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Stress Induces AMPK-Dependent Loss
of Potency Factors 1d2 and Cdx2 in Early
Embryos and Stem Cells

Yufen Xie,! Awoniyi Awonuga, Jian Liu,” Edmond Rings?
Elizabeth Ella Puscheck, and Daniel A. Rappolee'®”

The AMP-activated protein kinase (AMPK) mediates rapid, stress-induced loss of the inhibitor of differentiation
(Id)2 in blastocysts and trophoblast stem cells (TSC), and a lasting differentiation in TSC. However, it is not
known if AMPK regulates other potency factors or regulates them before the blastocyst stage. The caudal-related
homeodomain protein (Cdx)2 is a regulatory gene for determining TSC, the earliest placental lineage in the
preimplantation mouse embryo, but is expressed in the oocyte and in early cleavage stage embryos before TSC
arise. We assayed the expression of putative potency-maintaining phosphorylated Cdx2 ser60 in the oocyte, two-
cell stage embryo, blastocyst, and in TSC. We studied the loss of Cdx2 phospho ser60 expression induced by
hyperosmolar stress and its underlying mechanisms. Hyperosmolar stress caused rapid loss of nuclear Cdx2
phospho ser60 and Id2 in the two-cell stage embryo by 0.5h. Stress-induced Cdx2 phospho ser60 and Id2 loss is
reversed by the AMPK inhibitor compound C and is induced by the AMPK agonist 5-amino-1-B-p-ribofur-
anosyl-imidazole-4-carboxamide in the absence of stress. In the two-cell stage embryo and TSC hyperosmolar,
stress caused AMPK-mediated loss of Cdx2 phospho ser60 as detected by immunofluorescence and immuno-
blot. We propose that AMPK may be the master regulatory enzyme for mediating stress-induced loss of potency
as AMPK is also required for stress-induced loss of Id2 in blastocysts and TSC. Since AMPK mediates potency
loss in embryos and stem cells it will be important to measure, test mechanisms for, and manage the AMPK
function to optimize the stem cell and embryo quality in vitro and in vivo.

Introduction It was previously shown that the AMP-activated protein

kinase (AMPK) mediates stress-induced and normal,

MAINTENANCE OF POTENCY is important in several med-
ical protocols, including culturing and cryopreserving
oocytes and embryos, and in isolating and maintaining stem
cells. Early oocyte and embryo quality in vivo is also impor-
tant in producing high-quality pre- and postnatal life. Yet,
stress arises during all these processes and it is important to
understand how oocytes, embryos, and stem cells sense and
respond to stress and how this affects potency. Measurement
and management of stress and stress responses are key to
producing highly quality stem cells and embryos.

hormone-induced oocyte maturation [1,2]. Within 4 days of
fertilization of oocytes, stress leads to differentiation in
blastocysts and trophoblast stem cells (TSC) derived from
blastocysts [3,4]. We have previously shown that both hy-
perosmolar stress and genotoxic stress induce loss of the
potency factor inhibitor of differentiation (Id)2 in TSC and
blastocysts in an AMPK-dependent manner [5-9]. These data
suggest that this mechanism may be shared by a broad
spectrum of stresses. Id2 loss occurs normally and is required
for normal differentiation of placental TSC. Thus, stress
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induces a normal mechanism of differentiation, but knock-
outs suggest that AMPK is not essential in a normal vivar-
ium for this process [3,10]. Thus, stress enzymes like AMPK
become important for the adaptation to higher levels of stress
than those in a normal vivarium. Stress-induced Id2 protein
loss is rapid in TSC and blastocysts, but persists for hours to
days and results in differentiation of TSC [4,5,11]. Stress acti-
vates AMPK with similar kinetics in mouse blastocysts, TSC,
and embryonic stem cells (ESC), suggesting stress initiates
similar mechanisms in different stem cell types. This also
suggests that isolated TSC and TSC in blastocysts respond
similarly. In contrast to AMPK, the unrelated stress-activated
protein kinase (SAPK) is activated slowly, persists for hours,
and is necessary to mediate upregulation of the transcription
factors required for differentiation of TSC [4,12-15]. However,
SAPK does not regulate potency factors in TSC [15] or ESC in
normal culture [16] or in TSC during stressed culture [5]. Thus,
emerging data suggest that AMPK mediates stress-induced
potency factor loss and SAPK mediates differentiation factor
gain, but not potency factor loss. Together, the enzymes me-
diate stress-induced TSC differentiation.

Cdx2 is an essential transcription factor determining the
placental lineage [17] whose zygotic expression at the eight-
cell embryo stage (E2.5) is dependent on the transcription
factor Transcriptional enhancer factor TEF-3 [encoded by the
transcriptional enhancer factor domain family member
(TEAD4) gene] [18]. In turn, the transcription factor Eomes is
dependent on Cdx2 [17], transcription factor heart and neural
crest derivatives (Handl) are dependent on Eomes [17],
and the first, postimplantation placental hormone placental
lactogen-1 (PL1) is predominantly dependent on Hand1 [19].
Cdx2 acts to negatively regulate Oct4 in outside cells of the
E3.5 blastocyst [20,21]. Cdx2 expression in the totipotent
stages of development, oocytes and cleavage division embryos
before the eight-cell stage is controversial. Cdx2 mRNA was
not detected in the two-cell stage embryo in two reports
[22,23]. More recently, maternal Cdx2 has been detected in the
oocyte and before the eight-cell stage [24-26]. However, one of
these reports that also detected the Cdx2 protein in oocytes
and two-cell stage embryos [26] was retracted [27]. Thus, the
expression and function of the Cdx2 mRNA and protein in
the totipotent stages of mouse development has been contro-
versial with no studies of the phosphorylated state of the Cdx2
protein.

