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Differential regulation of mTORC1 and
MTORCQC2 is critical for 8-Br-cAMP-induced
decidualization

Mi-Ock Baek', Hae-In Song', Joong-Soo Han@” and Mee-Sup Yoon'

Abstract

Human endometrium decidualization, a differentiation process involving biochemical and morphological changes, is a
prerequisite for embryo implantation and successful pregnancy. Here, we show that the mammalian target of
rapamycin (mTOR) is a crucial regulator of 8-bromoadenosine 3'5-cyclic monophosphate (8-Br-cAMP)-induced
decidualization in human endometrial stromal cells. The level of mSin1 in mTOR complex 2 (MTORC2) and DEPTOR in
mTOR complex 1 (MTORC1) decreases during 8-Br-cAMP-induced decidualization, resulting in decreased mTORC2
activity and increased mTORCT activity. Notably, DEPTOR displacement increases the association between raptor and
insulin receptor substrate-1 (IRS-1), facilitating IRS-1 phosphorylation at serine 636/639. Finally, both $473 and T308
phosphorylation of Akt are reduced during decidualization, followed by a decrease in forkhead box O1 (FOXO1)
phosphorylation and an increase in the mRNA levels of the decidualization markers prolactin (PRL) and insulin-like

growth factor-binding protein-1 (IGFBP-1). Taken together, our findings reveal a critical role for mTOR in
decidualization, involving the differential regulation of mTORC1 and mTORC2.

Introduction

Decidualization is the differentiation process of endo-
metrial stromal (ES) cells, which determines the suc-
cessful implantation of an embryo and the subsequent
formation of a functional placenta’. This process involves
the morphological transformation of fibroblast-like ES
cells to enlarged decidual cells, which are biochemically
and functionally distinct cells. Progesterone induces
decidualization of human ES (hES) cells during the late
phase of the menstrual cycle, and subsequent embryo
implantation leads to and extends the persistent decid-
ualization throughout the endometrium, forming the
pregnancy decidua®. Decidualization is required to render
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the endometrium receptive to an incoming embryo and
for pregnancy maintenance®. In vitro decidualization of
human ES cells has been induced in the presence of
hormones and growth factors, which mimic the in vivo
decidual transformation. It has been shown that the
activation of the intracellular cyclic monophosphate
(cAMP) pathway as well as progesterone is essential for
the decidualization of human ES cells®.

The mammalian target of rapamycin (mTOR) pathway
regulates many cellular signaling and developmental pro-
cesses in response to growth factors and nutrients®. mTOR
forms two different complexes, known as mTOR complex
1 (mTORC1) and mTOR complex 2 (mTORC2).
mTORCI has three core components, namely, mTOR,
raptor, and mLST8, which modulate translation and pro-
tein synthesis by phosphorylating ribosomal S6 kinase 1
(S6K1) and eukaryotic initiation factor 4E-binding pro-
teinl (4EBP1)°. mTORC2 consists of mTOR, rictor,
mLST8, and mSinl, and it regulates cell survival
and cytoskeleton rearrangement by activating Akt,
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serum/glucocorticoid-regulated kinase, and protein kinase
Ca®. In addition, mTOR activity is modulated by several
mTOR-bound endogenous inhibitors, such as PRAS40
(mTORC1), XPLN (mTORC2), and DEPTOR (mTORC1
and mTORC2)*>”.

It has been reported that mTOR is a critical regulator of
diverse differentiation processes, such as myogenesis®’,
adipogenesis'®'!, T-cell differentiation'?, and hepatic dif-
ferentiation'?, suggesting that it may also be involved
in decidualization. The expression of mTOR increases in
pregnant mice during early embryo implantation, mainly in
the stromal cells'*. In addition, the components of
mTORC1 and mTORC?2 are expressed in the uterus during
pregnancy'®. There is also evidence for the functional
involvement of mTOR signaling during pregnancy. mTOR-
associated cell signaling pathways mediate the interactions
between the maternal uterus and peri-implantation con-
ceptuses'™. Treatment with rapamycin, a specific mTOR
inhibitor, decreases the number of implantation sites'®,
suggesting the importance of mTOR for embryo implan-
tation. Phosphorylation of mTOR at both serine 2448 and
serine 2481 increases the placentation sites in mouse'®,
whereas phosphorylation of mTOR at serine 2481 (pS2481-
mTOR) decreases during 8-bromoadenosine 3’,5-cyclic
monophosphate (8-Br-cAMP)-induced decidualization of
human ES cells'”'®, Arginine and leucine are sufficient to
induce blastocyte activation, which is dependent on
rapamycin-independent mTORCI activity'®. Moreover,
mTORCI1 has been shown to determine the timing of birth
and fetal death in mice*’. The interaction between p53 and
sestrin activates 5'-AMP-activated protein kinase (AMPK),
resulting in the inhibition of mMTORCI and preterm birth*'.
These results suggest that regulation of mTOR is crucial for
maintaining pregnancy. Although these observations sug-
gest a potential role of mTOR in implantation, the forma-
tion of decidua, and the maintenance of pregnancy, the
underlying mechanisms regulating mTORC1 and mTORC2
activity have never been elucidated.

In the present study, we investigated the involvement of
mTORCI1 and mTORC?2 in the differentiation of human
ES cells. We show that mTORC1 and mTORC2 differ-
entially modulate 8-Br-cAMP-induced decidualization of
hES cells. We found that, during this differentiation
process, mTORCI is activated by DEPTOR displacement,
resulting in dampened pT308-Akt expression and that
concurrently, mSinl dissociates from mTORC?2, resulting
in a reduction in pS473-Akt expression. The reduction in
the phosphorylation of Akt leads to the subsequent acti-
vation of forkhead box O1 (FOXO1) and the expression of
the decidualization markers, prolactin (PRL) and insulin-
like growth factor-binding protein-1 (IGFBP1). These
results provide evidence that mTOR regulation of the
activity of the Akt-FOXOL1 signaling pathway is essential
for the process of decidualization in hES cells.
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Materials and methods
Antibodies and other reagents

Antibodies were obtained from the following sources:
FLAG M2 from Sigma-Aldrich (St. Louis, MO); DEPTOR
from Novus; tubulin from Abcam (Cambridge, UK);
raptor, rictor, and mSinl from Bethyl laboratory (Mon-
tgomery, TX); mTOR from Santa Cruz Biotechnology
(Santa Cruz, CA); and all other antibodies from Cell
Signaling Technology (Danvers, MA). All secondary
antibodies were from Jackson ImmunoResearch Labora-
tories Inc. (West Grove, PA). 1,2-Dioctanoyl-sn-glycero-
3-PA was obtained from Avanti Polar Lipids (Alabaster,
AL). All other reagents were from Sigma-Aldrich (St.
Louis, MO).

