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ABSTRACT

Introduction Gestational diabetes mellitus (GDM) is the
most frequent metabolic complication during pregnancy
and is associated with development of short-term and
long-term complications for newborns, with large-
for-gestational-age (LGA) being particularly common.
Interestingly, the mechanism behind altered fetal growth in
GDM is only partially understood.

Research design and methods A proteomic approach
was used to analyze placental samples obtained from
healthy pregnant women (n=>5), patients with GDM (n=12)
and with GDM and LGA (n=5). Effects of altered proteins on
fetal development were tested in vitro in human embryonic
stem cells (hESCs).

Results Here, we demonstrate that the placental
proteome is altered in pregnant women affected by

GDM with LGA, with at least 37 proteins differentially
expressed to a higher degree (p<0.05) as compared with
those with GDM but without LGA. Among these proteins,
10 are involved in regulating tissue differentiation and/

or fetal growth and development, with bone marrow
proteoglycan (PRG2) and dipeptidyl peptidase-4 (DPP-4)
being highly expressed. Both PRG2 and DPP-4 altered the
transcriptome profile of stem cells differentiation markers
when tested in vitro in hESCs, suggesting a potential role
in the onset of fetal abnormalities.

Conclusions Our findings suggest that placental
dysfunction may be directly responsible for abnormal fetal
growth/development during GDM. Once established on

a larger population, inhibitors of the pathways involving
those altered factors may be tested in conditions such as
GDM and LGA, in which therapeutic approaches are still
lacking.

INTRODUCTION

Gestational diabetes mellitus (GDM), which
affects 3%—25% of pregnancies, is defined as
glucose intolerance diagnosed in pregnancy’
and is associated with the risk of developing
adverse pregnancy outcomes.” Fetal growth
abnormalities are frequent in GDM, with
large-for-gestational-age (LGA) being the
most common, while restricted fetal growth is
also observed but to a lesser extent.” Because

.8 Domenico Corradi,®

1,34

Significance of this study

What is already known about this subject?

» Fetal growth abnormalities are frequent in ges-
tational diabetes mellitus (GDM), with large-for-
gestational-age (LGA) being the most common.

» Placenta in GDM showed alterations in pathways
linked to inflammation, oxidative stress, hypoxia, in-
sulin resistance and metabolic complications.

What are the new findings?

» Placental proteome is dysregulated in GDM, particu-
larly in those with LGA.

» Upregulation of proteoglycan (PRG2) and dipepti-
dyl peptidase-4 (DPP-4) was evident in GDM/LGA
cohort.

» PRG2 and DPP-4 alter the expression of genes
relevant for human embryonic stem cells (hESCs)
differentiation towards cardiac, osteogenic and en-
dodermic progenitors.

How might these results change the focus of

research or clinical practice?
» PRG2 and/or DPP-4 upregulation may be involved in
fetal abnormalities in GDM.

the placenta is the major organ responsible
for fetal nourishment and growth, any alter-
ations in the placental phenotype or function
may have an impact on the fetus.*’ Identifying
new factors altered within the placenta and
determining whether they affect fetal growth
and health will help to clarify the patholog-
ical role of placental changes in GDM. This
may also pave the way for new successful strat-
egies in preventing, managing and treating
maternal and fetal complications in GDM
pregnancies. A proteomic approach has
been previously employed in disease condi-
tions, including those related to pregnancy,
to screen for major molecules and pathways
involved in tissue/organ damage.” However,
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data available on the placental proteomic profile in GDM
are scarce and primarily related to maternal glucose
intolerance effects on placental pathways associated with
insulin resistance, metabolic alterations and inflamma-
tory/oxidative stress.” '” "' Here, we explore whether the
placental proteome is altered in GDM, particularly in
those with LGA, with a specific focus on factors that may
directly or indirectly control fetal growth.

