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Purpose: Psoriasis is not yet completely curable, and its etiology and pathogenesis are unclear. Necroptosis, also known as
programmed necrosis, is a regulated mode of necrotic cell death. The interaction between inflammatory diseases and necrotic apoptosis
has recently attracted significant attention. We explored the molecular mechanisms of necrotic apoptosis-related genes in psoriasis
using bioinformatics methods to identify potential biomarkers for psoriasis.

Patients and Methods: In this study, we screened psoriasis differentially expressed genes from the datasets GSE13355 and
GSE14905 and took intersections with necrotic apoptosis-related genes for the next analysis. We used multiple machine learning
algorithms to screen key genes and perform enrichment analysis. In addition, we performed an immune infiltration analysis.
Transcription factors were predicted by the R package “RcisTarget”. We also observed the cellular clustering of key genes in different
cell types at the single-cell sequencing level. We used real-time fluorescence-based quantitative-polymerase chain reaction, Western
blot, and immunohistochemistry to analyze gene expression in clinical samples. We constructed an imiquimod-induced psoriasis-like
dermatitis model in mice for further validation.

Results: Seven key genes were screened as follows: 4IM2, CARD6, HPSE, MYDS88, PYCARD, RAI14, and TNFSF10. Enrichment
analysis showed that the key genes were mainly involved in inflammatory pathways. Immune infiltration analysis showed significantly
higher levels of CD8 T cells, CD4 initial T cells, and CD4 memory-activated T cells in the disease group’s samples than in the normal
patients’ samples. The key gene expression in single cells analyzed showed that PYCARD was significantly expressed in keratinocytes.
PYCARD was selected for gene expression analysis; the results showed that its expression was significantly elevated in the skin lesion
tissues of patients with psoriasis. We also verified that PYCARD might play a vital role in the development of psoriasis skin lesions
using animal experiments.

Conclusion: PYCARD plays a vital role in psoriasis development and is a potential biomarker for psoriasis.

Keywords: necrotic apoptosis-related gene, bioinformatics, inflammatory disease, immune disease

Introduction

Psoriasis is a genetically, environmentally, and immunologically mediated chronic inflammatory skin disease with
a prevalence of approximately 2%. Skin damage is papular, scaly, or even blisters, with erythema or pustules in addition
to papules and scales. Psoriasis is a skin disease that also involves other organs. Patients with psoriasis usually have
hypertension, diabetes, metabolic syndrome, and other diseases.! Furthermore, Damiani et al observed an increased
likelihood of airway inflammation in patients with psoriasis.” Accordingly, during treatment, it is necessary to not only
treat the disease but also pay attention to associated comorbidities. Early identification and treatment of comorbidities is
critical.®> The disease duration is long due to its high incidence and easy recurrence, and patients and society experience
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a heavy burden. The 2019 Global Burden of Disease study revealed a decreasing incidence of psoriasis worldwide.
However, the regional differences suggested that targeted prevention and treatment remain important to reduce the global
burden of the disease.* However, its pathogenesis is poorly understood. Therefore, better technologies are urgently
needed to elucidate the pathogenesis of psoriasis and identify key biomarkers.

The pathogenesis of psoriasis is not completely clear. Psoriasis is caused by the over-proliferation of epidermal
keratinocytes, followed by inflammatory infiltration of the skin. T-cell aggregates have been observed in early psoriasis
lesions, suggesting a sustained immune response. This response is mediated by the release of host defense proteins and
chemokines, leading to large accumulations of T cells, macrophages, neutrophils, and dendritic cells in skin lesions.
Research into the mechanisms of psoriasis has progressed over the past two decades.® Recent studies show that cell-
mediated adaptive immune responses are crucial in psoriasis.” The intrinsic and adaptive cutaneous immune response is
disrupted in psoriasis and is the most common cause. Immune response disorders contribute to the development of
inflammation in psoriasis.®® Psoriasis develops because of the interaction of multiple cell types with inflammatory
cytokines.'® Antimicrobial peptides released following keratinocyte stress trigger and maintain inflammatory pathways in
psoriasis.!''? The maintenance of psoriasis is primarily mediated by the tumor necrosis factor-alpha (TNF-o)/interleukin
(IL)-23/IL-17 axis. Although IL-17, IL-23, and TNF are considered the major cytokines involved in developing
psoriasis,'® attention has recently been focused on the role of inflammatory vesicle complex activation in psoriasis
pathogenesis.m’15 Inflammatory vesicles are complexes comprising multiple proteins that are important components of
the natural immune system. Several types of inflammasomes have been identified, including NOD-like receptor protein
(NLRP) 1, NLRP3, NLRC4, and absent in melanoma 2 (AIM2). The NLRP3 inflammatory vesicle has been the most
studied. It is a macromolecular multiprotein complex comprising apoptosis-associated speck-like protein (ASC) (encoded
by the PYCARD gene), cysteinyl aspartate specific proteinase-1 (caspase-1), and NLRP3, which senses external
pathogens or injury and transmits signals to the immune system to initiate an inflammatory response or induce
apoptosis.'®!”

