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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 pregnancy1
and is associated with the risk of developing
adverse pregnancy outcomes.2 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.3 Because

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, insulin 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 endodermic 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 alterations in the placental phenotype or function
may have an impact on the fetus.4 5 Identifying
new factors altered within the placenta and
determining whether they affect fetal growth
and health will help to clarify the pathological role of placental changes in GDM. This
may also pave the way for new successful strategies in preventing, managing and treating
maternal and fetal complications in GDM
pregnancies. A proteomic approach has
been previously employed in disease conditions, including those related to pregnancy,
to screen for major molecules and pathways
involved in tissue/organ damage.6–9 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 inflammatory/oxidative stress.8 10 11 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 appropriate 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 procedures. GDM was defined based on the International
Federation of Gynecology and Obstetrics guidelines.12
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.12 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 solubilized in 500 µL 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 concentration was measured. Forty micrograms of total protein
from each sample was in-solution digested as previously
described.13 Samples were desalted, and mass spectrometry analysis was performed in technical triplicates using
Q-Exactive mass spectrometer equipped with a nanoelectrospray 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
2

later visualized in Cytoscape V.3.6.1; the BINGO plugin
of Cytoscape was used for gene ontology enrichment.14
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 proteoglycan (PRG2) (25 µg/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, Department of Pathology, Immunology and Laboratory Medicine, 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 µg/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 µg total RNA from
each sample was reverse-transcribed using the RT2 First
Strand kit (Qiagen) as previously described.15 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. Statistical analysis was performed by using the software available RT2 profiler PCR Array Data Analysis (Qiagen).
Quantitative reverse transcriptase PCR (qRT-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 manufacturer’s instructions. qRT-PCR data were normalized
for the expression of ACTB, and ΔΔCt values were calculated. 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 α=0.05. Other data
BMJ Open Diab Res Care 2020;8:e001586. doi:10.1136/bmjdrc-2020-001586
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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
(n=5)

GDM group
(n=12)

GDM/LGA group
(n=5)

Maternal parameters
Maternal pregravid BMI (kg/m2)

21.8±0.6

33.9±0.8

38.3±1.6

p<0.0001*#
p<0.05†

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

CS 5

CS 12

CS 5

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#†

Birth weight (g)

3606.0±142.2

3313.0±76.03

3958.0±60.0

p<0.001*

F/P ratio
Gender (F/M)

7.4±0.3
3/2

6.7±0.4
6/6

7.8±0.8
4/1

n.s.
n.s.

P value

Fetal parameters

* and # This represents statistical significance of CTRL versus GDM and GDM/LGA, respectively.
†This 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 summarized 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
BMJ Open Diab Res Care 2020;8:e001586. doi:10.1136/bmjdrc-2020-001586

DEPs using STRING/Cytoscape showed 62 nodes and 90
edges (figure 1B). To discover possible signalling pathways 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, invasion, 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/therapeutic strategies aimed at managing such severe fetal
complications. To this end, we next compared placental
proteomes of GDM/LGA and GDM using the aforementioned proteomics approach. Among the 1514 identified
proteins, 37 were differentially expressed in GDM/LGA
as compared with GDM (p<0.05), with 22 proteins downregulated 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 histamine levels during pregnancy), fetal nutrient supply
(lipid metabolism) and hormonal homeostasis (cortisol
3
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Figure 1 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
4