RESEARCH DESIGN AND METHODS

Sample collection and protein extraction

Placental tissues were collected from GDM with appro-
priate for gestational age (GDM), GDM with LGA
(GDM/LGA) and healthy pregnant women (controls)
who gave birth by elective caesarean section and provided
informed consent according to standard operating proce-
dures. GDM was defined based on the International
Federation of Gynecology and Obstetrics guidelines.'
LGA was defined as birth weight greater than the 90th
percentile according to gestational age and sex. Normal
pregnancies (controls) were defined as healthy mothers
with normal body mass index (BMI), pregnancy without
obstetric complications, and normal fetal growth with
birth weight between the 10th and the 90th percentile for
Italian references.' Proteins were extracted from 100 mg
of placental tissue washed in Phosphate Buffered Saline
(PBS) and minced into small pieces. Selected chorionic
villi were then disrupted in liquid nitrogen and solubi-
lized in 500 pL. RIPA lysis buffer supplemented with
protease inhibitor cocktail.

Liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis

Ten-microliter lysate from each sample were pooled for
GDM, GDM/LGA and controls, and total protein concen-
tration was measured. Forty micrograms of total protein
from each sample was in-solution digested as previously
described.'® Samples were desalted, and mass spectrom-
etry analysis was performed in technical triplicates using
Q-Exactive mass spectrometer equipped with a nanoelec-
trospray ion source. All MS/MS samples were analyzed
using the Mascot search engine to search the UniProt_
Human Proteome20180523 (93 164 sequences, 37 039
836 residues). Raw data were loaded into the MaxQuant
software V.1.6.1.0, and label-free protein quantification
was based on the intensities of precursors. Peptides and
proteins were accepted with an false discovery rate >1%,
with two minimum peptides per protein.

Bioinformatics analysis

The complete dataset of proteins was analyzed by Student’s
t-test using MeV software V.4.9.0. Proteins significantly
different (p<0.001) in the controls versus GDM pool
and in GDM versus GDM/LGA (p<0.05) were further
subjected to hierarchical clustering analysis. Search
Tool for the Retrieval of Interacting Genes (STRING)
V.10.5 database was used to search for protein—protein
networks of differentially expressed proteins (DEPs) and

later visualized in Cytoscape V.3.6.1; the BINGO plugin
of Cytoscape was used for gene ontology enrichment.'*

Cell culture

hESCs were a generous gift of Professor Thorsten
Schlaeger lab from Harvard Medical School and were
cultured in feeder independent medium (mTeSR1) on
BD Matrigel hESC-qualified Matrix coated plate and
maintained undifferentiated. Cells were cultured with/
without human recombinant bone marrow proteo-
glycan (PRG2) (25 pg/mL) and dipeptidyl peptidase-4
(DPP-4) (100 ng/mL) for 72 hours and then collected
for RNA extraction. Beta-lox5 human beta cell line was
a generous gift from Professor Clayton Mathews, Depart-
ment of Pathology, Immunology and Laboratory Medi-
cine, University of Florida College of Medicine and were
cultured with /without human recombinant DPP-4 at the
concentration of 100 ng/mL, 500 ng/mL and 1 pg/mL
for 72 hours.

Transcriptome profiling

Total RNA was isolated from hESC using the RNeasy
Mini Kit (Qiagen, Valencia, California, USA) with
on-column DNase I digestion. Next, 2 pg total RNA from
each sample was reverse-transcribed using the RT2 First
Strand kit (Qiagen) as previously described.'” We used
the Human Stem Cell Transcription Factors RT2 Profiler
PCR Arrays (PAHS-501Z) (Qiagen). The Profiler PCR
Arrays measure quantitatively the expression of a panel
of genes using SYBR Green-based real-time PCR. The list
of genes is shown in online supplemental table 1. Statis-
tical analysis was performed by using the software avail-
able RT2 profiler PCR Array Data Analysis (Qiagen).

Quantitative reverse transcriptase PCR (qQRT-PCR)

RNA from hESC and beta-lox5 was extracted using
Trizol Reagent (Invitrogen), and qRT-PCR analysis was
performed using TaqMan assays (Life Technologies,
Grand Island, New York, USA) according to the manu-
facturer’s instructions. qRT-PCR data were normalized
for the expression of ACTB, and AACt values were calcu-
lated. Statistical analysis compared gene expression
across all cell populations via one-way analysis of variance
(ANOVA) followed by Bonferroni post-test for multiple
comparisons between the population of interest and all
other populations. The complete list of primers used is in
online supplemental table 2).