The interaction between the inflammatory response and necrotic apoptosis has attracted considerable attention.
Necrotic apoptosis, also known as programmed necrosis, is an alternative mode of programmed cell death that occurs
when the normal apoptotic pathway is inhibited and is similar to and distinct from apoptosis and necrosis. This pathway
involves primarily receptor-interacting protein kinase (RIPK) 1, RIPK3, and a mixed-spectrum kinase structural domain-
like pseudokinase (MLKL).'® Several stimuli can initiate programmed necrosis, including cytokines, biological factors,
viral infections, and chemicals.'® TNF-a is the most commonly identified programmed necrosis cytokine. It may trigger
programmed necrosis and is considered a major cytokine in psoriasis pathogenesis. When cells die due to necrotic
apoptosis, they release chemical signals that elicit an active inflammatory immune response. Therefore, necrotic
apoptosis is believed to play a vital role in inflammatory diseases.

Sequencing technologies and the application of genomic data in diseases have become widespread. Microarray
technology has been widely used in biological research, and the data it generates, such as mRNA datasets, are a powerful
tool for identifying key factors in disease development.”>*' Therefore, this study aimed to analyze data from gene
expression databases (GEO)** using bioinformatics methods to identify potential biomarkers for psoriasis.

Materials and Methods

The Psoriasis-Related Datasets VWere Downloaded from the GEO Database
The GSE13355 and GSE14905 datasets (Supplementary Table 1) were obtained from the GEO database (https:/www.
ncbi. nlm.nih.gov/geo). GSE13355 included expression profiling data for 122 groups of samples as follows: 64 and 58

from patients in the healthy control group and the psoriatic lesion tissue, respectively. In contrast, GSE14905 included
the expression profiles of 82 groups of samples, with 49 cases in the healthy control group and 33 in the psoriasis group.

Differentially Expressed Necrotic Apoptosis-Related Genes in Psoriasis
Differentially expressed genes (DEGs) were further identified in the control and disease groups using the limma
package® (P<0.05, |logFC| >1). We identified 667 necrotic apoptosis-associated genes from the GeneCards database
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(https://www.genecards.org/). The intersection of DEGs with necrotic apoptosis genes was selected to obtain intersecting

genes.

Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Analyses were Used

to Analyze their Biological Functions
Gene ontology (GO)** and Kyoto Encyclopedia of Genes and Genomes (KEGG)*® analyses were performed on DEGs
using the Metascape database”® (www.metascape.org). Minimum overlap of >3 and P<0.01 were considered statistically

significant.

Identification of Potential Disease Biomarkers

The least absolute shrinkage and selection operator (LASSO) logistic regression and Support Vector Machine (SVM)
algorithms were used to identify disease markers; the LASSO algorithm was developed using the “glmnet” software
package. SVM recursive feature elimination (SVM-RFE)*’ is an SVM-based machine learning method. Receiver
operating characteristic (ROC) curves were plotted using the pROC software package, and the area under the curve
(AUC) was calculated to determine the predictive value of the key genes. Co-expression between key genes was
analyzed using Pearson’s correlation test.

Immune Cell Infiltration Analysis Was Used to Determine the Composition of

Immune Cells

Immune infiltration was calculated using the web-based tool Cell-type Identification by Estimating Relative Subsets of
RNA Transcripts (CIBERSORT).?® The patient data were analyzed using the CIBERSORT algorithm, which was used to
infer the types and relative proportions of the 22 immune-infiltrating cells. A Spearman correlation analysis was
performed on the gene expression and immune cell content.

Key Gene Enrichment Analysis to Evaluate Biological Functions

Molecular mechanisms of the core genes in the two groups of patients were explored by comparing the differences in
signaling pathways in the high- and low-expression groups using gene set enrichment analysis (GSEA).?’ We used the
Gene Set Variation Analysis (GSVA) algorithm to score each gene set comprehensively and assess potential biological
functional changes across samples. The metabolic pathways were quantified using the single-sample gene set enrichment
analysis (ssGSEA) algorithm of the GSVA package and visualized using the heatmap package.

