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Purpose: To explore the mechanism of cuprotosis in psoriasis, screen cuprotosis related genes (PDCRGs) in psoriasis, and provide
new targets for precise diagnosis and treatment of psoriasis.

Material and Methods: Integrate bioinformatics analysis and experimental validation. Firstly, based on the GEO database
(GSE161683, GSE166388, GSE277173), differentially expressed genes (DEGs) and weighted gene co-expression network analysis
(WGCNA) in psoriasis were screened; Identification of differential cuprotosis related genes (PDCRGs) in psoriasis using a self built
cuprotosis gene database (1098 CRGs); Screen key PDCRGs through PPI network, machine learning, and ROC analysis.
Subsequently, a mouse model of psoriasis induced by imiquimod (IMQ) was constructed, and gene expression, copper ion levels,
inflammatory factors, and oxidative stress factors were validated using qPCR, Western blot, immunohistochemistry, fluorescence, and
ELISA.

Results: Thirty-four PDCRGs were identified, among which STAT1, DLD, GBP1, CXCL10, PDHB, and LIAS are Hub genes.
Machine learning and ROC analysis further identified APOL6, CD274, and LIAS as key diagnostic biomarkers. PDCRGs are
significantly enriched in the TCA cycle, copper ion transport, and glucose metabolism pathways. The levels of FDX1 and serum
copper ions were increased in the skin lesions of psoriasis mice, accompanied by upregulation of TCA cycle key proteins and
PDCRGs expression; Copper overload triggers oxidative stress and inflammation cascade.

Conclusion: APOL6, CD274, and LIAS were screened as cuprotosis markers in psoriasis. Overexpression of these PDCRGs in
psoriasis model mice can promote copper ion accumulation and interfere with the TCA cycle, increase oxidative stress and
inflammation levels, and ultimately lead to the occurrence of psoriasis. Therefore, targeted intervention of cuprotosis is of great
significance for the clinical treatment of psoriasis.
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Introduction

Psoriasis is a systemic immune-mediated disease characterized by chronic inflammatory skin lesions, clinically manifested as
well-defined erythematous and scaly plaques, accompanied by abnormal proliferation and differentiation disorders of
keratinocytes.' > About 2-3% of the global population is affected by it, and there are significant regional differences in
the incidence rate. The Caucasian population can reach 11%, while the Asian and African populations are relatively lower.
This disease has strong genetic susceptibility, and its pathogenesis involves multiple interactions between innate and adaptive
immune systems. Dendritic cells recognize their own nucleic acid antimicrobial peptide complexes (such as LL37-DNA)
through TLR7/9 activation, thereby promoting the IL-23/IL-17 axis dominated inflammatory cascade.*” The key cytokines
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TNF-q, IL-17, and IL-23 drive excessive proliferation of keratinocytes, forming a vicious inflammatory cycle.® Although
targeted biologics such as anti-IL-17/IL-23 monoclonal antibodies have been applied in clinical practice, the infection risk
and efficacy limitations caused by their immunosuppressive effects still need to be urgently addressed.’

Cuproptosis is a newly discovered programmed cell death mechanism in 2022, triggered by abnormal accumulation
of copper ions within cells. Its mechanism is different from classical pathways such as apoptosis and ferroptosis.
Excessive Cu®+ enters mitochondria through ion carriers and is reduced to Cu+ by ferredoxin-1 (FDX1). The latter
binds to thiocyanate proteins (such as DLAT) in the tricarboxylic acid cycle, causing toxic aggregation and leading to
mitochondrial respiratory chain collapse and Fe-S cluster protein instability.* '' The imbalance of copper homeostasis is
closely related to various diseases such as cancer, heart disease, Alzheimer’s disease, etc. The effectiveness of copper ion
carrier Elesclomol in tumor treatment suggests that cuprotosis may become a new target for disease intervention.'? It is
worth noting that this pathway of death is highly dependent on mitochondrial respiratory function and is fundamentally
associated with energy metabolism disorders and oxidative stress damage.

In the past few years, various programmed cell deaths (PCDS), including apoptosis, pyroptosis and ferroptosis, have been
found to be closely related to the pathological process of psoriasis. In psoriasis, apoptosis is inhibited, the expression of
Caspase-9 is decreased and the anti-apoptotic protein Bcl-2 is upregulated, resulting in abnormal proliferation of keratino-
cytes. Ferroptosis is activated by iron metabolism disorders and lipid peroxidation, promoting the accumulation of reactive
oxygen species and inflammatory responses. Pyroptosis is mediated by gasdermin protein and Caspase-1, triggering intense
inflammation in keratinocytes and macrophages and exacerbating skin damage. However, although existing studies have
revealed the mechanisms by which these PCDS promote the progression of psoriasis, these PCDS have obvious drawbacks,
including the unclear pro-anti-balance mechanism of death, the need for in-depth exploration of biological effects, and the
unstable efficacy of targeted therapy. As a newly discovered form of copper-dependent programmed death, cuprotosis may
be related to the pathology of psoriasis. It is particularly necessary to explore the mechanism of cuprotosis, which may
provide key evidence for revealing new pathogenic pathways and developing innovative therapies. The potential link
between psoriasis and cuproptosis stems from the intersection of three mechanisms. Firstly, there is significant mitochondrial
dysfunction in the psoriasis lesion area, and the oxidative stress microenvironment can promote copper ion
accumulation.’>'* Secondly, the key regulatory factor of cuproptosis, FDX1, is involved in inflammatory signaling, and
its abnormalities may amplify the effects of the IL-17/IL-23 pathway."” Finally, copper ions affect keratinocyte proliferation
and immune cell activation by regulating transcription factors such as NF-kB.'®!” Research has shown that upregulation of
the expression of the core transcription factor RORyt in Th17 cell differentiation is positively correlated with the severity of
psoriasis, while copper homeostasis imbalance can directly affect the ligand binding domain activity of RORyt."® More
noteworthy is that copper induced mitochondrial protein toxicity stress may synergize with inflammatory factors such as
TNF-a to exacerbate epidermal barrier disruption and immune cell infiltration.'

