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Abstract

Hypoxia increases fetal hepatic insulin-like growth-factor binding protein-1 (IGFBP-1)
phosphorylation mediated by mechanistic target of rapamycin (mTOR) inhibition. Whether
maternal nutrient restriction (MNR) causes fetal hypoxia remains unclear. We used fetal liver from
a baboon (Papio sp.) model of IUGR due to MNR (70% global diet of Control) and HepG2 cells
as a model for human fetal hepatocytes and tested the hypothesis that mTOR-mediated IGFBP-1
hyperphosphorylation in response to hypoxia requires HIF-1a (hypoxia-inducible factor-1a)) and
REDD-1 (regulated in development and DNA-damage responses-1) signaling. Western blotting
(n=6) and immunohistochemistry (n=3) using fetal liver indicated greater expression of HIF-1a,
REDD-1 as well as erythropoietin and its receptor, and vascular endothelial growth-factor at
GD120 (GD185 term) in MNR vs Control. Moreover, treatment of HepG2 cells with hypoxia
(1% pO,) (n=3) induced REDD-1, inhibited mTOR complex-1 (mTORC1) activity and increased
IGFBP-1 secretion/phosphorylation (Ser101/Ser119/Ser169). HIF-1a inhibition by echinomycin
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or siRNA silencing prevented the hypoxia-mediated inhibition of mTORC1 and induction

of IGFBP-1 secretion/phosphorylation. DMOG (dimethyloxaloylglycine) induced HIF-1a and
also REDD-1 expression, inhibited mTORC1 and increased IGFBP-1 secretion/phosphorylation.
Induction of HIF-1a (DMOG) and REDD-1 by Compound 3 inhibited mTORCL, increased
IGFBP-1 secretion/ phosphorylation and protein kinase PKCa. expression. Together, our data
demonstrate that HIF-1a induction, increased REDD-1 expression and mTORC1 inhibition
represent the mechanistic link between hypoxia and increased IGFBP-1 secretion/phosphorylation.
We propose that maternal undernutrition limits fetal-oxygen delivery, as demonstrated by
increased fetal liver expression of hypoxia-responsive proteins in baboon MNR. These findings
have important implications for our understanding of the pathophysiology of restricted fetal
growth.
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Introduction

Intrauterine growth restriction (IUGR) affects ~5% of all newborns® and increases the risk of
perinatal complications1=3 and predisposes the infant to develop diabetes and cardiovascular
disease in childhood and adult life*-5.

Placental insufficiency due to, for example, a lack of normal increase in uteroplacental blood
flow is the leading cause of IUGR in Western societies’. Placental insufficiency is associated
with complex, coordinated, and highly regulated changes in placental signaling and nutrient
transport ultimately leading to decreased delivery of oxygen and nutrients to the fetus,

which is believed to cause a decreased growth rate. Many IUGR fetuses are hypoxemic in
utero®9 and the link between decreased fetal oxygen availability and reduced fetal growth

is illustrated by the well-established inverse correlation between altitude and birth weight in
humans!®11 and has been confirmed in animal experiments!2-14,

Whereas IUGR due to placental insufficiency is often associated with fetal hypoxia, the
relationship between maternal undernutrition and fetal oxygenation is less well known. A
well-established baboon model of maternal nutrient restriction (MNR) with 30% reduction
in total food intake results in moderate (10-15%) decrease in fetal weight at gestational
day (GD) 165 (Term GD185)1%:16, Moderate MNR in baboons provides a valuable model
to explore the impact of maternal undernutrition on the activity of hypoxia-responsive
pathways in the fetus.

Hypoxia activates hypoxia-inducible factor 1 and 2 (HIF-1 and HIF-2), which are
transcription factors that induce the expression of hypoxia-responsive genes’-18, Both
HIF-1a and HIF-2a are predominantly expressed in the liverl”. Low oxygen tension
enhances the activity of HIF by stabilizing the HIF a-subunit, which triggers adaptive
responses required for cell survival in hypoxic stress. HIF-1a and HIF-2a play distinct
functions in mTOR signaling; HIF-2a activation is maintained for a longer duration but also

FASEB J. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kakadia et al.

Page 3

activates mTORC1, while HIF-1a requires severe hypoxia and is more sensitive to mTOR
signaling19:20,

The mechanistic target of rapamycin (mTOR) regulates cellular proliferation, metabolism
and protein synthesis. mTOR exists as two functionally and structurally different complexes,
mMTORC1 and mTORC?2. Activation of mMTORCL increases phosphorylation of 4E-BP1
(eukaryotic translation initiation factor 4E-binding protein 1) at Thr70 and P70S6K1
(ribosomal protein S6 kinase p-1) at Thr389, which promote gene transcription and protein
translation. Hypoxia has been found to inactivate mTOR, decrease amino acid transport and
decrease overall cellular metabolism?L.

HIF-1 activation in response to hypoxia induces REDD-1 (regulated in development and
DNA damage responses)?2 expression, a well-known inhibitor of mTORC1 signaling.
Furthermore, HIF-1 affects additional stress response pathways that influence development,
metabolism, inflammation, circulatory and respiratory physiology. HIFs increase the
synthesis of erythropoietin (EPO), promoting erythropoiesis, and vascular endothelial
growth factor (VEGF) promoting vasculogenesis?3.

Hypoxia upregulates insulin-like growth factor (IGF) binding protein 1 (IGFBP-1), which
modulates the bioavailability of IGF-124, a key regulator of fetal growth?®. Phosphorylation
of IGFBP-1 at Ser101/Ser119/Ser169 increases IGFBP-1 binding affinity for IGF-1,

thus further reducing IGF-1 bioavailability and bioactivity26. We recently reported that
hyperphosphorylation of IGFBP-1 and decreased IGF-1 bioactivity are associated with
inhibition of mTOR signaling in the baboon fetal liver in response to MNR prior to IUGR
onset?”. Based on our studies in cultured HepG2 cells, inhibition of mTOR constitutes

a key mechanistic link between hypoxia and increased secretion and phosphorylation of
IGFBP-128, However, the signaling pathways linking hypoxia to mTOR inhibition in fetal
liver have not been identified.

Additionally, IGFBP-1 can be phosphorylated by multiple kinases29-30, Protein kinase-

C (PKC), protein kinase-A, and casein kinase (CK2) have consensus sequences

matching IGFBP-1 and may be responsible for phosphorylating IGFBP-1 at discrete

sites during hypoxia. Regulation of hepatic IGFBP-1 synthesis by PKC in response

to leucine deprivation has been reported previously31:32 and we showed IGFBP-1
hyperphosphorylation in the same cells32. We have provided evidence that CK2 serves a
key kinase responsible for phosphorylating IGFBP-1 during hypoxia in human endometrial
stromal cells33. We have also shown CK2 expression and activity is activated in response to
mTOR inhibition in HepG2 cells and in primary fetal baboon hepatocytes26:34,

The purpose of this study was to test the overall Aypothesis that mTOR-mediated IGFBP-1
hyperphosphorylation in response to hypoxia requires HIF-1a. and REDD-1 signaling. We
utilized liver from control and MNR baboon fetuses and performed western immunoblot
and immunohistochemistry to determine the expression of hypoxia-responsive proteins
(HIF-1, REDD-1, EPO, VEGF and EPO-R) at GD120 and GD165. Furthermore, we
determined changes in mTORCL1 activity, IGFBP-1 secretion/expression and site-specific
phosphorylation, and protein-kinase expression in HepG2 cells following pharmacological

FASEB J. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kakadia et al.

Page 4

activation or inhibition of HIF-1a, sSiRNA mediated silencing of HIF-1a, and induction of
REDD-1 in hypoxia or normoxia.

Materials and Methods

Baboon model of MNR

Cell culture

Baboons (Papio species) at the Southwest National Primate Research Center (San Antonio,
TX, USA) were used. Details of housing and feeding regimens have been provided
previously3°. Following confirmation of pregnancy at 30 days of gestation, MNR was
induced by feeding mothers 70% of total food (Purina Monkey Diet 5038) consumed by
contemporaneous Controls. Fetuses were delivered and euthanized at gestational day (GD)
120 or GD165 (term 185 days), and following morphometric measurements, fetal liver tissue
was collected and frozen in liquid nitrogen and stored at —80°C.

