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Stress-Induced Enzyme Activation Primes
Murine Embryonic Stem Cells to Differentiate
Toward the First Extraembryonic Lineage

Jill A. Slater,"?” Sichang Zhou,"2" Elizabeth Ella Puscheck, and Daniel A. Rappolee’?®°

Extracellular stresses influence transcription factor (TF) expression and therefore lineage identity in the peri-
implantation mouse embryo and its stem cells. This potentially affects pregnancy outcome. To understand the
effects of stress signaling during this critical period of pregnancy, we exposed cultured murine embryonic stem
cells (mESCs) to hyperosmotic stress. We then measured stress-enzyme-dependent regulation of key pluri-
potency and lineage TFs. Hyperosmotic stress slowed mESC accumulation due to slowing of the cell cycle over
72 h, after a small apoptotic response within 12 h. Phosphoinositide 3-kinase (PI3K) enzymatic signaling was
responsible for stem cell survival under stressed conditions. Stress initially triggered mESC differentiation after
4h through MEK1, c-Jun N-terminal kinase (JNK), and PI3K enzymatic signaling, which led to proteasomal
degradation of Oct4, Nanog, Sox2, and Rex1 TF proteins. Concurrent with this post-transcriptional effect was
the decreased accumulation of potency TF mRNA transcripts. After 12-24 h of stress, cells adapted, cell cycle
resumed, and Oct4 and Nanog mRNA and protein expression returned to approximately normal levels. The TF
protein recovery was mediated by p38MAPK and PI3K signaling, as well as by MEK?2 and/or MEK1. However,
due to JNK signaling, Rex1 expression did not recover. Probing for downstream lineages revealed that although
mESCs did not differentiate morphologically during 24h of stress, they were primed to differentiate by
upregulating markers of the first lineage differentiating from mESCs, extraembryonic endoderm. Thus, al-
though two to three TFs that mark pluripotency recover expression by 24 h of stress, there is nonetheless
sustained Rex1 suppression and a priming of mESCs for differentiation to the earliest lineage.

Introduction bryo. When placental trophoblast stem cells (TSCs), pre-

cursors to TGCs, were confronted with hyperosmotic stress

RANSCRIPTION FACTOR (TF) EXPRESSION and therefore

lineage identity in the peri-implantation embryo and its
stem cells may be influenced by extracellular stresses [1,2].
Perturbations of the embryo during the critical period of
implantation frequently lead to loss of the pregnancy [3.4].
Understanding the integration of stress enzyme signaling of
the developing embryo may help to improve early pregnancy
success rates, and avoid or mitigate long-term negative ef-
fects on the health of offspring.

In vivo, the earliest placental lineage to differentiate after
embryo implantation is trophoblast giant cells (TGCs).
TGCs maintain early pregnancy by producing the hormones
that stimulate uterine changes necessary to support an em-

in vitro, the stress enzymes that were activated modulated
lineage TF expression [2,5-7]. Nearly all surviving TSCs
terminally differentiated to first-lineage TGCs [5,7,8] and
later lineages were suppressed [5,8]. This would hypothet-
ically provide for the nutritional needs of the implanting
embryo but leave insufficient stem cells to populate the
other necessary placental lineages, jeopardizing long-term
survival of the embryo.

Murine embryonic stem cells (mESCs) derived from the
inner cell mass (ICM) of an E3.5 blastocyst are also highly
sensitive to extrinsic signaling [9]. Extracellular signal
regulated kinase (ERK) signaling can induce differentiation
of mESCs; its suppression allows pluripotent stem cells to
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be derived from refractory mouse strains, and also allows
the self-renewal of mESCs in culture [10]. Phosphoinositide
3-kinase (PI3K) regulates both the proliferation and pluri-
potency of mESCs, in part by its ability to maintain Nanog
expression [11]. p38MAPK signaling is necessary for me-
soderm development [12,13], and mESCs lacking c-Jun
N-terminal kinase (JNK)I1 fail to undergo neuronal differ-
entiation [14]. All of these enzymes may be activated by
external stressors, such as hyperosmotic stress [15]. There-
fore extrinsic stress signaling through stress enzymes may
influence the kinetics and/or lineage allocation of differen-
tiating mESCs.

Pluripotency in both mESCs and hESCs is maintained by
a network of TFs—Oct4, Sox2, and Nanog—which suppress
the differentiated state [16,17]. The TF Rex1 is another
common marker of the pluripotent state [18]. Toxicological
stressors can decrease potency in hESCs via a decrease in
Oct4, Sox2, and Rex1 that potentially leads to abnormal
differentiation [19].

Oct4 maintains pluripotency in part by suppressing tro-
phectoderm in both the ICM of the embryo and in the de-
rivative mESCs in culture [20,21]. A loss of 50% of Oct4
levels results in differentiation to trophectoderm, while a
50% increase above normal expression triggers differentia-
tion to the early appearing primitive endoderm (PrEndo)
[21]. This is a reflection of the transient higher levels of
Oct4 in the delaminating primitive endoderm derived from
ICM of the E3.5 blastocyst [22]. Recent evidence suggests
that Oct4 is required for differentiation of extraembryonic
endoderm (ExEndo) by non-cell autonomous fibroblast
growth factor (FGF)4 function and by cell autonomous
upregulation of ExEndo TFs [23,24]. Thus, small, transient
changes in Oct4 levels change the potency of mESCs and
stress may contribute to transient Oct4 regulation.

Nanog suppresses PrEndo and its derivative ExEndo ex-
pression in the blastocyst. High Nanog expression is found
only in pluripotent cells; low expression sensitizes mESCs
to differentiation signals, committing them to PrEndo and
later ExEndo lineages [25,26]. Rex1 expression correlates
strongly with pluripotency in mESCs [18]; its expression is
lost as mESCs differentiate to either PrEndo/ExEndo or the
later-appearing embryonic ectoderm (EmEcto) [27-29]. In
contrast to Oct4, Rexl-homozygous-null-mutant mESCs
can be isolated, but have a higher spontaneous differentia-
tion rate to all lineages [30]. In vivo, Rex/-null embryos
express some visceral endoderm markers at lower levels
[31], suggesting a role for Rex1 in ExEndo differentiation.

Therefore, cells of the ICM and its immediate successor
lineages, PrEndo and EmEcto, may be identified by measuring
the relative quantitative expression of potency TFs. The cur-
rent study used hyperosmotic stress to concurrently activate
multiple stress enzyme signaling pathways in mESCs. We
subsequently measured the stress-enzyme-dependent changes
in TFs Oct4, Nanog, Sox2, and Rex1 to reveal the impact of
stress on pluripotency. After screening 21 signaling kinases in
11 subfamilies using 14 inhibitors, 5 protein kinases (PKs)
were revealed to affect the kinetics and/or the allocation of
lineages from differentiating mESCs. While hyperosmotic
stress did not trigger morphological differentiation of
mESCs cultured in monolayer, it primed mESCs to initiate
first-lineage PrEndo/ExEndo differentiation, altering the
response of mESCs to differentiation cues.

SLATER ET AL.

