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Abstract

Eomesodermin (Eomes) is a transcription factor that is essential for trophoblast development.
Stress stimuli activate stress-activated protein kinase (MAPK®8/9) and modulate transcription
factors in trophoblast stem cells (TSCs). In this study, we test the hypothesis that stress-induced
Eomes upregulation and downstream trophoblast development are MAPK8/9-dependent.
Immunocytochemical and immunoblot assays suggest that Eomes is induced by hyperosmolar
stress in a dose- and time-dependent manner. Two MAPKS/9 inhibitors that work by different
mechanisms, LINKI1 and SP600125, block induction of Eomes protein by stress. During normal
TSC differentiation, the transcription factor heart and neural crest derivatives expressed 1
(HAND?1) is dependent on Eomes, and chorionic somatomammotropin hormone 1 (CSH1)
expression is dependent on HAND1. Similar to Eomes, HAND1 and CSH1 induction by stress are
MAPKS8/9-dependent, and CSH1 is induced in nearly all stressed TSCs. CSH1 induction normally
requires downregulation of the transcription factor inhibitor of differentiation 2 (ID2) as well as
HAND1 upregulation. It was shown previously that hyperosmolar stress induces AMP-activated
protein kinase (PRKAA1/2)-dependent ID2 loss in a MAPK®8/9-independent manner. Inhibition of
PRKAAZL/2 with compound C and LINKI1, more that MAPK®&/9 inhibitors alone, inhibits the
induction of CSH1 by stress. Taken together these data suggest that stress-induced MAPK8/9 and
PRKAAL/2 regulate transcription factors Eomes/HAND1 and 1D2, respectively. Together this
network mediates induction of CSH1 by stress. Therefore, stress triggers a proportional increase in
a normal early TSC differentiation event that could be adaptive in inducing CSH1. But the
flexibility of TSCS to undergo stress-induced differentiation could lead to pathophysiological
consequences if stress endured and TSC differentiation became unbalanced.
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Introduction

The molecular mechanisms are emerging that govern normal trophoblast stem cell (TSC)
multipotency and the differentiation of the various trophoblast placental cell lineages. This
has been made possible through studies of mutant mice, identification of trophoblast
lineages, and markers for the lineages of the placenta (Hernandez-Verdun 1974; Simmons
and Cross 2005; Simmons et al. 2007). Trophoblast specification occurs after fertilization,
and differentiated lineages are induced soon after implantation.

TSCS are derived from the preimplantation blastocyst, where fibroblast growth factor 4
(FGF4) is necessary to maintain multipotency and proliferation (Chai et al. 1998; Rappolee
et al. 1994). FGF4 removal in culture induces events similar to early postimplantation
differentiation (Tanaka et al. 1998), yet cellular stress induces early post-implantation
differentiation of cultured TSCS despite the presence of FGF4 (Liu et al. 2009). Similar to
normal differentiation, the transcription factor inhibitor of differentiation 2 (ID2) is lost, but
this is AMP-activated protein kinase (PRKAAL/2, or AMPK)-dependent (Rappolee et al.
2010b; Xie et al. 2010; Zhong et al. 2010). In addition to loss of differentiation-inhibiting
transcription factors, a sequence of trophoblast-specific transcription factors are induced in
preimplantation embryos that lead to production of chorionic somatomammotropin 1
(CSH1, or placental lactogen 1 (PL1)) soon after implantation.

During normal trophoblast development in mouse embryos, zygotic transcription factor
caudal related homeobox (Cdx)2 is expressed at the 8-cell stage (Yagi et al. 2007) and is
necessary for the induction of Eomes (Strumpf et al. 2005). Eomes is a T-box transcription
factor (Ryan et al. 1996) and performs essential functions in trophoblast development (Russ
et al. 2000). Mouse embryos lacking Eomes arrest at the blastocyst stage (Strumpf et al.
2005) and fail to express HAND1 (Russ et al. 2000). HANDL1 is necessary to induce CSH1
in embryos (Riley et al. 1998; Sahgal et al. 2005) and in TSCs (Hughes et al. 2004). Loss of
ID2 is necessary to mediate CSH1 production by de-repressing HAND1 (Cross et al. 2002).

