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Objective: Keratoconus is a commonly progressive and blinding corneal disorder. Iron metabolism and oxidative stress play crucial roles
in both keratoconus and ferroptosis. However, the association between keratoconus and ferroptosis is currently unclear. This study aimed to
analyze and verify the role of ferroptosis-related genes (FRGs) in the pathogenesis of keratoconus through bioinformatics.

Methods: We first obtained keratoconus-related datasets and FRGs. Then, the differentially expressed FRGs (DE-FRGs) associated
with keratoconus were screened through analysis, followed by analysis of their biological functions. Subsequently, the LASSO and
SVM-RFE algorithms were used to screen for diagnostic biomarkers. GSEA was performed to explore the potential functions of the
marker genes. Finally, the associations between these biomarkers and immune cells were analyzed. qRT-PCR was used to detect the
expression of these biomarkers in corneal tissues.

Results: A total of 39 DE-FRGs were screened, and functional enrichment analysis revealed that the DE-FRGs were closely related to
apoptosis, oxidative stress, and the immune response. Then, using multiple algorithms, 6 diagnostic biomarkers were selected, and the
ROC curve was used to verify their risk prediction ability. In addition, based on CIBERSORT analysis, alterations in the immune
microenvironment of keratoconus patients might be associated with H19, GCHI, CHAC1, and CDKNIA. Finally, qRT-PCR confirmed
that the expression of H/9 and CHACI was elevated in the keratoconus group.

Conclusion: This study identified 6 DE-FRGs, 4 of which were associated with immune infiltrating cells, and established a diagnostic
model with predictive value for keratoconus.

Keywords: keratoconus, ferroptosis, immune infiltration, machine learning

Introduction

Keratoconus is characterized by corneal dilatation with central and/or para-central thinning and steepening of the cornea,
causing a consequentially high degree of irregular astigmatism, which may eventually result in vision loss." The
prevalence of keratoconus varies among different ethnic groups, ranging from 0.0002% to 4.79%.% Specifically, the
Middle East region exhibits a high incidence, with Saudi Arabian adolescents having a rate as high as 4.79%, while the
incidence among the Russian population ranges from 0.0002% to 0.0004%. In Asian populations, the incidence exceeds
0.02%.* This disease predominantly affects adolescents and typically presents with progressive bilateral involvement.
The three main pathological features of keratoconus are stromal corneal thinning, interruptions in Bowman’s membrane,
and iron deposits in the basal layer.” Regarding the pathogenesis of keratoconus, different hypotheses, involving genetics,
epigenetics, environmental factors, alterations in corneal biomechanics, oxidative stress, apoptosis, inflammation,
hormones, and even pollution or peculiar behavioral traits, have been proposed.® Previous studies have shown that
deranged iron metabolism can contribute to keratoconus development by producing reactive oxygen species (ROS)
through the Fenton reaction,” and iron deposits can be detected in the basal layer of the cornea in keratoconus patients.

However, the pathogenesis of iron deposits remains unclear.
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Ferroptosis is an oxidative, iron-dependent form of cell death driven by phospholipid peroxidation.® Ferroptosis is
triggered by the inactivation of cellular glutathione-dependent antioxidant defenses, leading to the accumulation of toxic
lipid ROS.? The main characteristics of ferroptosis are (1) the depletion of glutathione and lipid peroxidation, (2) the
acceleration of cell death by iron-dependent intracellular ROS accumulation and iron overload, and (3) the inhibition of
cell death by scavengers of lipid ROS.'® Ferroptosis is regulated by multiple cellular metabolic pathways, including
redox homeostasis, iron metabolism, mitochondrial activity, and the metabolism of amino acids, lipids, and sugars."'
Ferroptosis plays a crucial role in the pathogenesis of various ophthalmic diseases, such as corneal disorders,'? age-
related macular degeneration,'® glaucoma,'” retinitis pigmentosa,'” and age-related cataracts,'® by influencing intracel-
lular iron homeostasis, the redox system and other processes that result lipid peroxide accumulation, which causes cell
damage.'’

