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A B S T R A C T

Several scientific sources have reported different causes of various diseases. One of these factors is genetic
variation. Natural selection, molecular evolution and susceptibility to external conditions are the main causes of
genetic variations. Phenome-Wide Association Studies (PheWAS) can emphasize the associations of genetic
variations and diseases. The systematic analysis of these associations can highlight various important aspects of
gene correlations and disease relationships. In this study, we have investigated a systematic approach to analyze
associated networks of genes and diseases to explore novel scientific information. We have constructed the
Associated Gene Network (AGN, n= 1769) and the Associated Disease Network (ADN, n= 503) based on
common diseases and genes, respectively. We have evaluated these networks based on topological measures and
compared them with a randomized null network. The comparative modular analysis based on size and quantity
is a clear indication of the significance of these networks. We have found numerous novel associations of genes
involved in different diseases. We have also found different diseases related to one another, which can correlate
scientific evidence. We have verified our analysis through GO and KEGG enrichment for different case studies
and concluded that AGN and ADN can be used as reference biological networks for various purposes such as drug
design and drug repurposing.

1. Introduction

Enormous progress has been made in the identification of complex
trait susceptibility loci in the past few years. High-throughput sequen-
cing and RNA-Seq data have dramatically improved and the cost of
analysis has reduced intensively. In this regard, the identification of
genetic variations has improved Genome-Wide Association Studies
(GWAS), which can identify DNA variants and phenotypic trait asso-
ciations. As phenotypic traits can be caused by various variants/SNPs,
GWAS can identify influencing alleles and genes for all diseases. In
contrast, analysis of any single allele from significant SNPs in the form
of pleiotropy can be associated with one or a group of phenotypic traits
through Phenome-Wide Association Studies (PheWAS) [1]. Unlike
GWAS, PheWAS can determine the possibility of various diseases using
a single allele from a specific gene. As the given approach can identify
several novel disease-gene associations, many scientific communities
have been attracted to this method. Hence, the entire phenotypic trait
that can be manipulated by SNP mutants could be identified.

Denny and his group [2] analyzed genetic variants from genome-
wide association data with longitudinal electronic medical records
(EMRs) to provide disease–gene associations, which was called a phe-
nome-wide association study [3]. PheWAS has promoted a new type of
association between genes, which are related to analyzed SNPs, and
phenotypic traits. The application of PheWAS is generating growing
sets of variant data from genomic markers associated with an increased
risk for a multitude of different diseases [4]. PheWAS has provided the
detailed analysis of physiopathology with the help of these variations.
This systematic analysis can identify various associations of genetic
variation and disease etiologies [5,6].

In this study, PheWAS data has been retrieved from the PheWAS
catalog, a systematic catalog, that originates from electronic medical
record systems to correlate genetic variants derived from massive co-
horts and classified by International Classification of Diseases version 9
(ICD9) codes. ICD9 is used to describe discrete phenotypes [7]. Gene-
disease association by GWAS and PheWAS can influence novel re-
lationships between gene-targets and can be effective in drug
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development [8]. The potential impact of GWAS in the prediction of
drug repositioning [9–12] can also be observed through PheWAS
[1,13,14].

In this study, we have constructed human association networks
using revealed associations based on the PheWAS catalog. We have
reconstructed two complementary networks, the Associated Gene
Network (AGN) and Associated Disease Network (ADN), from the as-
sociations of different genes from common diseases and diseases with
common genes, respectively. Furthermore, we have shown the sig-
nificance of the above networks based on statistical and modular ana-
lysis. We have also studied the biological implications of the AGN and
ADN networks with the help of a few case studies.

We also enriched the AGN and its subnetworks based on Gene
Ontology. We observed the consequences of GO enrichment and novel
genetic associations of similar biological processes. We have also
identified relationships among diseases based on the modular analysis
of the ADN. These analyses unequivocally establish the utility of
PheWAS for examining Disease-Gene associations and their roles in the
human disease network.

