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ABSTRACT

Background Epidemiological studies have suggested a potential connection between psoriasis and an increased risk of aortic
valve stenosis (AS), though the impact of psoriasis on AS progression remains uncertain. The study aims to investigate the causal
relationship between psoriasis and AS using Mendelian randomization (MR) analysis, as well as to uncover potential mechan-
isms underlying this association.

Methods
ation studies (GWAS) of psoriasis and AS. Cis-eQTL and significant genes were identified for each causal single-nucleotide poly-
morphisms (SNPs), followed by pathway enrichment and protein-protein interaction (PPI) analysis for functional evaluation.
Hub genes were pinpointed by Cytospace. The transcriptional profile of AS population was acquired, and interconnected genes

A two-sample MR analysis was conducted using publicly available summary statistics from genome-wide associ-

networks were clustered using Molecular Complex Detection (MCODE).

Results Our results demonstrate a significant causal relationship between psoriasis and AS, with a genetic predisposition to
psoriasis associated with a higher AS risk (odds ratio: 1.46). Pathway and PPI analyses unveiled 15 hub genes, including HLA-C,
HLA-B, ISG15, IFIT3, and MX2, along with immune-related pathways linking psoriasis and AS. Moreover, the transcriptional
profiling of the AS database highlighted the significant involvement of adaptive immune cells in AS development. Notably,
among the 15 hub genes, ISG15, MX2, OAS3, OASL, IF16, and EPSTI1 exhibited higher expression in the AS population.

Conclusion Our study provides compelling evidence supporting a causal relationship between psoriasis and AS. Furthermore,

the identified hub genes and immune-related pathways may play an important role in the development of both diseases.

soriasis, a chronic and multifaceted skin
condition affecting individuals across all
age groups, poses a significant global hea-
Ith burden. This autoimmune disorder, character-
ized by chronic plaque formation, not only induces
considerable morbidity but is also associated with
various severe medical complications. Despite its
prevalence, psoriasis lacks a definitive cure, and its
etiology involves a complex interplay of genetic
predisposition and environmental triggers, result-
ing in comorbidities such as arthritis, cardiovascu-
lar diseases (CVD), metabolic syndromes, inflam-
matory bowel disease, and depression.!"!
Genetic studies have shed light on key immune
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pathways implicated in psoriasis, involving IL-17,
IL-23, TNF alpha, and interferons. Recent research
has focused on unraveling the intricate crosstalk
between innate and adaptive immune responses,
amplifying the inflammatory process.””! The unre-
solved nature of psoriasis, coupled with its system-
ic impact, underscores the urgency of understand-
ing its associations with other diseases.

Aortic valve stenosis (AS), a prevalent heart valv-
ular disease with significant global incidence, pre-
sents a formidable challenge in terms of treatment
options and disease progression. Despite recent ad-
vancements, severe AS still carries a high 2-year
mortality rate of around 50%."”! The development of
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AS involves endothelial cell dysfunction, immuno-
logical responses, and fibroblastic differentiation,
with key cellular players such as macrophages, T
cells, leukocytes, and dendritic cells participating in
inflammation process, tissue regeneration, and min-
eralization."

A case report highlighted a young patient with a
prolonged history of psoriasis exhibiting sympto-
matic severe aortic stenosis, drawing attention to a
potential link between the two conditions."” Nation-
al cohort studies have further established an associ-
ation between psoriasis and AS severity, suggest-
ing psoriasis as an independent risk factor for heart
disease.I’! However, the direct evidence linking pso-
riasis and AS is scarce,”"! and the observed correla-
tions between an increased aortic root diameter, pso-
riasis severity, and platelet activation suggest an
early reflection of the systemic nature of aortic sten-
osis, impacting both the left ventricle and down-
stream systemic vasculature."” All evidence sugge-
sts a link between psoriasis and AS, but the causal
effect between is unclear.