Human hepatoma (hepatocellular carcinoma) HepG2 cells (ATCC HB-8065, Manassas, VA,
USA) with extensive similarity to primary human fetal hepatocytes36:37 were used. Cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with F-12 (DMEM/F-12)
supplemented with 10% fetal bovine serum (FBS) (Invitrogen) at 37°C in 20% O, and 5%
CO>, air as described previously38. Cells were plated in 6-well culture dishes and grown in
10% FBS at 75% confluency for 24 hours3®.

Protein extraction

Tissues from the left lobe of fetal liver at GD120 and GD165 from control and gestational
age-matched MNR animals were stored frozen at —80°C. Fetal liver (~0.2 g each) were
used for extraction of proteins using lysis buffer (Cell Signaling Technology, Danvers, MA,
USA) with Protease Inhibitor Cocktail, Phosphatase Inhibitor Cocktail 2, and Phosphatase
Inhibitor Cocktail 3 (Sigma-Aldrich, St. Louis, MO, USA\) as described previously25. The
homogenized samples were sonicated, centrifuged and the clear supernatant was collected
and stored at —80°C.

Protein extraction from HepG2 cells was performed as described previously26. In brief,
following treatment, cell media was collected, and cell lysates were prepared using lysis
buffer (Cell Signaling Technology, Danvers, MA, USA). Cells were sonicated on ice and the
supernatant was collected and stored at —80°C. Cell media and lysate were used for western
blotting. Total protein concentration in liver tissue extracts and cell lysates was determined
using Bradford assay.

SDS PAGE and Western blotting

Equal amounts of total protein (50 pug) from baboon fetal liver extracts were run on
SDS-PAGE. Western blotting was performed to determine expression of total HIF-1a.,
REDD-1, EPO, VEGF, and EPO-R. Additionally, western blotting of HepG2 cell lysates was
performed to determine expression of total HIF-1a, REDD-1, CK2 (a, a’, and B), PKAa,
and PKCa, and total expression and phosphorylation of 4E-BP1 at Thr70 and of P70S6K1
at Thr389 as functional readouts for mTORC1 signaling.

FASEB J. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kakadia et al.

Page 5

Equal volume of HepG2 cell media from control and treatments was loaded on SDS-PAGE
and western blotting was performed to determine total expression of IGFBP-1 (10-30 L
aliquots) and IGFBP-1 phosphorylation (30-50 pL aliquots) at Ser101, Ser119, and Ser169.
IGFBP-1 secretion and phosphorylation in cell media samples were normalized via equal
plating of cells and equal loading of cell media, as performed previously3°.

For immunoblot analysis, 5% skim milk in Tris-buffered saline (TBS) plus 0.1% Tween-20
(TBST) was used for blocking for all antibodies except for IGFBP-1 antibody, where

5% bovine serum albumin (BSA) in TBS was used. All primary antibodies against total
protein were obtained from Santa Cruz Biotechnology (Dallas, TX, USA) while primary
antibodies targeting phosphorylated proteins and respective total proteins were from Cell
Signaling Technology (Danvers, MA, USA), with the exception of the monoclonal IGFBP-1
(mAb 6303) antibody from Medix Biochemica (Kauniainen, Finland). Antibodies targeting
CK2 were a gift from Dr. D.W. Litchfield (London, Canada). Custom IGFBP-1 polyclonal
antibodies targeting Ser101, Ser119, and Ser169 were generated at YenZym (YenZym
Antibodies, Brisbane, CA, USA), and have been previously validated extensively and

used to detect phosphorylation of IGFBP-12640_ Immunoblots were incubated in primary
antibodies overnight at 4°C with subsequent incubation in secondary antibody for 1 hour at
room temperature. Primary antibody dilutions for all were 1:1000 except for IGFBP-1 mAb
that was 1:10000 and p-actin 1:3000. Secondary antibodies were peroxidase-labeled goat-
anti mouse or goat-anti rabbit antibodies, 1:10000 (Bio-Rad Laboratories, Hercules, CA,
USA). The membranes were exposed to enhanced chemiluminescence (ECL) reagents and
imaged on a VersaDoc Imager (Bio-Rad Laboratories, Hercules, CA, USA). Band intensities
were determined using densitometry and Image Lab software (Bio-Rad Laboratories,
Hercules, CA, USA).

Immunohistochemistry (IHC)

Tissues from the left lobe of fetal liver at GD120 and GD165 from one control and
gestational-age matched MNR tissue were fixed and sectioned (5 pm) on the same slide.
Endogenous peroxidases were blocked using Bloxall™ (Vector Laboratories, Burlingame,
CA, USA) and incubated with Background Sniper blocking solution (Biocare Medical,
LLC., Pacheco, CA, USA). The sections were incubated overnight at 4°C with primary
antibodies diluted with antibody diluent (Dako, Agilent Technologies, Santa Clara, CA,
USA). Primary antibodies HIF-1a. mouse mAb 1:500 (Abcam, Cambridge, UK), REDD-1
mouse mADb 1:500 (Santa Cruz Biotechnology, Dallas, TX, USA), EPO rabbit polyclonal
1:1500 (Thermo Fisher Scientific, Waltham, MA, USA), EPO-R rabbit polyclonal 1:350
(Santa Cruz Biotechnology, Dallas, TX, USA), and VEGF mouse mAb 1:350 (Novus
Biologicals, Littleton, CO, USA) were used.

The tissue sections were incubated with secondary antibody, either anti-mouse or
anti-rabbit horseradish peroxidase polymer complex (ImMmPRESS® HRP Reagent Kit,
Vector Laboratories, Burlingame, CA, USA), for 45 minutes and then treated with 3,3’-
diaminobenzidine (DAB) substrate (Millipore Sigma, Burlington, MA, USA) for 4 minutes.
The tissues were counter-stained with Modified Mayer’s Haematoxylin (Thermo Fisher
Scientific™ Richard-Allan Scientific™, Waltham, MA, USA), dehydrated through graded
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ethanol series, cleared in xylene, and mounted with Permount (Thermo Fisher Scientific,
Waltham, MA, USA).

Immunofluorescence (IF) microscopy

For HepG2 cell immunofluorescence (IF) microscopy, cells were plated on poly L-lysine
coated glass coverslips and fixed after treatment with dimethyloxaloylglycine (500 uM) or
Compound 3 (50 uM) (Sigma-Aldrich, St. Louis, MO, USA) using 4% paraformaldehyde.
Cells were permeabilized using 0.25% TRITON X-100 in phosphate-buffered saline (PBS)
x 10 minutes and blocked with Background Sniper (Biocare Medical, Pacheco, CA, USA).
Primary antibodies diluted in Dako Diluent against phosphorylated IGFBP-1 at Ser101
(1:400), Ser119 (1:400), or Ser169 (1:200), polyclonal IGFBP-1 (1:2500, a kind gift from
Dr. R. Baxter, Sydney, Australia), or PKCa (1:250) and incubated overnight at 4°C. The
Alexa Fluor fluorescent secondary antibodies used were diluted in Dako diluent (1:400) anti-
mouse 488 or anti-rabbit 568 (Thermo Fisher Scientific, Waltham, MA, USA) and incubated
for 45 minutes at room temperature. Samples were counterstained with DAPI (1:300). The
stained coverslips were mounted with ProLong Gold Antifade Mountant (Thermo Fisher
Scientific, Waltham, MA, USA).

Image analysis

Multiple representative images from each baboon liver tissue or HepG2 cells were captured,
broadly covering multiple randomly selected regions (n=10) of the liver tissue section or
HepG2 fixed cells (n=3) to avoid bias and effectively represent the results.