Materials and Methods
Reagents

MG132, lactacystin, and sorbitol were from Sigma
(St. Louis, MO). Enzyme inhibitors 1.Y294002, UO0126,
PD98059, SB202190, AKTi, and L-JNKi-1 were from Cal-
biochem (La Jolla, CA). Amido black was from MP Biome-
dicals (Solon, OH). Rabbit polyclonal to mouse Octd
(sc-5279), goat anti-human Sox2 (sc-17320), anti-rabbit
MEKI1 (sc-219), and anti-mouse MEK?2 (sc-13159) antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
rabbit Nanog was from Chemicon/Millipore (AB5731; Bill-
erica, MA) and Rex 1 antibodies were from Abcam (AB28141;
Cambridge, MA). Anti-rabbit p38 (CS9212), phospho-p38
(Thr180/Tyr182 CS9211), JNK (CS9252), phospho-SAPK
(Thr183/Tyr185 (CS9251), phospho-MEK1/2 (Ser217/221
CS9121), ERKI1/2 (CS9102), phospho-ERK1/2 (Thr202/
Tyr204, CS9106), phospho-AKT (Ser473 CS2965), B-actin
(CS4967), and cleaved-caspase 3 (CS9664) antibodies were
from Cell Signaling (Beverly, MA). For real-time quantitative
PCR (RT-qPCR) we used the RNeasy Mini Kit for RNA
isolation and QuantiTect Reverse Transcription Kit, both from
Qiagen (Germantown, MD), and Fast SYBR Green Master
Mix from Applied Biosystems (Foster City, CA). RNA
primers (Oct4, Nanog, Rex 1, Dab2, Lrp2, and Fgf5) were from
Integrated DNA Technologies (Coralville, IA).

Cell culture and stimulation

mESC-D3 cells (ATCC, Manassas, VA) were cultured in
the absence of feeder cells in Dulbecco’s modified Eagle’s
medium (Gibco, Grand Island, NY) supplemented with 15%
mESC-screened fetal bovine serum (HyClone, Logan, UT),
2mM L-glutamine, 1 mM sodium pyruvate, 1 mM nones-
sential amino acids, 0.1 mM 2-mercaptoethanol (Sigma),
and 1,000 U/mL murine leukemia inhibitory factor (LIF;
Millipore, Temecula, CA) on 0.1% gelatin-coated dishes at
37°C in humidified air with 5% CO, [31]. mESCs were
cultured overnight after passaging before stimulation with
sorbitol. Osmolality was determined by freezing point de-
pression using Advanced Instruments Wide Range Osmo-
meter 3W2 (Advanced Instruments, Norwood, MA). One
liter of a very dilute aqueous solution at room temperature
very nearly has a mass of 1kg, so at low solute concentra-
tions (approximately <0.50 M), osmolarity and osmolality
are considered equivalent.

Enzyme inhibition

Enzyme inhibitors were chosen according to the speci-
ficity reported in the kinase inhibitor literature [32,33]. In-
hibitor concentrations were determined following dose
response experiments for each inhibitor based on the range
of concentrations determined from the mESC and kinase
inhibitor literature [32-37]. The single doses selected for
use in ongoing experiments and shown herein were the
lowest doses impacting Oct4 protein expression following
4 h of sorbitol exposure (as determined by western blot) with
minimal toxicity (as determined by phase microscopy).

Inhibitors were suspended in dimethyl sulfoxide (DMSO),
diluted to the proper concentrations, and preloaded for 1 h prior
to sorbitol stimulation. Vehicle-only control experiments were
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performed and expression of Oct4, Nanog, and Rex1 was de-
termined by western blot to be not significantly different from
nonvehicle control (data not shown). Inhibitor-only experi-
ments were performed for 24h to determine the impact of
enzyme inhibition on Oct4, Nanog, and Rexl expression
(Supplementary Table S1; Supplementary Data are available
online at www.liebertpub.com/scd). In 14/18 conditions, in-
hibitors had no effect on potency TF levels; in 2 conditions, the
inhibitors decreased expression by 20% and, in the remaining
2 conditions, TF expression was increased above baseline.
Inhibitor-only experiments were performed for 4 and 24 h to
determine the impact of enzyme inhibition on Oct4, Nanog,
and Rex1 expression. There were no significant differences in
expression after 4 h of inhibitor-only treatment (Oct4 P=0.78,
Nanog P=0.81, and Rex1 P=0.55; data not shown). There
were no significant differences in expression of Oct4 (P =0.23),
Rex1 (P=0.053), or 5/6 of the Nanog inhibitors (P =0.19) after
24h of inhibitor-only inhibition (Supplementary Table S1).
There was a significant effect on Nanog expression during 24 h
of PD98059-inhibitor-only treatment (P <0.001). However in
Table 2, PD98059 targets had no significant effect on the re-
covery of Nanog during 24 h of stress, the biological signifi-
cance of PD98059 inhibitor only is nil.

DMSO-only controls were also done. DMSO at 0.6% did
not impact Oct4, Nanog, and Rex1 expression at 4 or 25h.
This (0.6%) was higher than the highest diluent concentration
in any of our experiments (0.4% in the U0126 experiments).

Cell accumulation and apoptosis

Cell accumulation was assayed by counting cells using a
hemocytometer following trypan blue exclusion. mESCs
were trypsinized, plated, and cultured overnight to allow for
adaptation after passage. Time-zero counts were taken at
least 1 day after passage and all subsequent counts were
normalized to this. Apoptosis was measured by immunoblot
for cleaved caspase 3 [38].

Microscopy

Indirect immunocytochemistry was performed as de-
scribed previously [39,40]. Photomicrography was per-
formed using a Leica DM IRE2 automated epifluorescence
microscope (Wetzlar, Germany) controlled electronically by
Simple PCI Al software (Hamamatsu Corporation, Sew-
ickley, PA). All micrographs were taken at a magnification
of 100 %, except where indicated.

Western blot analysis

Sodium dodecyl sulfate—polyacrylamide gel electropho-
resis and western immunoblot analysis of mESC lysates
were performed as previously described [41]. Cells were
harvested with cold lysis buffer (Cell Signaling) and protein
was quantified by BCA assay (Pierce, Rockford, IL). Ten to
twenty micrograms of aliquots was fractionated on 10%
polyacrylamide precast gels (Bio-Rad, Hercules, CA),
transferred to nitrocellulose membranes (Amersham Bio-
sciences, Aylesbury, United Kingdom), probed overnight
with primary antibodies, and developed as previously de-
scribed [40]. Protein bands were visualized using the ECL
Advance Western Blotting Detection Kit (GE Healthcare,
Waukesha, WI), blot was scanned to obtain an electronic
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image, and intensity of protein bands was quantified using
Image J analysis software (rsbweb.nih.gov) and normalized
to amido black staining [42]. Data are expressed as the
change in expression relative to no treatment at time zero.

RT-qgPCR analysis

mESCs were trypsinized and harvested for RT-qPCR
analysis using a 7500 Fast Real Time PCR System (Applied
Biosystems). Total RNA was isolated from cell lysates using
RNeasy Mini Kit (Qiagen). RNA content was measured
using ND-1000 Spectrophotometer (NanoDrop and Ther-
moScientific, Wilmington, DE). Complementary DNA
(cDNA) was synthesized from 50 to 100ng of total RNA
using QuantiTect Reverse Transcription Kit (Qiagen) ac-
cording to manufacturer’s instructions, and diluted 1:5. One
microliter of cDNA template was added to 1 uL of both the
forward and reverse primers for each specific transcript and
10 uLL of Fast SYBR Green Master Mix (Applied Biosys-
tems) for the RT-qPCR. Primer sequences are shown in
Supplementary Table S2. Primer pairs were checked for
specificity using BLAST analysis and were checked by both
agarose gel electrophoresis and thermal dissociation curves
to ensure amplification of a single product, and to rule out
formation of primer dimers during the RT-qPCR. The RT-
gPCR cycling parameters were as follows: enzyme activa-
tion, 95°C for 20 s; denature, 95°C for 3 s; and anneal/
extend, 60°C for 30s for a total of 40 cycles.

