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Abstract

Increasing epidemiological studies in patients with psoriasis report the frequent occurrence
of one or more associated disorders. Psoriasis is associated with multiple comorbidities
including autoimmune disease, neurological disorders, cardiometabolic diseases and inflam-
matory-bowel disease. An integrated system biology approach is utilized to decipher the
molecular alliance of psoriasis with its comorbidities. An unbiased integrative network medi-
cine methodology is adopted for the investigation of diseasome, biological process and path-
ways of five most common psoriasis associated comorbidities. A significant overlap was
observed between genes acting in similar direction in psoriasis and its comorbidities proving
the mandatory occurrence of either one of its comorbidities. The biological processes
involved in inflammatory response and cell signaling formed a common basis between psoria-
sis and its associated comorbidities. The pathway analysis revealed the presence of few com-
mon pathways such as angiogenesis and few uncommon pathways which includes CCKR
signaling map and gonadotrophin-realising hormone receptor pathway overlapping in all the
comorbidities. The work shed light on few common genes and pathways that were previously
overlooked. These fruitful targets may serve as a starting point for diagnosis and/or treatment
of psoriasis comorbidities. The current research provides an evidence for the existence of
shared component hypothesis between psoriasis and its comorbidities.

Introduction

Psoriasis is a chronic immune mediated skin disease. The disease presents itself with well cir-
cumscribed, red or silvery scaly plaques [1].The patho-physiology of psoriasis is characterized
by increased production of T lymphocytes and up regulation of type 1 T helper cells [2].
Though numerous scientific communities contribute to psoriasis research around the world,
the etiology of the disease still remains unidentified. The evolving evidences suggest psoriasis
as a complex disorder coordinated by the interplay between multiple genes [3].

The occurrence of one or more disorders in association with a particular disease has recently
gained interest in various medicinal divisions including dermatology [4-5]. Multiple observa-
tional studies demonstrate the associations between psoriasis and several comorbidities [6-7].
Psoriasis shares common immunological features with many complex disorders such as
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Table 1. Gene expression datasets used for the analysis.

Accession ID

GSE4757
GSE25724
GSES3585
GSE9624
GSE48780
GSE13355

doi:10.1371/journal.pone.0149175.t001

Disease Number of samples Contributor
Alzheimer’'s disease 20 Barth AS et al.,
Type Il diabetes 13 Dominguez V et al.,
Myocardial infarction 12 Barth AS et al.,
Obesity 11 Aguilera CM et al.,
Rheumatoid arthritis 83 Dennis G Jret al.,
Psoriasis 180 Gudjonsson JE et al.,

cardiovascular disease, diabetes, obesity, depression and inflammatory arthritis [8]. The con-
currence of the disease with other disorders such as Chron’s and Alzheimer’s disease are also
observed [9]. However, the patho-mechanism connecting these systemic comorbidities with
psoriasis remains to be determined. A systematic exploration of the shared component hypoth-
esis existing between the co-morbidities can shed light about the molecular connections aiding
the prevention, early diagnosis and treatment of psoriasis [10]. Network medicine a branch of
systems biology provides a systematic platform to investigate the molecular intricacy of a dis-
ease aiding the identification of new molecular associations among apparently diverse clinical
manifestations [11-12].

The current work aims to decipher the shared component hypothesis between psoriasis and
its five associated common comorbidities which includes myocardial infarction (MI), type II
diabetes (T2DM), obesity, rheumatoid arthritis (RA) and Alzheimer’s disease (AD). The psori-
asis associated comorbidities would be associated at the molecular level by common genes, pro-
teins, biological processes and pathways. The network medicine approach has been utilized to
construct individual diseasomes. The interactomes are explored to identify the biological pro-
cesses and pathways linking psoriasis with its comorbidities.

Materials and Methods
Gene expression data

Gene expression raw data (CEL files) were downloaded from NCBI GEO database [13]. A sin-
gle dataset for each disease category was used for the analysis. For each disease, the dataset was
selected only if it enclosed a minimum of five samples in both disease and control category.
The number of samples and their respective platform details are reported in Table 1.

