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Departure from optimal O, level for mouse trophoblast stem cell
proliferation and potency leads to most rapid AMPK activation
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Abstract. Previous studies showed that cultured mouse trophoblast stem cells (mTSCs) have the most rapid proliferation,
normal maintenance of stemness/potency, the least spontaneous differentiation, and the lowest level of stress-activated protein
kinase (SAPK) when incubated at 2% O, rather than at the traditional 20% O, or hypoxic (0.5% and 0% O,) conditions.
Switching from 2% O, induced fast SAPK responses. Here we tested the dose response of AMP-activated protein kinase
(AMPK) in its active form (pAMPK Thr172P) at O, levels from 20-0%, and also tested whether pAMPK levels show similar
rapid changes when mTSC cultures were switched from the optimal 2% O, to other O, conditions. There was a delayed
increase in pAMPK levels ~6—-8 h after switching conditions from 20% to 2%, 0.5%, or 0% O,. Altering O, conditions from
2% to either 20%, 0.5%, or 0% led to rapid increase in pAMPK levels within 1 h, similar to the previously reported SAPK
response in mTSC cells removed from 2% O,. Twelve hours of 0.5% O, exposure led to cell program changes in terms of
potency loss and suppressed biosynthesis, as indicated by levels of phosphorylated inactive acetyl CoA carboxylase (pACC).
Phosphorylation of ACC was inhibited by the AMPK inhibitor Compound C. However, unlike other stressors, AMPK does
not mediate hypoxia-induced potency loss in mTSCs. These results suggest an important aspect of stem cell biology, which
demands rapid stress enzyme activation to cope with sudden changes in external environment, e.g., from least stressful (2%

0,) to more stressful conditions.
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5' adenosine monophosphate-activated protein kinase (AMPK)
is an essential stress kinase [1]. AMPK activation inhibits
cell growth through mammalian target of rapamycin (mTOR), cell
cycle checkpoints and other interactions, to promote cell survival
in times of stress, as has been previously reviewed [2]. Moreover,
AMPK mediates loss of potency in embryonic stem cells (ESC)
and trophoblast stem cells (TSC) [3-5]. Similar AMPK-mediated
stemness/potency loss was found in early mammalian two-cell and
blastocyst stage embryos as well, in response to multiple types of
stress [4, 5] and drugs such as aspirin and metformin [6]. AMPK-
dependent potency loss in two-cell embryos includes both ESC and
TSC potency factors [4, 6]. AMPK blocks Warburg metabolism
in favor of oxidative metabolism, and this blocks the induction of
pluripotency [7, 8]. Although stress-induced high levels of AMPK
cause differentiation, increasing AMPK activity in diabetic mice
can improve blastocyst development [9]. In addition to potency
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regulation, AMPK has important roles in the metabolic regulation
of early mammalian embryos and their stem cells [10, 11], as well
as in somatic cells.

Stemness can be maintained at an O, niche < 5%, and often
at 2-3% [12—14]. It was previously established that 2% O, is the
optimal O, level for mTSC in vitro culture by four criteria: lowest
stress (SAPK activation) level, lowest expression of differentiation
maker mRNAs, highest growth rate and normal maintenance of
potency [15]. Stressors force stem cell differentiation, which has
been observed in ESCs and induced pluripotent stem cells [16,
17]. Stress-induced differentiation has also been characterized in
mTSCs [18]. In screens for the protein kinases that mediate the
stress response of mTSCs, many kinases inhibitors were used; it
was found that stress-induced differentiation is mediated through
SAPK, which does not affect potency, and that AMPK mediates
potency loss [5, 19]. SAPK mediates increased levels of Handl
mRNA, favoring giant cell differentiation and placental lactogen
1 (PL1) expression, and suppressing later chorionic lineages by
decreasing levels of Gem1 mRNA [11, 20]. PL1 is the hormone
that mediates maternal recognition of pregnancy in rodents [21];
this makes it the functional equivalent of chorionic gonadotropin
in human, and of interferon-like protein in sheep and cattle [22].
As O, levels in mTSC culture were switched up or down from 2%,
SAPK level showed rapid (1 h) maximal induction when compared
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to the much slower rates of SAPK activation when O, levels were
switched from 20% to other amounts.