The expression of the target genes was quantified against
that of two internal reference genes, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and 18s ribosomal
RNA subunit (18s rRNA). GAPDH was determined to be
the most stable of 10 reference genes tested during mESC
differentiation [43,44], and 18s rRNA was selected due to its
stability during hyperosmolar conditions in TSCs [8]. Fold
change was determined using the ddCt method [45]. Data
are expressed as the fold change in expression relative to no
treatment at time zero.

Statistical analysis

Results of these investigations were described as the mean +
standard error of at least three independent experiments. Data
were analyzed using SPSS v. 19.0. In some cases, hypotheses
were restated and additional replicates with increased numbers
of controls were done to obtain higher statistical confidence.
Thus, the sample size for each data point in some figures may
vary. Statistical analysis consisted of ANOVA with Student-
Newman-Keuls post hoc tests, or Kruskal-Wallis nonpara-
metric ANOVA tests (due to non-normal distribution of data),
followed by Mann—Whitney tests on each pair of groups with
Bonferroni correction of the P-value. Groups were considered
to be significantly different if P <0.05.

Results

mESC growth and colony morphology
during hyperosmotic stress

Previous work in our lab established 400 mM sorbitol as the
dose that induced the highest levels of stress enzyme activity
and function in mouse TSCs and embryos [41,46,47]. Our
mESC studies therefore began with this dose, but it proved to
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be lethal in mESCs (Fig. 1A). We then established 200 mM
sorbitol as the nonlethal experimental dose, and tested effects
of this dose on mESC proliferation and apoptosis. Osmolality
was measured at 330+4 mOsm/kg H,O before sorbitol addi-
tion (described in ‘‘Materials and Methods’* section) [46], and
531+7 mOsm/kg H,O after addition of 200 mM sorbitol. At
low solute concentrations, osmolality and osmolarity can be
considered equivalent, because the mass of 1 L of a dilute
aqueous solution is very close to 1kg. The osmolarity of
mouse uterine fluid has been reported as 330 mOsm [48]. Thus
our baseline media were isotonic with uterine fluid.

To establish the optimal, nonmorbid hyperosmotic dose,
mESCs were cultured for 72h in three experimental con-
ditions: isosmotic media+ LIF, isosmotic media—LIF, and
hyperosmotic media+LIF. Cell counts were done (Fig. 1B)
and micrographs were taken at 24, 48, and 72 h of culture
(Fig. 1D). Stress slowed growth rates from an overall dou-
bling rate of 17.4h in untreated cells+LIF to 30.8h in
treated mESCs (Fig. 1C).

200mM

Doubling rate (hr)
+LIF -LIF +LIF
-sorbitol | -sorbitol | +sorbitol

14.9 224

24-48 19.5 427
4872 17.1 20.8 34.8
Overall 17.4 18.0 30.8
E [ —— - Cleaved
caspase 3
+~ Amido
0 1 2 4 6 24
Time (hr)

24hr

Ohr 2hr
Cleaved
caspase
3
- + +

Sorbitol

Hoechst

FIG. 1.
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To test whether the reduced accumulation of cells during
stress was the result of slowing of the cell cycle or apoptosis,
we assayed for apoptosis by probing for the small cleavage
product generated when caspase 3 is activated. It has been
reported that mESCs do not express a functional death ligand
(Fas/FasL) system [49]. Nevertheless, caspase 3 is activated
in both the extrinsic (ie, extracellular induction) and intrinsic
(mitochondrial) apoptotic pathways. This cleavage product
was detected following 1-2h of stress (14% of cells; Fig. 1E),
and occasionally at 4 h, but by 6-24 h the remaining cells had
adapted to the stress with cleaved-caspase 3 detected in fewer
than 5% of cells by immunofluorescence, and no protein
detected by immunoblot. mESC survival in hyperosmotic
conditions was dependent on PI3K signaling (Fig. 1F); inhi-
bition of PI3K with LY294002 led to massive cell death of up
to 90% of mESCs during 24 h of hyperosmotic stress. Thus
this level of hyperosmotic stress produced transient apoptosis
followed by diminished but positive cell growth and survival
that was PI3K dependent.

B §2°“‘ —o--LIF, -sorbitol
E‘ 15 -=+LIF, -sorbitol
= J ——+LIF, +sorbitol (200mM)
£ 10
3 .
=
3 5'i
% |
o 0 . ; )
06 24 48 72

Time (hr)

LIF + + -
Sorbitol = + -
(200mM)

F - sorbitol ____+sorbitol

- LY29002

+LY29002

Hyperosmotic stress effects on cell proliferation in murine embryonic stem cells (mESCs). (A) mESCs were

cultured in the presence of 0—400 mM sorbitol for either 4 or 24 h and transmitted light micrographs were taken. (B) mESCs
were cultured *leukemia inhibitory factor (LIF) and +200 mM sorbitol for 0-72 h. mESCs were trypsinized and counted
with a hemocytometer following trypan blue exclusion. Error flags represent standard error of the mean, n>3. (C) Doubling
rates were calculated and tabulated from cell counts in (B). (D) mESCs were incubated in the presence of LIF +200 mM
sorbitol for 24, 48, or 72h and transmitted light micrographs were taken. (E) mESCs were cultured in the presence of
200 mM sorbitol for 0-24 h. In some wells, cells were lysed, and proteins were fractionated using sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE), blotted, and probed for the presence of the caspase 3 cleavage product
(n=3). Time-matched cells were fixed, and stained for the cleavage product of caspase 3 with Hoechst staining of the
nuclei. (F) mESCs were cultured for 24 h + sorbitol (200 mM), £ phosphoinositide 3-kinase (PI3K) inhibitor, and LY294002
(25 uM); transmitted light micrographs were taken. All micrographs were taken at 100x. Scale bar=50 pm.
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FIG. 2. Activation of p38, MEK1/2, c-Jun N-terminal ki-
nase (JNK), and AKT by hyperosmolarity. mESCs were incu-
bated in 200 mM sorbitol for 0—-60 min to detect kinetics of
enzyme activation. Cells were lysed and proteins were frac-
tionated using SDS-PAGE, blotted, and probed for phospho-
p38 (Thr180/Tyr182), phospho-INK (Thr183/Tyr185), phos-
pho-MEK1/2 (Ser217/221), or phospho-AKT (Ser473). Blots
are representative of triplicate experiments. Phospho-proteins
and their loading controls are grouped between black lines.

