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Abstract: Insulin-like growth factor-1 (IGF-1) bioavailability in pregnancy is governed by IGF
binding protein (IGFBP-1) and its phosphorylation, which enhances the affinity of IGFBP-1 for
the growth factor. The decidua is the predominant source of maternal IGFBP-1; however, the
mechanisms regulating decidual IGFBP-1 secretion/phosphorylation are poorly understood. Using
decidualized primary human endometrial stromal cells (HESCs) from first-trimester placenta, we
tested the hypothesis that mTORC1 signaling mechanistically links hypoxia to decidual IGFBP-1
secretion/phosphorylation. Hypoxia inhibited mechanistic target of rapamycin (mTORC1) (p-P70-
S6K/Thr389, —47%, p = 0.038; p-4E-BP1/Thr70, —55%, p = 0.012) and increased IGFBP-1 (total, +35%,
p = 0.005; phosphorylated, Ser101/+82%, p = 0.018; Ser119/+88%, p = 0.039; Ser 169/+157%, p = 0.019).
Targeted parallel reaction monitoring-mass spectrometry (PRM-MS) additionally demonstrated
markedly increased dual IGFBP-1 phosphorylation (pSer98+Ser101; pSer169+Ser174) in hypoxia.
IGFBP-1 hyperphosphorylation inhibited IGF-1 receptor autophosphorylation/ Tyr1135 (—29%,
p = 0.002). Furthermore, silencing of tuberous sclerosis complex 2 (TSC2) activated mTORC1 (p-P70-
S6K/Thr389, +68%, p = 0.038; p-4E-BP1/Thr70, +30%, p = 0.002) and reduced total/site-specific IGFBP-
1 phosphorylation. Importantly, TSC2 siRNA prevented inhibition of mTORC1 and the increase in
secretion/site-specific IGFBP-1 phosphorylation in hypoxia. PRM-MS indicated concomitant changes
in protein kinase autophosphorylation (CK2/Tyr182; PKC/Thr497; PKC/Ser657). Overall, mTORC1
signaling mechanistically links hypoxia to IGFBP-1 secretion/phosphorylation in primary HESC,
implicating decidual mTORC1 inhibition as a novel mechanism linking uteroplacental hypoxia to
fetal growth restriction.

Keywords: fetal development; placental insufficiency; humans; insulin-like growth factor I; receptor;
IGF Type 1

1. Introduction

A lack of normal increase in uteroplacental blood flow, which may result in inade-
quate transfer of oxygen and nutrients to the decidua, is believed to be an early event
in the development of fetal growth restriction (FGR). FGR increases the risk of perinatal
complications [1] and predisposes the infant for developing diabetes and cardiovascular
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disease in childhood and adult age [2—4]. The mechanisms linking reduced uteroplacental
oxygen availability and restricted fetal growth are not well understood.

Insulin-like growth factor-1 (IGF-1) promotes protein translation, proliferation, and
anti-apoptotic activity in most cell types [5,6]. The six IGF binding proteins (IGFBP-1 to -6)
differentially regulate IGF-1 bioavailability, prolong half-life of IGF-1, and target the growth
factor to specific tissues or inhibit or enhance IGF-1-mediated actions [7,8]. IGFBP-1 inhibits
IGF-1-induced DNA synthesis [9], cell proliferation [10], amino acid transport [11], and
apoptosis [12], as well as being susceptible to proteolytic cleavage [13]. Although mRNAs
for all IGFBPs are detectable in the decidualized endometrium during pregnancy, mRNA
expression of IGFBP-1 is higher than for the other IGFBPs [14]. Importantly, IGFBP-1is a
major secretory product of the maternal decidua. As well, the decidua is the primary source
of maternal circulating IGFBP-1 [15], which plays a critical role in modulating maternal-
fetal resource allocation by regulating IGF-1 bioavailability via its interaction with the IGF-1
receptor (IGF-1R) [16,17]. Locally in the placental barrier, IGFBP-1 inhibits trophoblast
invasion both directly [18] and indirectly by sequestering IGF-1, a potent stimulator of
trophoblast invasion [19].

IGFBPs are highly conserved in the N- and C-terminal regions, which form an IGE-1
binding pocket [20]. Three of the six IGFBPs, IGFBP-1, -3 and -5, are phosphorylated [21].
Most notably, phosphorylation of only IGFBP-1 markedly increases its binding affinity for
IGF-1, further limiting IGF-1 bioavailability, inhibiting IGF-1R signaling [22] and thereby
suppressing the cellular functions of IGF-1 [9,11,23,24]. Decidua produces IGFBP-1 in
both non- and differentially-phosphorylated forms [15]. Using decidua tissue collected
from delivery placenta, we have previously reported that human FGR is associated with
increased decidual IGFBP-1 phosphorylation, inhibition of mechanistic target of rapamycin
complex (mTOR), activated amino acid response (AAR) pathway, and markedly increased
expression and activity of decidual protein kinase CK2 (casein kinase) [25]. However,
if these signaling events and protein kinase CK2 are mechanistically linked in decidua
remains to be established.

Mechanistic target of rapamycin (mTOR) is a serine/threonine kinase that regulates
cell growth and metabolism in response to multiple upstream signals, including growth
factors and the availability of oxygen, glucose, and amino acids [26-30]. mTOR functions
through two distinct protein complexes, mTOR complex 1 (mTORC1) and complex 2
(mTORC?2). When activated, mTORC1 phosphorylates eukaryotic translation initiation
factor 4E-binding protein 1 (4E-BP1 at Thr70) and ribosomal protein S6 kinase, 70 kDa,
polypeptide 1 (P70-S6K at Thr389), promoting protein translation, lipid biogenesis, and
metabolism.

Previous studies underscore the critical role of mTOR signaling in the developing fetus
by using in vitro and in vivo models [31-34]. mTOR signaling is suggested to be necessary
for fetal growth in a mouse model of FGR [35]. Decreased signaling activity of mTOR,
and in particular mTORC1, inhibits cell growth and metabolism under stress conditions
such as low oxygen tension (hypoxia). Oxygen levels regulate mTORC1 activity through
multiple pathways in different tissues [36]. However, these reports do not elucidate how
the signaling mechanisms of the maternal unit via decidual IGFBP-1 phosphorylation
contribute to the development of FGR.

Tuberous sclerosis TSC1/TSC2 (hamartin/tuberin) complex functions as a heterodimer
and has pivotal roles in mediating the effect of growth factors, energy, and oxygen on
mTORC1 [37]. TSC2 is the catalytic portion of the complex, while TSC1 is necessary to
stabilize TSC2 [38]. TSC2 functions as a GTPase-activating protein (GAP) that catalyzes
Ras homolog enriched in brain (Rheb) GTPase activity, which results in mTORC1 signaling
inhibition [39]. It is established that hypoxia-induced inhibition of mTOR signaling requires
an intact TSC1/2 complex [40]. Thus, silencing of TSC1 is expected to have the same
downstream effects as TSC2 silencing. Indeed, TSC1 silencing in hypoxia activates mTORC1
signaling in mouse 3T3 [41] and pulmonary artery smooth muscle cells [42]. Hypoxia can
activate TSC1/2 through transcriptional regulation of DNA damage response 1 (REDD1),
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which increases REDD1 expression, while disruption of REDD1 abrogates the hypoxia-
induced inhibition of mTOR [40]. In particular, REDD1 negatively regulates mTORC1
signaling via TSC2, by stimulating the release of TSC2 from its growth factor-induced
association with inhibitory 14-3-3 proteins [40], providing an additional rationale for
targeting TCS2 rather than TSC1 in the current study.

The mTOR signaling pathway in the fetal liver and decidua serves as a critical hub in
the overall homeostatic control of fetal growth [31,43,44]. We were the first to demonstrate
that mimicking hypoxia in liver (HepG2) cells triggers pronounced increases in IGFBP-1
phosphorylation at Ser101+Ser98 and Ser169+Ser174 residues that markedly increase IGF-1
affinity (~300-fold) and inhibits IGF-1 stimulated cell growth [32,45]. We also provided
novel data to show that mTORC1 inhibition constitutes a mechanistic link between hypoxia,
reduced fetal liver IGF-1 bioavailability and FGR [32]. Although inhibition of mTOR
signaling in placenta and the fetal liver is believed to contribute to the development of
FGR [25,31], whether mTORCT1 or other upstream regulators of mTORC1 are involved in
regulation of decidual IGF-1 bioavailability in FGR is unclear. Furthermore, IGFBP-1 has
consensus phosphorylation sequences not only for CK2, which we reported to be increased
in FGR decidua [25], but also protein kinase C (PKC) and protein kinase A (PKA) [46].
Autophosphorylation of CK2 at Tyr182 [47] and of PKC at Thr497 [48] as well as Ser657 [49]
has been reported to account for functional activation of these kinases. It remains unknown
if decidual protein kinase CK2 and PKC are activated in conjunction with inhibition of
mTORCT in response to hypoxia.

During early pregnancy, human endometrial stromal cells (HESC) undergo morpho-
logical and functional transformation into decidual parenchymal cells in response to estro-
gen and progesterone, which remain highly elevated throughout pregnancy [50]. Successful
decidualization of human HESC has previously been achieved using 8-bromoadenosine-
3’ ,5'-cyclic monophosphate (8-Br-cAMP) and medroxyprogesterone-acetate (MPA) [51].

Applying similar approaches in human immortalized endometrial stromal cells (HI-
ESCs) in vitro [52], we have shown an association of mTOR inhibition with IGFBP-1
hyperphosphorylation using rapamycin [43]. While rapamycin has been regarded as a
relatively specific inhibitor of mTORC1 [53], it has become clear that the drug also may
inhibit mTORC2 in some cells, in particular following longer exposures and at higher
concentrations [54]. Additionally, rapamycin only partially inhibits mTORC1 [55]. More-
over, immortalized cell lines may lack genetic fidelity compared to primary HESC. Thus,
studies in cell lines may provide information that is not entirely physiologically relevant
and primary cells are likely to better represent the biology of cells in vivo. Hence, molecu-
lar mechanisms governing secretion and phosphorylation of IGFBP-1 in human decidua
are not yet established and the role of decidual IGFBP-1 hyperphosphorylation in FGR
development remains unknown.

Prior studies in the literature using HESC have investigated IGFBP-1 regulation during
the decidualization process [56,57]. In contrast, in the current report we focus uniquely
on signaling mechanisms in fully decidualized endometrial stromal cells. Our rationale
for this is that decidualized HESC have differentiated profiles of signaling regulation,
transcription factors, and hormones/growth factors [58-60], enabling their indispensable
role to establish and maintain pregnancy. In addition, fully decidualized endometrium
have unique signaling mechanisms in response to stress stimuli [61]. This is relevant to
understanding the role and regulation of decidual IGFBP-1 phosphorylation in FGR since
the level of decidual-secreted phosphorylated IGFBP-1 in maternal circulation and amniotic
fluid [13,15] increases significantly after complete differentiation of the decidua [15,62].