For image analysis of liver tissue, Aperio Slide Scanner (Leica Microsystems,

Wetzlar, Germany) was used. A macro was created using ImagePro Premier software
(MediaCybernetics, Rockland, MD, USA) to highlight and quantify areas with the
characteristic brown stain created by DAB to represent the localization of HIF-1a.,
REDD-1, EPO, EPO-R, or VEGF. Camera settings and exposure times were kept consistent
throughout.

We used bright-field imaging at 40X magnification for liver tissue. The
immunohistochemistry (IHC) images (n=3) of fetal parenchyma were analyzed
quantitatively to determine percent area of staining of either HIF-1a, REDD-1, EPO, EPO-
R, or VEGF for each of the images with this software. Data from multiple areas of the same
Control tissues was averaged and analysed with averaged data from the MNR tissues.

Images for HepG2 cells were captured under a Zeiss Axiolmager Z1 Microscope (Carl Zeiss
Canada Ltd., North York, ON, Canada). Images were acquired with 63X magnification and
visual assessment of fluorescently labeled proteins was performed for qualitative evaluation.

Parallel reaction monitoring mass spectrometry (PRM-MS)

We performed PRM-MS for the relative quantification of IGFBP-1 phosphorylation sites as
well as phosphorylation sites for PKC and CK2 in control (Normoxia) and treated (DMOG
and C3) HepG2 cell lysates. Immunoprecipitation (IP) was performed using monoclonal
IGFBP-1 mAb 6303 as described previously28. Prior to immunoprecipitation, treatments
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were validated for IGFBP-1 induction in cell lysate by Western blot (not shown). Novel
single and/or dual IGFBP-1 phospho-sites and autophosphorylation sites for PKC and CK2
were all detected by targeted PRM-MS.

In brief, PRM-MS was performed using IP samples for in-solution digestions, the samples
were first digested using endoproteinase Asp-N (Roche Diagnostics, Switzerland) and
incubated overnight at 37°C, followed by a subsequent digestion using trypsin (Roche
Diagnostics, Laval, QC, Canada) overnight at 37°C. Digests were then desalted by C18-Zip
Tip and dried in a SpeedVac. After desalting and drying, peptides were reconstituted in

20 pL of 0.1% FA and loaded 4 L onto a Thermo Easy-Spray analytical column (75 pm

i.d. x 500 mm) C18 column. Peptides were separated on a 125 min (5-40% acetonitrile)
gradient. Mass spectra were collected on a Q-Exactive hybrid quadrupole-Orbitrap mass
spectrometer coupled to an Easy-nL.C 1000 system (Thermo Fisher Scientific, Waltham,
MA, USA) monitoring an isolation list (Supplemental Table S1). Relative changes in
IGFBP-1 phosphorylation were determined by the total peak height of combined transitions.
An internal IGFBP-1 peptide (NH2-ALPGEQQPLHALTR-COOQOH) was used to normalize
all phosphorylated IGFBP-1 data. For peptides with two possible phosphorylation sites
(dual), specific transitions were used to distinguish single site phosphorylation from each
other (specifically, y14, b6 and b9 ions for pS169 and pS174; y12 and b15 ions for pS98 and
pS101).

Additionally, PRM-MS analysis was performed using the co-immunoprecipitated (co-1P)
samples for determining the expression and autophosphorylation of CK2 using CK2-specific
peptides and peptide modifications (phosphorylation) and similarly for PKC. Several
internal unmodified peptides for PKC and CK2 were used to each normalize respective
phospho-peptide data for PKC and CK2.

HepG2 cell culture

Hypoxia treatments of HepG2 cells—HepG2 cells were cultured in normoxia or
hypoxia as previously described38:39, In brief, cells were serum starved with 2% FBS and
cultured normally at 37°C (20% O, 5% CO,; incubator air, normoxia) or subjected to
hypoxia. For hypoxia, cells were placed in a hypoxia chamber (Billups—Rothenburg, San
Diego, CA, USA), which was flushed with a 1% O,, 5% CO», balanced N, gas mixture
(Linde Canada Ltd., Mississauga, ON, Canada) for 10 minutes to ensure a saturated hypoxic
environment. The hypoxic chamber was then sealed, and cells were placed in a tissue-culture
incubator at 37°C. Cells were cultured for 24 hours prior to collection of cell media and cell
lysate.

Pharmacological treatment to alter HIF-1 and REDD-1 signaling in HepG2
cells—HepG2 cells grown to 75% confluency were serum-starved in 2% FBS overnight
prior to treatment of cells with echinomycin (Sigma-Aldrich, St. Louis, MO, USA),
dimethyloxaloylglycine (DMOG, Cayman Chemical Company, Ann Arbor, MI, USA)

or Compound 3 (Sigma-Aldrich, St. Louis, MO, USA). Echinomycin is an inhibitor of
HIF-1 activity, by blocking the binding of HIF-1 to DNA and preventing its activity as

a transcription factor. DMOG increases the expression of HIF proteins by inhibiting their
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breakdown. Compound 3 (C3) is an inducer of REDD-1. Dose and time dependency studies
were performed to identify the optimal drug concentration (echinomycin 10 nM, DMOG
500 puM, and C3 50 uM) and time of incubation (24 hours) used in this study to maximize
effects while minimizing cell death (not shown). Prior to treatment, media was changed to
2% FBS overnight (12-16 hours). Cells were subjected to inhibitor/activator treatments in
normoxic or hypoxic conditions for 24 hours. Subsequently, cell media was collected and
immediately stored at —80°C and cells were stored at —80°C prior to collection of lysate as
described previously28.

Small interfering RNA (siRNA) treatment to alter HIF-1a signaling in HepG2
cells—HepG2 cells were plated and allowed to grow to ~60% confluency. Cells were
transfected with HIF-1a siRNA (5’-CCAGCCGCTGGAGACACAATCATAT-3’; 40 nM)
(Ambion Cat. #4390824, Thermo Fisher Scientific, Waltham, MA, USA) using Dharmafect
transfection reagent 4 (Thermo Fisher Scientific, Waltham, MA, USA) as described
previously2%. Immediately after transfection, cells were cultured for 48 hours in normoxia
(20% O,, 5% CO»; incubator air) for maximal silencing. Cells were then serum-starved
overnight and treated for 24 hours in either normoxia or hypoxia (in a hypoxia chamber

as described). The efficiency of target silencing was determined at the protein level using
western blot analysis.

Cell viability assay

We tested the effect of pharmacological agents and hypoxia treatments on HepG2 cell
viability using the trypan blue exclusion assay, to ensure these treatments did not increase
cell death (not shown). Cells were trypsinized following treatments and resuspended in

10% FBS media. 15 uL trypan blue was added to 15 uL of cell suspension (1:1). Cells

were counted using a Bright-Line hemocytometer (Hausser Scientific, Horsam, PA, USA) to
determine the measure of live/total cells, an indicator of cell viability. Cell counts were then
used to equally plate cells prior to treatment.

Data presentation and statistics

Results

Statistics were performed using Prism 7 (GraphPad Software Inc., CA, USA). For each
protein quantified, the mean density of the control sample bands was assigned an arbitrary
value of 1 and all individual densitometry values were expressed relative to this mean.

To compare means, unpaired £test or one-way ANOVA (analysis of variance) corrected)
with Bonferroni’s Multiple Comparisons Test were used. The results are expressed as
Mean+SEM, with differences considered statistically significant at p<0.05.

Fetal weight and liver weight in MNR unaffected at GD120 but decreased at GD165.

Morphometric measures, published in our previous papers®16:41 from MNR and control
baboons at GD120 and GD165 are presented in Table 1. Fetal weights were unaffected by
MNR at GD120 but reduced in MNR at GD165 (-13%, p=0.030). Similarly, relative fetal
liver weight was unchanged at GD120 but reduced by 9% (p=0.047) at GD165, reflecting
the onset of IUGR. The concentrations of some key essential amino acids, such as leucine,
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isoleucine and phenylalanine, were decreased in fetal cord plasma at GD120 and/or GD165
in MNR animals, consistent with reduced nutrient availability.

Fetal liver expression of HIF-1a, REDD-1, EPO, EPO-R and VEGF is increased in MNR.