The systematic identification of cuproptosis related genes in psoriasis can reveal how copper homeostasis imbalance
participates in the maintenance of chronic inflammation in psoriasis through the mitochondrial immune axis, providing
new ideas for cross disciplinary research on “metabolism immunity”. At the therapeutic level, interventions targeting
cuprotosis core molecules such as FDX1 and DLAT (such as copper chelators or small molecule inhibitors) may break
through the efficacy bottleneck of existing biologics. At the clinical translation level, the construction of disease typing
and prognosis models based on cuproptosis gene profiles will provide molecular markers for precise treatment of
psoriasis. Therefore, this study aims to elucidate the pathological contribution of cuproptosis in psoriasis by integrating
multi omics analysis and experimental verification, laying a theoretical foundation for the development of novel
therapeutic strategies targeting cuproptosis pathways (Figure 1).

Materials and Methods

Screening of Cuproptosis Related Genes

Data Collection

The samples from the merged GSE161683 and GSE166388 datasets have been used for comprehensive analysis in machine
learning. Using “psoriasis” as a keyword in the comprehensive gene expression database (https://www.ncbi.nlm.nih.gov/
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home/genomes/). Finally, three datasets were selected, including GSE277173 (from GPL11532 platform, 8 psoriasis patient
samples and 8 healthy control samples), GSE161683 (from GPL6244 platform, 9 psoriasis patient samples and 9 healthy
control samples), and GSE166388 (from GPL570 platform, 4 psoriasis patient samples and 4 healthy control samples).
Among them, GSE161683 and GSE166388 are used as training datasets, while GSE277173 is used as an external validation
dataset. We use R software for quality control of the dataset, specifically by converting probe names to gene names, removing
duplicate genes and null expressions, and performing batch normalization on each dataset. The collection of cuproptosis
related genes (CRGs) mainly comes from self built databases, specifically relying on previously published literature reports
and the Genecard database (https://www.genecards.org/) and through searching the GSEA database (www.gsea-msigdb.

%).20’23 In the Genecard and GSEA databases, we used cuproptosis as the search keyword. “Protein Coding” and “Relevance
Score > 0 were used as the conditions for collecting CRGs in Genecard, and “FDR g-val <0.25” was used as the condition for
collecting CRGs in GSEA. Eventually, a total of 1098 CRGs were obtained.

Differential Expression Gene (DEG) Analysis

Using the limma package of R software (version 4.4.1) to screen the DEGs of GSE161683 and GSE166388. Construct
a design matrix based on sample grouping, fit the expression data using ImFit(), and perform empirical Bayesian
correction using eBayes; The screening of significantly different genes applies a dual threshold, with an adjusted
p-value <0.05 and an absolute log, fold change (|logFC|) > 1; The visualization of results includes using “ggplot2” to

draw volcano maps and “heatmap” to draw heatmaps.>**°

Weighted Gene Co-Expression Network (WGCNA) Analysis

This study is based on the GSE161683 and GSE166388 datasets, and uses the R package WGCNA (v1.72) to construct
weighted gene co expression networks. Firstly, genes with expression variance values above the 75th percentile are
screened for subsequent analysis. The optimal soft threshold {3 is determined through scale-free topological fitting (fitting
index threshold > 0.8), and a Pearson correlation weighted adjacency matrix is constructed and transformed into
a topological overlap matrix (TOM). Using the dynamic tree cutting algorithm (minimum module size = 20, cutting
sensitivity = 2) to identify co expressed modules and merge redundant modules with feature vector similarity >0.75.
Furthermore, calculate the correlation between module feature genes (ME) and target traits, and screen for significantly
correlated modules (Pearson correlation coefficient | r | > 0.3 and p < 0.05). Finally, hub genes are extracted from the
target module, which must meet the dual screening criteria of intra module connectivity (kME > 0.8) and gene
significance (| GS | > 0.2).%¢

Differential Cuproptosis Related Gene Screening in Psoriasis (PDCRGs)

Upload the obtained DEGs, the most significant related module genes, and the CRGs from the self built cuproptosis
related gene data to the bioinformatics and evolutionary genomics platform (https://bioinformatics.psb.ugent.be/) Filter
out DCRGs and draw Venn plots.

Protein-Protein Interactions (PPl) and Enrichment Analysis
Import the obtained PDCRGs into the STRING database (https://cn.string-db.org) set the biological species option to
“Homo sapien” and the minimum interaction threshold to “Highest confidence>0.9”, and download the tsv format file.

The tsv file was imported into Cytoscape 3.9.1 software, free nodes were removed, Hub PDCRGs were screened using
the CytoHubba plugin, and a visual PPI network was constructed. Subsequently, PDCRGs were uploaded to the DAVID
database (https://david.nciferf.gov/tools.jsp) perform gene ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) analysis, with p-value <0.05 as the condition, to screen for biological processes (BP), molecular
functions (MF), cell composition (CC), and pathway enrichment results, and draw enrichment analysis maps in
R language.

Machine Learning Analysis

Using integrated machine learning strategy to screen key biomarkers for pre screened PDCRG. Firstly, through random
forest (RF) analysis, the importance of gene Gini coefficient was iteratively calculated using 500 decision trees, retaining
the top 10% of genes with importance scores. Using LASSO-COX regression, optimize the lambda value under 10 fold
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cross validation and lambda value >0 is selected as the key genes screening condition. Finally, support vector machine
(SVM) is used to recursively eliminate features using radial basis kernel function for gene sorting. We select the top 10
genes that can be retained when the model performance reaches its peak for cross-validation. By integrating the results of
three algorithms, the top 10 hub genes that repeatedly appear and rank high in the three methods were extracted as core
candidate biomarkers for cuproptosis regulation.27

Receiver Operating Characteristic (ROC) Analysis

For the PDCRG screened in the early stage, the pROC package (v1.18.0) was used for ROC analysis to verify its
diagnostic efficacy. Firstly, the optimal expression cutoff values for each gene are determined by the maximum Youden
index; Further calculate the area under the curve (AUC) and its 95% confidence interval, with the evaluation criteria
being AUC > 0.6 and p-value < 0.05; Finally, the collaborative diagnostic performance of the hub gene set was validated
through multi gene joint ROC analysis.