Therefore, the novelty of this study is that we uniquely apply siRNA gene silencing of
TSC2 in combination with hypoxia in primary HESC isolated from first-trimester placenta
from human pregnancy. TSC2 is a subunit of the TSC1/2 complex that negatively regulates
mTORCI signaling [37]. Using TSC2 siRNA with primary decidualized HESC, we test
the hypothesis that mTORC1 signaling mechanistically links hypoxia to decidual IGFBP-1
secretion and phosphorylation. Furthermore, we use targeted parallel reaction monitoring
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(PRM-MS) as an innovative approach to identify relative changes in phosphorylation at
novel and/or dually phosphorylated IGFBP-1 sites in primary decidualized cells. PRM-MS
is used to determine the functional status of protein kinases via their activation (autophos-
phorylation) in primary decidualized HESC in response to hypoxia and TSC2 silencing.

2. Materials and Methods
2.1. Ethical Approval

The University of Western Ontario Review Board (REB # 114343) approved the ex-
perimental protocols. Placentas were collected with informed consent at termination of
uncomplicated 6-9-week pregnancies for non-medical reasons. The maternal age range
was between 22-33 years of age. No clinical characteristics of the study subjects were
collected except the age and gestational age at termination.

2.2. Isolation and Culture of Primary HESC from Termination Placenta

Primary HESC were isolated from the decidual tissues of 6-9-week gestation placenta
in accordance to methods described by Halari et al., 2020 [63]. In brief, pooled decidual
tissues from 3 placentas (weighing in total approximately 10 g) were inspected, and then
visible chorionic villi or fetal membranes were removed. The tissues were rinsed with
Hank’s balanced salt solution (HBSS; Gibco; Waltham, MA, USA), followed by Ca?* and
Mg?* free HBSS (Gibco) for each isolation. The tissues were incubated at room temper-
ature for 2 h in HBSS, 2 mM sodium bicarbonate; (Sigma Aldrich, St Louis, MO, USA),
Gentamicin and Amphotericin B (Gibco), minced and subsequently incubated for 15 min
at 37 °C in HBSS containing 0.02% trypsin (Gibco). The tissues were digested with collage-
nase/hyaluronidase (StemCell Technologies, Vancouver, BC, Canada), 1 mg/mL DNase I
(Sigma Aldrich) and penicillin/streptomycin (Gibco) in 1:1 DMEM/F12 medium (Gibco),
filtered using a mesh strainer. The recovered cell suspension was centrifuged (1900 rpm,
5 min), washed and subjected to ammonium chloride (StemCell Technologies) for 15 min
on ice to lyse red blood cells. The cell suspension was filtered through a 100 um nylon
mesh (Miltenyi Biotec, Bergisch Gladbach, Germany) to obtain a single-cell suspension.
This cell suspension was slowly layered on top of histopaque (Sigma Aldrich) and cen-
trifuged in a swinging bucket rotor at 700 x g for 20 min at room temperature. Afterwards,
decidual cells were collected, from the opaque interface, washed, and centrifuged. Isolated
primary HESCs were resuspended, seeded and grown in phenol red-free DMEM/F12
medium enriched with 10% heat-inactivated fetal bovine serum (FBS; Gibco), and 1%
penicillin/streptomycin (pen/strep) (Gibco). Cells were passaged via trypsinization prior
to reaching confluency and were kept in a humidified incubator maintained at 37 °C and
5% CO, levels.

2.3. In Vitro Decidualization of HESCs

A schematic diagram of the culture procedure and protocol for decidualization of
HESCs is depicted in Figure 1A. Isolated primary HESCs (between passages two and five)
were cultured in control or decidualization media until confluent. The control medium con-
sisted of basal DMEM /F12 supplemented with 2% charcoal-stripped FBS and 1% pen/strep.
The decidualization medium included control medium plus 1 pM MPA (Pfizer Canada,
Kirkland, QC, Canada) and 0.5 mM 8-br-cAMP (a stable, cell permeable analog of cAMP;
Cayman Chemicals, Ann Arbor, MI, USA). Conditioned media (CM) was replenished
every 48 h. Cells were allowed to grow until the end of experimental treatment. CM
from decidualized and un-decidualized HESCs were collected and, using Western blot,
IGFBP-1 levels were detected using rabbit polyclonal IGFBP-1 antibody (a kind gift from
Dr. Robert Baxter, Sydney, Australia). Phospho IGFBP-1 was assessed using custom made
IGFBP-1 phospho site-specific (Ser101, 119 and 169) antibodies, validated as described
previously [22,31].
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Figure 1. Evaluation of decidualization of HESCs isolated from first-trimester placenta. Primary
HESC decidualization and experimental strategy (A). Morphological change of primary HESCs
after 4 days of decidualization via supplementation with combined 8-Br-cAMP + MPA (B). Un-
decidualized (UD) primary HESCs maintained an elongated spindle shape throughout the culture
period (B-UD, 10x). Cells treated with 8-Br-cAMP + MPA acquired an ovoid-shaped morphology
indicative of decidualization at (B-Day 2, 10x) and (B-Day 4, 20x). Total IGFBP-1 secretion and
phosphorylation at Ser101, Ser119, and Ser169 were detectable at 48 h treatment of cells with 8-Br-
cAMP + MPA and reached a maximum peak by 4 days (C). Western blot analysis using equal aliquots
of cell media (36 puL) of HESCs (UD) control (1 = 3) and 8-Br-cAMP + MPA-treated cells (C, Day 2,
Day 4) (n = 3) for 4 days showed decidualization of primary HESCs concomitantly increased IGFBP-1
phosphorylation at all three serine sites.

2.4. Assessment of Morphological Changes in Primary Decidualized HESCs

Primary HESCs were assessed daily for morphological differentiation and changes
were captured with a phase contrast microscope (Leica Microsystems, Wetzlar, Germany).
Fully decidualized cells were used for subsequent treatments.

2.5. Hypoxia Treatment of Primary Decidualized HESCs

Fully decidualized HESCs (as described above) were subjected to overnight starvation
(0% FBS) before being treated with either hypoxia (1% O;) or normoxia (incubator air)
for 72 h (Figure 1A), as we optimized previously [45]. Four independent experiments
were performed from primary HESCs isolated from 4 sets of three placentas pooled from
different study subjects.

For the hypoxia treatment, cells were placed in a hypoxic chamber (Billups-Rothenburg
Inc. San Diego, CA, USA) which was flushed with a 1% O;, 5% CO,, balanced N, gas
mixture (Linde Canada Inc., Mississauga, ON, Canada) for 15 min to ensure saturation [45].
The cells in the sealed chamber were placed in a tissue culture incubator at 37 °C. Both CM
and cell lysate were collected after 72 h of hypoxic treatment and stored at —80 °C.

2.6. RNA Interference-Mediated Silencing in Decidualized HESCs

Gene silencing in decidualized primary HESCs was achieved using transfection with
100 nM small interfering RNA (siRNA) (Sigma-Aldrich) and Dharmafect transfection
reagent 4 (Horizon Discovery, Waterbeach, UK) as described in detail previously [32]. As
shown in schematics (Figure 1A), 8-Br-cAMP was added back to the transfection media
after 8 h and cells left in transfection media for another 16 h. Next, transfection media



Biomolecules 2021, 11, 1382

6 0f 20

was replaced with decidualization media and cultured for 24 h in normoxia (20% O,),
followed by an additional 72 h either in normoxia or in hypoxia (1% O;). The TSC2
silencing efficiency was assessed using expression of TSC2 protein and at functional level
by examining changes in phosphorylation of mMTORC1 downstream targets, P70-S6K at
Thr389 and 4E-BP1 at Thr70, using Western blot.

2.7. SDS PAGE and Western Blot Analysis

In brief, for Western blot, CM was collected and cell lysates were centrifuged at
13,000 rpm for 30 min, supernatants were collected and stored at —80 °C until used. IGFBP-
1 being a secretory protein, the total and phosphorylated IGFBP-1 were measured by
loading equal aliquot of CM obtained from an equal number of cells plated to ensure equal
loading on SDS PAGE as described previously [31,32,54,64] and then transferred onto a
nitrocellulose membrane (Bio-Rad Laboratories, Mississauga, ON, Canada). Membranes
were blocked with 5% skim milk for 1 h at room temperature. Total IGFBP-1 and phos-
pho Ser 101, 119, and 169 were assessed as described earlier using phospho-site specific
antibodies [22,31].

To determine the expression and phosphorylation of P70-S6K at Thr389, 4E-BP1 at
Thr70 and TSC2 [64,65], we used equal cell lysate proteins (30 ug). The primary antibodies
were from Cell Signaling Technologies (Danvars, MA, USA) used at a dilution of 1:1000
unless specified otherwise. Secondary antibodies were peroxidase-labeled goat-anti mouse
or goat-anti-rabbit antibodies at 1:10,000 dilution (Bio-Rad Laboratories, Mississauga, ON,
Canada). Bands were visualized using Clarity Western ECL substrate, imaged using Ver-
saDoc Imaging System and Quantity One imaging software (Bio-Rad Laboratories), and
blots were subsequently analyzed using Image Lab software (Bio-Rad Laboratories). The
mean density of the control sample bands was assigned an arbitrary value of 1. All individ-
ual densitometry values were expressed relative to this mean. IGF-1R activation assay.

2.8. PRM-MS Analyses of IGFBP-1 Phosphopeptides and Kinase Autophosphorylation in
Decidualized Primary HESCs

2.8.1. Sample Preparation-Immunoprecipitation of IGFBP-1 for Parallel Reaction
Monitoring Mass Spectrometry (PRM-MS) Analysis

Four independent experiments were performed, where each experiment utilized
freshly extracted HESCs from a pooled sample of n = 3 placentas. Equal aliquots of samples
from in vitro decidualized cells were used. Decidualized primary HESCs either incu-
bated under hypoxic conditions or silenced for TSC2 (siRNA) with normoxia or hypoxia
were pooled and enriched (5-fold) using Amicon Ultracell 10 K MWCO centrifugal filter
devices (Sigma Aldrich) and buffer-exchanged with PBS (Gibco). Samples were immuno-
precipitated (IP) with well-established IGFBP-1 mouse monoclonal anti-human (mAb)
6303 IGFBP-1 antibody (Medix Biochemica) [43] using Protein A Sepharose beads (50 uL,
50% slurry; GE Healthcare Bio Sciences AB, Uppsala, Sweden), as described previously [32].
The IP samples were washed and then a small aliquot was analyzed by Western blot using
anti-human IGFBP-1 polyclonal antibody or anti-human IGFBP-1 phospho Ser101, Ser119,
and Ser169 antibodies. This preliminary step confirmed the validity of IP procedure to
determine that IGFBP-1 was IP in the samples further used for parallel reaction monitoring
mass spectrometry (PRM-MS). The remainder of the IP samples were digested in-solution
as described below for PRM-MS analysis. IGFBP-1 also co-immunoprecipitated protein
kinases CK2 and PKC which were monitored to determine their activation status.