2. Methods

2.1. Data description

We collected a list of disease-associated genes in humans that are
organized in a PheWAS catalog and published in Nature Biotechnology
[15]. The complex disease-gene catalog reports genetic variation by p-
value less than or equal to 0.05 as a conventional threshold value in
GWAS and PheWAS studies [16–18]. The dataset contained more than
215K SNPs and more than 1700 unique genes associated with more
than 1350 ICD9 diseases. We verified the disease classes in ICD9 by
matching them with MeSH (Medical Subject Headings) terms to stan-
dardize our disease nomenclature [19,20] and excluded the list of un-
matched diseases. We have removed all unspecific, ambiguous and
unmatched classes of diseases from the list; hence, the catalog disease
list was reduced to approximately 650 unique diseases.

3. Methodology

3.1. Construction of human associated networks

We have reconstructed two separate networks with the help of
human gene-disease associations. The complete methodology and pi-
peline can be found in Fig. 1. In this study, we constructed two com-
plementary networks, the Associated Gene Network (AGN) and the
Associated Disease Network (ADN). In AGN (Additional file 1), nodes
are genes and edges are their associated shared diseases, while in ADN
(Additional file 2), nodes are diseases and edges are their associated
shared genes. Both networks are based on an undirected weighted
graph, where the number of associated shared genes or shared diseases
is considered as the weight in the graph.

To reconstruct the Human Association Networks, we created
Associated Gene and Disease Vectors. The Associated Disease Vector
(Additional file 3) and Associated Gene Vector (Additional file 4) con-
tain a list of shared genes for each disease and a list of shared diseases
for each gene, respectively. To construct both vectors, the disease-gene
relationships with p-values less than or equal to 0.01 were identified.
Afterwards, the ADN and AGN networks were reconstructed using the
vectors mentioned above by connecting diseases that shared genes and
genes that are involved in common diseases, respectively. Fig. 2 shows
the hub genes in ADN and Fig. 3 shows the hub genes in AGN. Genes
with a higher degree than the average degree of all nodes are con-
sidered as hub nodes.

3.2. Evaluation of human association networks

Human Complex Network evaluation was performed using two
approaches based on statistical and modular analysis, as well as with
biological approaches.

I) Statistical and Modular Analysis

We have analyzed AGN and ADN topologically through the re-
construction of 1000 random null model networks. In these networks,
we kept the degree constant while constructing random edges between
nodes. We used assortativity as a reliable measure to qualify the results.
We found the propensity of a node with a comparable degree size with a
connecting edge. This measure finds the possibility of a connection
between nodes with high degrees and nodes with low degrees and vice
versa. Theoretically, r is considered to be the assortativity of a network
by calculating the Pearson correlation coefficient of the degrees of the
network on both sides of an edge over the set of all the edges [21,22]. In
this study, we used assortativity as a topological network property to
measure nodes with similar degree sizes with a connecting edge.

We used the total number of degree differences that are smaller or
greater than a reference degree and then divided the acquired value by
the number of random networks (1000) to obtain a two-tailed p-value
as follows:

− =
>

p value
number of a a

number of random networks
i

where a denotes the absolute value of a, ai is the assortativity of a
random network i, and a is the assortativity for the real network (AGN/
ADN). We used the false discovery rate (FDR) to rectify possible errors
made due to multiple comparisons of p-values [23]. The p-values were
considered significant at a p-value less than 0.05. The statistical ana-
lyses were performed using MATLAB R2016a and R (3.3.1).

Additionally, network modular analysis, which identifies different
network modules based on the degree distribution and network con-
nectivity, can be used as a validation measure. In this study, we iden-
tified different network clusters that are specified as highly connected
subnetworks in both random null model networks and reference net-
works.

In this study, we used MCODE [24] in Cytoscape. We used the
haircut method with a max depth of 100 nodes and a k-core cut-off of
two. We counted the number of network modules revealed by both
methods. As the number of network clusters in the random model
networks were extensively higher than that of specified biological
networks such as AGN/ADN, demonstrating that we can validate our
analysis in this manner.

II) Biological Evidence

Apart from statistical and modular analysis, any systems biology
approach needs to be validated through biological evidence to verify its
applicability and functionality in biological and medical methods. In
this study, the human association networks needed to be validated
biologically to highlight the productivity and proficiency of the
PheWAS studies when revealing novel findings.

We analyzed the Associated Gene Network and Associated Disease
Network separately by different methods. The databases for the iden-
tification of gene-gene associations are based on knowledge from
physical interaction databases such as MINT [25], HPRD [26], BIND
[27], DIP [28], BioGRID [29], KEGG [30], Reactome [31], IntAct [32],
EcoCyc [33], NCI-Nature Pathway Interaction Database [34] and Gene
Ontology (GO) [35]. Cooccurring gene names were obtained by parsing
scientific texts from SGD [36], OMIM [37], FlyBase [38] and PubMed.
These operations have been analyzed using the STRING [39] tool.

