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Abstract

Aim: Gestational diabetes mellitus (GDM) is a complex metabolic disorder with largely unknown etiology. GDM is associated with fetal morbidity and mortality.
This study aims to explore the novel players involved in the pathophysiology of GDM.

Materials and methods: The raw gene expression profile (ID: GSE49524) was downloaded from the Gene Expression Omnibus database. The differentially expressed
genes were identified (DEGs, criteria: p-value<0.05 and log2 FC>0.1). Gene pairs with a combined score >0.9 were utilized to construct a protein-protein interaction
(PPI) network. These DEGs in PPI were then compared with the known disease genes downloaded from OMIM and Gene Cards to find candidate GDM related
genes. Furthermore, pathway and functional enrichment analyses were performed through (criterion: p-value<0.05).

Results: A total of 571 DEGs were identified of which only 170 DEGs with a combined score >0.9 were utilized to construct a PPI network. Of these 170 DEGs,
96 genes were up, while 74 genes were down-regulated. Moreover, 8 known disease genes of GDM were obtained. Genes in the PPI network were then significantly
enriched in several functions separately for up and down-regulated genes while 6 pathways in combined. Based on PPI network and functional consistency, 8 genes
namely IL13RA1, HSPAS, PLAU, TGFA, PLAT, BID, SP1, and NUP50 were identified as candidate GDM related genes. Out of these, PLAT and HSPAS5 were
found to be least reported in GDM and may serve as novel candidate GDM related genes. However, further studies are required to validate these results.

Conclusions: IL13RA1, HSPAS, PLAU, TGFA, PLAT, BID, SP1, and NUP50 were identified as candidate GDM related genes. Of these, HSPAS5 and PLAT

can serve as novel biomarker of GDM.

Highlights

* Total 571 DEGs were identified with 302 up-regulated and 269 down-regulated genes.

* Based on functional consistency, IL13RA1, HSPAS, PLAU, TGFA, PLAT, BID, SP1, and NUP50 were identified as candidate GDM related genes.
* These genes were enriched in total 6 pathways.

* GDM affects prenatal growth by altering umbilical cord’s gene expression.

¢ 'This study provides insight into the mechanism involved in prenatal morbidity associated with GDM.

Introduction

*Correspondence to: Pawan K Dubey, Centre for Genetic Disorders, Institute of
Science, Banaras Hindu University Varanasi, India, Tel: 919451890938; E-mail:
pkdubey@bhu.ac.in

Gestational diabetes mellitus (GDM) is the most common medical
complication of pregnancy. It is a type of diabetes that arises during the
gestational period and can be formally defined as glucose intolerance

with onset or first recognition during pregnancy, affecting around 2-5% Key words: gestational diabetes mellitus, protein-protein interaction, differentially

of all pregnancies [1]. In the high-risk population, it may affect up to
16% of total pregnant women [2]. During the past few years, there is
an exponential rise in its prevalence worldwide. The prevalence rates
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for GDM are higher for African, Hispanic, Indian, and Asian women
than for Caucasian women [3,4]. Recently, the prevalence of GDM has
increased by 2-3 folds, ranging from 8.9-53.4% [5]. This rise in GDM
incidence is of prime concern as it deteriorates not only maternal health
but also fetal health.

Gestational diabetes is a metabolic disorder in which altered
glucose metabolism affects the maternal as well as fetal molecular,
cellular, and physiological health. During pregnancy, insulin resistance
occurs to ensure proper nourishment of growing foetus, in order to
compensate this insulin demands increases, and failure of B-cell to
compensate this extra demand of insulin causes hyperglycemic state
leading to GDM [6]. GDM is associated with adverse maternal and
neonatal outcomes which can be short as well as long term. Short
term maternal complications are hypertension, preeclampsia, and an
increased risk of the cesarean section while in long term consequences
they may develop diabetes later in life [7]. Neonatal complications
include overweight at delivery, hypoglycemia, macrosomia, cardiac
dysfunction, and congenital malformations [8]. Recently, it has been
shown that epigenetic reprogramming of gene expression in fetus
genome is associated with diabetes [9], possibly due to hyperglycemia
that triggers specific molecular effects during prenatal growth.

Despite its increasing incidence and a wide spectrum of maternal
and fetal pathologies, no specific genetic factors associated with
GDM have been identified yet. In the present study, we have tried
to identify the novel candidate gene of GDM. To achieve the target,
gene expression datasets with ID GSE49524 was used and analyzed
to identify the differentially expressed genes (DEGs) between non-
diabetic and diabetic mothers. The dataset contains the transcriptome
of human umbilical vein endothelial cells (HUVEC) obtained from the
vein of umbilical cords collected from GD patients and compared to
control cells obtained from healthy donors. Based on the combined
score, the protein-protein interaction network was constructed. DEGs
in PPI was then compared with known disease genes to identify novel
candidate GDM related genes. Functional and pathway enrichment
analysis was performed for DEGs along with candidate GDM gene
interacting in the network to identify the processes and pathways in
which they are involved. Our results indicate the role of many novel
players in determining the pathophysiology of GDM and hence altering
the embryo development via epigenetic reprogramming.