Isolation and culture of hES cells

hES cells were isolated from human endometrium,
which was obtained by hysterectomy from 25 pre-
menopausal women aged 40—45 years. The participants
underwent surgery for nonendometrial abnormalities at
Hanyang University Hospital between September 2008
and September 2014. Histological examination was con-
ducted for each endometrial specimen. Isolation of hES
cells was performed following a previously described
procedure®. hES cells were grown in Dulbecco’s-modified
Eagle’s medium (DMEM) containing 1 g/L glucose with
10% fetal bovine serum at 37 °C with 5% CO,. To induce
in vitro decidualization, cells were plated on tissue culture
plates, grown to 100% confluence, treated with differ-
entiation medium (DMEM containing 0.5mM 8-Br-
cAMP) and given with fresh medium daily for 2 days.

Lentivirus-mediated short hairpin (sh) RNA and
transfection

DEPTOR shRNAs contained in the pLKO.1-puro vector
were obtained from Sigma-Aldrich (MISSION shRNA).
The clone IDs were as follows: DEPTOR-I,
TRCNO0000168212; DEPTOR-2, TRCN0000240949. The
shRNAs for raptor and rictor were obtained from
Addgene. Lentivirus packaging and testing were per-
formed as previously described’. hES cells were trans-
duced with lentiviruses in growth medium containing 8
pg/mL polybrene and 2 pg/mL puromycin for selection
for 5 days, and they were plated in 12 well plates for
differentiation. For transfection with DEPTOR, cells were
transfected with Flag-DEPTOR*® using TransIT-LT1
(Mirus Bio LLC, Madison, US), following the manu-
facturer’s recommendations.

Cell lysis, immunoprecipitation, and western blot analysis

hES cells were washed once with ice-cold phosphate
buffered saline and were then lysed with lysis buffer (Cell
Signaling Technology, Danvers, MA). The supernatant,
after microcentrifugation at 13,000 x g for 10 min, was
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collected and then boiled in a sodium dodecyl sulfate
(SDS) sample buffer for 5 min. Immunoprecipitation was
performed with anti-rictor or anti-raptor antibody and
then incubated with protein G agarose for 1h at 4°C.
Lysis buffer containing 40 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (pH 7.4), 120 mM
NaCl, 10mM pyrophosphate, 50 mM NaF, 10 mM -
glycerophosphate, 2mM EDTA, 1X Sigma protease
inhibitor cocktail, and 0.3% 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS) was
used for immunoprecipitation. The beads were washed
with lysis buffer three times and then boiled in SDS
sample buffer for 5 min. Proteins were resolved on SDS-
polyacrylamide gels and transferred onto polyvinylidene
fluoride membranes (Millipore, Billerica, MA). Antibody
incubations were performed following the manufacturer’s
recommendations. Horseradish peroxidase-conjugated
secondary antibodies were detected with Chemilumines-
cent HRP Substrate (Millipore, Billerica, MA). Images
were developed using X-ray film.

Quantitative real-time (RT)-PCR

Total RNA was extracted from either undifferentiated
or differentiating hES cells using TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA). cDNA was synthesized
from 1 pg RNA using TOPscript' ™ RT DryMIX kit (dT18
plus) (Enzynomics, Daejeon, Korea). Real-time PCR ana-
lysis was performed with a CFX384 C1000 Thermal
Cycler (Bio-Rad, Hercules, CA) using TOPreal™ qPCR
2X PreMIX (SYBR Green with high ROX) (Enzynomics,
Daejeon, Korea). Human glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used to normalize gene
expression. A list of primer sequences is provided in
Table 1.

Statistical analysis

All data are presented as the mean + standard deviation
(SD). Where necessary, statistical significance was deter-
mined by performing a one-sample ¢-test. P-values of <
0.05 were considered statistically significant.

Results
mTORC1 and mTORC2 differentially regulate 8-Br-cAMP-
induced decidualization

To gain insight into the involvement of mTOR signaling
in successful embryo implantation and pregnancy, we
assessed mTOR signaling during in vitro decidualization,
a process that is closely related to stromal differentiation
in vivo'. Primary hES cells grown to 100% confluence
were induced to differentiate using 0.5 mM 8-Br-cAMP.
Typically, mRNA expression of the decidualization mar-
kers, i.e, PRL, IGFBP1, and FOXO1l (Supplementary
Fig. 1A), and morphological changes (Supplementary
Fig. 1B) were evident 2-3 days after induction. The
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Table 1 Primers used in this study

Gene Sequence

PRL F GGAGCAAGCCCAACAGATGAA
PRL R GGCTCATTCCAGGATCGCAAT
IGFBP1 F TTGGGACGCCATCAGTACCTA
IGFBPT R TTGGCTAAACTCTCTACGACTCT
FOXOT F GGATGTGCATTCTATGGTGT
FOXOT1 R TTTCGGGATTGCTTATCTCA
DEPTOR F CTCAGGCTGCACGAAGAAAAG
DEPTOR R TTGCGACAAAACAGTTTGGGT
GAPDH F GGAGCGAGATCCCTCCAAAAT
GAPDH R GGCTGTTGTCATACTTCTCATGG

protein levels of mTOR, raptor, and rictor, the main
components of mTORC1 and mTORC2, remained
unchanged during 8-Br-cAMP-induced decidualization
(Fig. 1la). Next, to investigate any potential change in
mTOR kinase activity, we examined mTOR phosphor-
ylation on S2481, an autophosphorylation site that has
been reported to monitor mTOR-specific catalytic activ-
ity. To distinguish between pS2481-mTORCI1 and
pS2481-mTORC2, we isolated mTORC1 and mTORC2
by immunoprecipitation using anti-raptor and -rictor,
respectively. S2481 phosphorylation of raptor-associated
mTOR (mTORC]1) increased during 8-Br-cAMP-induced
decidualization (Fig. 1b). On the other hand, rictor-
associated mTOR (mTORC2) had high basal levels of
52481 phosphorylation, which decreased drastically 2 days
after the induction of differentiation (Fig. 1c).