Gene Set Enrichment (GSEA) Analysis

Convert the probe names in the PDCRG series expression matrix into gene names, remove abnormal and non gene name
data, and then upload them to the Gene set enrichment analysis (GSEA) software (v3.0) for ssGSEA analysis of key
PDCRGs. Based on gene expression profiles and phenotype grouping, set the minimum gene set to 5 and the maximum
gene set to 500, 1000 resamples, p-value < 0.05, FDR of <0.25.

Immune Infiltration Analysis

Using the CIBERSORT to perform immune microenvironment analysis on pre screened PDCRG. Based on the PDCRG
standard expression profile, the proportion of various types of immune cells in the sample is calculated by deconvolution
using the LM22 feature matrix. Data preprocessing includes quantile normalization of expression levels and batch effect
correction; Furthermore, for each differentially expressed cuprotosis gene, calculate the rank correlation coefficient
between its expression level and immune cell abundance, and identify significantly correlated immune cell subgroups;
Finally, the key gene immune cell interaction network was displayed through heatmap visualization.?®

Verification of Cuproptosis Related Genes

Animal Modeling and Grouping

Ten C57BL/6 mice aged 6 weeks were purchased from Liaoning Changsheng Biotechnology Co., Ltd. (SCXK (Liao)
2020-0001), with half male and half female, weighing 20 + 5 g, and were placed in an SPF animal room for adaptive
feeding for one week. The determination of the sample size is ultimately based on the detection method and indicators.
According to the random number table method, mice were divided into Sham group (5 mice) and psoriasis group (5
mice). Then, the back hair of each group of mice was removed, exposing 6 cm? of surface skin. The sham group rats
were locally applied vaseline lubricant daily, while the psoriasis group mice were applied 62.5 mg of 5% Imiquimod
(IMQ, Tianfang Pharmaceutical Co., Ltd., Lot: 241203003) cream once a day for 7 consecutive days.”” This animal
experiment has been approved by the animal experiment ethics committee of Heilongjiang University of Traditional
Chinese Medicine (SYXK-20250606), and all procedures involving the use of experimental animals comply with ethical
requirements. We declare that in this study we adhered to the ARRIVE guidelines. After the completion of modeling,
excessive pentobarbital sodium anesthesia was used to collect blood from the abdominal aorta of mice. Subsequently, the
mice were euthanized by decapitation and the skin lesion tissue on the back was quickly peeled off. One part was fixed in
4% paraformaldehyde neutral buffer for 24 h and used for histopathological testing, while the other part was stored in
—80 for testing of other indicators.

Mice Psoriasis Area and Severity Index (MPASI)

MPASI is a standardized quantitative tool used to assess the severity and extent of psoriasis lesions in mice. Animals are
divided into five regions: head, upper limbs, trunk, lower limbs, and tail. The scores for each region are calculated using
a formula (skin lesion area score X [erythema score+tinfiltration score+scale score] x region weight coefficient), and the
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total score (0—72 points) is obtained by adding the scores of the five regions. The higher the score, the more severe the
overall severity of psoriasis.*

HE Staining

Fixed skin tissue samples were embedded in paraffin. After preparing 4 pm continuous sections and spreading them in
a 60°C oven, they were sequentially subjected to xylene dewaxing (twice, each for 10 min), gradient ethanol rehydration
(100%, 95%, 90%, 80%, 70%, each for 5 min), hematoxylin staining for 5 min, 1% hydrochloric acid ethanol
differentiation for 3 seconds, 0.5% ammonia water blue return for 30 seconds, 0.5% eosin staining for 1 min, followed
by gradient ethanol dehydration and xylene transparency. Finally, they were sealed with neutral gum and observed for the
pathological characteristics of epidermal psoriasis under an optical microscope. And the pathological morphology of the
tissue was evaluated using the blinding method.

Immunohistochemical Staining

Based on the operation in section 2.2.1, paraffin sections of skin tissue were dewaxed and treated with gradient ethanol,
and then repaired using sodium citrate; After incubating at room temperature with 3% H20O2 for 15 min and blocking
non-specific sites with 5% BSA for 30 minutes, SLC31A1 and ATP7B primary antibodies (1:800, Abcam (Shanghai)
Trading Co., Ltd, Cat: ab133385, ab240880) were added dropwise and incubated overnight in a 4°C wet box;
Subsequently, the secondary antibody was incubated at room temperature for lh, followed by the addition of DAB
staining solution and rinsing with distilled water. Hematoxylin staining was performed for 1 min, followed by
differentiation with 0.1% hydrochloric acid ethanol for 5 s. After dehydration and transparency, neutral gum was used
for fixation, and the positive area was calculated using Image J.

Immunofluorescence Staining

Following the method described in 2.2.1, skin tissue paraffin sections were subjected to xylene dewaxing and gradient
ethanol rehydration, followed by microwave repair using EDTA antigen repair buffer for 10 min. After 15 min of
permeabilization treatment with 0.1% Triton X-100 and 30 min of blocking with 5% donkey serum, FDX1 (1:500,
Wuhan Sanying Biotechnology Co., Ltd, Cat: 12592-1-AP) and NF-kB primary antibody (1:500, Shanghai Beyotime
Biotechnology Co., Ltd, Cat: AB2020) were added dropwise and incubated overnight in a 4°C wet box in the dark. The
next day, the fluorescent labeled secondary antibody (1:500) was incubated at room temperature in the dark for 1 hour,
and DAPI stained the nuclei for 5 minutes; Finally, the film was sealed with anti fluorescence quenching sealing agent,
and images were collected under a fluorescence microscope (Zeiss LSM 900). The fluorescence intensity was analyzed
using Image J.