Materials and methods

Microarray data

The raw gene expression profile datasets (ID: GSE49524) deposited
by Leoni G, et al. [10] were downloaded from the National Center of
Biotechnology Information (NCBI) Gene Expression Omnibus (GEO)
database [11]. The samples for this data were cultured human primary
endothelial cells (HUVECs) from umbilical cords of 3 Gestational
Diabetes mothers and 3 non-diabetic mothers. The dataset contains 6
chips derived from a study using the GPL7020 NuGO array (human)
NuGO_Hs1a520180 platform. Umbilical cords were collected from
3 Caucasian GDM patients and 3 non-diabetic mothers at 39 to 41
weeks immediately after delivery. Both groups were compared for
anthropometric and biochemical parameters. Maternal age (GDM 35.6
+ 4.0 and control 34.4 * 4.5), pre-gestational weight (GDM 62.1 + 13.7
and control 67.9 + 29.3, kg), height (GDM 1.62 £ 0.09 and control 1.66
+ 0.04, mt), pre-gestational body mass Index (GDM 25.5 + 2.4 and
control 22.5 + 3.7) and fasting glycemia (GDM 5.16 + 0.48 and control
4.33 + 0.66, mM) were the parameters which were analyzed, data have
not been shown for other biochemical parameters. All procedures were
in agreement with the ethical standards of the Institutional Committee
on Human Experimentation.
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Data preprocessing and DEGs screening

The preprocessing of downloaded raw gene expression datasets
were performed. First, to get the gene expression value, expression
values of probes were averaged corresponding to a specific gene. Then,
BiGGEsTs [12] software analysis was performed to select exclusively
up-regulated and down-regulated genes. Furthermore, official gene
symbols were extracted for each corresponding probe-level symbols by
using GEO2R [13]. All DEGs selected have p values <0.05 and threshold
logFC values >0.1 for up and <-0.1 for down genes.

Principal component analysis and heat map generation

Principal component analysis (PCA) was performed for significant
DEGs only with the help of online ClustVis tool [14] as it supports
maximum file size up to 2 MB and hence it was not possible to
prepare the PCA plot for total gene expression profile. Singular value
decomposition (SVD) with imputation was used to calculate the
principal component. Similarly, heatmap was generated for DEGs using
same online ClustVis tool, both rows and columns were clustered using
correlation distance and average linkage.

Construction of PPI network and sub-network mining

Identified DEGs were uploaded to STRING v 10.5 [15] which
gives a combined score (CS) for protein-protein interaction among
gene pairs. Combined score (CS) >0.9 was considered as criteria for
selection. Protein-protein Interaction (PPI) network was created for
DEGs with CS >0.9 by using Cytoscape v 3.2.1 [16] followed by sub-
network mining. Average shortest path length and edge betweenness
were taken as criteria for network construction.

Functional enrichment analysis

The database for annotation, visualization, and integrated discovery
(DAVID v 6.7) [17] was used for Gene ontology (GO) enrichment
analysis including biological process (BP), molecular function (MF)
and cellular component (CC) of genes involved in the PPI network.
Significant functions were plotted against —log10 of the p-value for up
and down-regulated genes separately. In this analysis p-value <0.05 was
set as the criterion.

Pathway enrichment analysis

Pathway enrichment of DEGs involved in the PPI network was
also performed with DAVID. Significantly enriched KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways were selected and
plotted against —-log10 of the p-value. The criterion for this analysis was
set as a p-value <0.05.

Known disease genes

Known and validated genes of GDM were downloaded from OMIM
[18] and Gene Cards [19] and compared with DEGs to find candidate
GDM-related genes. OMIM and Gene Cards provide information of
all annotated and experimentally validated genes related to human
disease. Co-enrichment analysis for these candidates GDM related gene
and known disease gene was performed.

Results

DEGs between specimens of GDM patients and healthy
controls

Normalized microarray data of GDM and control specimens have
been shown in Figure 1. A total of 571 significant DEGs with their
official gene symbol were identified of which 302 were up-regulated and
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269 were down-regulated. Criteria used for selection was p-value <0.05
and | log, FC >0.1. DEGs were selected based on their average gene
expression value. Moreover, 7 DEGs (3 up and 4 down) were found to
be common in OMIM and Gene Cards.