2.8.2. PRM-MS Analyses of IGFBP-1 Phosphopeptides and Protein Kinase
Autophosphorylation

In-solution digestion of the IP samples for PRM-MS analyses of IGFBP-1 phosphopep-
tides were performed, as described previously [66], to analyze the site-specific phospho-
rylation of IGFBP-1. IGFBP-1 co-immunoprecipitated CK2 and PKC. The co-IP samples
were assessed for kinase autophosphorylation status. Protein samples, pooled from three
different biological replicates, were digested first with Asp-N (Roche Diagnostics, Laval,
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QC, Canada) overnight at 37 °C, then subsequently digested with trypsin (Roche Diagnos-
tics) overnight at 37 °C. Peptide digests were desalted with C18-ZipTip, dried in a Thermo
SpeedVac, and then samples were loaded onto a Thermo Easy-Spray analytical column
with an Easy-nLC 1000 chromatography pump. A Q-Exactive hybrid quadrupole-Orbitrap
mass spectrometer coupled to an Easy-nLC 1000 system (ThermoFisher) was used to collect
mass spectra as described [66]. Internal peptide for IGFBP-1 (NH2-ALPGEQQPLHALTR-
COOH), CK2 (NH2-WERFVHSENQHLVSPEAL-COOH), were used to normalize respec-
tive phosphopeptide data against total protein abundance. The isolation list (not shown)
with the Mass [m/z] and the sequences of the peptides used to identify CK2, PKC and
IGFBP-1 by PRM-MS were recorded. With two possible IGFBP-1 phosphorylation sites
(dual), specific transitions were used to distinguish single-site-phosphorylation from each
other (specifically, y14, b6, and b9 ions for pSerl69 and pSer174; y12 and b15 ions for
pSer98 and pS101). PRM-MS results were analyzed using Skyline software [67]. Data are
presented as total peak area relative to the appropriate control group.

2.9. IGF-1R Activation Assay
2.9.1. Sample Preparation-Immunoenzymometric Assay (IEMA)

Samples of CM from decidualized primary HESCs grown either under normoxia
or hypoxia were collected to perform quantitation of total IGFBP-1 using IGFBP-1 using
Immunoenzymometric Assay (IEMA) (Medix Biochemica, Kauniainen, Finland), against
IGFBP-1 standard concentrations provided by the assay kit. Prior to IEMA quantitation,
CM samples were first buffer exchanged with specialized cell media (high glucose DMEM
with sodium pyruvate; Gibco). The buffer exchanged CM was enriched (10-fold) using
Amicon Ultracell 10 K MWCO centrifugal filter devices (Sigma Aldrich) and used to
perform IEMA as per manufacturer’s instructions.

2.9.2. IGF-1 Induced IGF-1R Autophosphorylation

The IGF-1 bioactivity in CM samples was performed using P6 cells (human IGF-1R
overexpressing mouse fibroblast, P6 cells (a BALB/c3T3 cell derivative) (a kind gift from
Dr. Renato Baserga, Thomas Jefferson University). The functional assay to determine IGF-1
bioactivity was performed as described previously by assessing IGF-1R autophosphoryla-
tion. In brief, samples of CM from decidualized HESCs treated with normoxia or hypoxia
with equal amounts of total IGFBP-1 (50 ng) IEMA) were incubated with 1 ng of recombi-
nant human IGF-1 for 2 h at room temperature on a rotating shaker. The IGFBP-1-IGF-1
complex formed was then used to treat serum starved P6 cells in culture to activate IGF-1R
for 10 min at room temperature. CM with IGF-1 alone served as positive control (Control
1, 100% receptor activation), whereas media alone (without IGF-1) served as a negative
control. Media with IGFBP-1 (50 ng) from primary decidualized (HESCs) cells under
normoxia were considered as Control 2, which was compared to IGFBP-1 (50 ng) from
hypoxia treated primary decidualized HESCs sample. The treatment was terminated by
aspirating the P6 CM and, subsequently, attached P6 cells were lysed using cell lysis buffer
(Cell Signaling Technologies) containing protease and phosphatase inhibitors (Sigma) as
described earlier [31]. Changes in IGF-1R autophosphorylation were measured on im-
munoblot using anti phospho-IGF-1R at Tyr1135 antibody (Cell Signaling Technologies).
Subsequently, membrane was stripped and re-probed with total anti IGF-1R(3 (Santa Cruz
Biotechnology, Dallas, Texas, USA). The phosphorylated IGF-1R3 band was normalized to
the band intensity of total IGF-1Rf3 and finally to 3-actin.

2.10. Data Presentation and Statistics

Four independent experiments were performed, as described earlier, where each
experiment utilized freshly extracted HESCs from a pooled sample of n = 3 placentas.
Data were analyzed using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA).
The mean density of the control sample bands was assigned an arbitrary value of 1 and
treatments, and all individual densitometry were expressed relative to this mean. Every



Biomolecules 2021, 11, 1382

8 0of 20

quantified experiment was performed at minimum in triplicate. Statistical significance
was determined using student’s paired t-test or one-way ANOVA using Tukey’s multiple

comparisons test for post-hoc analysis, as appropriate. Data are presented as the mean +
SEM and significance was accepted at p < 0.05.

3. Results

3.1. Changes in Morphology Were Evident Following Decidualization of HESCs Isolated from
First-Trimester Placenta

Primary HESCs extracted from first-trimester placenta were purity-checked with
vimentin staining (data not shown) and treated with 8-Br-cAMP and MPA for four days
to induce decidualization in vitro (Figure 1A). Images were recorded every other day
using bright-field microscopy from n = 20 fields of view. Successful decidualization was
evidenced by the appearance of decidual morphology (Figure 1B). Un-decidualized (UD)
confluent primary HESCs maintained their spindle-shaped fibroblast-like morphology
throughout the culture period. Treatment with 8-Br-cAMP + MPA induced morphological
changes from Day 2, and decidualized cells were recognized by their ovoid-morphology
organized in a pavement-like arrangement (Figure 1B, Days 2 and 4).

3.2. Decidualization of HESCs Isolated from First-Trimester Placenta Increased IGFBP-1
Secretion/Phosphorylation

As shown by Western blot analysis, decidualization resulted in markedly increased
secretion of IGFBP-1 and phosphorylation at key functional serine residues (Ser101, Ser119,
Ser169) (Figure 1C) which reached peak levels by four days of culture and plateaued in

subsequent days (not shown). These data provide evidence of successful culture and

complete decidualization of HESCs by Day 4 and considered appropriate to be used for
subsequent experiments.

3.3. Hypoxia Inhibited mTORC1 Signaling and Increased Phosphorylation of IGFBP-1 in
Decidualized HESCs

Primary HESCs after four days of in vitro decidualization were treated with hypoxia
for 72 h. As shown in Figure 2, hypoxia alone markedly inhibited the activity of mTORC1
as indicated by a decrease in P70-S6K phosphorylation (Thr389) (—47%, p = 0.038) and
4E-BP1 phosphorylation (Thr70) (-55%, p = 0.012) (Figure 2A,B).
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Figure 2. The effect of hypoxia on mTORC1 signaling in decidualized primary HESCs. Representa-
tive Western blot of p-P70-S6K(Thr38) (A) and p-4E-BP1(T"70) (B) using cell lysates from decidualized
primary HESCs cultured under control normoxia (N) (incubator air) or hypoxic (H) (1% O,) condi-
tions. Equal amounts of protein from cell lysates were used (30 ug). Levels of phosphorylation were
normalized to total protein and -actin as the loading control. The Western blot data are summarized

in the bar graphs (1 = 4). The data is represented as the mean + SEM; * p < 0.05 versus control is
considered as per Student’s paired ¢-test.
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Further, the hypoxia-treated decidualized primary HESCs were also tested for IGFBP-1
secretion and phosphorylation in CM by Western blot analysis. Hypoxia induced total
IGFBP-1 secretion (+35%, p = 0.005) as well as IGFBP-1 phosphorylation at three phos-
phorylation sites, Ser101 (+82%, p = 0.018), Ser119 (+88%, p = 0.039), and Ser169 (+157%,
p = 0.019) compared to decidualized HESCs cultured under normoxia (Figure 3A-D).
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Figure 3. The effect of hypoxia on IGFBP-1 secretion and phosphorylation in decidualized primary
HESCs. Representative Western blot of total and phosphorylated IGFBP-1 secreted by decidualized
primary HESCs under control normoxia (N) (incubator air) or hypoxic (H) (1% O;) conditions (n = 4
each). Western blot analyses were performed for total (A) and pIGFBP—l(SeﬂOl) (B), pIGFBP—l(Seng)
(C), and pIGFBP-l(Ser169) (D), using equal volume of conditioned media (CM) (36 pL) from control
and hypoxia treated cells. The Western blot data are summarized in the bar graphs. Values are given
as mean + SEM. *, p < 0.05; **, p = 0.001-0.05 versus control as per Student’s paired f-test.

3.4. IGFBP-1 Is Dually Hyperphosphorylated at pSer169+pSer174 in Decidualized HESCs in
Response to Hypoxia

PRM-MS analysis was performed using decidualized HESCs treated with hypoxia
for detection of novel or dually phosphorylated IGFBP-1 sites. These sites could not be
detected by Western blot analysis due to the lack of availability of specific antibodies.
Hypoxic treatment resulted in markedly increased IGFBP-1 phosphorylation at dual site
pSer169+Ser174 (+731%) as compared to normoxia (Figure 4A). The relative changes in
pSer119 (+236%) singly and dually at pSer98+Ser101 (+81%) were not as pronounced in IP
samples using IGFBP-1 antibody. Peak retention time with a representative chromatograph
(pSer98+Ser101) (Figure 4B) confirms that transition ions result from the same parent
peptide. Overall while there is increase in phosphorylation at all three serine residues,
PRM-MS data show for the first time that hyperphosphorylation at pSer174, in combination
with pSer169, may be uniquely involved in regulation of IGFBP-1 phosphorylation.
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Figure 4. PRM-MS to monitor relative site-specific phosphorylation in hypoxia. Relative phospho-
rylation of IGFBP-1 (A) from normoxic (N) (incubator air) and hypoxic (H) (1% O;) conditions
in immunoprecipitated (IP) samples using IGFBP-1 antibody. (B) PRM-MS transitions are shown
in a representative chromatograph used to monitor phosphorylation of IGFBP-1. Peak retention
time of IGFBP-1-specific peptides shown in color indicate that transition ions result from the same
parent peptide. (Please refer to Supplemental Table for transition list). Phosphorylation of IGFBP-1
co-immunoprecipitated CK2 and PKC kinases was also monitored to determine activation status;
p-CK2(yr182) (), p-PKC(T497) (D), and p-PKCer0%7) (E) were individually monitored in control
and hypoxic conditions. Data was collected using a Q-Exactive hybrid quadrupole-Orbitrap mass
spectrometer. Values are displayed as relative peak area of total detected transitions and normalized
by an internal IGFBP-1 peptide.

3.5. Increased Protein Kinase Autophosphorylation (Activation) in Decidualized HESCs in
Response to Hypoxia

Targeted PRM-MS analysis of autophosphorylation of CK2 and PKC kinases was
monitored in decidualized HESC samples co-immunoprecipitated with IGFBP-1. We
determined the activation status of CK2 and PKC individually in normoxic control and
hypoxic conditions. Hypoxia caused a markedly increased autophosphorylation of CK2
at Tyr182 (+137%), PKC at Thr497 (+4426%), and PKC at Ser657 (+213%), indicating these
kinases are activated under hypoxia (Figure 4C-E).

