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Abstract

We investigated the gap junctional properties of human embryonic stem cells (hESC) cultivated in a serum-free system using sphin-
gosine-1-phosphate and platelet-derived growth factor (SIP/PDGF). We compared this condition to hESC grown on Matrigel in mouse
embryonic fibroblast conditioned medium (MEF-CM) or unconditioned medium (UM). We show that in all culture systems, hESC
express connexins 43 and 45. hESC maintained in SIP/PDGF conditions and hESC grown in presence of MEF-CM are coupled through
gap junctions while hESC maintained on Matrigel in UM do not exhibit gap junctional intercellular communication. In this latter con-
dition, coupling was retrieved by addition of noggin, suggesting that BMP-like activity in UM inhibits gap junctional communication.
Last, our data indicate that the closure of gap junctions by the decoupling agent a-glycyrrhetinic acid increases cell apoptosis and inhibits
hESC colony growth. Altogether, these results suggest that gap junctions play an important role in hESC maintenance.

© 2006 Elsevier Inc. All rights reserved.
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Human embryonic stem cells (hESC) are pluripotent
cells derived from the inner cell mass of in vitro fertilized
human blastocysts [1,2]. hESC have generally been culti-
vated on a mouse embryonic feeder layer (MEF), in asso-
ciation with fetal calf serum, or knockout-serum
replacement (KSR) plus bFGF. Xu et al. [3] developed a
culture system where the feeder cell layer has been replaced
by a combination of Matrigel and MEF-conditioned medi-
um (MEF-CM) supplemented in KSR + bFGF. We
recently described a serum-free culture system that com-
bines sphingosine-1-phosphate (S1P) and platelet-derived
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growth factor AB (PDGF) to maintain hESC undifferenti-
ated in presence of MEF [4]. This culture medium elimi-
nates the need of the chemically undefined KSR. These
different culture methods seem to be equivalent in mainte-
nance of stem cells expressing specific stem cell markers
and with the ability to form teratomas when injected into
SCID-mice [1,3-5].

Gap junctions are intercellular channels consisting of
two connexons, which are hemi-channels localized in the
membrane of adjacent cells (for review, see [6]). Each conn-
exon consists of six membrane proteins, termed connexins
[6]. Gap junctional intercellular communication allows
cellcell exchange of inorganic salts and small metabolites
of less than ~1kDa [7]. Such intercellular coupling is
implicated in various cellular processes including cell
migration, proliferation, differentiation, and apoptosis
[7-9]. We previously reported that hESC grown on MEF
in presence of serum express connexin 43 and 45 mRNA
and proteins, and possess functional gap junctions that
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are regulated by protein kinase C [10]. Carpenter et al. [11]
demonstrated the presence of connexin 43 and 45 mRNA
and connexin 43 protein in hESC grown on Matrigel. In
this system, the authors also described gap junctional com-
munication between hESC [11]. However, the function of
gap junctions in hESC remains unknown.

In this study, we aimed to study the intercellular commu-
nication of hESC grown in different culture conditions in
order to assess whether the different current techniques used
for the maintenance of hESC modify their intercellular com-
munication. We thus compared the gap junctional properties
of hESC maintained under two different published condi-
tions: (1) in the presence of MEF and SIP/PDGF (as a serum
replacement); (2) on a Matrigel matrix and in the presence of
MEF-CM. Last we compared the above conditions to hESC
grown on Matrigel in unconditioned KSR (UM). We also
examined the role of gap junctional intercellular communi-
cation in hESC apoptosis and colony growth. This study is
the first to address the function of gap junctional intercellular
communication in hESC.