Principal component and hierarchical clustering analysis of
DEGs

Principal Component Analysis reveals a scatter plot showing total
variance of 75.9% and 7.2% with axes corresponding to the two different
principal components - principal component 1 (x-axis) and principal
component 2 (y-axis) respectively (Figure 2A). Heat-map shows a data
matrix where coloring gives an overview of the numeric differences. The heat
map was constructed for all 571 differentially expressed genes (Figure 2B).
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Figure 1. Microarray data after normalization. Box plot showing the distribution of values
data for the selected samples. The lines in the box are coincident, indicating that these chips
have been highly normalized
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Figure 2A. Principal component analysis of dataset GSE49524. PCA plot shows a scatter
plot with principal component 1 (x-axis) and principal component 2 (y-axis) showing total
variance of 75.9% and 7.2% respectively. ClustVis tool was used for this
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Figure 2B. Heat map of differentially expresses gene sets. Heat map showing the average
gene expression of differentially expressed genes (DEGs) among gestational diabetes
mellitus (GDM) and healthy control (HC). The blue to orange gradation represents the gene
expression values change from small to large. ClustVis tool was used to draw heat map

The Protein-Protein interaction network

All DEGs with combined score >0.9 (170 gene pairs out of 571
DEGs) was used to form protein-protein interaction network which
yielded one main network having 107 nodes and 179 edges (Figure 3)
while five sub-networks were extracted separately (Figure 4). Out of a total
of 170 DEGs with a combined score >0.9, a total of 96 DEGs were up-
regulated (red node) while 74 were down-regulated (blue node) (Figure 5).

Sub-network construction

Five sub-networks were extracted from the main network by the
use of Cytoscape (Figure 4A-4E). Sub-network 1 has 9 nodes and 13
edges (Figure 4A), sub-network 2 has 6 nodes and 7 edges (Figure 4B),
sub-network 3 has 6 nodes and 5 edges (Figure 4C), sub-network 4 has
4 nodes and 5 edges (Figure 4D), and sub-network 5 has 4 nodes and 4
edges (Figure 4E).

Known disease genes and candidate GDM related genes

Comparison of these 170 DEGs with GDM related annotated
gene list obtained from OMIM and Gene Cards (Figure 6A) reveals
7 known disease genes (represented as a red and blue triangle in the
main network, Figure 3). Direct neighbors of these known genes
were selected as candidate GDM related genes; this yields a total of 8
candidate genes which are shown in Figure 6B. Although, none of the
genes were significant except PLAT when plotted against average gene
expression value (Figure 6D), however, at fold change level all these
eight genes were found to be significant (p-value <0.05; Figure 6C). Out
of these 8 candidate GDM genes, 3 up-regulated genes were ILI3RA1
(Interleukin 13 Receptor Subunit Alpha 1), HSPA5 (Heat Shock Protein
Family A (Hsp70) Member 5) and PLAU (Plasminogen Activator,
Urokinase) while five down-regulated genes were TGFA (Transforming
growth factor-alpha), PLAT (Plasminogen activator), BID (BH3
Interacting Domain Death Agonist) and SP1 (Upstream Transcription
Factor 1) and NUP50 (Nucleoporin 50).

Functional enrichment analysis

Gene ontology enrichment analysis for DEGs involved in the
PPI network was performed and significantly enriched functions,
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Figure 3. Protein-Protein interaction (PPI) of differentially expressed genes. Red Circle up-regulated genes, Blue rectangle down-regulated genes, Red and Blue triangle known disease
genes. Lines the correlation between genes Thickness of lines (edges) is proportional to the combined score. Cytoscape v 3.2.1 was used to construct the network
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Figure 4. Five subnetworks of differentially expressed genes (DEGs). A. subnetwork 1. B. subnetwork 2. C. subnetwork 3. D. subnetwork 4, and E. subnetwork 5. Red Circle up-regulated
genes, Blue rectangle down-regulated genes. Lines the correlation between genes (proteins). The thickness of the lines (edges) is proportional to the combined score. Cytoscape v 3.2.1 was
used to extract subnetwork
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Figure 5. Venn diagram showing the total number of DEGs. DEGs with the combined score (CS) >0.9, total up-regulated genes, and down-regulated genes. The red rectangle highlights the
total UP and DOWN regulated genes having a combined score >0.9. Venny tool v 2.1.0 was used to draw the vein diagram
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Figure 6. Known validated Genes: A. Vein diagram showing common genes among DEGs, OMIM, and Gene cards. B. List of known and candidate GDM related genes. C. Log Fold Change
bar graph for candidate GDM gene. D. Bar graph showing average gene expression of candidate GDM gene

processes, and cellular components (p-value <0.05) were listed in Table
1 (For up-regulated DEGs) and Table 2 (For down-regulated DEGs).
Among these biological processes, regulation of RAS protein signal
transduction, regulation of apoptosis, cell proliferation, regulation of
the immune system, regulation of secretion and wound healing were
major significant processes (p-value <0.05) related to up-regulated
DEGs (Figure 7A) while regulation of hormone levels, pro-apoptotic
gene products, embryo and limb morphogenesis, neuronal cell
development, pancreas development, oxidative phosphorylation and
response to hypoxia were significant processes (p-value <0.05) of
down-regulated genes (Figure 7B).