After the eight-cell embryo stage, transcription factors be-
come more pleiotropic. As stem cells restrict potency
from totipotent to pluripotent (ESC) or multipotent (TSC),
transcription factors protect potency and also prepare for dif-
ferentiation. By early postimplantation, the E5.5 embryo ex-
presses Cdx2 only in the TSC adjacent to the inner cell mass
[17], the source of the fibroblast growth factor (FGF)4 necessary
to maintain the cells in a proliferative, undifferentiated state
[9,28]. This expression pattern is similar to the Id2 protein. In
preparation for implantation, blastocysts express high levels of
mRNA for Id2 and after implantation, greatly upregulate
Hand1 [29] and downregulate Id2 and Cdx2 in differentiating
cells. After implantation, Handl in mouse placental cells
[19,30] activates the PL1 promoter resulting in detectable PL1 in
maternal blood by E6.0 of gestation [31]. For Hand1 to induce
PL1 in differentiated cells, the dominant negative transcription
factor Id2 must be lost in placental cells [30]. A similar loss of
1d2 is required to produce differentiation to an invasive phe-

notype in human early first trimester cytotrophoblasts [32].
Cdx2 is required to determine the trophoblast lineage, but its
loss may be required for further differentiation of TSC to form
the trophoblast giant cells that synthesize PL1. In support of
this hypothesis, Hand1 is upregulated abnormally in blastocyst
stage embryos after maternal and zygotic Cdx2 is knocked
down at the zygote stage (24).

Cdx2 mediates potency in multipotent small intestine stem
cells [33,34]. Whether phosphorylated at ser60 or not, Cdx2
enters the nucleus in intestine epithelial cells. A gene of ter-
minal differentiation in small intestines is silenced in stem
cells by Cdx2 phospho ser60 in the intestinal crypts. The
same gene is activated by Cdx2 nonphospho ser60 in the
villous epithelium. It is likely that nuclear Cdx2 phospho
ser60 binds and silences promoters of genes of the differen-
tiated state and this is a possible Cdx2 function in the pre-
implantation embryo.

Cdx2 mRNA is expressed at low levels in the meiotic (M)II
oocyte through the eight-cell embryo stage, but by the blas-
tocyst stage, Cdx2 mRNA increases 100-fold in outside po-
larized cells after compaction [24], blocks Oct4 transcription,
upregulates itself, and thus establishes the trophoblast line-
age [20,21]. Although intestinal epithelial stem cells and TSC
are both considered to be multipotent, Cdx2 is only tran-
siently needed to establish TSC lineage, but in intestinal stem
cells remains as the stem cell differentiates.

There are two AMPK catalytic subunit genes (AMPKa1/
a2) and knockout of either single gene has no gestational
phenotype [35]. However, the double null has not been done,
single AMPK null mutants have no peri-implantation defect
in normal vivaria, and testing single null mutants for effects
of gestational stress has not been done.

Aside from the AMPK dependence of stress-induced loss
of Id2 in TSC and blastocysts [5], there are no other reports of
stress-induced enzymatic control of transcription factors in
stem cells in the preimplantation embryo. Is Id2 unique or
does AMPK mediate stress-induced loss of other potency
factors and are other pluripotent or multipotent stages of
development? What are the roles of Cdx2 and its protein
phosphorylation states in totipotent two-cell stage embryos
and in TSC in the blastocyst? In this report, we perform
analyses of stress-induced, AMPK-mediated regulation of
loss of phosphorylated and nonphosphorylated Cdx2 ser60
and regulation of Id2 protein loss in totipotent two-cell stage
embryos and multipotent TSC.

Materials and Methods
Reagents

Sorbitol, FGF4, and heparin were from Sigma Chemical Co.
Dulbecco’s minimum essential media/F-12, fetal bovine se-
rum, and RPMI1640 were from Gibco. The potassium simplex
optimization medium (KSOM) and KSOM+ amino acids
(KSOMaa) were from Specialty Media. The primary anti-
bodies for total Cdx2 were from Biogenex, Abgent, and Or-
bigen. Cdx2 total protein (C terminus), Cdx2 phospho ser60,
and Cdx2 nonphospho ser60 were used as previously [34,36].
The AMPK inhibitors compound C and adenosine arabinoside
agonist were from Calbiochem, respectively. The AMPK ag-
onist 5-amino-1-B-p-ribofuranosyl-imidazole-4-carboxamide
(AICAR) was from Cell Signaling.
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Collection and culture conditions
for mouse embryos

Standard techniques were used for obtaining mouse
embryos [37]. Female MF-1 mice (45 weeks old; Harlan
Sprague Dawley) were super-ovulated, and their embryos
were obtained as described previously [38,39] or their un-
fertilized oocytes were collected 6 h after human chorionic go-
nadotropin (hCG) (germinal vesicle breakdown-GVDB-stage)
or 15h after hCG (meiosis or MII stage). Animal use protocols
were approved by the Wayne State University Animal In-
vestigation Committee. In all studies, embryos were equili-
brated for at least 1 h in lowest stress KSOMaa media [38] and
stressed with the reagent dose for the time period indicated.
KSOMaa was 239 mOsmol, increasing 2.8-fold to 674 mOsmol
with the addition of 400mM sorbitol. For inhibitor studies
(except where indicated), the inhibitors were preincubated with
embryos 3 h before the stress and continued during the stress.