ELISA

Centrifuge the blood sample obtained in 2.2.1 at 15000r/min for 10 min, collect the supernatant, follow the instructions
of the kit to detect the absorbance of Cu, IL-1 B, IL-6, IL17, IL23, ROS, SOD, GSH-Px (Shanghai Enzyme-linked
Biotechnology Co., Ltd, Cat:m1103491, mI098430, m1263818, m1220179, ml161104, m1106717, ml037757), and MDA
(Shanghai Beyotime Biotechnology Co., Ltd, Cat:S0131S) in the serum of each group of mice. Calculate the expression
levels of inflammation, oxidative stress, and copper in the serum.

qPCR

About 20 mg of mouse skin tissue was rapidly ground into powder in a liquid nitrogen pre cooled mortar, and TRIzol was
added to extract total RNA. Take 1 pg of total RNA and perform reverse transcription using SuperScrip IV kit (Thermo
Fisher Scientific Inc., Cat: 12594100) at 37°C for 15 min; 85°C, 5 s), synthesized cDNA; specific primers were designed
using Primer BLAST for the target genes STATI, DLD, GBPI1, CXCL10, PDHB, APOL6, CD274 and LIAS. The primers
were amplified using SYBR Green Master Mix (Thermo Fisher Scientific Inc., Cat: A46110) in the CFX96 Touch system
(Bio Rad), pre denatured at 95°C for 3 min, followed by 40 cycles (95°C, 10 s; 60°C, 30 s), and finally verified for
amplification specificity through melting curve analysis. Calculate the relative gene expression level using the 2 44!

method. The primer sequences of all the target genes are shown in Table 1.
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Table | Primer Sequence

Gene Sequence SIZE (bp)

STATI F:CATCCTGACCAACCTGTCCA | 150

R-TGGTGTCGGTAGGTCAAGTG

DLD F:GCTGGAGGAGTTCAAGGTGA | 142
R:TGCTGTCACAGGCATTCATC

GBPI FTGGCTTTGGAGAGGAAGATG | 118
R:CTTCCGGTTCTGGAAGATCC

CXCLIO | F: CCACGTGTTGAGATCATTGC | 185
R:GCTTCCCTATGGCCCTCATT
PDHB F:-GGCTGGTGATGGTGAAGAGT | 127
R:GGTGATGCCAGAGGTAGGAA
APOL6 F:CAGCCTCAGCAAGACCACTA | 168
R:GCCTGGGTAGGTGTTGTTGT
CD274 F-TGCAGACTTCAGCAAACCAC | 105
R:TGGCTCCCAGAATTACCAAG
LIAS F-TCCGAGATGGACCTGACTGT | 192
R:ATCGGGAGAGGTTGTCACCT

Western Blot

Weigh 100 mg of mouse skin tissue and cut it into pieces. Add RIPA lysis buffer (Shanghai Beyotime Biotechnology Co.,
Ltd., Cat: P0013C) for homogenization and lysis. The protein concentration was measured using the BCA method, and
after adding the sample buffer, it was mixed and heated for denaturation. SDS gel electrophoresis at constant pressure,
wet rotation method was used to transfer the membrane onto the polyvinylidene fluoride membrane. About 5%
concentration skim milk powder solution was sealed for 2.5 hours, and TBST was washed twice for 5 minutes each
time. Add APOL6, CD274, LIAS, DLD, PDHB (Abcam (Shanghai) Trading Co., Ltd, Cat:ab92273, ab205921, ab96302,
ab182146, ab155996) and DLAT (Wuhan Sanying Biotechnology Co., Ltd, Cat:13426-1-AP) primary antibodies
separately and incubate overnight at 4°C, the antibody dilution ratio is 1:1000. Then incubate PVDF membrane with
HRP labeled secondary antibody at room temperature for 1 h, and finally add ECL developer for development, and use
gel imager to collect pictures. Using B-actin as an internal reference control, Image J software was used to calculate the
ratio of the grayscale values of the target protein to the internal reference protein.

Results
Results of DEG Analysis for Psoriasis

In order to clarify the changes in differentially expressed genes in psoriasis patients, we performed differential analysis on
GSE161683 and GSE166388 using p-value <0.05 and logFC > +1 as screening criteria, and presented volcano and heatmap
of DEG (Figure 2). The results showed that a total of 858 DEGs were identified in the GSE161683 dataset, including 452 up-
regulated genes and 406 down regulated genes. In the GSE166388 dataset, 498 genes were upregulated and 429 genes were
downregulated. We integrated the DEGs of two datasets and conducted enrichment analysis to clarify the biological functions
and pathways of DEGs (Figure 3). BP term in GO, it mainly involves the response to bacteria and viruses and the
transmission of cytokine signals; CC term in GO, it mainly involves coronal envelope, secret granule lumen, and cytoplasmic
vessel lumen; MF term in GO, it mainly involves oxidoreductase activity and serine type endopeptidase activity. KEGG
analysis shows that these DEGs mainly involve Lipoic acid metabolism, IL-17 signaling pathway, and TCA cycle.