Co-enrichment analysis for these candidates GDM related gene led
to the identification of important processes which are listed in Table
3. A separate biological processes network was created for those eight
candidates GDM related genes (Figure 8A and 8B). UP-regulated
genes (IL13RA1, HSPAS5, and PLAU) were found to be involved in
the regulation of cell proliferation, caspase activity, wound healing,
and enzyme-linked receptor signaling (Figure 8A). Major processes
regulated by down-regulated genes (TGFA, PLAT, BID, SP1, and
NUP50) were pancreas development, activation of pro-apoptotic genes,
response to hypoxia, and protein localization (Figure 8B). Hence, 8
DEGs identified in this study were estimated to be candidate disease
genes of GDM.

Pathway enrichment analysis

KEGG pathway enrichment analysis for DEGs in the PPI network
revealed a total of 6 significantly enriched pathways (p value<0.05).
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Among these pathways, oxidative phosphorylation, ribosome,
pancreatic cancer, and glycosphingolipid biosynthesis are associated
significantly with GDM (Figure 9A). Genes playing an important role in
these pathways are listed in Figure 9B. It should be noted that ILI3RAI,
HSPAS5, PLAU, TGFA, PLAT, BID, SP1, and NUP50 were enriched in
GO functions and/or KEGG pathways together with their interacted
known disease genes.

Discussion

In the past few years, GDM has become the global maternal health
problem with the adverse fetal outcome and compromised maternal and
neonatal health. Despite its increasing incidence, the main candidate
gene and the complete molecular mechanism is not yet deciphered. In
this microarray study, we have tried to find out the new candidate genes
and pathways being involved in the prognosis of GDM. In this study,
microarray data submitted on GEO datasets (GSE49524; Figure 1) was
statistically analyzed to screen out DEGs. A total of 571 DEGs were
identified of which 302 up-regulated genes and 269 down-regulated
genes were identified (Figure 5). PPI networking for a total of 172
genes with a combined score>0.9 was performed (Figure 3). Functional
enrichment analysis for genes in PPI network reveals regulation of cell
proliferation, regulation of the immune system, regulation of caspase
activity, RAS signaling, and regulation of secretion as major significant
processes being regulated by the up-regulated genes (Figure 7A)
while the response to hypoxia, oxidative phosphorylation, regulation
of hormone levels, pancreas development, embryo morphogenesis,
and neuronal cell development are significant major processes
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Table 1. Gene Ontology and Pathway Enrichment Analysis of Up - regulated Genes

Category Term PValue FDR
GOTERM_BP_FAT GO:0016192~vesicle-mediated transport 3.53E-04 0.574465
GOTERM_BP_FAT G0:0042060~wound healing 4.60E-04 0.748457
GOTERM_BP_FAT GO:0008104~protein localization 0.003920236 6.209227
GOTERM_BP_FAT GO0:0042127~regulation of cell proliferation 0.007406041 11.42459
GOTERM_BP_FAT GO:0007160~cell-matrix adhesion 0.010056987 15.20726
GOTERM_BP_FAT G0:0043085~positive regulation of catalytic activity 0.010337791 15.59893
GOTERM_BP_FAT GO:0051048~negative regulation of secretion 0.015179851 22.09138
GOTERM_BP_FAT GO:0007596~blood coagulation 0.015944335 23.07253
GOTERM_BP_FAT GO:0007167~enzyme linked receptor protein signaling pathway 0.01598862 23.12901
GOTERM_BP FAT G0:0045860~positive regulation of protein kinase activity 0.019302103 27.24618
GOTERM_BP _FAT GO0:0006904~vesicle docking during exocytosis 0.02140064 29.74567
GOTERM_BP_FAT GO:0006512~ubiquitin cycle 0.02140064 29.74567
GOTERM_BP_FAT GO0:0070271~protein complex biogenesis 0.021549313 29.91966
GOTERM_BP_FAT GO:0051271~negative regulation of cell motion 0.021762503 30.16844
GOTERM_BP_FAT G0:0048278~vesicle docking 0.02489317 33.72761
GOTERM_BP FAT GO:0051347~positive regulation of transferase activity 0.026518971 35.50805
GOTERM_BP_FAT GO0:0031099~regeneration 0.027570609 36.6357
GOTERM_BP_FAT GO:0007566~embryo implantation 0.032513893 41.69267
GOTERM_BP_FAT GO:0006396~RNA processing 0.034703428 43.80926
GOTERM_BP_FAT G0:0043281~regulation of caspase activity 0.038900002 47.66595
GOTERM_BP_FAT GO:0002683~negative regulation of immune system process 0.043999064 52.01769
GOTERM_BP FAT G0:0032944~regulation of mononuclear cell proliferation 0.045323518 53.09113
GOTERM_BP_FAT G0:0032232~negative regulation of actin filament bundle formation 0.046429183 53.96993
GOTERM_BP_FAT GO0:0052547~regulation of peptidase activity 0.048031392 55.21601
GOTERM_BP_FAT GO0:0046578~regulation of Ras protein signal transduction 0.049240481 56.13531
GOTERM_BP_FAT GO:0007517~muscle organ development 0.050069013 56.755
GOTERM_BP_FAT GO:0010608~posttranscriptional regulation of gene expression 0.050069013 56.755
GOTERM_BP_FAT GO:0051249~regulation of lymphocyte activation 0.051916413 58.10728
GOTERM_BP _FAT GO:0051603~proteolysis involved in cellular protein catabolic process 0.058263228 62.45676
GOTERM_BP_FAT GO0:0050868~negative regulation of T cell activation 0.059831429 63.46414
GOTERM_MF_FAT GO:0042802~identical protein binding 0.004635547 6.1519
GOTERM_MF_FAT GO:0005484~SNAP receptor activity 0.01487665 18.5205
GOTERM_MF_FAT GO:0030695~GTPase regulator activity 0.028308202 32.45772
GOTERM_MF_FAT G0O:0060589~nucleoside-triphosphatase regulator activity 0.03167934 35.59043
GOTERM_MF_FAT G0:0034189~very-low-density lipoprotein binding 0.03526693 38.77599
GOTERM_MF_FAT G0:0030229~very-low-density lipoprotein receptor activity 0.03526693 38.77599
GOTERM_MF_FAT G0:0003713~transcription coactivator activity 0.042878246 45.05679
GOTERM_MF_FAT GO0:0005096~GTPase activator activity 0.047306265 48.43036
GOTERM_CC_FAT GO:0031410~cytoplasmic vesicle 0.002967489 3.834298
GOTERM_CC _FAT GO0:0012505~endomembrane system 0.006926931 8.738909
GOTERM_CC_FAT GO:0031201~SNARE complex 0.013680249 16.57445
GOTERM_CC FAT G0:0016023~cytoplasmic membrane-bounded vesicle 0.015129552 18.17283
GOTERM_CC_FAT GO0:0044431~Golgi apparatus part 0.021669055 25.03924
GOTERM_CC_FAT GO:0044456~synapse part 0.029425783 3249216
GOTERM_CC_FAT GO:0031981~nuclear lumen 0.053578602 51.54086
GOTERM_CC_FAT G0:0031970~organelle envelope lumen 0.05986763 55.61024