Iron metabolism and oxidative stress play crucial roles in both keratoconus and ferroptosis, leading us to hypothesize
that ferroptosis might play a role in the pathogenesis of keratoconus. Multiple studies have indicated a correlation
between ferroptosis and various ophthalmic diseases,'® however, the specific mechanisms involved in keratoconus
remain unknown. In this study, we analyzed and verified the role of ferroptosis-related genes (FRGs) in the pathogenesis
of keratoconus via bioinformatics analysis. This study may provide new insight into the molecular mechanisms of
keratoconus, which may lead to a prospective therapeutic target for treating this disease.

Materials and Methods

Data Collection and Download

The three keratoconus gene expression datasets used in this study were obtained from the Gene Expression Omnibus
(GEO) database under the accession numbers GSE151631, GSE77938 and GSE204791."°%' Detailed information (eg,
Platform, the number of control and keratoconus subjects) concerning these datasets is shown in Table 1. Next, the
GSE151631 and GSE77938 datasets were combined to remove inter-batch differences using the sva (v3.46.0) package in
R (v4.2.2) and to remove samples where intergroup differences could not be removed between groups. The merged
dataset was randomly split into training and validation sets at a ratio of 7:3, with the GSE204791 dataset serving as the
external validation set. In addition, the FRGs were obtained from the Ferroptosis database (FerrDb)*? (Table S1).

Differential Expression Analysis

To screen differentially expressed genes (DEGs), differential expression analysis of the merged dataset was conducted by
using limma (v3.54.2), with the thresholds of fold change (|log2 fold change| > 1) and adjusted p value (adj. p < 0.05).
The final differentially expressed ferroptosis-related genes (DE-FRGs) were identified by the intersection of DEGs and
FRGs via a Venn diagram. The DEGs and DE-FRGs were visualized via volcano plots and heatmaps, respectively, via
ggplot2 (v3.4.1).

Functional Enrichment Analysis

Based on the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases, functional
enrichment analysis was performed on the DE-FRGs that were screened by clusterProfiler (v4.6.2), and p < 0.05 was
considered to indicate statistical significance.

Table | Detailed Information of the Included Datasets

Dataset Platform Control | Keratoconus
GSEI51631 | GPL16791 (lllumina HiSeq 2500) 7 19
GSE77938 GPL18460 (lllumina HiSeq 1500) 25 25
GSE204791 | GPL21185 (Agilent-072363 SurePrint G3 Human GE v3 8x60K Microarray 039494) | 8 8
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Identification of Optimal Diagnostic Gene Biomarkers for Keratoconus

Least absolute shrinkage and selection operator (LASSO) is a linear regression method used for feature selection and
model regularization. LASSO determines variables by finding the lambda that minimizes classification errors.”® Support
vector machine recursive feature elimination (SVM-RFE) is a machine learning method based on support vector
machines that seeks the optimal variables by eliminating feature vectors generated by SVM.?* We combined LASSO
and SVM-RFE regression to identify the optimal diagnostic gene biomarkers for keratoconus. LASSO regression was
performed by glmnet (v4.1.6), and the minimal lambda value was considered optimal. To ascertain the gene set with the
highest discriminatory power, another independent model (SVM-RFE) was applied to validate findings from the LASSO
model using 1071 (v1.7.13). The overlapping biomarkers obtained from both algorithms were considered the most
reliable gene biomarkers for keratoconus. Furthermore, we utilized the binomial distribution in the generalized linear
model (GLM) as the probability distribution, with the logit function as the link function to construct the model. The
specific formula is as follows:

logit(p) = log (%)

logit(p) = By + p1x1 + Poxa + ... + Bixx

Where p represents the probability of the event, Sy, f1, ...., Pk represents the coefficient of the model, and xy, x», ....,
xi represents the independent variable.

Finally, a logistic regression model utilizing the selected 6 marker genes as features was employed to predict sample
labels in the validation sets (pROC v1.18.0). Receiver operating characteristic (ROC) curves were generated, and the area
under the curve (AUC), sensitivity, specificity, and accuracy were determined to assess the diagnostic ability of the
optimal gene biomarkers.

Single-Gene Gene Set Enrichment Analysis Enrichment Analysis

To further explore the pathways related to the 6 marker genes, we calculated the correlations between the marker genes
and all other genes in the merged dataset. Subsequently, all genes were ranked according to their correlations from high
to low, and those ranked genes were further entered into the gene set for analysis. Moreover, the KEGG signaling
pathway set was used as a predefined set to detect enrichment in the gene set. The specific enrichment results for each
marker gene are shown in Table S2.