3.6. IGFBP-1 Hyperphosphorylation Induced by Hypoxia in Decidualized HESCs Resulted in
Inhibition of IGF-1 Bioactivity

The design of the IGF-1R autophosphorylation assay allowed us to distinguish the
functional effects of specifically IGFBP-1 hyperphosphorylation on IGF-1 bioactivity in
response to hypoxia. CM with only IGF-1 but without IGFBP-1 positive control (Control
1) significantly stimulated IGF-1R autophosphorylation in P6 cells, (+410%, p = 0.005)
compared to no IGF-1 (negative control) (Figure 5). CM from HESCs under normoxia
showed a reduction in IGF-1R autophosphorylation at Tyr1135 compared to Control 1
(—65%, p = 0.024). This is because total (non/less phosphorylated) IGFBP-1 also binds IGF-
1 but to a lesser extent. When CM from hypoxia-treated cells was added to cultured P6 cells,
IGF-1-induced IGF-1R autophosphorylation was significantly reduced in comparison to P6
cells treated with CM samples from HESCs cultured under normoxic conditions (Control
2) (—29%, p = 0.002). These data are consistent with the interpretation that the IGFBP-1
hyperphosphorylation in response to hypoxia more prominently inhibits IGF-1 function.
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Figure 5. Hypoxia treatment inhibits IGF-1R activity in decidualized primary HESCs. CM was
collected from decidualized primary HESCs treated under normoxic (N) (incubator air) or hypoxic
(H) (1% O,) conditions for 72 h and buffer exchanged with high glucose DMEM media. Equal total
IGFBP-1 (50 ng) in the buffer exchanged media were incubated with recombinant human IGF-1 (1 ng)
and used to treat P6 cells in culture. P6 cells were lysed and Western blotting was performed (equal
loading, 30 pg protein) to determine changes in IGF-1-induced IGF-1R autophosphorylation (Y1135
compared to IGF-1 Control 1 (CTR-1). Media with IGFBP-1 (50 ng) from primary decidualized
(HESCs) cells under normoxia was considered as Control 2 (CTR-2). The Western blot data are
summarized in the bar graphs (1 = 4). Data was first normalized to total IGF-1R followed by (3-actin.
Values are given as mean + SEM. *, p < 0.05; ** or #, p = 0.001-0.05 versus control as per one-way
ANOVA. Tukey’s multiple comparisons test. * = significant difference compared to IGF-1 positive
control (CTR-1); # = significant difference compared to conditioned sample control (CTR-2).

3.7. TSC2 siRNA Efficiently Reduced the Expression of the Target Protein TSC2

To demonstrate that mTORC1 signaling is required in mediating the effects of hypoxia
on IGFBP-1, we silenced the endogenous mTORC1 inhibitor TSC2 to specifically activate
mTORCI1. To confirm that the siRNA reduced expression of the target protein TSC2,
encoded by the TSC2 gene, we performed Western blots using cell extracts from siRNA-
transfected decidualized HESCs. Markedly decreased protein expression of TSC2 (—91%,
p = 0.001) confirmed high silencing efficiency of TSC2 (Figure 6A).

3.8. TSC2 Silencing in Decidualized HESCs Increased mTORC1 Signaling Activity in Normoxia

Efficient silencing of TSC2 led to significant activation of mTORC1 signaling in de-
cidualized HESCs. Increase in mTORC]1 signaling activity was evidenced by significant
increase in phosphorylated P70-S6K at Thr389 (+68%, p = 0.038) and phosphorylated 4E-
BP1 at Thr70 (+30%, p = 0.002) with TSC2 siRNA, compared to Scr siRNA in normoxia
(Figure 6B,C; lanes 1 and 3).
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Figure 6. The effect of TSC2 silencing in hypoxia on mTORC1 functional readouts in decidualized
primary HESCs. Decidualized primary HESCs were transfected with TSC2 or Scramble (Scr) siRNA,
and then cells were cultured in normoxia (N) (incubator air) or in hypoxia (H) (1% O,). Representative
Western blots validate successful knock down of TSC2 (A) and depict the levels of phosphorylation
of mTORC1 functional readouts: p—P70—S6K(Thr389) (B) and p—4E—BP1(Thr7O) (©). Equal amounts of
protein from cell lysates were used (30 ug). The Western blot data are summarized in the bar graphs
(n =4). Levels of phosphorylation were normalized to total protein then 3-actin. Values are displayed
as mean + SEM; * or #, p <0.05; ** or # p = 0.001-0.05 versus control as per one-way ANOVA. Tukey’s
multiple comparisons test. * = significant difference compared to HESCs transfected with Scr siRNA
in normoxia; # = significant difference compared to HESCs transfected with Scr siRNA in hypoxia.

3.9. TSC2 Silencing in Decidualized HESCs in Hypoxia Prevented the Inhibition of mTORC1
Signaling Activity in Response to Hypoxia

TSC2 silencing in hypoxia maintained mTORCI signaling activity almost to the level
observed under normoxia in decidualized HESCs (Figure 6B,C; lanes 3 and 4). These
data demonstrate that TSC2 silencing prevented mTORCI inhibition caused by hypoxia in
decidualized primary HESCs.

3.10. TSC2 Silencing Prevented the Induction of Total and Phosphorylated IGFBP-1 in
Decidualized HESCs in Hypoxia

Activation of mTORC1 by TSC2 silencing led to significant reduction in IGFBP-1
secretion (—65%, p = 0.001) and phosphorylation at Ser101 (—97%, p = 0.024), Ser 119
(=79%, p = 0.023) and Ser169 (—32%, p = 0.018) in normoxia compared to Scr siRNA
(Figure 7A-D). These data demonstrate that mMTORC1 signaling is a negative regulator of
both IGFBP-1 secretion and phosphorylation.

Hypoxia inhibited mTORC1 (Figure 2) and induced IGFBP-1 secretion and phospho-
rylation (Figure 3). Using scramble siRNA, we confirmed that IGFBP-1 secretion and
phosphorylation was increased in hypoxia (Figure 7). We further assessed the effect of
TSC2 silencing on changes in IGFBP-1 secretion and phosphorylation under hypoxia. TSC2
silencing in hypoxia prevented mTORCI1 inhibition caused by hypoxia (Figure 6) and
subsequently prevented the induction of IGFBP-1 secretion (—88%, p = 0.014) and phos-
phorylation at Ser101 (—99%, p = 0.021) and Ser 119 (—95%, p = 0.014) due to hypoxia
(Figure 7A-D). The gene silencing data with TSC2 siRNA mechanistically confirmed that
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mTORCT1 signaling is involved in mediating the effects of hypoxia on IGFBP-1 secretion and
phosphorylation. Overall, these findings provide evidence that mTORC1 signaling plays a
critical role in regulating IGFBP-1 secretion and phosphorylation in response to hypoxia.
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Figure 7. The effect of TSC2 silencing in hypoxia on IGFBP-1 secretion and phosphorylation in
decidualized primary HESCs. Decidualized primary HESCs were transfected with TSC2 or Scramble
(Scr) siRNA, and then cells were cultured in normoxia (N) (incubator air) or in hypoxia (H) (1% O5).
Representative Western blots of IGFBP-1 secretion (A) and p—IGFBP-l(Se“Ol) (B), p-IGFBP—l(Seng) (O,
and p—IGFBP—l(Serlég) (D) using equal volume of CM (36 pL). The Western blot data are summarized
in the bar graphs (n = 4). Values are given as mean + SEM. * or #, p < 0.05; **, p = 0.001-0.05
versus control as per one-way ANOVA Tukey’s multiple comparisons test. * = significant difference
compared to HESCs transfected with Scr siRNA in normoxia; # = significant difference compared to
HESCs transfected with Scr siRNA in hypoxia.

3.11. Targeted PRM-MS Analyses Indicates Reduction of IGFBP-1 Phosphorylation in
Decidualized HESCs Treated with TSC2 siRNA

PRM-MS analysis confirmed the effect of TSC2 silencing on IGFBP-1 phosphorylation
under hypoxia (Figure 8). The data in Figure 8A-C shows TSC2 silencing in hypoxia
relatively inhibited IGFBP-1 phosphorylation for both the singly phosphorylated site,

pSer119 (—298%), and dually phosphorylated sites, pSer98+Ser101 (—206%) and pSer169 +
Ser174 (—268%).

3.12. TSC2 Silencing Prevented the Autophosphorylation of Protein Kinases, CK2 and PKC, in
Decidualized HESCs in Hypoxia

Using PRM-MS analyses, we determined that hypoxia treatment led to increased au-
tophosphorylation of CK2 and PKC consistent with increased site-specific phosphorylation
in decidualized HESCs. Figure 8D-F shows that hypoxia increased autophosphorylation
of p-CK2 (Tyr182, +2206%) and PKC (Thr497, +569%; Ser657, +265%) in HESCs transfected
with scramble siRNA. Importantly, TSC2 silencing in hypoxia prevented autophosphoryla-
tion of CK2 and PKC, which remained similar to Scr normoxia. These data suggest that
mTORCI signaling regulates the activation of CK2 and PKC in hypoxia by modulating
their autophosphorylation levels.
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Figure 8. PRM-MS to monitor relative site-specific phosphorylation in response to TSC2 silencing
in hypoxia. PRM-MS analysis for detection of relative phosphorylated IGFBP-1 at phosphorylation
sites p-IGFBP-1(5er98+5er10D) (A) 1 JGFBP-15¢r119) (B), and p-IGFBP-1(5er169+5er174) (C) in decidualized
primary HESCs transfected with TSC2 or Scramble (Scr) siRNA in normoxic (N) and hypoxic (H)
conditions. Phosphorylation of IGFBP-1 co-immunoprecipitated CK2 and PKC kinases was also
monitored to determine activation status; p—CKZ(Tyr182) (D), p-PKC(Thr497) (E), and p—PKC(Ser657)
(F) were individually monitored in TSC2 or Scr siRNA conditions. Data was collected using a Q-
Exactive hybrid quadrupole-Orbitrap mass spectrometer. Values are displayed as relative peak area
of total detected transitions and normalized by an internal IGFBP-1 peptide.

4. Discussion

By isolating and characterizing HESCs from first-trimester placenta, we demonstrate,
for the first time, that in vitro decidualization of primary HESCs results in markedly in-
creased IGFBP-1 phosphorylation which is further induced by hypoxia, particularly at
dually phosphorylated Ser169+Ser174 sites. In addition, selective activation of mMTORC1
signaling by TSC2 silencing resulted in decreased IGFBP-1 secretion and site-specific
phosphorylation, implicating mTORC1 as a key regulator of the IGFBP-1 system in these
cells. TSC2 silencing prevented hypoxia-mediated increase in IGFBP-1 phosphorylation,
confirming mechanistically that decidual IGFBP-1 hyperphosphorylation in hypoxia oc-
curs via mTORCI1 signaling. The effects of TSC2 gene silencing on IGFBP-1 site-specific
phosphorylation were additionally confirmed using targeted PRM-MS analysis. Moreover,
PRM-MS data also demonstrated that hypoxia increased p-CK2 (Tyr182), p-PKC (Thr497),
and p-PKC (Ser657) autophosphorylation, suggesting increased kinase activation, while
TSC2 silencing prevented the effects of hypoxia on kinase activation.

Interestingly, our discovery of doubly phosphorylated peptide Ser169+Ser174, in
primary decidualized HESCs treated with hypoxia, matches our findings of hyperphos-
phorylation of pSer174 in combination with pSer169 in maternal plasma of women with
a pregnancy complicated by FGR [25]. These data raise the possibility that the source
of dual phosphorylation at Ser169+Ser174 in maternal plasma is the decidua and may
have implications in prediction of FGR pregnancies. We propose that decidual mTORC1
links oxygen availability and IGF-1 signaling to placental insufficiency and impaired fetal
growth by regulating IGFBP-1 secretion and phosphorylation.