Hyperosmotic activation of signaling enzymes

A small subset of the 500 PKs in the kinome typically
respond to stress stimuli, suggesting these as candidates for
mediating cellular responses to hyperosmotic stress [2,50].
After screening 21 signaling kinases in 11 subfamilies using
14 inhibitors, 5 kinases in the mitogen activated protein ki-
nase (MAPK) and PI3K families were identified as producing
differentiation-priming effects in hyperosmotic conditions.
To determine the kinetics of activation of these five kinases in
our system, mESCs were treated with 200 mM sorbitol for
1 h. Expression levels of the activated (ie, phosphorylated)
enzymes were assayed by western blot analysis (Fig. 2), in-
cluding phospho-p38MAPK, phospho-JNK, phospho-MEK1/
2, and phospho-AKT (the downstream effector of PI3K sig-
naling). Activated p38MAPK was first detected at 10 min of
stimulation; activation persisted throughout 1h of stimula-
tion. Similarly, activated JNK was first detected at 20 min of
stimulation, and persisted throughout 1 h of stimulation. Ac-
tivated MEK1/2 and activated AKT were present endoge-
nously at low levels at time zero; sorbitol stimulated higher
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activation levels of each. Increased MEK1/2 activation was
stimulated within the first 10 min of stress exposure, but re-
turned to baseline levels by 20min. In contrast, increased
AKT activation occurred by 20-30 min of stimulation, and
persisted through 1h of sustained stress exposure.

Efficacy of enzyme inhibitors. Efficacy of the pharmaco-
logical inhibitors for these enzymes was tested under stress
conditions (Fig. 3). LY294002 and AKTi inhibited AKT acti-
vation by an average of 88% and 95%, respectively. PD98059
directly inhibits new MEK1 activation; we determined its ef-
ficacy by measuring the activation of MEK1’s downstream
targets, ERK1/2. PD98059 inhibited ERK1/2 activation by an
average of 30%. This is consistent with the literature that de-
scribe the mechanism of action of PD98059; it binds to inac-
tive MEK1 thus preventing new activation, but does not shut
off endogenously active MEK1 [51]. U0126 blocks MEK1/2
activity, preventing phosphorylation of downstream targets,
ERK1/2 [52]. U0126 inhibited ERK1/2 activation by an
average of 87%. SB202190 inhibited p38MAPK activation by
an average of 60%. L-JNKi-1 inhibited JNK activation by an
average of 50%. Thus highest inhibition and specificity was
identified and attained in line with the encyclopedic testing by
Bain et al. [53,54].

Hyperosmotic stress modulated expression
of TF markers of pluripotency

mESCs were treated with 200 mM sorbitol for 24 h to test
for stress-induced differentiation through loss of potency
TFs and/or gain of TFs that mark differentiated lineages
PrEndo/ExEndo or EmEcto. Figure 4A illustrates the rela-
tive expression of these TFs in the undifferentiated ICM,
modeled by mESCs, and each of the potential downstream
lineages of mESCs, PrEndo that gives rise to other ExEndo
lineages, and EmEcto. Expression levels of Oct4, Sox2, Na-
nog, and Rex1 were determined at multiple time points up to
24h by western blot analysis and RT-qPCR. Hyperosmotic
stress rapidly activated the differentiation program, with ex-
pression of Oct4, Nanog, Rex1, and Sox2 TF proteins de-
creasing within the first hour and reaching a nadir between 2
and 4h of continued stress (Fig. 4B). The nadir of Nanog
expression was more variable than the other three TFs, oc-
curring as early as 2 h in some experiments or as late as 6 h of
stress. By 6 h, the overt differentiation program was aborted,
and the decline in Oct4, Sox2, and Nanog expression halted.
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FIG. 3. Efficacy of enzyme inhibitors during hyperosmotic stress. mESCs were incubated for 4h in the presence of
200 mM sorbitol with or without one of the enzyme inhibitors SB202190 (p38), PD98059 (MEK1), U0126 (MEK1/2), L-
IJNKi-1 (JNK), AKTi (AKT), or LY294002 (PI3K). Cells were lysed and proteins were fractionated using SDS-PAGE,
blotted, and probed for phospho-p38 (Thr180/Tyr182), phospho-JNK (Thr183/Tyr185), phospho-ERK1/2 (Thr202/Tyr204),
or phospho-AKT (Ser473). Blots are representative of triplicate experiments.
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FIG. 4. Hyperosmotic stress in mESCs impacts transcription factor expression at protein and mRNA levels. (A) The inner
cell mass (ICM) of the blastocyst coexpresses Oct4/Rex1/Nanog in pluripotent cells at E3.5. After E3.5 a Rex1 subpop-
ulation delaminates from the ICM and expresses primitive endoderm (PrEndo) marker, Lrp2, at E3.5 and extraembryonic
endoderm (ExEndo) marker, Dab2, at E4.5. At E4.75, Rex1 decreases in the remaining cells of the ICM and, by ES5.5,
fibroblast growth factor (FGF)S5 is expressed in embryonic ectoderm (EmEcto). Upward arrow indicates that expression is
maintained or increasing; downward arrow means that expression is decreasing or absent. (B) mESCs were incubated in
200 mM sorbitol for 0-24 h and lysed. Proteins were fractionated using SDS-PAGE, blotted, and probed for Oct4, Sox2,
Nanog, or Rex 1. Histograms show relative expression of each protein when normalized to amido black. (C) Total RNA was
isolated and subjected to reverse transcription to form complementary DNA (cDNA). Real-time quantitative PCR (RT-
gPCR) was performed with Oct4, Nanog, and Rex1 primers. Histograms represent relative fold change in mRNA expression
using the ddCt method. (D) mESCs in monolayer were incubated t*sorbitol and +LIF for 24h. Dab2, Lrp2, and Fgf5
mRNA transcript levels were examined by RT-qPCR. Histogram shows the relative fold changes when compared with time
zero, no stress. Error flags are the standard error of the mean (n=3). ““a” Indicates significant difference for sorbitol +LIF
compared with LIF—at 24 h. (P<0.05, ANOVA and Student-Newman-Keuls post hoc tests). (E) mESCs were treated with
sorbitol for 72h, fixed, and probed for Nanog. Micrographs taken at 40x. Scale bar =50 pm. Error bars represent standard
error of the mean (n=3); “*” Denotes a significant difference from the Oh untreated control; “a” denotes significant
difference when compared with 4 h+sorbitol time point. “‘b” Indicates that the expression nadir (variable in Nanog) was
significantly different from the unstressed mESCs at time zero (4 and 6 h were chosen to represent the nadir in this histogram).
ANOVA + Student-Newman-Keuls post hoc tests, P<0.05. In (A) and (D) diagonal lines indicate primitive endoderm starting
at E3.5 through extraembryonic endoderm at E5.5 and vertical lines indicate primitive ectoderm starting at ES.S.



HYPEROSMOTIC STRESS PRIMES EMBRYONIC STEM CELL DIFFERENTIATION

Over the next 2-20h, expression of these three TF proteins
rebounded toward the unstressed baseline with both Sox2 and
Nanog achieving complete, robust recovery to their pre-
stressed protein levels (Fig. 4B). Because Nanog, Oct4, and
Rex1 expression was adequate to identify mESC or subsequent
lineages, we did not continue to measure Sox2 expression.
Nanog and Oct4 recovery was maintained through 72h of
ongoing stress (Fig. 4E, Oct4, data not shown). Recovery at the
mRNA level also occurred, with both Oct4 and Nanog moving
toward their unstressed baseline, although this recovery had
not reached significance at 24 h (Fig. 4C).

In contrast, Rex1 protein levels did not rebound, remaining
at <40% of their unstressed levels throughout the 24-h time
course (Fig. 4B). Rex] mRNA levels, however, recovered to
about 70% of their unstressed levels by 24 h (Fig. 4C). Overall,
stress induced a rapid, transient loss of protein and mRNA in
potency TFs, but this loss was reversed in some TFs as mESCs
adapted to the stress. Rexl protein was exceptional in its
persistent stress-induced suppression through 24 h.

