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Abstract

Background: Proliferative Diabetic Retinopathy (PDR) is the advanced version of Diabetic
Retinopathy in which, new, fragile blood vessels can start to develop in the retina and into the
vitreous, the gel-like fluid that fills the back of the eye.

Material and Methods: Here we study PDR from a whole system viewpoint in which network
science is utilized for the system representation. Our objective is to explore the role of differentially
expressed genes in the development of PDR. For this purpose, we have designed a framework
in which the genes with high differential expression are identified and their PPI networks are
regenerated. Next, influential dominating nodes are specified in the resulting network. With the
enrichment analyses, the output set is validated and its role in the PDR is studied.

Results: These results suggest that the output gene set has a significant association with the disease
of study. Additionally, we identify miRNAs regulating the transcription of genes inside the explored
module as biomarkers affecting the progress of PDR.
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Introduction

Diabetic Retinopathy (DR), also known as
diabetic eye disease !, is a serious complication
of diabetes that threatens vision. It reasons
progressive damage to the retina, the light-
sensitive lining at the back of the eye. Initially,
diabetic retinopathy might have no symptoms
or only mild vision problems. However, over
time it can go toward blindness. The condition
can progress in everybody who has type 1 or
type 2 diabetes. The longer diabetes and the
less controlled blood sugar, the more probable
this eye complication. DR affects up to 80 %
of people who have suffered from diabetes
for at least 20 years 2. Diabetic retinopathy
generally affects both eyes.

Non-proliferative diabetic retinopathy
(NPDR) is the initial stage of the disease in
which symptoms are slight or absent. In NPDR,
the blood vessels in the retina are weakened.
Tiny bulges in the blood vessels, called micro-
aneurysms, can leak fluid inside the retina.
On the other hand, Proliferative Diabetic
Retinopathy is the more progressive. At this
stage, circulation problems deny the retina
of oxygen. Then, new, fragile blood vessels
can start to develop in the retina and into the
vitreous, the gel-like fluid that fills the back of
the eye. Blood may be leaked into the vitreous
by the new blood vessels, shadowing vision.
Over the years, many scientists have researched
to identify the function and basis of the disease,
to determine the causes of the disease and its
progression, and to move towards treatment
or prevention of disease exacerbation. These
researches include either experimental ** or
computational !> methods. However, as the
role of engineering in biological phenomena
becomes more prominent and more high-
throughput generated datasets become
available, the number of systemic approaches
is increasing. In this context, their goal is to

investigate the event from a holistic viewpoint.
Improved comprehension of the biochemical
structures underlying PDR can provide
therapeutic approaches with the potential to
be both impressive and less destructive than
present methods.

Systems biology has brought us a variety
of computational tools '*'5. This approach
successfully helps researchers to investigate
molecular mechanisms of inhibition and
activation of the genes and transcription factors,
predict drug-target interactions, and detect
novel molecular biomarkers of phenotypes
1618 Many RNA-RNA, RNA-miRNA, and
RNA-Lnc-RNA
macromolecules interactions in the cells; have

interaction beside other
been detected in the light of systems biology
method "2,

Here we used the network biology ? approach
to map the biomolecules involved in PDR to a
network model, then study its foundation and
structure using computational methods. In this
research, the RNAseq transcriptomic datasets
were used to capture genes with variation in
their expression levels in contrast to a normal
state, and then analyze their relations in post-
transcriptomic levels through computational
auxiliaries.

Material and Methods

The used data here is adapted from * (accession
number: GSE102485) and it contains a total
of 30 transcriptome profiles of neovascular
proliferative membrane specimens from 25
patients with PDR , 2 patients of type 2 diabetes,
and 3 normal samples. Given that our goal is
to study PDR disease, here we have used 25
PDR samples (as the case) and the 3 normal
samples (as control). It is mentioned that all
PDR patients of the study were in the fifth
pathological stage. The high-throughput total
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RNAseq data were preprocessed considering
the criteria that genes must have Counts
per Million (CPM) > 1 in more than two
samples. The count values were normalized
with the Trimmed Mean of M-values (TMM)
normalization.