Immune Cell Infiltration

CIBERSORT (v0.1.0) was used to quantify the relative abundance of 22 types of infiltrating immune cells in the
keratoconus and control samples, and p < 0.05 was regarded as indicating statistical significance. Subsequently, the
correlations between the marker genes and immune cells were evaluated using Spearman correlation analysis.

Drug—Gene Interaction Analysis
To identify potential drugs associated with the hub genes, we used the Drug Gene Interaction Database (DGIdb,

https://dgidb.org/)*
construct the drug-hub gene interaction network.

to predict drugs that can interact with the marker genes. Cytoscape software (v3.9.0) was used to

Validation of Marker Gene Expression

To further validate marker gene expression, this study performed validation on a new dataset (GSE204791).
Furthermore, since the GSE204791 dataset contains both corneal epithelium (keratoconus: control = 8:8) and corneal
stroma (keratoconus: control = 8:7) samples, this study validated the expression of the hub genes in two different tissue
samples separately by conducting independent sample #-tests, and p < 0.05 was considered to indicate statistical
significance.
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RNA Extraction and Quantitative Real-Time PCR

Based on the GSE204791 dataset, the expression of marker genes (H19, GCHI, CHAC1, NOX4, CDKNIA, and SMAD?7)
was further validated in the corneal tissues of keratoconus patients. The corneal tissues of 6 keratoconus patients were
obtained during deep anterior lamellar keratoplasty surgeries performed at the Eye Hospital of the First Affiliated
Hospital of Harbin Medical University, and the specimens were composed of corneal epithelial and stromal layers. Six
postmortem healthy control corneas were obtained from the eye bank of the Eye Hospital of the First Affiliated Hospital
of Harbin Medical University, and the corneal endothelium and limbus were removed under a stereoscope. The study
complied with the Declaration of Helsinki and was approved by the Ethics Committee of the First Affiliated Hospital of
Harbin Medical University (No. 202311T235). Written informed consent was obtained from all study participants.

The expression of these 6 marker genes was quantified using QqRT-PCR according to the manufacturer’s instructions.
With GAPDH as the standard, the 2-**“T method was used for calculating the relative expression of mRNA. The primers
used in this study are detailed in Table 2. Independent sample #-tests were then performed using GraphPad Prism 9
software, and p < 0.05 was considered to indicate a significant difference.

Results
|dentification of Differentially Expressed Ferroptosis-Related Genes in Keratoconus

Patients

As shown in Figure 1, we performed an integrated analysis of two independent keratoconus datasets (GSE151631 and
GSE77938 datasets), including 44 keratoconus patient samples and 32 healthy control samples. After removing the batch
effect and data normalization of both datasets, we collected a total of 68 samples (keratoconus: control = 41:27) for
subsequent analyses. A total of 271 upregulated and 785 downregulated significant DEGs were identified based on the
differential gene expression analysis (Figure 2A). Subsequently, we intersected the DEGs with the FRGs, and 39
overlapping DE-FRGs (5 upregulated and 34 downregulated) were further identified (Table 3, Figure 2B). The expression
patterns of the DE-FRGs among the samples are shown in the clustering heatmap (Figure 2C).

Functional Enrichment Analysis of DE-FRGs

To identify the biological functions of the DE-FRGs, we performed GO and KEGG analyses on the 39 DE-FRGs. A total
of 215 gene terms were enriched in GO, and the top 10 most relevant terms are illustrated in Figure 3A. In terms of
biological processes (BP), the DE-FRGs were primarily involved in ROS metabolic process, intrinsic apoptotic signaling
pathway, regulation of protein secretion, response to transforming growth factor beta (TGF-), response to oxidative
stress, and proliferation of various immune cells in addition to various other biological processes. In terms of cellular
components (CCs), DE-FRGs were significantly enriched in the apical part of the cell, apical plasma membrane, and lipid
droplet. In terms of molecular components (MFs), DE-FRGs were markedly enriched in protein kinase inhibitor activity,
cyclin-dependent protein serine/threonine kinase inhibitor activity, and transforming growth factor beta receptor binding.
Subsequently, we performed KEGG pathway enrichment analysis for the DE-FRGs. As shown in Figure 3B, the most
meaningful and significantly enriched pathways included ferroptosis, the HIF-1 signaling pathway and the p53 signaling