Hyperosmotic effects on lineage markers
during monolayer cell culture

The persistent suppression of Rex1 during hyperosmotic
stress suggested that some mESCs were differentiating to
PrEndo/ExEndo or EmEcto. We therefore used RT-qPCR to
look at markers of these lineages after 24 h of hyperosmotic
stress in a monolayer culture system (Fig. 4D). We selected
Lrp2, which arises in the E3.5 PrEndo [24,55], and Dab2,
which arises in the E4.5 ExEndo [24,56], as PrEndo/ExEndo
markers, and Fgf5, which arises in the ES.5 EmEcto [57,58],
as the EmEcto marker (Fig. 4A). We compared mRNA
expression in stressed mESCs with LIF with that of both
unstressed mESCs cultured in the presence of LIF (a pluri-
potent control) and unstressed mESCs cultured following LIF
removal (a differentiation control).

Sorbitol induced significantly higher levels of Lrp2 and
Dab2 expression compared with either of the time-matched
controls (Fig. 4D). In contrast, although 24 h of LIF removal
was sufficient for unstressed cells to upregulate the EmEcto
marker Fgf5, the presence of sorbitol suppressed this upre-
gulation in stressed cells. Thus, the stress-induced loss of
Rex1 correlated with upregulation of markers of the early
appearing PrEndo/ExEndo lineages, but suppression of the
later EmEcto lineage marker.

Hyperosmotic-stress-induced loss of potency TFs
due to proteasomal degradation

To determine the mechanism of TF protein loss during
stress, we treated mESCs with one of two proteasome inhibi-
tors, MG132 (Fig. 5) and lactacystin (Supplementary Fig. S1).
Both inhibitors prevented the stress-induced loss of Oct4, Na-
nog, and Rex1. Oct4 loss was reversed by 75%, Nanog by 93%,
and Rex1 by 310% in 4 h of proteasome inhibition by MG132.

MEKT1 and other enzymes trigger mESC initial
stress response: initiation of differentiation program

mESCs were cultured in the presence of pharmacological
inhibitors and hyperosmotic stress for 4h to identify the
enzymes that mediated the stress-induced loss of potency TF
proteins, reported in Figure 4B. The complete results of p38,
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FIG. 5. MGI132 proteasome inhibitor effects on Oct4,
Nanog, and Rex! during sorbitol stimulation of mESCs.
mESCs were treated for 4h with 0 or 200 mM sorbitol
+ 10 pM MG132 and then lysed. Total cellular protein was
fractionated using SDS-PAGE, blotted, and probed for Oct4,
Nanog, or Rex1. Error bars represent standard error of the
mean (n=3); “*” Denotes a significant difference from
the untreated control; “‘a’” denotes significant difference
when compared with 4 h+ sorbitol time point. ANOVA and
Student-Newman-Keuls post hoc tests: Oct4d P <0.002;
Nanog P <0.005; and Rex1 P<0.001.

JNK, MEK1/2, and PI3K inhibition during 4h of hyper-
osmotic stress in mESCs are summarized in Table 1.

MEKI activation triggered a loss of expression of all
three TFs; when its stress-induced activation was prevented
by PD98059, expression of both Oct4 and Rex1 remained at
the unstressed baseline, while Nanog expression increased
to 2.5 times its unstressed level (Fig. 6A). This effect was
repeated for Rex1 during inhibition with the MEK1/2 in-
hibitor U0126 (Fig. 6B); due to inhibition of both MEKI1
and MEK2 during stress exposure, Rexl expression re-
mained at unstressed levels. This suggests that MEK1 was
the regulator of Rex1 protein destruction during stress.

In contrast, MEK1/2 inhibition with U0126 did not pre-
vent Oct4 or Nanog loss during stress for 4h (Table 1).
Instead, inhibition of MEK1/2 kinase activity allowed even
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TABLE 1. TRANSCRIPTION FACTOR EXPRESSION LEVELS
DURING 4H oF HYPEROSMOTIC STRESS + ENZYME
INHIBITION IN MESC MONOLAYER CULTURE

4-h Inhibition Oct4 Nanog Rexl

Unstressed 1.00£0.00 1.00£0.00 1.00£0.00

Stress only (S) 0.52+£0.03*  0.65+0.07*  0.63%0.06"

PD98059 0.93£0.09°  2.57+0.50*" 1.20+0.05
(MEK1)+S

U0126 0.44+0.13% 0.24£0.02*"  0.98+£0.04°
(MEK1/2)+S

SB202190 0.81+0.21 0.52+£0.12*  0.59+0.23"
(p38)+S

L-JNKi-1 0.21+0.04*"  1.08+0.11"  0.47+0.04*
(JNK)+S

LY294002 0.92+0.12°  0.55%£0.10°  0.36+0.14*
(PI3K)+S

AKTi+S 0.57£0.05*  047+0.06° 0.43+0.14"
Values represent percent of unstressed expression.
“‘Means statistically different from unstressed.
PMeans statistically different from “stress only,” n>3, ANOVA

and Student-Newman-Keuls post hoc tests, P <0.05.
JNK, c-Jun N-terminal kinase; PI3K, phosphoinositide 3-kinase.

greater loss of these two TFs. Therefore a U0126 target that
is not targeted by PD98059, putatively MEK2, protected
Oct4 and Nanog from being completely lost during stress.
This indicates that the targets of U0126 and PD98059 pro-
duce opposite effects on pluripotency, and perhaps interact
negatively with each other.

Several other enzymes were also implicated in the stress-
induced loss of potency TFs. PI3K signaling led to loss of Oct4
expression during the first 4h of stress; its inhibition with
LY294002 prevented the stress-induced loss of Oct4 (Fig. 6B).
This effect was not mediated through the AKT pathway, as
specific inhibition of AKT did not prevent Oct4 loss (Table 1).
When both PI3K and MEKI1 signaling was inhibited simul-
taneously, Oct4 levels did not rise significantly above baseline

SLATER ET AL.

(data not shown). This suggests that both PI3K and MEK1 use
a common pathway to destroy Oct4 protein under stress con-
ditions. A third stress enzyme, JNK, was involved in the loss of
Nanog expression during stress; its inhibition allowed Nanog
expression to be preserved during stress (Fig. 6B).

P38MAPK and other signaling kinases produced

mESC adaptive response to hyperosmotic stress:
differentiation program aborted, and pluripotency
restored at 24 h

We next tested the enzymatic mechanisms that mediated
the recovery of potency TF proteins during stress that per-
sisted for 24 h. mESCs were cultured in the presence of
hyperosmotic stress for 24 h with or without pharmacolog-
ical inhibitors of PKs; the complete results of p38SMAPK,
JNK, MEK1/2, and PI3K inhibition during 24h of hyper-
osmotic stress are summarized in Table 2. p38MAPK sig-
naling mediated the recovery of Oct4 and Nanog proteins to
their unstressed baselines during 24 h of stress (Fig. 7A).
When stress-induced activation of p38MAPK was prevented
by SB202190, Oct4 expression did not recover from its 4-h
nadir of 50% of unstressed levels. Similarly, Nanog ex-
pression during ongoing stress decreased to 10% during
p38MAPK inhibition. Micrographs of p38MAPK-inhibited
mESCs are shown in Figure 7B; although 24 h is not ade-
quate to see outright differentiation, the colonies do appear
to show the initial signs of differentiation, with some mi-
gration of cells away from the colonies, larger cobblestone
cells characteristic of ExEndo [59], and more projections of
the cells along the colony borders. Thus, p38MAPK inhi-
bition affected the stress-induced changes in morphology
and appeared to enable stress-induced differentiation.