Results of WGCNA Analysis

After obtaining DEGs, we conducted WGCNA analysis to further explore the identification of characteristic gene modules in the
psoriasis datasets GSE161683 and GSE166388 and to investigate the correlation between gene networks and phenotypes
(Figure 4). The results showed that in the GSE161683 dataset, the first value to reach the scale-free topological fitting index (0.8)
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Figure 2 DEGs analysis of GSE161683 and GSE166388. (A) DEGs volcano map of GSEI61683 dataset; (B) DEG heatmap of GSE161683 dataset; (C) DEG volcano map of
GSE|66388 dataset; (D) DEG heatmap of GSE166388 dataset.

was 30, therefore the power value was selected as 30 (Figure 4A), and 6 modules were identified, among which the Brown
module contains 460 genes and has the highest correlation with module traits (0.98) (Figure 4B and C). In the GSE166388
dataset, the first value to reach the scale-free topological fitting index (0.8) is also 30, so the power value selection is also 30
(Figure 4D), and 11 modules are identified, among which the bisque4 module contains 966 genes and has the highest correlation
with module traits (0.90) (Figure 4E and F).

Results of PDCRGs Identification

Subsequently, we intersected the genes contained in the DEGs and Brown, bisque4 modules to obtain core differentially
expressed genes (co-DEGs), and identified a total of 168 co DEGs (Figure 5A). After obtaining co-DEGs, we compared
them with our self built CRG database and identified a total of 34 psoriasis differential cuproptosis related genes
(PDCRGs) (Figure 5C). Compared with healthy controls, these PDCRGs were significantly upregulated in the psoriasis
patient dataset (Figure 5B), and there was a significant positive correlation between these PDCRGs (Figure 5D).

Results of PPl Analysis
To further identify the interaction relationships between these 34 PDCRGs, we uploaded them to the STRING database for
PPI analysis (Figure 6A—E). The results showed that a total of 34 nodes and 47 edges were obtained, with an average node
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Figure 3 Enrichment analysis of DEGs. (A) GO analysis BP term of DEGs; (B) GO analysis CC term of DEGs; (C) GO analysis MF term of DEGs; (D) KEGG analysis of
DEG.

degree of 2.76. We selected six Hub genes, including STAT1, DLD, GBP1, CXCL10, LIAS, and PDHB, based on the degree,
MCC, Betweenness, and Closeness values of the top 10 ranked by the CytoHubba algorithm. Subsequently, we predicted the
regulatory relationships between transcription factors and miRNAs related to six Hub genes based on TRRUST, miRArbase,
and Mirwalk. However, we only found that STAT1 and CXCL10 each had six regulatory factors. By integrating the
intersection results of miRArbase and Mirwalk, we found that the six Hub genes matched a total of 59 miRNAs (Figure 6F).

Results of PDCRG Enrichment Analysis

We further explored the biological functions and pathways of PDCRGs through GO and KEGG analysis. GO analysis
identified 37 terms (Figure 7A), among which BP mainly includes copper ion import, tricarboxylic acid cycle, and
glucose metabolic process; CC mainly includes pyrovate dehydrogenase complex, early endosome membrane, and
mitochondrion; MF mainly includes pyravate dehydrogenase activity, copper ion binding, and copper ion transmembrane
transporter activity. And KEGG analysis obtained a total of 22 signaling pathways, mainly including citrate cycle,
pyruvite metabolism, and glycolysis/gluconeogenesis (Figure 7B). Meanwhile, we also annotated 17 signaling pathways
of 6 Hub genes (Figure 7C).

Results of PDCRG Machine Learning Analysis
In this study, we applied three machine learning methods RF, SVM, and LASSO-COX to identify key diagnostic
biomarkers of PDCRGs and reveal the biological significance of cuproptosis in psoriasis. The results show that the top
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Figure 4 WGCNA analysis. (A) The power value of the GSE|61683 dataset is 30; (B) Based on the selected power values, a weighted co expression network model was
established, and 1045 genes were ultimately divided into 6 modules; (C) Using Pearson correlation algorithm to calculate the correlation coefficient and p-value between
module feature genes and traits, with the MEbrown module showing the highest correlation; (D) The power value of the GSE166388 dataset is also 30; (E) Based on the
selected power values, a weighted co expression network model was established, and 3904 genes were ultimately divided into || modules; (F) Using Pearson correlation
algorithm to calculate the correlation coefficient and pValue between module feature genes and traits, among which bisque4 module has the highest correlation.

10 key PDCRGS screened out in RF include APOL6, CD274, VNN1, LIPT1, TYMP CXCL10, TCN1, PLAT, LIAS and
AKRI1B10 (Figure 8A); Four key PDCRGS were screened out in LASSO-COX, including APOL6, ATP7B, LIAS and
CD274 (Figure 8B); In SVM, a total of 5 key PDCRGs were selected, including APOL6, LIAS, CD274, MTF1, and LIPT1
(Figure 8C). We synthesized the results obtained from three machine learning methods and ultimately identified three key
PDCRGs, namely APOL6, CD274, and LIAS (Figure 8D). Moreover, the expression levels of these three PDCRGs were
significantly elevated in the psoriasis patient dataset (Figure 8E).
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Results of ssGSEA and ROC Analysis

To further investigate the pathways involved in APOL6, CD274, and LIAS in the psoriasis dataset, we conducted ssGSEA
analysis on these three key PDCRGs. The results showed that APOL6 in the key PDCRG mainly involves 16 signaling pathways
(Figure 9A), among which the calcium signaling pathway has the highest significance (P = 0.0041); CD274 mainly involves 12
signaling pathways (Figure 9B), among which long term latency has the highest significance (P = 0.0491); LIAS mainly involves
4 signaling pathways (Figure 9C), among which inositol phosphate metabolism (P = 0.0078). To clarify whether the three key
PDCRGs have predictive diagnostic significance for AD, an external dataset GSE277173 was used for ROC analysis of APOL6,
CD274, and LIAS to determine the accuracy of these key PDCRGs as psoriasis disease characteristic genes. By calculating the
area under the ROC curve (AUC), the closer the AUC value is to 1, the better the predictive performance. The results showed that
the expression of APOL6, CD274, and LIAS was significantly increased in the GSE277173 dataset compared to the control
group. The AUC values of APOL6, CD274, and LIAS were 0.66, 0.67 and 0.90, respectively (Figure 9D-F), indicating that
APOL6, CD274, and LIAS can serve as diagnostic markers for copper metabolism disorders in psoriasis.

