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Weighted Correlation Gene Networks and Gene Set Enrichment Analysis Revealed New Potential Genetic
Etiologies Associated with Cryptorchidism

Wenlin Huang', JinGe Liu', Ziwei Liu', Yong Xu'*

Purpose: Despite its prevalence, the etiology and pathogenesis of cryptorchidism remain poorly understood. This
study aimed to identify potential biomarkers associated with cryptorchidism development using bioinformatics
methodologies.

Materials and Methods: We utilized three microarray datasets from the Gene Expression Omnibus (GEO) data-
base, comparing gene expression profiles between cryptorchidism patients and control individuals. Differentially
expressed genes (DEGs) were identified using statistical analysis. Subsequently, we constructed a gene co-expres-
sion network using weighted gene co-expression network analysis (WGCNA) to identify modules of genes highly
associated with the cryptorchid phenotype. Hub genes within these modules were identified using cross-validation
and multiple algorithms.

Results: A total of 1,539 differentially expressed genes were identified between cryptorchidism patients and con-
trols. WGCNA revealed a gene module strongly associated with the cryptorchidism phenotype. Ten genes (CDHI,
CS, G6PD, HSPAS, KEAP1, NEDDS, POLR2J, JUN, SOD2, and TXN) with the highest association to cryptor-
chidism were identified in this module. Single gene gene set enrichment analysis (ssGSEA) showed that these hub
genes were mainly enriched in metabolism-, translation-, and inflammation related processes. Notably, several key
genes are involved in oxidative stress responses.

Conclusion: This study identified a credible set of hub genes associated with cryptorchidism. Some of these genes
have been shown to affect testicular development or spermatogenesis through mechanisms such as inflammation
and oxidative stress, while others have not been fully studied in the context of cryptorchidism. These hub genes
may provide new biomarkers for cryptorchidism risk assessment and warrant further investigation to clarify their
specific roles.
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INTRODUCTION Numerous studies have explored associations between
cryptorchidism and genes®. Emerging evidence high-
lights links between diverse genetic alterations (includ-
ing expression dysregulation and mutations) and dis-
ease pathogenesis'®. Therefore, the biological pathways
associated with cryptorchidism require further elucida-
tion. Multiple genes with similar biological functions or
involvement in the same pathways may regulate disease
occurrence and progression. For example, insulin like
factor 3 (INSL3), secreted by testicular Leydig cells, is
believed to influence testicular descent via mechanisms
including promoting gubernaculum development”.
UDT is also androgen dependent and may be affected
by endocrine disrupting compounds (EDCs) targeting
the androgen receptor (AR)®. Additionally, targeted
knockout of WNT4 in the mouse testicular gubernac-
ulum induces ipsilateral cryptorchidism®. Weighted
gene co expression network analysis (WGCNA) can
identify gene clusters with highly correlated expression
levels, correlate them with phenotypes, and provide
insights into co expressed gene functions and disease
development!'*!V. In this study, we examined GEO mi-

ryptorchidism, also known as undescended testis

(UDT), is a congenital malformation characterized
by the failure of testicular descent through the inguinal
canal into the scrotum during normal development. It
is the most prevalent congenital anomaly in male new-
borns, affecting approximately 1% to 9% of full term
infants and up to 45% of premature infants"”. Typi-
cally, the undescended testis can be palpated in the in-
guinal region upon physical examination; however, in
certain cases, it remains within the abdominal cavity
and eludes detection®. While cryptorchidism is pri-
marily diagnosed through physical examination, imag-
ing examinations are often necessary for confirmation.
Orchidopexy (surgical correction of testicular descent)
is the primary treatment modality. The pathogenesis
of cryptorchidism is believed to be related to develop-
mental defects® and can manifest as either an isolated
symptom or a sign of other congenital malformations.
Nevertheless, despite ongoing research, the mecha-
nisms remain incompletely understood, underscoring a
lack of effective preventive measures.
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Figure 1. Identification of DEGs between biopsy specimens from patients with cryptorchidism and normal specimens. A volcano plot displays the differential gene expres-
sion data from three datasets: A. GSE149084, C. GSE16191, and E. GSE25518. Red dots indicate up regulated genes (log2FC 2> 0.5, adjusted P < 0.05), green dots indicate
down regulated DEGs, and black dots represent genes that are not significantly differentially expressed. A heat map of the top 100 DEGs from three additional datasets (B.
GSES83453, D. GSE51472, F. GSE12644) shows expression levels, represented by color intensity from red (high) to blue (low).

croarray data to identify DEGs between children with
cryptorchidism and healthy controls. We performed
functional enrichment analyses to identify implicated
biological processes and pathways, applied WGCNA to
identify phenotype linked modules and candidate hub
genes, and then conducted correlation based single gene
GSEA. These analyses uncovered pathways related to
cryptorchidism onset that could inform future diagnosis
and treatment.