Microarray gene expression processing

The microarray expression sets were processed individually in a similar way to remove bias.
The raw files from different studies were processed using the bioconductor packages in R [14-
15]. The pre-processing of the microarray data involves background adjustments, quantile nor-
malization and summarization using GeneChip Robust Multiarray Averaging (GCRMA).
Probes with multiple entries were restricted to single entry by taking mean of their expressions.
The probes without any gene affiliations were removed from further analysis. Student’s
unpaired T-test was performed to identify genes that were differentially expressed between the
diseased and normal samples. A threshold of at least 1 fold change and a p-value less than 0.5
were chosen as criteria for selecting the genes. The data sample for RA had entries only for the
diseased category, hence normal samples isolated from synovial tissues of normal donors
(GSE1919) was used for comparison.
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Diseasome construction

The association between psoriasis and its comorbidities was termed as “diseasome”. The two
diseases were linked if they share the variations in similar set of genes. Proteins encoded by
each differentially expressed gene were identified for the construction of the diseasome. The
human proteome interactome was obtained based on the interactions reported by the HPRD
server [16].The strength of the association between two diseases in the diseasome was assessed
using molecular comorbidity index (MCI). MCI is defined as;

|(Proteins,,; N Proteins;,,) U (Proteinsy,, ;) U (Proteinsy,, p.)]

MCl,, piw =
Dist,Dis2 |(Proteins,,, U Proteiny,,, )|

Proteinsp;s; Proteins and Proteinp;s, Proteinswere the proteins associated with diseasel and
disease2 respectively. Proteinspis; ., pis» Proteinswere the proteins associated with diseasel that
show interactions with the proteins associated with disease2 (vice versa for Proteinsp;sy . pis1
Proteins). N was the intersection operator denoting the number of common proteins between
the diseases and U operatordenote the total number of proteins participating in both the dis-
ease categories. The sets represented within the vertical bars indicate their cardinality.

Functional analysis of the comorbidity proteins. To explore the significance of biological
functions of the differentially expressed proteins in each disease [17] a functional enrichment
analysis was carried out using DAVID server [18] and PANTHER classification system [19].
The biological processes and pathways shared by the diseases with psoriasis was assessed using
Jaccard coefficient, which is defined as:

BP,., N BP..
Jaccard coefficientl,, ., = [BPpy O BPys|
|BPDisl U BPDis2|

|Pathways,. N Pathways

U Pathways

Disl Dis2 ‘

accard coefficient2,,. , .., =
] Dis1,Dis2 |PathWaYS

Disl Dis2 ‘

The Jaccard coefficient measures the degree of similarity between the psoriasis comorbidi-
ties. Dis1 and Dis2 correspond to psoriasis and its comorbidities. Biological process (BP) of
Disl and Dis2 represents the biological processes contributed by psoriasis and its individual
comorbidity respectively, whereas pathways of Disl and Dis2 are the biological pathways in
which the proteins associated with the comorbidities participate. The calculated measures were
visualized as heat-maps constructed using gitools [20].

Results

The differential expression analysis of psoriasis microarray data resulted in 507 differentially
expressed genes (DEG) (113-upregulated; 394-downregulated), on submitting the differentially
expressed genes of psoriasis transcriptome to DAVID server, around fourteen major disease cate-
gories were enriched (Table 2). Each disease category had a minimum of one disease and a maxi-
mum of four disease classes. Five diseases based on their common co-occurrence with psoriasis
were selected to study their relationship with psoriasis. The comorbidities associated with psoria-
sis chosen for the study were T2DM, obesity, MI, AD and RA. The association between psoriasis
and the five major comorbidities were verified against the published literatures [21-25].

Linking psoriasis with its comorbidities

Independent meta-analysis was carried out for psoriasis and its co-morbidity using their
respective microarray expression data. The aim of the meta-analysis was to identify the genes
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Table 2. Disease categories associated with psoriasis based on the genes involved.