Differential Gene Expression analysis

To determine genes with differentiation in their
expression level, we performed Differential
Gene Expression (DGE) analysis among
the 25 PDR disease samples and 3 healthy
samples. Here, the R programming language
with packages Limma ** and edgeR % were
utilized. We set the absolute logarithm of fold
change to be larger than two (|[LogFC| > 2) and
an adjusted P value of less than 0.05 (adj. P
value < 0.05).

Network Reconstruction

In order to model the disorder in terms of a
biological graph, the differentially expressed
genes (DEGs) were used to extract functional
PPI subnetwork. The idea used here is that
proteins translated from DEGs, destabilize
the normal condition and cause abnormalities
at post-transcriptional levels. For this reason,
we extracted the experimentally curated
PPI
(confidence level = 0.7, meaning of network

interactions of the examined DEGs
edge = ‘evidence’, and active interaction
source = ‘databases’ or ‘experiments’) from
the STRING 2¢ database.

This subnetwork contains some Connected
Components (CC), which are considered
effective modules in disease development
according to their tight interactions. From the
CC set, the Largest Connected Component
(LCCQ) is selected for further assessments.

Dominating Set Identification

Inside the LCC of the resulting network, we

discovered the controlling proteins using
the Dominating Set (DS) analysis. In an
undirected graph with V nodes and E edges,
a dominating set D is a subset of nodes () in
a way that other nodes ( are linked to at least
one of the D set nodes. These nodes in some
way are controlling the whole network as
they have interactions with the entire network.
We are concerned in genes that not only they
are differentially expressed, but also their
translated proteins are housed in the core of the
PPI subnetwork, and they are the subnetwork
controllers. Differentiation in their expression
will change the behavior of the complete
subsystem. To compute these driver nodes, we
utilized the Networkx Python library which
implemented it based on the algorithm 7.

Functional Enrichment

To confirm the functional activity of output
DS, we employed the EnrichR 2 utility to
discover the role of those genes in biological
processes and pathways and their relation
to the PDR disease. From the provided
enrichment categories, for gene ontology,
GO ?* Biological Processes, GO Molecular
Function, GO Cellular Component, and for
pathway enrichment, the KEGG *, and for the
disease overlap, data category DisGeNet 3! were
used. Here also, we considered terms passing
the condition of adj. P value < 0.05.

The pipeline applied in this research is
presented in Figure 1.

Results

Data Statistics

Preliminary data used in this study included
30 samples (25 PDR patients + 3 healthy
individuals + 2 type II diabetes specimens)
After the
filtration process, 17,607 transcripts remained.

containing 45952 transcripts.
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Figure 1: The followed pipeline in this research Materials and Methods

With the DGE analysis between the 25 PDR
samples and the 3 healthy samples, it was
specified that 1835 proteins coding PCG
and 10 miRNA are expressed differentially.
As mentioned before, the PPI network of
PCG DEGs was taken from experimentally
curated interactions of the STRING database
and assembled a network with topological
properties displayed in Table 1. The output
network is scale-free, which is a noticeable
pattern for real-world biological networks.
Moreover, the network visualization is
provided by Gephi *? software that illustrated
in Figure 2.

Because of the unreliability exerted from
human’s incomplete understandings from the
PPI interactions, to be robust in the network
analysis, the LCC is used in which interactions

32

Table 1: Topological properties of the PPI

subnetwork of DEGs

Property Value

Number of Nodes 441
Number of Edges 1042

Network Diameter 13
Network Density 0.011
Average Degree 4.726

Number of connected components 53
Modularity 0.763

are more complete. The LCC, obtained from
the PPI subnetwork, contains 267 nodes, and
802 edges. This is supposed to be a functional
module at the proteomics level affecting the
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Figure 2: PPI subnetwork of DE genes. The blue module is the largest connected component

normal and stable condition. Variation in dominating set identification was applied, 109
the expression of corresponding genes may nodes were specified as output set.