MATERIALS AND METHODS

Data acquisition and preprocessing

We obtained RNA expression profiling microarray data
from publicly available GEO datasets: GSE149084,
GSE16191, and GSE25518. In total, 52 samples were
included (41 boys with cryptorchidism and 11 controls).
All tissue samples were testicular biopsies. A post hoc
power analysis was conducted via the pwr package in
R (v3.6.1). Assuming a medium effect size (Cohen’s
d = 0.5) with o = 0.05 and 80% power, the minimal
required sample size was 34 (17 per group). Our cohort
(n = 52) exceeds this threshold. We used limma’s em-
pirical Bayes variance moderation to enhance reliability
in small sample microarray studies. Expression profiles
underwent log2 transformation, background correction,
and quantile normalization. Datasets were selected as
large, relevant public resources for cryptorchidism to
ensure sufficient power to detect meaningful differenc-
es using limma in R. DEGs between cryptorchidism
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and controls were identified using limma with thresh-
olds of absolute log2 fold change > 0.5 and adjusted P
< 0.05".

Functional enrichment analysis

To understand biological functions of DEGs, we con-
ducted Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analyses.
GO included cellular component (CC), biological pro-
cess (BP), and molecular function (MF). We utilized
the clusterProfiler package in R (3.6.1)", with P < .05
considered significant.

Weighted gene co expression network analysis
WGCNA was used to identify association patterns
among protein coding DEGs and to construct co expres-
sion networks and module clusters (R package WGC-
NA v1.71). A one step network constructor was em-
ployed. Datasets were evaluated for approximate scale
free topology to select soft threshold power. Module
eigengenes (MEs; first principal component of module
expression) were correlated with clinical traits to assess
module—trait relationships using Pearson’s correlation;
interaction was considered when r > 0.25.

Hub gene identification and single gene GSEA

Modules highly associated with cryptorchidism were
subjected to enrichment analysis using clusterProfiler.
Genes from these modules were used to construct a
protein—protein interaction (PPI) network in STRING
(http://string-db). We used Cytoscape—CytoHubba with
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Figure 2. Enrichment analysis of differentially expressed genes (DEGs). A. Venn diagrams displaying key up-regulated DEGs overlap in GSE149084, GSE16191, and
GSE2551. B. Venn diagrams displaying key down-regulated DEGs overlap in GSE149084, GSE16191, and GSE2551. C. GO enrichment analysis of DEGs with intersec-
tions across all three datasets. D. KEGG pathway enrichment analysis of DEGs with intersections across all three datasets

multiple algorithms (Degree, MNC, Radiality, Stress,
Closeness) to identify the top hub genes. Correlation
analysis between these hub genes and all genes in
GSE16191 identified the top 50 most positively corre-
lated genes for heat map visualization. Genes with sig-
nificant correlation (P <.05) were used for single gene
GSEA.

RESULTS

Identification of differentially expressed genes (DEGs)
We analyzed GSE149084, GSE16191, and GSE25518.
In GSE149084 (6 cryptorchidism; 3 controls), there
were 2,375 up regulated and 3,965 down regulated
DEGs in cryptorchidism (Figure 1A, 1B). In GSE16191
(16 cryptorchidism; 4 controls), there were 2,202 up
regulated and 3,348 down regulated DEGs (Figure 1C,
1D). In GSE25518 (19 cryptorchidism; 4 controls),
there were 1,440 up regulated and 333 down regulat-
ed DEGs (Figure 1E, 1F). Thresholds were absolute
log2 fold change > 0.5 and adjusted P < 0.05 across all
datasets.

GO and KEGG pathway enrichment analysis

Across the three datasets, we obtained 75 common
up regulated DEGs and 57 common down regulated
DEGs. Additionally, 1,222 DEGs were up regulated in
at least two datasets, and 317 were down regulated in at
least two datasets (Figure 2A, 2B). GO and KEGG en-
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richment analyses were performed on the 1,539 DEGs
(1,222 up and 317 down) (Figure 2C, 2D). GO anal-
ysis revealed categories related to male sexual devel-
opment, including gonad development (GO:0008406),
male gonad development (GO:0008584), male sex dif-
ferentiation (GO:0046661), development of primary
sexual characteristics (GO:0045137), and development
of primary male sexual characteristics (GO:0046546).
KEGG analysis highlighted pathways linked to neuro-
degeneration (multiple diseases), amyotrophic lateral
sclerosis, prion disease, and others.