To address this knowledge gap, we propose util-
izing Mendelian Randomization (MR), a powerful
method that is less prone to confounding and rever-
se causality biases, by employing valid instrument-
al variables. Our two-sample MR analysis, using in-
dependent genome-wide association studies (GWAS)
databases for psoriasis and AS, aims to elucidate
the causal role of psoriasis in AS. Besides, we seek
to identify genes and pathways contributing to this
association, offering insights into the physiopatho-
logy of these conditions and, ultimately, enhancing
our understanding for disease management strate-
gies.

METHODS

Database of Aortic Valve Stenosis

A GWAS of Icelandic AS including 4850 cases
and 451,731 controls of European ancestry was re-
ported.!"” Logistic or linear regression was used for
association testing and inflation in tests caused by
cryptic relatedness and stratification were correc-
ted by LD score regression (LD score regression dis-
tinguishes confounding from polygenicity in gen-
ome-wide association studies). Threshold of gen-
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ome-wide significance was tested using Bonferroni
adjustment and family-wise error rates were res-
caled.!""

Database of Psoriasis

Summary statistics for psoriasis were extracted
from a meta-analysis of three genome-wide associ-
ation studies and two datasets on Immunochip, in-
cluding 10588 cases and 22806 cases from European
individuals."” In three GWAS databases, SNPs were
pruned for redundancy by clumping and linkage
disequilibrium (LD) r* < 0.001 were removed.!"""”!

Quality control of Immunochip datasets was per-
formed and SNPs with call rate < 95% and Hardy-
Weinberg equilibrium P < 1 x 10 were excluded;
samples with extreme heterozygosity values or in-
breeding coefficients were excluded by PLINK;!"” a
linear mixed-model method was used for associ-
ation analysis to avoid possible stratification bet-
ween cases and controls.!"”! Duplication among data-
sets was also removed from Immunochip. Detailed
information and quality control of variants were de-
scribed in Tsoi, et al.'”! F-statistic was to calculated
to assess the strength of instruments and avoid
weak instrumental bias. F= R{N-K-1)/[K(1-R}]. R’
refers to variance of SNPs during exposure, K refers
to the number of SNPs in MR analysis, and N refers
to the number of samples in GWAS.!""!

Study Design and Statistical Analysis

We employed a two-sample MR model to assess
the causal impact of psoriasis on AS. MR is a meth-
odology used to examine whether an exposure has
a causal influence on the development of a disease,
employing genetic variations as instrumental vari-
ables. This approach helps overcome unmeasured
confounding, leading to more robust causal infer-
ences. The MR design relies on three key assump-
tions: (1) the genetic variants are strongly linked to
the exposure; (2) the genetic variants do not correl-
ate with other confounding factors; and (3) the ge-
netic variants are associated with the outcome
solely through the investigated exposure (Figure 1).

A two-sample MR analysis was performed utiliz-
ing TwoSampleMR R package (version 0.5.6)
(https:/ /mrcieu.github.io/ TwoSampleMR/). The main
analysis was inverse-variance weighted method whi-
ch is the most accurate estimate. MR-Egger, weigh-
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Assumption 2

Instrumental
variables

Confounders

Outcome:
aortic stenosis

Figure1l Assumptions of Mendelian randomization model of psoriasis and risk of aortic stenosis.

ted median, simple mode, and weight mode were
also used for analysis and pleiotropy evaluation
(Assumption 2 and 3). We utilized both fixed-effect
and multiplicative random-effect in inverse-vari-
ance weighted method, however, the primary meth-
od would be adopted according to heterogeneity
obtained by Cochrane’s Q-statistics. The multiplic-
ative random-effects approach would be applied
when a P < 0.05 which indicated a high degree of
heterogeneity. The multiplicative random-effects
approach would be applied when a P < 0.05 which
indicated a high degree of heterogeneity. A fixed-ef-
fect model would be applied otherwise. Potential
pleiotropy and outlier instrument were detected by
Mendelian Randomization Pleiotropy RESidual
Sum and Outlier (MR-PRESSO), the interception of
which provides P-value for horizontal pleiotropy
(Assumption 3).'”) Heterogeneity among SNPs was
estimated using Cochran’s Q statistic. Also, leave-
one-out method was applied for detection of single
SNP whether elimination of each can cause bias in
summary estimates. All P-values were two-sided
and P-value < 0.05 signified suggestive relationship
unless stated otherwise. All analyses were per-
formed by R (version 4.2.2).