Results of Immune Infiltration Analysis

We conducted in-depth analysis of 34 PDCRGs expression matrices using CIBERSORT, aiming to accurately quantify
the abundance and spatial distribution characteristics of various immune cells in psoriasis patient samples, and provide
key evidence for revealing their intrinsic relationship with treatment response biomarkers. The results showed that
compared with healthy patient samples, the expression of Mast cells activated and T cells CD4 memory resting in
psoriasis patient samples was significantly reduced. Although there was an increasing trend in dendritic cell activated,
there was no difference (Figure 10A and C). There is a significant positive correlation between yo T cell monocytes, and
NK cell resting, while there is a significant negative correlation between plasma cells, T cells follicular helper and T cell
CD4 memory resting (Figure 10B). In addition, we also found that compared with normal healthy samples, the
proportion of T cells and B cells in psoriasis patient samples increased (Figure 10D).

Results of Skin Lesions Characteristics in Psoriasis Model Mice
During the modeling period of each group of mice, there was no significant change in skin lesions in mice treated with Vaseline
cream, while mice treated with imiquimod cream showed obvious red rashes and bleeding spots on their skin, accompanied by
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Figure 7 Enrichment analysis of PDCRGs. (A) GO analysis of PDCRGs; (B) KEGG analysis of PDCRGs; (C) Sankey diagram of 6 Hub gene related pathways.

patchy and continuous silver white scales. In addition, we evaluated the severity of psoriasis in mice using the MPAS. The results
showed that compared with the Sham group mice, the MPASI score of the psoriasis group mice was significantly increased
(Figure 11A and C), which not only indicates that we have successfully constructed a psoriasis animal model but also
demonstrates the changes in skin lesions of the psoriasis model mice. In addition, psoriasis is an inflammatory skin disease
characterized by the appearance of red patches on the skin surface accompanied by the production of silver white flakes.
Therefore, we observed the general pathological morphology of each group of mice through HE staining (Figure 11B). The
results showed that the epidermis of Sham group mice did not thicken, and the skin morphology and structure were intact and
clear. Compared with the Sham group mice, the psoriasis group mice showed thickening of the epithelial layer, local dilation of
capillaries in the superficial dermis, obvious focal hyperkeratosis, prolonged and undulating skin processes, and extensive

infiltration of inflammatory cells in the deep dermis.

Results of Copper Levels in Psoriasis Model Mice

SLC31A1 is a key transporter for Cu to be transported into cells. In order to further observe the changes of the inward
uptake characteristic marker SLC31A1 of Cu in psoriasis model mice, we detected the expression of SLC31A1 in the
skin tissue of each group of mice and the copper ion level in the serum through IHC. The results showed that compared
with the Sham group, the expression level of SLC31A1 in the skin tissue of psoriasis group mice was significantly
increased (Figure 12A). In addition, we also found a significant increase in Cu levels in the serum of psoriasis group

mice, while Sham group mice did not show this change (Figure 12B).
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Results of Inflammation and Oxidative Stress Levels

An increase in copper ion levels can directly induce cuproptosis and catalyze the Fenton reaction, leading to an increase
in oxidative stress levels, which then activates cellular inflammatory factors to promote the occurrence of inflammatory
reactions. Therefore, we also measured the levels of inflammation and oxidative stress in the serum of each group of
mice. The results showed that compared with the Sham group mice, the levels of inflammatory factors IL-18, IL-6, IL17,
and IL23 in the serum of psoriasis group mice were significantly increased, and the levels of ROS and MDA were also
significantly increased, while the levels of SOD and GSH-Px were significantly decreased (Figure 13A—H). This
indicates that high levels of copper ions not only mediate cuproptosis but also promote an increase in oxidative stress
and inflammation levels. To further investigate the effect of cuproptosis on inflammatory infiltration in psoriasis, we also
observed the expression of ATP7B, FDX1 and NF-«B. The results showed that compared with the blank group, the
expression level of ATP7B in psoriasis group mice was significantly reduced (Figure 131), and the activation of FDX1
significantly enhanced the expression of NF-kB, indicating that high levels of copper aggregation can promote the
increase of inflammation levels.

The Results of Changes in PDRGs and TCA Cycle Pathways in Psoriasis

In bioinformatics, we screened 6 Hub genes and 3 key PDCRGs, and therefore detected the gene expression levels in the
skin tissue of psoriasis model mice. The results showed that compared with the Sham group, the expression of STAT1,
DLD, GBP1, CXCL10, PDHB, APOL6, CD274 and LIAS mRNA in the skin tissue of psoriasis group mice was
significantly increased. In addition, we also detected the protein expression of key PDCRGs, and similarly, the expression
of APOL6, CD274, and LIAS proteins was significantly increased in the skin tissue of psoriasis model mice (Figure 14).
It is worth noting that the enrichment analysis results indicate that these PDCRGs mainly involve the TCA cycle, and
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Figure 11 Construction of Psoriasis Model. (A) A psoriasis model was constructed by applying IMQ to the back of mice for one week; (B) HE staining of skin tissues in
Sham group and psoriasis group mice; (C) The MPASI scores of Sham group and psoriasis group mice, n = 5, compared with the Sham group, **P < 0.01.

TCA cycle disorders can lead to mitochondrial dysfunction, promote Cu deposition, and cause programmed cell death.
Therefore, we also detected the protein expression levels of PDCRGs related to the TCA cycle, including DLD, DLAT,
and PDHB. The results confirmed our hypothesis, and we found that the protein expression levels of DLD, DLAT, and

PDHB were significantly increased in IMQ induced psoriasis model mice. This indicates a direct interaction between Cu
deposition and TCA cycle.