Regulatory Network Analysis of Key Genes to Predict Transcription Factors

Transcription factors (TFs) regulating key genes were predicted using the R package “RcisTarget”. All calculations
performed using the RcisTarget were based on motifs. The normalized enrichment score (NES) of a motif depends on the
total number of motifs in the database. Additionally, the NES for each motif was calculated based on the distribution of the
AUC:s for all motifs in the gene set. We set rcistarget.hg19. motifdb. cisbpont 0.500bp for the gene motif ranking database.

Single-Cell Sequencing Analysis
GSE162183 single-cell sequencing data were downloaded from the GEO database for six samples, comprising three
controls and three psoriasis cases. First, gene expression profiles were read using the Seurat package to screen out cells
with abnormal expression. Subsequently, the gene expression was normalized and subjected to principal component
analysis (PCA). The positional relationship between different clusters was investigated using the t-distributed Stochastic
Neighborhood Embedding (t-SNE) method.

Sample Collection
Twenty skin lesion tissues of adult patients with psoriasis and healthy control volunteers each were collected from the
Department of Dermatology of the Second Affiliated Hospital of Xi’an Jiaotong University (Supplementary Table 2). All
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participants provided written informed consent. All studies were approved by the Ethics Committee of the Second
Affiliated Hospital of Xi’an Jiaotong University (2024 LUN review 008). The study was conducted in accordance with
the Declaration of Helsinki.

RNA Isolation and Real-Time Fluorescence Quantitative PCR

Total RNA was extracted using the TRIzol reagent (Kangwei Century; Beijing, China). cDNA was synthesized in an
RNA reverse transcription reaction using TransScript™ One-Step gDNA Removal and ¢cDNA Synthesis SuperMix
(TransGen Biotech; Beijing, China). Next, TransScript® Top Green qPCR SuperMix (TransGen Biotech; Beijing,
China) was used for real-time fluorescence-based quantitative PCR (qRT-PCR) detection. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal reference. All qRT-PCR primer sets are presented in Supplementary
Table 3.

Western Blot Assay

After the indicated treatments, cells were collected and washed two times with phosphate-buffered saline (PBS).
Subsequently, they were lysed in radioimmunoprecipitation assay (RIPA) cell lysis buffer (Bioworld Technology, Co.,
Ltd., Nanjing, China) containing protease inhibitors. Protein concentrations were determined using a bicinchoninic acid
(BCA) protein quantification kit (Biopped; Beijing, China). Proteins were separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) membranes. The
membranes were blocked using Tris Buffered Saline+Tween-20 (TBST) containing 5% skim milk for 1 h at room
temperature, followed by incubation with the primary antibody overnight at 4 °C. The blots were washed three times with
TBST and incubated with the secondary antibody for 1 h at room temperature. Finally, the washed membranes were
treated with an enhanced chemiluminescence (ECL) reagent and detected in a chemiluminescent apparatus. Anti-
PYCARD and ant-GAPDH were the primary antibodies. The secondary antibody was horseradish peroxidase-
conjugated goat anti-rabbit Immunoglobulin G (Three Eagles; Wuhan, China). Finally, the protein bands were analyzed
using Imagel software.

Immunohistochemical Staining

Tissue samples were fixed overnight in 4% paraformaldehyde (BioSharp; Hefei, China), wrapped in wax, and sectioned.
Baked slices were subjected to gradient deparaffinization. Antigenic repair was performed using a citric acid repair
solution. Endogenous peroxidase was blocked using a 3% hydrogen peroxide solution. Subsequently, the sections were
incubated with configured primary antibodies overnight at 4 °C. An Sp kit (ZSGB-Bio; Beijing, China) was used to
perform the secondary antibody and chromogenic reactions. Finally, the sections were re-stained with hematoxylin and
photographed under a microscope (Leica; Germany).

Animal Experimental Validation

Thirty-two male BALB/c mice weighing 18-21 g were purchased from Xi’an Keao Biotechnology Co., Ltd. Animals
were housed in a controlled environment at a temperature of 23+2°C with ad libitum access to food and water. The
experimental mice were 8—10 weeks old. Thirty-two BALB/c mice were randomly categorized into four groups (n=8
each) as follows: (i) the normal healthy group (PYCARD"*+Vaseline), (ii) the psoriasis group (PYCARD "+ imiquimod
[IMQ]), (iii) group of healthy mice with knockout of PYCARD (PYCARD  +Vaseline), and (iv) group of psoriasis mice
with PYCARD knockout (PYCARD ™ + IMQ). Mice were administered 5% IMQ cream (62.5 mg) once daily for 7 days
to establish a psoriasis-like mouse model; the control group was treated with the same dose of Vaseline. The body weight
of the mice and the psoriasis area and severity index (PASI) score (Supplementary Table 4) of the skin on their backs

were recorded daily throughout the application of IMQ. After euthanasia, samples of skin, spleen, and lymph node tissues
were collected for further experiments. All experimental protocols involving mice followed the Guide for the Care and
Use of Laboratory Animals and were approved by the Biomedical Ethics Committee of the Health Science Center of
Xi’an Jiaotong University (No. XJTUAE2023-1910).
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Statistical Analysis