The Associated Disease Network specified disease-disease associa-
tions through associated shared genes retrieved from the PheWAS
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catalogs. ADN can be used as a reference material for the identification
of various disease-disease correlations. This study revealed the disease-
disease network from other perspectives; hence, the biological valida-
tion of ADN. The modular analysis was prepared by MCODE [24] in
Cytoscape. We used the haircut method with a max depth of 100 nodes
and a k-core cut-off of two to identify ADN clusters. Additionally, for
the biological validation of the ADN, some disease-disease relationships
were selected as case studies. We tried to validate these relationships
based on the literature mining using the PubMed database.

It is well understood that systematic analysis of genes and diseases is
based on group-level data. Apart from that, the nature of the selected
data was also from genetic population studies and not individual level
data. To overcome the potential limitations of the analyses and inter-
pretations, which may lead to ecologic bias, we have investigated the
physical connectivity of genes and diseases by comparing AGN nodes
and edges (genes and diseases, respectively) with a protein-protein in-
teraction (PPI) network. In this study, we mapped the AGN network to a
string database. To avoid any misplacement of interconnections, we
examined the intersection of the mapped network with the AGN net-
work; thus, we have nodes and edges present in both networks for
further comparison.

4. Results

The result of our study is the construction of a human complex
network from two different viewpoints. The Associated Gene Network
(AGN) and Associated Disease Network (ADN) are the outcome of our
analysis. These networks can be used as new references in systems
biology and bioinformatics for finding novel gene/disease associations
for any targeted phenotypic trait. Indeed, gene-gene and disease-disease
associations are of great importance due to the ability to potentially
identify drugs. In fact, drugs can be extracted from available drug
compounds with the help of drug-repurposing methodologies. The re-
sults of each network are presented and discussed below.

4.1. Associated Gene Network

The AGN consists of 1769 genes connected to one another through
503 associative diseases. We acquired a larger negative assortativity for
AGN compare with the randomized networks (a=−0.035 and
a=−0.143 for AGN and randomized networks, respectively, p-

value < 0.05). The comparative analysis of the random networks
versus the specialized biological network showed that number of
modules in any random network is comparatively higher than the
specialized network. In this study, we observed the network clustering
of AGN to be 18 network modules, which is comparatively much lesser
than any random network of the same size.

Once the statistical analysis of the human association networks has
been completed, the network is explored and analyzed biologically. As
any complex diverse biological network such as AGN cannot be ana-
lyzed as a whole, we have selected a few case studies. These are selected
by disease name, and accordingly, all genes associated with the selected
disease have been extracted for further analysis. As the network is di-
verse and populated: thus, we have selected three different case studies,
including colorectal cancer, skin cancer and type 2 diabetes. The
number of associated genes in colorectal cancer, skin cancer and type 2
diabetes are 73, 114 and 73, respectively.

The contribution of many of the associated genes found in the AGN
network for each phenotypic trait is of great importance. We have ob-
served that researchers have previously reported many associated genes
revealed by PheWAS studies. The text mining results for all the case
studies are described in Table 1. As common genes found by the
PheWAS-driven networks (AGN) and previous studies show the relia-
bility of our approach, as the novel genes associated with any pheno-
typic trait are significant. However, the associations may not be sup-
ported by common biological evidence, such as protein-protein
interactions, coexpression, or any other biological experiments, as these
associations are caused by genetic variations and a single allele is re-
sponsible for their existence.

Apart from the above analysis, we analyzed our associated gene sets
using KEGG pathway analysis. For this analysis, manually curated
metabolic and signaling pathways were imported from KEGG (July
2016). We found that many associated genes in the AGN are present in
different KEGG pathways. The results of this analysis are shown in
Table 2. We observed that related pathway neighbors and subunits from
the same enzyme/complex are effective and can lead to novel asso-
ciation links.