Discussion

Psoriasis, as a chronic inflammatory skin disease driven by genetic susceptibility, immune dysfunction, and environ-
mental factors, not only causes persistent itching, pain, and joint damage but also has a profound impact on the social,
psychological, and quality of life of patients. The high medical costs, loss of labor capacity, and burden of comorbidities
pose significant socio-economic challenges.*' The immune inflammatory cascade reaction in psoriasis is the core driving
factor, which not only directly stimulates excessive proliferation and abnormal differentiation of keratinocytes but also
forms a vicious cycle through epigenetic regulation and the cGAS/STING pathway, leading to local oxidative stress
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Figure 12 Copper content levels in psoriasis model. (A) The positive expression of SLC31 Al was significantly increased in the skin tissue of psoriasis model mice, 100, n = 3,
compared with the Sham group, **P < 0.01; (B) The level of Cu significantly increased in the serum of psoriasis model mice, n = 3, compared with the Sham group, **P < 0.01.

outbreaks and mitochondrial dysfunction.®” It is worth noting that this study found that the imbalance of copper
metabolism homeostasis plays a key role in the pathological network of psoriasis. Copper, as a core cofactor of various
oxidoreductases, can accumulate in cells (copper overload) and catalyze the generation of reactive oxygen species (ROS)
through the Fenton reaction, directly inducing lipid peroxidation, DNA damage, and mitochondrial membrane potential
collapse, activating a new form of cell death-cuprotosis.**** The synergistic abnormal expression of cuprotosis related
genes APOL6, LIAS, and CD274 identified in psoriasis lesions suggests that the cuprotosis pathway may be a key
molecular bridge connecting copper metabolism disorders, oxidative damage, and chronic inflammation in psoriasis.
We conducted DEGs and WGCNA analysis on two psoriasis datasets, GSE161683 and GSE166388, and identified
168 co-DEGs in psoriasis. Subsequently, we compared them with a self built cuproptosis database and identified a total
of 34 PDCRGs. Through PPI analysis, we identified 6 Hub genes from 34 PDCRGs, including STAT1, DLD, GBP1,
CXCL10, LIAS, and PDHB. In addition, we obtained three key PDCRGs through machine learning analysis, namely
APOL6, CD274, and LIAS. Eight core PDCRGs (STAT1, DLD, GBP1, CXCL10, CD274, APOL6, LIAS, PDHB)
synergistically drive the pathological process of psoriasis. Existing research has found that STAT1 (a signal transduction
protein containing the SH2 domain) activated by the inflammatory microenvironment enters the nucleus through Tyr701
phosphorylated dimer, directly upregulating the copper transporter SLC31Al, leading to copper ion overload in
keratinocytes.®> The influx of copper ions into mitochondria triggers a toxic reaction in DLD, where the flavin binding
domain of the E3 component of the PDH complex generates ROS during the reduction of Cu*+, inducing abnormal
aggregation of thiocyanate proteins represented by DLAT.*® At the same time, copper ions disrupt the stability of the
[4Fe-4S] cluster of LIAS,?” inhibit the synthesis of new lipoic acid, and weaken antioxidant defense. The dysfunction of
PDHB forces pyruvate to shift towards lactate production, and the triple effect together forms a “thiocyanate crisis”,
ultimately leading to FDX1 dependent cuprotosis.”® The mitochondrial breakdown releases DAMPs such as mtDNA,
which activate STAT1 secondary phosphorylation through TLR9/P2X7 receptors, thereby initiating an inflammatory
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cascade reaction. Phosphorylated STAT1 induces high expression of CXCL10, which breaks through the classical
pathway of CXCR3 and directly binds to the CD14 receptor of macrophages, activating the PI3K/AKT-IKK axis to
drive NF-xB into the nucleus and upregulating TNF-a/IL-23 expression.”® On the other hand, upregulating GBP1 recruits
p62 protein from its C-terminal o helix domain to clear damaged mitochondria, releasing mtROS that drives macro-
phages to polarize towards the IFN-y phenotype, forming an amplification loop called “CXCL10-GBP1-Microcytes”.*’
Based on the existing research results, we speculate that the potential mechanism by which copper death promotes
psoriasis may be by inhibiting the clearance of immune cells. Chronic inflammation locks in the pathological state of
psoriasis through a dual mechanism. TNF-a activates STAT3 through JAK2, and its DNA binding domain binds to the
CD274 promoter, causing keratinocytes to overexpress CD274. It then binds to T cell CD274 receptors through the
immunoglobulin V-like domain, inhibiting CD8+ T cell clearance of cuprotosis cells.*' APOL6 anchors lipid droplets
through the C-terminal domain and binds to perilipin 1, blocking HSL lipase activity and inhibiting lipolysis, forcing
cells to rely on glycolysis. The lactate accumulation caused by PDHB dysregulation activates macrophage HIF-1a,
followed by upregulation of TNF-a expression, promoting inflammatory response and leading to core lesions such as
epidermal barrier disruption, inflammatory infiltration, and immune microenvironment imbalance.**