Inhibition of both MEK1 and MEK2 with U0126 also
prevented Oct4 recovery (Fig. 7C), whereas inhibition of
only MEK1 with PD98059 did not prevent Oct4 recovery

FIG. 6. Enzymes activated A g _ 12 3.5 *a 14 a
during 4h of hyperosmotic 22 1 3 T 1.2

stress initiate the differentiation 25 08 2.5 1

program in mMESCs. mESCs g2 0.6 2 1 0.87

were incubated in 200mM sor- o cs 0.4 1.54 0.6

bitol for 0-4h with or without ~||\¢” @ g 0' M 1 0.4

the presence of (A) PD98059 4 Sl 0.5 0.2

(10pM), or (B) LY294002 0 . 0 0

(25 uM), L-INKi-1 (2 uM), or Oct4  je= == Nanog e s @ .1 0 s
U0126 (40 uM). mESCs were Amido E - N N T ——
lysed, and proteins were frac- Sorbitol = + +  Sorbitol - + +  Sorbitol - + +
tionated using SDS-PAGE, PD98059 = - + PD98059 - - + PD98059 - - +
blotted, and probed for Oct4,

Nanog, or Rexl. Histograms B _ 1.4 .
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amido black expression. Error S > 0.8

flags represent standard error of o 0.61

the mean (n>3). “*”” Denotes '% 8 0.44

significant difference from un- o8 0.21
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significant difference from Oct4 Nanog # &35 s ;

stress-only time point. ANOVA Amido [ Amido —— —— —— AMidO jmmms———
and  Student-Newman-Keuls Somitol - + + Sorbitol - + 4 Sobitol -+ 4+
post hoc tests (P <0.05). LY29002 = - + LJNKH - - + ULot2zé - = +
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TABLE 2. TRANSCRIPTION FACTOR EXPRESSION LEVELS
DURING 24H oF HYPEROSMOTIC STRESS + ENZYME
INHIBITION IN MESC MONOLAYER CULTURE

24-h Inhibition Oct4 Nanog Rexl

Unstressed 1.00+0.00 1.0040.00 1.00+0.00

Stress only (S)  1.03+0.16 1.15+0.20 0.35+0.08"

PD98059 0.78+0.06  0.80£0.09 0.51+0.01°
(MEK1)+S

U0126 0.27+0.03*®  0.67+0.32 0.31+0.12°
(MEK1/2)+S

SB202190 0.51£0.07*®*  0.10£0.01** 0.19+0.07°
(p38)+S

L-JNKi-1 0.91+0.15 0.71£0.15 0.89+0.08°
(INK)+S

LY294002 0.65+0.08 0.44+0.07*° 0.00*°
(PI3K)+S

AKT1+S 0.84+0.19 0.97+0.03 0.44 +0.04*

Values represent percent of unstressed expression.

“Means statistically different from unstressed.

"Means statistically different from “stress only,”” n>3, ANOVA
and Student-Newman-Keuls post hoc tests, P<0.05.

(Table 2). When taken together with the U0126 results at 4h
of hyperosmotic stress, this suggests that the unique U0126
target(s), putatively MEK2, plays a role in preserving plur-
ipotency during adaptation to stress conditions after 4 h. Si-
milarly, PI3K signaling played a role in Nanog recovery during
ongoing stress; its inhibition prevented Nanog recovery.

JNK-dependent signaling produced persistent
suppression of Rex1 during 24 h of hyperosmotic
stress

In contrast to the p38MAPK-dependent effects on Oct4 and
Nanog during 24 h of hyperosmotic stress, p38MAPK signaling
was not able to reverse Rex1 suppression, neither was PI3K
signaling (Fig. 8A). Instead, JNK signaling suppressed Rex1
expression during 24 h of hyperosmotic stress (Fig. 8A). To test
whether the stress-induced suppression of Rex1 was reversible,
mESCs were subjected to only 4 h of hyperosmotic stress and
then returned to iso-osmotic media. Rex1 expression at 24 h
recovered to baseline; this indicates that continued stress was
required for persistent Rex1 suppression (Fig. 8B). The persis-
tent suppression of Rex1 throughout the duration of stress
stimulation suggests that at least a subpopulation of mESCs may
be primed by stress for differentiation by maintaining chronic
Rex1 loss as well as transient loss of Oct4, Nanog, and Sox2.

Discussion

In this study, the level of hyperosmotic stress analyzed
slowed mESC accumulation due to slowing of the cell cycle,
not ongoing apoptosis. PI3K signaling was responsible for
cell survival under these stress conditions. Stress initially
triggered mESC differentiation through MEKI, JNK, and
PI3K signaling, leading to proteasomal degradation of Oct4,
Nanog, Sox2, and Rex1 proteins. Concurrent with this post-
transcriptional effect were the stress-induced decreased levels
of their mRNA transcripts. In addition to the increase in
degradation of potency TF proteins and decrease in mRNA
transcript levels reported here, suppression of new translation
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is also caused by the levels of hyperosmotic stress used here
[60]. Simultaneous increases in protein degradation rates and
decreases in synthesis rates enable rapid changes in the cel-
lular “‘stemness” program. However, as stress at levels
studied here continued beyond 4 h, cells adapted, cell cycle
resumed, and Oct4 and Nanog mRNA and protein expression
returned to near normal levels by 24 h. The recovery of po-
tency TF proteins was mediated by p38MAPK and PI3K
signaling, as well as by that of an unknown MEK1/2 inhibitor
target. Rex1 protein levels, however, did not recover; its
persistent suppression was due to stress-induced JNK sig-
naling. Table 3 summarizes the enzyme effects reported in
this study.

Stress-induced loss and regain of four potency TFs in
mESCs by enzymes was characterized for the first time in
these studies. MEK 1 mediated potency loss at the 4-h nadir of
Oct4 and played a role in regain of Oct4, Nanog, and Rex1
from 4 to 24 h. The mediator of regain of Oct4 by MEK1/2 is
not clear. However, MEK1 is a weaker enzyme that blocks the
stronger enzyme MEK?2 in a heterodimer [61], and both MEK 1
and MEK2 are expressed in TSCs/ESCs/blastocysts [39] and
should heterodimerize. One possible interpretation is that
PD98059 suppresses MEK1 and reactivates MEK?2 that re-
verses stress-induced Oct4 loss from 0 to 4 h. U0126 inhibits
both but importantly MEK?2, blocking Oct4 recovery from 4 to
24 h. We hypothesize that MEK2 protects Oct4 from O to 4 h
unless MEK1 activity is dominant and reverses Oct4 loss from
4 to 24 h if MEK2 activity becomes dominant (Table 3). Ac-
tivity and chemical inhibitor data for MEK1 and MEK2 sup-
port this but further attempts to test this hypothesis using
siRNA to MEK1 and MEK?2 failed due to insufficient speci-
ficity of the knockdowns (data not shown).