While both IGF-1 and IGF-2 are important in fetoplacental growth, low maternal
IGF-1 has been associated with low birth weight in human pregnancies. This is likely to be
related to observations that maternal IGF-1 promotes placental development and transfer
of nutrients to the fetus [68]. In addition, placental IGF-1R signaling is inhibited in FGR
pregnancies [69-71]. By modulating interaction of IGF-1 with its receptor IGF-1R, IGFBP-1
plays a key role in controlling bioactivity of its ligand [20]. In general agreement with previ-
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ous reports [25,31,32,64], in this study we show that IGF-1 bioactivity is greatly attenuated
by hypoxia-induced IGFBP-1 hyperphosphorylation in decidualized HESCs. This implies
that increase in IGFBP-1 phosphorylation in decidualized HESCs may negatively regulate
IGF-1R signaling by inhibiting IGF-1 function.

Using HepG2 cells as a model of human fetal hepatocytes, we reported, for the first
time, that site-specific increase in IGFBP-1 phosphorylation inhibits IGF-1 dependent bio-
logical activity in response to hypoxia [45]. Considering that transformed cell lines may not
represent the biology of primary fetal hepatocytes, we utilized primary baboon hepatocytes
and confirmed these findings [31]. In comparison, to assess the status of maternal IGFBP-1,
we used human placenta collected at delivery and reported that decidual IGFBP-1 phos-
phorylation is increased and mTOR is inhibited in human FGR pregnancies [25]. Utilizing
a decidualized immortalized cell line (HIESC), we demonstrated that IGFBP-1 phospho-
rylation is increased in hypoxia and leucine deprivation in vitro [43,52]. We treated the
HIESC with pharmacological inhibitors and activators, and our data showed involvement
of mTOR and AAR signaling in regulation of decidual IGFBP-1 phosphorylation [43].
These data, however, lacked rigor because two different cell lines (HESCs from ATCC and
HIESC) and pharmacological inhibitor rapamycin had been used instead of primary cell
and gene targeting approaches. Furthermore, immortalized cell lines may display unique
attributes or respond differently compared to primary cells. Immortalized cell lines may
have karyotype abnormalities after serial passaging [72], lack physiological responsiveness
to progesterone stimulation [73-75], or do not express the progesterone receptor (PR), a
hallmark protein of primary HESCs that directly stimulates IGFBP-1 transcription [76,77].

Primary HESCs recapitulate some of the key structural, proliferative, and secretory
characteristics of decidual cells in vivo [78], and may, therefore, be more physiologically
relevant than cell lines to better understand the signaling mechanisms that result in FGR.
The mTOR pathway responds to changes in the levels of nutrients, oxygen, and growth
factors, such as IGF-1, and, when activated, mMTORC1 promotes protein translation, pro-
liferation, and anti-apoptotic activity in most cell types [5,6]. Here, we establish, for the
first-time, a mechanistic link between hypoxia, mTORC1 inhibition, and increased IGFBP-1
phosphorylation in in vitro decidualized primary HESCs.

Decidua is subjected to endocrine regulation during pregnancy. For decidualization of
stromal cells in vitro, progesterone signaling via the PR is essential and is a prerequisite to
successful implantation [50]. Activation of the cAMP second messenger pathway induces
diverse transcription factors that are capable of modulating PR, thus sensitizing stromal
cells to progesterone action [79]. In the present study, we successfully decidualized the pri-
mary cells in vitro, using conventional 8-Br-cAMP + MPA treatments [13,51], that resulted
in induced secretion and phosphorylation of IGFBP-1 at three functional sites (Ser 101,
119, and 169). We treated the primary HESCs isolated from early pregnancy placenta with
hypoxia. Optimal conditions for hypoxia in cultured decidualized HESCs have, to the
best of our knowledge, not been defined. It is believed that 1-3% (term) or 1% oxygen
(first-trimester) in vitro reflects in vivo trophoblast hypoxia [80]. We used similar oxygen
levels to induce hypoxia in cultured primary decidual HESCs in the current study.

Other studies have reported that placental mTOR signaling is inhibited in pregnancies
complicated by FGR due to uteroplacental insufficiency [69,70,81,82]. Hypoxia suppresses
mTORCI1 signaling. However, a direct link between regulation of decidual IGFBP-1 phos-
phorylation and the mTORC1 signaling in hypoxia has not been established. It is plausible
that tissue levels of nutrients, such as glucose and oxygen (which modulate mTORC1 activ-
ity), are decreased in the decidua subjected to placental insufficiency. In the current study,
we demonstrated that TSC2 silencing prevented hypoxia-mediated increase in IGFBP-1
phosphorylation in primary HESCs. Furthermore, using PRM-MS we demonstrate for the
first time that hypoxia-induced CK2 and PKC autophosphorylation may be regulated via
mTORCI inhibition. Considering that the level of kinase autophosphorylation parallels
IGFBP-1 phosphorylation, following TSC2 knock down and hypoxia, these data suggest
that CK2 and PKC may be influencing the status of IGFBP-1 phosphorylation. We recently



Biomolecules 2021, 11, 1382

16 of 20

determined that interaction of PKC with protein kinase CK2 and activation of PKC under
leucine deprivation mediate fetal hepatic IGFBP-1 hyperphosphorylation. Using HepG2
cells, we determined the nutrient-sensing role of PKC in regulating the phosphorylation
of IGFBP-1 [83]. The findings in this study imply that regulation of decidual IGFBP-1
phosphorylation similarly involves activation of PKC.

These findings in primary cells overcome some of the limitations of immortalized
cells [84], confirming mechanistically, that decidual IGFBP-1 phosphorylation in hypoxia is
mediated by mTORC1 signaling. These data suggest that inhibition of decidual mTORC1
signaling in FGR could potentially result in reduced/compromised IGF-1 action and may
contribute to reduced cell growth and proliferation limiting placental development in FGR
pregnancies.

There are nonetheless limitations of this study. It is impossible to model the complexity
of the FGR pathophysiology in vitro. Thus, one limitation of our study is that we use a
reductionistic approach focusing specifically on selected pathways and it is acknowledged
that multiple mechanisms are likely to be important in the development of FGR in vivo.
Moreover, although we demonstrated that the activation of CK2 and PKC in hypoxia
involves mTORC1 signaling, the mechanisms by which mTORC1 regulates these two
kinases remain to be established.

One of the strengths of the study is that we report novel mechanistic information
using a physiologically relevant primary HESC- culture to establish the cause-and-effect
between mTORC1 activation, regulation of site-specific phosphorylation of IGFBP-1 and
protein kinases CK2 and PKC activation. Additionally, the use of PRM-MS analysis is an
innovative approach in the current study to identify relative changes in novel and dual
phosphorylation at specific IGFBP-1 sites, and for assessment of kinase activation status.
Furthermore, in this study we show that IGF-1 bioactivity is greatly attenuated by hypoxia-
induced IGFBP-1 hyperphosphorylation in decidualized HESCs. The study provides
insight to the biological effects of decidual IGFBP-1 hyperphosphorylation, demonstrating
that it results in more prominent inhibition of IGF-1-mediated IGF-1R signaling which may
subsequently affect fetal growth.

5. Conclusions

In conclusion, we propose a model in which decidual mMTORC1 signaling constitutes
a critical link between oxygen availability and fetal growth, by influencing IGF-1 function.
The proposed work will improve our mechanistic understanding of the molecular link
between reduced oxygen availability and restricted fetal growth in placental insufficiency.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biom11091382/s1. IGFBP1_isolationlist.

Author Contributions: Conceptualization, M.B.G. and T.J.; methodology, PN., C.E.J., K.B., C.D.H.
and M.B.G,; software, K.B.; validation, T.]. and M.B.G.; formal analysis, PN., C.E.J., K.B. and M.B.G.;
investigation, PN., C.E.J., K.B. and M.B.G,; resources, T.J., M.B.G. and K.B.; data curation, PN.,
C.E]., K.B. and M.B.G.; writing—original draft preparation, PN., C.E]J., K.B. and M.B.G.; writing—
review and editing, PN., C.E.J., K.B., T.]. and M.B.G,; visualization, PN., C.E]J., K.B., T.J. and M.B.G.;
supervision, M.B.G.; project administration, PN., C.E.J., K.B., T.]. and M.B.G.; funding acquisition,
M.B.G. and T.J. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the National Institute of Health (ROIHDO089980)
(to M.B.G. and TJ.) and in part by Lawson Research Grant Funds (to M.B.G.). C.E.J. received
Children’s Health Research Institute Graduate Trainee Award (University of Western Ontario) and
the Alexander Graham Bell Canada Graduate Scholarship-Master’s (CGS M) supported by the
Natural Sciences and Engineering Research Council of Canada (NSERC).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of The University of Western
Ontario (REB # 114343; Approved on: 19 November 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.


https://www.mdpi.com/article/10.3390/biom11091382/s1
https://www.mdpi.com/article/10.3390/biom11091382/s1

Biomolecules 2021, 11, 1382 17 of 20

Data Availability Statement: Data is contained within the article.

Acknowledgments: We thank Robert Baxter, at Kolling Institute of Medical Research, University
of Sydney for his kind gift of IGFBP-1 polyclonal antibody. We also acknowledge Renato Baserga,
Thomas Jefferson University, Philadelphia, Pennsylvania for providing P6 cells for this work. We
thank Erin Lovett and Stephanie Black (Department of Obstetrics and Gynaecology, University of
Western Ontario), for their gracious assistance in the collection of placenta tissue samples without
whom this study would not have been possible.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Pallotto, EK,; Kilbride, H.W. Perinatal Outcome and Later Implications of Intrauterine Growth Restriction. Clin. Obstet. Gynecol.
2006, 49, 257-269. [CrossRef] [PubMed]

2. Gluckman, PD.; Hanson, M.A. Living with the Past: Evolution, Development, and Patterns of Disease. Science 2004, 305,
1733-1736. [CrossRef]

3.  Barker, D.J.; Godfrey, K.M.; Gluckman, P.D.; Harding, J.E.; Owens, J.A.; Robinson, J.S. Fetal Nutrition and Cardiovascular Disease
in Adult Life. Lancet 1993, 341, 938-941. [CrossRef]

4. Gluckman, P.D.; Hanson, M.A.; Cooper, C.; Thornburg, K.L. Effect of in Utero and Early-Life Conditions on Adult Health and
Disease. N. Engl. ]. Med. 2008, 359, 61-73. [CrossRef]

5. Li, C.H.; Yamashiro, D.; Gospodarowicz, D.; Kaplan, S.L.; Vliet, G.V. Total Synthesis of Insulin-like Growth Factor I (Somatomedin
C). Proc. Natl. Acad. Sci. USA 1983, 80, 2216-2220. [CrossRef] [PubMed]

6.  Forbes, K.; Westwood, M. The IGF Axis and Placental Function. Horm. Res. Paediatr. 2008, 69, 129-137. [CrossRef] [PubMed]

7. Allard, J.B.; Duan, C. IGF-Binding Proteins: Why Do They Exist and Why Are There So Many? Front. Endocrinol. 2018, 9, 117.
[CrossRef]

8. Bach, L.A. 40 YEARS OF IGF1: IGF-Binding Proteins. . Mol. Endocrinol. 2018, 61, T11-T28. [CrossRef] [PubMed]

9.  Koistinen, R.; Itkonen, O.; Selenius, P.; Seppild, M. Insulin-like Growth Factor-Binding Protein-1 Inhibits Binding of IGF-I on
Fetal Skin Fibroblasts but Stimulates Their DNA Synthesis. Biochem. Biophys. Res. Commun. 1990, 173, 408-415. [CrossRef]