Next, in order to investigate whether mTORC1 or
mTORC2 is required for the differentiation of hES cells,
we used two independent shRNAs targeting either raptor
or rictor and a scramble hairpin sequence as a negative
control. Interestingly, knockdown of raptor decreased the
expression of PRL, a well-known marker of decidualiza-
tion (Fig. 1d), and reduced the number of decidual cells
with a round-shaped morphology (Fig. le). However,
knockdown of rictor enhanced PRL expression (Fig. 1f)
and the number of round-shaped decidual cells (Fig. 1g).
These results suggested that an increase of mTORC1
activity or a decrease of mTORC2 activity is critical for
decidualization.

mTORC1 phosphorylates insulin receptor substrate-1 (IRS-1)
at $636/639 during 8-Br-cAMP-induced decidualization
Next, we evaluated the phosphorylation of T389-S6K1,
a well-established downstream target of mTORC]1, since
mTORC1 autokinase activity increased during decid-
ualization (Fig. 1b). Interestingly, S6K1 phosphorylation at
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Fig. 1 mTORC1 and mTORC2 differentially regulate 8-Br-cAMP-induced decidualization. a Human endometrial stromal (hES) cells were
induced to differentiate for 4 days in the presence of 0.5 mM 8-Br-cAMP. On day 0, 2, or 4 of differentiation, the cells were lysed and subjected to
western blotting. b, ¢ On day 0 or 2 of differentiation, the cells were lysed, subjected to immunoprecipitation against raptor (b) or rictor (c) and were
analyzed by western blotting. d-g hES cells were infected with lentiviruses expressing two different raptor shRNAs (d, e), rictor shRNAs (f, g), or
scrambled shRNA. They were then selected by puromycin for 5 days and differentiated for 2 days in the presence of 0.5 mM 8-Br-cAMP. d, f The cells
were lysed and analyzed by either quantitative RT-PCR or western blotting. Human GAPDH was used to normalize gene expression. e, g Cells were
photographed under bright-field illumination. Round-shaped cells were scored as differentiated cells. Scale bar = 50 um. a—g Data are representative
of three to four independent experiments. d-g Data are expressed as the mean + SD, with paired t-tests performed as indicated. *P < 0.05, **P < 0.01
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T389 and subsequent S6 phosphorylation at S235/236
remained unchanged during 8-Br-cAMP-induced differ-
entiation of hES cells (Fig. 2a). In addition, treatment with
PF-4708671, an S6K1 inhibitor, did not affect the PRL
mRNA expression level 2 days after the induction of

Official journal of the Korean Society for Biochemistry and Molecular Biology

differentiation, though the effectiveness of the S6K1
inhibitor was confirmed by the almost complete inhibition
of S6 phosphorylation (Fig. 2b). These results indicated
that S6K1 is dispensable for 8-Br-cAMP-induced
decidualization and that mTORC1 might regulate
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Fig. 2 mTORC1 phosphorylates IRS-1 at $636/639 during 8-Br-cAMP-induced decidualization. a Human endometrial stromal (hES) cells were
induced to differentiate for 4 days in the presence of 0.5 mM 8-Br-cAMP. On day 0, 2, or 4 of differentiation, the cells were lysed and subjected to
western blotting. b Cells were differentiated with or without 15 uM PF-4708671 at the initiation of differentiation for 2 days. Cells were lysed and then
analyzed by either quantitative RT-PCR or western blotting. ¢ On day 0, 2, or 4 of differentiation, the cells were lysed and subjected to western
blotting. d Cells were differentiated for 2 days with or without 100 nM rapamycin at the initiation of differentiation for 2 days. e hES cells were
infected with lentiviruses expressing two different raptor shRNAs or scrambled shRNA; cells were then selected by puromycin for 5 days. After 2 days
of differentiation, the cells were lysed and then analyzed by either quantitative RT-PCR or western blotting. Human GAPDH was used to normalize
gene expression. All blots are representative of three to five independent experiments. All data are shown as the mean + SD, with paired t-tests
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decidualization via downstream targets other than S6K1.
To identify such mTORCI1-controlled downstream tar-
gets in decidualization, we examined the phosphorylation
of IRS-1 at various serine residues (S307, S636/639, and
S§1101). mTORC1 is known to phosphorylate IRS-1 at
serine residues, resulting in the degradation of IRS-1 or
the reduction of IRS-1 signaling to phosphoinositide 3-
kinase (PI3K)/Akt*®. As shown in Fig. 2¢c, IRS-1 protein
levels increased during cAMP-induced differentiation of
hES cells, consistent with previous findings*®. At the same
time, IRS-1 phosphorylation at S636/639 obviously
increased, whereas phosphorylation at both S307 and
S1101 mildly increased, most likely as a reflection of the
increase in the IRS-1 protein level. In addition, treatment
with rapamycin severely reduced the mRNA level of PRL,
a decidualization marker, during cAMP-induced decid-
ualization (Fig. 2d). Consistent with mTORC1 phos-
phorylation  of IRS-1  during  cAMP-induced
decidualization, the depletion of raptor reduced the S636/
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639 phosphorylation of IRS-1 during cAMP-induced
decidualization and, concurrently, increased the IRS-1
protein level (Fig. 2e), leading to a reduction in the PRL
mRNA level (Fig. 1d). These results suggested that
mTORCI enhances decidual transformation by increasing
the S636/639 phosphorylation of IRS-1.

DEPTOR displacement from mTORC1 increases the
association between raptor and IRS-1

To elucidate how mTORC]1 kinase activity increases, we
analyzed the amount of DEPTOR, an endogenous dual
inhibitor of mTORC1 and mTORC2, in mTOR com-
plexes. As shown in Fig. 3a and b, the protein and mRNA
levels of DEPTOR declined during 8-Br-cAMP-induced
decidualization. Notably, the amount of DEPTOR asso-
ciated with immunoprecipitated mTOR decreased after
2 days of decidualization (Fig. 3c). In mTORC1 complexes
specifically isolated by immunoprecipitation with an
antibody against raptor, the amount of DEPTOR was
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were induced to differentiate for 4 days in the presence of 0.5 mM 8-Br-cAMP. On day 0, 2, or 4 of differentiation, the cells were lysed and subjected
to western blotting (a) and quantitative RT-PCR (b) to analyze DEPTOR expression. Human GAPDH was used to normalize gene expression. ¢ On day
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as the mean + SD or are blots representative of three to five independent experiments. Student'’s t-tests were performed to compare the indicated

- -~ ||— - hl DEPTOR

IRS-1
- 4+ PA

- e

| -—“- - -l raptor

.l_‘_“.

IP lysate

reduced after 2 days of differentiation (Fig. 3d), whereas
the level of DEPTOR in mTORC?2 isolated by immuno-
precipitation with an antibody against rictor remained
relatively unchanged (Fig. 3e). In addition, the amount of
mTOR in mTORC]1 in decidual cells was similar to that of
undifferentiated cells (Fig. 3d). These results indicate that
the increased mTORCI1 kinase activity we observed dur-
ing the differentiation of hES cells was a result of the
displacement of DEPTOR from mTORCI.