Hyperosmolar stress is sufficient to induce de novo CSH1 mRNA in TSCS (Liu et al. 2009).
This suggests that stress induces 1D2 loss (Xie et al. 2010; Zhong et al. 2010), thereby de-
repressing and activating HANDJ. But, it is not known if stress induces HAND1 and which
stress enzyme mediates HAND1 induction or activation.

The trophectoderm overlying the inner cell mass (ICM) retains its capacity to proliferate and
expands to form the extraembryonic ectoderm and ectoplacental cone (Gardner et al. 1973),
but mural trophectoderm opposite the ICM forms primary trophoblast giant cells. These
giant cells produce CSH1 that is detectable in maternal blood within 36 hours of
implantation (Ogren et al. 1989). CSH1 binds corpus luteal cells, inducing progesterone
secretion and maintenance of the endometrial secretions that support implantation
(Thordarson et al. 1997). Thus, CSH1 is important in facilitating implantation. Stress that
reduces TSC proliferation should induce compensatory differentiation of TSCs (Rappolee et
al. 2010b; Xie et al. 2011a) to produce sufficient CSH1.
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Cellular stressors, exemplified by metabolic, malnutritional, psychological, hormonal and
infectious stimuli, induce intracellular enzyme cascades that regulate TSC functions in
preimplantation embryos and the early placenta (Ip and Davis 1998; Kwong et al. 2000; Xie
et al. 2011a; Xie et al. 2006a; Xie et al. 2007b; Zhong et al. 2007). These stressors, including
benzo(a)pyrene (Xie et al. 2010), hypoxia (Zhou et al. 2011) and hyperosmolar stimulation
(Zhong et al. 2007), induce stress signaling and prioritize developmental decision-making.
Decreased cell accumulation is a standard response to stress (Ip and Davis 1998; Kwong et
al. 2000; Xie et al. 2006a; Xie et al. 2007b; Zhong et al. 2007) as energy is diverted from
macromolecule synthesis. Stressful stimuli activate the stress-activated branch of mitogen-
activated protein kinases (MAPKS/9, or stress-activated protein kinase / jun kinase SAPK/
JNK) (Wang et al. 2005; Wang et al. 2009b; Xie et al. 20073; Xie et al. 2006c; Xie et al.
2007b) and cause both decreased cell entry into S phase and apoptosis (Xie et al. 2006a; Xie
et al. 2007b; Zhong et al. 2007). MAPK8/9 mediates biological changes in stressed TSCS
and embryos (Liu et al. 2009; Xie et al. 2007b; Zhong et al. 2007) and this makes MAPK8/9
a candidate for mediating stress effects in TSCS.

In this study we test the hypothesis that Eomes, HAND1 and CSH1 are upregulated by stress
in the TSCS, and test if this is MAPK8/9-dependent. We used CSH1 as a metric to report the
activity and induction of early anti-luteolytic hormone (like human chorionic gonadotropin
(hCG) in humans) by stress. The importance of this study is that understanding stress effects
on normal and pathophysiologic development may allow insight into how stress causes
short-term lethal and long-term sublethal placental consequences.

Hyperosmolar stress induced Eomes in a dose- and time-dependent manner

We previously found that hyperosmolar stress doses that activated the highest MAPK8/9
levels (Zhong et al. 2007) also induced TSC differentiation and CSH1 expression (Liu et al.
2009). Eomes is necessary to produce HANDZ1, which is necessary to induce CSH1
(Strumpf et al. 2005). Thus we tested the hypothesis that stress induces Eomes and HAND1,
thereby leading to CSH1 production.