Gene Ontology analysis can impact the biological validation of the
approach. The presence of highly connected associated genes can be
reasonable evidence if there are one or many GO terms shared among
them. Groups of skin cancer-associated genes were categorized as
quaternary ammonium group transmembrane transporter activity (GO:

Fig. 1. Two step pipeline algorithm and methodology for the experiment. Preprocessing: We prepared data the based on a PheWAS catalog by data retrieval, mapped
the ICD9 data with the MeSH database and then prepared the Human Complex Vectors. Network Reconstruction and Analysis: Reconstruction of AGN and ADN and
their analysis with 1000 random null networks based on statistical measures and the examination of biological evidence.
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0015651) in molecular function [102]. Type 2 diabetes also shares a
few genes categorized as MHC protein complex in cellular components
with GO term GO:0042611 [103,104]. Finally, two cellular components
share a few associated genes in colorectal cancer, including membrane
(GO:0098552), which is an active cellular component in colorectal
cancer [105], and cell surface (GO:0009986) [106–108].

4.2. Associated Disease Network

The Associated Disease Network (ADN) is a complementary network
to AGN reconstructed from the interpretation of a PheWAS association
matrix. The network shows disease-disease associations; thus, each
node in the network represents a disease and each edge represents the
number of shared genes associated with any two diseases. The ADN has

503 nodes and approximately 50000 connecting edges. We observed
that skin-related diseases, such as psoriasis, cellulitis and skin cancer as
well as types 2, 3, 4, and 6 diabetes, have the most connections with
other diseases, which shows their centrality and complexity among all
diseases.

Similar to the AGN, we analyzed the ADN statistically. We observed
a negative assortativity for ADN that is larger than the randomized
networks (a=−0.036 and a=−0.142 for ADN and the randomized
networks, respectively; p-value< 0.05). We clustered ADN using the
MCODE algorithm and achieved five network modules with node sizes
of 166, 148, 91, 66 and 23. There are nine diseases that have not been
coupled with any of the modules. Comparison of ADN to the rando-
mized network shows that the number of network modules in ADN is
much lower than that of the random network; hence, the network is

Fig. 2. Associated Gene Network. Nodes represent genes and edges represent diseases shared by common genes.
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significant.
For the biological validation of ADN, we have chosen a few diseases

among the modules with higher numbers of associated genes. These
diseases (analyzed in PubMed) were examined to validate their asso-
ciations as a reference for associations reported in previous studies. The
literature firmly supports our findings for the ADN network. Table 3
shows a few examples from our analysis.

Finally, we evaluated our findings, which are group level data that
include unique individual level data. This analysis used a protein-pro-
tein interaction network from a string database as an individual level
data and compared it with the AGN network. Fig. 4 shows the inter-
section network, which has been reconstructed from the AGN network
and AGN-mapped PPI network as described earlier. This network con-
tains 958 nodes interacting with 1884 edges. This indicates our group
level data can also be justified with the help of PPI physical connec-
tions.

5. Discussion

Systematic analysis of PheWAS associations has many advantages
and can be used as a reference to investigate and analyze genes and
diseases. As the given approach can support researchers realizing the
systematic associations of genes and diseases, many ignorant biological
questions can be answered here. Identifying constitutive and responsive
genes for specific diseases is always a challenge in the scientific world.
Therefore, analysis of different allelic mutants and comorbidities,
which has many affiliate reasons including environmental effects,
shared biological mechanisms and phenotype similarity, through the
help of PheWAS studies can begin a new era when identifying con-
stitutive and responsive genes. Furthermore, these studies can help
scientists find possible similarities in diseases due to analogous genes.

Disease-related interactome networks are a biological source for the
reconstruction of metabolic, protein-protein interaction, gene reg-
ulatory, transcriptional profiling, phenotypic profiling, genetic inter-
action and integrating interactome networks [126]. The AGN and ADN
networks are phenotypic profiling networks. Although all human

Fig. 3. Associated Disease Network. Nodes represent diseases and edges represent genes shared by common diseases.
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disease networks are not reliable and unique sources for reconstruction
[127–129], they can be compared and contrasted with each other. It's
highly advised to compare and contrast networks with similar sources
of reconstruction. Genome Wide Association Studies (GWAS) have

similar allelic variant association contents for diseases and can be
compared to the AGN and ADN networks. It has been observed that
complex human disease gene networks reconstructed from the allelic
contents of GWAS are comparable with our networks [130]. As complex
human disease gene networks constructed from 54 diseases and 349
genes, the complexity of our networks is comparatively less compli-
cated and easy to interpret. The nature of the nodes and interactions in
complex human disease gene networks are highly similar and com-
parable.