Because raptor binding to the SAIN (Shc and IRS-1
NPXY binding) domain of IRS-1 is known to regulate
phosphorylation of S$636/639-IRS-1 by mTOR*, we
investigated whether the interactions between raptor and
IRS-1 increased during 8-Br-cAMP-induced decidualiza-
tion. As shown in Fig. 3d, raptor directly interacts with
IRS-1, as reported previously”’, and their interaction was
further increased 2 days after the induction of decid-
ualization, coinciding with the displacement of DEPTOR
from mTORC1. We propose that DEPTOR displacement
from mTORCI further facilitates the interaction between
raptor and IRS-1 and, subsequently, the phosphorylation
of IRS-1 at S636/639 (Fig. 2c).
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It has been reported that phospholipase D1 (PLD1)-
produced phosphatidic acid (PA) induces DEPTOR dis-
placement®®. PLD1-produced PA, which contains at least
one unsaturated fatty acid chain, binds to the FRB domain
of mTOR and displaces DEPTOR from mTORC1 to
activate mTORC1 kinase activity”’. Interestingly, the
protein level and activity of PLD1 have been shown to
increase during decidualization in previous studies**?,
Therefore, we tested whether PA enhances the interaction
between raptor and IRS-1 while displacing DEPTOR from
mTORC1. We chose a short-chain PA (C8-PA) in order
to avoid the conversion of PA to lysophosphatidic acid®.
When cells were treated with C8-PA, DEPTOR was dis-
placed from mTORCI, and simultaneously, the interac-
tion between raptor and IRS-1 increased (Fig. 3f). These
results imply that PLD1-produced PA induces DEPTOR
displacement, resulting in an enhanced interaction
between raptor and IRS-1, which augments the phos-
phorylation of IRS-1 at S636/639.

DEPTOR is a negative regulator of decidualization
Next, we investigated whether DEPTOR plays a role in
regulating decidualization. Although DEPTOR is a dual
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inhibitor of mTORC1 and mTORC?2, it primarily affects
mTORCI rather than mTORC2 activity>®. However, the
effect of DEPTOR on mTORCI activity is mild, unlike the
potent inhibition of mTORCI due to raptor knockdown
or rapamycin treatment®’. We investigated the effect of
DEPTOR knockdown by lentivirus-delivered shRNA,
using two independent shRNAs for DEPTOR and a
scramble hairpin sequence as a negative control. Knock-
down of DEPTOR by two independent shRNAs increased
pS636/639-IRS-1 without affecting either pT389-S6K1
(Fig. 4a) or pS473-Akt (data not shown), indicating that
DEPTOR regulates mTORCI’s interactions with IRS-1 in
this context. When hES cells transfected with DEPTOR
shRNAs were induced to differentiate using 8-Br-cAMP,
the mRNA levels of PRL (Fig. 4b) and IGFBP1 (Supple-
mentary Fig. 2A) increased compared to control, along-
side an enhancement of decidua-like morphology
(Supplementary Fig. 2B). Conversely, overexpression of
DEPTOR completely blocked pS636/639-IRS1 (Fig. 4c) as
well as 8-Br-cAMP-induced decidualization, as indicated
by the mRNA expression levels of PRL (Fig. 4d) and
IGFBP1 (Supplementary Fig. 2C). These results imply that
DEPTOR negatively regulates decidualization by inhibit-
ing mTORC1 kinase activity on IRS-1 at S636/639.

Akt inactivation during decidualization is accompanied by
decreased pS256-FOXO1

The active form of IRS-1 activates PI3K, producing
phosphatidylinositol (3,4,5)-trisphosphate (PtdIns(3,4,5)
P;), leading to 3-phosphoinositide-dependent protein
kinase-1 (PDK1) activation and Akt phosphorylation at
T308%. Phosphorylation of IRS-1 at its serine residues
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induces its degradation and blocks its activation®”. During
8-Br-cAMP-induced decidualization, pT308-Akt drasti-
cally decreased (Fig. 5a), presumably due to the negative
feedback loop of IRS-1 inhibition resulting from the
phosphorylation of S636/639 by mTORCI1. Akt phos-
phorylation at S473, an mTORC2 phosphorylation site,
was also completely inhibited (Fig. 5a), which is consistent
with the observed inactivation of mTORC?2 kinase activity
(Fig. 1c). Then, we analyzed the phosphorylation of S256-
FOXO1, which is a target site of Akt®>, FOXO1 is known
as a marker of decidualization and functions as a critical
transcription factor of other decidual marker genes during
decidualization, including PRL and IGFBP1°*%, The
phosphorylation of FOXO1 by Akt is known to reduce its
transcriptional activity®®. We observed that FOXO1
expression remarkably increased after the induction of
decidualization (Fig. 5a), as shown in previous studies®**’,
which is consistent with the increase in FOXO1 mRNA
levels we observed (Supplementary Fig. 1A). Despite the
increased expression of total FOXO1 protein, the pS256-
FOXOL1 level was not significantly increased but, rather,
decreased during decidualization when the ratio of pS256-
FOXO1/FOXO1 was examined (Supplementary Fig. 3A).
These results suggested that Akt inactivation is correlated
with the reduction of pS256-FOXO1 in decidual cells.

Differential regulation of mMTORC1 and mTORC2, which
results in Akt inactivation and is required for
decidualization

Since we observed a decrease in mTORC2 kinase
activity (Fig. 1c) and in the phosphorylation of the
mTORC2 substrate S473-Akt (Fig. 5a), without any

P
A B C D .
<12 o . < 2500
oerror[BB__ | g | g ——  regoerror[, wm| £ .
E o8 E 1500
pS636/639-IRS1 EI & oo pS636/639-IRS1 EI Z o
= 04 =
Rs1[+ - == =53] & o 5 i}
7380561 | | ]
< 500 <
£ 300 . £
shscram + - - g 108 Flag-DEPTOR - + o o |
shDEPTOR1 - + - shscram + + - - Flag-DEPTOR - _ +
shDEPTOR2 - - + ShDEPTOR1 - - + - 8-BrcAMP - + +
shDEPTOR2 - - - + Diff (days): 0 2
8-Br-cAMP - + + +
Diff (days): 0 2
Fig. 4 DEPTOR is a negative regulator of decidualization. a, b Human endometrial stromal (hES) cells were infected with lentiviruses expressing
two different DEPTOR shRNAs or scrambled shRNA and were then selected by puromycin for 5 days. a Cells were lysed and then analyzed by western
blotting. b After 2 days of differentiation, the cells were lysed and subjected to quantitative RT-PCR. ¢ Cells were transfected with Flag-DEPTOR, lysed,
and analyzed by western blotting. d Cells were treated as described in (c), differentiated for 2 days, and then subjected to quantitative RT-PCR.
Human GAPDH was used to normalize gene expression. All data are shown as the mean =+ SD or are blots representative of three to five independent
experiments. Student's t-tests were performed to compare the indicated pairs of data. **P < 0.01
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Fig. 5 Differential regulation of mMTORC1 and mTORC2 inactivates Akt, accompanied by decreased pS256-FOXO1 during 8-Br-cAMP-
induced decidualization. a Human endometrial stromal (hES) cells were differentiated with 8-Br-cAMP for 4 days, lysed, and analyzed by western
blotting. b On day 0 or 2 of 8-Br-cAMP-induced differentiation, hES cells were lysed, subjected to immunoprecipitation against rictor, and analyzed by
western blotting. c-e Cells were infected with rictor shRNAs (c), raptor shRNAs (d), DEPTOR shRNAs (e), or scrambled shRNA; cells were then selected
by puromycin for 5 days. Cells were differentiated in the presence of 0.5 mM 8-Br-cAMP, lysed, and then subjected to western blotting. f Cells were
transfected with Flag-DEPTOR, differentiated with 0.5 mM 8-Br-cAMP for 2 days, lysed, and then subjected to western blotting. All blots are