We tested if sorbitol hyperosmolar stress induced Eomes in a time-dependent manner and
whether or not MAPK8/9-mediated Eomes upregulation. We used two mechanistically and
structurally unrelated MAPK8/9 inhibitors, LINKI1 (Tat-JIP1) and SP600125
(anthrapyrazolone), to address specificity of the effects. Eomes immunostaining in TSCs
after 400mM sorbitol for 1hr was significantly higher than at time 0 (Figure 1, ANOVA
with Duncan post hoc test, p<0.03). We chose 1hr because our laboratory has previously
shown that peak phosphorylated MAPKS8/9 was induced by 400mM sorbitol at 0.5hr—2hr
(Zhong et al. 2007). Eomes induction was significantly reduced in TSCs inhibited with
LJINKI1 after 1hr of 400mM sorbitol (Figure 1, ANOVA, with Duncan post hoc test,
p<0.004); SP600125 had similar inhibitory effects (data not shown). The presence of
inhibitors did not shift the Eomes response from baseline as signal was not significantly
different from time 0 (ANOVA, p>0.48). LINKI1 seems to have no effect on Eomes
expression in unstressed TSC (Figure 1). Consistent with the nuclear function of Eomes, 1hr
of 200mM sorbitol induced increased nuclear localization of Eomes (Supplemental Figure
1).

Our previous studies suggested that higher doses of stress induce stress enzymes that
mediate developmental functions (Rappolee et al. 2010b; Zhong et al. 2010). Therefore, we
performed immunoblots to determine if hyperosmolar stress induces Eomes in a dose-
dependent manner (Figure 2). TSCS were incubated with different doses of sorbitol (0—
400mM) for 1hr, and Eomes protein level was examined by immunoblot. After treatments,
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equal protein amounts were size-fractionated by SDS-PAGE and blotted using Eomes and
amido black. There was a significant induction of Eomes at all sorbitol dose levels
(ANOVA, with Dunnett t test, p<0.05). The Eomes band was at the correct size of 72 kDa,
with a band at 60 kDa previously detected in somatic cells (Bjornson et al. 2005).

We performed immunoblots to confirm that Eomes was induced by stress in a time-
dependent manner (Figure 3). Sorbitol induces an early peak of Eomes at 60-120min that
subsides by 4hr, and returned to below baseline at 24hr. Eomes induction was significantly
elevated between 60 and 120min and compared with unstressed TSCS at Omin, 30min, 4hr
and 24h (ANOVA, with Dunnett t test, p<0.001), but Eomes is not significantly different in
the sorbitol-treated group at 4hr or 24hr compared to unstressed TSCs at Omin (post hoc
Dunnett t test).

We confirmed by immunoblot that stress-induced Eomes is MAPK8/9-dependent. TSCs
were stressed with 400mM sorbitol for 2hr with or without LINKI1 or SP600125, and
assayed for Eomes by immunoblot. The TSCs were preincubated with inhibitors for 3hr
before stress was added, and both MAPKS8/9 inhibitors blocked Eomes induction (Figure 4).
Peak Eomes induction at 1hr was preceded by MAPKS8/9 induction at 0.5hr (Zhong et al.
2007), and MAPKS/9 inhibitors suppressed Eomes induction to levels not significantly
different than unstressed TSCs (ANOVA, p>0.55).

Next, we show that stress due to sorbitol increases HAND1 and maintains it in a MAPK8/9-
dependent way. Hyperosmolar stress regulates HAND1 protein expression in a dose-
dependent manner. TSCs were stressed with increasing sorbitol (0, 50, 100, 200, 400, and
1,000 mM) for 0.5hr, and HANDL1 levels were examined using Western blot. After
treatments, equal amounts of protein were examined by Western blots using HAND1 and
Actb antibody. Overall ANOVA shows significant HAND1 induction for all Sorbitol
concentrations (except 1000 mM sorbitol) compared with unstressed TSCs (Figure 5,
ANOVA, with Dunnett t test, p<0.001). 1000 mM sorbitol represents a toxic dose,
characterized by decreased cell accumulation and rapid apoptosis, hence the comparatively
low HAND1 induction at that dose. Correspondingly, phosphorylated MAPK8/9 activation
is also lower at 1,000 mM than at 400 mM sorbitol after 30min (Zhong et al. 2007),
although total MAPKS/9 is constant. We also show that induction of HAND1 is MAPK®8/9-
dependent as it is inhibited by LINKI1 (Figure 5) and SP600125 (data not shown).