Function Evaluation of Causal SNPs

Information of each SNP (rsID, effect allele, and
position etc.) was extracted using “singlesnp” func-
tion in TwoSampleMR. Locally expression quantit-
ative trait loci (cis-eQTL) of each SNP were extrac-
ted using PhenoScanner (http:/ /www.phenoscan-
ner.medschl.cam.ac.uk/). Significantly related
genes in whole blood (cis-eQTL genes with p value
< 0.05/gene number and normalized effect size
(NES) > 0) were identified by GTEx Portal (https://
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gtexportal.org/home/testyourown) and were en-
rolled in Gene Ontology (GO) enrichment analysis.
Protein-protein interaction (PPI) method utiliz-
ing STRING database (https://string-db.org) was
used to cluster differential gene for their intera-
ction.”” Then Cytoscape (https:/ /cytoscape.org/)
was used for hub gene selection and final visualiza-
tion.”’! Maximum cluster centrality (MCC) algo-
rithm was used to find hub genes which might be im-
portant in disease phenotype, and top 15 genes with
the highest connectivity and the most reciprocal
linkage were defined and presented as hub genes.

Acquisition of Transcriptional Profile of Aortic
Stenosis Progression

Transcriptional profile of human aortic valve was
provided by Green, et al.”” Significant genes among
stenotic and normal valve population in this RNA
sequencing data were identified using the OmicStu-
dio tools at https:/ /www.omicstudio.cn/tool. Sig-
nificant genes and top modules were selected using
Molecular Complex Detection (MCODE) plug-in in
Cytoscape.

RESULTS

Causal Effect of Genetic Predisposition of Psori-
asis to Aortic Valve Stenosis

Cochran’s Q test showed heterogeneity (P < 0.05),
in which case, random-effects IVW was performed.
Two-sample analysis showed psoriatic genetic sus-
ceptibility was associated with higher AS risk (odds
ratio: 1.46; 95% CI: 1.25-1.71; P=1.41e*). MR-Egger,
weighted median, simple mode, and weighted
mode also provide evidence of significant associ-
ation (Table 1). Characteristics of 65 SNPs in psori-
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Table1 Results of two-sample mendelian randomization analysis for psoriasis and AS.

Method NSNP b se OR (95% CI) P
MR-Egger 65 0.19 0.09 1.21 (1.01-1.46) 0.047
Weighted median 65 0.28 0.02 1.33 (1.29-1.37) 4.85¢*
Inverse variance weighted 65 0.38 0.08 1.46 (1.25-1.71) 1.41e
Simple mode 65 0.45 0.03 1.56 (1.49-1.64) 8.96e™
Weighted mode 65 0.30 0.01 1.35 (1.31-1.39) 2146

AS: aortic valve stenosis; NSNP: numbers of single-nucleotide polymorphisms.

asis GWAS database which were associated with
AS are shown in Supplement Table 1. Forest plots
and scatter plots of MR analysis are shown in Supple-
ment Figure 1-2. No evidence of weak instrumental
bias was identified (F-statistics = 23).

Sensitivity Analysis

No SNP outlier was detected according to MR-
PRESSO, and MR-PRESSO Global Test indicated no
evidence of pleiotropic effect (P = 0.99). In leave-one-
out analysis, the results were strong since the odds
ratio remained consistent after each elimination
(Supplement Figure 3), suggesting robustness of the
association.