Cell lines and culture conditions

The mouse TSC line was from Dr. Rossant (Lunenfeld Re-
search Institute). TSC were cultured as described previously
[3941]. TSC media is 298 mOsmol (data not shown), in-
creasing 2.4-fold to 719 mOsmol at 400 mM sorbitol. Sorbitol at
200mM added to TSC media increases osmolarity 1.7-fold to
498 mM. In the text, the level of sorbitol (w/v) added is used to
produce the given molarity of sorbitol. For inhibitor studies,
the inhibitors were preincubated with cells for 2h before stress
was added and during stress. The doses of the AMPK inhibitor
compound C used in this study are 10 and 20 uM. TSC were
preincubated with compound C for 2h, and then cells were
treated with 200mM sorbitol in the continuing presence of
compound C for 4h. For the AICAR study, TSC were incu-
bated with 0.5 mM AICAR for 0.5 h without sorbitol presence.

Western blot

Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and western blot analysis were performed
as previously described [39,42]. For oocytes and embryos,
150-200 were used per lane during SDS-PAGE. TSC were
grown to 70%—-80% confluency, stimulated with 50ng/mL
FGF4 for the times indicated, washed twice with ice-cold
phosphate-buffered saline, and lysed with a cold cell lysis
buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM ethylene glycol
tetraacetic acid, 1% Triton, 2.5mM sodium pyrophosphate,
1mM B-glycero-phosphate, 1mM NazVO,, 1ug/mL leu-
peptin, and 1 mM phenyl methylsulfonyl fluoride; Cell Sig-
naling) plus Phosphatase Inhibitor Cocktail (PIC1; Sigma)
and PIC2 (Sigma) for 20 min. Twenty microgram of whole-
cell extracts was separated by electrophoresis on a 10% SDS-
PAGE gel using a Hoefer Mighty Small II SE 250 apparatus,
and then transferred to ECL Hybond nitrocellulose mem-
branes (Amersham) at 15 V for 30 min using a Bio-Rad Semi-
dry Transfer Cell. The membranes were blocked overnight
with 5% nonfat milk in Tris-buffered saline-Tween 20 (TTBS)
and blotted with the specified primary antibodies for 1h,
incubated in the horseradish peroxidase-conjugated second-
ary antibody for 1h followed by extensive washing with
TTBS. Primary and secondary antibodies were diluted in 1%
nonfat milk/TTBS. The protein bands were visualized using
the enhanced chemiluminescence assay system (Amersham).

XIE ET AL.

Real-time quantitative polymerase chain reaction

Primer sequences for were used from PrimerBank Har-
vard [43]. Real-time polymerase chain reaction (PCR) was
performed using SmartCycler Thermal Cycler (Cepheid) and
carried out with QuantiTect SYBR Green PCR Master Mix
(Qiagen), which contained the HotStarTaq DNA Polymerase,
QuantiTect SyBR Green PCR Buffer, and SYBR Green 1. The
real-time PCR reaction mixture contained 1x QuantiTect
SYBR Green PCR Master Mix, 0.3 uM primer pairs, and 1 pL
c¢DNA in a total volume of 25 L. Melting curves were done
by incremental temperature increases of 1.0°C from 60°C to
90°C. These were repeated to ensure that primer-dimers and
other nonspecific products had been eliminated.

Sequencing real-time quantitative polymerase chain
reaction products

Quantitative polymerase chain reaction (qPCR) products
were submitted to the DNA Sequencing Core at the Wayne
State University, and were sequenced with the Applied
Biosystems BigDye Terminator v3.1 Cycle Sequencing Kit.
All sequencing reactions were done on either an Applied
Biosystems 2720 Thermal Cycler or GeneAmp PCR System
9700 and purified with a Sephadex G-50 plate. The purified
sequencing reactions were analyzed on an Applied Biosys-
tems 3730 DNA Analyzer with Sequencing Analysis Soft-
ware Version5.2. The DNA sequence data were compared
with reference sequences of mouse Cdx2 from the National
Center for Biotechnology Information Entrez Nucleotide
database and were confirmed as mouse Cdx2.

Statistical analysis

Statistical significance was determined by using one-way
analysis of variance (ANOVA). If ANOVA showed signifi-
cant differences, least significant difference post hoc tests
were used to analyze differences between significantly dif-
ferent paired groups that were normally distributed. Values
are presented as means * standard error. Differences between
treatments and/or groups were considered insignificant if
P>0.05 and significant if P<0.05. All experiments were re-
peated as least twice with similar results. Single representa-
tive experiments were shown. Calculations of IC50s of signal
transduction enzyme inhibitors for biological function in TSC
were done using Probit analysis to generate regression lines
using SPSS software V10.0 (SPSS, Inc.).

Results

Since the Cdx2 protein was reported to be expressed in
oocytes, we first tested oocytes for expression of Cdx2 phos-
pho ser60 (Cdx2 phospho). Cdx2 phospho ser60 colocalized
with Hoechst-stained DNA and was detected in the cytoplasm
in the unfertilized germinal vesicle breakdown, and MII oo-
cyte 6 and 15h after induction of ovulation by hCG, respec-
tively (Fig. 1, Part 1). An immunoblot of this stage oocyte
produced a single band at 36 kDa as expected. We next tested
for the presence of total Cdx2 protein and Cdx2 phospho
and nonphospho ser60 in two-cell stage embryos. Ex vivo
late two-cell stage embryos (E1.5) from outbred mice from a
cross of Laboratory Animal Centre strain A and CS1 from
Scientific Products farm (MF1) and Carworth farms mice (not
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Swiss-derived) (CF1) females mice expressed nuclear Cdx2
phospho ser60 in both nuclei, but Cdx2 nonphospho ser60 and
total Cdx2 protein were cytoplasmic (Fig. 1, Part 2). Coin-
cubation of an antibody with a 100-fold excess of the immu-
nizing peptide completely ablated fluorescence, suggesting that
Cdx2 epitopes are detected by immunofluorescence in embryos
(Supplementary Fig. S1; Supplementary Data are available
online at www liebertpub.com/scd). Also, Cdx2 phospho and
nonphospho ser60 were detected at 36 kDa by immunoblot of
blastocysts using antibodies, but not with no-antibody controls.
Since the Biogenex antibody produced only a 90-kDa band in
two-cell stage embryos, its use at this stage, or at any stage
without validation by immunoblot, is questionable.