change in mTOR or DEPTOR levels in mTORC2 during
decidualization of hES cells (Fig. 3e), we analyzed the level
of the mTORC2 component mSinl, a protein that is
required for mTORC2 assembly and Akt phosphoryla-
tion®®. The mSinl protein level completely decreased
4 days after induction of differentiation (Supplementary
Fig. 3B). When mTORC2 was isolated through immu-
noprecipitation with antibody against rictor, the level of
mSinl in mTORC2 decreased 2 days after 8-Br-cAMP-
induced differentiation (Fig. 5b). To examine the role of
mTORC2 activity in 8-Br-cAMP-induced decidualization,
we downregulated rictor expression using two indepen-
dent shRNAs combined with a lentiviral delivery system.
As shown in Fig. 5¢c, the knockdown of rictor drastically
reduced pS473-Akt and caused a decrease in pS256-
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FOXOL1 levels greater than the decrease observed in
control cells. This decreased phosphorylation was fol-
lowed by an increase in PRL mRNA levels (Fig. 1f) and the
enhancement of decidua-like morphology (Fig. 1g), sug-
gesting that the decrease of Akt activity and pS256-
FOXOL1 levels by mTORC2 inactivation contributes to
decidualization. In contrast, raptor knockdown enhanced
pS473-Akt (Fig. 5d), resulting in a decrease in PRL mRNA
levels (Fig. 1d) and decidua-like morphology (Fig. le),
further indicating that the downregulation of Akt activity
contributes to decidual events. Moreover, knockdown of
DEPTOR further decreased the phosphorylation of T308-
Akt, S473-Akt, and S256-FOXO1 and was followed by a
significant increase in FOXO1 protein levels (Fig. 5e).
However, the overexpression of DEPTOR augmented
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phosphorylation of Akt and S256-FOXO1 (Fig. 5f). These
results suggest that the inactivation of Akt by differential
regulation of mMTORCI1 and mTORC?2 is essential for 8-
Br-cAMP-induced decidualization by decreasing the
pS256-FOXOL1 level.

Discussion

Decidualization is a multistage process that is tightly
regulated by well-orchestrated signaling pathways. In the
present study, we show that both mTORC]1 activation and
mTORC2 inactivation are involved in 8-Br-cAMP-
induced decidualization. In this biological context, the
regulation of mTOR activities decreased Akt activity and
FOXO1 phosphorylation at S256, leading to differentia-
tion in hES cells.

Although both mTORC1 and mTORC2 are often
involved in the same biological contexts and processes,
each complex contributes to regulation through distinct
mechanisms. At the molecular level, mTORC1 differs
from mTORC2? in its stabilitySg, its localization®, and the
effect of DEPTOR on its activity*®. Distinct differences in
the activity of the mTOR complexes are also evident at
the physiological level. In oligodendrocyte differentiation,
mTORCI1 mediates the generation of mature oligoden-
drocytes by regulating the translation of myelin genes,
while mTORC2 transcriptionally controls key genes
required for oligodendrocyte differentiation*'. In another
context, a recent report showed that a positive feedback
loop between sestrin2 and mTORC?2 inhibits mTORC1
activity in glutamine-depleted lung cancer cells, prevent-
ing ATP depletion and maintaining the redox balance®”.
In addition, mMTORC1 and mTORC?2 have distinct roles in
determining mesenchymal stem cell (MSC) lineage com-
mitment; raptor knockout reduces the adipogenic differ-
entiation potential and increases the osteogenic
differentiation capacity, whereas rictor knockout has the
opposite effect™, In line with these reports, the current
study reveals that the assembly and activity of the
mTORC1 and mTORC2 complexes have different con-
tributions to the decrease in Akt activity during 8-Br-
cAMP-induced decidualization.

cAMP cross-talk with several growth factor-induced
pathways is expected**. More specifically, the relationship
between the cAMP and mTOR signaling pathways has
been the subject of many studies. It has long been
understood that mTOR activity is dependent on cAMP-
induced mitogenesis*®>. cAMP-dependent mTORC1 acti-
vation correlates with cAMP-induced activation of Akt in
rat ovarian granulosa cells*®, whereas cAMP-mediated
inhibition of S6K1 and 4EBP1 is correlated with the
blockage of the c-Raf/extracellular signal-regulated kina-
ses (ERK) cascade in the thyroid papillary carcinoma cell
line TPC-1*". The inhibition of mTOR signaling has also
been observed in HEK293 cells; cAMP decreased 52481
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phosphorylation of both mTORC1 and mTORC?2 in the
presence of growth factors, accompanied by the dis-
sociation of both raptor and rictor from mTOR*. How-
ever, in the current study, cAMP-induced activation of
mTORCI1 was not correlated with Akt activity (T308 and
S473) or the dissociation of either mTOR-raptor or
mTOR-rictor. These results suggested that mTOR activity
in hES cells is regulated by cAMP in a distinct manner
compared to other biological contexts.