play role in the progress of PDR. Inside the

LCC module, we are looking for proteins Functional Enrichment
with the most influence on others. This is We assessed the explored dominating nodes
addressed by the dominating nodes. Every role in the related biological circles. Now, the
node in the network (LCC) is linked to at least  intersection of discovered genes with diseases,
one dominating node. This means that any pathways, biological processes, molecular
differentiation in their expression level will functions, and cellular components is
produce different quantities of their proteins, calculated statistically and the terms enriched
which have physical interactions with other in every test are provided in Tables 2, 3, 4,
proteins of the module. Therefore, these are 5, and 6 respectively. In every table, the top

good candidates to be studied. When the enriched results are presented.
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Table 2: Dominating set overlap with diseases

Term P value Adjusted P value Odds Ratio Combined Score
Inflammation 7.35E-18 1.74E-15 13.58501089 535.9545464
Chronic Lymphocytic 5.72E-17 1.10E-14 7.849846532 293.5885133
Leukemia
Diabetic Retinopathy 9.27E-10 3.12E-08 11.3755787 236.5992408
Conventional (Clear Cell)  1.31E-09 4.28E-08 6.650344953 136.0431802
Renal Cell Carcinoma
Nephritis 1.36E-09 4.36E-08 14.67360454 299.6243427
Infection caused by 1.36E-09 4.36E-08 9.823057644 200.5781849
Helicobacter pylori
Malignant neoplasm of 1.36E-09 4.36E-08 7.553135011 154.1767399
mouth
Diabetic Nephropathy 1.38E-09 4.37E-08 7.048023799 143.7976935
Lupus Erythematosus, 1.41E-09 4.44E-08 9.78925959 199.4780127
Discoid
Proliferative 1.59E-06 2.32E-05 19.25339806 257.080508
vitreoretinopathy
Osteopenia 1.85E-06 2.68E-05 6.908708767 91.21041873
Retinoblastoma 3.79E-05 4.09E-04 4.545628827 46.27682526
Proliferative diabetic 5.59E-05 5.78E-04 13.61332418 133.3097151
retinopathy
Vitiligo 5.60E-05 5.78E-04 6.625152728 64.86721347
Proliferative retinopathy 8.75E-05 8.47E-04 19.39145299 181.2020794
Visually threatening
diabetic retinopathy 8.07E-04 0.005037956 61.9470405 441.229228
Retinoschisis 0.001567 0.008502909 41.29179647 266.6723724

miRNA Association

Finally, we are interested inmiRNAsregulating
these functional gene set. For this reason, we
inspected the differentially expressed miRNAs
and their association with the dominating set.
It is noticeable that the validated interactions
of miRNA and their targets were adapted from
miRTarbase (33) database. It was specified that
from the 10 differentially expressed miRNAs,
4 (hsa-miR-21, hsa-miR-1304, hsa-let-7a-2,
and hsa-miR-4477b) have inhibition link with

91 driver nodes. Therefore, any change in their
expression will affect the whole module. As a
result, we mark all 91 PCGs and four miRNAs
as items to be evaluated experimentally.

Discussion

For the DR disease, it has been noticed
that over time, too much sugar in the blood
could lead to the blockage of the little blood
vessels that feed the retina, cutting off its
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Table 3: Dominating set overlap with Pathways