Disease class

Musculoskeletal Diseases

Neoplasms

Neoplasms

Neoplasms

Neoplasms

Virus Diseases

Virus Diseases
Otorhinolaryngologic Diseases

Bacterial Infections and
Mycoses

Nervous System Diseases
Nervous System Diseases

Nervous System Diseases
Digestive System Diseases
Stomatognathic Diseases
Respiratory Tract Diseases
Respiratory Tract Diseases

Cardiovascular Diseases

Cardiovascular Diseases
Cardiovascular Diseases
Digestive System Diseases

Skin and Connective Tissue
Diseases

Hemic and Lymphatic
Diseases

Nutritional and Metabolic
Diseases

Nutritional and Metabolic
Diseases

Disease

RA

Esophageal cancer
Stomach Neoplasms
Leiomyoma

Oral cancer

Hepatitis C

Hepatitis B

Hearing loss/deafness
Tuberculosis

Subarachnoid
hemorrhage

Multiple sclerosis

AD

Pancreatitis, chronic
Periodontitis

COPD

Asthma

Atherosclerosis

MI
Coronary artery disease
Cirrhosis; pancreatitis

Systemic lupus
erythematosus

Sarcoidosis;
tuberculosis

T2DM

Obesity

#
genes

16

-
o 1w o A~

© o o

N © oW

-
(&)]

© W N W

5

Genes involved

PLAT, MMP9, TLR2, GGH, PTPN22, CXCR2, MMP1, MMP12, TYMS, IL12RB1,
CCR5, CD274, IL1B, SERPINA1, FCGR3B, SELE

TYMS, IL8, CXCR2, MMP1

TYMS, IL8, CXCR2, MMP1

IL12RB1, IL8, IL1B

IL8, MMP9, TGFA, CYP2E1, MMP1

IF127, IL12RB1, CCR5, LDLR, IL19, IL1B, OAS1, CXCR2, MX1, IL20
CCRS5, OAS3, OAS1, OAS2, MX1, STAT1

PLAT, SLC26A4, GJB6, ESPN, GJB2

IL12RB1, IL8, TLR2, PTPN22, IL1B, CXCR2, SERPINA1, CYP2E1, STAT1

MMP9, SERPINAS, IL1B, MMP12, MMP1

IL8, MMP9, CCR1, APOC1, PTPN22, CXCR2, OAS1, IL7R, CXCL10, CCRS5,
IL1B, CD24, MX1, FCGR3B, SELE

C3,CD14, DNM3

IL8, PRSS2, PRSS3, SERPINAS, IL1B

PLAT, CCR5, S100A8, MMP9, TLR2, IL1B, SERPINA1, FCGR3B, MMP1
IL8, MMP9, SERPINAS, IL1B, SERPINA1, MMP12, MMP1

CYP2J2, MMP9, TLR2, CXCR2, EHF, IL12RB2, CCR5, CXCR4, FCGR1B,
SERPINAS, FUTS3, IL1B, SERPINA1, FUT2, SELE

PLAT, F12, CYP2J2, LDLR, CCR5, SELL, MMP9, APOC1, TLR2, IL1B, FCGR3B,
SELE, MMP1

JAK2, CD14, CCLA1

PLAT, CCRS5, LDLR, MMP9, IL1B, SELE, MMP12

IL8, IL1B, CYP2E1

CCRS, IL8, CFB, TLR2, PTPN22, IL1B, CXCR2, FCGR3B, SELE

IL12RB2, IL12RB1, MMP1
IL12RB2, IL12RB1

CXCL1, DPN, NAIP, PAPPA, IL24

#Number of genes enriched in each disease category; Diseases are classified based on the MeSH disease hierarchy

doi:10.1371/journal.pone.0149175.t002

which were significantly upregulated and down regulated in diseased condition when com-
pared with the normal samples [26-27]. The number of genes differentially expressed and asso-
ciated with five psoriasis comorbidities ranged from 36 (MI) to 2222 (RA) (S1 Table). We
constructed a psoriasis specific interactome and utilized the knowledge obtained from the
interactome to mine out the commonality between psoriasis and its comorbidities (Fig 1). The
psoriasis diseasome constructed using the knowledge obtained above revealed that the comor-
bidities were connected with psoriasis through shared genes or proteins which interact to form
the cellular interactome.