Notably, the present study demonstrates that the levels
of bound DEPTOR and mSinl modulate the activity of
mTORC1 and mTORC2, respectively, during decid-
ualization of hES cells. DEPTOR has already been found
to regulate mTORC]1 activity during the differentiation of
several other cell types®"**~>!. DEPTOR also functions to
maintain the pluripotency of embryonic stem cells®. In
addition, an increase in DEPTOR levels results in the
inhibition of mTORCI activity and in the negative feed-
back inhibition of IRS-1 during adipogenic and osteogenic
differentiation of human adipose-derived MSCs>>*°, We
observed that, in the decidualization context, mTORC1
preferentially regulates IRS-1 phosphorylation at S636/
639, probably due to the increased interactions between
IRS-1 and raptor during decidualization (Fig. 3c). PA,
which is produced by PLD1 during 8-Br-cAMP-induced
decidualization®**?, induces DEPTOR displacement and
facilitates the recruitment of IRS-1 to raptor during
decidualization (Fig. 3f). Therefore, this finding demon-
strates the mechanism through which PA is directly
involved in IRS-1 regulation. To our knowledge, the
present study constitutes the first report of the role of
mSinl in differentiation. mSinl is indispensable for the
assembly of mTORC2 and for its kinase activity towards
Akt®®. How mSinl binding and mTORC2 activity are
downregulated during decidualization is unclear. This
downregulation may simply be a result of the decreased
mSinl protein levels we observed in decidual cells (Sup-
plementary Fig. 3B). Recently, Yang et al.”* suggested the
phosphorylation of mSinl by PDK1-activated Akt as a
mechanism that enhances mTORC2 kinase activity
towards S473-Akt during growth factor stimulation.
However, the findings of Yang et al. indicate that mSinl
binding to mTORC?2 is not affected by pT86-mSinl, and
therefore the lack of mSinl binding we observed is unli-
kely to be a direct effect of the decreased Akt activity that
accompanies decidualization. Therefore, it appears that
both mSinl binding and T86-mSinl phosphorylation
regulate mTORC?2 kinase activity. Thus, we propose that
the differential regulation of both mTOR complexes, the
activation of mTORCI and the inactivation of mTORC2,
achieved by the modulation of the signaling complex
composition, is critical for decidualization.

We found that the inactivation of Akt by mTORC1
activation and mTORC?2 inactivation is indispensable for
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successful decidualization. The increased phosphorylation
of S473-Akt dampened cAMP-induced decidualization in
the absence of raptor (Figs. 1d, e and 5d). Consistent with
this result, knockdown of rictor in differentiating hES cells
further decreased pS473-Akt levels, resulting in enhanced
expression of PRL (Figs. 1f and 5c). Supporting our
observations, treatment with Akti-1/2, an Akt inhibitor,
has been shown to augment decidua-like morphology and
PRL and IGFBP1 expression®. Downregulation of Akt
activity has been previously shown to be critically
important for the establishment decidualization in vivo
and in vitro in mice and rats>>*°, Both the expression level
and activity of Akt are reduced during the decidualization
of hES cells, leading to decreased cell motility”’. PP2A
binds to and dephosphorylates Akt during cAMP- or PA-
induced decidualization®. In line with these observations,
the pAkt level has been shown to decline in the mid-
secretory phase”®. Downregulation of Akt during decid-
ualization reduces pS256-FOXO1, which leads to
enhanced FOXOL1 transcriptional activity (Fig. 5a and
Supplementary Fig. 3A), which is known to be a major
regulator of progesterone-dependent differentiation of
human endometrium®®. We observed that FOXOI1 is
significantly induced upon decidualization (Supplemen-
tary Fig. 1A and Fig. 5a), consistent with previous find-
ings®”*°. FOXO1 knockdown has been shown to perturb
the expression of genes that are involved in the regulation
of the cell cycle, in differentiating hES cells through
genome-wide expression profiling®*®°.  Furthermore,
FOXOL1 is crucial for the induction of decidual marker
genes, such as PRL, IGFBP1, WNT4, and LEFTY2%. In
hES cells, FOXOla also binds to either HoxA-10 or
HoxA-11, which regulate either IGFBP1 or PRL expres-
sion, respectively, suggesting that core transcription fac-
tors, including FOXOla, physically and functionally
interact to control the expression of decidual genes®’.
Further examination of the role of mTOR, especially in
the context of inhibition of Akt and activation of
FOXO1a, may deepen our understanding of stromal cell
differentiation, thereby informing therapeutic strategies
for implantation- and decidualization-related problems.

Acknowledgements

This work is supported by the National Research Foundation of Korea (NRF)
grant funded by the Korean government (Ministry of Science and ICT) (NRF-
2016R1A2B4015358 & NRF-2018R1A2B6004513) and the Korea Health
Technology R&D Project through the Korea Health Industry Development
Institute (KHIDI), which is funded by the Ministry of Health & Welfare
(HI17C0426).

Author details

1Departmem of Molecular Medicine, School of Medicine, Gachon University,
Incheon 21999, Republic of Korea. “Biomedical Research Institute and
Department of Biochemistry and Molecular Biology, College of Medicine,
Hanyang University, Seoul 04763, Republic of Korea

Official journal of the Korean Society for Biochemistry and Molecular Biology

Page 10 of 11

Conflict of interest
The authors declare that they have no conflict of interest.

Ethics statement

Samples were collected under protocols approved by the Institutional Review
Board of Hanyang University Hospital, and written informed consent was
obtained from all participants.

Publisher's note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information accompanies this paper at https://doi.org/
10.1038/512276-018-0165-3.

Received: 22 March 2018 Revised: 24 June 2018 Accepted: 2 July 2018.
Published online: 30 October 2018

References

1. Dunn, C L, Kelly, R W. & Critchley, H. O. Decidualization of the human
endometrial stromal cell: an enigmatic transformation. Reprod. Biomed. Online
7, 151-161 (2003).

2. Sakai, N. et al. Involvement of histone acetylation in ovarian steroid-induced
decidualization of human endometrial stromal cells. J. Biol Chem. 278,
16675-16682 (2003).

3. Brosens, J. J, Pijnenborg, R. & Brosens, I. A. The myometrial junctional zone
spiral arteries in normal and abnormal pregnancies: a review of the literature.
Am. J. Obstet. Gynecol. 187, 1416-1423 (2002).

4. Brar, A. K, Frank, G. R, Kessler, C. A, Cedars, M. I. & Handwerger, S.
Progesterone-dependent decidualization of the human endometrium is
mediated by cAMP. Endocrine 6, 301-307 (1997).

5. Saxton, R A. & Sabatini, D. M. mTOR signaling in growth, metabolism, and
disease. Cell 169, 361-371 (2017).

6. Zoncu, R, Efeyan, A. & Sabatini, D. M. mTOR: from growth signal inte-
gration to cancer, diabetes and ageing. Nat. Rev. Mol. Cell Biol. 12,
21-35 (2011).

7. Khanna, N, Fang, Y, Yoon, M. S. & Chen, J. XPLN is an endogenous inhibitor of
mTORC2. Proc. Natl Acad. Sci. USA 110, 15979-15984 (2013).