Materials and methods

Cell Culture. HES-3 cells were cultured as previously described [4,12].
Briefly, in SIP/PDGF experiments, hESC were grown in the presence of a
mitotically inactivated MEF, in Dulbecco’s modified Eagle’s medium
(DMEM, without sodium pyruvate, glucose 4500 mg/L), insulin/trans-
ferrin/selenium 1%, B-mercaptoethanol 0.1 mM, NEAA 1%, glutamine
2 mM, Hepes 25 mM, penicillin 25 U/ml, streptomycin 25 pg/ml (all from
Invitrogen), SIP 10 uM (Biomol), and PDGF 20 ng/ml (Pepro Tech). In
feeder-free experiments, hESC from bulk cultures [13] were plated onto
Matrigel in a medium consisting of either 100% MEF-conditioned medi-
um (MEF-CM) supplemented with bFGF 8 ng/ml as described in [14] or
KSR 20% with bFGF 8 ng/ml (unconditioned medium, UM). In some
experiments, noggin (500 ng/ml, R&D) was added to the UM. In serum
experiments, hESC were grown in the presence of MEF, in DMEM
(without sodium pyruvate, glucose 4500 mg/L), insulin/transferrin/sele-
nium 1%, B-mercaptoethanol 0.1 mM, NEAA 1%, glutamine 2 mM,
penicillin 25 U/ml, streptomycin 25 pg/ml, and FCS 20% (Hi-Clone). For
each type of experiment, after attachment, medium was changed every
second day (serum, SIP/PDGF) or every day (MEF-CM, UM). Extem-
poraneous dilution of S1P was made in 0.1% fatty acid-free bovine serum
albumin (BSA, final concentration 0.01% BSA, Sigma). hESC were grown
in a 5% CO, incubator at 37 °C. hESC grown in SIP/PDGF medium are
referred to as SIP/PDGF-hESC. hESC grown in absence of MEF are
referred to as Matrigel-hESC.

Immunocytochemistry. Cells were fixed in 100% ethanol for 10 min, air-
dried, and immunostained as previously described [4,10] with either of the
following antibodies: connexin 43 (Chemicon), connexin 45 (Chemicon),
GCTM-2 (this laboratory), Oct-4 (Santa Cruz) or TG-30 (recognizes CD9,
this laboratory). The secondary antibody used was conjugated with FITC
(Dako). Nuclei were counterstained with 4,6-diamidino-2-phenylindole
(DAPI, Sigma). Specificity was verified by the absence of any staining in
the negative isotype controls (data not shown). Experiments were per-
formed at least three times.

Scrape loadingldye transfer assay. Gap junctional intercellular commu-
nication was determined by the scrape loading/dye transfer assay as
described in [15]. Briefly, the cells were washed three times in a pre-warmed
Ca?"Mg?"-PBS buffer (140 mM NaCl, 5.5 mM KCI, 1.8 mM CaCl,, ] mM
MgCl,, 10 mM glucose, and 10 mM Hepes, pH 7.35). In some experiments,
cells were treated with phorbol 12-myristate 13-acetate (PMA, 1 uM,
60 min), or a-glycyrrhetinic acid (a-GA, 10 uM, 24 h, Sigma), or noggin
(1 pg/ml, 30 min), and/or bone morphogenetic protein-4 (BMP-4, 10 ng/ml,

30 min, R&D). The colonies were scraped with a scalpel blade and incubated
for 5 min with Lucifer yellow (1 mg/ml, Sigma) and rhodamine-dextran
(1 mg/ml, Molecular Probes) diluted in the Ca>*"Mg*"—PBS buffer. Due to
its low molecular weight (522 Da), Lucifer yellow diffuses from cell to cell
through functional gap junctions. On the other hand, rhodamine-dextran
(10,000 Da) is too large to diffuse through gap junctions, and thus serves as a
negative control in order to confirm that the Lucifer yellow transfer is solely
due to gap junction coupling. The dye diffusion was observed by fluores-
cence. Before using this assay, we verified that the loading of Lucifer yellow
by scraping a part of the colonies did not result in a loading of the dye into all
cells of the colony (data not shown). Control colonies incubated with either
marker in the absence of scraping demonstrated no uptake or dye transfer of
Lucifer yellow or rhodamine-dextran (data not shown). Experiments were
performed at least three times.

Apoptosis assay. Cells were grown in SIP/PDGF in presence or in
absence of a-GA (10 uM) for 24 h. Apoptotic cells were quantified using
In situ Cell Death Detection Kit (Roche). Briefly, the cells were fixed in 2%
paraformaldehyde and permeabilized with 0.1% Triton X-100 before
incubation with the fluorescein-conjugated TdT enzyme. Samples were
analysed on a flow cytometer (FC500, Beckman—Coulter).