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 progenitors related genes, TBX5 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 disorders, we explored the effects of PRG2 and DPP-4 on
pathways related to hESCs differentiation into mesendoderm (ME) and definitive endoderm (DE), the first steps
BMJ Open Diab Res Care 2020;8:e001586. doi:10.1136/bmjdrc-2020-001586
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Figure 2 Placental proteomic profile and table of significant upregulated and downregulated proteins in GDM versus GDM/
LGA women. (A) Volcano-plot representing the placental proteomic profile of women with GDM as compared with that of
GDM/LGA. Protein’s Log2 ratio and –Log10 p values are represented on x and y axes, respectively. Protein in the shaded
area represent upregulation (red) and downregulation (green). The complete dataset of identified and quantified proteins was
subjected to statistical analysis (p<0.05). Significantly differentially expressed proteins were further analyzed via hierarchical
clustering. Placental lysates of four GDM/LGA and four GDM women were analyzed. (B) List of proteins differentially expressed
in placentas of GDM as compared with GDM/LGA women and described to play a role in placental inflammation (eg, placental
inflammasome, complement regulation, control of nitric oxide and histamine levels during pregnancy), fetal nutrient supply (lipid
metabolism) and hormonal homeostasis (cortisol and insulin levels, and insulin-like growth factor-1 signaling). GDM, gestational
diabetes mellitus; LGA, large-for-gestational-age.
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Figure 3 Expression of differentiation markers in hESC cultured with PRG2 or DPP-4. (A and B) volcano plot representing
stem cell transcriptome profile of hESC culture with PRG2 (A) and DPP-4 (B) compared with control. Genes’ Log2 ratio and −
Log10 p values are represented on x and y axes, respectively. Upregulated genes are shown in red, and downregulated ones in
green. Experiments were performed in triplicate. (C–G) Bar graphs depict expression data of stem cells markers OCT4, ECAD,
FGF4, CER, FOXA2 as normalized mRNA expression measured by quantitative RT-PCR on hESC after treatment with PRG2 or
DPP-4. All samples were run in triplicate and normalized to expression of the housekeeping gene ACTB (ΔΔCt). DE, definitive
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
FOXA2 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
6

progenitor marker, detected in the Beta-lox5 cell line
when cultured in the presence of DPP-4 (online supplemental 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
BMJ Open Diab Res Care 2020;8:e001586. doi:10.1136/bmjdrc-2020-001586
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expressed in GDM/LGA, 10 factors were linked to fetal
growth/development by acting on hormone homeostasis, energy metabolism and placental nutrient transport, as previous reports suggested.16 In particular, PRG2
and DPP-4, found to be upregulated in GDM/LGA
placental proteome analysis, are both involved in pregnancy17 18 and their dysregulation was shown to correlate
with pregnancy-
related disorders.19 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.1
This may be of clinical interest given the availability of
DPP-4 inhibitors.20 Among proteins found to be altered
in GDM/LGA, dimethylarginine dimethylaminohydrolase 1 (DDAH1) was slightly downregulated, which is in
line with other reports showing reduced DDAH1 expression and activity in patients with diabetes.21 As DDAH1
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.22 23 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 differentiation toward cardiac, osteogenic and endodermic
progenitors.24 25 Since DE is the precursor for endocrine 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 complications in LGA children of GDM mothers.26 The mechanisms 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.27–29 Several soluble factors involved in hESC
self-renewal and differentiation like LIF, bFGF and BMP4
possess putative truncation site for DPP-4 and modulation of their levels due to DPP-4 activity could influence
hESC physiology.30 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.31–33 Based on these
evidences, we hypothesize that DPP-4 may exert its effect
on hESC by activating signaling pathways related to hESC
differentiation.
BMJ Open Diab Res Care 2020;8:e001586. doi:10.1136/bmjdrc-2020-001586

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 development. 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 monoclonal 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, represent an example of a potential inhibitor of DPP-4 enzymatic activity, which may be tested and further validated
in large future trial in GDM/LGA.
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Supplemental Table 1. List of stem cell target genes analyzed by transcriptomic assay in h-ESC
exposed to PRG2 and DPP-4.
UniGene
Hs.174249
Hs.129452
Hs.407015
Hs.419
Hs.643024
Hs.534313
Hs.208124
Hs.444082
Hs.163484
Hs.155651
Hs.431498
Hs.656280
Hs.247700
Hs.765
Hs.514746
Hs.111867
Hs.152531
Hs.110637
Hs.249171
Hs.445239
Hs.659337
Hs.446318
Hs.659350
Hs.99992
Hs.66731
Hs.654560
Hs.654456
Hs.514292
Hs.44276
Hs.381267
Hs.549040
Hs.549040
Hs.549040
Hs.549040
Hs.83465
Hs.123070
Hs.591609
Hs.73739
Hs.196927
Hs.505
Hs.714791
Hs.715677
Hs.376206
Hs.23616
Hs.129133
Hs.89404
Hs.202453
Hs.661360
Hs.574626
Hs.534074
Hs.516922