The commonalities between the diseases were assessed based on their interaction patterns.
The number of shared genes or proteins in the psoriasis diseasome ranged from 31 (MI) to 312
(T2DM) (Figs 2-5). AD and psoriasis were directly linked through 13 proteins, while the asso-
ciation also occur indirectly through the interaction of 84 proteins. In case of T2DM 26
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h

AD
(131)

Fig 1. Venn diagram showing the number of overlapping genes between psoriasis and its comorbidities.

doi:10.1371/journal.pone.0149175.g001

proteins directly connected both the diseases and 210 proteins contribute to their interaction
via partnering with other proteins. MI and psoriasis were connected directly through 7 proteins
and indirectly through 49 proteins. Similarly obesity and psoriasis were connected directly
through 24 proteins and indirectly through 11 proteins. RA showed highest percentage of con-
nections. They were connected directly through 201 proteins and indirectly through 386 pro-
teins (Fig 6). The Molecular Comorbidity Index (MCI) which shows the strength of
association between psoriasis and its comorbidities was also studied for the better understand-
ing. T2DM leaded the MClI list followed by RA, AD, MI and obesity (Fig 7). To assess the role
of direct and indirect contributors to the diseases we further studied the differential expression
patterns of the linker proteins.

Direction of expression of the common genes/proteins and linker genes/
proteins

The deregulation of common set of genes either in similar or opposite direction can be an
underlying cause for the comorbidities. To generate the molecular interpretation of the comor-
bidities, we compared the direction of dysregulation of the genes shared by psoriasis and its
comorbidities with the help of meta-analysis (Fig 8). The DEGs of the comorbidities were com-
pared with DEGs of psoriasis individually. We noted significant overlaps between the DEGs
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Fig 2. Psoriasis diseaseome along with proteins common in AD. Yellow nodes—proteins involved in psoriasis, red nodes—common proteins shared by
AD and psoriasis and blue nodes—indirect interactions.

doi:10.1371/journal.pone.0149175.g002

upregulated in psoriasis and those downregulated in its comorbidities. Similarly DEGs downre-
gulated in psoriasis were observed to be overlapping with the DEGs upregulated with psoriasis
associated comorbidities. Considerable overlap was also observed between DEGs deregulated
in same direction between psoriasis and its comorbidities. The DEGs deregulated in the same
direction can be treated as putative signatures of the comorbidities while the DEGs deregulated
in the opposite direction can contribute to inverse comorbidities. We noted a maximal hit of
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Fig 3. Psoriasis diseasome along with Ml proteins. Violet nodes—proteins in psoriasis, red nodes—common proteins shared by Ml and psoriasis and

blue nodes—indirect interactions.

doi:10.1371/journal.pone.0149175.9003
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Fig 4. Psoriasis diseaseome highlighting the proteins involved in T2DM. Green nodes—proteins involvement in psoriasis, red nodes—common
proteins shared by T2DM and psoriasis and blue nodes—indirect interactions.

doi:10.1371/journal.pone.0149175.9004
DEGs deregulated in both the direction was from T2DM followed by RA, obesity, AD and ML
Highest number of genes upregulated in the similar direction was reported in T2DM followed
by RA, AD, obesity and MI. Similarly the highest number of down-regulated genes in the same
direction was seen in RA followed by obesity, AD, T2DM and MI. The highest number of DEG
upregulated in opposite direction followed the same pattern of DEGs upregulated in similar
direction while the highest number of DEGs down-regulated in opposite direction was
observed in AD followed by obesity, T2DM, MI and RA. When the overall DEG count was
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Fig 5. Psoriasis diseaseome enclosing the protein contributors from obesity. Pink nodes—proteins involved in psoriasis, red nodes—common proteins

shared by obesity and psoriasis and blue nodes indicate indirect interactions.

doi:10.1371/journal.pone.0149175.9005
compared the genes expressed in similar directions were high contributing to the positive

comorbidity.
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Fig 6. Psoriasis diseaseome including proteins from RA. Brown nodes—proteins involvement in psoriasis, red nodes—common proteins shared by RA
and psoriasis and blue nodes—indirect interactions.

doi:10.1371/journal.pone.0149175.9006

Exploring the biological processes shared by the proteins in psoriasis
diseasome

To identify the biological functions shared by the psoriasis and its comorbidities, a functional
enrichment analysis was performed based on the BP. RA shared the highest number of overlap-
ping BP with psoriasis. The list followed the order of T2DM, obesity, AD and MI starting from
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Fig 7. Molecular comorbidity index (MCI). Number of proteins shared between psoriasis and its comorbidities. MCI shows the strength of association
between psoriasis and its comorbidities. The association becomes stronger with the increasing number of shared genes and high MCI.

doi:10.1371/journal.pone.0149175.9007

(a)

highest to lowest overlapping processes (S2 Table). Defence response, immune response and
inflammatory response were enriched in all the comorbidities. Response to wounding showed
a similar pattern of expression in almost all the comorbidities except T2DM. Proteins contrib-
uting to cell-cell signaling were upregulated in AD, T2DM and RA. Around five biological pro-
cesses were shared by obesity and RA with connection to psoriasis. To investigate the degree of
similarity between psoriasis and its comorbidities, Jaccard coefficient was computed for all the
comorbidities (Fig 9A). The highest JC value attributed to obesity followed by T2DM, RA, MI
and AD. These observations highlights the critically impaired BP between psoriasis and it
comorbidities were from immune mediated processes.