Characteristics of Identified Genes in MR Ana-
lysis

We conducted a search for cis-eQTL in whole bl-
ood for functional significance of causal SNPs (Sup-

( A) The characteristic enriched go terms in MR analysis
Gene number

plement Table 2). Genes with NES > 0 and P-value
< 0.05 of gene number were selected. This screen-
ing yielded a total of 125 genes (Supplement Table 3).

Subsequently, pathway enrichment analysis re-
vealed a total of 128 biological processes were asso-
ciated with the identified genes (Figure 2A). GO en-
richment analysis highlighted pathways involved in
“regulation of natural killer cell-mediated cytotox-
icity”, “leukocyte-mediated cytotoxicity”, and “T
cell-mediated cytotoxicity”, “antigen processing
and presentation”, “MCP-1 production”, “chemo-
kine production”, and “T cell-mediated immunity”.
These pathways were found to be enriched in those
genes connecting psoriasis and CAVD. PPI analysis
of identified genes was conducted using STRING
database and visualized by Cytoscape. Through the
employment of the MCC algorithm and cytoHubba
plug-in, we identified the top 15 hub genes: HLA-C,
HLA-B, ISG15, IFIT3, MX2, OASL, OAS3, OAS2,
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Figure 2 Enriched pathways and PPI network from MR analysis. (A): Enriched pathways of genes from SNPs identified by MR ana-
lysis; (B) PPI network and top 15 hub genes. Bar indicate -Log(q value), blue dot indicates gene number in each pathway. MR: Mendeli-

an Randomization; PPI: protein-protein interaction.
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The characteristic enriched go terms of gene cluster 2 in AS
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Figure 3 Module 1 and its enriched pathways. (A): Module 1 and the (B) enriched pathways of module 1. Bar indicate -Log(q value),

blue dot indicates gene number in each pathway.

XAF1, IFl6, USP18, EPSTII, IFI44L, IF144, HERC5
(Figure 2B). These hub genes represent key players
in the molecular network linking psoriasis and
CAVD, providing insights into potential mechan-
isms underlying their association.

Adaptive Immune Cells are Involved in the On-
set of Psoriasis and AS

Transcriptional profile data of normal human aor-
tic valves and valves of AS patients was acquired.
Through differential gene expression analysis, we
identified 1782 significant genes that differentiate
between normal and AS valves (Supplement Table
4). These significant genes were further analyzed

(A) (B)

GO terms

adaptive immune response based on

receptors built from immunoglobulin

using MCODE plug-in in Cytoscape, resulting in
the identification of the top 2 significant modules.
51 genes in Module 1 and 92 genes in Module 2
(Supplement Table 5 and 6) were enrolled for GO
analysis separately (Figure 3A and 4A). Consistent
with the GO enrichment analysis from MR analysis,
adaptive immune cells are largely involved in de-
velopment of AS (Figure 3B): “Regulation of lymph-
ocyte proliferation”, “regulation of monocular cell
proliferation”, “regulation of leukocyte activation”,
“regulation of T cell activation” were enriched in
AS; Module 2 contains pathways such as “ECM or-
ganization”, “cell-substrate adhesion”, and “integ-
rin-mediated signaling” (Figure 4B). We further
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Figure 4 Module 2 and its enriched pathways. (A) Module 2 and the (B) enriched pathways of module 2. Bar indicate -Log(q value),

blue dot indicates gene number in each pathway.
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analyzed the expression of the 15 hub genes identi-
fied above in MR analysis and found the following
6 genes to be significantly over-expressed in stenot-
ic valves: ISG15, MX2, OAS3, OASL, IFI6, and EP-
STII.