Our hypothesis is that stress induces fast changes in the activity
of stress kinases, and that they consequently function to adjust
developmental and metabolic programs. Rapid turnover is a feature
of many intracellular regulatory and signaling proteins; it enables
prompt responses to extracellular or intracellular signals, and rapid
cessation of responses upon signal removal. Examples of this include
the products of proto-oncogenes, growth factors and inflammatory
cytokines [23, 24]. The major regulator of intracellular AMPK
activity is the reversible phosphorylation of threonine 172 (Thr172)
within the protein’s catalytic a subunit, which activates AMPK [25].
Not surprisingly, AMPK activity also has fast turnover [26]. The
level of pAMPK (phosphorylation of AMPKa at Thr172) is often
used to indicate AMPK activity [27], and it corresponds with the
phosphorylation of its canonical metabolic substrate acetyl CoA
carboxylase (ACC Ser79) [28, 29]. ACC catalyzes a rate-limiting
reaction in fatty acids synthesis [30]. AMPK phosphorylates ACC at
Ser79 and inactivates it, which is an important branch of metabolic
regulation by AMPK [31].

Given the central role of AMPK in regulating metabolism, and
its emerging role in normal [10] and stressed [4, 5, 32] placental
progenitor and stem cell differentiation, we studied the dynamics
of AMPK activation in response to O, changes, using mTSCs as
a model. Here, we hypothesize that AMPK also has its lowest
activation at 2% O,, similar to SAPK, and that AMPK has faster
activation when mTSCs are removed from 2% O, conditions than
when removed from 20% O, conditions. Because AMPK was found
to mediate potency loss and regulate ACC phosphorylation (at
Ser79) due to hyperosmolar stress and genotoxic stress [5, 32], we
also tested the hypothesis that hypoxic stress induces potency loss
and inhibits anabolic metabolism, as exemplified by ACC (Ser79)
phosphorylation, and that AMPK is responsible for this outcome.

Materials and Methods

Reagents

Fetal bovine serum, RPMI1640, and fibroblast growth factor 4
(FGF4) were from Gibco (Grand Island, NY, USA). Heparin was
purchased from Sigma Chemical (St. Louis, MO, USA). Compound
C was purchased from EMD Millipore (Cat# 171260; Billerica, MA,
USA). The following antibodies used were from Cell Signaling
Technology (Danvers, MA, USA): pAMPK (CS 2535), pACC
(Ser79) (CS 3661), B-Actin (CS 4970), anti-rabbit HRP-linked
antibody (CS 7074), and anti-mouse HRP-linked antibody (CS 7076).
Tubulin (Cat# T 9026, St. Louis, MO, USA) antibody came from
Sigma Chemical Co. ErrB and ID2 antibody were purchased from
R&D Systems (PP-H6705; Minneapolis, MN, USA) and Santa Cruz
Biotechnology (SC-489; Dallas, TX, USA), respectively. Anaerobic
bags to create 0% O, were from Hardy Diagnostics (AN010C; Santa
Maria, CA, USA).

Cell lines and culture conditions

The mouse trophoblast stem cell isolate was a gift from Dr. Rossant
(Samuel Lunenfeld Research Institute, Ontario, Canada). mTSCs were
cultured as described previously [20, 33]. Routine culture conditions

were 20% O,, with 25 ng/ml FGF4 and 70% embryonic fibroblast
conditioned medium. The cells were passaged approximately 24 h
before the start of each experiment to allow recovery from passage
stress. In the group of experiments where cells were switched from
20% O, to other O, levels, post-passage culturing was conducted
at 20% O,. Alternately, if cells were planned to be switched from
2% O, to other O, levels, they were placed in 2% O, for 24 h. The
starting cell confluence was around 20-30% prior to the switch. After
switching, cells were cultured for various length of time and were
then lysed for immunoblot analysis. Culture at 20% O, was conducted
in a conventional CO, incubator; 2% and 0.5% O, conditions were
achieved using commercial gas mixtures containing [2% O, /5%
CO, ] or [0.5% O, /5% CO, ], balanced with N,. All culture media
were pre-equilibrated for 24 h, at the specified O, levels before use.

