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	 Basal cell carcinoma (BCC) represents the most common human malignancy, with 
significant genetic underpinnings that remain incompletely understood. This study aimed 
to analyze genes identified through genome-wide association studies (GWAS) to elucidate 
functional pathways involved in BCC pathogenesis. We performed extensive bioinformatic 
analyses of GWAS-derived genes associated with BCC susceptibility, focusing on RHOU and 
PADI6. Functional enrichment analysis included Gene Ontology (GO) biological processes, 
cellular components, molecular functions, metabolite associations, microRNA interactions, 
protein-protein interactions, and pathway analyses using Reactome database. Our analysis 
revealed significant enrichment of RHOU in GTPase-mediated signaling pathways (p=0.0011), 
cytoskeleton organization (p=0.0165), and endocytosis (p=0.0280). PADI6 showed strong 
associations with cortical granules (p=0.0007) and maternal-to-zygotic transition (p=0.0162). 
Both genes displayed interactions with specific microRNAs, with RHOU notably targeted by 
miR-199a-5p (p=0.0047) and miR-126-3p (p=0.0086). Protein-protein interaction analysis 
demonstrated RHOU's connection with focal adhesion kinase PTK2 (p=0.0242) and PAK1 
(p=0.0261), suggesting cellular adhesion and migration involvement. Reactome pathway 
analysis further confirmed RHOU's role in GTPase cycle (p=0.0059) and PADI6 in maternal 
mRNA degradation (p=0.0068). Our findings suggest that RHOU contributes to BCC pathogenesis 
by disrupting Rho GTPase signaling, affecting cytoskeletal dynamics and cell migration, while 
PADI6 may influence epigenetic regulation. These molecular mechanisms provide potential 
therapeutic targets and biomarkers for BCC management. Further experimental validation is 
warranted to confirm these computational findings.

Keywords: Basal cell carcinoma; GTPase signaling; Gene ontology analysis;
Genome wide association studies; PADI6; RHOU.

	 Basal cell carcinoma (BCC) remains the 
most prevalent form of skin cancer worldwide, 
accounting for approximately 80% of all non-
melanoma skin cancers.1 The incidence of 

BCC continues to rise globally, creating a 
substantial burden on healthcare systems.2 While 
environmental factors, particularly ultraviolet 
radiation exposure, represent the primary risk 
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factor for BCC development, growing evidence 
suggests a significant genetic component in disease 
susceptibility and progression.3 Recent genome-
wide association studies (GWAS) have identified 
several genetic loci associated with BCC, yet the 
functional implications of these genetic variations 
remain incompletely understood.4

	 RHOU is an atypical Rho GTPase 
involved in regulating cytoskeletal dynamics, cell 
polarity, adhesion, and migration. RHOU influences 
keratinocyte proliferation and differentiation, 
processes critical to maintaining epidermal 
homeostasis. In BCC, where aberrant epithelial 
proliferation and local tissue invasion are hallmark 
features, dysregulation of RHOU may promote 
tumor growth, invasiveness, and changes in tumor 
architecture. Evidence from other cancers suggests 
RHOU plays roles in activating signaling pathways 
that could similarly drive basal cell carcinoma 
progression.
	 PADI6 belongs to a family of enzymes 
that convert arginine residues into citrulline, a 
process known as citrullination. While PADI6 is 
primarily known for its role in early embryogenesis 
and oocyte development, emerging data suggest 
that PADI enzymes contribute to epigenetic 
regulation and inflammatory responses, both 
of which are relevant to skin carcinogenesis. In 
BCC, altered PADI6 expression could influence 
chromatin structure, gene expression, or immune 
evasion, potentially contributing to tumor initiation 
or progression. Its association through genome-
wide studies (GWAS) points to a possible, yet 
unexplored, functional role in BCC susceptibility.
	 The pathogenesis of BCC involves 
complex molecular mechanisms, including 
dysregulation of the Hedgehog signaling 
pathway through mutations in PTCH1 and 
SMO genes.5 However, the contributions of 
other signaling networks and cellular processes 
to BCC development are still being elucidated. 
Emerging evidence suggests that alterations in 
GTPase signaling, cytoskeletal organization, and 
epigenetic regulation may play crucial roles in BCC 
pathogenesis.6,7 Understanding these molecular 
mechanisms is essential for developing targeted 
therapies and improving clinical outcomes for BCC 
patients.
	 Recent GWAS studies have identified 
novel genetic associations with BCC susceptibility, 