Using western blotting, we determined the changes in the expression of hypoxia-inducible
proteins in MNR liver compared to Control. At GD120 but not at GD165, MNR induced
HIF-1a (+115%, p=0.004, Fig. 1A) and REDD-1 (+114%, p=0.013, Fig. 1B). Fetal liver
EPO expression was increased at both GD120 (+86%, p=0.002) and GD165 (+243%,
p<0.001) (Fig. 1C) and so was EPO-R expression at GD120 (+45%, p=0.016) and GD165 (+
173%, p=0.002) (Fig. 1D), as was VEGF at GD120 (+100%, p=0.002, Fig. 1E) and GD165
(+36%, p=0.030) in MNR liver.

Using immunohistochemistry (IHC), we determined HIF-1a, REDD-1, EPO, EPO-R and
VEGF expression in Control and MNR fetal liver at GD120 and GD165 (Fig. 2). We
qualitatively assessed IHC images for each protein (Fig. 2A-E). We quantified respective
images for percent area stained representing each protein (Fig. 2i-v). Using brightfield
imaging, we noted that at GD120, there are a high population of hematopoietic cells,

and the hepatocytes are small, with little glycogen or lipid storage; however, at GD165,
there are far fewer hematopoietic cells, and the hepatocytes contain large white spaces,
suggesting increased glycogen or lipid presence which displaces organelles and protein
signals to the edges of the cytoplasm. Due to these changing hepatic morphological features,
we cannot readily compare staining of GD120 to GD165 tissue; GD165 tissue sections
present decreased overall staining compared to GD120, but this may be potentially due to
both developmental loss of hematopoietic cell population and altered hepatocyte staining
localization (i.e. at the edges of cells vs throughout).

Consistent with western blot data (Fig. 1A), HIF-1a expression was increased (+38%,
p=0.009) in MNR compared to Control at GD120, while there was no change at GD165
(Fig. 2i). HIF-1a expression appears most notable in hematopoietic cells compared to
other areas of liver tissue at GD120 (Fig. 2A, panel a-b). REDD-1, EPO, EPO-R and
VEGF were increased in MNR surrounding the central veins and generally throughout the
liver tissue (Fig. 2B—E). Similarly, REDD-1 expression was increased in MNR compared
to control at GD120 (+29%, p=0.037) but not significantly changed at GD165 (Fig. 2ii).
EPO expression was markedly increased in MNR compared to control at GD120 (+66%,
p=0.032) and GD165 (+167%, p=0.009) (Fig. 2iii). EPO-R expression is increased in MNR
compared to control at GD120 (+132%, p=0.002) and at GD165 (+320%, p=0.038) (Fig.
2iv). Furthermore, VEGF expression is increased in MNR compared to Control at GD120
(+125%, p=0.011) and GD165 (+103%, p=0.035), (Fig. 2v).

Together our data show that expression of HIF-1a, REDD-1, VEGF, and EPO and EPO-R
are all upregulated in the MNR fetal liver at GD120 compared to Controls. IHC data are
consistent with our western blot data, showing that MNR increases the fetal liver expression
of HIF-1a and several hypoxia-inducible proteins which play an important role in the
hypoxia response.
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HIF-1 inhibition in HepG2 cells prevents increased REDD-1 expression, mTORCL1 inhibition
and increased IGFBP-1 secretion and phosphorylation in response to hypoxia.

Considering that the expression of hypoxia-inducible proteins HIF-1a and REDD-1 is
increased in baboon MNR fetal liver, we treated HepG2 cells with hypoxia alongside
echinomycin to inhibit HIF-1 activity, to test the hypothesis that mMTORC1-mediated
IGFBP-1 hyperphosphorylation in response to hypoxia requires HIF-1a.. Hypoxia induced
REDD-1 expression (+233%, p<0.001) and inhibited mTORC1 activity (-63%, p=0.014)
(Fig. 3A and B). However, inhibition of HIF-1 activity by echinomycin prevented hypoxia-
induced increase in REDD-1 expression (Fig. 3A) and mTORCL inhibition (Fig. 3B) in
response to hypoxia. mMTORC1 activity, as measured by phosphorylation of 4E-BP1 at Thr70
was markedly reduced in hypoxia, which was largely prevented in hypoxic HepG2 cells
treated with echinomycin (Fig. 3B).

As expected, there was a significant increase in IGFBP-1 secretion (+809%, p<0.001) and
phosphorylation at Ser101 (+24900%, p<0.001), Ser119 (+1900%, p<0.001) and Ser169
(+12400%, p<0.001) in hypoxia compared to normoxia, which was prevented by inhibition
of HIF-1 activity by echinomycin (Fig. 3C-F), demonstrating a mechanistic role for HIF-1a
upregulation in the increase in IGFBP-1 secretion and phosphorylation in hypoxia.

HIF-1a silencing in HepG2 cells prevents mTORC1 inhibition and increased IGFBP-1
secretion and phosphorylation in response to hypoxia.

In addition to inhibiting HIF-1 activity chemically using echinomycin, we further tested our
hypothesis using a siRNA strategy to specifically inhibit HIF-1a expression in HepG2 cells
cultured under hypoxic conditions. We first confirmed that the sSiRNA approach efficiently
silenced HIF-1a (-49%, p<0.001, Fig. 4A) in HepG2 cells in hypoxia. Then, we used our
approach to mechanistically confirm that HIF-1 activity is required for mMTORC1 inhibition
and increased IGFBP-1 secretion and phosphorylation in hypoxia.

Hypoxia inhibited mTORC1 activity as measured by phosphorylation of 4E-BP1 at Thr70
(—36%, p=0.044), but silencing of HIF-1a prevented inhibition of mMTORC1 activity in
hypoxia (Fig. 4B).

As expected, there was a significant increase in IGFBP-1 secretion (+100%, p<0.001, Fig.
5A) and phosphorylation at Ser101 (+79%, p=0.014, Fig. 5B), Ser119 (+76%, p=0.028, Fig.
5C) and Ser169 (+115%, p=0.012, Fig. 5D) in hypoxia compared to normoxia; silencing

of HIF-1a in hypoxia prevented the hypoxia-mediated increase in IGFBP-1 secretion and
phosphorylation at Ser101, Ser119, and Ser169 (Fig. 5A-D). These data indicate that
HIF-1a regulates the increase in IGFBP-1 secretion and phosphorylation mediated via
mTORC1 in hypoxia. Overall, these data confirm the mechanistic role of HIF-1a in the
increase in IGFBP-1 secretion and phosphorylation mediated via mTORC1 in hypoxia.

HIF-1a induction in HepG2 cells in normoxia results in REDD-1 induction, mTORC1
inhibition, and increase in IGFBP-1 secretion and phosphorylation.

Further, to investigate and confirm that HIF-1a mediates the changes in IGFBP-1 secretion
and phosphorylation in hypoxia, HepG2 cells were cultured under normoxia (used as a
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control) or treated with hypoxia. Cells were also treated with DMOG, a small molecule
HIF-1a inducer under normoxia conditions. Expression of REDD-1, mTORC1 activity, and
site-specific IGFBP-1 phosphorylation were determined using western blot analysis.

HIF-1a expression was increased in hypoxia (+107%, p=0.001) and DMOG (+87%,
p=0.008) treatments compared to the normoxia control (Fig. 6A). Western blot data further
showed that lysate from hypoxia (+207%, p=0.015) and DMOG (+216%, p=0.013) treated
cells had significantly induced REDD-1 expression (Fig. 6B). These data demonstrate that
HIF-1a induction induces REDD-1 expression and inhibits mTORCL1 activity in HepG2
cells both in response to hypoxia and DMOG treatments in a similar manner.

mTORC1 activity was inhibited, assessed by functional readouts: decreased phosphorylation
of P70S6K1 at Thr389 (Fig. 6C) in hypoxia (-72%, p<0.001) and DMOG (-61%, p=0.001)
and of phosphorylation of 4E-BP1 at Thr70 (Fig. 6D) in hypoxia (-52%, p=0.004)

and DMOG (-29%, p=0.024) treatments, compared to normoxia controls. These data
demonstrate that HIF-1a induction induces REDD-1 expression and inhibits mTORC1
activity in HepG2 cells in a similar manner in response to both hypoxia and DMOG.