AGN network reconstruction can help us to identify constitutive and
responsive genes for various diseases. Statistical analysis of the AGN
network showed common genes shared by most of the diseases. This
investigation showed that the common shared genes in the AGN are
normal, nonresponsive genes that are semiresponsive in most biological
pathways and that their effective roles cannot be observed in specific
diseases. In this regard, constitutive and responsive genes can be found
by analyzing more strategic nodes in the AGN network with the help of
their incidence, position and degree distributions.

As constitutive and responsive genes can be identified as potentially
well-established drug targets, this analysis can be used to identify
various drug targets for phenotypic traits. Hence, drug repurposing can

Table 1
Case study for AGN genes appearing in different diseases based on text mining and biological evidence analysis. Genes present in each row show evidence of multiple
genes present in different studies, which were examined in the AGN network.

Disease Name Gene Name Reference

Colorectal Cancer CD62L, CD62-P, CD56, CD95, CD178, CD95L, Fas-ligand, FasL, CD58, LFA-3, HLA-A [40]
Acid sphingomyelinase activity, sphingomyelinase, Acid sphingomyelinase activity, sphingomyelinase, FADD, APO-1, Apo-1, Apo1, CD95, FLICE,
aspartate proteases, effector caspases, initiator caspase, initiator caspases, FasL, aspartate proteases

[41]

phospholipase C, sphingomyelinase, phospholipase C, sphingomyelinase, FADD, APO-1, CD95, TNFRSF6, Caspase activity, caspase, caspases,
effector caspases, FasL, Caspase activity

[42]

Tris, MHC class I molecule, MHC class I molecule, Fas ligand [43]
Phospholipase A2, IP3 receptor, APO1, CD95, caspase [44]
FADD, APO-1, CD95, FLICE, calpain, calpains, executioner caspases, initiator caspases, FasL, PCNA, proliferating cell nuclear antigen, calpain [45]
L-selectin, F4/80, L-selectin, I-Ab [46]
phospholipases, CD56, elastase, elastases, FasL, elastase [47]
CD62L, Tris, MF23, IAb, MHC I [48]
HLA-DRB1, CD58, HLA-DQA1 [49]
MYH11, CD56 HLA-DRB1, HLA-DRB1, ZNF157 [50]

Diabetes Type 2 MTNR1B, Melatonin receptor 1B, PROX1, CDKAL1, C2CD4B, SLC30A8, zinc transporter 8, FTO, TCF7L2 [51]
MTNR1B, GCKR, glucokinase regulatory protein, CDKAL1, HHEX, FTO, TCF7L2 [52]
CDKAL1, HHEX, JAZF1, SLC30A8, ZnT-8, FTO, fat mass and obesity associated, TCF7L2, transcription factor 7-like 2 [53]
CDKAL1, HHEX, JAZF1, SLC30A8, FTO, TCF7L2 [54]
CDKAL1, HHEX, JAZF1, C2CD4B, SLC30A8, FTO, TCF7L2 [55]
CDKAL1, HHEX, JAZF1, SLC30A8, FTO, TCF7L2 [56]
MTNR1B, HHEX, DUSP-9, DUSP9, MKP-4, SLC30A8, FTO, TCF7L2 [57]
MTNR1B, CDKAL1, HHEX, HLA-DRB1, HLA-DQA1, HLA-DQB1, HLA-DQB1, SLC30A8, ZnT8, zinc transporter 8, TCF7L2 [58]
MTNR1B, CDKAL1, HHEX, DUSP-9, DUSP9, Dusp9, MKP-4, MKP4, Mkp4, mitogen-activated protein kinase phosphatase 4, C2CD4B, SLC30A8,
TCF7L2, transcription factor 7-like 2