10. Brandt, K.; Griinler, J.; Brismar, K.; Wang, J. Effects of IGFBP-1 and IGFBP-2 and Their Fragments on Migration and IGF-Induced
Proliferation of Human Dermal Fibroblasts. Growth Horm. IGF Res. 2015, 25, 34-40. [CrossRef]

11. Yu,];Iwashita, M.; Kudo, Y.; Takeda, Y. Phosphorylated Insulin-like Growth Factor (IGF)-Binding Protein-1 (IGFBP-1) Inhibits
While Non-Phosphorylated IGFBP-1 Stimulates IGF-I-Induced Amino Acid Uptake by Cultured Trophoblast Cells. Growth Horm.
IGF Res. 1998, 8, 65-70. [CrossRef]

12.  Nielsen, K.O.; Mirza, A.H.; Kaur, S.; Jacobsen, K.S.; Winther, T.N.; Glebe, D.; Pociot, F.; Hogh, B.; Sterling, ]. Hepatitis B Virus
Suppresses the Secretion of Insulin-like Growth Factor Binding Protein 1 to Facilitate Anti-Apoptotic IGF-1 Effects in HepG2
Cells. Exp. Cell Res. 2018, 370, 399-408. [CrossRef] [PubMed]

13. Gibson, ].M.; Aplin, ].D.; White, A.; Westwood, M. Regulation of IGF Bioavailability in Pregnancy. Mol. Hum. Reprod. 2001, 7,
79-87. [CrossRef] [PubMed]

14. Han, VK, Bassett, N.; Walton, J.; Challis, ].R. The Expression of Insulin-like Growth Factor (IGF) and IGF-Binding Protein (IGFBP)
Genes in the Human Placenta and Membranes: Evidence for IGF-IGFBP Interactions at the Feto-Maternal Interface. J. Clin.
Endocrinol. Metab. 1996, 81, 2680-2693. [CrossRef]

15. Martina, N.A.; Kim, E.; Chitkara, U.; Wathen, N.C.; Chard, T.; Giudice, L.C. Gestational Age-Dependent Expression of Insulin-Like
Growth Factor-Binding Protein-1 (IGFBP-1) Phosphoisoforms in Human Extraembryonic Cavities, Maternal Serum, and Decidua
Suggests Decidua as the Primary Source of IGFBP-1 in These Fluids during Early Pregnancy1. J. Clin. Endocrinol. Metab. 1997, 82,
1894-1898. [CrossRef] [PubMed]

16. Clemmons, D.R. Role of Insulin-like Growth Factor Binding Proteins in Controlling IGF Actions. Mol. Cell. Endocrinol. 1998, 140,
19-24. [CrossRef]

17. Kato, H,; Faria, T.N.; Stannard, B.; Roberts, C.T.; LeRoith, D. Essential Role of Tyrosine Residues 1131, 1135, and 1136 of the
Insulin-like Growth Factor-I (IGF-I) Receptor in IGF-I Action. Mol. Endocrinol. 1994, 8, 40-50. [CrossRef]

18. Irwin, J.C.; Giudice, L.C. Insulin-like Growth Factor Binding Protein-1 Binds to Placental Cytotrophoblast AlphaSbetal Integrin
and Inhibits Cytotrophoblast Invasion into Decidualized Endometrial Stromal Cultures. Growth Horm. IGF Res. 1998, 8, 21-31.
[CrossRef]

19. Lacey, H.; Haigh, T.; Westwood, M.; Aplin, J.D. Mesenchymally-Derived Insulin-like Growth Factor 1 Provides a Paracrine
Stimulus for Trophoblast Migration. BMC Dev. Biol. 2002, 2, 5. [CrossRef] [PubMed]

20. Firth, S.M.; Baxter, R.C. Cellular Actions of the Insulin-Like Growth Factor Binding Proteins. Endocr. Rev. 2002, 23, 824-854.
[CrossRef]

21. Coverley, J.A.; Baxter, R.C. Phosphorylation of Insulin-like Growth Factor Binding Proteins. Mol. Cell. Endocrinol. 1997, 128, 1-5.
[CrossRef]

22.  Abu Shehab, M.; losef, C.; Wildgruber, R.; Sardana, G.; Gupta, M.B. Phosphorylation of IGFBP-1 at Discrete Sites Elicits Variable

Effects on IGF-I Receptor Autophosphorylation. Endocrinology 2013, 154, 1130-1143. [CrossRef]


http://doi.org/10.1097/00003081-200606000-00008
http://www.ncbi.nlm.nih.gov/pubmed/16721105
http://doi.org/10.1126/science.1095292
http://doi.org/10.1016/0140-6736(93)91224-A
http://doi.org/10.1056/NEJMra0708473
http://doi.org/10.1073/pnas.80.8.2216
http://www.ncbi.nlm.nih.gov/pubmed/6572973
http://doi.org/10.1159/000112585
http://www.ncbi.nlm.nih.gov/pubmed/18219215
http://doi.org/10.3389/fendo.2018.00117
http://doi.org/10.1530/JME-17-0254
http://www.ncbi.nlm.nih.gov/pubmed/29255001
http://doi.org/10.1016/S0006-291X(05)81073-3
http://doi.org/10.1016/j.ghir.2014.11.001
http://doi.org/10.1016/S1096-6374(98)80323-7
http://doi.org/10.1016/j.yexcr.2018.07.002
http://www.ncbi.nlm.nih.gov/pubmed/29981339
http://doi.org/10.1093/molehr/7.1.79
http://www.ncbi.nlm.nih.gov/pubmed/11134364
http://doi.org/10.1210/jcem.81.7.8675597
http://doi.org/10.1210/jcem.82.6.3974
http://www.ncbi.nlm.nih.gov/pubmed/9177402
http://doi.org/10.1016/S0303-7207(98)00024-0
http://doi.org/10.1210/mend.8.1.7512194
http://doi.org/10.1016/S1096-6374(98)80318-3
http://doi.org/10.1186/1471-213X-2-5
http://www.ncbi.nlm.nih.gov/pubmed/11972897
http://doi.org/10.1210/er.2001-0033
http://doi.org/10.1016/S0303-7207(97)04032-X
http://doi.org/10.1210/en.2012-1962

Biomolecules 2021, 11, 1382 18 of 20

23.

24.

25.

26.
27.
28.
29.
30.
31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Jones, J.I.; Clemmons, D.R. Insulin-like Growth Factors and Their Binding Proteins: Biological Actions. Endocr. Rev. 1995, 16, 3-34.
[CrossRef] [PubMed]

Busby, W.H.; Klapper, D.G.; Clemmons, D.R. Purification of a 31,000-Dalton Insulin-like Growth Factor Binding Protein from
Human Amniotic Fluid. Isolation of Two Forms with Different Biologic Actions. J. Biol. Cherm. 1988, 263, 14203-14210. [CrossRef]
Gupta, M.B.; Abu Shehab, M.; Nygard, K.; Biggar, K.; Singal, S.S.; Santoro, N.; Powell, T.L.; Jansson, T. IUGR Is Associated
with Marked Hyperphosphorylation of Decidual and Maternal Plasma IGFBP-1. ]. Clin. Endocrinol. Metab. 2019, 104, 408—422.
[CrossRef] [PubMed]

Peng, T.; Golub, T.R.; Sabatini, D.M. The Immunosuppressant Rapamycin Mimics a Starvation-Like Signal Distinct from Amino
Acid and Glucose Deprivation. Mol. Cell. Biol. 2002, 22, 5575-5584. [CrossRef]

Tee, A.R.; Blenis, ]. MTOR, Translational Control and Human Disease. Semin. Cell Dev. Biol. 2005, 16, 29-37. [CrossRef] [PubMed]
Martin, D.E.; Hall, M.N. The Expanding TOR Signaling Network. Curr. Opin. Cell Biol. 2005, 17, 158-166. [CrossRef] [PubMed]

Hay, N.; Sonenberg, N. Upstream and Downstream of MTOR. Genes Dev. 2004, 18, 1926-1945. [CrossRef]

Jacinto, E.; Hall, M.N. TOR Signalling in Bugs, Brain and Brawn. Nat. Rev. Mol. Cell Biol. 2003, 4, 117-126. [CrossRef]

Abu Shehab, M.; Damerill, I; Shen, T.; Rosario, FJ.; Nijland, M.; Nathanielsz, PW.; Kamat, A.; Jansson, T.; Gupta, M.B. Liver
MTOR Controls IGF-I Bioavailability by Regulation of Protein Kinase CK2 and IGFBP-1 Phosphorylation in Fetal Growth
Restriction. Endocrinology 2014, 155, 1327-1339. [CrossRef]

Damerill, I; Biggar, K.K.; Abu Shehab, M.; Li, S.S.; Jansson, T.; Gupta, M.B. Hypoxia Increases IGFBP-1 Phosphorylation Mediated
by MTOR Inhibition. Mol. Endocrinol. 2016, 30, 201-216. [CrossRef]

Thorn, S.R.; Regnault, T.R.; Brown, L.D.; Rozance, PJ.; Keng, J.; Roper, M.; Wilkening, R.B.; Hay, W.W.; Friedman, J.E. Intrauterine
Growth Restriction Increases Fetal Hepatic Gluconeogenic Capacity and Reduces Messenger Ribonucleic Acid Translation
Initiation and Nutrient Sensing in Fetal Liver and Skeletal Muscle. Endocrinology 2009, 150, 3021-3030. [CrossRef]

Alejandro, E.U.; Gregg, B.; Wallen, T.; Kumusoglu, D.; Meister, D.; Chen, A.; Merrins, M.].; Satin, L.S.; Liu, M.; Arvan, P; et al.
Maternal Diet-Induced MicroRNAs and MTOR Underlie  Cell Dysfunction in Offspring. J. Clin. Investig. 2014, 124, 4395-4410.
[CrossRef]

Hennig, M.; Fiedler, S.; Jux, C.; Thierfelder, L.; Drenckhahn, J. Prenatal Mechanistic Target of Rapamycin Complex 1 (m TORC1)
Inhibition by Rapamycin Treatment of Pregnant Mice Causes Intrauterine Growth Restriction and Alters Postnatal Cardiac
Growth, Morphology, and Function. J. Am. Heart Assoc. Cardiovasc. Cerebrovasc. Dis. 2017, 6, e€005506. [CrossRef]

Wouters, B.G.; Koritzinsky, M. Hypoxia Signalling through MTOR and the Unfolded Protein Response in Cancer. Nat. Rev. Cancer
2008, 8, 851-864. [CrossRef]

Huang, J.; Manning, B.D. The TSC1-TSC2 Complex: A Molecular Switchboard Controlling Cell Growth. Biochem. ]. 2008, 412,
179-190. [CrossRef]

Chong-Kopera, H.; Inoki, K.; Li, Y.; Zhu, T.; Garcia-Gonzalo, ER.; Rosa, J.L.; Guan, K.L. TSC1 Stabilizes TSC2 by Inhibiting the
Interaction between TSC2 and the HERC1 Ubiquitin Ligase. J. Biol. Chem. 2006, 281, 8313-8316. [CrossRef]

Inoki, K.; Li, Y,; Xu, T.; Guan, K.L. Rheb GTPase Is a Direct Target of TSC2 GAP Activity and Regulates MTOR Signaling. Genes
Dev. 2003, 17, 1829-1834. [CrossRef]