GenBank
NM_001265
NM_004392
NM_178120
NM_004405
NM_006892
NM_004430
NM_000125
NM_004456
NM_004496
NM_021784
NM_032682
NM_014491
NM_014009
NM_002049
NM_005257
NM_005270
NM_004821
NM_018951
NM_005523
NM_006735
NM_030661
NM_006896
NM_152739
NM_002144
NM_006361
NM_002146
NM_002147
NM_024016
NM_017409
NM_173860
NM_153633
NM_018953
NM_004503
NM_006897
NM_024501
NM_002148
NM_014621
NM_000872
NM_016358
NM_002202
NM_002228
NM_016270
NM_004235
NM_001004317
NM_002316
NM_002449
NM_002467
NM_024865
NM_002500
NM_172390
NM_002509

Symbol
CDX2
DACH1
DLX1
DLX2
DNMT3B
EGR3
ESR1
EZH2
FOXA1
FOXA2
FOXP1
FOXP2
FOXP3
GATA1
GATA6
GLI2
HAND1
HOXA10
HOXA11
HOXA2
HOXA3
HOXA7
HOXA9
HOXB1
HOXB13
HOXB3
HOXB5
HOXB8
HOXC10
HOXC12
HOXC4
HOXC5
HOXC6
HOXC9
HOXD1
HOXD10
HOXD4
HTR7
IRX4
ISL1
JUN
KLF2
KLF4
LIN28B
LMX1B
MSX2
MYC
NANOG
NEUROD1
NFATC1
NKX2-2
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Hs.487360
Hs.701977
Hs.176977
Hs.349082
Hs.654464
Hs.270303
Hs.132576
Hs.728886
Hs.643588
Hs.137568
Hs.654522
Hs.266
Hs.249184
Hs.162646
Hs.408528
Hs.149261
Hs.101937
Hs.12253
Hs.518438
Hs.368226
Hs.647409
Hs.620754
Hs.642990
Hs.463059
Hs.381715
Hs.385870
Hs.492203
Hs.249125
Hs.524368
Hs.632050
Hs.591980
Hs.431009
Hs.598590
Hs.520640
Hs.534255
Hs.592355
Hs.412707
Hs.546285
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NM_024408
NM_021005
NM_005806
NM_006192
NM_016734
NM_000280
NM_006194
NM_182649
NM_000325
NM_005029
NM_006237
NM_004575
NM_002701
NM_015869
NM_000321
NM_001754
NM_016932
NM_005901
NM_003106
NM_033326
NM_000346
NM_138473
NM_007315
NM_003150
NM_181486
NM_003212
NM_198253
NM_021025
NM_000376
NM_000553
NM_000378
NM_012082
NM_003412
NM_001101
NM_004048
NM_002046
NM_000194
NM_001002

NOTCH2
NR2F2
OLIG2
PAX1
PAX5
PAX6
PAX9
PCNA
PITX2
PITX3
POU4F1
POU4F2
POU5F1
PPARG
RB1
RUNX1
SIX2
SMAD2
SOX2
SOX6
SOX9
SP1
STAT1
STAT3
TBX5
TDGF1
TERT
TLX3
VDR
WRN
WT1
ZFPM2
ZIC1
ACTB
B2M
GAPDH
HPRT1
RPLP0

Supplemental Table 2. List of stem cell target genes analyzed by qRT-PCR analysis in h-ESC
exposed to PRG2 and DPP-4.
Gene Symbol

UniGene #

Refseq Accession #

POU5F1 (OCT4)
CDH1 (ECAD)
FGF4
CER1
FOXA2
NGN3
ACTB

Hs04260367
Hs01023894
Hs00173564
Hs00193796
Hs00232764
Hs01875204
Hs99999903

NM_001173531
NM_001317184
NM_002007
NM_005454
NM_021784
NM_020999
NM_001101

Amplicon Length
(bp)
77
61
53
92
66
127
171
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