Bioinformatics statistical analyses were performed using R language (version 4.0). Statistical analyses were performed
using GraphPad version 7.0 (GraphPad, La Jolla, CA, USA) and SPSS Statistics for Windows, version 18.0 (SPSS Inc.,
Chicago, Ill., USA). Results are expressed as mean + standard deviation. Comparisons between two groups were
performed using the #-test; comparisons between multiple groups were performed using one-way analysis of variance.
Statistical significance was set at P<0.05.

Results

Identification of Differentially Expressed Genes in Psoriasis

The downloaded datasets included the expression profile data of 204 patients (113 and 91 in the normal and disease
groups, respectively). The chips were corrected using the combat algorithm, and PCA plots were used to compare the
differences before and after correction (Figure 1A and B). The limma package was further used to calculate the DEGs
between the two groups of patients. A total of 729 differential genes were screened (Supplementary Table 5.1), among

which 498 and 231 were upregulated and downregulated, respectively (Supplementary Tables 5.2 and S5.3). Figure 1C

shows the volcano diagram.

Functional Enrichment Analysis of Psoriasis Differentially Expressed Genes
GO analysis was performed on the 729 psoriasis DEGs to determine their biological functions. The DEGs were enriched
mainly for pathways, such as the response to bacteria and innate immune response (Figure 1D).

Functional Enrichment Analysis of Psoriatic Necrotic Apoptosis Differential Genes
The intersection of 729 differential genes with 667 necrotic apoptosis genes was selected to obtain 38 intersecting genes
(Supplementary Table 6 and Figure 1E). GO analysis performed on these genes showed their enrichment mainly in the

cellular response to biotic stimulus, polymeric cytoskeletal fiber, negative regulation of cytokine production, lipid and
atherosclerosis, and TNF signaling pathways (Figure 1F).

Screening for Key Genes

The LASSO regression and SVM feature selection algorithms were used to screen 38 intersecting genes to investigate
key genes affecting psoriasis. LASSO regression identified 11 genes as characteristic genes in psoriasis (Figure 2A,
B and Supplementary Table 7). These characteristic genes were evaluated using the SVM-RFE algorithm (Supplementary

Table 8). Seven intersecting genes were identified by taking the intersection of the top eight feature genes with the lowest
error rate and genes identified by the LASSO regression algorithm (Figure 2C and 2D). The seven key genes (AIM2,
CARDG6, HPSE, MYDS88, PYCARD, RAI14, and TNFSF10) were used in subsequent studies. Correlation co-expression
circle plots were analyzed for the key genes (Figure 2E). We used the ROC curve to explore the predictive efficacy of key
genes; greater AUC values indicated better predictive efficacy. The AUC values of the AIM2, CARD6, HPSE, MYDSS,
PYCARD, RAII4, and TNFSF10 genes were 0.974 (0.953-0.995), 0.961 (0.936-0.986), 0.995 (0.988-1.000), 0.996
(0.992-1.000), 0.976 (0.953—1.000), 0.987 (0.976-0.998), and 0.947 (0.914-0.980), respectively, suggesting their ability
to predict disease development (Figure 3A-G).

Immune Infiltration Analysis

The mechanisms by which key genes influence psoriasis progression were explored by analyzing their relationship with
immune infiltration in the disease dataset. Figure 4A shows the immune cell contents of each patient. Multiple correlation
pairs were found between immune cell infiltration levels (Figure 4B). The levels of CDS, naive CD4, and activated CD4
memory T cells were significantly greater in samples from the disease group than in those from the normal patient group
(Figure 4C). The relationship between key genes and immune cells was explored further, and several key genes were
highly correlated with immune cells (Figure 5SA—QG). Correlations between these key genes and different immune factors,
including immunosuppressants, chemokines, immunostimulants, receptors, and major histocompatibility complex
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Figure | Identification and analysis of necrotic apoptotic differential genes in psoriasis. (A and B) PCA plots showing differences in the GSEI3355 and GSE14905 datasets
before and after correction with the combat algorithm. (C) Volcano plot of DEGs. (D) GO analysis of 729 DEGs in psoriasis. (E) Venn diagram of psoriasis DEGs
intersecting with necrotic apoptosis genes. (F) GO analysis of the intersecting genes of psoriasis DEGs and necrotic apoptosis genes.