Western blot

Cells were washed twice with ice-cold PBS and were then lysed
with RIPA buffer (Thermo Scientific). Fifty micrograms of whole-cell
extracts were separated by electrophoresis on a 4-20% SDS-PAGE
gel using Precast TGX mini gels (Bio-Rad, Hercules, CA, USA), and
were then transferred to PVDF membranes using a Bio-Rad Semi-dry
Transfer cell. We found that semi-dry transfer was not very efficient
in transferring ACC (280 kDa), and so wet transfer was conducted
for this protein using a Bio-Rad Trans-blot cell. The membranes were
blocked with 5% fat-free milk at room temperature for 1 h, and were
probed with primary antibody at 4°C overnight. The dilution of each
antibody was pAMPK (1:250), ErrB (1:1000), ID2 (1:300), pACC
(1:1000), B-Actin (1:1500), and Tubulin (1: 20000). Horseradish
peroxidase (HRP)-conjugated secondary antibody (1:15000) was
incubated at room temperature for 1.5 h. Primary antibodies were
diluted with 3% BSA/TBST; secondary antibodies were diluted with
2% fat-free milk/TBST. The protein bands were visualized using
enhanced chemiluminescence (ECL) (Amersham/GE Healthcare
Life Sciences, Marlborough, MA, USA).

Statistical analysis

Data collected over three independent experiments were subjected
to the SPSS Statistics software package (version 22.0) for distribution
examination and statistical analysis. Treatments were compared
to controls using one-way ANOVA. If statistical significance was
found, ANOVA was followed by the least square significance (LSD)
post hoc test. Data on changing O, levels from 20% O, to 2% O,
(at nine time intervals) were logarithmically transformed to meet
the normality assumption of ANOVA prior to analysis. Values are
presented as mean +/— standard error (SE). Differences between
treatments were considered significant if P < 0.05.

Results

During the study of SAPK activation, we found that 2% O,
enabled a growth rate that was 2.5-fold higher than that of 20%
O, for mTSC culture in vitro, but the media was very acidic by
24 h [15]. Therefore, in this experiment, the final duration of time
after removing cells from 20% O, was set to 12 h. The switch from
20% to lower O, levels was designed to emulate the changes that
might occur during re-implantation of in vitro-cultured embryos
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into normal or hypoxic implantation sites. The kinetics of AMPK
activation were investigated after changing from 20% O, to 2%
O, (Fig. 1A), to 0.5% O, (Fig. 1B), or to 0% O, (Fig. 1C). There
were consistent increases in pAMPK levels, starting by 6 h, in all
0O, groups. For the 20% to 2% O, switch, pAMPK levels fluctuated
~4-fold throughout the 12 h period, after reaching this level by 6
h (Fig. 1A). After switching to 0.5% or to 0% O,, pAMPK levels
continued to increase, with the peak observed at 12 h (Fig. 1B, Fig.
1C). Total AMPK protein levels did not change after the three sets
of switch from 20% O, during the period studied (Supplementary
Fig. 1: online only). Thus, removing cells from 20% O, produced
consistent increases in pAMPK levels, starting at 6 h independent
of what O, level the cells were moved into.

Because there was rapid proliferation and metabolic waste ac-
cumulation when cells were cultured at 2% O, [15], we took advantage
of AMPK as a reporter of metabolic stress to evaluate how often
the culture medium should be changed when cells are cultured at
2% O,. The result showed that changing to 2% O, did not activate
AMPK by 1-3 h, but pAMPK levels became high between 6-8 h,
and maintained high levels throughout the 12 h period (Fig. 2). These
results suggest that the intake of nutrients and the accumulation of
metabolic waste may have already become evident, and been sensed
by the cells, after 68 h of 2% O, culture. Without microfluidic
equipment to provide constant nutrient support and waste removal,
it would be difficult to routinely culture mTSCs at 2% O,. Currently
in vitro culturing of mTSCs is commonly carried out at 20% O, [33],
and this does not pose any problems for the isolation, maintenance,
or in vivo differentiation capabilities of mTSCs [34].

It should be noted that even though changing cells from 20% O,
to 2%, 0.5%, and 0% O, conditions all produced higher pAMPK
levels after 6-8 h, the biological processes underlying these increases
are unlikely to be the same. It is likely that the high pAMPK levels
observed after 6-8 h of 2% O, reflect the metabolic needs initiated
by rapid cell proliferation. There was minimal net cell growth in the
0.5% and 0% O, groups, as reported previously for mTSCs [15].
Increased pAMPK levels supposedly report other signals raised by
hypoxic stress, other than the need of biosynthesis for cell division
in these conditions. Further studies are needed to investigate the
mechanisms underlying pAMPK level increases in each condition.