Colony growth. Cells were grown in SIP/PDGF for 7 days in presence
or absence of a-GA (10 uM). Phase contrast images were captured and
HESC colony diameter was measured every day for 7 days. The colony
diameter was recorded as the average of the shortest and longest diame-
ters. Experiments were performed on 24 colonies per condition.

Statistical analysis. All experiments were performed at least three
times. Significance of the differences was evaluated using two-way
ANOVA followed by Bonferroni test (growth assays) or two-tailed ¢ tests
(apoptosis assays). Values of p < 0.05 were considered significant (*).

Results

As shown in Figs. 1 and 2, immunostaining of hESC
revealed the presence of both connexin 43 (confirmed by
Western blot, data not shown) and connexin 45 in cells
grown in S1P/PDGF-supplemented medium and on Matri-
gel (with MEF-CM). As previously described, hESC culti-
vated in presence of MEF and serum communicate
through functional gap junctions [10]. Thus, we examined
gap junctional intercellular communication in cells grown
in SIP/PDGF medium and on Matrigel using the dye
transfer assay with Lucifer yellow and rhodamine—dextran
(Fig. 3). When cells grown in SIP/PDGF medium were
scraped and incubated in presence of these fluorescent
dyes, we observed extensive Lucifer yellow diffusion
through the colonies, whereas rhodamine—dextran
remained at the site of the scrape injury (Figs. 3A-C).
No Lucifer yellow diffusion was observed between hESC
and the supportive feeder cells (Fig. 3). Lucifer yellow
diffusion in SIP/PDGF-hESC was inhibited by acute treat-
ment with PMA, a protein kinase C activator (Figs. 3D-F).
When hESC grown on Matrigel in the presence of MEF-
CM were scraped and incubated in presence of Lucifer
yellow, we observed diffusion of the dye (Figs. 3G-I). This
diffusion was also inhibited by PMA (Figs. 3J-L). Striking-
ly, hESC grown on Matrigel in UM did not exhibit Lucifer
yellow diffusion (Figs. 4A—C). These cells, however, still
express connexin 43, connexin 45, and the stem cell mark-
ers GCTM-2 and Oct—4 (Figs. 4D-G). These results suggest
that MEF secrete molecules that regulate gap junctional
intercellular communication in hESC.
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Fig. 1. Expression of connexin 43 and connexin 45in hESC grown in SIP/PDGF medium. Immunostaining of HES-3 cells with DAPI (A,C) and

connexin 43 (B) or connexin 45 (D). Scale bars: 50 pm.

A recent study by Xu et al. [16] showed that UM pos-
sesses BMP-like activity, and revealed that this activity
was reduced after conditioning the medium with MEF.
Xu et al. [16] also detected BMP antagonists, such as nog-
gin in MEF-CM. We tested the hypothesis that BMP-like
activity in UM inhibits gap junctional intercellular commu-
nication in hESC. Our results show that BMP-4 treatment
(10 ng/ml, 30 min) inhibits Lucifer yellow diffusion in
hESC grown in presence of serum (Figs. 4H-J). Further-
more, gap junctional intercellular communication was re-
established by addition of noggin (1 pg/ml, 30 min) with
BMP-4 (10 ng/ml, 30 min) (Figs. 4K-M). Finally, when
noggin (500 ng/ml) was added to UM and hESC were cul-
tured for 6 days on Matrigel, diffusion of Lucifer yellow
was retrieved in hESC, indicating that hESC were coupled
through gap junctions (Figs. 4N-P). Altogether, these data
suggest that noggin/BMP are regulators of gap junctional
intercellular communication in hESC.