BP: Biological process; MF: Molecular function; CC: Cellular component; FDR: False Discovery Rate

being regulated by the down-regulated genes (Figure 7B). Pathway
enrichment analysis for these genes led to the identification of oxidative
phosphorylation, ribosome, pancreatic cancer, and glycosphingolipid
biosynthesis as major significant pathways (Figure 9A). Further, the
PPIs network has been investigated between DEGs and known disease
gene and functional consistency was assessed via functional enrichment
analysis. Consequently, 8 candidate GDM-related genes IL13RAl,
HSPA5, PLAU, TGFA, PLAT, BID, SP1, and NUP50 were identified.

Among these genes, ILI3RA1 interacted with the STAT1-known
GDM gene (Figure 6B and 8A) and they were enriched in regulation
of cell proliferation. Higher expression of STAT1 has been reported

Obstet Gynecol Rep, 2020 doi: 10.15761/OGR.1000152

in GDM cases and is essential for cytokine signaling [20]. ILI3RA1
(IL-13Ral) is a cytokine receptor and has been shown to play a role
in macrophage differentiation and function [21] and its elevated
expression cause neuronal loss during severe chronic stress [22]. In this
study also, higher expression of ILI3RA1 has been found (Figure 6C),
confirming the chronic stress-induced diabetic milieu and increased
oxidative stress. Furthermore, increased expression of IL-13Ral may
also compromise fetal development by negatively regulating neuronal
cell and macrophage proliferation.

HSPAS5 interacted with known disease genes EIF2AK3 (Figure
6B and 8A), and they were enriched in the regulation of caspase
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Table 2. Gene Ontology and Pathway Enrichment Analysis of Down - regulated Genes