8. Erbay, E, Park, . H, Nuzz, P. D, Schoenherr, C. J. & Chen, J. IGF-Il transcription in
skeletal myogenesis is controlled by mTOR and nutrients. J. Cell. Biol. 163,
931-936 (2003).

9. Yoon, M. S. & Chen, J. PLD regulates myoblast differentiation through the
mMTOR-IGF2 pathway. J. Cell. Sci. 121(Pt 3), 282-289 (2008).

10.  Kim, J. E. & Chen, J. regulation of peroxisome proliferator-activated receptor-
gamma activity by mammalian target of rapamycin and amino acids in adi-
pogenesis. Diabetes 53, 2748-2756 (2004).

11, Yoon, M. S, Zhang, C, Sun, Y., Schoenherr, C. J. & Chen, J. Mechanistic target of
rapamycin controls homeostasis of adipogenesis. J. Lipid Res. 54, 2166-2173
(2013).

12. Zeng, H. & Chi, H. mTOR signaling in the differentiation and function of
regulatory and effector T cells. Curr. Opin. Immunol. 46, 103-111 (2017).

13. Sugiyama, M. et al. p62 promotes amino acid sensitivity of mTOR pathway
and hepatic differentiation in adult liver stem/progenitor cells. J. Cell. Physiol.
232, 2112-2124 (2017).

14.  Chen, X. et al. The role of MTOR in mouse uterus during embryo implantation.
Reproduction 138, 351-356 (2009).

15. Gao, H, Wu, G, Spencer, T. E, Johnson, G. A. & Bazer, F. W. Select nutrients in
the ovine uterine lumen. VI. Expression of FK506-binding protein 12-
rapamycin complex-associated protein 1 (FRAP1) and regulators and effectors
of mTORC1 and mTORC2 complexes in ovine uteri and conceptuses. Biol.
Reprod. 81, 87-100 (2009).

16. Wollenhaupt, K, Brussow, K. P, Albrecht, D. & Tomek, W. The Akt/mTor sig-
naling cascade is modified during placentation in the porcine uterine tissue.
Reprod. Biol. 13, 184-194 (2013).

17. Yoshino, O. et al. Akt as a possible intracellular mediator for decid-
ualization in human endometrial stromal cells. Mol. Hum. Reprod. 9,
265-269 (2003).


https://doi.org/10.1038/s12276-018-0165-3
https://doi.org/10.1038/s12276-018-0165-3

Baek et al. Experimental & Molecular Medicine (2018) 50:141

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

Cloke, B. et al. The androgen and progesterone receptors regulate distinct
gene networks and cellular functions in decidualizing endometrium. Endo-
crinology 149, 4462-4474 (2008).

Gonzalez, I. M. et al. Leucine and arginine regulate trophoblast motility
through mTOR-dependent and independent pathways in the preimplanta-
tion mouse embryo. Dev. Biol. 361, 286-300 (2012).

Hirota, Y, Cha, J, Yoshie, M, Daikoku, T. & Dey, S. K Heightened
uterine mammalian target of rapamycin complex 1 (MTORC1) signaling
provokes preterm birth in mice. Proc. Natl Acad. Sci. USA 108, 18073-18078
(2011).

Deng, W. et al. p53 coordinates decidual sestrin 2/AMPK/mTORCT signaling to
govern parturition timing. J. Clin. Invest. 126, 2941-2954 (2016).

Yoon, M. S. et al. Phospholipase D1 as a key enzyme for decidualization in
human endometrial stromal cells. Biol. Reprod. 76, 250-258 (2007).

Yoon, M. S. et al. Rapid mitogenic regulation of the mTORC1 inhibitor, DEP-
TOR, by phosphatidic acid. Mol. Cell 58, 549-556 (2015).

Soliman, G. A. et al. mTOR Ser-2481 autophosphorylation monitors mTORC-
specific catalytic activity and clarifies rapamycin mechanism of action. J. Biol.
Chem. 285, 7866-7879 (2010).

Um, S. H, D'Alessio, D. & Thomas, G. Nutrient overload, insulin resistance, and
ribosomal protein S6 kinase 1, S6K1. Cell Metab. 3, 393-402 (2006).

Ganeff, C. et al. The IGF system in in-vitro human decidualization. Mol. Hum.
Reprod. 15, 27-38 (2009).

Tzatsos, A. Raptor binds the SAIN (Shc and IRS-1 NPXY binding) domain of
insulin receptor substrate-1 (IRS-1) and regulates the phosphorylation of IRS-1
at Ser-636/639 by mTOR. J. Biol. Chem. 284, 22525-22534 (2009).

Cho, J. H. et al. The progesterone receptor as a transcription factor regulates
phospholipase D1 expression through independent activation of protein
kinase A and Ras during 8-Br-cAMP-induced decidualization in human
endometrial stromal cells. Biochem. J. 436, 181-191 (2011).

Yoon, M. S, Sun, Y, Arauz, E, Jiang, Y. & Chen, J. Phosphatidic acid activates
mammalian target of rapamycin complex 1 (MTORC1) kinase by displacing
FK506 binding protein 38 (FKBP38) and exerting an allosteric effect. J. Biol
Chem. 286, 29568-29574 (2011).

Peterson, T. R. et al. DEPTOR is an mTOR inhibitor frequently overexpressed in
multiple myeloma cells and required for their survival. Cell 137, 873-886
(2009).

Laplante, M. et al. DEPTOR cell-autonomously promotes adipogenesis, and its
expression is associated with obesity. Cell Metab. 16, 202-212 (2012).

Copps, K. D. & White, M. F. Regulation of insulin sensitivity by serine/threonine
phosphorylation of insulin receptor substrate proteins IRS1 and IRS2. Diabe-
tologia 55, 2565-2582 (2012).

Tzivion, G, Dobson, M. & Ramakrishnan, G. FoxO transcription factors; Reg-
ulation by AKT and 14-3-3 proteins. Biochim. Biophys. Acta 1813, 1938-1945
(2011).

Kajihara, T, Brosens, J. J. & Ishihara, O. The role of FOXO1 in the decidual
transformation of the endometrium and early pregnancy. Med. Mol. Morphol.
46, 61-68 (2013).

Lee, S.V, Lee, Y. Y, Choi, J. S, Yoon, M. S. & Han, J. S. Phosphatidic acid induces
decidualization by stimulating Akt-PP2A binding in human endometrial
stromal cells. FEBS J. 283, 4163-4175 (2016).

Tzivion, G, Dobson, M. & Ramakrishnan, G. FoxO transcription factors; Reg-
ulation by AKT and 14-3-3 proteins. Biochim. Et. Biophys. Acta (BBA) - Mol. Cell
Res. 1813, 1938-1945 (2011).