JNK mediates both Nanog loss from 0 to 4h and con-
tinuing Rex1 loss between 4 and 24 h. Both JNK-dependent
effects would mediate predisposition toward endoderm,
which is suppressed by Nanog [24,62,63], although Rex1
may mediate later ectoderm and specific subtypes of ex-
traembryonic endoderm [30,31]. Interestingly, JNK priori-
tizes differentiation of TSCs stressed by hyperosmotic
sorbitol, benzopyrene, or hypoxic O, below 2%, by inducing
first lineage [5,7,64] and suppressing later lineages [5]. INK
appears to mediate stress-induced endoderm, the first line-
age arising from ESCs, but it remains to be determined
whether JNK suppresses later lineages.

In stressed ESCs, first-lineage markers show that nutrient
acquisition is a function associated with the increased ex-
pression of Lrp2 and Dab2 in the primitive endoderm. Lrp2
marks the earliest allocation of primitive endoderm in the E3.5
blastocyst and is accompanied by a suite of other proteins, such
as cubilin and megalin, that are also expressed in the earliest
ExEndo in the blastocyst and are part of lipid uptake mecha-
nisms shared by many absorptive epithelia [23,65-68]. Dab2
arises during primitive endoderm lineage fixation at E4.5 and
anchors the absorptive complex in the apical surface where it
may function to feed the endoderm and adjacent ICM in the
blastocyst or inner stem cells subjacent to the outer visceral
endoderm of embryoid bodies [23,69]. Biochemical evidence
and evidence from the first peri-implantation-null lethals that
were endoderm specific resulted in death of the overlying
primitive ectoderm by E6.0 suggest that the early endoderm
feeds the embryonic ectoderm (reviewed in Rappolee [70]).
Thus, induction of both Lrp2 and Dab2 by stress suggests that a
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FIG. 7. p38MAPK rescues
pluripotency of mESCs during 24 h
of hyperosmotic stress. (A) mESCs
were incubated +200 mM sorbitol
for 0-24h and =p38 inhibitor
SB202190 (10 pM). mESCs were
lysed, and proteins were fraction-
ated using SDS-PAGE, blotted,
and probed for Oct4 or Nanog. (B)
Phase micrographs of mESCs
following 24h of culture in the
presence/absence of stress and
p38MAPK inhibitor, SB202190.
Scale bars=50pm. (C) mESCs
were incubated =200 mM sorbi-
tol for 0—24 hteither U0126 or
LY294002 (25uM). mESCs
were lysed and proteins were
fractionated using SDS-PAGE,
blotted, and probed for Oct4 or
Nanog. Histograms show relative
expression of each protein when
normalized to amido black ex-
pression. Error flags represent
standard error of the mean (n2>3).
“*” Denotes significant difference
from unstressed mESCs.
dicates significant difference from
stress-only time point. ANOVA
and Student-Newman-Keuls post
hoc tests (P <0.05).
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FIG. 8. JNK-dependent signaling suppressed Rex1 expression during 24 h of hyperosmotic stress. (A) mESCs were incu-
bated 200 mM sorbitol for 0-24 h=x (A) p38MAPK inhibitor SB202190 (10 uM) or PI3K inhibitor LY294002 (25 pM); or
JNK inhibitor L-JNKi-1 (2 uM). mESCs were lysed, and proteins were fractionated using SDS-PAGE, blotted, and probed for
Rex1. Histograms show relative expression of each protein when normalized to amido black expression. Error flags represent
standard error of the mean (n>3). ““*” Denotes significant difference from unstressed mESCs. ““a” Indicates significant
difference from stress-only time point. ANOVA and Student-Newman-Keuls post hoc tests (P<0.05). (B) To test the
reversibility of the Rex1 loss during sorbitol stress, mESCs were incubated £ 200 mM sorbitol for 0—4 h and then sorbitol was
removed from some dishes for the remaining 20h (lane 5). Histogram is representative of two independent experiments.

primary function of stress-induced differentiation is to provide
function that becomes essential rapidly after blastocyst im-
plantation. Hyperosmotic stress begins to induce this absorp-
tive capability in mESCs in monolayers, similar to the
induction by several stressors of the placental hormone PL1
from TSCs [5,7,8,71] that increases nutritional supply to the
fetal-maternal interface in vivo.

PI3K and p38MAPK protect potency after adaptation to
stress, leading to recovery of Nanog/Rex1 and Nanog/Oct4
between 4 and 24 h, respectively (Table 3). Oct4 recovery

TABLE 3. SUMMARY OF ENZYME EFFECTS ON OCT4,
NANOG, AND REXx1 FOLLOWING HYPEROSMOTIC
STRESS IN MESC MONOLAYER CULTURE

Enzymes regulating  Enzymes regulating

initial stress long-term adaptive
Transcription  responses; loss of stress responses
factor TF expression at 4 h at 24 h
Oct4 Mek1 > Mek?2 p38MAPK (rescue
PI3K of expression)
Mek?2 (putatively)
Nanog Mek > Mek2 p38MAPK (rescue
INK of expression) PI3K
Rex1 Mek1 JNK (ongoing
suppression)

TF, transcription factor.

may occur for several reasons. One is that a sufficient,
successful stress response occurs during the first 4h and
allows substantial ESC proliferation and accumulation, and
thus induction of full differentiation is not required to
compensate for fewer cells. Alternately, the function of
early stem cells is to retain potency and divide exponentially
between days E4.0 and E11.0 [72,73] so stress-induced dif-
ferentiation of all cells would not be tolerated. A third hy-
pothesis is that Oct4 function is required to mediate the
ongoing stress response as established also for Octl [74-76].
If the function of transient Oct4 loss is to enable sufficient
ExEndo differentiation, then this may have been accom-
plished and longer culture in monolayer of embryoid bodies
would show that a larger subpopulation of these cells arises.
The ESC survival effects corroborate previous studies for
PI3K function in ESCs, TSCs, and embryos [34,77], but the
role of mediating Oct4 loss from 0 to 4h is novel and un-
expected.

As in our study, Mao et al. found that mESCs maintained a
pluripotent phenotype during long-term exposure to hyper-
osmolarity, although proteins involved in both protein synthesis
and degradation via the ubiquitin-proteasome system were
decreased [78]. In many cell types, such as cardiomyocytes,
hyperosmotic stress at these levels causes an 80% decrease in
new translation within the first 30 min [60]. When stress de-
creases new translation and increases potency factor degrada-
tion, rapid, adaptive programmatic changes are possible.
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The ubiquitin-proteasome system has been reported to
have a role in the self-renewal and differentiation of both
human and mouse ESCs (reviewed in Naujokat and Saric
[79]). Inhibition of proteasomes decreased levels of four
Oct4, Sox2, Nanog, and Rex] mRNAs [80] and Oct4 and
Nanog mRNAs in unstressed human ESCs and thus pro-
teasome function is proposed to be part of potency main-
tenance. It is not clear from these studies or our studies
whether stress would increase proteasome-dependent pro-
tein destruction in human ESCs or proteasome-dependent
increase in potency mRNA occurs in unstressed mouse
ESCs, respectively. The activity of the 20S subunit of the
proteasome is normally upregulated during mESC differ-
entiation [81]; its suppression during hyperosmotic stress
supports the finding that mESCs are not enabled to differ-
entiate fully during extended hyperosmotic stress.