In addition, we found through enrichment analysis that these PDCRGs are mainly related to TCA cycle. Eight
cuprotosis core genes (STAT1, DLD, GBP1, CXCL10, CD274, APOLG6, LIAS, PDHB) in psoriasis cascade interfere with
the TCA cycle, triggering copper dependent cell death and driving chronic inflammation. Among them, DLD, PDHB and
LIAS, as key components of the TCA cycle, directly affect mitochondrial metabolic homeostasis by regulating the
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function of pyruvate dehydrogenase complex (PDHc) and protein lipoylation.*®*” Existing research has found that
PDHB catalyzes the conversion of pyruvate to acetyl-CoA and initiates the TCA cycle. LIAS mediated lipoylation
modification is the basis for the function of PDHc core proteins (such as DLAT), while DLD maintains the integrity of
the electron transport chain.***” When the above genes are expressed abnormally, TCA cycle disruption makes it easier
for thiolated proteins to be targeted by accumulated copper ions in mitochondria, inducing abnormal oligomerization and
aggregation of DLAT, disrupting the stability of Fe-S cluster proteins, and triggering cuprotosis. TCA cycle collapse
triggers three secondary effects of cuprotosis. Firstly, the stress caused by protein toxicity. DLAT aggregation blocks the
mitochondrial matrix, leading to LIAS instability and disrupting electron transfer.’® Secondly, there is an imbalance in
energy metabolism. The shortage of acetyl-CoA leads to a sharp decline in ATP synthesis.”' Finally, there is an increase
in oxidative stress. The synergistic activation of Fenton reaction by DLD induced ROS burst and LIAS deficiency
induced antioxidant defense deficiency-Cu+ converts H,O, into hydroxyl radicals while consuming GSH, inducing
irreversible oxidative damage.>* Subsequently, cuprotosis further drives the pathological process of psoriasis. On the one
hand, dead cells release damaging molecules to activate STAT1 signaling. STAT1 serves as an inflammatory signaling
hub, and its SH2 domain mediated JAK/STAT pathway activates the upregulation of copper transporter SLC31A1,
promoting excessive copper ion influx into mitochondria;>® FDX1 in mitochondria reduces Cu’+ to highly toxic Cu+,
which directly targets the lipoylation proteins in the TCA cycle, especially the key reaction catalyzed by DLD.>*
Upregulated chemokine CXCL10 and interferon responsive GBP1 are highly expressed, recruiting inflammatory cell
infiltration and promoting excessive proliferation and angiogenesis of keratinocytes.” On the other hand, copper ions
directly stabilize the expression of immune checkpoint CD274 protein, exacerbating immune escape by inhibiting T cell
function. In addition, the psoriasis microenvironment accelerates copper accumulation, and inflammatory factors such as
IL-17 upregulate the expression of copper transporter SLC31A1, leading to local copper overload. APOL6 may amplify
this process by responding to mitochondrial stress, forcing the epidermis into a vicious cycle of “oxidative damage,
abnormal repair and chronic proliferation”, manifested as excessive proliferation of keratinocytes, abnormal proliferation
of dermal blood vessels, and inflammatory infiltration dominated by macrophages.>®

We used a MIQ-induced psoriasis mice model to verify our bioinformatics results. The most prominent advantage of
this model lies in its ability to rapidly and efficiently reproduce multiple core clinical and immunopathological features of
psoriasis, and it demonstrates significant advantages and high universality in terms of operational feasibility and research
application value. Our research results showed that in the skin tissue of MIQ induced psoriasis model mice, the mRNA
expression of STAT1, DLD, GBP1, CXCL10, CD274, APOL6, LIAS and PDHB was significantly increased, as well as
the expression of key PDCRGs proteins APOL6, CD274 and LIAS. We also found high expression of inflammatory
factors IL-6, IL1p, IL-17, IL-23, and Cu, accompanied by dysregulation of oxidative stress, manifested as high levels of
ROS, MDA, and decreased SOD and GSH-Px. In addition, we also observed abnormal changes in copper transporters
ATP7B and SLC31A1, which led to excessive accumulation of copper. The expression of cuprotosis marker protein
FDX1 was significantly increased, and FDX1 promoted NF-kB activation. It is worth noting that the expression of TCA
cycle related proteins DLD, PDHB and DLAT also significantly increased. These results indicate that copper deposition
mediates TCA cycle disorders in psoriasis, activates cuproptosis processes, mediates oxidative stress and inflammatory
infiltration, and ultimately promotes the pathological progression of psoriasis.

Although direct multi-omics evidence regarding the mechanism of cuproptosis in psoriasis was still lacking,
integrated genomic, transcriptomic, and single-cell sequencing studies across various cancer fields including hepatocel-
lular carcinoma, clear cell renal cell carcinoma, and breast cancer—suggested that the cuproptosis-related genes
identified in this study (CD274, APOL6, LIAS, and PDHB) were highly sensitive to multiple clinical agents and
exhibited significant potential for clinical intervention.”” ' These genes were confirmed to be closely associated with
responses to chemotherapeutic and targeted drugs such as docetaxel, doxorubicin, paclitaxel, and recovitin in the context
of tumor microenvironment and cell death regulation. The correlation between low expression patterns of core
cuproptosis genes such as DLAT and PDHB and drug sensitivity was validated across multiple independent cohorts.
In the context of psoriasis, STAT1 and GBPI, as key effectors of the interferon signaling pathway, and CXCL10 and
CD274 (PD-L1), as regulators of immune inflammation and checkpoint activity, were suggested to not only influence the
fate of keratinocytes but also potentially modulate the local immunometabolic status, thereby rendering them sensitive
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targets for potential pharmacological intervention. Thus, based on the crucial roles of these genes in drug response
revealed by multi-omics analyses, targeting psoriasis-associated cuproptosis genes such as STAT1, CD274, LIAS, and
PDHB was considered theoretically justified and is expected to open new avenues for combined immune-metabolic
therapeutic strategies in psoriasis.

However, the dataset we adopted and the sample size of the animal experiments were not large, which might have
restricted the reliability of the results. Furthermore, we have not further verified the results through clinical human
experiments. Therefore, we will continue to explore in depth the mechanism of copper death in psoriasis in subsequent
research.

Conclusion

In summary, we identified eight cuproptosis marker proteins in psoriasis through bioinformatics, including STAT1, DLD,
GBP1, CXCL10, CD274, APOL6, LIAS, PDHB. Further analysis through machine learning identified three key
PDCRGs, namely CD274, APOL6 and LIAS, which are mainly related to the TCA cycle pathway. In the psoriasis
model mice induced by MIQ, the expression of these PDCRGs increased, promoting oxidative stress and inflammation
levels, leading to the appearance of psoriasis characteristic skin lesions such as scales, infiltration, and erythema on the
surface of the mouse skin. This has significant clinical value for targeted therapy of copper death-related genes for
psoriasis.
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