Table 2 Primers Used for qRT-PCR in This Study

Gene Forward Primer (5'-3") Reverse Primer (5'-3")

GAPDH TGCACCACCAACTGCTTAGC | GGCATGGACTGTGGTCATGAG
HI9 GAGTCGGCACACTATGGCT GCTGGGTAGCACCATTTCTTTC
GCHI GTGAGCATCACTTGGTTCCAT | GTAAGGCGCTCCTGAACTTGT
CHACI GAACCCTGGTTACCTGGGC CGCAGCAAGTATTCAAGGTTGT
NOX4 TGTGCCGAACACTCTTGGC ACATGCACGCCTGAGAAAATA
CDKNIA | TGCCGAAGTCAGTTCCTTGT GCATGGGTTCTGACGGACT
SMAD7 | TTCCTCCGCTGAAACAGGG CCTCCCAGTATGCCACCAC
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Figure | The flowchart of the analysis process.

pathway. Additionally, the functional enrichment analysis was conducted separately for upregulated genes and down-
regulated genes (Figure S1).

Constructing a Diagnostic Model for Keratoconus

To screen the significant DE-FRGs that distinguish keratoconus patients from normal individuals, we used two distinct
machine learning algorithms, LASSO and SVM-RFE. The LASSO logistic regression algorithm identified 14 keratoco-
nus-related features (Figure 4A and B). The SVM-RFE algorithm identified 11 genes as the optimal feature genes
(Figure 4C). Eventually, the 6 overlapping genes obtained from the LASSO and SVM-RFE models were selected as
marker genes. These marker genes included H19, GCHI, CHACI, NOX4, CDKNIA, and SMAD7, of which H19 was
upregulated and the others were downregulated (Figure 4D).

Based on the 6 marker genes mentioned above, a logistic regression model was built and the subsequent ROC curves
indicated that 6 marker genes could discriminate normal and keratoconus samples with an AUC of 0.878 (Figure 4E). In
addition, to elucidate whether single genes could be used to differentiate keratoconus patients from healthy controls, we
plotted ROC curves for these 6 marker genes (Figure 4F). Finally, in the external validation set GSE204791, the
diagnostic efficiency of these 6 marker genes was validated, and they were able to distinguish normal from keratoconus
samples in both corneal epithelium (AUC=0.734) and stromal tissues (AUC=0.857) (Figure 4G-J).

Single-Gene GSEA Pathway Analysis of Marker Genes

To explore the potential functions of the marker genes, we carried out a single-gene GSEA-KEGG pathway analysis. The
top 10 pathways enriched for each marker gene are illustrated in Figure SA—F. The results showed that the key genes
were mainly enriched in ribosome, lysosome, peroxisome, apoptosis, ferroptosis, DNA replication, protein digestion and
absorption, ECM-receptor interaction, and immune responses (“Th17 cell differentiation”, “Thl and Th2 cell differentia-

EEENTY EEENT3 LIS

tion”, “antigen processing and presentation”, “natural killer cell-mediated cytotoxicity”, “B-cell receptor signaling

pathway” and “T-cell receptor signaling pathway”), amino acid metabolism (“pyruvate metabolism”, “valine, leucine
and isoleucine degradation”) and various disease pathways. Additionally, we found that the key genes were also enriched
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Figure 2 Identification of the DE-FRGs in Keratoconus. (A) The volcano plot of the DEGs, the red dots represent the up-regulated genes, and the blue dots represent the
down-regulated genes. (B) Venn diagram of candidate DE-FRGs. (C)The heatmap of the 39 DE-FRGs. The color scale indicates the relative gene expression of each sample,
5 DE-FRGs are up-regulated and 34 DE-FRGs are down-regulated.

in the PI3K-Akt signaling pathway, JAK-STAT signaling pathway, MAPK signaling pathway, chemokine signaling
pathway, NF-kB signaling pathway, TNF signaling pathway, TGF-f signaling pathway, cAMP signaling pathway, cGMP-
PKG signaling pathway, and calcium signaling pathway.