We next considered whether the inhibition of gap junc-
tional intercellular communication would influence hESC
survival. We thus cultivated hESC on MEF in presence
of SIP/PDGF with or without a-GA (10 uM), a reversible
inhibitor of gap junctional intercellular communication,
for 24 h (apoptosis assay) or 7 days (growth assay). The
dose of a-GA that we used was sufficient to inhibit gap

junctional intercellular communication (Figs. SA-C). We
then either: (a) measured the level of apoptosis, by per-
forming TUNEL assay (Fig. 5D); or (b) assessed the
growth of hESC colonies (Fig. 5E). As shown in Fig. 5D,
treatment of hESC with a-GA for 24 h significantly induces
apoptosis in 29.7 + 5.5% of the cells (n = 3) as compared to
only 16.7+3.6% (n=23) in the SI1P/PDGF control
(p <0.1). Moreover, when hESC colonies were grown in
presence of a-GA for 7 days, we observed a drastic diminu-
tion of their colony size (Fig. SE). Indeed, while colonies
cultivated in presence of SIP/PDGF reached a size of
1823.57 £ 59.26 um (n = 24), the ones incubated in pres-
ence of a-GA grew to a size of 985.60 &+ 173.95 um
(n=124), representing 627 + 20% and 306 + 54% of their
original size at day 0, respectively. This represents an inhi-
bition of 51 4+ 9% of colony growth (p <0.001) by a-GA
(Fig. SE1). In the presence of o-GA, the remaining cells
observed after 7 days appeared as a morphologically
diverse array of cell types (Fig. SE). These remaining cells
did not express hESC markers Oct-4, GCTM-2, and
TG-30 (n = 3, Supplementary data). As mentioned above,
the measurement of apoptosis was performed after 24 h
while the colony size was measured for a period of up to
7 days. This discrepancy in the timing of the experiment
was solely due to the need of a sufficient number of cells
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Fig. 2. Expression of connexin 43 and connexin 45 in hESC grown on Matrigel with MEF-CM. Immunostaining of HES-3 cells with DAPI (A,C) and

connexin 43 (B) or connexin 45 (D). (A,B) Scale bars: 50 pm.

to perform FACS analysis. However, while after 24 h an
increase in apoptosis was observed in the presence of a-
GA, no statistically significant change was observed in
regard of the colony size. We did not observe a statistically
significant difference in apoptosis of hESC grown in serum-
based medium by o-GA (data not shown). We hypothesize
that in presence of serum, where the cells are in presence of
a richer medium, the closure of gap junctions is not prere-
quested to hESC survival. However, in a minimal medium
such as the SIP/PDGF medium, the intercellular gap junc-
tional communication is necessary to hESC maintenance.
Further work will be required to address this issue.

Discussion

Since a range of culture conditions have been described
for hESC maintenance, we assessed whether different cul-
ture conditions would affect gap junctions in hESC. We
and others previously reported that hESC, grown in pres-
ence of MEF and serum [10] or on Matrigel with MEF-
CM [11,17], express connexin 43 and connexin 45. The
results presented in this study confirm the results obtained
by other groups on hESC grown on Matrigel and demon-
strate that hESC grown in presence of SIP/PDGF also
possess both connexin 43 and connexin 45. Ginis et al.

[18], reported that hESC grown in presence of MEF and
KSR express connexin 43 and connexin 45 while Bhattach-
arya et al. [19] demonstrated the presence of the two con-
nexins in hESC cultivated in presence of MEF, serum,
and KSR. Altogether, these results obtained in different
culture conditions that maintain hESC undifferentiated
suggest that the presence of both connexin 43 and connexin
45 is a characteristic of hESC.

Very little is known about gap junctional intercellular
communication in stem cells. Many adult stem cells lack
connexins (for review, see [20]). However, human mesen-
chymal stem cells have been shown to express connexins
and form functional gap junctions [21,22]. Previous studies
by this laboratory and other studies demonstrated the pres-
ence of gap junctional intercellular communication in hESC
[10,11] as well as mouse ESC [23]. Similar to hESC cultured
in serum, hESC grown in SIP/PDGF-supplemented
medium and on Matrigel with MEF-CM are coupled
through functional gap junctions, which are inhibited by
protein kinase C activation. Furthermore, Carpenter et al.
[11] described the presence of functional gap junctions in
hESC grown on Matrigel. However, in their study, the
observed Lucifer yellow diffusion was limited in range and
required a longer time of incubation [11] than in our exper-
imental conditions where Lucifer yellow diffusion was
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Fig. 3. Gap junctional intercellular communication in SIP/PDGF medium (A-F) and on Matrigel (G-L). Light (A,D,G, and J) and fluorescence
micrographs with Lucifer yellow (B,E,H, and K) and rhodamine-dextran (C,F,I, and L) in HES-3 cells. Rhodamine-dextran was employed as a negative
control. (D-F, J-L) Cells were incubated in presence of PMA (1 uM, 60 min). (A-F) Scale bars: 100 um.

