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BMP-2 expression during embryonic stem cell
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ABSTRACT GATA-6 is a zinc-finger transcription factor essential for early embryogenesis.
Ablation of GATA-6 in mice impairs endoderm differentiation and causes apoptosis of epiblast
cells. The endoderm defects have been attributed to the loss of HNF4, disabled-2, and GATA-
4. However, the mechanisms underlying epiblast apoptosis are unclear. In this study we used
mouse embryonic stem cell-derived embryoid bodies (EBs) as a model for peri-implantation
development and found that ablation of GATA-6 causes massive apoptosis during EB differ-
entiation. Endoderm grafting experiments and ectopic basement membrane (BM) assembly
suggest that both BM and non-BM factors contribute to cell survival. Furthermore, the in-
creased cell death in mutant EBs is accompanied by reduced expression of bone morphoge-
netic protein 2 (BMP-2). Chromatin immunoprecipitation reveals direct binding of GATA-6 to
the Bmp2 promoter. Treatment of the mutant EBs with BMP-2 markedly suppresses apopto-
sis, whereas stable overexpression of the BMP antagonist noggin or a dominant-negative
BMP receptor in normal EBs leads to increased apoptosis. Last, activation of SMAD1/5 by
phosphorylation is significantly inhibited in the absence of GATA-6, and this is reversed by
exogenous BMP-2. Treatment of normal EBs with SMAD phosphorylation inhibitor increases
apoptosis. Collectively these results suggest that GATA-6 promotes cell survival by regulating
endoderm expression of BMP-2 and BM during embryonic epithelial morphogenesis.

Monitoring Editor
Thomas M. Magin
University of Leipzig

Received: Apr 20, 2012
Revised: Jun 18, 2012
Accepted: Jul 26, 2012

INTRODUCTION

During peri-implantation development, the inner cell mass of the
blastocyst-stage embryo differentiates into two cell lineages—the
epiblast, which gives rise to the embryo proper, and the primitive
endoderm, which further produces two extraembryonic cell types,
the parietal and visceral endoderm. The parietal endoderm mi-
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grates on the inner surface of the trophectoderm and secretes large
amounts of laminins, type IV collagen, and other basement mem-
brane (BM) components that assemble into a BM (Reichert’s mem-
brane in mice). The visceral endoderm is associated with the epiblast
and is active in transport of nutrients and fluids. It also secretes ma-
trix proteins required for the formation of the embryonic BM, which
separates the visceral endoderm from the epiblast and induces
epiblast polarization and cavitation (Li et al., 2003; Rossant, 2004).
Moreover, the anterior endoderm serves as a guidance cue for gas-
trulation as the embryo develops further (Tam et al., 2006).
GATA-binding proteins are zinc-finger transcription factors that
recognize the consensus DNA sequence (T/A)GATA(A/G) and are
essential for cellular differentiation during embryonic development.
GATA transcription factors can be divided into two subfamilies based
upon sequence homologies and their tissue distribution. The GATA-
1/2/3 subfamily is expressed predominantly in blood cells, and tar-
geted deletion of their genes in mice impairs hematopoiesis (Pevny
et al., 1991; Tsai et al., 1994; Pandolfi et al., 1995). GATA-4/5/6 are
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primarily expressed in, and required for, the development of endo-
derm lineages and the cardiovascular system (Kuo et al., 1997,
Molkentin et al., 1997, Morrisey et al., 1998; Laforest et al., 2011).
GATA-6-expressing cells can be detected as early as the eight-cell
stage in mouse embryos and gradually segregate from the Nanog-
expressing epiblast in blastocyst-stage embryos to form the primi-
tive endoderm on the surface of the epiblast (Plusa et al., 2008).
During the course of endoderm specification and differentiation,
GATA-6-positive cells begin to express other endoderm markers,
such as platelet-derived growth factor receptor o, GATA-4,
o-fetoprotein, and disabled-2. Forced expression of GATA-6 in em-
bryonic stem (ES) cells induces endoderm differentiation, whereas
targeted deletion of the Gataé gene in mice blocks endoderm dif-
ferentiation and leads to embryonic death between E5.5 and E7.5
(Morrisey et al., 1998; Koutsourakis et al., 1999; Fujikura et al., 2002;
Cai et al., 2008). An initial analysis of the GATA-6-null phenotype
based on in situ hybridization genotyping showed that the visceral
endoderm formed but was unable to mature (Morrisey et al., 1998).
Later, a study using immunohistochemistry for genotyping revealed
that the primitive, visceral, and parietal endoderm all failed to
develop in GATA-6-null embryos, which is consistent with the find-
ings on embryoid body (EB) differentiation (Morrisey et al., 1998;
Capo-Chichi et al., 2005; Cai et al., 2008). Nonetheless, these stud-
ies established an essential role for GATA-6 in differentiation of ex-
traembryonic endoderm in early embryogenesis.

Analysis of GATA-6—null embryos also demonstrated increased
epiblast apoptosis. However, the underlying molecular mechanisms
are unknown (Morrisey et al., 1998). Chimeric analysis suggests that
death of the epiblast is likely due to a lack of or a defect in support-
ing visceral endoderm (Morrisey et al., 1998; Koutsourakis et al.,
1999). In this study, we investigated the mechanisms of GATA-6—
dependent survival using ES cell-differentiated EBs, an in vitro
model for peri-implantation development (Coucouvanis and Martin,
1995; Li and Yurchenco, 2006). Our results suggest that GATA-6—
dependent expression of bone morphogenetic protein 2 (BMP-2)
and select components of the BM provides important survival signals
for ES cells during their differentiation into primitive germ layers.

