential amino acids, 20% serum
replacement (Invitrogen), and 10 ng∕mL basic Fibroblast growth factor
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(Invitrogen). Chemically defined and feeder-free hESC culture was described
previously (40).

More cell culture methods in this study are described in SI Text.

Reagents. The reagents used in this study are described in SI Text.

High-Throughput Chemical Screen. The trypsinable hESC lines HUES9 were
used for the screen. hESCs were cultured in chemically defined media on
the Matrigel-coated plates as described above. Then cells were harvested
by trypsin. hESCs were plated at 4,000 cells per well onto Matrigel-coated
384-well plates. After 1 h when cells settled down, compounds from an
in-house library of 50,000 discrete heterocycles were added to each well
(2-μM final concentration). After an additional six days of incubation, in
which media and compounds were changed on day 3, cells were stained
for ALP expression and examined for compact colony morphology.

In Vitro Differentiation. For spontaneous differentiation, cells were treated
with collagenase or trypsin and cultured in suspension in ultralow adhesion
plates in hESC or mESC growth media in the absence of bFGF or LIF. Media
were refreshed every day, and embryoid bodies (EB) were allowed to grow
for five days. EBs were then replated onto matrigel-coated plates. Sponta-
neous differentiations were examined at various time points. Definitive
endoderm differentiation was carried out as previously described (41).

See SI Materials and Methods for additional information.
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