The reported half-life of Oct4 protein ranges from 1.5 to
8h. A half-life of ~90min has been reported for Oct4 pro-
tein in undifferentiated P19 [82], 68 h in NIH3T3-over-
expressing Oct4 protein [83], 6.9 h for Oct4 mRNA in mouse
ESCs [18], and a few hours for Oct4 mRNA in differentiated
cells undergoing reprogramming [84]. Oct4 is required to
exclude Cdx2 in nonpolar inner cells of the blastocyst [85]
and is required for FGF4 secretion that sustains adjacent
trophectoderm [86,87] and primitive endoderm cells in the
three-dimensional (3D) blastocyst [23,24,88,89]. However,
Oct4 also plays a transient, cell-autonomous role in estab-
lishing primitive endoderm [23]. Importantly, Oct4 is a stress
response factor that controls stem cell metabolism in mESCs
in culture before and during stress [74,75] and metabolism of
cultured mouse embryos [23]. Thus, the cohort of potency
TFs with Oct4 at its apex is dynamically poised under normal
circumstances to regulate potency, allocation, stem cell me-
tabolism, and stress responses.

Nanog has a half-life of ~2h in human ESCs, and is
controlled by proteasomal regulation via the PEST motif
[90]. In mESCs, a half-life of 5.2h has been reported for
Nanog mRNA [18]. Rex1 half-life has been reported to be
from 30 min [91] to 2.2h [18] in mESCs [91]. In our mESC
system, inhibition of the proteasome for 4 h led to a 3-fold
increase in Rex1 expression, suggesting a short half-life of
this protein. The rapid turnover of Rex1 as compared with
Oct4 and Nanog allows it to respond more quickly to
changing conditions. That Rex1 was the only pluripotency
marker that did not recover to normal expression levels
during stress is unique, as it normally recovers quickly
during fluctuations in expression [29]. This may be due to
increased protein destruction, JNK-dependent silencing of
the Rex1 promoter despite Oct4 [16], or JNK-dependent
phosphorylation of Oct4 that decreases binding to the Rex!1
promoter. These data suggest that the stressed mESC
monolayer may act more like the epithelial embryonic
ectoderm of E5.5 that has lost Rex1 since differentiating
from the ICM, but still expresses Oct4, Nanog, and Sox2.
During normal, unstressed mESC culture, subpopulations of
both low-Rex1- and high-Rex1-expressing cells exist [29].
Low-Rex 1-expressing cells have poor ability to differentiate
into primitive endoderm, and predominantly differentiate to
primitive ectoderm lineages. High-Rex1-expressing mESCs
were pluripotent and, upon reinjection to embryos, they
contributed to multilineage chimeras [29]. These populations
were interconvertible during culture without added stress; low
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Rex1 expressors could revert back to high Rex1 expression
regaining developmental potential, and vice versa.

In the current study, hyperosmotic stress maintains low
Rex1 expression in mESCs and suppresses interconversion
back to high Rex1 expression. This result led us to expect
that the stressed mESCs would induce epiblast markers,
such as FGF5, due to their known inverse regulation [92].
This did not prove to be the case; however, as epiblast was
suppressed while primitive endoderm markers were in-
duced. Rex1 expression is required for complete develop-
ment of extraembryonic lineages. Rexl-negative mESCs
were defective in some visceral endoderm markers although
the major marker, a-feto protein (AFP), was expressed [31]
and Rex1 ™'~ F9 teratocarcinoma stem cells were only able
to differentiate to parietal endoderm [93]. The data suggest
that Rex1 plays a role in directing lineages of endoderm
differentiation in F9 cells but data should be interpreted
cautiously as, unlike mESCs, AFP requires Rex1 expression
and F9 cells may not emulate complex regulatory mecha-
nisms of mESCs. In this study, persistence of some Rex1
expression in stressed cells presumably allows mESC
priming toward primitive endoderm. However, the persis-
tent suppression of Rex1 expression raises the question of
whether visceral endoderm downstream of primitive endo-
derm will be decreased in favor of parietal endoderm [59].

In the current study, JNK activation by continuous hy-
perosmotic stress suppressed Rex1 expression, but was not
adequate to trigger outright differentiation of mESCs. JNK
may not be activated long enough to irreversibly commit
ESC:s to differentiation, or there may be insufficient activa-
tion of other enzymes needed to complement JNK-induced
differentiation, or insufficient 3D interactions may occur.
Unlike TSCs, ESCs may require the 3D interactions available
in embryoid bodies. However, it was not defined whether
JNK directly decreased Rex1 protein or indirectly suppressed
it during induction of differentiation. In each case of stress-
induced differentiation of mESCs and TSCs, JNK was active
within a pathway required to produce a new lineage, but in
none of the cases was it capable of initiating differentiation
on its own. JNK may work with other differentiation cues and
enzymatic mechanisms. But during the stress response, the
activation of multiple pathways with competing effects pre-
vented outright or complete differentiation of large cell sub-
populations. For example, JNK suppressed Rex1 expression
during 24h of stress, while PI3K signaling was simulta-
neously maintaining Rex 1, preventing total Rex1 protein loss.
This additional signaling masked but did not negate JNK’s
action on Rexl. Of course if a single ESC lost the three
potency TFs undergoing transient stress-induced loss, and the
continuing loss of Rexl for a long enough period, then it
might differentiate irreversibly. Clearly the analysis of the
fate of subpopulations of stressed mESCs and hESCs in
monolayer, embryoid bodies, and in embryos is needed.

Finally, the stress-induced differentiation of TSCs occurred
even in the presence of FGF4 signaling that sustains their
multipotent state [5-8,94]. Stress signaling was dominant
over FGF4 signaling at doses where stem cell populations
expanded, but at diminished rates. In the current study,
mESCs integrated stress-response signals with potentially
competing signals from exogenous LIF and bone morpho-
genetic protein (BMP). The cytokine LIF promotes mESC
self-renewal by activating the TF STAT3. BMPs are a serum
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component that induces expression of inhibitor of differen-
tiation genes that block expression-lineage-specific TF func-
tion and facilitate the self-renewal response to LIF/STAT3
[95]. In our system, the integration of all these signals during
hyperosmotic stress led to preservation of a pluripotent
population; stress was not dominant in overt changes in
mESC monolayers. However, in vivo the pluripotent ICM is a
transient stage that stem cells move through to populate the
lineages that will eventually make up the embryo and its
support cells. LIF in the four-cell-stage embryo and inter-
leukin-6 at the blastocyst stage are necessary to maintain
phosphorylated STAT3 and Oct4 in order to maintain plur-
ipotency in vivo [96]. If stress occurred in an environment
that was more characteristic of the nonepithelial ICM,
one where differentiation was not repressed, then the stress
activation of the differentiation program may proceed unim-
peded. Thus, stress may drive preimplantation ICM to Ex-
Endo but suppress other lineages that arise at gastrulation.

It is probable, but remains to be determined, whether these
mechanisms revealed by the average activity per cell assayed
by the biochemical assays here take place in individual cells
and occur in vivo. The data suggest that the period when stem
cells first allocate at E3.5, differentiate soon after, and me-
diate gastrulation at E6.5 is critical and can be affected crit-
ically by stress. The understanding of how stress enzymes
mount successful adaptation to stress through regulation of
potency and differentiation-mediating TFs during this critical
period is of profound importance. The goal is to understand
the mechanisms and thresholds between healthy, adaptive and
unhealthy, maladaptive responses that are important in the
general population but also during medical procedures such
as in vitro fertilization that alleviate infertility.
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