Abbreviations: PCA, principal component analysis; DEGs, differentially expressed genes; GO, Gene Ontology.
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Abbreviation: ROC, receiver operating characteristic.

(MHC), were obtained from the TISIDB database (Figure 4D). Furthermore, these analyses confirmed that these key
genes were closely associated with the amount of immune cell infiltration.

Enrichment Analysis of Key Genes

The specific signaling pathways in which the seven key genes were enriched were investigated to explore how they affect
the progression of psoriasis. Figure 6A—G and 7A-G show the GSEA and GSVA results, respectively.

Data from all samples were analyzed using the ssGSEA algorithm, which infers the relative proportions of metabolic
pathway cells to derive the metabolic pathway content of the patients. In the metabolic pathway heatmap, the disease
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samples exhibited higher scores than the control samples for the classifications, such as amino acid metabolism relevant
signatures (Figure 7H).

Transcription Factor Analysis of Key Genes

The set of seven key genes was regulated by common mechanisms, including multiple TFs. Enrichment analysis of these
TFs was performed using cumulative recovery curves (Figure 8A). The motif-TF annotation and selection analysis of the
important genes showed that the motif with the highest NES (6.29) was cisbp_ M3990; three genes (4/M2, CARDG, and
RAI14) were enriched in this motif. One motif with a similarly high NES (6.22) was cisbp_ M3985, and five genes
(AIM2, CARDG6, MYDS88, PYCARD, and RAII4) were enriched in this motif. The motifs with which the key genes were
enriched and the corresponding TFs were also identified (Figure 8B). The seven key genes were back-predicted using the
miRcode database to obtain 81 miRNAs (Supplementary Table 9) and 235 mRNA-miRNA relationship pairs and
visualized using Cytoscape (Figure 8C).

Single-Cell Sequencing Analysis

We used the t-SNE method to study the positional relationships between different clusters, and the results are shown in
Figure 9A. To add annotations to the clusters, we used the annotation file that comes with the celldex package to annotate
cell subtypes. This annotation labeled each cluster as a cell type closely related to disease formation. Analysis of the
expression of key genes in single cells showed that PYCARD was significantly expressed in keratinocytes, and CARDG,
RAII4, and TNFSF10 were significantly expressed in endothelial cells (Figure 9B).
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Figure 6 GSEA analysis of key genes. (A) AIM2, (B) CARDé, (C) HPSE, (D) MYD88, (E) PYCARD, (F) RAIl4, and (G) TNFSFI0.
Abbreviation: GSEA, gene set enrichment analysis.

Dataset Validation for Key Genes

The study obtained 4284 psoriasis-associated disease genes from the GeneCards database (https://www.genecards.org/).
Analysis of the intergroup differences in disease gene expression showed that AP1S3, CARDI4, CDSN, and HLA-C
differed between the two patient groups (Figure 10A). Analysis of the levels of the seven key genes and the expression
levels of the top 20 genes in the relevance score showed that the seven genes correlated with the expression of several
disease-related genes (Figure 10B). Specifically, PYCARD correlated positively with the disease-associated gene

CARD14 (r=0.79) (Figure 10C).

The PYCARD Gene is Highly Expressed in Patients with Psoriasis
The expression of the seven DEGs in patients with psoriasis was compared using qRT-PCR to detect the mRNA of A7M2,

CARDG6, HPSE, MYDS8S8, RAIl4, TNFSF10, and PYCARD in the tissues from 20 patients with psoriasis and 20 healthy
controls. PYCARD had the most significant increase in expression compared to the other six DEGs in patients with
psoriasis as opposed to the control group (Figure 11A). After reviewing the relevant literature and combining the raw
letter analysis and qRT-PCR results, PYCARD was selected for further analysis. Western blot was used to analyze the
protein levels of PYCARD; the levels were significantly greater in the skin lesion tissues of the psoriasis group than in
the healthy control group (Figure 11B). Immunohistochemical analysis was performed on the tissues of the patients with
psoriasis and healthy controls to clarify the expression of PYCARD in the skin lesion tissues of patients with psoriasis.
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Abbreviation: GSVA, gene set variation analysis.

The protein levels of PYCARD were significantly greater in patients with psoriasis than in the healthy control group
(Figure 11C).