ELISA assay
DPP-4 and PRG2 levels in placental lysates of all groups
of subjects were assessed using commercially available

ELISA kits, according to manufacturer’s instructions
(Mybiosource MBS760997-96 and MBS700931-96).

Statistical analysis

We determined that a sample size set at four would
provide the proteomic study with 80% power to detect a
difference of 30% in the protein expression between the
two groups, with a significance level of 0=0.05. Other data
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Table 1 Baseline demographic characteristics of healthy pregnant women (CTRL), pregnant women with normal gestational
age (GDM) and with LGA (GDM/LGA) enrolled in the study (mean+SEM)

CTRL group GDM group GDM/LGA group

(n=5) (n=12) (n=5) P value
Maternal parameters
Maternal pregravid BMI (kg/m?) 21.8+0.6 33.9+0.8 38.3+1.6 p<0.0001*#

p<0.05t

Gestational weight gain (kg) 12+2.2 7.6+1.5 2.8+3.8 n.s.
Maternal age (years) 36.4+1.7 35.1+1.4 34.8+1.7 n.s.
Gestational age (weeks) 39.2+0.1 39.1+£0.04 39.3+0.1 n.s.
Mode of delivery CS5 CS12 CS5 n.s.
Placental weight (g) 491.4+30.8 508+26.8 530.0+50.7 n.s.
Fasting glucose at delivery (mg/dL) 78.2+4.6 84.1+3.2 100.8+4.3 p<0.05"
Fetal parameters
Birth weight (g) 3606.0+142.2 3313.0+76.03 3958.0+60.0 p<0.001*
F/P ratio 7.4+0.3 6.7+0.4 7.8+0.8 n.s.
Gender (F/M) 3/2 6/6 4/1 n.s.

* and # This represents statistical significance of CTRL versus GDM and GDM/LGA, respectively.

TThis represents statistical significance of GDM versus GDM/LGA.

BMI, body mass index; CS, elective caesarean section; F/P ratio, fetal weight/placental weight ratio; GDM, gestational diabetes mellitus;

LGA, large-for-gestational-age; n.s., not significant.

are presented as mean and SEM. Significance between
the two groups was determined by two-tailed unpaired
Student’s t-test. For multiple comparisons, the ANOVA
test with Bonferroni correction was employed. Graphs
were generated using GraphPad Prism V.8.2 (GraphPad
Software, La Jolla, California, USA). All statistical tests
were performed at the 5% significance level.

RESULTS

Patient characteristics

The characteristics of the study populations are summa-
rized in table 1. No differences were found with regard
to maternal or gestational ages, or in placental or fetal
weights in GDM versus healthy controls. Pregnant women
with GDM showed higher pregravidic BMI but lower
weight gain during pregnancy as compared with controls
(table 1). The GDM/LGA group displayed higher fetal
weight as compared with GDM, while no differences were
found in maternal/gestational age, in placental weight or
fetal/placenta weight ratio (table 1).

The GDM proteome profile

In order to discover novel factors that may play a role
in placental function and fetal development, we first
compared the placental proteomes of control and
GDM subjects using an unbiased proteomics approach.
Mass spectrometry identified 2103 proteins within the
placenta, and MaxQuant analysis revealed a unique
expression profile in GDM, consisting of 64 DEPs in
GDM as compared with controls (p<0.001), 24 of which
were downregulated and 40 of which were upregulated
(figure 1A). Analysis of the network involving the 64

DEPs using STRING/ Cytoscape showed 62 nodes and 90
edges (figure 1B). To discover possible signalling path-
ways affected by GDM, we underwent these 64 proteins
to gene ontology enrichment analysis of biological
process (GOBP) with the BINGO plug-in in Cytoscape.
While some of these primarily exert protective effects
on trophoblasts both in structure and function (eg, inva-
sion, angiogenesis, oxidative stress, barrier and energy
support), others were involved in fetal development
(iron and nutrient transport, muscle differentiation and
nutrients) and protection from fetal loss (anticoagulant
and regulation of epithelial-to-mesenchymal transition).
However, the aforementioned analysis did not reveal a
clear molecular signature strictly related to abnormal
fetal growth.