Term P value Adjusted P value ~ Odds Ratio ~ Combined Score
Hematopoietic cell lineage 6.36E-12 5.53E-10 25.26 651.22
Viral protein interaction with 1.75E-10 7.59E-09 22.22 499.33
cytokine and cytokine receptor
Viral myocarditis 3.58E-08 7.78E-07 25.69 440.43
Allograft rejection 0.000001907 0.00002073 28.93 381.02
Cytokine-cytokine receptor 4.50E-13 7.83E-11 13.04 370.62
interaction
Phagosome 6.87E-10 2.39E-08 15.72 331.71
Type I diabetes mellitus 0.000003578 0.00003662 25.12 314.99
Cell adhesion molecules 8.27E-09 2.06E-07 14.46 269.08
Intestinal immune network for IgA  0.000006228 0.00005348 22.19 266
production
Malaria 0.00000764 0.00006043 21.2 249.82
ECM-receptor interaction 5.19E-07 0.000006452 16.78 242.89
Neutrophil extracellular trap 6.88E-09 2.00E-07 12.43 233.64
formation
PI3K-Akt signaling pathway 8.88E-11 5.15E-09 9.95 230.34
AGE-RAGE signaling pathway in ~ 0.00001795 0.0001201 12.27 134.07
diabetic complications
B cell receptor signaling pathway ~ 0.00008081 0.0004328 12.53 118.12
Mucin type O-glycan biosynthesis ~ 0.0009863 0.003509 17.03 117.88
Human papillomavirus infection 2.58E-07 0.000004081 7.59 115.15
Leukocyte transendothelial = 1003775 00002263 10.67 108.67
migration
HIF-1 signaling pathway 0.02179 0.04799 5.28 20.21
Epithelial cell signaling in 0.05593 0.1047 5.45 15.71

Helicobacter pylori infection

blood supply. Therefore, the eye develops
new blood vessels. However, these fresh
vessels do not grow appropriately and can
leak simply. In line with this explanation, we
examined the resulting dominant genes in
more detail. First, the whole set is enriched
in pathways: Type I diabetes mellitus (adj. P
value = 0.00003662, genes: HLA-DRBS, LTA,
HLA-C, IL2, and HLA-DQB1), AGE-RAGE

signaling pathway in diabetic complications
(adj. P value = 0.0001201, genes: COLIAT1,
CCNDI1, SERPINEI1, PIK3R2, AGER, and
ICAMI1), HIF-1 signaling pathway (adj. P
value = 0.04799, genes: EPO, SERPINEI1
and PIK3R2), type
biosynthesis (adj. P value = 0.003509, genes:
GALNTS5, ST6GALNAC2, and GCNT4),
and Cytokine-cytokine receptor interaction

Mucin O-glycan
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Table 4: Go Biological processes of Dominating set

Name P value Adjusted P value Odds Ratio Combined score
regulation of dendritic cell 4.00E-07 0.00002258 94.68 1394.95
differentiation (GO:2001198)
negative regulation of production 0.00001291 0.0003398 93.8 1055.89
of molecular mediator of immune
response (GO:0002701)
negative regulation of dendritic cell 0.0002912 0.003864 123.91 1008.85
differentiation (GO:2001199)
atrial cardiac muscle tissue 0.0002912 0.003864 123.91 1008.85
morphogenesis (GO:0055009)
negative regulation of immunoglobulin ~ 0.0002912 0.003864 123.91 1008.85
production (GO:0002638)
negative regulation of leukocyte 0.0002912 0.003864 123.91 1008.85
differentiation (GO:1902106)
regulation of cell proliferation involved ~ 0.0002912 0.003864 123.91 1008.85
in heart morphogenesis (GO:2000136)
positive regulation of prostaglandin 0.0002912 0.003864 123.91 1008.85
biosynthetic process (GO:0031394)
monocyte extravasation (GO:0035696)  0.0002912 0.003864 123.91 1008.85
negative regulation of hormone 0.00001838 0.0004382 80.39 876.65

secretion (GO:0046888)

(adj. P value = 7.83E-11, genes: CCRI,
BMP10, CSF3R, IL4R, EPO, LIF, OSM,
TNFRSF10B, IL2, TNFRSF10D, CXCL12,
CD40LG, CXCRI1, CXCR2,LTA, CCR2, and
PF4).