indeed rapid and extensive. This difference in dye diffusion
could be attributed to the difference of techniques used to
perform this test.

hESC cannot be maintained long term on Matrigel in
UM. However, we observed that hESC still express some
specific stem cell markers, Oct-4 and GCTM-2, after culti-
vation for a week under these conditions. In these condi-
tions, although hESC still express connexin proteins, we
observed no diffusion of Lucifer yellow, suggesting the
absence of gap junctional communication between hESC.
Further studies will be required in order to investigate if
connexin 43 phosphorylation states are linked to gap junc-
tional intercellular communication in hESC.

Our data indicate that gap junctional intercellular com-
munication is inhibited in absence of MEF-CM, suggesting
that a cross talk between MEF and hESC is involved in
hESC-gap junctional intercellular communication. Candi-
dates for such a cross talk are both BMPs and their antag-

onist noggin. BMPs have previously been described as
inducers of hESC differentiation [24,25] while noggin, in
combination with bFGF, has been shown to maintain
hESC in the undifferentiated state [16]. Indeed, Xu et al.
[16] demonstrated the presence of BMP-like activity in
UM as well as the presence of noggin in MEF-CM. As
shown in this study, while BMP-4 inhibits Lucifer yellow
diffusion in hESC, gap junctional intercellular communica-
tion was retrieved with the addition of noggin. Further-
more, when noggin was added to UM, gap junctional
coupling was re-established in hESC. Altogether, these
data indicate that BMP-like activity in UM is likely to be
inhibiting gap junctional intercellular communication
between hESC.

Limited studies have addressed the role of gap junction-
al intercellular communication in stem cells and progenitor
cells. In embryonic neural progenitors, the closure of gap
junctions diminishes cell survival [26,27]. As shown in this
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Fig. 4. Light (A,H,K, and N) and fluorescence micrographs with Lucifer yellow (B,I,L, and O) and rhodamine—dextran (C,J,M, and P) of either Matrigel-
hESC grown in UM (A-C); or hESC grown in serum incubated with BMP-4 (10 ng/ml, 30 min) (H-J); or hESC grown in serum incubated with noggin
(1 pg/ml, 30 min) and BMP-4 (10 ng/ml, 30 min) (K-M); or Matrigel-hESC grown in UM supplemented with noggin (500 ng/ml, 6 days) (N-P).
Expression of connexin 43 (D), connexin 45 (E), GCTM-2 (F), Oct-4 (G) in Matrigel-hESC in UM. (A-D) Scale bars: 100 pm, (F-G) scale bars: 200 um.

study, the closure of gap junctional intercellular communi-
cation by a-GA increases apoptosis and decreases colony
growth of hESC cultivated in a serum-free medium.

As gap junctions allow intercellular communication
between hESC, we hypothesize that molecules such as
mitogens or survival factors diffuse within the hESC colo-
nies through gap junctions. The nature of the molecules
that can diffuse through gap junctions in hESC has not
been established yet. Their identification will be an impor-

tant step towards the elucidation of regulatory mechanisms
of hESC survival, differentiation or death.
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Fig. 5. Light (A) and fluorescence micrographs with Lucifer yellow (B) and rhodamine-dextran (C) of HES-3 cells incubated in presence of a-GA (10 pM,
24 h), scale bars: 100 um. (D) FACS analysis of apoptotic cells in absence (SIP/PDGF) or presence of a-GA (10 uM, 24 h). (o) TUNEL positive cells, (o)
TUNEL negative cells. (D1) Means + SEM of three independent experiments. (D2-3) Representative data of at least three independent experiments, each
gating was set according to its corresponding negative control. (E1) Time course of hESC colony growth, in absence (SIP/PDGF) or presence of a-GA
(10 uM, 7 days). Means + SEM of 24 samples per condition. (E2-3) hESC colonies grown for 7 days in absence (S1P/PDGF) (E2) or presence of a-GA

(10 M) (E3).