including variations in RHOU and PADI6 genes.8 
RHOU, a member of the Rho family of GTPases, 
functions as a molecular switch that regulates 
various cellular processes, including cytoskeletal 
dynamics, cell migration, and vesicle trafficking.9 
The Rho GTPase family has been implicated in 
cancer development and progression through 
their effects on cell morphology, polarity, and 
invasion.10 PADI6, encoding protein-arginine 
deiminase type-6, has been primarily studied in 
the context of early embryonic development and 
epigenetic regulation.11 Its potential role in cancer 
pathogenesis, particularly in BCC, remains largely 
unexplored.
	 Interpreting GWAS findings in diseases 
like basal cell carcinoma (BCC) is challenging 
due to many variants being in non-coding regions 
with unclear functions.12 To address this, the study 
uses integrated computational approaches—such 
as pathway enrichment, protein-protein interaction 
(PPI) networks, gene ontology, and miRNA target 
prediction—to uncover biological insights from 
GWAS data.13,14

	 Prior studies show that BCC-associated 
genes are involved in pigmentation, immune 
response, and DNA repair.15,16 However, the 
functions of newly identified genes like RHOU 
and PADI6 remain unexplored. The current study 
focuses on these genes, using comprehensive 
bioinformatics analyses to understand their roles 
in BCC development, molecular regulation, and 
therapeutic potential.17,18,19

Key aspects examined include
• Functional pathways and gene ontology relevance. 
20

• Regulatory roles of miRNAs
• Protein interaction networks highlighting key 
hubs in BCC pathogenesis. 21,22

	 The study ultimately identifies novel 
pathogenic mechanisms, potential biomarkers, 
and therapeutic targets in BCC, contributing 
to a deeper understanding and future clinical 
applications. 23 Our findings provide novel insights 
into the pathogenesis of BCC and identify potential 
therapeutic targets and biomarkers for future 
investigation.
Objectives
1. To explore the functional roles of GWAS-
identified genes RHOU and PADI6 in basal 
cell carcinoma using in-depth bioinformatic 
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approaches.
2. To uncover key biological pathways, molecular 
functions, and cellular components linked to RHOU 
and PADI6 that may drive BCC pathogenesis.
3. To analyze the regulatory networks associated 
with RHOU and PADI6, including microRNA 
interactions and protein-protein interactions, to 
reveal novel insights into BCC development.

Materials and Methods

Data Acquisition and Preprocessing
	 This study utilized gene lists derived from 
previous genome-wide association studies (GWAS) 
on basal cell carcinoma.24 The primary focus was 
on two genes identified through these studies: 
RHOU and PADI6. We extracted comprehensive 
functional annotations for these genes using 
multiple bioinformatic databases and analysis 
platforms. The data collection process involved 
systematic querying of publicly available genomic 
and proteomic databases.
Gene Ontology Enrichment Analysis
	 To understand the biological roles 
of RHOU and PADI6, we performed Gene 
Ontology (GO) enrichment analysis using the 2023 
GO database. The analysis encompassed three 
main categories: biological processes, cellular 
components, and molecular functions. Statistical 
significance was assessed using Fisher’s exact 
test with a p-value threshold of 0.05. For each 
significant GO term, we calculated the overlap 
(number of genes in our set associated with the 
term), p-value, adjusted p-value (controlling for 
multiple testing using the Benjamini-Hochberg 
procedure), odds ratio, and combined score. The 
combined score was computed as log(p) × odds 
ratio, providing a composite measure of statistical 
significance and effect size.
Metabolite Association Analysis
	 To identify potential metabolic pathways 
involving RHOU and PADI6, we queried the 
Human Metabolome Database (HMDB).25 This 
analysis aimed to reveal associations between 
our genes of interest and specific metabolites, 
potentially indicating metabolic processes relevant 
to BCC pathogenesis. Statistical significance was 
determined using the same methodology as the GO 
enrichment analysis, with significance thresholds 
set at p < 0.05.