DISCUSSION

Previous epidemiological studies had attracted
considerable interest in exploring the association
between CVD and psoriasis./””! Khalid and col-
leagues provided pioneering evidence in 2015,
demonstrating a clear dose-response relationship,
with the incident rate ratio of AS being 1.31 for indi-
viduals with mild or severe psoriasis./! The identi-
fication of shared risk factors and underlying patho-
physiological mechanisms has prompted specula-
tion regarding whether AS can be a cardiovascular
comorbidity of psoriasis. In light of this context, we
delve deeper into the causal relationship between
psoriasis and aortic valve stenosis. Utilizing a two-
sample MR analysis approach, we found compel-
ling evidence suggesting that genetic susceptibility
to psoriasis is indeed associated with a higher risk
of AS. Importantly, our results remained robust
even after conducting sensitivity analysis.

Our findings shed light on the intricate interplay
between psoriasis and AS at the molecular level.
Through the analysis of causal SNPs and GO en-
richment analysis of transcriptional profiles ob-
tained from independent databases of psoriasis and
AS, we identified key pathways implicated in the
pathogenesis of both conditions. Specifically, our
results reveal the involvement of pathways related
to “regulation of natural killer cell-mediated cyto-
toxicity”, “leukocyte-mediated cytotoxicity”, and “T
cell-mediated cytotoxicity”, “antigen processing
and presentation”, “MCP-1 production”, “chemo-
kine production”, and “T cell-mediated immunity”.

Several studies have suggested a correlation
between psoriasis and natural killer (NK) cell re-
ceptors”! and increase in infiltrated NK cells with-
in psoriatic plaques.””! Our findings contribute fur-
ther evidence supporting the involvement of NK
cells in the pathogenesis of psoriasis. However, the
pathological role of NK cells in psoriasis has not
been clarified, and further relevant research is still
needed. There is substantial evidence connecting
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both conditions to T cell-mediated immune re-
sponses. Up-regulated T cells, macrophages, dend-
ritic cells, neutrophils, and inflammatory cytokines
in psoriasis promote keratinocyte hyperprolifera-
tion and angiogenesis.”) Also, T-cell and elevated
inflammatory mediators had been reported correl-
ated with AS progression and severity."*””) There
are evidences proposing antigen-specific immuno-
logical response and antigen-independent role of T
lymphocytes in aortic valves;” T lymphocyte-spe-
cific signaling pathways are also upregulated in cal-
cified aortic valves versus noncalcified ones.”” Nat-
ural killer cell is also associated with increased pres-
sure gradient."”! While the involvement of other
pathways in the progression of both diseases may
require further investigation, our findings provide
valuable insights into their potential participation
and contribute to a better understanding of the mo-
lecular mechanisms underlying psoriasis and AS.
Through PPI analysis, we identified 15 hub genes,
suggesting they could serve as candidate biomark-
ers which involved in the pathophysiological pro-
cess of both AS and psoriasis. Among them, ISG15,
a gene encoding a ubiquitin-like protein, exhibits
broad expression across vertebrate cell types. This
protein can exist freely or conjugate to lysine resi-
dues of target proteins via ISGylation, a post-trans-
lational process. ISG15 deconjugation, mediated by
USP18, plays a role in various physiological process
and has been extensively explored in the context of
viral and bacterial infections, as well as in cancer re-
search. Emerging evidence suggests the involve-
ment of ISG15 and its catalyze USP18 in vascular
fibrosis, stiffness, endothelial dysfunction, inflam-
mation, aortic dilation, and aortic rupture both in
mice and dilated human hearts.”"! While USP18 ex-
pression is higher in dilated human hearts, its pre-
cise role in cardiac remodeling remains controver-
sial.’? Other hub genes, such as IFIT3, IFI44L and
XAF1, has been identified as potential biomarkers
in ischemic cardiomyopathy and heart failure data-
bases.”””"” In athero-prone condition, OASL has
been demonstrated to regulate endothelial cells,
with its absence preceding endothelial dysfunction
and elevated vascular inflammation."”" Notably,
ISG15 and OASL were also identified among differ-
ential genes in AS and normal patients, suggesting
possible mechanism connecting AS and psoriasis.
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While the functions of other hub genes with respect
to CVD have been relatively less explored, our stu-
dy highlights statistically significant hub genes, in-
cluding ISG15, MX2, OAS3, OASL, IFI6, and
EPSTI1, warranting further in-depth investigation.
One strength of our study is the use of large sample
size in the GWAS of Icelandic AS, which enhances
the statistical power of the study. Additionally, em-
ploying various statistical methods increases the ro-
bustness of our results. The functional evaluation of
causal SNPs and PPI analysis further underscore
the significance of hub genes, emphasizing the im-
portance of needing a more thorough comprehen-
sion of immune-related pathways and genes associ-
ated with AS and psoriasis. Such insights are cru-
cial for the development of innovative diagnostic or
prognostic biomarkers and the identification of
therapeutic targets for both diseases.