Table 3 A List of the 39 Differentially Expressed Ferroptosis-Related Genes

Expression | Number | Gene

Up 5 BID, HCARI, HI9, TFRC, NRID2

Down 34 TIMPI, PARP9, CAVI, NDRGI, MMD, LIFR, CDKN2A, FTL, SOCSI, ZEBI, GCHI, MEF2C, MGSTI, NUPRI, RBMSI, CHACI,
SLCI6AI, TGFBI, ACSL4, DPP4, DDR2, NOX4, RARRES2, ELOVLS5, GDFI5, CDKNIA, NOS2, MEG8, MUCI, SLC40A1, PLIN2,
SMAD7, TLR4, GALNT 4
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Figure 3 Functional enrichment analysis of DE-FRGs. (A) The top 10 significantly enriched GO terms in the category of biological process, cellular component, and
molecular function for the DE-FRGs. (B) KEGG pathway enrichment analysis for the DE-FRGs.

Analysis of Immune Cell Infiltration

The previous GSEA results indicated that the marker genes were closely associated with the immune response.
Moreover, a substantial amount of evidence indicates an inseparable connection between the immune microenvironment
and keratoconus. Therefore, we used the CIBERSORT algorithm to explore differences in the immune microenvironment
between keratoconus patients and normal individuals. As shown in Figure 6A, the proportions of M1 macrophages and
resting mast cells in keratoconus samples were higher than those in normal samples, while CD8+ T-cell expression was
decreased in keratoconus samples. In addition, Spearman correlation analysis revealed that CD8+ T cells were positively
correlated with CHAC! (r = 0.56, p = 0.046) and negatively correlated with H19 (r =—0.68, p = 0.010), resting mast cells
were negatively correlated with CHAC! (r =—0.60, p = 0.029) and GCHI (r =—0.65, p = 0.015), and CDKN1A4 (r =0.59,
p = 0.035) was positively correlated with follicular helper T cells (Figure 6B). The results suggested that changes in the
immune microenvironment of keratoconus patients may be associated with H19, GCHI, CHACI, and CDKNIA.

Marker Gene-targeted Drug Prediction

To identify drugs possibly targeting marker genes, the DGIdb database was used for analysis, with two-parameter
interaction relationships set at the default settings. Figure 7 displays the visualization of the results based on Cytoscape
software. Sixteen drugs that target marker genes, 15 for CDKNIA and 1 for SMAD7, were queried. However, drugs
targeting the H19, GCHI, CHACI1, and NOX4 genes were not predicted.

Validation of Biomarker Expression

To validate expression of marker genes, we performed validation on a new dataset (GSE204791). In the corneal
epithelium tissues (Figure 8A), the expression of H/9 (¢ = 2.4, p = 0.031), compared to that in the control was higher,
and the expression of GCHI (t = —2.5, p = 0.035) was lower than that in the control. In the corneal stromal tissues
(Figure 8B), the expression of GCHI (t =—4.5, p = 0.00066), CHACI (¢t =—2.3, p = 0.041), NOX4 (t = 3.4, p = 0.0059)
and SMAD7 (¢t = —2.3, p = 0.046) was lower than that in the control. Additionally, we further measured the expression
levels of marker genes in the corneal tissues of normal individuals and patients with keratoconus by qRT—PCR. The
qRT-PCR results showed that the expression of H19 (t= 5.1, p = 0.00049) and CHAC! (¢ = 2.9, p = 0.052) was higher in
corneal tissues of keratoconus (Figure 8C).

Discussion

Keratoconus is a blinding ocular disease characterized by corneal dilatation, and its pathogenesis, clinical diagnosis, and
treatment have garnered considerable attention. Keratoconus is one of the leading indications for corneal transplantation
surgery worldwide,?® however, there is a global donor shortage that limits corneal transplantation to approximately 1 out
of 70 potential patients.”” Ferroptosis is a form of iron-dependent cell death driven by intracellular iron overload and
lipid peroxidation, and its role in physiological and pathogenic processes has been extensively studied.”® Previous studies
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have shown that keratoconus and ferroptosis are closely related to iron metabolism and oxidative stress.'> However, the

specific connection between keratoconus and ferroptosis remains unclear. Therefore, this study utilized a comprehensive

strategy to identify DE-FRGs associated with keratoconus and explored the functions of these DE-FRGs, thereby

providing a novel perspective on the pathogenesis, diagnosis, and treatment of keratoconus.
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Figure 5 Single-gene GSEA-KEGG pathway analysis in HI9 (A), GCHI (B), CHACI (C), NOX4 (D), CDKNIA (E), SMAD7 (F).