According to the KEGG, the majority of type
1 diabetes mellitus (T1DM) cases are believed
to arise from an inflammatory, autoimmune
attack against the beta cells in the pancreas,
which subsequently leads to the failure of
insulin-mediated blood glucose regulation in
the body. This can lead to high blood sugar
and the early stages of diabetic retinopathy.
Studies of the
components

cellular and molecular

of hypoxia signaling have
unlocked a novel era in the dealing of
retinopathies. Any disruption of oxygen
delivery can result in the development of some

degenerative retinal diseases such as diabetic

36

retinopathy. Agreed on the effect of HIF-1 in
these disorders, it is obvious that any change
of this pathway at different stages can result
in effective treatment of oxygen-dependent
eye diseases. The set of genes obtained in the
present study shows that EPO, SERPINEI1
and PIK3R2 genes (from HIF-1 signaling
pathway) are stimulus nodes that play a key
role in DR %, The set of genes obtained in the
present study shows that EPO, SERPINEI1
and PIK3R2 genes (from HIF-1 signaling
pathway) are stimulus nodes that play a key
role in DR 34,

O-glycans are a type of glycan that alters the
residues of S (serine) or T (threonine) proteins.
According to the joined sugars, there are four
typical structures of O-glycan nuclei, nuclei
1 to 4, and the other four structures, nuclei 5
to 8. Mucins are extremely O-glycosylated
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Table 5: Molecular functions of Dominating set

Name P value Adjusted P value Odds Ratio Combined score

MHC class Ib protein binding  0.000008644 0.0003112 112.56 1312.32
(G0:0023029)

C-X-C chemokine binding 0.0002912 0.004193 123.91 1008.85
(GO:0019958)

C-X-C chemokine receptor 0.0002912 0.004193 123.91 1008.85

activity (GO:0016494)
platelet-derived growth factor 0.00002517 0.0005764 70.34 744.91
binding (GO:0048407)

MHC class I receptor activity 0.0004352 0.00553 92.93 719.25
(G0:0032393)

MHC class II protein binding 0.0004352 0.00553 92.93 719.25
(G0O:0042289)

MHC protein binding 3.90E-07 0.0000842 41.53 612.88
(GO:0042287)

C-C chemokine receptor activity 0.000006824 0.0003112 39.84 473.94
(GO:0016493)

C-C chemokine binding 0.000008154 0.0003112 37.85 443.48
(GO:0019957)

superoxide-generating NADPH  0.0008066 0.008711 61.95 441.23

oxidase activator activity
(GO:0016176)

glycoproteins found in mucosal secretions
at various levels from cellular to body fluids.
Mucin O-glycans can be branched, and many
sugars are antigens. Significant changes
in mucin O-glycans contain o-acetylation
of sialic acid, O-sulfate galactose, and
N-acetylglucosamine.

AGE/RAGE signaling pathway in diabetic-
mediated vascular calcification  results
in increased oxidative stress, leading to
phenotypic changes in VSMCs to osteoblast-
like cells

%, In addition, it enhances oxidative stress

in AGEs-induced calcification

to promote diabetes-induced vascular
calcification by activating Nox-1 and reducing
SOD-1 expression.

Cytokine-cytokine receptor interaction is

another pathway that was studied in our

Journal of Ophthalmic and Optometric Sciences. Volume 3, Number 4, Autumn 2019

that
play a fundamental role in the inter-cellular

study. Cytokines are glycoproteins
regulation of cells involved in differentiation,
cell growth, angiogenesis, cell death, and
growth and repair processes. Cytokines are
usually diffused by different cells in response
to a stimulus, and by binding to special
receptors on the surface of the target cells, they
induce a response. Cytokines can be classified
into different series based on structure.