Weighted gene co expression network analysis

and module identification

Hierarchical clustering confirmed the absence of outlier
samples and distinguished cryptorchidism from con-
trols (Figure 3A). GSE16191 was used for WGCNA.
Based on scale free topology, a soft threshold power
of 10 was selected (Figure 3B). The cryptorchidism
specific co expression modules are shown in (Figure
3C). From 1,539 DEGs shared in at least two datasets,
protein coding genes were clustered into four modules
(MEgreen, MEpink, MEpurple, MEgrey). Module—trait
analysis showed the MEpurple module had a strong
positive correlation with unilateral cryptorchidism (r
=0.89; 95% CI: 0.85-0.92; P <.001) (Figure 4A). A
topological overlap matrix (TOM) heat map is shown
in (Figure 4B). The purple module (1,286 DEGs) dis-
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Figure 3. Sample clustering and network construction of weighted co expressed genes based on cryptorchidism. A. Clustering dendrogram of cryptorchidism and control
samples; color intensity is proportional to disease state (unilateral or bilateral). B. Network topology under scale free fitting index and various soft threshold powers (scale
independence and mean connectivity shown). C. Co expression modules in cryptorchidism.
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Figure 4. Key module in WGCNA. A. Heat map showing correlation between differential genes and cryptorchidism (cell center shows correlation coefficient and P-value;
color reflects strength). B. Darker colors indicate greater overlap. C. Topological overlap matrix of selected protein coding genes among differential genes. D. Scatter plot
depicting disease group and purple module.
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Figure 5. A. GO analysis identifying enriched biological process (BP; green bars) and cellular component (CC; blue bars) terms for genes in the purple module. B. KEGG

analysis of genes in the purple module (P < 0.01; FDR < 0.05).

played the strongest association. Adjacency heat maps
and scatter plots indicated strong correlations between
module membership and gene significance in both
cryptorchidism and control groups (r = 0.71 and r =

0.79, respectively; both P < .001) (Figure 4C, 4D).

Functional envichment analysis of key modules
Functional enrichment of the purple module using
clusterProfiler revealed enrichment in mitochondrial

Figure 6. Protein—protein interaction (PPI) network diagram of genes in the purple module.
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Figure 7. The most central 15 genes in the PPI network identified by five algorithms (Degree, MNC, Radiality, Stress, Closeness).

translational elongation and termination; cellular com-  lar ribosomes, and the mitochondrial inner membrane
ponents included mitochondrial protein complexes, mi-  (Figure 5A). KEGG pathways showed the highest
tochondrial matrix, mitochondrial ribosomes, organel-  enrichment in neurodegeneration (multiple diseases),
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Figure 8. A. Venn diagram demonstrating intersection of hub genes identified by five different CytoHubba algorithms (Degree, MNC, Radiality, Stress, and Closeness).
A total of 10 common hub genes were identified through overlapping analysis. B. Heatmap illustrating differential expression (Log2 fold change, Log2FC) of the 10 hub
genes (CDHI, CS, G6PD, HSPAS5, KEAP1, NEDDS8, POLR2J, JUN, SOD2, and TXN) across three GEO datasets (GSE16191, GSE25518, and GSE149084). Values
represent Log2 fold changes; exact -values are indicated (¥P < .05; **P < .01; ***P < .005; ****P < .001). C. Circos plot displaying the correlation among the identified
hub genes, with correlation strengths ranging from positive (red) to negative (green).correlation among the identified hub genes, with correlation strengths ranging from
positive (red) to negative (green)..
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Figure 9. Based on GSE16191, correlation analyses between each of the 10 hub genes and all genes were performed. Heat maps show the top 50 genes positively correlated

with each hub gene’s expression.

followed by amyotrophic lateral sclerosis, Parkinson’s
disease, and prion disease (Figure 5B).

PPI network construction and hub gene identification
Genes from the purple module were imported into
STRING to construct a PPI network, visualized in Cy-

bt s e

toscape (Figure 6). Using five CytoHubba algorithms
(Degree, MNC, Radiality, Stress, Closeness), the most
central 15 genes were identified (Figure 7). Intersect-
ing results yielded 10 hub genes: CDHI1, CS, G6PD,
HSPAS5, KEAP1, NEDDS, POLR2J, JUN, SOD2, and

Twirn |
R EEEE R

Figure 10. Results of single gene GSEA conducted separately for the 10 hub genes and genes with comparable expression patterns.
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TXN (Figure 8A). A heat map of these hub genes across
GSE149084, GSE16191, and GSE25518 is shown (Fig-
ure 8B). Correlation mapping among the 10 hub genes
in GSE16191 demonstrated strong co expression pat-
terns associated with cryptorchidism (Figure 8C).

Gene set enrichment analysis of hub genes
Correlation analyses between each hub gene and all
other genes in GSE16191 identified the top 50 positive-
ly correlated genes for each hub gene, visualized in heat
maps (Figure 9). These gene sets served as inputs for
single gene GSEA, which demonstrated significant en-
richment (P <.05) and provided cumulative enrichment
scores for pathways associated with each hub gene
(Figure 10).