To test the hypothesis that moving away from the least stressful
2% O, condition would also produce faster AMPK activation (as was
observed for SAPK), the kinetics of AMPK activation were studied
within a time frame similar to that used in studies of SAPK [15].
Time points of 0.5, 1, 2, 3, and 24 h were chosen. Four early time
points (0.5, 1, 2, 3 h) were selected to detect when AMPK activation
first occurs. The period of 24 h after removing cells from 2% O,
was also studied to enable comparisons between our data and the
published SAPK data. The results showed that pAMPK levels were
near maximum after removing cells from 2% O, for 1 h, regardless
of the O, level that the cells were moved into. The results of switches
from 2% O, to either 20%, 0.5%, or 0% O, are shown in Figs. 3A,
3B, and 3C, respectively. Total AMPK protein levels did not change
after the three sets of switch from 2% O, during the period studied
(Supplementary Fig. 2: online only). Interestingly, the 2% to 20%
0O, switch increased pAMPK levels significantly at 1-3 h, but by 24
h the pAMPK levels returned to baseline (Fig. 3A). This indicates
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Switching O, conditions from 20% to 2%, 0.5%, or 0% led
to increases in pAMPK levels at 6 h. mTSCs were cultured
as indicated, lysed, fractionated by SDS-PAGE, and probed
with antibodies against pAMPK Thr172. ACTB was used as a
loading control. Histograms show the average pAMPK level
of three independent biological experiments, with error bars
indicating standard error. A) Change from 20% to 2% O, led to a
delayed increase in pAMPK levels, to ~4-fold over baseline at 6
h; pAMPK remained at these higher levels until 12 h. B) Change
from 20% to 0.5% O, led to an increase in pAMPK levels, to
~5-fold above baseline at 6 h, and reached a peak of ~10-fold
at 12h. “*” indicates statistical significance compared with time
zero at 20% O,. C) After changing from 20% to 0% O,, pAMPK
levels increased to ~5-fold at 6 h, and reached a peak of ~9-
fold over baseline, at 12 h. “*” indicates statistical significance
compared with time zero at 20% O,.
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Fig.2. pAMPK reached peak levels at 8 h after changing from 20% to

2% O,, then stabilized at ~5-fold over baseline during the 12 h
period. pAMPK levels were normalized to ACTB. “*” indicates
statistical significance compared with time zero at 20% O,.

that changing cells from the least stressful condition of 2% O, to the
more stressful 20% O, required a rapid AMPK response. However,
unlike in the stressful O, levels below 2%, cells eventually adapted
to 20% O,, and their pAMPK levels decreased.

The maximal stimulation index in the switches from 2% to other
0, levels was only ~2-3 fold, whereas it was ~8—10 fold following
the switches away from 20% O,, as shown in Fig. 1. This was the
case even when the terminal O, level following the switch was the
same. This is most likely due to the difference in pAMPK levels
observed between 2% and 20% O, at the 0 h baseline, prior to the
switch. Because 2% O, facilitates faster cell proliferation than 20%
0,, it is possible that the high metabolic needs of mTSCs cultured
at 2% O, prior to O, change have already led to a higher pAMPK
baseline. As a result, the relative fold changes in pAMPK levels
from baseline were smaller after cells were moved away from 2%
0, (Fig. 3).

In Fig. 4A, we superimposed the dynamics and magnitude of
pAMPK levels, based on data represented in Fig. 1 and Fig. 3. This
shows average pAMPK levels after 12 h of different O, treatment
compared to the 0 h baseline. pAMPK levels were lowest at 20%
0,, and highest at 0.5-0% O,, with an approximate 10-fold change.
PAMPK levels at 2% O, were between those of the 20% and 0.5-0%
O, conditions, which produced an S-shaped curve. The speed of
pAMPK (Fig. 4A) activation after moving cells away from 20% or
2% O, to other O, levels mimicked the pSAPK response observed
in a similar experimental condition (Fig. 4B), which was cited with
permission from a previous publication [11]. Sudden changes in O,
environments, from the least stressful 2% to either higher or lower
0, levels, induced rapid AMPK and SAPK activation at 1 h. When
cells were moved from 20% O, to 0% O, the levels of pAMPK and
pSAPK increased at 68 h.