In a second step, we identified list of
differentially expressed PCGs inside our
dominating set targeted by differentially
expressed miRNAs. The hsa-miR-21 regulates
44 PCGs in which TGFB1, CCND1, COL4A1,
IL1B, ICAM1, and TGFBR2 are involved in
the AGE-RAGE signaling pathway in diabetic
complications (adj. P value = 0.000006094)
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Table 6: Cellular Components of Dominating set

Name Pvalue Adjusted P value Odds Ratio Combined score
collagen-containing extracellular matrix
1.37E-15 1.91E-13 12.98 444.39
(GO:0062023)
lumenal side of endoplasmic reticulum
1.5E-05 0.00027 31.53 349.34
membrane (GO:0098553)
integral component of lumenal side
of endoplasmic reticulum membrane 1.5E-05 0.00027 31.53 349.34
(GO:0071556)
MHC protein complex (GO:0042611) 0.00017 0.00196 33.09 287.62
MHC class II protein complex
0.00221 0.00997 33.78 206.6
(GO:0042613)
apicolateral plasma membrane
0.02696 0.08986 46.03 166.35
(G0O:0016327)
phagolysosome (GO:0032010) 0.02696 0.08986 46.03 166.35
platelet alpha granule (GO:0031091) 9.8E-06 0.00023 13.74 158.42
bounding membrane of organelle
8.74E-10 4.08E-08 6.12 127.74
(GO:0098588)
ER to Golgi transport vesicle membrane
0.00021 0.00215 15.12 127.73

(GO:0012507)

that is proven pathway in the DR progress.
Moreover, hsa-miR-21 targets CXCLI10,
CCL20, IL1B, and MMPY, taking part in
the IL-17 signaling pathway. The IL-17A
has emerged as an important inflammatory
mediator involved in the genesis of immune
and chronic inflammatory diseases, including
cardiovascular and renal diseases and diabetic
complications *. Additionally, it controls
the TNF signaling pathway (adj. P value =
0.00009474). TNFa is required for Late BRB
breakdown in diabetic retinopathy, and its
inhibition prevents Leukostasis and protects
vessels and neurons from apoptosis *.

The amplified expression of hsa-miR-21 in
PDR might be interrelated with encouraging
angiogenesis  through directing PTEN,
resulting in the triggering of AKT and ERK1/2
signaling pathways, and thus improving
VEGF and HIF-la expression (Liu et al.,
2011). Besides, the mentioned miRNA is

38

highly expressed in response to high glucose
and defends endothelial cells from apoptosis
procedure.

In the same way, hsa-let-7a-2 regulates
PDHA2, MAP7, KCNBI1, GNATI, and
ACSM2A PCGs. PDHA?2 related pathways
are Glucose metabolism and Acetylcholine
Synthesis. Gene Ontology remarks linked to
this gene comprise acting on the aldehyde or
oxo group of donors, disulfide as acceptor and
pyruvate dehydrogenase, and oxidoreductase
activity. Earlier studies confirmed that a
profile of five serum miRNAs including hsa-
let-7a-5p was meaningfully related with type 2
diabetes with diabetic retinopathy 7.

In our research, the other has-miR-1304
inhibits 42 protein-coding genes including
PDHA2, HOXDS8, TPBG, SOCS3, HLA-
DRA, SERPINHI, PYCARD, FBXO047,
SLC25A45, BTN3A2, EXOSC10, BDPI,
SLC1AS, ZNF135, EMCN, PI14K2B, MAP7,
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KIAA1614, TRIM38, IGSF6, MYOSB,
LRRC3C, HISTIH2AH, PDE6A, RBM4S,
ACSL6, KRBA2, KIF3A, BPTF, GNB4,
CABP4, GATA6, PSMB9, NNMT, APOLI,
SLC2A5, UGT2B4, FGG, GPR132, CLDNI,
SIGLECY9, and ZC2HCI1C. Despite it is not
reported as an involved microRNAs in the DR,
its overexpression is stated in diabetes *.

Finally, hsa-miR-4477b is the other candidate
miRNA that regulates HISTIH3E, PTGDR,
E2F8, and GNGS. Currently, there is not
any specification for this miRNA and its
association with the diabetic retinopathy.

Conclusion

In this research, we used a network-based
approach to model proliferative Diabetic
Retinopathy. Our goal was to study the
disease event as a system and capture core
drivers in the function level. Consequently,
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