RESULTS

Ablation of GATA-6 causes extensive apoptosis at the early
stage of EB differentiation

Targeted deletion of the Gatab gene in mice blocks endodermal
differentiation and leads to early embryonic lethality (Morrisey et al.,
1998; Koutsourakis et al., 1999; Cai et al., 2008). Terminal deoxy-
nucleotidyl transferase dUTP nick end labeling of the mutant em-
bryos revealed increased apoptosis of epiblast cells (Morrisey et al.,
1998). To determine the underlying mechanisms, we used ES cell-
differentiated EBs (Coucouvanis and Martin, 1995; Li et al., 2003).
Microarray analysis of 2-, 3- and 5-d EBs for GATA transcription
factors revealed that GATA-4 and GATA-6 were significantly up-
regulated on day 3, when endoderm began to form on the EB sur-
face, and further increased on day 5, when EBs developed into two-
germ-layer (endoderm and a columnar epiblast epithelium [CEE])
epithelial cysts (Supplemental Figure STA). In 2-d EBs, GATA-6 was
expressed in the nucleus of a small number of cells at the EB periph-
ery (Supplemental Figure S1B). Sparse GATA-6—positive cells could
also be detected in the EB interior. A linear BM as evidenced by
perlecan immunofluorescence had not formed in the majority of the
EBs at this stage of differentiation. On day 3, most of GATA-6—posi-
tive cells appeared on the EB surface, and a distinct outer layer of
endoderm was observed by live phase microscopy (Figure 1A).
Between 3 and 5 d, the epiblast cells in contact with the BM

Volume 23 September 15, 2012

polarized to become the CEE with a characteristic apical actin belt
(Supplemental Figure S1B), whereas the centrally located cells not
in contact with the BM died from apoptosis, creating a proamniotic-
like cavity (Li et al., 2003). In contrast to this normal differentiation
process, GATA-6-null EBs failed to develop endoderm or assemble
an underlying BM (Supplemental Figure S1C). The expression of the
endoderm markers GATA-4 and o-fetoprotein was reduced (Sup-
plemental Figure S1D). The laminin a1 chain, nidogen, and colla-
gen IV—the major BM components—were also significantly de-
creased, whereas the expression of the laminin B1/y1 chains was
largely unchanged. Perlecan—the major proteoglycan in BMs—was
increased in the absence of GATA-6. These results suggest that the
expression of the laminin a1 chain, nidogen, and collagen IV is se-
lectively regulated by GATA-6. Beginning on day 2, cells at the pe-
riphery of the mutant EBs underwent apoptosis (Figure 1A). Apop-
totic debris gradually accumulated on the EB surface and formed a
granulative layer by day 4. Apoptosis was confirmed by immuno-
fluorescence of cleaved caspase-3 and 4’,6-diamidino-2-phenylin-
dole (DAPI) staining of condensed and fragmented nuclei, which
were often embedded in a layer of amorphous nuclear materials
(Figure 1B). Immunoblot analysis revealed increased caspase-3 acti-
vation in 2- and 3-d mutant EBs before central apoptosis occurred
(Figure 1C). Collectively these results demonstrate that ablation of
GATA-6 in EBs leads to apoptosis of peripheral, presumptive endo-
derm and epiblast cells.

Contributions of endoderm-derived factors to epiblast
polarization and survival

If the increased apoptosis and impaired epiblast polarity and cavita-
tion after GATA-6 ablation are caused by a blockade of endoderm
differentiation, grafting normal endoderm cells onto GATA-6-null
EBs should rescue the defects. To test this hypothesis, we isolated
endoderm cells from 5-d control EBs and cultured them with 1-d
GATA-6-null EBs in hanging drops for 24 h. The chimeric EBs were
then cultured in suspension for 3 d. Phase microscopy of cryosec-
tions revealed the formation of an endoderm layer on the EB sur-
face, which induced epiblast polarization and cavitation (Supple-
mental Figure S2). Immunostaining for o-fetoprotein and the laminin
v1 chain confirmed the formation of endoderm and an underlying
BM. Analysis of the chimeric EBs cultured for 2 d showed that the
abnormal, peripheral apoptosis of the mutant EBs was prevented by
the grafted endoderm cells (Figure 1, D and E). These results sug-
gest that apoptosis in GATA-6-null EBs is caused by failure of endo-
derm differentiation. When normal endoderm is provided, epiblast
polarity and cavitation are completely rescued.