MicroRNA Target Analysis
	 We inves t iga ted  the  regu la to ry 
relationships between microRNAs and our target 
genes using two complementary databases: 
miRTarBase 2017 26 and TargetScan microRNA 
2017.27 miRTarBase contains experimentally 
validated microRNA-target interactions, while 
TargetScan provides computational predictions 
of microRNA binding sites. This dual approach 
allowed us to identify both established and 
potential novel regulatory relationships. Statistical 
significance was assessed using Fisher’s exact test 
with appropriate multiple testing corrections.
Protein-Protein Interaction Analysis
	 To map the interactome of RHOU and 
PADI6, we utilized protein-protein interaction 
(PPI) databases. This analysis identified hub 
proteins that interact with our genes of interest, 
potentially revealing functional complexes and 
signaling networks relevant to BCC pathogenesis. 
Significance was determined based on the 
probability of observing the given number of 
interactions by chance, with p < 0.05 considered 
statistically significant.
Pathway Enrichment Analysis
	 Reactome Pathways 2024 database 
28 was queried to identify biological pathways 
significantly associated with RHOU and PADI6. 
This analysis provided insights into the higher-
order biological processes and signaling cascades 
potentially dysregulated in BCC. Significance was 
assessed using Fisher’s exact test with Benjamini-
Hochberg correction for multiple testing.
Gene Expression Analysis
	 To investigate the expression patterns 
of RHOU and PADI6 in different physiological 
and pathological contexts, we analyzed RNA 
sequencing data from the Gene Expression 
Omnibus (GEO) database. Specifically, we 
examined automatic GEO signatures for human 
up-regulated and down-regulated genes in various 
experimental conditions and disease states. This 
analysis helped contextualize the potential roles 
of our target genes beyond the specific context of 
BCC.
Statistical Analysis
	 All statistical analyses were performed 
using standard bioinformatic methodologies. 
For enrichment analyses, Fisher’s exact test 
was employed to determine the significance of 
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associations, with p-values adjusted for multiple 
testing using the Benjamini-Hochberg procedure. 
The significance threshold was set at adjusted p < 
0.05 for all analyses. Odds ratios were calculated to 
quantify the strength of associations, and combined 
scores (incorporating both statistical significance 
and effect size) were computed to prioritize 
findings.
Visualization and Interpretation
	 Results from the various analyses were 
compiled into structured tables, categorized by 
analysis type. For each significant association, 
we recorded the relevant term, statistical metrics 
(overlap, p-value, adjusted p-value, odds ratio, 
combined score), and the specific genes involved. 
These comprehensive tables facilitated the 
interpretation of results and the identification of 
convergent themes across different analyses. The 
findings were then synthesized into a cohesive 
narrative describing the potential functional roles 
of RHOU and PADI6 in BCC pathogenesis, 
highlighting the most significant and biologically 
plausible mechanisms.

Results

GO Biological Process 2023
	 Analysis of Gene Ontology biological 
processes (Table 1) revealed significant enrichment 
of RHOU in several GTPase-related signaling 
pathways. Most notably, RHOU showed strong 
association with Cdc42 protein signal transduction 
(p=0.0011, adjusted p=0.0143) with an odds 
ratio of 1427.85. RHOU was also significantly 
enriched in positive regulation of protein targeting 
to mitochondrion (p=0.0044, adjusted p=0.0175) 
and establishment of protein localization to 
mitochondrion (p=0.0049, adjusted p=0.0175). 
Other significant associations included Rho protein 
signal transduction (p=0.0077, adjusted p=0.0186), 
cytoskeleton organization (p=0.0165, adjusted 
p=0.0281), and endocytosis (p=0.0280, adjusted 
p=0.0374).
GO Cellular Component 2023
	 Table 2 shows that PADI6 was significantly 
associated with cortical granule (p=0.0007, 
adjusted p=0.0029) with a remarkably high odds 
ratio of 2499.12. RHOU showed associations 
with endosome membrane (p=0.0531, adjusted 
p=0.0763), cytoplasmic vesicle membrane 