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bbrc.2006.
03.127.

References

[1] J.A. Thomson, J. Itskovitz-Eldor, S.S. Shapiro, M.A. Waknitz, J.J.
Swiergiel, V.S. Marshall, J.M. Jones, Embryonic stem cell lines
derived from human blastocysts, Science 282 (1998) 1145-1147.

[2] M.F. Pera, B. Reubinoff, A. Trounson, Human embryonic stem cells,
J. Cell Sci. 113 (Pt 1) (2000) 5-10.

[3] C. Xu, M.S. Inokuma, J. Denham, K. Golds, P. Kundu, J.D. Gold,
M.K. Carpenter, Feeder-free growth of undifferentiated human
embryonic stem cells, Nat. Biotechnol. 19 (2001) 971-974.

[4] A. Pebay, R.C. Wong, S.M. Pitson, E. Wolvetang, G.S. Peh, A.
Filipczyk, K.L. Koh, I. Tellis, L.T. Nguyen, M.F. Pera, Essential
roles of sphingosine-1-phosphate and platelet-derived growth factor
in the maintenance of human embryonic stem cells, Stem Cells 25
(2005) 1541-1548.

[5] B.E. Reubinoff, M.F. Pera, C.Y. Fong, A. Trounson, A. Bongso,
Embryonic stem cell lines from human blastocysts: somatic differen-
tiation in vitro, Nat. Biotechnol. 18 (2000) 399-404.


http://dx.doi.org/10.1016/j.bbrc.2006.03.127
http://dx.doi.org/10.1016/j.bbrc.2006.03.127

188 R.C.B. Wong et al. | Biochemical and Biophysical Research Communications 344 (2006) 181-188

[6] D.A. Gerido, T.W. White, Connexin disorders of the ear, skin, and
lens, Biochim. Biophys. Acta 1662 (2004) 159-170.

[7] R. Bruzzone, T.W. White, D.L. Paul, Connections with connexins:
the molecular basis of direct intercellular signaling, Eur. J. Biochem.
238 (1996) 1-27.

[8] A.M. Simon, D.A. Goodenough, Diverse functions of vertebrate gap
junctions, Trends Cell. Biol. 8 (1998) 477-483.

[9] A. De Maio, V. Vega, J. Contreras, Gap junctions, homeostasis, and
injury, J. Cell Physiol. 191 (2002) 269-282.

[10] R.C. Wong, A. Pebay, L.T. Nguyen, K.L. Koh, M.F. Pera, Presence
of functional gap junctions in human embryonic stem cells, Stem Cells
22 (2004) 883-889.

[11] M.K. Carpenter, E.S. Rosler, G.J. Fisk, R. Brandenberger, X. Ares,
T. Miura, M. Lucero, M.S. Rao, Properties of four human embryonic
stem cell lines maintained in a feeder-free culture system, Dev. Dyn.
229 (2004) 243-258.

[12] M.F. Pera, A. Filipcyzk, S.M. Hawes, A.L. Laslett, Isolation,
characterization, and differentiation of human embryonic stem cells,
Methods Enzymol. (2003).

[13] M. Amit, M.K. Carpenter, M.S. Inokuma, C.P. Chiu, C.P. Harris,
M.A. Waknitz, J. Itskovitz-Eldor, J.A. Thomson, Clonally derived
human embryonic stem cell lines maintain pluripotency and prolif-
erative potential for prolonged periods of culture, Dev. Biol. 227
(2000) 271-278.

[14] E.S. Rosler, G.J. Fisk, X. Ares, J. Irving, T. Miura, M.S. Rao, M.K.
Carpenter, Long-term culture of human embryonic stem cells in
feeder-free conditions, Dev. Dyn. 229 (2004) 259-274.

[15] C.V. Dowling-Warriner, J.E. Trosko, Induction of gap junctional
intercellular communication, connexin 43 expression, and subsequent
differentiation in human fetal neuronal cells by stimulation of the
cyclic AMP pathway, Neuroscience 95 (2000) 859-868.