In addition to transporting nutrients and fluids, the visceral en-
doderm also secretes BM proteins and growth factors. The latter
function is believed to play an inductive role in epiblast polarization
and cavitation (Coucouvanis and Martin, 1995, 1999, Murray and
Edgar, 2000; Li et al., 2002, 2003). To determine the BM-dependent
and BM-independent functions of the endoderm in epiblast polar-
ization and survival, we incubated 1-d GATA-6-null EBs with 100
pg/ml laminin-111 for 4 d. Laminin treatment led to the assembly of
an ectopic BM on the EB surface, which induced epiblast polariza-
tion and cavitation (Supplemental Figure S2). This is consistent with
a previous report that exogenous laminin can rescue the differentia-
tion of laminin y1-null EBs (Murray and Edgar, 2000; Li et al., 2002).
Furthermore, immunofluorescence and immunoblot analysis re-
vealed that treatment of GATA-6—null EBs with laminin for 24 h in-
hibited apoptosis of the peripheral cells, although the inhibitory
effect was slightly less than that of grafting with normal endoderm
cells (Figure 1, D and E). To test whether endoderm provides
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Inactivation of GATA-6 induces massive apoptosis of peripheral cells during EB differentiation. (A) Live phase
micrographs show the formation of endoderm (en), a columnar epiblast epithelium (CEE), and a proamniotic-like central
cavity (cv) during normal EB differentiation. Ablation of GATA-6 blocked endoderm and CEE differentiation, prevented
cavitation, and induced massive apoptosis. Arrowheads indicate apoptotic cells on the EB surface. (B) Gataé*'* and
Gataé™~ EBs were cultured for 2 d and immunostained for cleaved caspase-3 (cas-3) and BM perlecan. Nuclei were
counterstained with DAPI. Caspase-3 activation was markedly increased in Gataé”~ EBs. Bottom, a 2.5x magnification of
the boxed region of the middle showing only DAPI staining. Arrowheads define amorphous nuclear staining at the EB
periphery. Asterisks indicate fragmented nuclei. (C) Immunoblot analysis confirmed increased caspase-3 activation in
Gataé™~ EBs cultured for 2 and 3 d. (D) Gataé6™”~ EBs were treated with 100 pg/ml laminin (Lm)-111 or grafted with
wild-type (WT) or Lm y1-null endoderm (endo) cells and cultured for 2 d. Gata6*/* and untreated Gataé6”~ EBs were
used as controls. EBs were immunostained for cleaved caspase-3 (cas-3) and Lm y1. F-actin was stained with rhodamine-
phalloidin. Grafting normal endoderm cells onto GATA-6-null EBs prevented apoptosis of peripheral cells, whereas
grafting Lm y1-null endoderm cells or Lm-111 treatment partially inhibited apoptosis. (E) Immunoblot analysis for
cleaved caspase-3 confirmed the immunostaining observations.
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survival signals besides BM, we grafted endoderm cells isolated
from laminin y1-null EBs, which neither secrete trimeric laminins nor
assemble a BM (Smyth et al., 1999; Murray and Edgar, 2000; Li
et al., 2002). Immunostaining for o-fetoprotein and laminin y1 con-
firmed the formation of endoderm but not BM on the surface of
GATA-6-null EBs (Supplemental Figure S2). Laminin y1-null endo-
derm failed to convert the GATA-6-null EBs into polarized epithelial
cysts. However, apoptosis of the peripheral cells was significantly
reduced after endoderm grafting (Figure 1, D and E). These results
suggest that GATA-6—dependent endoderm differentiation protects
the adjacent cells from apoptosis in a non-cell-autonomous man-
ner. Both BM and BM-independent factors contribute to epiblast
survival.

BMP-2 is significantly up-regulated by GATA-6 in endoderm
during EB differentiation

BMP-2 and -4, fibroblast growth factors (FGFs), and platelet-derived
growth factors (PDGFs) have been suggested to regulate endoderm
differentiation (Arman et al., 1998; Coucouvanis and Martin, 1999; Li
etal., 2001; Artus et al., 2010). Our microarray analysis demonstrated
that the expression of BMP-2, insulin-like growth factor 2 (IGF-2),
transforming growth factor B (TGF-), and vascular endothelial growth
factor A (VEGF-A) was increased, whereas BMP-4, FGF-4, PDGF-A,
PDGF-C, and VEGF-C were reduced, during EB differentiation (Sup-
plemental Figure S3A). Of note, the mRNA for BMP-2 was increased
127-fold in 3-d EBs and 361-fold in 5-d EBs compared with 2-d EBs.
To determine whether the expression of these growth factors might
be altered in GATA-6-null EBs, we performed reverse transcription
(RT)-PCR and immunoblot analysis on 2-d EBs. The mRNAs for BMP-4
and IGF-2 were reduced, whereas that for FGF-4 was unchanged, in
the absence of GATA-6 (Figure 2, A and B). Of importance, BMP-2
mRNA was readily detectable in 2-d normal EBs and was nearly ab-
sent from GATA-6-null EBs. The reduction of BMP-2, BMP-4, and
IGF-2 was confirmed by immunoblotting at the protein level (Figure
2C). As anticipated, immunostaining showed that BMP-2 was ex-
pressed mainly by endoderm (Supplemental Figure S3B), which is in
agreement with the in situ hybridization study in mouse embryos
(Coucouvanis and Martin, 1999). Of interest, we observed an enrich-
ment of BMP-2 in the BM underlying the endoderm. These results
suggest that altered expression of growth factors in GATA-6-null EBs
may also contribute to apoptosis of the peripheral cells.

GATA-6 directly binds to the Bmp2 promoter

Because both BMP-2 and GATA-6 are expressed by endoderm cells
and ablation of GATA-6 inhibits BMP-2 expression, we reasoned
that BMP-2 might be a direct transcription target of GATA-6. Se-
quence analysis revealed that the promoter of the mouse Bmp2
gene contains two GATA-6 consensus binding sequences at —1121
and —1201. To test whether GATA-6 binds to the promoter of Bmp2,
we performed chromatin immunoprecipitation (ChIP) on 2-d wild-
type EBs. PCR analysis demonstrated that anti-GATA-6 antibody,
but not the control immunoglobulin G (IgG), immunoprecipitated
the GATA-6-binding sequences in the Bmp2 promoter (Figure 2D).
In addition, the PCR product containing the GATA-6 consensus se-
quence was not detected in the BMP-2 immunoprecipitates using a
nonspecific primer set (Figure 2E). This result suggests that Bmp2 is
a target gene of GATA-6 in differentiating EBs.