In vivo Expression of the PYCARD Gene and Validation in Animal Experiments

A mouse model of psoriasis was established by administering 5% IMQ cream to mice and knocking down the PYCARD
gene to investigate the PYCARD gene’s role in the development of psoriasis. The groups were (i) PYCARD ™ *+Vaseline,
(i) PYCARD""+IMQ, (iii) PYCARD " +Vaseline, and (iv) PYCARD " +IMQ groups. The qRT-PCR analysis of
PYCARD mRNA levels in the skin biopsies of mice in the four groups showed that PYCARD mRNA levels were
significantly elevated in mouse skin biopsies after IMQ treatment compared to the PYCARD™+Vaseline group.
Whereas, knockdown of PYCARD significantly inhibited the expression of PYCARD (Figure 12A). Observation of

**+Vaseline group, mice in the

the dorsal skin lesions of mice in each group showed that compared with the PYCARD
PYCARD*+IMQ group showed obvious skin lesions on day 2, which gradually aggravated and reached a peak on days
6-7. Typical erythema and scales appeared on the dorsal side on day 8, accompanied by obvious thickening of the
epidermis and a significant increase in the PASI scores of the skin lesions. Furthermore, knocking down PYCARD in
addition to the mice with psoriasis significantly improved the skin lesion quality. Knockdown of PYCARD in mice with
psoriasis significantly improved the symptoms of skin lesions, alleviated erythema and scaling, and attenuated the degree

of infiltration. However, the knockdown of PYCARD in healthy mice had no significant effect on the skin condition
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(Figure 12B). We dynamically detected the body weight of mice in each group in real time to exclude the interference of
other factors. (Figure 12C). Therefore, these results suggest that PYCARD knockdown significantly improves skin lesion
symptoms in mice with psoriasis.
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We initiated a tissue-level study to further investigate the effects of PYCARD on the development of psoriasis. H&E
staining of the epidermis of the four groups of imiquimod-induced psoriasis mice revealed hyperkeratosis with
parakeratosis, hypertrophic spinous layer, prolonged epidermal processes, vascular dilatation and congestion and
inflammatory cell infiltration in the dermis. Knockdown of PYCARD significantly reduced epidermal thickening and
hyperkeratosis, and reduced rete’s ridge-like structures extending into the dermis in psoriatic mice (Figure 12D).
Immunohistochemistry showed that the number of Ki-67 and keratin 14, 16, and 17 positive cells in the skin lesions
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analysis of key gene PYCARD expression level. (C) Immunohistochemistry showed that the key gene PYCARD was highly expressed in the tissues of patients with psoriasis.
*P< 0.05, **P< 0.01.

Abbreviations: qRT-PCR, quantitative reverse transcription polymerase chain reaction; CON, control; PSO, psoriasis; N.S, no significance.

of mice was reduced in the PYCARD " +IMQ group compared with the PYCARD*+IMQ group (Figure 13A). These
results suggest that PYCARD expression in skin lesion tissues of mice with psoriasis contributes to the hyperproliferation
of keratin-forming cells.

Given that psoriasis is a chronic inflammatory skin disease, we explored the effect of PYCARD on inflammatory cell
infiltration in mice with psoriasis. Immunohistochemical detection of the dendritic cell marker Siglec H in the mouse
epidermis revealed that mice in the PYCARD knockout group had significantly less infiltration of plasma cell-like
dendritic cells than those in the psoriasis group (Figure 13B). The proportions of dendritic (CD207 'CD103" migratory
dendritic cells), Langerhans, Thl, and Th17 cells in the PYCARD " +IMQ group were significantly lower than those in
the PYCARD"""+IMQ group according to flow cytometry (Figure 14A). Additionally, the mRNA levels of inflammatory
cytokines measured using the qRT-PCR showed that proinflammatory factors IL-12A, IL-23, and interferon-gamma were
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Figure 12 Validation of animal model. (A) mRNA levels of PYCARD in mouse skin biopsy tissues. (B) Dynamic changes in dorsal skin lesion manifestations and PASI scores in
each group of mice. (C) Body weight of mice in each group. (D) Hematoxylin-eosin staining of the epidermis of mice in each group. *P< 0.05.
Abbreviations: PASI, Psoriasis area and severity index; N.S, no significance.

reduced in mice in the PYCARD " "+IMQ group (Figure 14B). Therefore, PYCARD knockdown significantly suppressed
inflammation in mice with psoriasis.

Collectively, these results suggest that the PYCARD gene may play an important role in the pathogenesis of
imiquimod-driven skin inflammation in mice.