Overlap of identified biological pathways in the psoriasis diseasome

We further investigated the pathways that were common between the psoriasis and its associ-
ated comorbidities (S3 Table). Highest number of pathway overlap was observed with RA

b ee.
70 1
60 1
50 1

- 40 1

30 (=

20 1

o [ |'| nh

AD

T

T2DM

T T 1 0 T T T T 1

Obesity RA AD T2DM MI Obesity RA

O Similar @Opposite @Total

Fig 8. Number of protein regulated in similar and opposite direction. (a) Proteins upregulated (b) proteins downregulated.

doi:10.1371/journal.pone.0149175.9008
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Fig 9. Similarity between psoriasis and its comorbidities. Each cell is colored according to the Jaccard correlation coefficient which represents the
similarity between the comorbidities considering, (a) biological process and (b) biological pathways. The Ml shares the highest JC in biological process with
psoriasis and T2DM shares the highest JC in pathway annotation

doi:10.1371/journal.pone.0149175.9009

followed by T2DM, obesity, AD and MI. Similar to the BP, the degree of similarity in the path-
ways between psoriasis and its comorbidities was also assessed using Jaccard coefficient (Fig
9B). Psoriasis shared the highest number of pathways with obesity followed by RA, MI, T2DM
and AD. We noted eight pathways were overlapping with all the comorbidities. Angiogenesis,
CCKR signaling map, Gonadotrophin-realising hormone receptor pathway, heterotrimeric G-
protein signaling pathway-Gi alpha and Gs alpha mediated pathway, heterotrimeric G-protein
signaling pathway-Gq alpha and Go alpha mediated pathway, inflammation mediated by che-
mokines and cytokine signaling pathway, integrin signaling pathway and Wnt signaling path-
way. Toll like receptor signaling pathway was shared by AD, T2DM, MI and RA. Seven
pathways involved in blood coagulation, Cadherin signaling, FGF signaling, Ionotropic gluta-
mate receptor pathway, Metabotropic glutamate receptor group III pathway, Muscarinic ace-
tylcholine receptor 1 and 3 signaling pathway, and Nicotinic acetylcholine receptor signaling
pathway were enriched in AD,T2DM, obesity and RA. PDGF signaling pathway was found to
be overlapping with T2DM, MI, obesity and RA. It was observed that the biological pathways
involved in the comorbid diseases were not only shared by psoriasis but also by the other dis-
eases which are almost unrelated to each other except few. These observations shed lights over
the existing associations between the psoriasis with its multi-morbidities at the pathway level.
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Discussion

The availability of enormous amount of information from various communities of science
makes it essential to appropriately mine out and connect them in a systematic network which
allows the creation of new hypothesis. This approach has a probable way to bring about new
hypothesis that are not self-evident. In the current work, we adopted an integrative approach
by combining the traditional gene expression analysis with the information derived from dif-
ferent databases with the help of bioinformatics.

The network medicine based investigation of five psoriasis comorbidities presented in this
work reveals the existence of common genes/ proteins, biological process and pathways. In
total, these observations highlight the shared component hypothesis of the psoriasis diseasome
leading to the discovery of precise molecular connections between psoriasis and its comorbid
diseases. The comorbidities occurring with psoriasis have a major impact in the nature of the
disease. Yet the precise mechanisms were not evident. To our knowledge, this is the first study
utilizing comprehensive and systematic bioinformatics strategy to investigate the shared com-
ponent hypothesis [28] as a pathogenic mechanism of psoriasis comorbidities.