We tested if CSH1 is induced by hyperosmolar stress in a dose-dependent manner and
whether or not stress affected subpopulations of TSCs. TSCs were cultured in 0, 100, or 400
mM sorbitol for 30hr, and then fixed and stained for CSH1 by immunocytochemical means.
CSHL1 protein is significantly induced in nearly all cultured TSCs by 100 or 400 mM sorbitol
(Figure 6A, ANOVA, with Dunnett t test, p<0.05). TSCs were probed without primary
antibody or with non-immune 1gG (not shown), and showed little non-specific staining.
Similar to the HAND1 dose response (Figure 5), 50-400 mM sorbitol induced significant
but similar amounts of CSH1 (Figure 6B, ANOVA, with Dunnett t test, p<0.01). Significant
CSH1 was induced by 10hr (Figure 6C, ANOVA, with Dunnett t test, p<0.01).

We next tested for MAPK8/9-dependence of CSH1 induction. TSCs were cultured in 200 or
400 mM sorbitol with or without DINKI1 (inhibitor of MAPK8/9), or DIJNKI1 and
compound C (PRKAAL/2 [AMPK] inhibitor) for 30hr. After treatments, immunoblots were
tested with CSH1 and ActB antibody. CSH1 induction was largely MAPK8/9-dependent
(ANOVA, with Dunnett t test, p<0.001), with a smaller but significant (p<0.05) contribution
from PRKAA1/2 (Figure 7.
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Discussion

Stress induces Eomes expression in a time-, dose-, and MAPK8/9-dependent manner in
TSCs Since Eomes is expressed in the trophectoderm of the blastocyst, the extra-embryonic
ectoderm of the early postimplantation embryo (Russ et al. 2000), and placental chorion and
labyrinth (Simmons and Cross 2005), stress may have effects on Eomes function during
these periods.

Stress also induces HAND1 and CSH1 protein in a time-, dose-, and MAPK8/9-dependent
manner. CSH1 mRNA induction by stress (Liu et al. 2009) suggests that PRKAA1/2-
dependent loss of 1D2 (Xie et al. 2010; Zhong et al. 2010) must be complemented by stress-
induced upregulation of HAND1. Both events are known to be required during normal TSC
differentiation to produce CSH1 (Rappolee et al. 2010b; Xie et al. 2011a). Since HAND1
requires Eomes during normal development (Strumpf et al. 2005), stress-induced Eomes is a
precursor to HAND1 induction. It is likely that MAPKS8/9 directly induces and preserves
HANDZ1 protein as MAPK8/9 activity leads to increases in HAND1 mRNA (Abell et al.
2009; Xie et al. 2011b). Recently, it was shown that MEKK4—/— null mutant TSCs have
delayed CSH1 induction when TSC differentiation is mediated by FGF4 removal (Abell et
al. 2009). In this model, however, p38MAPK (MAPK11) inhibitors blocked CSH1 induction
in wild type TSCs when FGF4 is removed, but MAPKS8/9 inhibitors did not. The data here
suggest that stress-induced Eomes may be a necessary precursor to stress-induced HAND1
and CSH1 when TSCs are stressed in the presence of FGF4. Thus, MAPK8/9 may mediate
differentiation of stressed TSCs and MAPK11 may mediate differentiation with lower levels
of stress intrinsic to any culture model.

Stress-sensing enzymes may play a role in normal and stressed preimplantation
development. MAPK®8/9 are expressed in mouse and human placental cells (Zhong et al.
2004), and are activated by multiple cellular stress types in somatic cells (Gillis et al. 2001;
Kyriakis et al. 1995; Tibbles and Woodgett 1999; Woodgett et al. 1996a; Woodgett et al.
1996b) and in preimplantation embryos and their constituent TSCs (Wang et al. 2005; Wang
et al. 2009a; Xie et al. 2008; Xie et al. 2007a; Xie et al. 2006c; Xie et al. 2007b; Zhong et al.
2007). MAPKa®/9 is a p46/p54, single subunit protein kinase that activates c-Jun on ser63/
ser73 (Hibi et al. 1993) (Pulverer et al. 1991). MAPKS/9 is phosphorylated and localized to
the nucleus in mouse preimplantation embryos and TSCs (Xie et al. 2007b; Zhong et al.
2007), and human first trimester placental (Xie et al. 2006a) cell lines. The magnitude of
phosphorylation induced by seven embryo culture media is inversely proportional to rates of
embryo development (Wang et al. 2005). MAPK8/9 may also be responsible for cell cycle
arrest and apoptosis in placental lineage cells during implantation. Phosphorylated
MAPKS/9 controls slower growth of TSCs by mediating 100% of increased cell arrest and
70% of increased apoptosis (Zhong et al. 2007). MAPKS8/9 is induced by 400 mM sorbitol,
peaked at 0.5-4hr, and largely subsided by 12hr. Given that MAPK8/9 has a rapid peak at
0.5hr, and biological effects are often studied at 24hr, we used these time points to study the
time- and dose-dependent effect of hyperosmolar stress on Eomes.