Treatment of GATA-6-null EBs with BMP-2 inhibits apoptosis
of the peripheral cells

If the observed reduction of BMP-2/4 and IGF-2 causes increased
apoptosis of the peripheral cells in GATA-6-null EBs, supplemen-
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tation of the growth factors to the culture medium should rescue
the apoptotic cell death. To test this hypothesis, we treated 1-d
GATA-6—null EBs with or without 0.1 pg/ml BMP-2, FGF-4, epider-
mal growth factor (EGF), IGF-2, PDGF, and TGF-B1, respectively,
for 24 h. Apoptosis was analyzed by whole-mount immunostaining
for cleaved caspase-3 since it occurred mostly in the peripheral
cells of the mutant EBs. BMP-2 treatment markedly inhibited the
activation of caspase-3, whereas FGF-4, EGF and PDGF had no
effect (Figure 2F). Increasing the BMP-2 concentration to 0.25 ug/
ml led to further reduction of apoptosis. Treatment of the mutant
EBs with IGF-2 also moderately reduced caspase-3 activation,
whereas TGF-B showed the opposite effect. Inmunoblot analysis
confirmed that exogenous BMP-2 significantly reduced apoptosis
of GATA-6-null EBs, whereas IGF-2 had a mild effect (Figure 2G).
Because BMP-4 binds to the same receptor as BMP-2 (Koenig
etal., 1994, Coucouvanis and Martin, 1999; Miyazono et al., 2010),
our results suggest that the reduction of BMP-2/4 expression in
GATA-6-null EBs also contributes to increased apoptosis of the
peripheral cells.

Overexpression of noggin or dominant-negative bone
morphogenetic protein receptor induces apoptosis in
normal EBs

If GATA-6-regulated expression of BMP-2/4 contributes to the sur-
vival of the peripheral cells during EB differentiation, overexpres-
sion of the BMP antagonist noggin, which binds to BMPs and pre-
vent their interactions with BMP receptors (Re’em-Kalma et al.,
1995), or a dominant-negative BMP receptor in normal EBs would
be expected to induce apoptosis of those cells. To test this hy-
pothesis, we stably expressed noggin in normal EBs. Noggin ex-
pression was barely detected by immunoblotting in 2-d EBs trans-
fected with pPCXN2-IRES-GFP alone (Figure 3A). Overexpression of
noggin in normal EBs inhibited endoderm formation. Live phase
microscopy showed that 54% of 3-d control EBs developed a dis-
tinct outer endoderm layer, whereas only 17% of the noggin-over-
expressing EBs had endoderm on their surface (Figure 3, B and C).
To determine the effect of overexpression of noggin on apoptosis,
we first examined caspase-3 activation by immunostaining of 2-d
EBs. Overexpression of noggin significantly increased the number
of cleaved caspase-3—positive cells at the EB periphery (Figure 3D).
Of interest, caspase-3 activation was also increased in the centrally
located cells. Immunoblot analysis confirmed increased cleaved
caspase-3 in both 2- and 3-d EBs overexpressing noggin (Figure
3E). To further examine the role of BMP signaling in cell survival,
we established stable ES cell clones that expressed dominant-neg-
ative (dn), kinase-dead BMP receptor 1b (K231R, dn BMPR1b),
which has been shown to block BMP signaling and inhibit en-
doderm formation in teratocarcinoma cell-derived EBs (Zou and
Niswander, 1996; Coucouvanis and Martin, 1999). The control EBs
expressed very little, if any, BMPR1b, which is consistent with the
finding that BMPR1b is not expressed in pregastrulation embryos
(Figure 3F; Dewulf et al., 1995). Overexpression of dn BMPR1b,
which can compete with BMPR1a for dimerization with BMPR2 but
cannot phosphorylate receptor-activated SMAD (R-SMAD; Zou
and Niswander, 1996), markedly inhibited endoderm differentia-
tion. The efficiency of endoderm formation dropped from 55% in
3-d control EBs to 6% in dn BMPR1b EBs (Figure 3, G and H). Ex-
pression of dn BMPR1b also significantly increased apoptosis of
2-d EBs, similar to the effect of noggin overexpression (Figure 3, |
and J). Collectively these results suggest that activation of the
BMP signaling pathway by GATA-6 promotes cell survival during
EB differentiation.
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BMP-2 is downstream of GATA-6 to inhibit apoptosis during EB differentiation.
(A) RT-PCR analysis on 2-d EBs demonstrated that the mRNAs for BMP-2, BMP-4, and IGF-2
were reduced, whereas the FGF-4 mRNA was largely unchanged in the absence of GATA-6.
(B) Ethidium bromide-stained gels were analyzed by densitometry. The ratio of the growth
factors to 18S RNA was plotted (*p < 0.01, n = 4). (C) Two-day EBs were subjected to
immunoblotting for BMP-2 and BMP-4. IGF-2 in the conditioned medium was
immunoprecipitated using anti-IGF-2 antibody, followed by immunoblotting using the same
antibody. GAPDH serves as a loading control. (D) A GATA-6-binding sequence in the BMP-2
promoter was detected by chromatin immunoprecipitation using anti-GATA-6 antibody but not
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BMP-dependent SMAD activation is