The stem cell state of mTSCs is characterized by the expression of
potency factors. Loss of potency predisposes mTSCs to differentiation.
We investigated the biological consequences of hypoxic exposure at
0.5% O, on the levels of two mTSC potency factors: inhibition of
differentiation 2 (ID2), and estrogen-related receptor beta (ERRB)
(Fig. SA). The time point of 12 h was chosen because, in 0.5% O,
conditions, pAMPK reached peak levels at 12 h. In addition, to study
whether inhibition of AMPK could reverse potency loss, we needed
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Fig. 3. Changing O, from 2% up to 20%, or down to 0.5% and 0% led to
rapid increases in pAMPK levels at 1 h. A) Changing from 2% to
20% O, induced rapid increases in pAMPK levels at 1 h, which
subsequently returned to baseline level at 24 h. “*” indicates
statistical significance compared with time zero at 2% O,.
B) Changing from optimal 2% to 0.5% O, induced rapid increases
in pAMPK levels, to ~2.5-fold over baseline (at 2% O,) at 1 h;
this was maintained throughout the 24 h period, but no statistical
significance was found. C) Changing from optimal 2% to 0%
0, induced rapid increases in pAMPK levels to ~2.5-fold over
baseline (at 2% O,) at 1 h; and this was maintained throughout
the 24 h period, but no statistical significance was found.

to choose a time point when potency loss had already occurred. In
the 0.5% O, culture, there was no appreciable potency loss in the
two time points (4 h and 8 h) prior to 12 h (Supplementary Fig. 3:
online only). mTSC incubated at 0.5% O, for 12 h led to a significant
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Fig. 4. O, stresses induced an S-shaped curve for pAMPK levels, and a
U-shaped curve for pSAPK levels, but activation of both enzymes
was most rapid when O, was changed from the least stressful
condition at 2% O,. A) Summary of the pAMPK dose and kinetic
responses to changes in O, levels, based on the data presented in
Figs. 1-3. The tail of the arrow is the O, level at time zero before
the change in O, conditions, and the head of the arrow is the level
of O, into which the cells were moved. mTSCs responded to
culture at 20%, 2%, 0.5%, and 0% O, with an S-shaped pAMPK
dose-response curve, with a maximal increase of ~10-fold over
baseline after 12 h of culture. B) Summary of the SAPK dose and
kinetic responses to changes in O, levels, based on a published
figure we cite with permission [11]. The tail of the arrow is the O,
level at time zero before the change in O, conditions, and the head
of the arrow is the level of O, into which the cells were moved.
PSAPK levels were lowest at 2% O, and increased rapidly within
1 h, when the cells were removed from 2% O,. The change from
20% to 0% O, produced a slower activation of SAPK.

(~50%) loss of ERRB and a not significant (~35%) loss of ID2.
AMPK inhibitor compound C did not reverse the loss of ERRB
caused by hypoxic stress. Thus, the hypothesis that stress induces
potency loss was supported. However, unlike potency loss caused
by other stressors, inhibiting AMPK cannot reverse potency loss
induced by hypoxic stress. Consistent with a previous report [15],
mTSCs maintained their potency at 2% O, (Fig. 5B). After 12 h of
2% O, culture, levels of ERRB and ID2 were comparable to those
observed in the 20% control group at 0 h. Unexpectedly, adding 10
uM compound C to 2% O, culture significantly decreased the level
of ID2 by approximately 45%. There were significant increases
(~4-fold and 2.7-fold) in the levels of ACC (Ser79) phosphorylation
after 12 h of 0.5% and 2% O, culture, respectively. These increases
in pACC are consistent with the increases in pAMPK shown in Fig.
2, which are more likely to reflect the needs of cells engaged in

active metabolism rather than pathologic hypoxia. This was because,
unlike that observed in cells cultured at 0.5% O,, after 12 h of 2%
0, treatment, the levels of potency factors were comparable to those
of the 20% O, control group. The increase in pACC levels observed
at 0.5% O, was reversed by ~50% via introduction of the AMPK
inhibitor compound C, while the increase in pACC level observed
at 2% O, was reversed completely by compound C.