Alterations in fetal growth-related pathways in placentas of
GDM with LGA

Identification of placental factors associated with LGA
may provide new insights to design novel diagnostic/ther-
apeutic strategies aimed at managing such severe fetal
complications. To this end, we next compared placental
proteomes of GDM/LGA and GDM using the aforemen-
tioned proteomics approach. Among the 1514 identified
proteins, 37 were differentially expressed in GDM/LGA
as compared with GDM (p<0.05), with 22 proteins down-
regulated and 15 upregulated (figure 2A). GOBP analysis
revealed that 10 of these proteins are primarily involved
in placental inflammation (eg, placental inflammosome,
complement regulation, control of nitric oxide and hista-
mine levels during pregnancy), fetal nutrient supply
(lipid metabolism) and hormonal homeostasis (cortisol
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Placental proteomic profile of GDM versus CTRL women. (A) Heat MAP representing the placental proteomic profile

of women with GDM as compared with that of healthy subjects (CTRL). The complete dataset of identified and quantified
proteins was subjected to statistical analysis (p<0.001). Significantly differentially expressed proteins were further analyzed

via hierarchical clustering. Placental lysates of five CTRL and five GDM women were analyzed. (B) Protein—protein interaction
network of differentially expressed proteins in placentas of GDM women as compared with CTRL. Nodes represent proteins,
and edges represent degrees of connectivity. Enrichment of the node was performed with BINGO, a plug-in for Cytoscape.
Rectangular-shaped nodes indicate the upregulated (red) and downregulated (green) proteins in GDM compared with CTRL
samples and described to play a role in trophoblasts structure and function (eg, invasion, angiogenesis, oxidative stress, barrier
and energy support), fetal development (iron, muscle differentiation and nutrients) and protection from fetal loss (anticoagulant
and regulation of epithelial-to-mesenchymal transition). GDM, gestational diabetes mellitus.

and insulin levels, and insulin-like growth factor-1
signaling) (figure 2B). Among the aforementioned
proteins detected, PRG2, which controls numerous
growth factors activity, was observed as the most highly
abundant placental protein in GDM/LGA. Moreover,
upregulated placental expression of DPP-4, a key factor
in physiological regulation of glucose homeostasis, was
also evident in the GDM/LGA cohort. Both PRG2 and
DPP-4 protein expressions were confirmed in placental
lysates by immunotargeted assays (online supplemental
figure 1A and B).

Alterations of differentiation markers in hESCs cultured with
PRG2 and DPP-4

To mechanistically understand the role of PRG2 and
DPP-4 in fetal development, we cultured human hESC

with the recombinant proteins PRG2 and DPP-4 and
performed a gene expression profiling of stem cell
transcription factors. Transcriptome analysis revealed
significant upregulation of HOXD10, a member of the
family of Hox genes involved in stem cell differentiation
and embryonic limb development, in hESCs exposed
to PRG2 (figure 3A). Interestingly, hESCs cultured with
DPP-4 exhibited increased expression of cardiac progen-
itors related genes, 7BX5 and IRX4, and decrease of the
osteogenic differentiation marker VDR (figure 3B). Since
both GDM and GDM/LGA may be associated with an
increased risk for newborns to develop metabolic disor-
ders, we explored the effects of PRG2 and DPP-4 on
pathways related to hESCs differentiation into mesendo-
derm (ME) and definitive endoderm (DE), the first steps
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Figure 3 Expression of differentiation markers in hESC cultured with PRG2 or DPP-4. (A and B) volcano plot representing
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endoderm; DPP-4, dipeptidyl peptidase-4; ES, hESC; hESC, human embryonic stem cell; ME, mesendoderm; PRG2, bone

marrow proteoglycan.

towards pancreatic development. Both PRG2 and DPP-4
increased stem and ME markers OCT4, ECAD and FGF4
in cultured hESCs, while endoderm markers CER1 and
FOXAZ2 was decreased (figure 3C-F), thus suggesting a
role in abnormal endocrine pancreas development and
in metabolic disorders (ie, type 2 diabetes or obesity)
later on. This impairment in endocrine progenitors
and early-stage beta cells was further confirmed by the
increased expression of NGN3, an endocrine pancreatic

progenitor marker, detected in the Beta-loxb cell line
when cultured in the presence of DPP-4 (online supple-
mental figure 1C).