selectively inhibited in GATA-6—null EBs
BMP-2 and 4 bind to heteromultimers of
type | and type Il BMPRs and activate the
canonical SMAD signaling pathway and/or
alternative mitogen-activated protein (MAP)
kinase signaling pathways, such as the
extracellular signal-regulated kinase (ERK)
and p38 MAP kinase (Derynck and Zhang,
2003). In addition, BMP-2 has been shown
to stimulate the phosphatidylinositol 3-ki-
nase (PI3K)-Akt pathway (Ghosh-Choudhury
et al.,, 2002). To delineate the downstream
effectors for BMP-mediated survival, we ex-
amined activation-related phosphorylation
of Akt, ERK1/2, p38 MAP kinase, and
SMAD1/5 (R-SMAD downstream of BMPRs).
Immunoblot analysis using phosphorylation-
specific antibodies revealed that Akt phos-
phorylation at S473 was reduced during
normal EB differentiation and negatively
correlated with expression of phosphatase
and tensin homologue, which antagonizes
the PI3K-Akt pathway by dephosphorylating
phosphatidylinositol  (3,4,5)-trisphosphate
(Figure 4A and unpublished observations).
Ablation of GATA-6 did not significantly al-
ter Akt phosphorylation. By contrast, ERK1/2
phosphorylation at T202/Y204 in the activa-
tion loop was markedly reduced during EB
differentiation, and this was prevented by
inactivation of GATA-6 (Figure 4B). Phos-
phorylation of p38 MAP kinase was not
significantly changed either during EB dif-
ferentiation or in the absence of GATA-6
(Figure 4C). Remarkably, phosphorylation of
SMAD1/5 at S463/465 was nearly abolished
in GATA-6-null EBs compared with wild-
type controls (Figure 4D). We did not ob-
serve significant changes in expression lev-
els of Akt, ERK1/2, p38, and SMADI.
SMAD1 was localized predominantly to the
nucleus of the peripheral cells of 2-d normal

control IgG. (E) BMP-2 immunoprecipitates
were amplified using either primers specific
for the GATA-6 consensus sequence (specific)
or nonspecific primers (nonspecific). The
correct PCR product was only obtained using
the specific primers. (F) One-day EBs were
treated with or without the growth factors
for 24 h, and whole-mount staining was
carried out for cleaved caspase-3 (cas-3).
Nuclei were counterstained with DAPI.
Treatment of Gata6”~ EBs with BMP-2 dose
dependently inhibited apoptosis. IGF
treatment had a partial effect. (G) Lysates of
EBs treated as described were analyzed by
immunoblotting for cleaved caspase-3.
GAPDH serves as a loading control. BMP-2
treatment significantly inhibited caspase-3
activation in Gataé”~ EBs, whereas IGF-2 had
a mild effect.
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Overexpression of noggin or dominant-negative BMPR induces apoptosis in wild-type EBs. (A) Immunoblots
show noggin overexpression in 2-d EBs stably transfected with pCXN2-noggin-IRES-GFP (noggin) compared with EBs
transfected with the vector alone (GFP). GAPDH serves as a loading control. (B) Phase micrographs of 3-d live EBs show
the formation of a continuous layer of endoderm (en) on the surface of a GFP EB but with only a short stretch of
endoderm cells on a noggin EB. (C) EBs were cultured for 3 d, and endoderm formation was examined by live phase
microscopy. EBs with an outer endoderm layer were counted and plotted as a percentage of total EBs examined.
n= 10 experiments with a total of 633-648 EBs for each group. *p < 0.01. Overexpression of noggin inhibited endoderm
formation. (D) Two-day EBs were immunostained for cleaved caspase-3 (cas-3). Nuclei were counterstained with DAPI.
Overexpression of noggin increased apoptosis compared with EBs expressing GFP alone. (E) EBs were cultured for 2
and 3 d and analyzed by immunoblotting for cleaved caspase-3. Overexpression of noggin increased apoptosis of both
2- and 3-d EBs. GAPDH serves as a loading control. (F) Immunoblots show overexpression of dn BMPR1b in 2-d normal
EBs. (G) Phase contrast micrographs of 3-d live EBs show impaired endoderm (en) formation in dnBMPR1b EBs. (H)
Three-day EBs with an endoderm layer were counted by live phase microscopy and plotted as a percentage of total EBs
examined. n = 10 experiments with a total of 656-694 EBs for each group. *p < 0.01. Ectopic expression of dn BMPR1b
markedly inhibited endoderm formation. (I) Two-day EBs were immunostained for cleaved caspase-3. Nuclei were
counterstained with DAPI. Expression of dn BMPR1b increased apoptosis. (J) Immunoblot analysis of 2-d EBs confirmed
that the expression of dn BMPR1b increased apoptosis compared with the control GFP EBs.
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BMP-2 activates the SMAD pathway to inhibit apoptosis during EB differentiation.
(A) EBs cultured for 2 and 3 d were analyzed by immunoblotting for phospho-Akt $473
(pAkt473), Akt, and GAPDH. Akt phosphorylation was slightly reduced in both Gataé** and
Gata6™~ EBs after 3 d in culture. (B) Immunoblots show reduced ERK1/2 phosphorylation at
T202/Y204 (pERK1/2) in 3-d normal EBs compared with 2-d EBs. By contrast, the pERK1/2 level
was higher in 2-d Gata6~~ EBs and only slightly reduced after 3 d. Total ERK1/2 was unchanged
in both 2- and 3-d Gata6*/* and Gata6”/~ EBs. (C) Immunoblot analysis of 2- and 3-d EBs showed
that p38 MAP kinase phosphorylation at T180/Y182 (phospho-p38) was slightly reduced in 3-d
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EBs, whereas it was localized in the cyto-
plasm in GATA-6-null EBs (Figure 4E). To
test whether reduced activation of SMAD1/5
after GATA-6 ablation results from de-
creased BMP-2 expression, we incubated
2-d GATA-6—null EBs with or without BMP-2
(0.1 pg/ml) for 16 h. BMP-2 treatment re-
stored SMAD1/5 phosphorylation in GATA-
6-null EBs (Figure 4F). In addition, SMAD1
was detected in the nucleus after BMP-2
treatment (Figure 4E). To further examine
whether the activation of the SMAD path-
way provides a survival signal, we cultured
1-d wild-type EBs for 24 h with 5 uM of
Akt1/2 inhibitor, the MAPK kinase 1/2 inhibi-
tor U0126, the p38 inhibitor SB203580, or
the R-SMAD phosphorylation inhibitor
DMH1. Among these inhibitors, only DMH1
markedly induced apoptosis, as evidenced
by caspase-3 activation (Figure 4G). Collec-
tively these results suggest that the canoni-
cal SMAD signaling pathway is selectively
activated by BMP-2 in the peripheral cells of
differentiating EBs in a GATA-6-dependent
manner and likely mediates BMP-depen-
dent cell survival.