Discussion
Psoriasis is a chronic inflammatory disease with high morbidity that causes significant mental and physical stress and
pain to patients because of its recurrent episodes, prolonged delay, and long treatment cycle, leading to depression,
anxiety, and uneasiness in some patients, which severely affects patients’ standard of living.>° Before the use of biologics,
the traditional treatment of psoriasis was poorly effective, with a long treatment cycle and poor therapeutic effect,
causing patients to lose confidence in treatment. The emergence of psoriasis biologics is undoubtedly a boon, largely
relieving patients’ pain, although prolonged use can lead to immunosuppression and infections.>! Mitigating and
avoiding relapses more effectively remains a global challenge due to many unknowns in the mechanism of psoriasis.
Necrotic apoptosis, also known as programmed necrosis, is a regulated mode of necrotic cell death.’® Since necrotic
apoptosis shows great research potential in inflammatory skin diseases, we attempted to identify and validate potential
key necrotic apoptosis-associated genes in psoriasis using a bioinformatics approach to provide new perspectives on the
pathogenesis and treatment of psoriasis.

We identified 729 DEGs from the RNA expression profiles of patients with psoriasis. Pathway analyses of these
DEGs showed they were enriched mainly in response to bacteria, innate immune responses, and other pathways.
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Figure 13 Animal experiment validation. (A) Immunohistochemistry was used to analyze the degree of cell proliferation and keratin expression in the epidermis of the four
groups of mice. (B) Siglech expression was detected by immunohistochemistry. *P< 0.05.

Therefore, we selected the intersection of these 729 differential genes with 667 necrotic apoptosis genes to obtain 38
intersecting genes and analyzed their functions. Psoriatic necrotic apoptosis genes were involved mainly in the cellular
response to biotic stimuli, negative regulation of cytokine production, polymeric cytoskeletal fiber, lipid and athero-
sclerosis, the TNF signaling pathway, and other pathways. Most of these pathways have been implicated in psoriasis
pathogenesis, particularly the TNF signaling pathway, which is important in the development of psoriasis. Seven key
genes were identified using a combination of LASSO regression and SVM feature selection algorithms as follows: 4IM2,
CARDG6, HPSE, MYDS88, PYCARD, RAI14, and TNFSF10. GSEA revealed that these key genes were involved mainly in
inflammatory pathways. Therefore, these results suggest that psoriatic necrotic apoptosis genes are important in the
inflammatory response.

Most of these seven key genes were associated with inflammatory responses. AIM2 and MYDS88 play important roles
in the development of psoriasis.®> >® However, the relationship between the remaining key genes and the development of
psoriasis has not yet garnered numerous relevant reports, which may provide clues for new therapeutic targets for
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psoriasis. Therefore, we performed an immune cell infiltration analysis to explore the relationship between key genes and
immune cells and the dysregulation of inflammatory cells in psoriasis. Psoriatic inflammatory cells involve mainly
dendritic cells, macrophages, neutrophils, and T cells.’” For immune infiltration, AIM2, CARD6, HPSE, MYDSS,
PYCARD, and TNFSF10 correlated positively with activated CD4 memory T and dendritic cells, suggesting that they
are associated with the psoriasis inflammatory response and may be pivotal in psoriasis immunomodulation. We also
performed an enrichment analysis of multiple TFs regulated by these seven key genes with motif-TF annotation, showing
that the motif with the highest NES was cisbp  M3990. The following three genes were enriched in this motif: A/M2,
CARDG, and RAI14. In contrast, the motif with similarly high NES (6.22) was cisbp_ M3985, in which five genes were
enriched as follows: AIM2, CARD6, MYDS88, PYCARD, and RAII4. The expression levels of these seven genes and
several disease-related genes were significantly correlated. Furthermore, we found that PYCARD was significantly
expressed in keratinocytes, and CARD6, RAI14, and TNFSF'10 were significantly expressed in endothelial cells according
to the single-cell sequencing analysis.

Combining bioinformatics and literature review, we selected PYCARD for further analysis due to several reasons.
First, we found multiple psoriasis-related genes through dataset validation, and the expression levels of PYCARD were
significantly correlated with those of these disease-related genes. Second, qRT-PCR of the tissues of patients with
psoriasis compared to those of healthy control revealed that PYCARD showed the most significant increase in expression
in patients with psoriasis compared to the other six DEGs. Third, PYCARD was found to be significantly expressed in
keratinocytes via single-cell sequencing, which is one of the main features of psoriasis. Finally, a review of the relevant
literature revealed that the role of PYCARD in psoriasis has not been extensively reported, suggesting that PYCARD may
be a relatively new potential biomarker.