DeYoung, M.P; Horak, P; Sofer, A.; Sgroi, D.; Ellisen, L.W. Hypoxia Regulates TSC1/2-MTOR Signaling and Tumor Suppression
through REDD1-Mediated 14-3-3 Shuttling. Genes Dev. 2008, 22, 239-251. [CrossRef]

Brugarolas, J.; Lei, K.,; Hurley, R.L.; Manning, B.D.; Reiling, ].H.; Hafen, E.; Witters, L.A.; Ellisen, L.W.; Kaelin, W.G. Regulation
of MTOR Function in Response to Hypoxia by REDD1 and the TSC1/TSC2 Tumor Suppressor Complex. Genes Dev. 2004, 18,
2893-2904. [CrossRef]

Lee, J.; Heo, J.; Kang, H. MiR-92b-3p-TSC1 Axis Is Critical for MTOR Signaling-Mediated Vascular Smooth Muscle Cell
Proliferation Induced by Hypoxia. Cell Death Differ. 2019, 26, 1782-1795. [CrossRef]

Abu Shehab, M.; Biggar, K.; Kakadia, ].H.; Dhruv, M,; Jain, B.; Nandi, P.; Nygard, K.; Jansson, T.; Gupta, M.B. Inhibition of
Decidual IGF-1 Signaling in Response to Hypoxia and Leucine Deprivation Is Mediated by MTOR and AAR Pathways and
Increased IGFBP-1 Phosphorylation. Mol. Cell. Endocrinol. 2020, 512, 110865. [CrossRef]

Roberti, S.L.; Higa, R.; White, V.; Powell, T.L.; Jansson, T.; Jawerbaum, A. Critical Role of MTOR, PPARy and PPAR® Signaling
in Regulating Early Pregnancy Decidual Function, Embryo Viability and Feto-Placental Growth. Mol. Hum. Reprod. 2018, 24,
327-340. [CrossRef]

Seferovic, M.D.; Ali, R.; Kamei, H.; Liu, S.; Khosravi, ].M.; Nazarian, S.; Han, V.K.; Duan, C.; Gupta, M.B. Hypoxia and Leucine
Deprivation Induce Human Insulin-Like Growth Factor Binding Protein-1 Hyperphosphorylation and Increase Its Biological
Activity. Endocrinology 2009, 150, 220-231. [CrossRef] [PubMed]

Malkani, N.; Biggar, K.; Shehab, M.A; Li, S.; Jansson, T.; Gupta, M.B. Increased IGFBP-1 Phosphorylation in Response to Leucine
Deprivation Is Mediated by CK2 and PKC. Mol. Cell. Endocrinol. 2016, 425, 48-60. [CrossRef]

Donella-Deana, A.; Cesaro, L.; Sarno, S.; Brunati, A.M.; Ruzzene, M.; Pinna, L.A. Autocatalytic Tyrosine-Phosphorylation of
Protein Kinase CK2 Alpha and Alpha’ Subunits: Implication of Tyr182. Biochem. J. 2001, 357, 563-567. [CrossRef]

Cazaubon, S.; Bornancin, F; Parker, P.J. Threonine-497 Is a Critical Site for Permissive Activation of Protein Kinase C Alpha.
Biochem. J. 1994, 301 Pt 2, 443-448. [CrossRef]

Bornancin, F; Parker, PJ. Phosphorylation of Protein Kinase C-« on Serine 657 Controls the Accumulation of Active Enzyme and
Contributes to Its Phosphatase-Resistant State. J. Biol. Chem. 1997, 272, 3544-3549. [CrossRef] [PubMed]


http://doi.org/10.1210/edrv-16-1-3
http://www.ncbi.nlm.nih.gov/pubmed/7758431
http://doi.org/10.1016/S0021-9258(18)68206-7
http://doi.org/10.1210/jc.2018-00820
http://www.ncbi.nlm.nih.gov/pubmed/30124960
http://doi.org/10.1128/MCB.22.15.5575-5584.2002
http://doi.org/10.1016/j.semcdb.2004.11.005
http://www.ncbi.nlm.nih.gov/pubmed/15659337
http://doi.org/10.1016/j.ceb.2005.02.008
http://www.ncbi.nlm.nih.gov/pubmed/15780592
http://doi.org/10.1101/gad.1212704
http://doi.org/10.1038/nrm1018
http://doi.org/10.1210/en.2013-1759
http://doi.org/10.1210/me.2015-1194
http://doi.org/10.1210/en.2008-1789
http://doi.org/10.1172/JCI74237
http://doi.org/10.1161/JAHA.117.005506
http://doi.org/10.1038/nrc2501
http://doi.org/10.1042/BJ20080281
http://doi.org/10.1074/jbc.C500451200
http://doi.org/10.1101/gad.1110003
http://doi.org/10.1101/gad.1617608
http://doi.org/10.1101/gad.1256804
http://doi.org/10.1038/s41418-018-0243-z
http://doi.org/10.1016/j.mce.2020.110865
http://doi.org/10.1093/molehr/gay013
http://doi.org/10.1210/en.2008-0657
http://www.ncbi.nlm.nih.gov/pubmed/18772238
http://doi.org/10.1016/j.mce.2015.12.006
http://doi.org/10.1042/bj3570563
http://doi.org/10.1042/bj3010443
http://doi.org/10.1074/jbc.272.6.3544
http://www.ncbi.nlm.nih.gov/pubmed/9013603

Biomolecules 2021, 11, 1382 19 of 20

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Okada, H.; Tsuzuki, T.; Murata, H. Decidualization of the Human Endometrium. Reprod. Med. Biol. 2018, 17, 220-227. [CrossRef]
[PubMed]

Westwood, M.; Gibson, ].M.; White, A. Purification and Characterization of the Insulin-Like Growth Factor-Binding Protein-1
Phosphoform Found in Normal Plasma. Endocrinology 1997, 138, 1130-1136. [CrossRef]

Shehab, M.A; Biggar, K.; Singal, S.S.; Nygard, K.; Li, S.S.; Jansson, T.; Gupta, M.B. Exposure of Decidualized HIESC to Low
Oxygen Tension and Leucine Deprivation Results in Increased IGFBP-1 Phosphorylation and Reduced IGF-I Bioactivity. Mol. Cell.
Endocrinol. 2017, 452, 1-14. [CrossRef]

Kang, S.A.; Pacold, M.E.; Cervantes, C.L.; Lim, D.; Lou, H.J.; Ottina, K.; Gray, N.S.; Turk, B.E.; Yaffe, M.B.; Sabatini, D.M. MTORC1
Phosphorylation Sites Encode Their Sensitivity to Starvation and Rapamycin. Science 2013, 341, 1236566. [CrossRef]

Sarbassov, D.D.; Ali, S.M.; Sengupta, S.; Sheen, ].H.; Hsu, PP; Bagley, A.F; Markhard, A.L.; Sabatini, D.M. Prolonged Rapamycin
Treatment Inhibits MTORC2 Assembly and Akt/PKB. Mol. Cell 2006, 22, 159-168. [CrossRef]

Feldman, M.E.; Apsel, B.; Uotila, A.; Loewith, R.; Knight, Z.A.; Ruggero, D.; Shokat, K.M. Active-Site Inhibitors of MTOR Target
Rapamycin-Resistant Outputs of MTORC1 and MTORC?2. PLoS Biol. 2009, 7, €1000038. [CrossRef]

Ujvari, D.; Jakson, L; Babayeva, S.; Salamon, D.; Rethi, B.; Gidlof, S.; Hirschberg, A.L. Dysregulation of In Vitro Decidualization of
Human Endometrial Stromal Cells by Insulin via Transcriptional Inhibition of Forkhead Box Protein O1. PLoS ONE 2017, 12,
€0171004. [CrossRef]

Tamura, L; Jozaki, K.; Sato, S.; Shirafuta, Y.; Shinagawa, M.; Maekawa, R.; Taketani, T.; Asada, H.; Tamura, H.; Sugino, N. The
Distal Upstream Region of Insulin-like Growth Factor-Binding Protein-1 Enhances Its Expression in Endometrial Stromal Cells
during Decidualization. . Biol. Chem. 2018, 293, 5270-5280. [CrossRef]

Brar, A.K.; Handwerger, S.; Kessler, C.A.; Aronow, B.J. Gene Induction and Categorical Reprogramming during in Vitro Human
Endometrial Fibroblast Decidualization. Physiol. Genom. 2001, 7, 135-148. [CrossRef]

Popovici, RM.; Kao, L.C.; Giudice, L.C. Discovery of New Inducible Genes in in Vitro Decidualized Human Endometrial Stromal
Cells Using Microarray Technology. Endocrinology 2000, 141, 3510-3513. [CrossRef]

Garrido-Gomez, T.; Dominguez, F; Lopez, J.A.; Camafeita, E.; Quifionero, A.; Martinez-Conejero, J.A.; Pellicer, A.; Conesa,
A.; Simén, C. Modeling Human Endometrial Decidualization from the Interaction between Proteome and Secretome. J. Clin.
Endocrinol. Metab. 2011, 96, 706-716. [CrossRef]

Lockwood, C.J.; Kumar, P.; Krikun, G.; Kadner, S.; Dubon, P; Critchley, H.; Schatz, F. Effects of Thrombin, Hypoxia, and Steroids
on Interleukin-8 Expression in Decidualized Human Endometrial Stromal Cells: Implications for Long-Term Progestin-Only
Contraceptive-Induced Bleeding. J. Clin. Endocrinol. Metab. 2004, 89, 1467-1475. [CrossRef] [PubMed]

Skjaerbaek, C.; Frystyk, J.; Orskov, H.; Flyvbjerg, A. Free IGF-I, IGFBP-1, and the Binary Complex of IGFBP-1 and IGF-I Are
Increased during Human Pregnancy. Horm. Res. 2004, 62, 215-220. [CrossRef]

Halari, C.D.; Nandi, P; Jeyarajah, M.J.; Renaud, S.J.; Lala, PK. Decorin Production by the Human Decidua: Role in Decidual Cell
Maturation. Mol. Hum. Reprod. 2020, 26, 784-796. [CrossRef]

Malkani, N.; Jansson, T.; Gupta, M.B. IGFBP-1 Hyperphosphorylation in Response to Leucine Deprivation Is Mediated by the
AAR Pathway. Mol. Cell. Endocrinol. 2015, 412, 182-195. [CrossRef]

Ankrapp, D.P; Jones, ].I.; Clemmons, D.R. Characterization of Insulin-like Growth Factor Binding Protein-1 Kinases from Human
Hepatoma Cells. J. Cell. Biochem. 1996, 60, 387-399. [CrossRef]

Kakadia, J.H.; Jain, B.B.; Biggar, K.; Sutherland, A.; Nygard, K.; Li, C.; Nathanielsz, PW.; Jansson, T.; Gupta, M.B. Hyperphos-
phorylation of Fetal Liver IGFBP-1 Precedes Slowing of Fetal Growth in Nutrient-Restricted Baboons and May Be a Mechanism
Underlying IUGR. Am. . Physiol.-Endocrinol. Metab. 2020, 319, E614-E628. [CrossRef]