We identified 39 DE-FRGs by combining FRGs and DEGs related to keratoconus. Subsequent enrichment analysis
revealed that these DE-FRGs were primarily associated with the ROS metabolic process, intrinsic apoptotic signaling

pathway, regulation of protein secretion, response to TGF-f and oxidative stress, proliferation of various immune cells,

and other biological processes. These findings are consistent with previously reported factors related to keratoconus.

Oxidative-antioxidant imbalance and oxidative stress markers, particularly ROS, nitrogen species and malondialdehyde,

are increased in the corneas of keratoconus patients compared with those in healthy individuals.®

Morphological

alterations of epithelial basal cells and degradation of the extracellular matrix (ECM) were observed in the keratoconus

metalloproteinase 3 is upregulated in keratoconus corneal stromal cells, which further induces apoptosis.

cornea, leading to thinning of the corneal stroma and keratocyte apoptosis.’”

The expression of tissue inhibitor of
31 TGF-B can

induce cell differentiation, proliferation and migration; interact with different types of collagen and proteoglycans; and

play important roles in maintaining corneal biomechanics, refraction, and transparency. Reduced TGF-f expression was

found in the tears of keratoconus patients.*>** Research on the TGF-B pathway and ferroptosis has been conducted in

other diseases. For instance, PIAS3 promotes ferroptosis by regulating TXNIP via the TGF-f signaling pathway in
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Figure 6 Immune cell infiltration analysis. (A) Implemented the CIBERSORT algorithm to explore the differences in the immune microenvironment between keratoconus
patients and normal samples. (B) Spearman correlation analysis revealed that CD8+T cells had positive and negative correlations with HI9 and CHACI, respectively. resting
mast cells had negative correlations with GCHI and CHACI, CDKNIA was positively correlated with follicular helper T cells. (*p < 0.05).

hepatocellular carcinoma.** Calcipotriol suppresses GPX4-mediated ferroptosis in osteoarthritis chondrocytes by block-
ing the TGF-B1 pathway.*

Machine learning has extensive applications in the biomedical field, demonstrating excellent efficiency in clinical
diagnosis and optimal treatment.*® In this study, we applied two machine learning algorithms to screen marker genes
from DE-FRGs and identified H19, GCHI, CHACI, NOX4, CDKNIA, and SMAD7 as potentially effective diagnostic
molecules for keratoconus. For these 6 marker genes, the AUC values in the validation sets were 0.878, 0.734, and 0.857,
respectively, demonstrating that these marker genes were accurate and specific for distinguishing keratoconus patients
from healthy individuals. Notably, GCHI and CHACI had the highest AUC values. The expression of marker genes was
then verified in the new dataset GSE204791, and the expression trends of these markers in the corneal epithelium and
stroma of keratoconus patients were consistent with expectations. In particular, the GCHI gene showed low expression in
various tissues. For these reasons, GCHI could not be effectively detected via qRT-PCR. Finally, qRT-PCR analysis of
clinical samples indicated that the H/9 gene was upregulated in the keratoconus group, confirming the initial hypothesis.
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Figure 7 Prediction of marker gene-targeted drugs.

Additionally, according to the qRT-PCR results, CHAC1 was also upregulated in the keratoconus group, contrary to our
expectations. We plan to increase the sample size in subsequent studies for further validation.