However, our study has certain limitations. Firs-
tly, despite employing multiple steps to examine
pleiotropy, it was challenging to entirely eliminate
the influence of potential pleiotropy. This led to an
imprecise evaluation of the three key hypothe-
ses. Fortunately, various methods consistently pro-
duced similar results, and sensitivity analyses re-
vealed limited indications of horizontal pleiotropy.
This helps mitigate the risk of pleiotropy bias. An-
other limitation of this study is that the analysis was
based on summary-level data, which limits the in-
terpretation of causality. Due to the observational
nature of the original data, assessing or elucidating
the impacts of psoriasis severity stratification was
not feasible. Therefore, we could not evaluate the cau-
sal impact of AS in relation to the stratification of
psoriasis severity. Moreover, the study was perfor-
med on individuals of European ancestry, which
may limit the generalizability of the results to other
populations. Also, there might be overlaps between
GWAS samples (both AS and psoriasis datasets in-
cluded participants from European ancestry), creat-
ing a weak instrumental bias. Nonetheless, high F-
statistic of instruments undermined such bias. We
look forward to further in-depth studies to confirm
the causal relationship between psoriasis and aortic
valve stenosis and to investigate the underlying
mechanisms.

Overall, our research offers proof of a causal con-
nection between psoriasis and AS. It indicates that

A E http:/ /www.jgc301.com; jgc@jgc301.com

the hub genes (e.g.,, HLA-C, HLA-B, ISG15, IFIT3,
and MX2) and immune-related pathways (e.g., ad-
aptive immunity) identified in the study may play a
significant role in the development of both diseases.
The epidemiological association and the causal rela-
tionship between the two diseases underscore the
importance of conducting regular examinations re-
lated to CVD. For patients diagnosed with psoriasis,
it is advisable to consider the use of moderate-in-
tensity statins as part of the recommended thera-
peutic approach.”” Besides, given the immune-me-
diated inflammatory diseases are recognized risk
factor for cardiovascular burden, CVD risk-stratific-
ation among patients with inflammatory diseases is
considered essential for more precise guidance re-
garding the utilization of statins and other pro-
gnostic interventions.™ Furthermore, Yang, et al™!
indicates that IL-17A triggers inflammation in valv-
ular endothelium, exacerbating calcific aortic valve
disease. This finding offers theoretical backing for
anti-IL-17 therapy as a potential treatment for pa-
tients with both psoriasis and AS.

ABBREVIATIONS

MCP-1: Monocyte chemotactic protein-1

HLA: Human leukocyte antigen

ISG15: Interferon-stimulated gene 15

IFIT3: Interferon Induced Protein with Tetratri-
copeptide Repeats 3

MX2: MX Dynamin Like GTPase 2

OAS3: 2'-5'-oligoadenylate synthetase 3

OASL: 2'-5'-Oligoadenylate Synthetase Like

XAF1: XIAP Associated Factor 1

IF16: Interferon Alpha Inducible Protein 6

USP18: Ubiquitin specific peptidase 18

EPSTI1: Epithelial Stromal Interaction 1

IF144: Interferon induced protein 44

[F144L: Interferon induced protein 44 like

HERCS5: HECT And RLD Domain Containing E3

Ubiquitin Protein Ligase 5

ECM: Extracellular matrix
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