When micrographs were exposed to produce the same
level of fluorescence intensity in two-cell stage embryos, the
Biogenex antibody detected only the cytoplasmic protein, as
did the commercial antibodies from Orbigen and two anti-
bodies produced by us as reported previously [34,36]. Cdx2
phospho ser60 was detected in the nucleus of both blasto-
meres in the two-cell stage embryo and in all nuclei in the
four-cell embryo (Fig. 1, Part 2, data not shown). Total Cdx2
(C terminus) antibody did not detect protein in the nucleus
although Cdx2 phospho ser60 antibody did, suggesting that
the C terminus antibody had less affinity and/or there was
very little antigen in the nucleus. The Cdx2 nonphospho
ser60 was detected in the cytoplasm in a pattern com-
plementary pattern to Cdx2 phospho ser60 in the nucleus.

Commercial antibodies from Orbigen and Abgent were
synthesized in rabbits in response to the same oligopeptide
immunogen at amino acid resides from 16 to 30 using the
carrier protein (same keyhole limpet hemocyanin), but pro-
duced different patterns of Cdx2 localization. The Abgent
antibody detected nuclear Cdx2 stain similar to Cdx2 phos-
pho ser60 and the Orbigen antibody produced a cytoplasmic
Cdx2 stain similar to total Cdx2 protein detected by the C
terminus antibody. The immunogen at amino acid residues
from 16 to 30 had three serine, which might be phosphory-
lated, so it is possible that a dominant plasma cell clone in
the Abgent (but not Orbigen) antiserum detected a serine

phosphorylated at the same time as Ser60. However, the
Abgent antibody is not characterized as a specific phospho-
specific antibody, so we used the characterized Cdx2 phos-
pho ser60-specific antibody here. By immunoblot, two-cell
stage embryos expressed Cdx2 total protein (C terminus),
Cdx2 phospho, and nonphospho ser60. All were detected at
36kDa, validating the use of these antibodies. There were
additional bands at 90kDa for the Cdx2 C Terminus anti-
body and the nonphospho Ser60. We chose to use the Cdx2
nonphospho Ser60 as it gives definitive information on the
absence of phosphorylation and the 90 kDa band was often
quite minor. Whenever we used the C terminus antibody it
was corroborated with the Orbigen antibody, which pro-
duced only a 36-kDa band. The six antibodies were studied
using equivalent fluorescence intensity (Fig. 1, Part 2). The
expression and function of Cdx2 is well established in TSC.
In TSC, the three forms of Cdx2 phospho and nonphospho
ser60, and total Cdx2 (C terminus) are all detected in the
nucleus (Fig. 1, Part 3) and produce 36kDa bands on im-
munoblots. This nuclear localization of total Cdx2 also oc-
curs in the blastocyst, unlike the two-cell stage embryo
where only Cdx2 phospho ser60 is nuclear.

Next, we assayed for Cdx2 mRNA using real-time PCR.
On a logarithmic scale, 10 pg-50ng of total RNA from TSC
produced a reproducible standard curve with the relative
amounts of Cdx2 from 25 oocytes or 25 twenty-cell embryos
interpolated between 100 pg and 1ng TSC RNA (Fig. 1, Part
4). Cdx2 mRNA from 25 blastocysts was expressed at about
400-fold greater amounts per embryo than two-cell stage
embryos or oocytes. This high upregulation of Cdx2 mRNA
from pre- to postcompaction embryo has been reported by
others [24]. Interestingly, a large upregulation of Oct4 be-
tween oogenesis and pre-compaction to postcompaction
embryo stages has also been reported [44]. The amplimers
from the gPCR for two-cell stage embryos were sequenced
and were mouse Cdx2 (see “Materials and Methods”).

Whether phosphorylated or not, Cdx2 enters the nucleus
in the intestine and binds gene promoters [34]. A gene of
terminal small intestinal differentiation is silenced in stem