DISCUSSION
Cryptorchidism is a common congenital malformation

with unclear risk factors and pathogenesis despite clear
anatomic understanding. Genetic and environmental
factors can influence testicular descent®. Multiple
studies have linked cryptorchidism to genetic etiolo-
gies">'®. As cryptorchidism is often a syndrome phe-
notype rather than an independent disease, numerous
genes likely shape its occurrence and development,
contributing to heterogeneity in testis location and lat-
erality!'”. To provide robust references for future stud-
ies, we applied rigorous bioinformatic methods to GEO
microarray data, using WGCNA and GSEA to identify
key genes and enriched pathways related to cryptor-
chidism.

WGCNA groups and visualizes gene expression by con-
verting profiles into networks, enabling construction of
gene sets and pathway enrichment to identify DEGs and
their biological roles. Advantages include simultaneous
multi sample analysis, support for large scale research,
delineation of global regulatory networks, and identi-
fication of complex pathways and feedback loops"™®'”.
GSEA evaluates relationships between gene sets and
phenotypes based on high throughput data, accounting
for the continuous nature of gene expression and inter
gene correlations; it facilitates comprehensive analysis
beyond single gene thresholds®*”.

We identified 1,539 DEGs dysregulated in at least two
datasets and found enrichment in pathways related to
metabolic reprogramming, translational regulation, in-
flammatory cascades, and oxidative stress. WGCNA
pinpointed the purple module as strongly associated
with cryptorchidism. This is consistent with the view
that cryptorchidism’s etiology is multifactorial and
pathway based rather than driven by single genes"”. We
identified 10 hub genes—CDHI, CS, G6PD, HSPAS,
KEAP1, NEDDS8, POLR2J, JUN, SOD2, and TXN—
implicated in testicular development, sperm morpholo-
gy and number, metabolism, and inflammation. Single
gene GSEA showed predominant enrichment in metab-
olism (protein, carbohydrate, RNA), translation, and
inflammatory processes.

HSPAS (GRP78), a heat shock protein involved in en-
doplasmic reticulum stress response”, may modulate
Leydig cell function during testicular development;
activation of the GRP78(HSPAS)/IRE1 pathway after
oxidative stress and DNA damage can inhibit testoster-
one synthesis®”. Overexpression can induce testicular
inflammation, morphological alterations, and reduced
sperm count®. JUN encodes an AP 1 subunit involved
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in growth, differentiation, and apoptosis®”; AP 1 par-
ticipates in Leydig cell communication and interacts
with AR via androgen mediated regulation®*”, poten-
tially influencing cryptorchidism. SOD2, a key antiox-
idant enzyme, has been implicated in sperm activation
in Caenorhabditis elegans®”; oxidative imbalance can
contribute to testicular hypoplasia syndromes, includ-
ing cryptorchidism®”. KEAPI1, central to the NRF2/
KEAPI1 pathway®?, may be protective in cryptorchid-
ism. NEDDS, a ubiquitin like modifier regulating pro-
teostasis via neddylation, may affect androgen receptor
signaling through ubiquitin proteasome mediated con-
trol of AR stability and activity®?.

Our approach moved beyond DEG identification to
modular analysis of a gene set strongly associated with
the cryptorchidism phenotype, identifying genes with
coherent expression patterns and their enrichment di-
rectionality—potentially informing future functional
work. Challenges include the practical and ethical diffi-
culty of obtaining healthy testicular tissues as controls;
thus, we relied on public datasets for preliminary bi-
oinformatics analyses. Nonetheless, rigorous analyses
can provide valuable guidance for subsequent investi-
gations.

CONCLUSIONS

This study leveraged WGCNA and GSEA to delineate
genetic etiologies and inflammatory pathways implicat-
ed in cryptorchidism. Integrated analyses of three GEO
microarray datasets identified 1,539 DEGs enriched in
metabolic, translational, inflammatory, and oxidative
stress pathways. Hub genes including HSPAS, JUN,
SOD2, and KEAP1 appear to orchestrate critical pro-
cesses linked to testicular development and spermato-
genic function. Single gene GSEA supported their roles
in cryptorchidism associated pathways. Future studies
should prioritize in vivo functional validation to dissect
tissue specific roles in gubernaculum development and
androgen responsiveness, with the goal of identifying
potential therapeutic targets for mitigating UDT.

SUMMARY

Using public gene data and network analyses, we iden-
tified 10 key genes and several pathways (metabolism,
inflammation, oxidative stress) linked to undescended
testis. These findings may help improve diagnosis and
guide future treatments.
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