To avoid problems with interpreting the specificity of MAPKS8/9 inhibitors, we used
SP600125 and LINKI1 (Bennett et al. 2001), two mechanistically and structurally unrelated
inhibitors. As these two MAPKS8/9 inhibitors inhibited stress-induced Eomes expression in
TSCs, it is unlikely that separate nonspecific effects mediated this inhibition. Thus
MAPKS/9 regulates transient Eomes induction and long term upregulation of HAND1 and
CSH1.

Embryo loss is greatest in the peri-implantation period (Cross et al. 1994) and embryos are
also susceptible to sublethal in vitro and in vivo stress effects, leading to post-natal
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consequences such as hypertension (Kwong et al. 2000) and learning disabilities (Ecker et
al. 2004). MAPKS8/9 is activated during assisted reproductive technology (ART), embryo
culture (Xie et al. 2006a) and embryo handling (Xie et al. 2007a). This activation is
associated with stress levels that decrease proliferation and increases apoptosis. Therefore,
sustained stress leading to loss of cell accumulation also leads to the molecular preparation
for differentiation. Interestingly, the stress of IVF embryo culture can lead to changes in
placental hormone production in the first trimester (Johnson et al. 1993), consistent with a
role of stress enzyme effects in aberrant differentiation.

Although CSH1 mRNA arises 5 days after FGF4 removal (Hughes et al. 2004), our data
(Liu et al. 2009) suggests that its expression is accelerated during stressed differentiation,
because CSH1 mRNA (and protein) is induced 6-24hr after 400mM sorbitol addition. Here
we show that CSH1 protein is detected in lysates at least as early as 10hr into 400mM
sorbitol exposure. CSH1 increase is dependent upon HANDZ, which in turn is dependent on
Eomes, but Eomes does not persist in the differentiated TGCs as HAND1 must. Stress-
induced Eomes decreases after 2hr, and by 24hr is less than in unstressed TSCs in which
CSHL1 synthesis is induced (Figure 3). Therefore, differentiation may emulate the organismal
survival response by TSCs as a model for the stressed implanting embryo. At high stress
doses that kills most TSCs, almost all surviving, stressed TSCs differentiate as part of an
organismal survival strategy (Rappolee et al. 2010a; Xie et al. 2011a). Eomes and HAND1
transcription factors and CSH1 protein are all induced by stress in a MAPK®8/9-dependent
manner that contributes to survival (Figure 8).

Conclusions

The predominant cell type in the implanting blastocyst is the TSCs, and a subpopulation
must differentiate after implantation to produce the first placental hormone. CSH1 mediates
the antiluteolytic response needed for survival of the conceptus. Stress causes a slower cell
cycle and apoptosis in preimplantation mouse TSCs. Therefore, proliferation and
differentiation defects in cytotrophoblasts early after implantation may lead to diseases of
placental insufficiency such as preeclampsia.

Immunocytochemistry and immunoblot suggest that transient increases in Eomes are
induced by hyperosmolar stress in a dose- and time-dependent manner. Two MAPKS/9
inhibitors block induction of Eomes by stress. MAPKS8/9 is also necessary to induce and
maintain HANDZ under stress, and both MAPK8/9 and PRKAA1/2 (AMPK) contribute to
CSH1 production from 10-30hr of stress. In contrast to Eomes, the induction of HAND1-
CSHL1 is permanent, not transient. MAPK®8/9 appears to mediate prioritized differentiation to
produce CSH1, and the first lineage arising from TSCs after implantation while other studies
suggest that MAPKS8/9 suppresses other TSC lineages arising after implantation.