Discussion

AMPK mediates profound changes in mTSC metabolic regulation
and stemness/differentiation balance [11]. It is not surprising that
AMPK was activated rapidly when cultured mTSCs were from optimal
2% O, conditions to hyperoxic 20% O, or hypoxic 0.5% O,. The
highest stimulation index of both pAMPK and pSAPK occurred at
0-0.5% O, (Fig. 4), suggesting that hypoxia at O, conditions below
2% is more stressful for mTSCs than that at the 20% O, condition.
Because the stimulus response of an enzyme is a product of speed
(i.e., the “direness” index) and magnitude (i.e., the “stimulation”
index), the most powerful AMPK response occurred when mTSCs
were moved from 2% to below 2% O,. It is interesting that switching
mTSCs from the less ideal 20% O, environment induced slower
activation of AMPK at 6-8 h, while switching them from the least
stressful 2% O, environment induced fast AMPK activation. We call
the similar kinetic patterns of the relatively faster AMPK and SAPK
responses a “direness response” when cells were moved out of the
optimal 2% O, environment. The speed of change in kinase activation
is based on AMPK sensing the dissimilar cellular state at starting
2% or 20% O,, not the final AMPK activity state at 0% or 0.5% O,
(which is reflected by the similar stimulation index). The speed with
which stress enzymes were activated after cells were moved out of
the least stressful 2% O, condition may reflect the profound stress
initiated by deviating from this ideal cellular condition. In times of
noxious environmental stimuli, cells must quickly change programs
to adapt, or else they die. AMPK and SAPK play important roles
in sensing environmental cues and determining cell fate [35, 36].

Although both AMPK and SAPK are stress kinases, they do not
always respond to stress in the same way [37]. SAPK is ubiquitously
expressed, and is activated by multiple types of stress, including
UV radiation, hyperosmolarity, ischemia/reperfusion injury, and
stimulation by TNF-a.[11]. SAPK participates in intracellular signaling
pathways that control cell proliferation, differentiation, apoptosis,
cytoskeletal integrity, and other functions, as has been reviewed in
[35]. By contrast, AMPK is first and foremost a kinase — with the
primary role of maintaining ATP balance by regulating anabolic and
catabolic metabolism [1]. The relatively higher level of pAMPK
observed at 2% O, may be due to the depletion of energy substrates
and/or the accumulation of acidic, metabolic wastes; alternatively,
it may have occurred in anticipation of the energy requirements of
rapid cell proliferation [38]. At 2% O,, the increase in pACC level
was not accompanied by the loss of potency, supporting the new state
that the cells must respond to; this is in contrast with the outcome
for cells in 0.5% O,. Further studies are needed to elucidate the
mechanism of AMPK activation that occurs when cells are moved
into the least stressful 2% O, environment.

Many kinases demonstrate early and late activation, and mediate
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distinct downstream events at different activation times [39—42].
During a microarray study of mTSC responses to hyperosmolar
stress, we found that the early stress response (within 30 min of
sorbitol treatment) is to downregulate highly changing mRNAs (all
31 genes with significant change were downregulated). However,
by 24 h, 158 genes were upregulated and 130 were downregulated,
including genes involved in the cell cycle, apoptosis, macromolecular
synthesis, and differentiation [43]. The direct effects of AMPK
were not investigated in the microarray study. Because AMPK is
activated under hyperosmolar stress [4], it is likely to have a role
in the hyperosmolar stress-induced changes that cells undergo. If
rapid and early responses to stress have been successful, cells may
regain their balance after the stress subsides; or if the stress persists,
larger-scale changes in transcription, cell cycle, and differentiation
may follow, leading to irreversible changes in cell program. In
mTSCs, mESCs, and early mouse embryos under hyperosmotic and
genotoxic stress, as well as to certain drugs or diet supplements,
AMPK downregulates cellular potency factors [4, 5] and predisposes
the cells to differentiation. The fact that moving cells from 2% O, to
20% O, induced early increases in pAMPK levels that eventually fell
back to baseline is informative. This suggests that cells are capable
of coping with sudden environmental changes and that if the new
environment is not too stressful, they regain their balance.