[59]

hepatocyte nuclear factor 1alpha, KIF11, CDKAL1, HHEX, Hex, haematopoietically expressed homeobox, JAZF1, SLC30A8, TCF7L2 [60]
MTNR1B, CDKAL1, HHEX, C2CD4B, SLC30A8, TCF7L2, transcription factor 7-like 2 [61]
MTNR1B, hepatocyte nuclear factor-1alpha, PROX1, GCKR, glucokinase regulatory protein, CDKAL1, JAZF1, SLC30A8, TCF7L2 [62]
MTNR1B, Melatonin receptor 1B, melatonin receptor 1B, HNF-1 alpha, HNF1 homeobox A, HNF1A, HNF1alpha, MODY3, PROX1, Prospero
homeobox 1, prosperohomeobox 1, glucokinase regulatory protein, CDK5 regulatory subunit associated protein 1-like 1, CDKAL1, JAZF zinc
finger 1, JAZF1, C2 calcium-dependent domain containing 4B, C2 calcium-dependent domain containing 4B, C2CD4B, SLC30A8, TCF-4, TCF7L2,
Transcription factor 7-like 2, transcription factor 7-like 2, transcription factor-7-like 2

[63]

Melatonin receptor 1B, PROX1, Prospero homeobox 1, glucokinase regulatory protein, CDK5 regulatory subunit-associated protein 1-like 1,
CDKAL1, cdkal1, C2 calcium-dependent domain containing 4B, SLC30A8, Solute carrier family 30 member 8, ZNT8, zinc transporter 8, TCF7L2,
Transcription factor 7-like 2

[64]

MTNR1B, KIF11, CDK5 regulatory subunit-associated protein 1-like 1, CDKAL1, JAZF1, C2CD4B, SLC30A8, ZnT8, TCF7L2, Transcription factor
7-like 2, transcription factor 7-like 2

[65]

MTNR1B, PROX1, CDKAL1, C2CD4B, SLC30A8, TCF7L2 [66,67]
MTNR1B, CDKAL1, HHEX, IRS1, C2CD4A, C2CD4B, HHEX, SLC30A8, TCF7L2 [59]
MTNR1B, CDKAL1, HHEX, JAZF1, HHEX, SLC30A8, FTO, TCF7L2 [68]

Skin Cancer EXOC2, exocyst complex component 2, SLC45A2, IRF4, interferon regulatory factor 4, MC1R, melanocortin receptor 1 [69]
ST3GAL4, SEMA6A, IRF4, HLA-DRA, MC1R [70]
EXOC2, MATP, SLC45A2, IRF4, MC1R, Melanocortin 1 receptor [71]
TOX3, LRP5, MATP, SLC45A2, membrane-associated transporter protein, solute carrier family 45 member 2, LSP1, MC1R, melanocortin 1
receptor, melanocortin-1 receptor

[72]

MATP, SLC45A2, CDK10, IRF4, MC1R, Melanocortin 1 receptor, Melanocortin Receptor-1, Melanocortin-1 receptor, melanocortin 1 receptor,
melanocortin-1-receptor

[73]

tyrosinase, c Ab, I Ab [74]

Table 2
Case study for selected AGN genes based on KEGG pathways in different dis-
eases. Each row represents a KEGG pathway related to the mentioned disease
and number of genes present in the AGN network with a p-value less than 1e-6.

Disease Name Pathway Name No of Gene Reference

Diabetes Type 2 HTLV-I infection 6 [75,76]
Cell adhesion molecules (CAMs) 5 [77–80]
Epstein-Barr virus infection 5 [81,82]
Staphylococcus aureus infection 5 [83,84]
Toxoplasmosis 4 [85–87]

Skin Cancer Melanogenesis 5 [88,89]
HTLV-I infection 7 [90,91]

Colorectal Cancer Cell adhesion molecules (CAMs) 9 [92,93]
Graft-versus-host disease 5 [94,95]
Type I diabetes mellitus 5 [96–99]
Autoimmune thyroid disease 5 [100,101]
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be used as an alternative path to find therapeutic approaches with the
help of potential target genes.

ADN network analysis also showed various disease correlations and
similarity. The similarity of diseases, which can be found by analyzing
the nodes and edges, demonstrate the overlapping responsive or semi-
responsive genes between diseases. Comorbidity and phenotype simi-
larities can be easily analyzed with the ADN network. This can be used
to examine drug efficacy in different diseases with genetic similarities,
side effects and drug repurposing.