Materials and Methods

Materials

Eomes (PAB-11141) antibodies were obtained from Orbigen (San Diego, CA). HAND1
(SC9413) antibodies were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA) while
CSH1 (AB1288) antibodies were from Chemicon (Temecula, CA). Anti-rabbit HRP-
conjugated antibody was purchased from Zymed Laboratories (San Francisco, CA). The
specific inhibitors for MAPK®8/9 (LINKI1 and DIJNKI1) were from Alexis (San Diego, CA)
while the chemical anthrapyrazolone (MAPKS/9 inhibitor SP600125) (Bennett et al. 2001,
Xie et al. 2006b; Zhong et al. 2007) was purchased from Calbiochem-EMD (San Diego,
CA). Compound C (C#171261) and AraA were purchased from Alexis/Calbiochem (San
Diego, CA). Fetal bovine serum and RPMI11640 were from Gibco (Grand Island, NY). BCA
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protein Assay kit was from Pierce (Rockford, IL). Hoechst 33258 stain was from Sigma
Chemical Co. (St Louis, MO). Amido black was from eBioscience, Inc. (San Diego, CA).
The primary antibody for actin (CS4967) was from Cell signaling (Danvers, MA). Enhanced
chemiluminescence (ECL) assay and Hybond nitrocellulose membranes were from
Amersham Bioscience (Aylesbury, UK).

Cell lines and culture conditions

The mouse TSCs were obtained from Dr. Rossant (Lunenfeld Research Institute, Ontario,
Canada) and cultured as described previously (Xie et al. 2005a), (Xie et al. 2005b). Sorbitol
was used as stressor because it activates stress enzyme responses in all stem cells and
embryos, and is a standard stressor for enzymologists (Rappolee 2007). Sorbitol (<400mM)
was used to produce hyperosmolar stress, as is commonly used in somatic cells (Ip and
Davis 1998; Zhong et al. 2007). TSCs were cultured until 70-80% confluent, and then
subject to hyperosmolar stress using sorbitol in the presence or absence of MAPKS8/9
(LINKI1 and SP600125) and PRKAAL/2 (Compound C and AraA) inhibitors. The
inhibitors were preincubated with TSCs for 3hr before stress was added to inhibit the
MAPKS8/9 PRKAA1/2 pools and during stress. Sorbitol at 400mM was chosen because it
induces peak MAPK8/9 and PRKAA1/2 activation in TSCs (Xie et al. 2007b; Zhong et al.
2010; Zhong et al. 2007).

Image J software was used to quantitate fluorescence by immunocytochemical means, or to
measure band signal intensity during Western blot analysis as done previously (Zhong et al.
2010).

Immunocytochemistry

For immunofluorescence, TSCs on coverslips were treated with 0-400mM sorbitol for 1—
24hr with or without LINKI1 or SP600215. TSCs were stained with primary Eomes or
CSHL1 antibody (diluted at 1:100 — 500), and by secondary antibody (polyclonal HRP
antibody diluted at 1:20000) as described previously (Liu et al. 2004; Xie et al. 2005b; Xie
et al. 2005c). No first antibody and non-immune 1gG specificity controls yielded similar low
backgrounds.

Western blot

Sodium dodecyl sulfate-polyacrylamide gel elecrophoresis (SDS-PAGE) and immunoblot
were performed as previously described (Wang et al. 2004; Xie et al. 2005b). For Eomes,
Hand1, and CSH1 immunoblots no first antibody controls were performed and yielded no
specific bands.