Gellersen, B. & Brosens, J. Cyclic AMP and progesterone receptor cross-talk in
human endometrium: a decidualizing affair. J. Endocrinol. 178, 357-372 (2003).
Aguilar, V. et al. S6 kinase deletion suppresses muscle growth adaptations to
nutrient availability by activating AMP kinase. Cell Metab. 5, 476-487 (2007).

Toschi, A. et al. Regulation of mTORCT and mTORC2 complex assembly by
phosphatidic acid: competition with rapamycin. Mol. Cell. Biol. 29, 1411-1420
(2009).

Saci, A, Cantley, L. C. & Carpenter, C. L. RacT regulates the activity of mTORC1
and mTORC2 and controls cellular size. Mol. Cell 42, 50-61 (2011).

Official journal of the Korean Society for Biochemistry and Molecular Biology

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 11 of 11

Tyler, W. A. et al. Activation of the mammalian target of rapamycin (mTOR) is
essential for oligodendrocyte differentiation. J. Neurosci. 29, 6367-6378 (2009).
Byun, J. K et al. A positive feedback loop between Sestrin2 and mTORC2 is
required for the survival of glutamine-depleted lung cancer cells. Cell Rep. 20,
586-599 (2017).

Martin, S. K. et al. Brief report: the differential roles of mTORC1 and mTORC2 in
mesenchymal stem cell differentiation. Stem Cells 33, 1359-1365 (2015).
Dumaz, N. & Marais, R. Integrating signals between cAMP and the RAS/RAF/
MEK/ERK signalling pathways. Based on the anniversary prize of the Gesell-
schaft fur Biochemie und Molekularbiologie Lecture delivered on 5 July 2003
at the Special FEBS Meeting in Brussels. FEBS J. 272, 3491-3504 (2005).
Roger, P. P, Reuse, S, Maenhaut, C. & Dumont, J. E. Multiple facets of the
modulation of growth by cAMP. Vitam. Horm. 51, 59-191 (1995).

Alam, H. et al. Follicle-stimulating hormone activation of hypoxia-inducible
factor-1 by the phosphatidylinositol 3-kinase/AKT/Ras homolog enriched in
brain (Rheb)/mammalian target of rapamycin (mTOR) pathway is necessary
for induction of select protein markers of follicular differentiation. J. Biol. Chem.
279, 19431-19440 (2004).

Rocha, A. S. et al. Cyclic AMP inhibits the proliferation of thyroid carcinoma cell
lines through regulation of CDK4 phosphorylation. Mol. Biol Cell 19,
4814-4825 (2008).

Xie, J. et al. CAMP inhibits mammalian target of rapamycin complex-1 and -2
(MTORCT and 2) by promoting complex dissociation and inhibiting mTOR
kinase activity. Cell. Signal. 23, 1927-1935 (2011).

Agrawal, P, Reynolds, J, Chew, S, Lamba, D. A. & Hughes, R. E. DEPTOR is a
stemness factor that regulates pluripotency of embryonic stem cells. J. Biol.
Chem. 289, 31818-31826 (2014).

Song, H. I. & Yoon, M. S. PLD1 regulates adipogenic differentiation
through mTOR - IRS-1 phosphorylation at serine 636/639. Sci. Rep. 6,
36968 (2016).

Chen, S, Zheng, Y, Zhang, S, Jia, L. & Zhou, Y. Promotion effects of miR-375 on
the osteogenic differentiation of human adipose-derived mesenchymal stem
cells. Stem Cell Rep. 8, 773-786 (2017).

Yoon, M. S, Koo, J. B, Hwang, J. H, Lee, K S. & Han, J. S. Activation of
phospholipase D by 8-Br-cAMP occurs through novel pathway involving Src,
Ras, and ERK in human endometrial stromal cells. FEBS Lett. 579, 5635-5642
(2005).

Frias, M. A. et al. mSin1 is necessary for Akt/PKB phosphorylation, and its
isoforms define three distinct mTORC2s. Curr. Biol. 16, 18651870 (2006).
Yang, G, Murashige, D. S, Humphrey, S. J. & James, D. E. A positive feedback
loop between Akt and mTORC2 via SINT phosphorylation. Cell Rep. 12,
937-943 (2015).

Hirota, Y. et al. Uterine-specific p53 deficiency confers premature uterine
senescence and promotes preterm birth in mice. J. Clin. Invest. 120, 803-815
(2010).

Veillette, A. et al. Regulation of the PI3-K/Akt survival pathway in the rat
endometrium. Biol. Reprod. 88, 79 (2013).

Fabi, F. et al. Regulation of the PI3K/Akt pathway during decidualization of
endometrial stromal cells. PLoS ONE 12, 0177387 (2017).

Toyofuku, A. et al. Cyclic and characteristic expression of phosphorylated Akt
in human endometrium and decidual cells in vivo and in vitro. Hum. Reprod.
21, 1122-1128 (2006).

Kim, J. J, Buzzio, O. L, Lj, S. & Lu, Z. Role of FOXO1A in the regulation of insulin-
like growth factor-binding protein-1 in human endometrial cells: interaction
with progesterone receptor. Biol. Reprod. 73, 833-839 (2005).

Takano, M. et al. Transcriptional cross talk between the forkhead transcription
factor forkhead box OTA and the progesterone receptor coordinates cell cycle
regulation and differentiation in human endometrial stromal cells. Mol
Endocrinol. 21, 2334-2349 (2007).

Lynch, V. J., Brayer, K, Gellersen, B. & Wagner, G. P. HoxA-11 and
FOXOTA cooperate to regulate decidual prolactin expression: towards
inferring the core transcriptional regulators of decidual genes. PLoS
ONE 4, e6845 (2009).



	Differential regulation of mTORC1 and mTORC2 is critical for 8-Br-cAMP-induced decidualization
	Introduction
	Materials and methods
	Antibodies and other reagents
	Isolation and culture of hES cells
	Lentivirus-mediated short hairpin (sh) RNA and transfection
	Cell lysis, immunoprecipitation, and western blot analysis
	Quantitative real-time (RT)-PCR
	Statistical analysis

	Results
	mTORC1 and mTORC2 differentially regulate 8-Br-cAMP-induced decidualization
	mTORC1 phosphorylates insulin receptor substrate-1 (IRS-1) at S636/639 during 8-Br-cAMP-induced decidualization
	DEPTOR displacement from mTORC1 increases the association between raptor and IRS-1
	DEPTOR is a negative regulator of decidualization
	Akt inactivation during decidualization is accompanied by decreased pS256-FOXO1
	Differential regulation of mTORC1 and mTORC2, which results in Akt inactivation and is required for decidualization

	Discussion
	ACKNOWLEDGMENTS