We showed earlier (Fig. 3C-F) that hypoxia induces IGFBP-1 secretion and
phosphorylation. Here, we found that IGFBP-1 secretion was induced by DMOG (+1522%,
p<0.001, Fig. 7A). IGFBP-1 phosphorylation at Ser101 (+579%, p=0.002), Ser119
(+1548%, p<0.001), and Ser169 (+5748%, p<0.001) was significantly induced in HepG2
cell media after DMOG treatment of cells in normoxia (Fig. 7B-D), highly consistent with
the response to hypoxia (Fig. 3C-F).

Together these data are consistent with the possibility that HIF-1a induction, increased
REDD-1 expression and mTORCL1 inhibition represent the mechanistic link between
hypoxia and increased IGFBP-1 secretion and phosphorylation in HepG2 cells.

REDD-1 induction in HepG2 cells by C3 in normoxia results in mTORC1 inhibition and
increased IGFBP-1 secretion and phosphorylation.

Further, to determine the role of REDD-1 in mTORC1-mediated IGFBP-1 secretion and
phosphorylation in hypoxia, we specifically induced REDD-1 by treating HepG2 cells with
C3 in normoxia. Western blot analysis showed that REDD-1 inducer C3 increased REDD-1
expression in HepG2 cells in normoxia (+62%, p=0.004, Fig. 8A). Importantly, REDD-1
induction by C3 did not affect HIF-1a expression (p=0.335), as HIF-1a is upstream of
REDD-1 (Fig. 8B). C3 inhibited mTORC1 activity in HepG2 cells, as determined using
relative decrease in phosphorylation of 4E-BP1 at Thr70 (-84%, p<0.001, Fig. 8C) and of
P70S6K1 at Thr389 (-43%, p=0.042, Fig. 8D) as functional readouts of mMTORC1.

Furthermore, IGFBP-1 secretion (+2433%, p<0.001) and phosphorylation at Ser101
(+1346%, p<0.001), Ser119 (+1580%, p<0.001), and Ser169 (+659%, p=0.001) were
increased in response to REDD-1 induction in normoxia (Fig. 9A-D).
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HIF-1a or REDD-1 induction in HepG2 cells in normoxia results in increased IGFBP-1
phosphorylation as determined by immunofluorescence.

As an additional alternative approach, we used qualitative immunofluorescence (IF)
microscopy to determine IGFBP-1 phosphorylation at Ser101, Ser119 or Ser169 in DMOG
or C3-treated HepG2 cells cultured under normoxia. Staining was assessed visually and
compared to normoxia controls (Fig. 10, panel a, d, g). HIF-1a induction by DMOG
increased IGFBP-1 phosphorylation at Ser101, Ser119 and Ser169 (Fig. 10, panel b, ¢,

h), supporting western blot data shown earlier (Fig. 7B-D). Similarly, C3 also increased
IGFBP-1 phosphorylation at Ser101/Ser119/Ser169 (Fig. 10, panel c, f, i) consistent with
our western blot data (Fig. 9B-D).

Both DMOG and C3 treatments increased punctate staining of phosphorylated IGFBP-1
throughout HepG2 cells compared to Control, suggesting the possibility of distribution
of IGFBP-1 in distinct areas within the cell. Although currently unclear, the staining for
IGFBP-1 phosphorylation at Ser169 in C3-treated cells (Fig. 10, panel i) seems diffused
throughout the cell rather than as prominent punctate staining detected in DMOG-treated
HepG2 cells (Fig. 10, panel h).

HIF-1a or REDD-1 induction in HepG2 cells results in increased expression of protein
kinases in normoxia.

Western bot analysis was performed for detection of potential changes in the expression of
protein kinases in HepG2 cells following treatments with DMOG and C3 (Fig. 11). Cells
treated with DMOG showed increased expression of PKCa (+45%, p=0.046, Fig. 11A) and
CK2 catalytic subunits CK2a (+117% p=0.039, Fig. 11B) and CK2a’ (+72%, p=0.029, Fig.
11C) compared to the normoxia control. REDD-1 induction by C3 also showed increases

in PKCa (+81%, p=0.002, Fig. 11D) and CK2a. (+49%, p=0.023, Fig. 11E) expression
compared to Control. No change was detected in expression of PKAa or CK2p (not shown).

HIF-1a induction in HepG2 cells increased IGFBP-1 phosphorylation as determined by

PRM-MS.

Using PRM-MS, we first determined changes in IGFBP-1 phosphorylation at new or novel
sites with singly and dually phosphorylated residues in cell lysate immunoprecipitated
with IGFBP-1 mAb. PRM-MS was performed on IGFBP-1 in pooled triplicate
immunoprecipitated cell lysate samples from DMOG or C3-treated HepG2 cells.
Immunoprecipitated cell lysate samples from DMOG treatment had significantly increased
phosphorylation at the single residue Ser101 (+2515%, p=0.002, Fig. 12A). DMOG
treatment also resulted in a significantly greater dual phosphorylation at Ser98+Ser101
(+1706%, p=0.024, Fig. 12A) relative to the normoxic control.

We further determined the expression of PKC and CK2 co-IP with IGFBP-1. We did not
observe any significant increase in expression or autophosphorylation of PKC and CK2 at
specific sites which are known to indicate PKC or CK2 activation. Both, the phosphorylation
of PKC at Thr497 or at Ser657 (Fig. 12B), or CK2a. at Tyr182 (Fig. 12C) remained
unchanged in co-1P-IGFBP-1 from DMOG or C3 treated cells compared to normoxia.
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HIF-1a or REDD-1 induction in HepG2 cells in normoxia results in increased expression of
PKCa and IGFBP-1 in normoxia as determined by immunofluorescence (IF) microscopy.

As an additional approach to validate western blotting data, we next performed qualitative
dual-IF staining for PKCa and IGFBP-1 expression in response to DMOG and C3
treatments in HepG2 cells cultured under normoxia. Our data obtained using visual
assessment showed greater expression of PKCa (green staining) and IGFBP-1 (red staining)
as a result of HIF-1a induction (by DMOG) or REDD-1 induction (by C3) (Fig. 13B-

C) in HepG2 cells. DMOG-treated cells show apparent colocalization of PKCa/IGFBP-1
(overlapped red/green (orange)) staining (Fig. 13B). Although quantitative assessments for
colocalization of IGFBP-1 with PKCa were not attempted, a zoomed-in panel shown below
(Fig. 13B) highlights areas of possible orange/overlapped staining within these cells. PKCa
(green) in DMOG-treated cells has diffuse green staining throughout the cells with only

a few punctate bright green spots. On the other hand, the C3-treated cells showed bright
green, distinct punctate staining throughout the cells (Fig. 13C) suggesting PKCa may be
associated with organelles or vesicles as a result of REDD-1 induction in HepG2 cells under
normoxic conditions.

Discussion

We show for the first time that MNR in pregnant non-human primates, which results in
IUGR, causes increased expression of key hypoxia-inducible proteins, including HIF-1a,
REDD-1, EPO, EPO-R, and VEGEF in the fetal liver prior to the onset of restricted

fetal growth. Our findings are consistent with the model that IUGR following MNR in
non-human primates, similar to restricted fetal growth caused by placental insufficiency, is
associated with fetal hypoxemia and liver hypoxia, which may directly contribute to the
development of IUGR.

Using HepG2 cells we report that increased abundance of HIF-1a is mechanistically linked
to increased REDD-1 expression, mTORCL1 inhibition and increased IGFBP-1 secretion
and phosphorylation in response to hypoxia. These observations are consistent with our
previous studies demonstrating that mTOR inhibition is required for the increase in IGFBP-1
secretion and phosphorylation in response to hypoxia in HepG2 cells28. We thus propose
that increased expression of HIF-1a in response to limitations in oxygen availability is
mechanistically linked to restricted fetal growth, and is mediated by increased expression
of REDD-1, resulting in inhibition of mMTORC1 and subsequent increase in IGFBP-1
secretion and phosphorylation. Increased IGFBP-1 phosphorylation dramatically decreases
the bioavailability of IGF-1, a key fetal growth factor (Fig. 14). We believe this work will
further our understanding of the mechanisms underpinning IUGR.