To further understand the biological consequences of hypoxic

stress and AMPK activation, we studied the effects of an AMPK
inhibitor, and the levels of two potency factors, ID2 [44] and ERRB
[34, 45], in cells cultured at traditional 20% O,, 0.5% O,, or 2%
O, conditions. ID2 is an mTSC stemness marker, and is a key
potency-maintenance gene. Forced expression of proteins in the
ID family inhibits the differentiation of human cytotrophoblasts
[44]. ERRB is also a mTSC stemness marker, and it is involved in
chorionic lineage specification and potency maintenance following
implantation [45]. With FGF4 removal, normally differentiated
mTSCs lose expression of ID2 and ERRB, which is consistent
with their role as potency factors [20, 34]. Hypoxic stress at 0.5%
0, also drove ID2 and ERRB downregulation, despite the presence
of the potency-maintaining growth factor FGF4; however, AMPK
inhibition did not reverse potency loss at 0.5% O,. Unlike the minimal
effects that compound C had on the levels of ERRB and ID2 in cells
cultured at 20% O, and 0.5% O,, both potency factors were reduced
by compound C in cells at 2% O, (although the decrease in ERRB
did not reach statistical significance). We know that AMPK activity
was inhibited by compound C at 2% O,, because pACC (Ser79)
level was significantly reduced. ACC carries the classical AMPK
substrate motif [46], and the level of ACC phosphorylation at Ser79
indicates the activity of AMPK. However, in addition to being an
AMPK inhibitor, compound C is known to have AMPK-independent
effects on multiple cellular processes, such as cell cycle progression
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[47], mitochondrial respiration [48], and autophagy [49]. Further
studies are required to elucidate the unique metabolic features that
mTSCs possess at 2% O, that make them more susceptible to the
effects of compound C.

The general hypothesis that stress drives mTSC differentiation ap-
plies to hypoxic stress, as well as to hyperosmolar and genotoxic stress
[5, 32]. Hypoxic stress inhibits anabolic metabolism, as represented
by the inhibition of lipid synthesis, by inducing ACC phosphorylation
and inactivation. ACC is a rate-limiting enzyme in the very early
step of lipid synthesis [30]. Compound C partially blocked the
phosphorylation of ACC at Ser79, suggesting that AMPK regulates
metabolism during hypoxia via mechanisms similar to those used
during other forms of stress [ 11]. The unique feature of hypoxic stress
is that it affects the essential process of cellular energy production.
The energy level of a cell is a fundamental signal, regulating every
aspect of cell metabolism; therefore, it must be tightly regulated.
AMPK sits at the center of cellular energy regulation by affecting
multiple anabolic and catabolic pathways [1, 50]. Even for normal in
vitro cell culture, occasional stressors exist, and AMPK functions are
needed. Knockdown of AMPK catalytic o subunits leads to reduced
cell growth in SM10 mouse placental progenitor cells presumably
due to lack of culture adaptaion [10]. Inhibiting AMPK function
may compromise the ability of mTSCs to adapt to hypoxic stress,
and may produce severely maladaptive hypoxic cells that suffer
irreversible loss of their potency factor proteins.

Limitations of this study, and future directions

Here, we studied the dynamics of AMPK activation and found
that moving cells out of 20% O, conditions activated AMPK at a
slower rate than when they were moved out of the least stressful
conditions at 2% O,. We did not study the upstream events that
mediate the early (1 h) and late (68 h) AMPK response, nor did
we study how the 2% O, environment differs from that of 20%
O, in causing these changes. Because 2% O, is associated with
faster mTSC proliferation (~7 h doubling time), anabolic processes
such as transcription, translation, and DNA replication should also
be more active at 2% O,. Bacterial studies showed that rapidly
growing cells operate close to their optimal energy efficiency [51],
which is necessary to support the high rates of biosynthesis during
cell proliferation [52, 53]. We speculate that the demands of high
energy turnover that are associated with rapid cell growth may
make mTSCs more susceptible to perturbations in the environment.
An alternate hypothesis is that healthier cells, cultured in the least
stressful environment, are inherently more capable of sensing stress
and mounting a rapid adaptive response. Different cell types and
stimuli should be used to gain better understanding of whether this
is a generalized phenomenon, and future studies are needed to test
these hypotheses.
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