DISCUSSION

We are herein describing an altered placental proteome
in pregnant women with GDM and more importantly in
those with GDM and LGA. Among proteins differentially
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expressed in GDM/LGA, 10 factors were linked to fetal
growth/development by acting on hormone homeo-
stasis, energy metabolism and placental nutrient trans-
port, as previous reports suggested.'® In particular, PRG2
and DPP-4, found to be upregulated in GDM/LGA
placental proteome analysis, are both involved in preg-
nancy'” " and their dysregulation was shown to correlate
with pregnancy-related disorders."” As PRG2 controls
several growth factors activity, its upregulation may take
part to the abnormal fetal size such as that observed
in GDM/LGA, while the DPP-4 increase detected in
placenta may account for some growth abnormalities
as well as the dysregulated glycometabolic control in
the new-borns, which have been shown in literature.!
This may be of clinical interest given the availability of
DPP-4 inhibitors.* Among proteins found to be altered
in GDM/LGA, dimethylarginine dimethylaminohydro-
lase 1 (DDAHI) was slightly downregulated, which is in
line with other reports showing reduced DDAH1 expres-
sion and activity in patients with diabetes.”’ As DDAHI
is responsible for asymmetric dimethylarginine (ADMA)
degradation, a decrease in its expression, as that observed
in our patients, may suggest an increase in ADMA levels
in GDM/LGA patients as observed in other diabetic
subjects, thus pointing at placenta as potential site of
production in this condition.”* ** We acknowledge that
our study has some limitations, included but not limited
to the small number of placenta samples analyzed and
the need of a larger validation of the detected proteins.

In order to prove the potential role of PRG2 and DPP-4
in fetal growth, we took advantage of hESCs, a useful
tool to assess in vitro effects on fetal development. Our
transcriptomic analysis revealed that PRG2 and DPP-4
alter the expression of genes relevant for hESCs differ-
entiation toward cardiac, osteogenic and endodermic
progenitors.** ® Since DE is the precursor for endo-
crine pancreas development, alterations on endodermic
progenitor markers may suggest an impaired generation
of pancreas endocrine compartment and function, thus
leading to future metabolic disorders such as obesity and
type 2 diabetes, frequently observed as long-term compli-
cations in LGA children of GDM mothers.”® The mecha-
nisms whereby these proteins may exert their effects on
hESCs remains to be established. However, soluble DPP-4
is known to have intact enzymatic activity and it acts in
a paracrine or endocrine manner on the targeted cells
such as lymphocytes, muscle smooth cells and adipocyte,
mainly through the Akt/pAkt, ERK/pERK and/or Nf-kB
signaling.”” " Several soluble factors involved in hESC
self-renewal and differentiation like LIF, bFGF and BMP4
possess putative truncation site for DPP-4 and modula-
tion of their levels due to DPP-4 activity could influence
hESC physiology.” This has recently been shown as well
for SDF-1/CXCR4 axis that could be modulated by DPP-4
in different types of progenitor cells.”’™® Based on these
evidences, we hypothesize that DPP-4 may exert its effect
on hESC by activating signaling pathways related to hESC
differentiation.

In conclusion, our data indicate that the placental
proteome is dysregulated in GDM, particularly with LGA
fetuses. Among these altered factors, we identified two
major factors, PRG2 and DPP-4, related to pregnancy
disorders, which control in vitro hESCs differentiation
and may in turn directly affect embryonic develop-
ment. Given the lack of therapeutic opportunities and
approaches for GDM and for GDM/LGA, with diet and
insulin being the sole treatments approved for these
conditions, we thus envision to generate new mono-
clonal antibodies or fusion-proteins in order to block the
activity of the upregulated proteins. DPP-4 inhibitors,
available on the market as antidiabetic oral agents, repre-
sent an example of a potential inhibitor of DPP-4 enzy-
matic activity, which may be tested and further validated
in large future trial in GDM/LGA.
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