H19 is a long noncoding RNA (IncRNA). The IncRNA H19 contributes to oxidative damage repair in early age-
related cataracts by regulating the miR-29a/TDG axis.’” In diabetic retinopathy, H19 overexpression prevents glucose-
induced endothelial mesenchymal transition through TGF-B signaling.*® The guanosine 5'-triphosphate cyclohydrolase-1
(GCH1)/tetrahydrobiopterin (BH4) pathway, in which GCH1 is the rate-limiting enzyme, is a crucial regulatory system
for ferroptosis.>® The expression level of GCHI largely determines the degree of cell resistance to ferroptosis, and
downregulation of GCHI promotes peroxidation accumulation and ferroptosis in cells.*® Glutathione-specific gamma-
glutamylcyclotransferase 1 (CHACI1), a component of the unfolded protein response pathway, plays a key role in
oxidative stress-induced ferroptosis by regulating glutathione depletion.*' NADPH oxidases (NOXs) are a family of
ROS-producing enzymes, and among the NOX isoforms, NOX4 is a major isoform in astrocytes.*” In a rabbit
keratoconus model, RT-PCR revealed that the NOX-4 mRNA level was higher in the keratoconus group than in the
control group,* which is consistent with our qRT-PCR results. In Alzheimer’s disease, NOX4 promotes ferroptosis of
astrocytes via oxidative stress-induced lipid peroxidation via the impairment of mitochondrial metabolism.** Cyclin-
dependent kinase inhibitor 1A (CDKN1A) is a key mediator of p53-dependent cell cycle arrest after DNA damage.*’ p53
suppresses ferroptosis by inducing the expression of CDKNI1A.* SMAD family member 7 (SMAD7) is a negative
regulator of the TGF-B signaling pathway, and SMAD?7 expression is downregulated in human keratoconus cells (HKCs)

compared to that in normal human corneal fibroblasts. This regulation of SMAD7 expression leads to increased TGF-f
signaling, which promotes the formation of a fibrotic ECM characteristic of HKCs.*”** However, the exact role of these

6 ferroptosis-related marker genes in keratoconus pathogenesis remains unknown and requires further study.
To further explore the potential associations between H19, GCHI, CHACI, NOX4, CDKNIA, SMAD?7 and keratoconus,

we performed single-gene GSEA. The results indicated that these 6 biomarkers might play key roles in the pathogenesis of
keratoconus through apoptosis, ECM-receptor interactions, immune responses, and TGF-f signaling pathways. Notably,
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keratoconus is classically considered to be a noninflammatory disease,* however, both GO and GSEA suggested that the
pathogenesis of keratoconus is related to immunity, and we therefore performed immune cell infiltration analysis. The
proportions of M1 macrophages and resting mast cells were higher in keratoconus samples than in normal samples, while
CD8+ T cells were downregulated in keratoconus samples, and H19, GCHI, CHAC1, and CDKN1A might be involved in the
alteration of the immune microenvironment. It has been shown that the pathogenesis of keratoconus may be related to
immunity, and the levels of immunoglobulin (Ig) are increased in the serum of keratoconus patients compared to those in the
controls.’® Increased Ig « chain C and Ig J levels in keratoconus tears have also been reported, suggesting that B-cell function
may be altered in patients with keratoconus.”’ Many cytokine changes are also found in the tears of patients with keratoconus,
and high expression of the cytokines C-C motif chemokine ligand 5, matrix metalloproteinase 13, and nerve growth factor and
low expression of interleukin 6 have been reported in severe keratoconus.’” Single-cell sequencing of keratoconus samples
revealed increased cytokine and cytokine-mediated signaling pathway expression in corneal immune cells.>® Therefore,
previous studies have suggested that immunological factors might be involved in the pathogenesis of keratoconus, yet the
underlying mechanism remains unclear.

In conclusion, this study used a comprehensive strategy to screen and validate ferroptosis biomarkers associated with
keratoconus and explored the functions and pathways of these biomarkers. Our results can contribute to an improved
understanding of the molecular mechanism of keratoconus and provide new ideas for further elucidating the pathogen-
esis, diagnosis and precision treatment of keratoconus. Subsequently, we will perform further experimental validation
studies to explore the underlying molecular mechanism of ferroptosis in keratoconus.

Conclusion

In conclusion, this study identified 6 DE-FRGs and established a diagnostic model with predictive value for keratoconus.
Validation of these genes was subsequently conducted using the GSE204791 dataset and qRT-PCR of corneal tissues
from keratoconus patients. The findings of this study offer novel molecular biology insight into the pathogenic
mechanisms of keratoconus.
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