>

FIG. 1. The caudal-related homeobox protein 2 (Cdx2) protein is detected in oocytes, two-cell stage embryos, blastocysts,
and trophoblast stem cells (TSC), and Cdx2 phospho ser60 is detected in the nuclei of both blastomeres in the two-cell stage
embryo and all trophoblast nuclei in blastocysts and TSC. Cdx2 mRINA is detected throughout these developmental stages,
but at similar levels in oocytes and two-cell stage embryos and >100-fold higher in blastocysts. Part 1: The Cdx2 phospho
ser60 protein (pCdx2 in the figure) is expressed in the cytoplasm and nuclear DNA (arrowhead) of an oocyte. Oocytes were
flushed from the oviduct 15h after human chorionic gonadotropin (hCG) (A-C) fixed and stained for Cdx2 phospho ser60
protein, Hoechst stain (B), or (C) merge, or oocytes were lysed and tested using western blot (D). Bar in (A) shows 25 pM.
Part 2: Late two-cell stage embryos from MF1 (outbred mice from a cross of Laboratory Animal Centre strain A and CS1 from
Scientific Products farm) and CF1 [Carworth farms mice (not Swiss-derived)] mouse strains were collected at E1.5, fixed, and
stained with six antibodies for Cdx2. At top is immunofluorescence adjusted to the same intensity to show location of Cdx2. In
A-F six antibodies to Cdx2 were tested in 2-cell stage embryos from MF1 mice and in G-L the same antibodies were tested in
2-cell stage embryos from CF1 mice. Four antibodies were also tested using western blots, producing single bands at 36 kDa
for three and a single band at 90kDa for the fourth. The epitope of each antibody is also shown at bottom. Note there are no
tyrosine or threonine residues that are possible alternate phosphorylation sites, but that there are other possible serine
residues besides the one at position 60. The only overt phospho-specific antibody is indicated by a large S at the far right. Part
3: TSC were cultured, fixed, and stained with three antibodies for Cdx2. At top is immunofluorescence adjusted to the same
intensity to show location of Cdx2. Four antibodies were also tested using immunoblots, and all detected bands at 36 kDa. Three
antibodies were tested by using immunofluorescence, and all detected nuclear localization of all forms of Cdx2. Arrows in (A, D,
G) show nuclear Cdx2 and arrowheads in (B, C, E, F, H, I) show nuclei. Bars in micrograph (A) in Parts 1, 2 and Part 3, show 25,
50, and 10 um, respectively. Part 4: Cdx2 mRNA was tested using real-time quantitative polymerase chain reaction for a
dilution series of TSC from 10pg-50ng, and 25 oocytes, 25 two-cell stage embryos, and 25 blastocysts assayed ex vivo. All
biological experiments were repeated at least three times. Color images available online at www liebertpub.com/scd
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FIG. 2. Hyperosmolar stress induced Cdx2 phospho ser60
protein loss from the nucleus after 0.5h in E1.5 and E3.5
embryos and this was AMP-activated protein kinase
(AMPK)-dependent (inhibitor sensitive) and AMPK sufficient
[5-amino-1-B-p-ribofuranosyl-imidazole-4-carboxamide (AI-
CAR), AMPK agonist, without stress] in E1.5 embryos. Em-
bryos were incubated for 0.5 h with/without 400 mM sorbitol,
fixed, and stained for Cdx2 phospho ser60. Bar in (A) is 50 uM.
Part 1: E1.5 embryos were cultured without stress (A, B),
stressed for 0.5h without (C, D) or with (E, F) compound C
(an AMPK inhibitor) or without stress and with AICAR for
0.5h (an AMPK agonist) (G, H). Part 2: E3.5 embryos were
cultured without (A-C) or with stress (D-F) and stained for
the Cdx2 phospho ser60 protein. Bar in (A) is 25 uM. Color
images available online at www liebertpub.com/scd

cells in the crypts by Cdx2 phospho ser60 and activated in
the villous epithelium by Cdx2 nonphospho ser60. Thus, we
tested whether stress induces the Cdx2 phospho ser60 loss
that would be associated with differentiation.

We first tested for the regulation of loss of nuclear Cdx2
phospho ser60 in two-cell stage embryos. Cdx2 phospho ser60

was lost from the nucleus after 0.5h of 400 mM sorbitol in an
AMPK-dependent manner as the AMPK inhibitor compound
C largely reversed the loss of nuclear Cdx2 (Fig. 2, Part 1). In
addition, Cdx2 phospho ser60 loss from the nucleus was also
caused by the AMPK agonist AICAR, suggesting that AMPK
is necessary for stress-induced loss of Cdx2 phospho ser60
and sufficient for Cdx2 phospho ser60 loss without stress.
Stress also induces the loss of Cdx2 phospho ser60 from tro-
phectoderm in the E3.5 blastocysts (Fig. 2, Part 2).

In preparation for implantation, blastocysts express mRNA
for Id2 and greatly upregulate Hand1 [29]. For Hand]1 to act,
the dominant negative transcription factor Id2 must be lost
[30] in mouse. Since benzopyrene and hyperosmolar stress
cause Id2 loss in TSC [5,6], we tested for effects of stress on Id2
nuclear expression in two-cell stage embryos and blastocysts.
Like Cdx2 phospho ser60, the Id2 protein was detected in
both nuclei of the two-cell stage embryo and stress-induced
loss was largely reversed by the AMPK inhibitor compound C
(Fig. 3, Part 1). Also, like Cdx2 phospho ser60, Id2 protein loss
is induced by the AMPK activator AICAR in the absence of
stress. For both Cdx2 phospho ser60 and ID2 rapid loss occurs
at 0.5h whether by AMPK-mediated stress-induced loss or
AICAR-induced loss in the absence of stress. We previously
used immunoblots to show that AMPK activation kinetics, Id2
loss kinetics, and stress-induced 1d2 loss is AMPK dependent
in E3.5 blastocysts and TSC [5]. Here we show that stress-
induced Id2 loss in TSC nuclei in blastocysts is rapid (Fig. 3,
Part 2) as in two-cell stage embryos.

To corroborate the AMPK-dependent and sufficient loss of
Cdx2 phospho ser60 shown by immunofluorescence in two-
cell stage embryos (Fig. 2, Part 1), we repeated these studies
using immunoblots to confirm AMPK effects in TSC (Fig. 4,
Part 1). As at the two-cell stage, stress-induced Cdx2 phos-
pho ser60 loss is AMPK-dependent and in the absence
of stress, AMPK-sufficient (AICAR sensitive). Significantly,
stress-induced and AICAR-induced losses of the same
magnitude and inhibition of AMPK by compound C com-
pletely prevents stress-induced Cdx2 phospho ser60 loss. As
with blastocysts and two-cell stage embryos, nuclear Cdx2
phospho ser60 loss induced by hyperosmolar stress is rapid
and complete by 0.5h (Fig. 4, Part 2). Hyperosmolar stress
induces loss of Cdx2 total protein (Fig. 4, Part 3) not just
Cdx2 phospho ser60. Thus, in TSC, all forms of Cdx2 are in
the nucleus and stress-induced loss of all forms is dependent
on AMPK.