Category Term PValue FDR
GOTERM_BP_FA GO0:0032268~regulation of cellular protein metabolic process 0.001096 1.789076
GOTERM_BP_FA GO:0009799~determination of symmetry 0.006639 10.38979
GOTERM_BP_FA GO:0001666~response to hypoxia 0.007038 10.98159
GOTERM_BP_FA GO:0006119~oxidative phosphorylation 0.011539 17.39834
GOTERM_BP _FA GO:0008284~positive regulation of cell proliferation 0.011977 17.99991
GOTERM_BP_FA GO:00064 14~translational elongation 0.01278 19.08968
GOTERM_BP_FA GO:0034754~cellular hormone metabolic process 0.015776 23.0402
GOTERM_BP_FA GO:006054 1~respiratory system development 0.015998 23.32599
GOTERM_BP_FA GO:0008633~activation of pro-apoptotic gene products 0.016307 23.72218
GOTERM_BP FA GO:0006776~vitamin A metabolic process 0.017757 25.55271
GOTERM_BP FA GO:0010033~response to organic substance 0.027757 37.09894
GOTERM_BP_FA GO:0048545~response to steroid hormone stimulus 0.029018 38.42886
GOTERM_BP_FA GO:0006766~vitamin metabolic process 0.02958 39.01389
GOTERM_BP_FA GO:0031667~response to nutrient levels 0.031917 41.38781
GOTERM_BP_FA GO:0070727~cellular macromolecule localization 0.032347 41.81505
GOTERM_BP_FA GO:0019233~sensory perception of pain 0.033048 42.50526
GOTERM_BP_FA GO:0051297~centrosome organization 0.033048 42.50526
GOTERM_BP_FA GO:0046649~lymphocyte activation 0.033126 42.58159
GOTERM_BP_FA GO0:00093 14~response to radiation 0.033741 43.18014
GOTERM_BP_FA GO:0006775~fat-soluble vitamin metabolic process 0.034978 44.36644
GOTERM_BP_FA GO:0009416~response to light stimulus 0.035282 44.65444
GOTERM_BP_FA GO:0065003~macromolecular complex assembly 0.03582 45.16037
GOTERM_BP_FA GO:0009952~anterior/posterior pattern formation 0.036898 46.162
GOTERM _BP FA GO:0019882~antigen processing and presentation 0.038253 47.39547
GOTERM_BP_FA GO0:0002683~negative regulation of immune system process 0.038253 47.39547
GOTERM_BP_FA GO0:0031016~pancreas development 0.038965 48.03388
GOTERM_BP_FA GO0:0031023~microtubule organizing center organization 0.038965 48.03388
GOTERM_BP_FA GO:0030534~adult behavior 0.041804 50.50451
GOTERM_BP_FA GO0:0070120~ciliary neurotrophic factor-mediated signaling pathway 0.043936 52.28734
GOTERM_BP_FA GO:0010817~regulation of hormone levels 0.046543 54.38584
GOTERM_BP _FA GO:0009725~response to hormone stimulus 0.046615 54.44281
GOTERM_BP_FA GO0:0030030~cell projection organization 0.04718 54.88544
GOTERM_BP_FA GO0O:0030900~forebrain development 0.047483 55.12098
GOTERM_BP_FA GO:0009991~response to extracellular stimulus 0.047549 55.17204
GOTERM_BP_FA GO:0050679~positive regulation of epithelial cell proliferation 0.051884 58.41627
GOTERM_BP_FA G0O:0043933~macromolecular complex subunit organization 0.05302 59.2294
GOTERM_BP FA GO:0006120~mitochondrial electron transport, NADH to ubiquinone 0.054167 60.03529
GOTERM_BP_FA GO0:0048598~embryonic morphogenesis 0.057498 62.29156
GOTERM_BP_FA GO:0035108~limb morphogenesis 0.059014 63.27792
GOTERM_MF_FAT GO:0016651~oxidoreductase activity, acting on NADH or NADPH 7.43E-04 1.000527
GOTERM_MF_FAT GO:0003954~NADH dehydrogenase activity 0.006002 7.82358
GOTERM_MF_FAT GO:0035250~UDP-galactosyltransferase activity 0.012663 15.84034
GOTERM_MF_FAT GO:0005501~retinoid binding 0.013918 17.27628
GOTERM_MF_FAT GO:0043176~amine binding 0.015058 18.5611
GOTERM_MF_FAT GO0:0003735~structural constituent of ribosome 0.015116 18.62667
GOTERM_MF_FAT GO:0019840~isoprenoid binding 0.016581 20.24921
GOTERM_MF_FAT GO:0003702~RNA polymerase II transcription factor activity 0.019008 22.87104
GOTERM_MF_FAT GO:0042287~MHC protein binding 0.019443 23.33328
GOTERM_MF_FAT GO:0042826~histone deacetylase binding 0.029147 32.98692
GOTERM_MF_ FAT GO:0008378~galactosyltransferase activity 0.034583 37.89061
GOTERM_CC_FAT GO:0005829~cytosol 1.59E-05 0.020511
GOTERM_CC_FAT GO:0005932~microtubule basal body 0.004181 5.277942
GOTERM_CC_FAT GO:0005747~mitochondrial respiratory chain complex I 0.006463 8.048944
GOTERM_CC_FAT GO:0043235~receptor complex 0.021201 24.21863
GOTERM_CC_FAT GO:0033279~ribosomal subunit 0.029105 31.76743
GOTERM_CC_FAT GO:0042105~alpha-beta T cell receptor complex 0.035814 37.62359
GOTERM_CC_FAT GO0:0031974~membrane-enclosed lumen 0.043719 43.9274
GOTERM_CC_FAT GO0:0031225~anchored to membrane 0.049966 48.48729
GOTERM_CC_FAT GO:0005654~nucleoplasm 0.056355 52.79496
GOTERM_CC_FAT GO:0043233~organelle lumen 0.059724 54.92959