Statistical analysis

The data in this study represent at least three independent biological experiments and
indicated as mean+/—s.e.m. The statistical significance of differences between treated
samples was analyzed by One way analysis of variance (ANOVA) for continuous data with
more than two groups (SPSS 11.0). Dunnett t test, Duncan, and Student-Newman-Keuls post
hoc tests were used to analyze significance of pairwise comparisons. Groups were
considered to be significantly different if p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CSH1 chorionic somatomammotropin (also, placental lactogen 1 (PL1))
Eomes eomesodermin
FGF4 fibroblast growth factor 4
HAND1 heart and neural crest derivatives 1
1d2 inhibitor of differentiation 2
LJINKI1 Tat-JIP1 (SAPK inhibitor)
MAPKS8/9 mitogen activated protein kinase 8/9 (also, stress activated protein kinase/
jun kinase (SAPK/INK)
PRKAA1/2 AMP-activated protein kinase (also AMPK)
SP600125 anthrapyrazolone (SAPK inhibitor)
TSC trophoblast stem cell
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Figure 1.
Hyperosmolar sorbitol induces Eomes in TSCs in a MAPK8/9-dependent (MAPKS8/9-

inhibitor sensitive) manner. TSCs were incubated with 400mM sorbitol for O-1hr =
MAPKS/9 inhibitors LINKI1 or SP600125 (data not shown), fixed, and stained for Eomes.
TSCs were cultured for 1hr in media alone (A, B), with 400mM sorbitol (C, D), with
400mM sorbitol and MAPKS8/9 inhibitor LINKI1 (E, F), or LINKI1 alone (G, H), and
stained for Eomes. TSCs were incubate with 400mM sorbitol but developed without anti-
Eomes antibody. The micrographs in (B, D, F, H, and J) are Hoechst-stained nuclei
corresponding to the cells in (A, C, E, G, and I), respectively. The histogram shows mean
fluorescence intensity of 6 replicates of the panels shown in A-I as indicated. Error flags are
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SD of the means for the 6 replicates. Statistical analysis by ANOVA, with Duncan post hoc

test, compares the following pairs; (a) C to A (p=0.03), (b) E to C (p=0.004), (c) Eto A
(p=0.48), and (d) G to A (p=0.7).
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Figure 2.

Hyperosmolar stress of TSCs induces Eomes in a dose-dependent manner. TSCs were
incubated with the sorbitol doses shown for 1hr, and Eomes protein level was examined by
immunoblot. After treatments, equal amounts of protein were examined after size
fractionation by SDS-PAGE and blotting using Eomes and amido black. Histogram shows
the ratio of Eomes/Amido black intensity). Error flags are the standard deviations from three
experiments. (a) denotes that Eomes is induced to significantly higher levels (ANOVA, with
Dunnett t test, p<0.05) than unstressed TSCs at all sorbitol doses (p=0.01).
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Figure 3.

Sorbitol induces an early peak of Eomes at 60 to 120 minutes that subsides by 4hr and
returned to below baseline at 24hr. TSCs were cultured in 200mM Sorbitol for 0-24hr,
lysed, and fractionated by SDS-PAGE, and immunoblotted for Eomes or stained by amido
black as a loading control. In the histogram, error flags show the standard deviation for three
experiments. Overall ANOVA shows significant Eomes induction for all Sorbitol durations
between 60 and 120min when compared with unstressed TSCs at Omin, 30mins, 4hr and
24hr. Post hoc Dunnett t test shows Eomes is induced significantly at 60min—-120min (a)
(p<0.001), but that Eomes is not significantly different in the Sorbitol-treated group at 4hr.
Post hoc Dunnett t test shows no difference for Eomes when TSCs are stimulated by sorbitol
for 24hr (b) compared with unstressed TSCs at Omin.

Mol Reprod Dev. Author manuscript; available in PMC 2012 July 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Awonuga et al.

Page 16

—

TSC
2hr
S s = Eomes
— Actb
- - + Sorbitol
- = JNKJNK SP Inhibitor

e
O O = O N

Eomes/Actb
band intensity

Figure 4.