MacLean, B.; Tomazela, D.M.; Shulman, N.; Chambers, M.; Finney, G.L.; Frewen, B.; Kern, R.; Tabb, D.L.; Liebler, D.C.; MacCoss,
M.]. Skyline: An Open Source Document Editor for Creating and Analyzing Targeted Proteomics Experiments. Bioinformatics
2010, 26, 966-968. [CrossRef]

Holmes, R.P.; Holly, ].M.; Soothill, PW. A Prospective Study of Maternal Serum Insulin-like Growth Factor-I in Pregnancies with
Appropriately Grown or Growth Restricted Fetuses. Br. J. Obstet. Gynaecol. 1998, 105, 1273-1278. [CrossRef]

Laviola, L.; Perrini, S.; Belsanti, G.; Natalicchio, A.; Montrone, C.; Leonardini, A.; Vimercati, A.; Scioscia, M.; Selvaggi, L.; Giorgino,
R.; et al. Intrauterine Growth Restriction in Humans Is Associated with Abnormalities in Placental Insulin-Like Growth Factor
Signaling. Endocrinology 2005, 146, 1498-1505. [CrossRef]

Yung, H.; Calabrese, S.; Hynx, D.; Hemmings, B.A.; Cetin, I.; Charnock-Jones, D.S.; Burton, G.J. Evidence of Placental Translation
Inhibition and Endoplasmic Reticulum Stress in the Etiology of Human Intrauterine Growth Restriction. Am. J. Pathol. 2008, 173,
451-462. [CrossRef]

Street, M.E.; Viani, L; Ziveri, M.A.; Volta, C.; Smerieri, A.; Bernasconi, S. Impairment of Insulin Receptor Signal Transduction in
Placentas of Intra-Uterine Growth-Restricted Newborns and Its Relationship with Fetal Growth. Eur. J. Endocrinol. 2011, 164,
45-52. [CrossRef]

Rinehart, C.A.; Laundon, C.H.; Mayben, ].P.; Lyn-Cook, B.D.; Kaufman, D.G. Conditional Immortalization of Human Endometrial
Stromal Cells with a Temperature-Sensitive Simian Virus 40. Carcinogenesis 1993, 14, 993-999. [CrossRef]

Brosens, ].J.; Takeda, S.; Acevedo, C.H.; Lewis, M.P; Kirby, P.L.; Symes, E.K.; Krausz, T.; Purohit, A.; Gellersen, B.; White, J.O.
Human Endometrial Fibroblasts Immortalized by Simian Virus 40 Large T Antigen Differentiate in Response to a Decidualization
Stimulus. Endocrinology 1996, 137, 2225-2231. [CrossRef]


http://doi.org/10.1002/rmb2.12088
http://www.ncbi.nlm.nih.gov/pubmed/30013421
http://doi.org/10.1210/endo.138.3.5020
http://doi.org/10.1016/j.mce.2017.04.005
http://doi.org/10.1126/science.1236566
http://doi.org/10.1016/j.molcel.2006.03.029
http://doi.org/10.1371/journal.pbio.1000038
http://doi.org/10.1371/journal.pone.0171004
http://doi.org/10.1074/jbc.RA117.000234
http://doi.org/10.1152/physiolgenomics.00061.2001
http://doi.org/10.1210/endo.141.9.7789
http://doi.org/10.1210/jc.2010-1825
http://doi.org/10.1210/jc.2003-030141
http://www.ncbi.nlm.nih.gov/pubmed/15001649
http://doi.org/10.1159/000081246
http://doi.org/10.1093/molehr/gaaa058
http://doi.org/10.1016/j.mce.2015.04.031
http://doi.org/10.1002/(SICI)1097-4644(19960301)60:3&lt;387::AID-JCB10&gt;3.0.CO;2-I
http://doi.org/10.1152/ajpendo.00220.2020
http://doi.org/10.1093/bioinformatics/btq054
http://doi.org/10.1111/j.1471-0528.1998.tb10005.x
http://doi.org/10.1210/en.2004-1332
http://doi.org/10.2353/ajpath.2008.071193
http://doi.org/10.1530/EJE-10-0752
http://doi.org/10.1093/carcin/14.5.993
http://doi.org/10.1210/endo.137.6.8641169

Biomolecules 2021, 11, 1382 20 of 20

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Tamura, K.; Yoshie, M.; Hara, T.; Isaka, K.; Kogo, H. Involvement of Stathmin in Proliferation and Differentiation of Immortalized
Human Endometrial Stromal Cells. J. Reprod. Dev. 2007, 53, 525-533. [CrossRef] [PubMed]

Tulac, S.; Overgaard, M.T.; Hamilton, A.E.; Jumbe, N.L.; Suchanek, E.; Giudice, L.C. Dickkopf-1, an Inhibitor of Wnt Signaling, Is
Regulated by Progesterone in Human Endometrial Stromal Cells. |. Clin. Endocrinol. Metab. 2006, 91, 1453-1461. [CrossRef]
Bae, ].H.; Song, D.K.; Im, S.S. Regulation of IGFBP-1 in Metabolic Diseases. ]. Lifestyle Med. 2013, 3, 73-79. [PubMed]

Gao, J.; Mazella, J.; Suwanichkul, A.; Powell, D.R.; Tseng, L. Activation of the Insulin-like Growth Factor Binding Protein-1
Promoter by Progesterone Receptor in Decidualized Human Endometrial Stromal Cells. Mol. Cell. Endocrinol. 1999, 153, 11-17.
[CrossRef]

Richards, R.G.; Brar, A K,; Frank, G.R.; Hartman, S.M.; Jikihara, H. Fibroblast Cells from Term Human Decidua Closely Resemble
Endometrial Stromal Cells: Induction of Prolactin and Insulin-Like Growth Factor Binding Protein-1 Expressionl. Biol. Reprod.
1995, 52, 609-615. [CrossRef] [PubMed]

Gellersen, B.; Brosens, J. Cyclic AMP and Progesterone Receptor Cross-Talk in Human Endometrium: A Decidualizing Affair.
J. Endocrinol. 2003, 178, 357-372. [CrossRef] [PubMed]

Tuuli, M.G.; Longtine, M.S.; Nelson, D.M. Review: Oxygen and Trophoblast Biology—A Source of Controversy. Placenta 2011, 32,
S§109-S118. [CrossRef] [PubMed]

Roos, S.; Jansson, N.; Palmberg, I.; Sdljo, K.; Powell, T.L.; Jansson, T. Mammalian Target of Rapamycin in the Human Placenta
Regulates Leucine Transport and Is Down-Regulated in Restricted Fetal Growth. ]. Physiol. 2007, 582, 449-459. [CrossRef]
[PubMed]

Chen, Y.Y.; Rosario, EJ.; Shehab, M.A.; Powell, T.L.; Gupta, M.B.; Jansson, T. Increased Ubiquitination and Reduced Plasma
Membrane Trafficking of Placental Amino Acid Transporter SNAT-2 in Human IUGR. Clin. Sci. 2015, 129, 1131-1141. [CrossRef]
[PubMed]

Chen, A.W.,; Biggar, K.; Nygard, K.; Singal, S.; Zhao, T.; Li, C.; Nathanielsz, PW.; Jansson, T.; Gupta, M.B. IGFBP-1 Hyperphospho-
rylation in Response to Nutrient Deprivation Is Mediated by Activation of Protein Kinase Cx (PKCx). Mol. Cell. Endocrinol. 2021,
536, 111400. [CrossRef] [PubMed]

Saleh, L.; Otti, G.R.; Fiala, C.; Pollheimer, J.; Knofler, M. Evaluation of Human First Trimester Decidual and Telomerase-
Transformed Endometrial Stromal Cells as Model Systems of in Vitro Decidualization. Reprod. Biol. Endocrinol. RBE 2011, 9, 155.
[CrossRef]


http://doi.org/10.1262/jrd.18129
http://www.ncbi.nlm.nih.gov/pubmed/17272923
http://doi.org/10.1210/jc.2005-0769
http://www.ncbi.nlm.nih.gov/pubmed/26064841
http://doi.org/10.1016/S0303-7207(99)00096-9
http://doi.org/10.1095/biolreprod52.3.609
http://www.ncbi.nlm.nih.gov/pubmed/7756454
http://doi.org/10.1677/joe.0.1780357
http://www.ncbi.nlm.nih.gov/pubmed/12967329
http://doi.org/10.1016/j.placenta.2010.12.013
http://www.ncbi.nlm.nih.gov/pubmed/21216006
http://doi.org/10.1113/jphysiol.2007.129676
http://www.ncbi.nlm.nih.gov/pubmed/17463046
http://doi.org/10.1042/CS20150511
http://www.ncbi.nlm.nih.gov/pubmed/26374858
http://doi.org/10.1016/j.mce.2021.111400
http://www.ncbi.nlm.nih.gov/pubmed/34314739
http://doi.org/10.1186/1477-7827-9-155

	Introduction 
	Materials and Methods 
	Ethical Approval 
	Isolation and Culture of Primary HESC from Termination Placenta 
	In Vitro Decidualization of HESCs 
	Assessment of Morphological Changes in Primary Decidualized HESCs 
	Hypoxia Treatment of Primary Decidualized HESCs 
	RNA Interference-Mediated Silencing in Decidualized HESCs 
	SDS PAGE and Western Blot Analysis 
	PRM-MS Analyses of IGFBP-1 Phosphopeptides and Kinase Autophosphorylation in Decidualized Primary HESCs 
	Sample Preparation-Immunoprecipitation of IGFBP-1 for Parallel Reaction Monitoring Mass Spectrometry (PRM-MS) Analysis 
	PRM-MS Analyses of IGFBP-1 Phosphopeptides and Protein Kinase Autophosphorylation 

	IGF-1R Activation Assay 
	Sample Preparation-Immunoenzymometric Assay (IEMA) 
	IGF-1 Induced IGF-1R Autophosphorylation 

	Data Presentation and Statistics 

	Results 
	Changes in Morphology Were Evident Following Decidualization of HESCs Isolated from First-Trimester Placenta 
	Decidualization of HESCs Isolated from First-Trimester Placenta Increased IGFBP-1 Secretion/Phosphorylation 
	Hypoxia Inhibited mTORC1 Signaling and Increased Phosphorylation of IGFBP-1 in Decidualized HESCs 
	IGFBP-1 Is Dually Hyperphosphorylated at pSer169+pSer174 in Decidualized HESCs in Response to Hypoxia 
	Increased Protein Kinase Autophosphorylation (Activation) in Decidualized HESCs in Response to Hypoxia 
	IGFBP-1 Hyperphosphorylation Induced by Hypoxia in Decidualized HESCs Resulted in Inhibition of IGF-1 Bioactivity 
	TSC2 siRNA Efficiently Reduced the Expression of the Target Protein TSC2 
	TSC2 Silencing in Decidualized HESCs Increased mTORC1 Signaling Activity in Normoxia 
	TSC2 Silencing in Decidualized HESCs in Hypoxia Prevented the Inhibition of mTORC1 Signaling Activity in Response to Hypoxia 
	TSC2 Silencing Prevented the Induction of Total and Phosphorylated IGFBP-1 in Decidualized HESCs in Hypoxia 
	Targeted PRM-MS Analyses Indicates Reduction of IGFBP-1 Phosphorylation in Decidualized HESCs Treated with TSC2 siRNA 
	TSC2 Silencing Prevented the Autophosphorylation of Protein Kinases, CK2 and PKC, in Decidualized HESCs in Hypoxia 

	Discussion 
	Conclusions 
	References