In small intestine Cdx2, phospho Ser60 is U0126 sensi-
tive, indicating mitogen-activated protein kinase kinase
(MEK) 1/2 phosphorylates Cdx2 in the nucleus of stem
cells. We next tested whether nuclear phosphorylated Cdx2
phospho ser60 was U0126 sensitive. However, U0126 did
not diminish nuclear Cdx2 phospho ser60 after 4h (Fig. 5)
or for other durations tested through 24 h (data not shown).
It is likely that the Cdx2 protein turnover occurs within
24h, so the lack of sensitivity to the inhibitor is not simply
due to longevity of Cdx2 phospho ser60. To assure that
U0126 inhibited a known function, we did find that it
blocked phospho mitogen-activated protein kinase (MAPK)
1/3 Thr/Tyr 202/204 and retinoblastoma Ser795, which are
known to be U0126 sensitive [45,46]. Thus, it appears that
regulation of Cdx2 phosphorylation in two-cell stage em-
bryos is not by MEK/MAPK signaling as it is in intestinal
epithelial stem cells.
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Sorbitol 0.5h

Sorbitol+
compound C

AICAR 0.5h

Sorbitol 0.5h

FIG. 3. Hyperosmolar stress-induced inhibitor of differen-
tiation 2 (Id2) protein loss from the nucleus after 0.5h in E1.5
and. E3.5 embryos and this was AMPK-dependent (AMPK
inhibitor sensitive) and AMPK-sufficient (AICAR, AMPK
agonist, without stress) in E1.5 embryos. Embryos were in-
cubated for 0.5h with/without 400 mM sorbitol, fixed, and
stained for phosphorylated Id2. Part 1: E1.5 embryos were
cultured without stress (A, B), stressed for 0.5h without (C,
D) or with (E, F) compound C (an AMPK inhibitor) or
without stress and with AICAR (an AMPK agonist) for 0.5h
(G, H). Bar in (A) is 50 uM. Part 2: E3.5 embryos were cul-
tured without (A—C) or with stress (D-F) and stained for the
Id2 protein. Bar in (A) is 25 uM. Color images available on-
line at www.liebertpub.com/scd

Discussion

We have extended our past findings on stress-induced loss
of transcription factors that can act as potency factors. AMPK
is necessary for stress-induced loss of Cdx2 phospho ser60
and Id2 in totipotent two-cell stage embryos as well as
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AICAR (0.5mM)

FIG. 4. Cdx2 phospho ser60 in TSC undergoes hyper-
osmolar stress-induced, AMPK-dependent (AMPK antago-
nist sensitive) loss that is AMPK sufficient without stress
(AMPK agonist sensitive). Part 1: TSC were stimulated with
200mM sorbitol for 4h with or without compound C, or
with AICAR, lysed and the immunoblot stained for Cdx2
phospho ser60. Part 2: TSC were cultured without stress (A—
C) or with 400mM sorbitol for 0.5h (D-F) stained using
Cdx2 total (C terminus) antibody and immunofluorescence
was detected. All experiments were repeated three times.
Part 3: TSC were cultured without stress (A-C) or with
400mM sorbitol for 0.5h (D-F) stained using the Cdx2
phospho ser60 antibody and immunofluorescence was de-
tected. All experiments were repeated three times. Color
images available online at www .liebertpub.com/scd
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multipotent TSC and is sufficient for their loss without stress
(Fig. 6). Peak induction of stress-activated AMPK is rapid as
it occurs by 15min in TSC, ESC, and blastocysts [5]. This
agrees with the rapid stress-induced loss of Cdx2 phospho
ser60 and Id2 at all stem cell and embryo stages by 30 min

Cdx2 localization

Developmental Stage

Nuclear potency factor

Biological
outcomes of stress
(AMPK-dependent)

Stress — 5 Oocyte Ser60/nucleus/cyto
Cdx2  W(function?) maturation @ Total Cdx2 ?
non Ser60 ?
2-cell embryo =™ ?7? Ser60/nucleus
AR Cdx2 H . Total Cdx2/cytoplasm
1d2 “, ] non Ser60/cytoplasm
Blastocyst ——> Preparation for Ser60/nucleus
cd2d B differentiation Total Cdx2/nucleus
G d2 | @@ non Ser60/nucleus
Trophoblast Stem Cells — Differentiation to Ser60/nucleus
Cdx2 ,H, [ ] trophoblast giant Total Cdx2/nucleus
Id2 '“' [ ] cells O non Ser60/nucleus
W@ This paper @ Zhong et al, 2010

[ Awonuga et al, 2011 @ LaRosa et al, 2006

FIG. 6. Summary diagram for stress-induced AMPK-
dependent and -sufficient loss of Cdx2 phospho ser60 and 1d2
in two-cell stage embryos, blastocysts, and TSC are shown in
the two columns to the left. Cellular localization of Cdx2
phospho ser60, Ser60 nonphospho ser60, and total Cdx2 are
shown in the column on the right. Putative functions mediated
by stress-induced AMPK are shown in the column next to one
on the right. Black boxes show data from this report, red boxes
show data from Zhong et al. [5], orange box shows data from
Awonuga et al. [4], and purple box shows data from LaRosa
and Downs [2]. Blue arrows indicate outcomes induced by
AICAR and black arrows indicate outcomes induced by stress
in an AMPK-dependent manner. The green line separates the
earlier oocyte and two-cell embryo stages of development that
are totipotent from the cultured TSC and the TSC in the
blastocysts that are multipotent. Color images available on-
line at www .liebertpub.com/scd