Our data using fetal liver of MNR baboons show increased expression of several hypoxia-
inducible proteins prior to IUGR development, suggesting that fetal liver hypoxia precedes
the restriction of fetal growth. We found increased expression of HIF-1a at GD120 but

not GD165. One possible explanation for this finding may be the reported transient nature

of increased HIF-1a protein expression when hypoxia is prolonged??. Specifically, HIF-1a
mRNA stability is reduced in chronic hypoxia which may result in normalization of HIF-1a
protein levels despite maintained hypoxic stimuli and decreased HIF-1a protein degradation.
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Negative feedback by REDD-1 expression may further reduce HIF-1a. expression®2 in
prolonged hypoxia. Another possibility is that the normal liver HIF-1a protein expression
in late gestation MNR fetus reflects normalization of fetal oxygen availability. However, the
elevated MNR fetal liver EPO, EPO-R and VEGF levels at GD165 does not support this
hypothesis, and instead suggests the presence of some degree of liver hypoxia also in late
gestation.

Using IHC, we also find that hematopoietic stem cells (HSCs) are present in the baboon fetal
liver at GD120, but not at GD165. HSCs migrate to the bone marrow and thymus by the end
of gestation where hematopoiesis is definitively established*3. HIF-1a is a master regulator
of metabolism and hypoxia, and plays a critical role in HSC metabolism by regulating the
transcription of genes that are critical for hematopoietic activity in HSCs*4. During hypoxia,
HIF-1a levels are elevated in HSCs. Thus, another possible reason for no significant change
in HIF-1a expression at GD165 in both western blotting and IHC may be due to the lack of
presence of HSCs in the liver tissue extracts at GD165, compared to GD120.

VEGF and EPO are regulated by oxygen levels#>46 and mice subjected to early fetal
hypoxia developed IUGR and showed upregulation of HIF-1a and its target genes: VEGF,
EPO and IGFBP-147. VEGF and EPO expression levels were increased in baboon MNR
fetal liver in this study. This suggest limitations in oxygen delivery in the MNR fetus, which
activates signaling pathways promoting vasculogenesis, angiogenesis and erythropoiesis
potentially as adaptation in hypoxia. VEGF levels have been reported to be increased in
cord blood of full term human IUGR infants*€ and EPO levels in cord serum are negatively
correlated with birth weight#®, possibly reflecting that IUGR is associated with some degree
of hypoxemia®0. Oxidative stress markers are elevated in many key tissues in human IUGR,
including the liver and in cord plasma®1-33, Similar to baboons, in a guinea pig model of
IUGR due to MNR, fetal VEGF and EPO were elevated®* suggesting that chronic hypoxia is
a key signaling mechanism in IUGR.

In our study, we also observed limited glycogen and or lipid storage in fetal hepatocytes

at GD120, however, at GD165, the hepatocytes contained larger white spaces suggesting
increased glycogen and/or lipid presence. It has been shown previously®® that liver glycogen
increases progressively, but this increase is significantly lower in IUGR. Decreased glycogen
storage or availability in the fetal liver may be another key contributing factor to IUGR not
previously explored in our baboon fetal liver tissues.

Increased expression of IGFBP-1 is a marker for poor fetal nutrition®® and lack of
oxygenation®’. Markedly increased IGFBP-1 abundance and phosphorylation in cord blood
of human IUGR fetuses has been suggested to be linked to restricted fetal growth, mediated
by decreased bioavailability of IGF-158. A role for HIF-1 in the upregulation of IGFBP-1
mRNA and protein in hypoxia has been reported previously®® because HIF-1 binds to a
functional hypoxia regulation element (HRE) present in the IGFBP-1 gene®8. The role of
HIF-1 and the mechanisms involved in phosphorylation of IGFBP-1 at post translational
level via HIF-1 has not been studied. Moreover, HIF-1a inhibits mTOR signaling?2 a
finding replicated by the current study. We have previously reported that inhibition of mMTOR
activates CK2 activity and increases IGFBP-1 phosphorylation in the baboon fetal liverZ®. In
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the present study, we found that the expression of HIF-1a and REDD-1 is increased in the
fetal liver from MNR baboon. Together, our current observations provide a mechanistic link
between HIF-1 activity, hypoxia, and increased IGFBP-1 phosphorylation.

Using western blotting, we found PKC and CK2 expression to be increased following
induction of HIF-1a and REDD-1 in HepG2 cells in normoxia. While PKC Ser657 is a
highly conserved site and mutations at this site have been linked to severe loss of catalytic
activity®?, activation of PKC has been shown to be via phosphorylation of PKC at Thr497,
which occurs within its activation loop and is a critical site for its activation®0. On the other
hand, Tyr182 is a well-established autophosphorylation site linked to CK2a activation®.

Although we expected increased phosphorylation of these kinases based on the western
blot data, phosphorylation of PKC at Thr497 or at Ser657 (Fig. 12B), or CK2a at Tyr182
(Fig. 12C) was unchanged in IGFBP-1 IP cell lysate from DMOG or C3 treated HepG2
cells compared to normoxic controls. Activation loop phosphorylation at PKC at Thr497
is dispensable for activity52, however, C-domain phosphorylation of PKC at Ser657 is
necessary for enzyme stability and catalytic competency®9-63. Similar to PKC®%, CK2 is
localized in the cytoplasm and intracellular organelles®®. A possible explanation for no
changes in CK2a. at Tyr182 phosphorylation may be due to co-IP of additional known
IGFBP-1-interacting CK2 subunits3* which may abolish CK2a autophosphorylation®.
These CK2 subunits are known to mediate IGFBP-1 phosphorylation in HepG2 cells?8.

Overall, we show that increased HIF-1a or REDD-1 alone in HepG2 cells inhibits mMTORC1
signaling and causes IGFBP-1 hyperphosphorylation at Ser101, Ser119, Ser169 even in
normoxia. Considering PKC consensus sites are Thr50 and Ser58, it is likely that PKC leads
to IGFBP-1 phosphorylation at Ser101/Ser119/Ser169 indirectly. Although a quantitative
assessment of images was not performed, it appears that HIF-1a induction potentially
resulted in co-localization of PKC and IGFBP-1 as detected by dual-IF, while REDD-1
induction resulted in punctate IF staining of PKC (not detected in normoxia controls).

These findings are consistent with the possibility that PKC is translocated in HepG2 cells.
Indeed, the translocation of PKC to the plasma membrane is a hallmark of its activation®2
suggesting the possibility that PKC mediates IGFBP-1 phosphorylation indirectly in hypoxia
via translocation.

CK2 consensus sequences match IGFBP-1 serine phospho-acceptor sites (Ser101, Ser119,
Ser169); as a result, CK2 could directly phosphorylate IGFBP-1, though we were

unable to determine if Tyr182-autophosphorylation (activation) of CK2 in DMOG/C3 was
significant in our PRM-MS analyses. However, CK2 catalytic subunits (CK2a/a.’) have
increased expression as a result of both HIF-1a and REDD-1 induction seen by western
immunoblotting. The kinases mediating IGFBP-1 phosphorylation in HIF-1a or REDD-1
induction and the mechanisms involved remain to be identified.

In conclusion, our data suggest that limitations in fetal oxygen availability contributes to
the restricted fetal growth in response to MNR. We propose that increased expression of
HIF-1a in response to fetal hypoxia is mechanistically linked to restricted fetal growth.

These changes are mediated by increased expression of REDD-1, resulting in inhibition
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of mTOR and subsequent increase in IGFBP-1 secretion and phosphorylation. Increased
IGFBP-1 phosphorylation decreases the bioavailability of IGF-1, a key fetal growth factor

(Fig. 14).
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Figure 1. MNR is associated with increased expression of hypoxia-inducible proteins in baboon
fetal liver prior to IUGR onset.
A representative western blot of HIF-1a (A), REDD-1 (B), EPO (C), EPO-R (D), and

VEGF (E) expression in baboon fetal liver in Control (CTR) (n=6) and MNR (n=6) at
GD120 and GD165.