Examination of the tissues of patients with psoriasis and those of healthy controls using qRT-PCR, Western blot, and
immunohistochemistry confirmed that PYCARD was highly expressed in the skin lesion tissues of patients with psoriasis.
Establishing an IMQ-induced mouse model and conducting related studies showed that the knockdown of PYCARD
improved skin lesion symptoms and attenuated the inflammatory response in mice with IMQ-induced psoriasis.
Therefore, this finding suggests that PYCARD is important in the pathogenesis of psoriasis, aggravating the inflammatory
response.

PYCARD, also known as ASC, encodes an articulating protein containing two protein—protein interacting structural
domains (the n-terminal PYD structural domain and the c-terminal CARD structural domain) and is a key articulating
protein for the activation of inflammatory vesicles.*® In normal cells, this protein is localized in the cytoplasm; however,
it forms globular aggregates close to the nuclear periphery in cells undergoing apoptosis. ASC is a key protein in the
NLRP3 inflammasome,® which activates cysteine aspartate protease 1 (caspase 1) through the formation of inflamma-
somes after cellular stimuli (such as viruses and stress). Furthermore, protease 1 (caspase 1) induces the release of
proinflammatory cytokines, generating an inflammatory response and inducing apoptosis.>®40 42

The development of psoriasis is closely associated with inflammatory responses. In this study, we identified PYCARD
as a potential biomarker of psoriasis. The role of NLRP3 inflammatory vesicles in psoriasis, an autoinflammatory skin
disease, has attracted significant attention; NLRP3 is suggested to play a key role in the pathogenesis of psoriasis.*
Cycloastragaloestradiol can inhibit inflammation in psoriasis by suppressing NLRP3-mediated macrophage pyroptosis.*'
PYCARD is a potential biomarker for the development of psoriasis and has been validated by gene expression analysis
and the establishment of animal models.** PYCARD expression is upregulated in the epidermis of psoriasis.***!
PYCARD also plays an important role in other inflammatory diseases. Furthermore, NLRP3 inhibitors block inflamma-
tory vesicle activation and effectively attenuate dyskinesia, nigrostriatal dopaminergic degeneration, and accumulation of
o-synuclein aggregates in Parkinson’s disease.*

Psoriasis is a chronic immune-inflammatory skin disease with high incidence, and its etiology and pathogenesis
remain unclear. Recent research continues to explore new biomarkers of psoriasis. Studies have suggested that the genes
associated with iron metabolism can be used as potential biomarkers in patients with psoriasis.***® Lu et al, through
bioinformatics analysis, have demonstrated the role of apoptosis-related genes in psoriasis and identified the hub genes.*’
Other studies have also highlighted the diagnostic value of autophagy genes in psoriasis.’®>' These advances provide
a new perspective on the pathogenesis and management of psoriasis. Unlike previous studies, this study comprehensively
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analyzed the DEGs in psoriasis and necroptosis-related genes and identified a new key gene, PYCARD, through clinical
samples and animal experiments. PYCARD, as a critical gene encoding inflammasomes, also plays a role in immune
inflammation. Recent studies have shown that the apoptosis-related gene PYCARD is a potential biomarker for
diagnosing and treating the inflammatory disease COPD.’> Su et al demonstrated that PYCARD may serve as
a diagnostic and therapeutic biomarker for targeted enhancement of immunotherapy response.”® These studies also
confirmed the close relationship between PYCARD, immune response, and inflammatory response. To the best of our
knowledge, our study is the first to demonstrate the critical role of the necroptosis-related gene PYCARD in the
pathogenesis of psoriasis.

While this research offers valuable insights into potential novel biomarkers of psoriasis, some limitations are
important to acknowledge. First, differences between animal models and humans still exist; therefore, more clinical
information and experimental validation are needed to verify the key genes. Second, this study preliminarily analyzed
and verified the role of PYCARD in the development of psoriasis; however, further experiments are needed to elucidate
its specific molecular mechanism.

Conclusion

Bioinformatics was used to identify seven key genes that are mostly associated with necrotic apoptosis and inflammatory
responses in psoriasis as follows: AIM2, CARD6, HPSE, MYD8S8, PYCARD, RAII4, and TNFSF10. PYCARD was
selected for further studies, and the result showed that it may be important in psoriasis pathogenesis. Therefore, PYCARD
may be a key biomarker for the development of psoriasis. This study provides new perspectives on the pathogenesis and
therapeutic options for psoriasis.
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