DISCUSSION

GATA-6 has been shown to play an essential
role in endoderm development in both early
embryos and differentiating EBs. In this
study, we observed increased apoptosis of
GATA-6-null EBs before the occurrence of

Gataé™ EBs, whereas the total p38 remained
unchanged. (D) EBs were cultured for 2 and
3 d and analyzed by immunoblotting for
phospho-SMAD1/5 (S463/465) and SMAD!1.
Ablation of GATA-6 nearly abolished
SMAD1/5 phosphorylation in both 2- and 3-d
EBs. (E) immunofluorescence micrographs
show that SMAD1 was localized in the
nucleus of peripheral cells in 2-d normal EBs,
whereas it was mainly in the cytoplasm in
Gataé™~ EBs. Treatment of the mutant EBs
with BMP-2 (0.1 pg/ml) for 16 h induced
translocation of SMAD1 to the nucleus.
Nuclei were counterstained with DAPI.

(F) Two-day Gataé”~ EBs were treated with
0.1 pg/ml BMP-2 for 16 h and harvested for
immunoblot analysis. BMP-2 treatment
increased SMAD1/5 phosphorylation but had
no effect on total SMAD1 expression. Actin
serves as a loading control. (G) One-day
normal EBs were treated for 24 h with 5 yM
of Akt1/2 inhibitor, the MAPK kinase inhibitor
U0126, the p38 inhibitor SB203580, or the
R-SMAD inhibitor DMH1. EB lysates were
analyzed by immunoblotting for cleaved
caspase-3. Actin serves as a loading control.
DMH1 treatment selectively induced
caspase-3 activation.
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FIGURE 5: A model for GATA-6 regulation of epiblast polarization
and survival. GATA-6 regulates endoderm differentiation and the
expression of laminin a1, nidogen, and collagen IV, which assemble
into a BM. The BM in turn induces epiblast polarization and cavitation.
GATA-6 also directly controls the expression of BMP-2, which acts in
concert with the BM to protect the epiblast from apoptosis. In
addition, BMP-2 serves as a positive feedback signal for endoderm
differentiation.

cavitation-related cell death. Grafting of normal endoderm cells
onto the mutant EBs completely prevented apoptosis and rescued
epiblast polarization and cavitation. Laminin-induced assembly of
an ectopic BM on the mutant EBs or grafting with laminin y1-null
endoderm cells, which do not secrete trimeric laminins and thus
cannot make BMs, partially inhibited apoptosis, suggesting that
both endoderm-derived BM and non-BM factors contribute to
GATA-6—dependent cell survival. Furthermore, we showed that
BMP-2 is a transcriptional target of GATA-6 and is expressed pre-
dominantly by endoderm cells and accumulated in the BM. Its ex-
pression is significantly down-regulated in GATA-6-null EBs. Treat-
ment of the mutant EBs with BMP-2 selectively inhibits the observed
apoptosis, whereas overexpression of noggin or a dominant-nega-
tive BMP receptor in control EBs induces apoptosis. The survival
signal of BMP-2 is likely transmitted by the canonical SMAD path-
way. Taken together, these results suggest a molecular model in
which GATA-6 promotes cell survival by regulating endoderm ex-
pression of BMP-2 and BM proteins during embryonic epithelial
morphogenesis (Figure 5).

Endoderm-derived BM has been suggested to mediate epiblast
survival during EB differentiation (Coucouvanis and Martin, 1995,
1999; Murray and Edgar, 2000; Li et al., 2002, 2003). Our previous
studies showed that targeted inactivation of the BM receptors inte-
grin B1 and dystroglycan leads to increased apoptosis of the epiblast
(Li et al., 2002). The Rho GTPase Rac1 acts downstream of integrins
to transduce the antiapoptotic signal (He et al., 2010). However, it is
unclear whether growth factors are also involved in epiblast survival.
In this study, we used GATA-6-null EBs that do not form endoderm
and provide evidence for a role of endoderm-derived BMP-2 in
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epiblast survival. First, BMP-2 is significantly up-regulated during
normal EB differentiation and is expressed by endoderm. GATA-6
directly binds to the BmpZ2 promoter, and GATA-6 ablation reduces
BMP-2 expression at both mRNA and protein levels. Second, treat-
ment of GATA-6-null EBs with recombinant active BMP-2 dose de-
pendently inhibits apoptosis. Last, overexpression of the BMP an-
tagonist noggin or a dominant-negative BMP receptor in normal
EBs induces apoptosis. There is a caveat that overexpression of
noggin or the dominant-negative BMPR also inhibits the formation
of an endoderm layer. Impaired endoderm formation can trigger
apoptosis through reduced BM and BMP-2 expression. However,
our immunostaining results show that GATA-6—positive cells still ex-
ist but seem unable to migrate to the surface in 2-d noggin-overex-
pressing EBs, although apoptosis is already evident at this stage of
differentiation (unpublished data). Our data suggest a prosurvival
role for BMP signaling in the differentiation of primitive germ
layers.