FIG. 5. Unlike small intestine,
phosphorylation of nuclear CDX2
phospho ser60 (pCDX2) is not
mitogen-activated protein kinase
kinase (MEK)1/2-dependent in two-
cell stage embryos, although phos-
phorylated (p) mitogen-activated
protein kinase (MAPK)1/3 and (p)
retinoblastoma (Rb) are MEK1/2
dependent. Two-cell stage embryos
were cultured with or without
MEK1/2 inhibitor U0126 (1 uM) for
4h, fixed, permeabilized, and
stained for CDX2 phospho ser60 (A,
C), phosphorylated (p)MAPK 1/3

D

. Thr/Tyr 202/204 (E, G), and phos-
phorylated (p)Rb Ser795 (I, K).
Hoechst-stained nuclei (B, D, F, H, J,
L) complement antigen staining (A,
L | C, E, G, I, K), respectively. Arrows
show antigen staining and arrow-
heads show nuclear position. Color
images available online at www

L liebertpub.com/scd

observed here. Rapid stress-induced Id2 protein loss con-
tinues for hours to days and results in the differentiation of
TSC [4,5], but this was not tested here. AMPK rapidly me-
diates potency factor loss and in contrast, SAPK mediates a
slower, longer activation of transcription factors that mediate
differentiation in response to hyperosmolar stress [4], hyp-
oxic stress [14], and the genotoxic stress of benzopyrene [6].
The two stress enzymes are distinct as SAPK does not reg-
ulate potency factors in cultured ESC [16] or TSC [15] or in
TSC in response to hyperosmolar or hypoxic stress [5,14].
Thus, AMPK is an important enzyme to diagnose stress and
AMPXK regulation may be used to prevent loss of potency in
embryos that are stressed during in vitro fertilization (IVF)/
assisted reproductive technology and during stress in vivo.
Although potency loss is rapid in studies in TSC, continu-
ing stress maintains low levels of the Id2 protein for 48 h and
differentiation events blocked by Id2 are activated to high
levels [4,11]. These results suggest that care be taken when
using AMPK activators such as the drugs Metformin [47], or
aspirin [48], or the nutritional source resveratrol [49], to treat
women during pregnancy. Since benzopyrene also induces
AMPK-dependent 1d2 loss in TSC [6], an environmental ex-
posure to cigarette smoke or diesel exhausts might additively
increase Id2 loss induced by nutritional or medicinal sources.
Finally, the common function of AMPK in regulating potency
in diverse totipotent two-cell blastomeres and multipotent
TSC in the blastocyst suggests this may be a common reporter
of stress and predicts potency loss in many stem cell types.
This article is the first to use immunoblots to confirm ex-
pression of Cdx2 phospho ser60 in oocytes and Cdx2 non-
phospho and phospho ser60 in two-cell stage embryos (Fig.
6) as well as in blastocyst-derived TSC. Cdx2 phospho ser60
could bind and putatively inactivate differentiation-mediating
genes, thus mediating potency in all developmental stages
tested. It is also the first demonstration that stress induces
the rapid, AMPK-dependent loss of two different nuclear
potency factors (Cdx2 phospho ser60 and Id2) from the
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nucleus at the two-cell stage embryo stage and in TSC. Fi-
nally, it is the first to identify epitopes of six different Cdx2
antibodies that have different cellular localization in two cell
blastomeres.

We report that two-cell stage embryos (E1.5) from MF1 and
CF1 female mice expressed nuclear Cdx2 phospho ser60, but
Cdx2 nonphospho ser60 and total protein for Cdx2 are cyto-
plasmic. However, in blastocysts and TSC, all Cdx2 forms are
detected in the nucleus. The significance of regulation of nu-
clear localization in embryos before compaction may be im-
portant in explaining Cdx2 function. In intestinal stem cells
and their differentiated progeny, Cdx2 is always transported
into the nucleus, but only in crypt stem cells is active MAPK
transported to the nucleus where it phosphorylates and acti-
vates the silencing function of Cdx2 [33,34]. Transcriptionally
inactive nuclear Cdx2 phospho ser60 was detected in the
potent crypt intestinal stem cells, whereas Cdx2 nonphospho
ser60 was detected in differentiated cells of the apical epi-
thelium [34]. Thus, Cdx2 acts to silence differentiation-medi-
ating genes when it is phosphorylated on ser60 and to activate
these genes when it is not phosphorylated on ser60.

In contrast, Cdx2 phospho ser60 was detected in nuclei of
potent cells from all developmental stages from oocytes to two-
cell stage embryos, blastocysts, and TSC. However, only Cdx2
phospho ser60 was in totipotent blastomeres of the two-cell
stage embryos, whereas total Cdx2 protein and Cdx2 non-
phospho ser60 is detected in TSC and trophectodermal cells in
the blastocyst. This suggests that unlike all intestinal stages,
blastocysts and TSC, nuclear import is regulated at the two-cell
stage. However, this regulation is not by MEK/MAPK and
phosphorylation in the nucleus is also not MEK/MAPK-de-
pendent as in crypt stem cells of the intestine. The biological
significance of nuclear localization of all forms of Cdx2 in less
potent blastocysts and TSC is not clear. However, phospho-
mimetic and nonphosphorylatable point mutant ser60 Cdx2
expression vectors are available to test for function [33,34].

In human and mouse ESC, polycomb and oct4 are colo-
calized in hundreds of promoters that would mediate dif-
ferentiation to many lineages [50,51] if these promoters were
active. We hypothesize that Cdx2 phospho ser60 medi-
ates potency by suppressing promoters of differentiation-
mediating genes. The gene-silencing role of Cdx2 phospho
ser60 is established in intestinal stem cells and a similar role in
two-cell blastomeres is consistent with the data reported here.