BP: Biological process; MF: Molecular function; CC: Cellular component; FDR: False Discovery Rate
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Table 3. The comprehensive information of Candidate GDM DEGs enriched in significant functions

DEGs Interacted known disease gene |p Value Co-enriched functions
PLAU SERPINE1 4.60E-04 G0:0042060~wound healing
0.007406041 GO0:0042127~regulation of cell proliferation
0.015944335 GO:0050817~coagulation
0.015944335 G0:0007596~blood coagulation
0.017543492 GO0:0032101~regulation of response to external stimulus
0.019262064 GO:0007599~hemostasis
0.027570609 GO:0031099~regeneration
0.028836124 GO0:0009611~response to wounding
0.032513893 GO:0007566~embryo implantation
0.044845564 GO0:0050878~regulation of body fluid levels
HSPAS EIF2AK3 0.038900002 G0:0043281~regulation of caspase activity
0.039213596 GO:0031667~response to nutrient levels
0.042694395 GO0:0052548~regulation of endopeptidase activity
0.048031392 GO:0052547~regulation of peptidase activity
0.057895532 GO:0009991~response to extracellular stimulus
IL13RA1 STAT1 0.007406041 G0:0042127~regulation of cell proliferation
0.043999064 G0:0050670~regulation of lymphocyte proliferation
0.045323518 G0:0032944~regulation of mononuclear cell proliferation
0.045323518 GO:0070663~regulation of leukocyte proliferation
0.051916413 GO0:0051249~regulation of lymphocyte activation
NUP50 GCKR 0.025832384 GO0:0008104~protein localization
0.039907151 GO:001503 1~protein transport
0.04230758 G0:0045184~establishment of protein localization
SP1 USF1 0.011943236 G0:0030324~lung development
0.013211361 GO0:0030323~respiratory tube development
0.015997891 GO:0060541~respiratory system development
0.057498485 G0:0048598~embryonic morphogenesis
BID MAPKS 0.016307365 G0:0008633~activation of pro-apoptotic gene products
0.025832384 GO:0008104~protein localization
0.031175948 GO0:0034613~cellular protein localization
0.032346883 GO:0070727~cellular macromolecule localization
0.039907151 GO:0015031~protein transport
0.04230758 G0:0045184~establishment of protein localization
PLAT MAPKS 0.007038293 GO:0001666~response to hypoxia
0.008676767 GO:0070482~response to oxygen levels
TGFA IL6R 0.01197724 G0:0008284~positive regulation of cell proliferation
0.05188357 GO:0050679~positive regulation of epithelial cell proliferation

DEGs: Differentially Expressed Genes
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Figure 7A. Gene Ontology analysis for UP-regulated Genes in PPI network in diabetic mothers. Bar graph showing significant processes, function and cellular component enriched in
diabetic mothers for up-regulated genes. DAVID v 6.7 was used for annotation
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Figure 7B. Gene Ontology analysis for Down-regulated Genes in PPI network in diabetic mothers. Bar graph showing significant processes, function and cellular component enriched in
diabetic mothers for down-regulated target genes. DAVID v 6.7 was used for annotation
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Figure 8A. Functional analysis of significantly Up-regulated genes. Functional analysis uncover many significant processes being regulated by the candidate and known GDM related genes.
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Figure 9A. KEGG Pathway analysis for Differentially Expressed Genes in diabetic mothers.
Pathway enrichment for DEGs lead to identification of 2 significant pathways for up- while
4 significant pathways for down-regulated DEGs. DAVID v 6.7 was used for annotation.
Red and blue bar represents pathways of up-and down-regulated genes respectively
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Figure 9B. Significantly enriched KEGG Pathways and genes involved in these pathways
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activity and enzyme-linked receptor signaling pathway. An earlier
study in mouse has reported that loss of function mutation in perk
(EIF2AK3) causes insufficient proliferation of B-cells and defects in
insulin secretion leading to neonatal diabetes in human (Wolcott
Rallison Syndrome) and mice attributable to the impaired ER-to-
Golgi anterograde trafficking, retrotranslocation from the ER to the
cytoplasm, and proteasomal degradation. Hence, increased expression
of EIF2AK3 hastens the progression of diabetes [23]. Another study
reports the perk (EIF2AK3) as an essential regulator of the endoplasmic
reticulum (ER) stress response [24] and ER stress has been found to
promote B-cell apoptosis in type 2 diabetes patient [25]. Similarly, in
this study, the expression of both of these genes are up-regulated, hence
may be beneficial. No study reports the similar role of HSPA5 in any
diabetes including GDM. Since HSPAS5 directly interacts with known
disease gene EIF2AK3 hence it will be playing a similar role and can
be considered as a strong and novel candidate gene of GDM. However,
further validations are required need to support these findings.