BMP signaling is able to induce or inhibit apoptosis during em-
bryonic development depending on organism type, developmental
stage, and tissue context (Yokouchi et al., 1996; Zou and Niswander,
1996; Yang et al., 1999; Ashique et al., 2002; Belecky-Adams et al.,
2002; Liu et al., 2005; Eblaghie et al., 2006; Pajni-Underwood et al.,
2007; Shu et al., 2011). The proapoptotic activity of BMPs has been
well documented in chicken limb development. BMP-2, -4, and -7
are expressed abundantly in interdigital mesenchymal cells, which
undergo apoptosis during the separation of digits. Overexpression
of a dominant BMP receptor inhibits interdigital apoptosis and re-
sults in webfeet (Yokouchi et al., 1996; Zou and Niswander, 1996). In
mice, targeted deletion of the BMPR1a gene in the limb bud causes
up-regulation of FGF-4 and -8, which inhibit interdigital mesenchy-
mal apoptosis (Pajni-Underwood et al., 2007). BMPs have also been
shown to support cell survival during tissue morphogenesis, espe-
cially in epithelial formation. During chicken eye development,
phosphorylated and activated SMAD1, a downstream effector of
BMP receptors, is localized to the nucleus of lens fiber cells (Belecky-
Adams et al., 2002). Overexpression of noggin increases pro-
grammed cell death in the lens epithelium. During mouse lung
branching morphogenesis, ablation of BMPR1a leads to decreased
phosphorylation of SMAD1/5/8 and extensive apoptosis of epithe-
lial cells (Eblaghie et al., 2006). In this study, we observed a reduc-
tion in BMP-2/4 expression and SMAD1/5 phosphorylation in GATA-
6-null EBs. The reduced SMAD phosphorylation is reversed by
exogenous BMP-2. Treatment of the mutant EBs with the R-SMAD
inhibitor DMH1, but not inhibitors of MAP kinases and Akt, induces
apoptosis of the presumptive endoderm and epiblast cells. These
results suggest that BMP signaling promotes embryonic epithelial
cell survival through the canonical SMAD pathway.

During mouse peri-implantation development, BMP-2 is ex-
pressed by the endoderm, whereas BMP-4 is mainly detected in
the inner cell mass and is down-regulated in polarized epiblast
(Coucouvanis and Martin, 1999). Treatment of teratocarcinoma cell-
derived EBs with high concentrations of BMP-2 or 4 promoted the
differentiation of the visceral endoderm and cavitation. These find-
ings are in agreement with our microarray and immunofluorescence
data, showing down-regulation of BMP-4 and up-regulation of
BMP-2 during EB differentiation. We also observed impaired endo-
derm differentiation in EBs overexpressing noggin or dominant-
negative BMPR1b, suggesting that BMP signaling regulates the
formation of the visceral endoderm. Therefore, GATA-6-regulated
BMP-2 expression may constitute an autoregulatory positive feed-
back loop that promotes endoderm differentiation/maturation.
FGF-4 and PDGF are also required for the differentiation of the
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extraembryonic endoderm (Arman et al., 1998; Li et al., 2001; Artus
et al., 2010). However, treatment of GATA-6—null EBs with FGF4 or
PDGF neither promotes endoderm differentiation nor inhibits apop-
tosis. For PDGF, this is likely because its receptor is a transcription
target of GATA-6 and may be down-regulated in the absence of
GATA-6 (Artus et al., 2010). IGF-2 is expressed by trophectoderm
and visceral endoderm during peri-implantation development (Lee
et al., 1990). Treatment with IGF-2 slightly reduces apoptosis of
GATA-6—null EBs, suggesting that IGF-2 may also act as an endo-
derm-derived factor to protect the epiblast from apoptosis.

In summary, our results suggest a model in which GATA-6 regu-
lates endoderm differentiation and the expression of laminin a1,
nidogen, and collagen IV, which assemble into an underlying BM.
The BM in turn induces epiblast polarization and cavitation. GATA-6
also directly activates the expression of BMP-2, which acts in concert
with the BM to protect the epiblast from apoptosis. In addition,
BMP-2 promotes endoderm differentiation in an autocrine manner.

MATERIALS AND METHODS

Culturing of ES cell and embryoid bodies

The ES cell lines used for this study were wild-type R1 and RW.4,
GATA-6—null, and laminin y1-null ES cells (Morrisey et al., 1998;
Smyth et al., 1999). All the ES cells were cultured on mitomycin
C-treated STO cells. EB differentiation was initiated from ES cell
aggregates in suspension culture as described previously (Li and
Yurchenco, 2006).

Antibodies, growth factors, and cDNA constructs
Rabbit monoclonal antibodies (mAbs) to GATA-6, cleaved cas-
pase-3, phospho-Akt S473, Akt, phospho-ERK1/2 T202/Y204,
ERK1/2, phospho-p38 T180/Y182, p38, phospho-SMAD1/5
S463/465, and SMAD1 were from Cell Signaling (Danvers, MA).
Rabbit polyclonal antibodies (pAbs) to GATA-6 and GATA-4 and rat
mADb to perlecan were from Santa Cruz Biotechnology (Santa Cruz,
CA). a-Fetoprotein pAb was from ICN (Irvine, CA). Rabbit pAbs to
BMP-2 and BMP-4 were from FabGennix (Frisco, TX). Rabbit anti-
noggin pAb was from Abcam (Cambridge, MA). Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH)and laminin y1 mAbs were from
Millipore (Billerica, MA). Actin pAb was from Sigma-Aldrich (St.
Louis, MO). Laminin-111 isolated from ESH tumors and rabbit pAbs
to nidogen, laminin a1, and laminin-111 were kindly provided by
Peter Yurchenco of Robert Wood Johnson Medical School (Piscat-
away, NJ). Recombinant human BMP-2, recombinant mouse FGF-4
and EGF, human platelet PDGF, recombinant human TGF-B1 and
IGF-2, rabbit anti-mouse IGF-2 pAb, rat anti-noggin mAb, and
mouse anti-BMPR1b mAb were from R&D Systems (Minneapolis,
MN). The Cy3-, Cy5-, and horseradish peroxidase—conjugated sec-
ondary antibodies were from Jackson ImmunoResearch (West
Grove, PA). Rhodamine-phalloidin and Alexa 488-conjugated sec-
ondary antibodies were from Molecular Probes (Eugene, OR).
Full-length mouse noggin and BMPR1b cDNAs were purchased
from Open Biosystems (Lafayette, CO). The cDNAs were subcloned
into pCXN2-IRES-GFP with the N-terminal FLAG tag removed.
Dominant-negative, kinase-dead BMPR1b K231R was created using
a QuikChange Site-Directed Mutagenesis Kit (Stratagene, Santa
Clara, CA). The fidelity of the constructs was verified by DNA
sequencing.