CTR was assigned a value of 1 (arbitrary units) and MNR was normalized to CTR

for comparisons between groups. Equal loading (50 pg) was performed, B-actin is the
loading control. Values (n=6 each) are presented as Mean+SEM, unpaired #test, p<0.05 is
considered significant.
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Figure 2. MNR is associated with increased expression of hypoxia-inducible proteins in fetal liver
prior to IUGR onset as determined with immunohistochemistry.

Representative immunohistochemistry (IHC) images for HIF-1a (A), REDD-1 (B), EPO
(C), EPO-R (D), and VEGF (E) expression in the parenchyma (brown staining) of left liver
lobules from GD120 Control (CTR) (a) and MNR (b) and from GD165 CTR (c) and MNR
(d). Liver tissue sections (n=3 each) were fixed on the same slide and stained with respective
primary antibody. Hematoxylin nuclear counterstain is shown in blue, while positive signals
are brown. 40x magnification is used (original scale bars, 50 pm).

The bar graphs summarize the quantification of IHC images (n=3 each) for HIF-1a

(i), REDD-1 (ii), EPO (iii), EPO-R (iv), and VEGF (v) expression. IHC images were
quantified using ImagePro software. Data is represented as % area stained in CTR vs

MNR parenchyma at GD120 and GD165 respectively. Values (n=3 each) are displayed as
Mean+SEM, unpaired #test, p<0.05 is considered significant.
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Figure 3. Echinomycin prevents hypoxia induced increase in REDD-1 expression, mMTORC1
inhibition and IGFBP-1 secretion and phosphorylation in HepG2 cells

A representative western blot of REDD-1 (A) and mTORC1 functional readout 4E-

BP1 phosphorylation at Thr70 (B) in cell lysate of HepG2 cells in normoxia (Norm),
hypoxia (Hyp), or hypoxia+echinomycin (Hyp+Ech) treatments. Equal loading (50 pg) was
performed. The bar graphs summarize the western blot data of protein expression with
[-actin as the loading control.

A representative western blot of IGFBP-1 secreted by Norm, Hyp, or Hyp+Ech treated
HepG2 cells (C). Equal aliquots of cell media (10 pL) used as loading controls. The bar
graphs summarize the western blot data of proteins secreted in cell media.

Representative western blots of IGFBP-1 phosphorylation at Ser101 (D), Ser119 (E) and
Ser169 (F) in cell media of Norm, Hyp, or Hyp+Ech treated HepG2 cells. Equal aliquots of
cell media (30 pL) used as loading controls. The bar graphs summarize the western blot data
of proteins secreted in cell media.

Hyp was assigned a value of 1 (arbitrary units) and Norm and Hyp+Ech treatment groups
were normalized to the hypoxia group to facilitate comparisons between groups. Values
(n=3 each) are displayed as Mean+SEM; One-way analysis of variance, corrected with
Bonferroni’s Multiple Comparisons test, p<0.05 considered significant.
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Figure 4. HIF-1a silencing by siRNA prevents hypoxia-induced increased HIF-1a expression and
MTORCL1 inhibition in HepG2 cells.

A representative western blot of HIF-1a (A) and mTORC1 functional readout 4E-BP1
phosphorylation at Thr70 (B) in cell lysate of HepG2 cells treated with scrambled or
HIF-1a 6and then additionally cultured in normoxia or hypoxia. Equal loading (50 ug)

was performed. The bar graphs summarize the western blot data of protein expression with
[-actin as the loading control.

The normoxia:scrambled siRNA (N:Sc) group was assigned a value of 1 (arbitrary units) and
treatment groups were normalized to this group to facilitate comparisons between groups.
Values (n=3 each) are displayed as Mean+SEM; One-way analysis of variance, corrected
with Bonferroni’s Multiple Comparisons test, p<0.05 considered significant.
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Figure 5. HIF-1a silencing by siRNA prevents hypoxia-induced increase in IGFBP-1 secretion
and phosphorylation in HepG2 cells.

A representative western blot of IGFBP-1 (A) secreted by HepG2 cells treated with
scrambled (Sc) or HIF-1a (HIF) siRNA and cultured in normoxia (N) or hypoxia (H).

Equal aliquots of cell media (30 uL) used as loading controls. The bar graphs summarize the
western blot data of proteins secreted in cell media.

Representative western blots of IGFBP-1 phosphorylation at Ser101 (B), Ser119 (C) and
Ser169 (D) secreted by HepG2 cells treated with scrambled (Sc) or HIF-1a. (HIF) siRNA
and cultured in normoxia (N) or hypoxia (H). Equal aliquots of cell media (50 pL) used as
loading controls. The bar graphs summarize the western blot data of proteins secreted in cell
media.

The normoxia:scrambled siRNA (N:Sc) group was assigned a value of 1 (arbitrary units) and
treatment groups were normalized to this group to facilitate comparisons between groups.
Values (n=3 each) are displayed as Mean+SEM; One-way analysis of variance, corrected
with Bonferroni’s Multiple Comparisons test, p<0.05 considered significant.
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Figure 6. Hypoxia and DMOG treatments induce expression of HIF-1a and REDD-1 and inhibit
MTORC1 activity in HepG2 cells in normoxia.

A representative western blot of HIF-1a (A) and REDD-1 (B) in cell lysate from HepG2
cells cultured for in normoxia (Norm), hypoxia (Hyp), or normoxia with DMOG (DMOG).
Equal loading (50 pg) was performed. The bar graphs summarize the western blot data of
protein expression with B-actin as the loading control.

A representative western blot of mMTORCL functional readouts 4E-BP1 phosphorylation at
Thr70 (C) and P70S6K1 phosphorylation at Thr389 (D) in cell lysate from Norm, Hyp

or DMOG-treated HepG2 cells. Equal loading (50 pg) was performed. The bar graphs
summarize the western blot data as the ratio of phosphorylated to total protein with f-actin
as the loading control.

Control Norm was assigned a value of 1 (arbitrary units) and treatment groups (Hyp

and DMOG) were normalized to Norm to facilitate comparisons between groups. Values
(n=3 each) are displayed as Mean+SEM; One-way analysis of variance corrected with
Bonferroni’s Multiple Comparisons test, p<0.05 considered significant.
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Figure 7. DMOG treatment induces IGFBP-1 secretion and phosphorylation in HepG2 cells in
normoxia.

A representative western blot of IGFBP-1 secretion (A) in cell media from normoxia (Norm)
and normoxia with DMOG (DMOG) treated HepG2 cells. Equal loading (10 pL) was
performed.

IGFBP-1 phosphorylation was determined in media from Norm and DMOG-treated HepG2
cells; a representative western blot of IGFBP-1 phosphorylation at Ser101 (B), Ser119 (C)
and Ser169 (D) in DMOG-treated HepG2 cell media. Equal loading (30 pL) was performed.
Norm (CTR) was assigned a value of 1 (arbitrary units) and DMOG was normalized to
Norm to facilitate comparisons between groups. The bar graphs summarize the western blot
data as protein secreted in cell media. Values (n=3 each) are displayed as Mean+SEM,;
unpaired #test, p<0.05 considered significant.
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Figure 8. C3 treatment induces expression of REDD-1 and inhibits mTORCL1 expression in

HepG2 cells in normoxia.

A representative western blot of REDD-1 (A) and HIF-1a (B) in cell lysate from normoxia
(Norm) or normoxia with C3 (C3)-treated HepG2 cells. Equal loading (50 pg) was
performed. The bar graphs summarize the western blot data of protein expression with

[-actin as the loading control.