PLAU interacts with known disease gene SERPINE]1, and they were
found to be involved in wound healing and embryo implantation. In
a study conducted by Sun H, et al, it has been shown that wounding
up-regulates the expression of SERPINE1 and PLAU, and in healing
epithelia, Plau and Serpinel were abundantly expressed at the leading
edge of the healing epithelia [26]. Another study reports increased
expression of SERPINEI in endometriosis [27] and lung cancer. In
addition to its role in wound healing, SERPINE] is also thought to
be involved in cell movement (migration) and the breakdown and
replacement (remodeling) of body tissues [28]. PLAU is a plasminogen
activator while SERPINEI is a plasminogen activator inhibitor, hence
the action of both genes, balance the cell growth and movement during
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embryo development, and hence their expression may be detrimental
to fetal health in hyperglycemic condition.

TGFA interacts with known disease gene IL6R and both are found
to regulate cell proliferation and pancreas development. Various studies
report the role of IL6/IL6R in pancreatic development and function.
In one study, conducted by Wu X, et al. IL6R has been found to inhibit
pancreatic B-cell apoptosis in type 2 diabetes via JAK-STAT signaling
[29]. IL6/IL6R has also been found to regulate pancreatic cell mass
expansion, particularly a-cell [30] and secretion of insulin by directly
acting on pancreatic B-cell [31]. Further, TGFA has also been found to
stimulate the growth of islet cells of pancreas [32,33]. However, both
TGFA and IL6R are down-regulated in GDM cases and hence can be
thought of as role players in the development of GDM by hampering
the growth and function of the pancreas.

PLAT and BID both interact with known disease gene MAPKS8 and
they were found to respond to hypoxia and were found to be involved
in activation of the pro-apoptotic gene product. MAPKS is encoded
mitogen-activated protein kinase important for apoptosis, T-cell
differentiation, and inflammatory responses [34]. Increased expression
of Jnkl (Mapk8) is required for EMT cell migration and the induction
of apoptosis [35]. BID has also been found in apoptosis of p-cell and its
deficiency protects beta cells from FasL-induced apoptosis in vitro [36].
No study reports the role of PLAT in any kind of diabetes including
GDM. Since PLAT interacts with BID and MAPKS, both of which
play an important role in apoptosis of beta-cell, hence it can also be
considered to play a similar role and thus may act as a novel candidate
gene for GDM. However, further experimentation will be required to
validate the findings.

SP1 interacts with known disease gene USF1 and both control the
embryonic morphogenesis. Upstream stimulating factor 1 (USF1) is a
basic helix loop helix transcription factor that regulates oocyte and early
embryo development through its specific binding to E-box DNA motifs
which are known cis-elements of key oocyte expressed genes [37].
Despite their role in embryo development, it has also been reported
to play an important role in insulin synthesis. Furthermore, USF1 is
found to be involved in the transcriptional regulation of various genes
whose gene products are implicated in the stress and immune response,
cell cycle regulation, DNA repair and proliferation of cells, and in lipid
and carbohydrate metabolism [38]. Like USF1, Specificity protein 1
(Sp1) is also a transcription factor and has been found to regulate gene
expression in response to insulin [39] not only this insulin has been
found to stimulates both the biosynthesis of transcription factor Spl
as well as its O-linked N-acetyl-glucosaminylation (O-GlcNAcylation)
[40]. It also plays an important role in the developmental process of
various organs like egg-laying system [41] including placenta [42].
Hence both genes play a diverse role and are particularly involved in
embryo morphogenesis and insulin metabolism in case of diabetes.

NUP50 interacts with known disease gene GCKR and they were
enriched in protein localization and protein transport. The glucokinase
regulatory protein (GCKR) regulates the activity of the glucokinase
(GCK) and has been shown to post-transcriptionally regulates GCK
function in the liver, and causes its nuclear localization, not only
this, but GCK also causes nuclear localization of GCKR [43]. Various
association studies reveal the important role of GCKR in diabetes
development [44,45]. NUP50 is a type of nuclear pore complexes
(NPCs) that have long been known in the transport of protein and RNA
between the nucleus and the cytoplasm [46]. Several studies report the
universal role of NUP50 in nuclear protein export [47,48]. Hence both
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the genes are important for protein localization particularly glucokinase
protein, in case of GDM, which is important in glucose metabolism.

Conclusion

The present study identifies 8 candidates GDM related genes based
on the PPI network and functional consistency. Hence these genes
namely IL13RA1, HSPA5, PLAU, TGFA, PLAT, BID, SP1, and NUP50
can be considered as a candidate gene for GDM based on their direct
correlation with known disease gene and bio-functional consistency.
Out of these 8 candidate genes, two genes namely PLAT and HSPA5 has
not been reported in any diabetic condition including GDM so far to
best of our knowledge and thus can be considered as a novel candidate
gene of GDM. However, further experimentation will be required
for the validation of these genes. Our study will contribute to the
understanding of mechanisms lying behind the progression of GDM.
Nevertheless, more studies are required to validate our predictions.
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