Stable transfection of ES cells

For stable expression of noggin and dn BMPR1b, wild-type ES cells
were transfected with the cDNA constructs using Lipofectamine
2000 reagent (Invitrogen, Grand Island, NY). Stable ES cell clones
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were selected based on G418 (500 pg/ml) resistance and green
fluorescent protein (GFP) fluorescence. ES cells stably transfected
with pCXN2-ITES-GFP were established as controls.

Gene expression profiling and RT-PCR

Total RNA was isolated from 2-, 3-, and 5-d normal EBs with TRIzol
reagent (Invitrogen) and was reverse transcribed to cRNA. Frag-
mented cRNA was hybridized to Affymetrix mouse genome 430 2.0
microarray chips (Affymetrix, Santa Clara, CA). Hybridization data
were analyzed by MAS 5.0 software (Affymetrix). For RT-PCR analy-
sis, total RNA isolated from 2-d EBs was reverse transcribed to
cDNA. The PCR primers used are as follows: BMP-2, 5-CAGATCT-
TCCGGGAACAGATAC (forward) and 5-GCTGTTTGTGTTTGGCT-
TGAC (reverse); BMP-4, 5-CCCAGAGAATGAGGTGATCTC (for-
ward) and 5-CACAATCCAATCATTCCAGC (reverse); |IGF-2,
5-GGAAGTCGATGTTGGTGCTTC  (forward) and 5-ACGAT-
GACGTTTGGCCTCTC (reverse); FGF-4, 5-CAACGTGGGCATCG-
GATTC (forward) and 5'-CTTGGTCCGCCCGTTCTTAC (reverse);
PDGF-A, 5-GGCTGGCTCGAAGTCAGATC (forward)and 5’-TTCAG-
GTTGGAGGTCGCAC (reverse); PDGF-C, 5-TGCCAGGAAAGCA-
GACTTC (forward) and 5-GAGTGACTTATGCAATCCCTTG (re-
verse); 185 RNA, 5-TCAAGAACGAAAGTCGGAGG (forward) and
5-GGACATCTAAGGGCATCACA (reverse).

Immunofluorescence

EBs were fixed with 3% paraformaldehyde, embedded in OCT com-
pound, and sectioned on a Leica cryostat (Leica, Wetzlar, Germany).
EB processing and immunostaining were performed as described
previously (Li and Yurchenco, 2006). Nuclei were counterstained
with DAPI. For whole-mount staining, 2-d EBs were fixed and per-
meabilized in 0.5% Triton X-100 for 45 min. EBs were stained in
Eppendorf tubes and mounted on glass slides without spacers.
Slides were examined with an Eclipse TE2000 inverted fluorescence
microscope (Nikon, Melville, NY), and digital images were acquired
with an Orca-03 cooled charge-coupled device camera (Hamamatsu,
Hamamatsu, Japan) controlled by IP Lab software (Scanalytics,
Rockville, MD).

Immunoblotting and immunoprecipitation

EBs were collected by sedimentation under gravity, washed once in
phosphate-buffered saline (PBS), and lysed in radioimmunoprecipi-
tation assay buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% NP-40, 0.25% sodium deoxycholate) or SDS lysis buffer (50 mM
Tris, pH 7.4, 1% SDS) containing protease and phosphatase inhibitor
cocktails. Immunoblotting were performed as described previously
(Li et al., 2002). For immunoprecipitation, EBs were cultured for 2 d,
and conditioned media were collected and precleared using protein
A/G beads. The volume of conditioned media used for immunopre-
cipitation was adjusted according to the protein amount of the EBs.
Rabbit anti-mouse IGF-2 antibody was used for both immunopre-
cipitation and immunoblotting.

Endoderm grafting

Wild-type and laminin y1-null EBs were cultured for 5 d and col-
lected by sedimentation by gravity. Endoderm cells on the EB sur-
face were isolated as described previously (Liu et al., 2009). Briefly,
EBs were washed with PBS and digested with 0.05% trypsin and 0.2
mM EDTA for 2 min. The loosely adhering endoderm cells on the EB
surface were detached by pippeting, and the endoderm-free EBs
were removed by sedimentation. The purity of endoderm cells was
>90% based on immunostaining for laminin-111 and o-fetoprotein.
To graft the endoderm cells onto the surface of GATA-6-null EBs,
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we mixed the mutant EBs cultured for 1 d with isolated endoderm
cells at a ratio of 1:100 in hanging drops for 24 h. The EBs were ei-
ther collected or cultured in suspension for additional 4 d for im-
munostaining and immunoblot analysis.

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation assay was carried out using a Milli-
pore ChlIP assay kit as per manufacturer’s instructions. The PCR
primers for the GATA-6 binding sequence in the BMP-2 promoter
are 5-AGAAATCCATGCACCTTCC (forward) and 5-CATTGCTGA
CCAGTAAGTAC (reverse).
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