AGN and ADN network analysis is based on group-level data and
does not apply to individual-level data. We do not suggest this analysis
for hypothesis testing due to limitations of the analysis and inter-
pretation based on ecologic bias. There are various approaches used by
individual-based data, which can support our findings. However, there
is no individual level data analysis included here, indicating all kinds of
disease or gene associations, but these associations can be validated
with the help of these approaches. The PPI-mapped AGN network
analysis showed over 950 nodes (genes), with large numbers of inter-
action. The association of AGN nodes are based on diseases and may not
have direct physical interactions. Additionally, AGN network analysis
has been accomplished by GO and KEGG enrichment (Table 3) of as-
sociated genes in specific diseases investigated in the case studies. The
approach shows supporting evidence from the biological processes,
molecular function, and cellular component categories associated with
GO analysis and metabolic pathways associated with KEGG analysis.
Other supporting evidence is found in Tables 1 and 2 Thus, this ap-
proach is recommended for generating hypotheses in the biomedical
sciences.

6. Conclusions

PheWAS is a well-established methodology for the analysis of ge-
netic variations and generates huge amounts of integral information
that can be analyzed and investigated systematically. Systems biology
approaches can be applied to PheWAS information to build Human

Association Networks. The Associated Gene Network and the
Associated Disease Network are two complementary networks that
were reconstructed from PheWAS associations. AGN showed novel as-
sociation of different genes found in biological experiments and/or
databases. These genetic variations were highlighted due to shared
diseases but occur due to various scientific reasons, such as the en-
vironment, population, life style, etc. These networks can be used to
explore medical and biological evidence from a different perspective.
Apart from that, the ADN can help identify new disease associations
based on common shared genes. The identification of potential drug
compounds for any disease can use this systematic approach. This
network conveys vast amounts of information for many purposes such
as drug repurposing, disease analysis, identification of interconnections
and relationships between different diseases and many more.
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Table 3
Disease associations from the ADN network using PubMed. The highly correlated diseases based on ADN analysis using different studies.

Diseases-Disease relationship from ADN
Description References

Type 1 and Type 2 Diabetes Mellitus, Systemic Lupus
Erythematosus (SLE)

Diabetes mellitus complicating systemic lupus erythematosus [109]

Type 1 Diabetes Mellitus (T1D), Systemic Lupus Erythematosus
(SLE), Rheumatoid Arthritis (RA)

The BTNL2 polymorphism is associated with T1D, RA, and SLE because of its strong linkage
disequilibrium with predisposing HLA DQB1-DRB1 haplotypes in Caucasian populations.

[110]

Celiac Disease (CD), Systemic Lupus Erythematosus (SLE) Individuals with CD were at a 3-fold increased risk of SLE compared to the general population. [111]
underlying mechanism for the positive association between celiac disease and systemic lupus
erythematosus: the role of interleukin 21

[112]

CD and SLE are autoimmune diseases and share HLAB8 and DR3 histocompatibility-antigens. [113]
This study suggests that SLE occurs far more frequently in biopsy-defined celiac disease than is
currently appreciated

[114]

Hypoglycemia, type 2 diabetes mellitus In patients aged ≥65 years with type 2 diabetes, higher glucose variability and lower average
glucose levels indicate a greater hypoglycemia risk. It is therefore necessary to ensure
comprehensive blood glucose control in these patients to prevent hypoglycemia.

[115]

The reported prevalence of hypoglycemia among type 2 diabetes patients is quite high. [116]
Association between hypoglycemia and fall-related events in type 2 diabetes mellitus [117]

Psoriasis, skin cancer Personal history of psoriasis may be associated with an increased risk of SCC [118]
We observed a modestly increased risk of melanoma and nonmelanoma skin cancers in patients
with mild psoriasis, whereas patients with severe psoriasis and psoriatic arthritis had an increased
risk of nonmelanoma skin cancer but not melanoma.

[119]

Psoriasis carries an elevated risk of nonmelanoma skin cancer and lymphoma. This effect is
modified by the severity of psoriasis, age, gender, and geographic location.

[120]

Diabetes Mellitus Type 2, Asthma The prevalence of asthma is significantly higher in hospitalized patients with type II DM
independent of other comorbid conditions.

[121]

The authors found that the retrospective diagnosis of asthma was related to a significantly greater
risk of DM compared with controls

[122]

Psoriasis, Celiac Disease Our meta-analysis demonstrated an approximately 3-fold increased risk among patients with
psoriasis

[123]

Association between celiac disease and psoriasis [124]
High prevalence of celiac disease in psoriasis [125]
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