Although one report suggests maternal Cdx2 is required
for compaction at the eight-cell stage [25], three other reports,
using more effective knockout and knockdown techniques
show that neither maternal not zygotic Cdx2 is required for
compaction [17,24,52]. However, Cdx2 knockdown does se-
verely limit the development of mitochondrial function in
the eight-cell stage embryo [24], suggesting some functions
for Cdx2 before its function in TSC lineage maintenance after
the eight-cell stage.

Our ability to characterize the different locations of Cdx2
was due to the use of different antibodies. We found that the
Biogenex antibody detected only the cytoplasmic protein in
two-cell stage embryos, as did the commercial antibodies
from Orbigen and two antibodies produced by us as re-
ported previously [34,36]. However, the Biogenex antibody
detected only a band of incorrect 90 kDa size in immunoblots
of two-cell stage embryos. These data make use of this an-
tibody problematic before the blastocyst stage. The Biogenex
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antibody was used in the oocyte and two-cell embryos, but
only by immunofluorescence in an article that was later re-
tracted [26]. However, the Biogenex antibody was also used
more recently at the 8-12-cell stage when it is unclear if it
detects a 90-kDa band or a 36-kDa band [24]. The Abgent
antibody detected nuclear Cdx2 similar to the antibody for
Cdx2 phospho ser60. The Orbigen antibody detected cyto-
plasmic Cdx2 similar to total Cdx2 protein detected by the C
terminus antibody. By immunoblot, two-cell stage embryos
expressed a Cdx2 at 36kDa as previously reported. Inter-
estingly, the Biogenex monoclonal antibody routinely used
in several reports [17,21,26] produced a very weak immu-
nofluorescence in two-cell stage embryos, even though the
exposures were five to tenfold longer than used for the other
five antibodies. Of the six antibodies, the Biogenex mono-
clonal is the only one with an unknown epitope. Also, one
commercial antibody detects the nuclear Cdx2 phospho
ser60, which silences differentiation-mediated genes (Ab-
gent). Another commercial antibody detects the Cdx2 non-
phospho ser60 (Orbigen), which activates differentiation-
mediating genes. These associated functions should be con-
sidered when planning experiments and interpreting results.

Two previous reports detected no Cdx2 mRNA at the two-
cell stage [22,23]. However, two more recent reports have
shown that Cdx2 mRNA is in precompaction embryos
[24,25]. Like these more recent reports, we found that Cdx2
mRNA from blastocysts was expressed at about 400-fold
greater amounts per embryo than the two-cell stage or oo-
cyte. Our findings do not agree with two previous reports
[22,23], which may be due to lack of expression in other
mouse strains at the two-cell stage, or of a false-negative
due to lack of characterization of the sensitivity of the reverse
transcription-polymerase chain reaction used for Cdx2. It is
well accepted that the function of Cdx2 after compaction is to
maintain late blastocyst formation, support blastocyst
hatching and implantation, but the function of Cdx2 before
compaction is still unclear.

An earlier and more severe phenotype (than the Cdx2
knockout) was observed in embryos where maternal and zy-
gotic Cdx2 was depleted before the compaction stage. Deletion
of Cdx2 before compaction caused not only the failure of late
blastocyst formation and maintenance, but also failure of
cellular polarization, compaction, and trophectoderm spec-
ification [24,25]. These reports confirmed the presence of
Cdx2 before the eight-cell stage of the embryo and suggested
different functions of Cdx2 before compaction.

In the totipotent cells of the two-cell stage embryo, only
the putative differentiation-silencing Cdx2 phospho ser60
form is detected in the nucleus (Fig. 6). However, in the
multipotent TSC, Cdx2 phospho ser60, Cdx2 nonphospho
ser60, and Cdx2 C terminus are all in the nucleus. If these
different forms of the Cdx2 protein have the different func-
tions in moving from stemness to differentiation that they
have in intestinal cells (which are also multipotent), it sug-
gests that the multipotent TSC are in a dynamic equilibrium
of Cdx2 function where some tendency to differentiate is
allowed that may not be allowed in the totipotent two-cell
stage embryo. Stress would increase the tendency to differ-
entiate if it increased Cdx2 phospho Ser60 loss more than
Cdx2 nonphospho Ser60 loss, at least initially.

Unlike intestinal stem cells, Cdx2 does not remain in
TSC after they differentiate, but is needed to induce Eomes,
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Eomes-dependent Handl, and Handl-dependent PL1,
the first differentiated product of TSC after the blastocyst
implants [3,4]. It will be important to test whether the
stress-induced loss of Cdx2 phospho ser60 is more rapid than
the loss of Cdx2 nonphospo ser60 in blastocysts. Hypothe-
tically, a transient increase in Cdx2 nonphospho in the ab-
sence of Cdx2 phospho ser60 should increase Eomes before
the loss of Cdx2 during terminal differentiation.

Future studies are needed to understand the role of Cdx2
phospho ser60 during normal and stressed development of
the oocyte and two- to eight-cell stage embryos. The roles of
AMPK in regulating in normal and stressed early develop-
ment also need testing. Functions of Id2 and Cdx2 phospho
ser60 before the eight-cell stage are not clear, but the results
here imply that both factors block differentiation. It is im-
portant to test whether stress-induced reduction of 1d2 and
Cdx2 phospho ser60 leads to loss of these factors on pro-
moters of differentiated lineage markers that may be sup-
pressed by them. It is likely that experimental regulation of
the AMPK activity will improve IVF techniques such as
cryopreservation and culture and also isolation and main-
tenance of highly potent ESC and TSC derived from eight-
cell stage embryo blastomeres.
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