Hyperosmolar stress-induced Eomes expression in TSCs is MAPK8/9 dependent, as shown
by inhibition by two MAPKS/9 inhibitors, LINKI1 and SP600125. TSCs were stressed with
400mM sorbitol for 3hr with or without LINKI1 or SP600125, and assayed for Eomes by
immunoblot. After treatments, equal amounts of protein were examined after size
fractionation by SDS-PAGE and blotting using Eomes and ACTB antibody. Histogram
shows the ratio of Eomes/ACTB band intensity). Error flags are the standard deviations
from three experiments. (a) shows that Eomes is significantly increased by stress (Post hoc
Dunnett t test, p<0.001), and (b) shows that MAPKS8/9 inhibitors alone or MAPK inhibitors
in the presence of sorbitol are not significantly different than Eomes in unstressed cells
(ANOVA, p>0.55)
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Figure 5.
Stress due to sorbitol increases Hand1 and maintains it in a MAPK8/9-dependent way. TSCs

were incubated with increasing sorbitol (0, 50, 100, 200, 400, and 1,000mM) for 0.5h, and
Hand1 levels were examined using Western blot. After treatments, equal amounts of protein
were examined with immunoblots using HAND1 and Actb antibody (histogram shows the
ratio of Hand1/Actb band intensity). (a) shows a significant increase in HANDZ1 compared
with unstressed TSCs (ANOVA, with Dunnett t test, p<0.001); (b) shows a sorbitol dose
with not significant HAND1 increase, and no effect of MAPKS8/9 inhibitor on HANDL1 in
unstressed TSCs (ANOVA, p>0.6); and (c) shows a significant decrease in HAND1 when
MAPKS8/9 was inhibited in stressed TSCs (ANOVA, with Dunnett t test, p<0.001).
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Figure 6.

CSHL1 protein is induced in nearly all stressed TSCs in a time- and dose-dependent manner.
(A) CSH1 protein is induced in cultured TSCs by 100 or 400mM sorbitol. TSCs were
cultured in 0 (A) 100mM (B), or 400mM (C) sorbitol for 30hr and then fixed and stained for
CSH1 using indirect immunocytochemistry. In (D), 400mM sorbitol-treated TSCs were
probed without primary antibody. Triplicate biological experiments indicate that (a) stress at
100 or 400mM sorbitol induced significant amounts of CSH1 (post hoc Dunnett t test shows
p<0.01), (b, c) 100 and 400 were significantly different than each other (post hoc Dunnett t
test shows p<0.01). (B). CSH1 protein is induced in cultured TSCs by 50-400mM sorbitol
after 30hr. TSCs were cultured in 0, 50, 100, 200, or 400mM sorbitol for 30hr and lysates
were fractionated by SDS-PAGE, blotted, and stained for CSH1 and Actb. In (D), 400mM
sorbitol treated TSCs were probed without primary antibody. Triplicate biological
experiments indicate that stress induced significant amounts of CSH1 (a) at 50-400mM
sorbitol (post hoc Dunnett t test shows p<0.01). (C) CSH1 protein is induced in cultured
TSC by 10hr, but not by 10minutes. TSCs were cultured in 400mM sorbitol for 10minute or
10hr, and lysates were fractionated by SDS-PAGE, blotted, and stained for CSH1 and Actb.
Triplicate biological experiments indicate that stress induced significant amounts of CSH1
(a) at 10hr post hoc Dunnett t test shows p<0.01). In all panels, flags show standard error
mean across replicates.
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Figure 7.

CSH1 induction in TSCs is largely MAPK8/9-dependent. TSCs were cultured in 200 or
400mM sorbitol with or without DINKI1 (inhibitor of MAPK®8/9), or DINKI1 and
compound C (PRKAAL/2 [AMPK] inhibitor) for 24hr. After treatments, equal amounts of
protein were examined with Western blots using CSH1 and Actb antibody. Triplicate
biological experiments, with error flags showing standard error means, indicate that stress
induced significant amounts of CSH1 (a), but that DINKI1 diminished CSH1 induction (b),
DJNKI1 and compound C diminished CSH1 induction more than DIJNKI1 alone (c) (all by
post hoc Dunnett t test shows (p<0.01), and 200Mm induction was not significantly different
than 400mM sorbitol (d)(p>0.4)
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Figure 8.

Eomes, Hand1 and CSH1 transcription factor proteins are induced by stress in a MAPK8/9-
dependent manner. Four transcription factors work in sequence in the peri-implantation
embryo to first determine (e.g. TEAD4, CDX2) and then differentiation placental stem cells.
Eomes is required for Hand1 during normal development, and Hand1 is required for CSH1
and the terminally differentiated state.
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