A representative western blot of mTORCL functional readouts 4E-BP1 phosphorylation
at Thr70 (C) and P70S6K1 phosphorylation at Thr389 (D) in cell lysate from Norm or
C3-treated HepG2 cells. Equal loading (50 pg) was performed. The bar graphs summarize
the western blot data as the ratio of phosphorylated to total protein with B-actin as the

loading control.
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Control Normoxia (Norm) was assigned a value of 1 (arbitrary units) and C3 was
normalized to Norm to facilitate comparisons between groups. Values (n=3 each) are
displayed as Mean+SEM; unpaired #test, p<0.05 considered significant.

FASEB J. Author manuscript; available in PMC 2022 September 01.

Page 29



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kakadia et al. Page 30

A Norm C3 B Norm C3
30 kDa | s |IGFBP-1 30 kDa s O|GFBP-1(serton)
e 20 p=0.0001 ~ .20
3 s 2 p=0.0002
5} g 5
Qv @‘: > 154
N &=
o o
o § & § 10
O3 Q
= 2 10- 0 S
£ 2% 5
i - 0O
2 £3
0- 0-
Norm C3 Norm C3
G D
Norm C3 Norm C3
30 kDa . s pIGFBP-1(Ser119) 30kDa ™ = s plGFBP-1(Ser169)
20+ = 10+ -
5% p=0.0001 5 p=0.0011
T E T T ol
& 25 ¢ 2 °
o © oS 6.
L5 4. s
08 o8
22 B 4
o O [O3Ne]
£ 5 £ 0
3 8 38 7
%) ¥ o
0- 0-
Norm C3 Norm C3

Figure 9. C3 treatment induces IGFBP-1 secretion and phosphorylation in HepG2 cells in
normoxia.

A representative western blot of IGFBP-1 secretion (A) in cell media from C3 treated
HepG2 cells. Equal loading (10 pL) was performed.

IGFBP-1 phosphorylation was determined in media from C3-treated HepG2 cells; a
representative western blot of secreted IGFBP-1 phosphorylation at Ser101 (B), Ser119

(C) and Ser169 (D). Equal loading (30 pL) was performed.

Normoxia (Norm) was assigned a value of 1 (arbitrary units) and C3 was normalized to
Norm to facilitate comparisons between groups. The bar graphs summarize the western blot
data as protein secreted in cell media. Values (n=3 each) are displayed as Mean+SEM,;
unpaired #test, p<0.05 considered significant.
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Figure 10. DMOG and C3 treatments increase IGFBP-1 phosphorylation in HepG2 cells in
normoxia as determined with immunofluorescence.

Representative immunofluorescence (IF) images for expression of IGFBP-1 phosphorylation
at Ser101 (red staining) in HepG2 cells cultured in Normoxia (Norm) (a) or treated with
DMOG (b) or C3 (c) in normoxia.

Representative IHC images for expression of IGFBP-1 phosphorylation at Ser119 (red
staining) in Norm (d), DMOG (e) and C3 (f) treated HepG2 cells.

Representative IHC images for expression of IGFBP-1 phosphorylation at Ser169 (red
staining) in Norm (g), DMOG (h) and C3 (i) treated HepG2 cells in normoxia.

Equal plating of cells was performed. Data is representative of multiple (n=3) images.
HepG2 cells were fixed and stained with respective primary and secondary antibodies. DAPI
nuclear counterstain is shown in blue. 63x magnification is used (original scale bars, 20 pm).
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Figure 11. DMOG or C3 treatments increase expression of protein kinases in HepG2 cells in
normoxia.

Representative western blots of protein kinase PKCa (A), CK2a (B), and CK2a’ (C)
expression in cell lysate from DMOG-treated HepG2 cells in normoxia.

Representative western blots of protein kinase PKCa (D) and CK2a (E) expression in cell
lysate from C3-treated HepG2 cells in normoxia.

Equal loading (50 pg) was performed. The bar graphs summarize the western blot data

of protein expression with p-actin as the loading control. Normoxia (Norm) was assigned

a value of 1 (arbitrary units) and DMOG and C3 were normalized to Norm to facilitate
comparisons between groups. The bar graphs summarize the western blot data. Values (n=3
each) are displayed as Mean+SEM; unpaired #test, p<0.05 considered significant.
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Figure 12. HIF-1a induction increases IGFBP-1 phosphorylation at Ser101 and dually at
Ser98+101 sites in HepG2 cells as assessed by PRM-MS.

Representation of PRM-MS data showing relative IGFBP-1 phosphopeptides (A), PKC
phosphopeptides (B), and CK2 phosphopeptides (C) in cell lysate from normoxia control
(Norm) HepG2 cells or HepG2 cells treated with DMOG or C3. Relative phosphorylation
of IGFBP-1 was determined at sites Ser98, Ser101, Ser119, Ser169 singly and dually at
Ser98+Ser101 and Ser169+Ser174 (A). Relative phosphorylation of PKC was determined at
Thr497 and Ser657 (B). Relative phosphorylation of CK2 was determined at Tyr182 (C).
The data is a representation of pooled triplicates from two separate biological treatments.
Samples were immunoprecipitated with IGFBP-1 mAb 6303 using cell lysate with 200 ug
protein. Bar graphs summarize data of total transition peak intensity relative to untreated
normoxia (Norm) samples (set to a value of 1) and normalized to a non-phosphorylated
peptide within the IGFBP-1 protein, PKC and CK2. Values are displayed as mean, p<0.05
is considered as significant; Two-way ANOVA, corrected with Bonferroni’s Multiple
Comparisons Test.
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Figure 13. DMOG and C3 treatments increase IGFBP-1 and PKCa expression in HepG2 cells as
determined with dual immunofluorescence.

Representative dual immunofluorescence (IF) images for the expression of IGFBP-1 (red
staining) and PKCa. (green staining) in HepG2 cells cultured under Normoxia (Norm)

(A) or treated with DMOG (B) or C3 (C) in normoxia. Image of DMOG-treated HepG2
cells (merged) is also shown zoomed-in (dotted yellow box) below the panel to highlight
overlapping red/green staining, representing potential co-localization of IGFBP-1 and PKCa
(orange staining).

Equal plating of cells was performed. Data is representative of multiple (n=3) images.
HepG2 cells were fixed and stained with respective primary and secondary antibodies. DAPI
nuclear counterstain is shown in blue. 63x magnification is used (original scale bars, 20 pm).
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Schematic diagram representing the potential mediators of the HIF-1a pathway
that connect to IGFBP1 hyperphosphorylation via mTORC1 in hypoxia.
Targets for pharmacological activation and inhibition are presented.

Figure 14. Proposed model of the molecular mechanisms linking fetal hypoxia to reduced fetal
growth (intrauterine growth restriction, IUGR).

Functionally important hypoxia-inducible proteins upstream mTOR, linking MNR-induced
hypoxia signalling to mTORCL1 inhibition and IGFBP-1 hyperphosphorylation.

Key target proteins modulated by hypoxia conditions and/or the addition of pharmacological
and siRNA treatments are presented.
Hypoxia-inducible factor 1 (HIF-1), regulated in DNA and development response 1
(REDD-1), erythropoietin (EPO) receptor (EPO-R), vascular endothelial growth factor
(VEGF), insulin-like growth factor (IGF) binding protein 1 (IGFBP-1), mechanistic target of
rapamycin (mTOR), eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1),
ribosomal protein S6 kinase 1 (P70S6K1).
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Fetal and placental weights and cord plasma amino acid concentrations in MNR and Controls baboons at

GD120 and GD165.

GD120 GD165
C?]T;OI Mn';‘; P-value C?]T;OI 'r\1/|=’\i|§ P-value
Placental weight (g) 139+25 135+20 0.342 20714  171+12 0.060
Fetal weight (g) 328+58  321+34 0.437 813+37  707+26 0.030
Fetal liver weight (g) 972+08 106+12 0147 240+52 19.7+16 0.043
Serum leucine (UM) 119+24  926+18 0.045 108+23 736+7.0 0.010
Serum isoleucine (UM) 929+22 709+88 0.018 77.7+14 63.2+89 0.160
Serum phenylalanine (uM) 68.1+12 635+13 0.450 98.6+16 63.2+11 0.003
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