The proposed network protocol not only provides a global analysis of the proteins but also
presents a detailed view on specific proteins and their association with the comorbidity under
the study. We noted the appearance of apolipoprotein E (ApoE) in psoriasis and AD. Lipid
metabolism is the common term connecting both the disease. ApoE polymorphisms were
shown to be associated with both the diseases disrupting the lipid metabolism. When the direc-
tion of regulation was considered the gene was downregulated in both the cases as established
by the previous reports [29-30]. An elevated level of MCP-1 (CCL2) is observed between psori-
asis and MI. The recruitment of inflammatory mediators by MCP-1 formed a common link
connecting both the diseases [31]. Leptin, an important regulator of mass of adipose tissue is
found to be downregulated in obesity and psoriasis. Many polymorphisms were reported in
leptin in both the disease. The gene alters the endothelial cell morphology and causes epithelial
hyperplasia in psoriatic patients [32] while in obesity the alteration in the gene lack the control
of metabolic regulation of adipocytes [33]. Early growth respons-1 (Egr-1) is upregulated in
T2DM and psoriasis. Egr-1 mediated Egr-1/GGPPS/Erk1/2 pathway is one of the pathways
involved in insulin resistance under hyperinsulinism condition observed in T2DM [34]. In
psoriasis the protein mediates the expression of psoriasin induced by IL-17A via ERK-Egr-1
pathway. Egr-1 is a crucial modulator in Th17-mediated immune response in epidermal kerati-
nocytes [35]. Upregulation and downregulation of various chemokines (CCL4, CCL18, CCL27,
CCRI, CCR5, CCR7, CXCLI, CXCL9, CXCL10, CXCL13 and CXCR4) involved in the recruit-
ment of leukocytes and angiogenesis were observed to occur in both psoriasis and RA linking
the immune mediated diseases [36-37].

The findings of our work reveal that the psoriasis comorbidities are related at the molecular
level that may contribute to their co-occurrences. In this context, the BP annotation identified
several process of inflammation such as defence response and immune response which were
enriched in all the comorbidities. The pathway annotation also revealed the presence of inflam-
matory pathways such as inflammation mediated by chemokines and cytokine signaling path-
way, integrin signaling pathway and Wnt signaling pathway. The search for inflammatory
links was carried out for all the diseases against published literatures.

The production of amyloid-f peptides can activate the innate immune response and evoke
AD. Pattern recognition receptor (PRR) such as Clq is involved in complement cascade activa-
tion in the brain. The PPRs were also involved in the induction of pro-inflammatory signaling
pathways in AD [38]. Various immune related proteins were produced by adipocytes.
Increased expression of peroxisome proliferator activated receptor (PPARYy) was observed in
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adipose tissue and they are found to be involved in macrophage function [39].Furthermore an
adipocyte protein leptin upregulated in obesity and T2DMcan stimulate the activity of macro-
phage and neutrophil colony-forming cells. The leptin deficiency also imparts impaired lym-
phoid tissue development. PRRs play major role in inflammation in obesity and T2DM [40].
The ischemic MI was found to activate pleiotropic inflammatory mediators. IL-8 and C5s were
released during the injury playing a major role in neutrophil recruitment. Neutrophil infiltra-
tions, activation of complement and cytokine cascades were reported by many researchers as
inflammatory reactions in MI [31]. Local production of cytokines accounts for systemic clinical
manifestation of RA. The cytokines were the products of IL-1, IL-6, colony stimulating factor
(CSE-1), GM-CSF and MCP-1. MCP-1 is chemotactic and plays a role in the recruitment of
inflammatory leukocytes into the inflamed joints [36, 41]. The occurrence of BP and pathways
related to inflammation might form a basic molecular link connecting psoriasis and its
comorbidities.

Conclusion

Psoriasis and its associated comorbidities highlight psoriasis as a paradigmatic disorder. The
comprehensive network based approach investigated the shared component hypothesis exist-
ing between psoriasis with its associated co-morbidities. The findings suggest that the most
prevalent psoriasis comorbidities were interlinked through common molecular connections
which were evidenced by their shared biological functions and pathways. Significant overlap
was observed in the biological process and pathways involved in inflammation in most of the
comorbidities establishing a link between them. The work identified few associations in the
biological processes and molecular pathways which were previously overlooked in majority of
the diseases. The current research also shed light on few multimeric novel targets and pathways
which can be targeted to offer diagnosis and/or cure for psoriasis along with its associated co-
morbidities.
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