[16] R.H. Xu, R.M. Peck, D.S. Li, X. Feng, T. Ludwig, J.A. Thomson,
Basic FGF and suppression of BMP signaling sustain undifferentiated
proliferation of human ES cells, Nat. Methods 2 (2005) 185-190.

[17] S.N. Brimble, X. Zeng, D.A. Weiler, Y. Luo, Y. Liu, I.G. Lyons, W.J.
Freed, A.J. Robins, M.S. Rao, T.C. Schulz, Karyotypic stability,
genotyping, differentiation, feeder-free maintenance, and gene expres-
sion sampling in three human embryonic stem cell lines derived prior
to August 9, 2001, Stem Cells Dev. 13 (2004) 585-597.

[18] I. Ginis, Y. Luo, T. Miura, S. Thies, R. Brandenberger, S. Gerecht-
Nir, M. Amit, A. Hoke, M.K. Carpenter, J. Itskovitz-Eldor, M.S.
Rao, Differences between human and mouse embryonic stem cells,
Dev. Biol. 269 (2004) 360-380.

[19] B. Bhattacharya, T. Miura, R. Brandenberger, J. Mejido, Y. Luo,
A.X. Yang, B.H. Joshi, I. Ginis, R.S. Thies, M. Amit, 1. Lyons, B.G.
Condie, J. Itskovitz-Eldor, M.S. Rao, R.K. Puri, Gene expression in
human embryonic stem cell lines: unique molecular signature, Blood
103 (2004) 2956-2964.

[20] J.E. Trosko, C.C. Chang, B. Upham, M.H. Tai, Ignored hallmarks of
carcinogenesis: stem cells and cell-cell communication, Ann. N.Y.
Acad. Sci. 1028 (2004) 192-201.

[21] I. Potapova, A. Plotnikov, Z. Lu, P. Danilo, V. Valiunas, J. Qu, S.
Doronin, J. Zuckerman, I. Shlapakova, J. Gao, Z. Pan, A. Herron, R.
Robinson, P.R. Brink, M. Michael, I. Cohen, Human mesenchymal
stem cells as a gene delivery system to create cardiac pacemakers,
Circ. Res. 94 (2004) 952-959.

[22] V. Valiunas, S. Doronin, L. Valiuniene, I. Potapova, J. Zuckerman,
B. Walcott, R. Robinson, M. Rosen, P.R. Brink, I. Cohen, Human
mesenchymal stem cells make cardiac connexins and form functional
gap junctions, J. Physiol. 555.3 (2004) 617-626.

[23] Y. Oyamada, K. Komatsu, H. Kimura, M. Mori, M. Oyamada,
Differential regulation of gap junction protein (connexin) genes
during cardiomyocytic differentiation of mouse embryonic stem cells
in vitro, Exp. Cell Res. 229 (1996) 318-326.

[24] R.H. Xu, X. Chen, D.S. Li, R. Li, G.C. Addicks, C. Glennon, T.P.
Zwaka, J.A. Thomson, BMP4 initiates human embryonic stem cell
differentiation to trophoblast, Nat. Biotechnol. 20 (2002) 1261-1264.

[25] M.F. Pera, J. Andrade, S. Houssami, B. Reubinoff, A. Trounson,
E.G. Stanley, D.W. Oostwaard, C. Mummery, Regulation of human
embryonic stem cell differentiation by BMP-2 and its antagonist
noggin, J. Cell Sci. 117 (2004) 1269-1280.

[26] N. Duval, D. Gomes, V. Calaora, A. Calabrese, P. Meda, R.
Bruzzone, Cell coupling and Cx43 expression in embryonic mouse
neural progenitor cells, J. Cell Sci. 115 (2002) 3241-3251.

[27] A. Cheng, H. Tang, J. Cai, M. Zhu, X. Zhang, M. Rao, M.P.
Mattson, Gap junctional communication is required to maintain
mouse cortical neural progenitor cells in a proliferative state, Dev.
Biol. 272 (2004) 203-216.



	Gap junctions modulate apoptosis and colony growth of human embryonic stem cells maintained in a serum-free system
	Materials and methods
	Results
	Discussion
	Acknowledgments
	Appendix A. Supplementary data
	Supplementary data
	References