(p=0.0572, adjusted p=0.0763), and bounding 
membrane of organelle (p=0.1178), though 
with less statistical significance than the PADI6 
association.
GO Molecular Function 2023
	 As shown in Table 3, PADI6 was 
significantly associated with hydrolase activity 
acting on carbon-nitrogen bonds in linear amidines 
(p=0.0013, adjusted p=0.0107) with an odds ratio 
of 1249.31. RHOU showed associations with 
GTP binding (p=0.0298, adjusted p=0.0532), 
guanyl-nucleotide exchange factor activity 
(p=0.0301, adjusted p=0.0532), and GTPase 
activity (p=0.0392, adjusted p=0.0532), consistent 
with its role in GTPase signaling.
HMDB Metabolites
	 Table 4 indicates associations between 
RHOU and two metabolites: guanosine triphosphate 
(p=0.0674, adjusted p=0.0678) and magnesium 
(p=0.0678, adjusted p=0.0678), both with odds 
ratios above 21, reflecting the gene’s involvement 
in GTP-dependent processes.
miRTarBase 2017
	 MicroRNA interaction analysis (Table 5) 
identified several microRNAs targeting RHOU. 
The most significant associations were with 
mmu-miR-199a-5p (p=0.0047, adjusted p=0.0336, 
odds ratio=322.03), hsa-miR-126-3p (p=0.0086, 
adjusted p=0.0336, odds ratio=174.91), and hsa-
miR-452-5p (p=0.0112, adjusted p=0.0336, odds 
ratio=134.61).
PPI Hub Proteins
	 Protein-protein interaction analysis 
(Table 6) revealed significant interactions between 
RHOU and several hub proteins, including PTK2 
(p=0.0242, adjusted p=0.0542, odds ratio=61.21), 
PAK1 (p=0.0261, adjusted p=0.0542, odds 
ratio=56.63), NCK1 (p=0.0361, adjusted p=0.0542, 
odds ratio=40.64), and PLCG1 (p=0.0361, adjusted 
p=0.0542, odds ratio=40.64).
Reactome Pathways 2024
	 Pathway analysis using Reactome 
database (Table 7) showed significant enrichment 
of RHOU in the RHOU GTPase Cycle (p=0.0059, 
adjusted p=0.0481, odds ratio=255.87) and 
Interleukin-4 and Interleukin-13 Signaling 
(p=0.0167, adjusted p=0.0584, odds ratio=89.57). 
PADI6 was significantly associated with M-decay 
Degradation of Maternal mRNAs by Maternally 
Stored Factors (p=0.0068, adjusted p=0.0481, 
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odds ratio=221.68), Maternal to Zygotic Transition 
(p=0.0162, adjusted p=0.0584, odds ratio=92.07), 
and Chromatin Modifying Enzymes/Organization 
(p=0.0352, adjusted p=0.0823, odds ratio=41.68).
Target Scan microRNA 2017
	 Table 8 indicates potential microRNA 
targeting of RHOU by hsa-miR-126 (p=0.0227, 
odds ratio=65.27), supporting the findings from 
miRTarBase. Both PADI6 and RHOU were targeted 
by hsa-miR-4684-3p (p=0.0267, odds ratio=18.49).
RNAseq Automatic GEO Signatures Human 
Down/Up
	 Tables 9 and 10 show differential 
expression of RHOU across various experimental 
conditions and disease states in GEO datasets, 
with consistent p-values of 0.0370 and odds ratios 
of 39.65 across multiple signatures, indicating 
the potential involvement of RHOU in diverse 
biological contexts beyond BCC.

Discussion

	 Our comprehensive bioinformatic 
analysis of GWAS-identified genes associated 
with basal cell carcinoma has revealed significant 
functional implications for RHOU and PADI6 in 
disease pathogenesis. 
	 RHOU is not yet an established clinical 
biomarker for any cancer, including BCC. 
However, several studies have reported RHOU 
overexpression in malignancies such as breast 
and colorectal cancers, with correlations to 
aggressive tumor behavior. Its expression could 
potentially serve as a prognostic indicator or part 
of a molecular signature when combined with other 
markers, especially if further validated in BCC-
specific studies. With GWAS implicating RHOU 
in BCC susceptibility, future studies may explore 
its expression levels in patient samples as a non-
invasive diagnostic or risk stratification tool.
	 The results highlight several molecular 
mechanisms through which these genes may 
influence BCC development and progression, 
providing novel insights into the underlying 
biology of this common skin malignancy.
	 RHOU, a Rho GTPase family member, is 
strongly linked to GTPase signaling, cytoskeletal 
organization, and endocytosis, aligning with its 
known role in cell migration and morphology. 29,30 
Its association with Cdc42 signaling—a pathway 

involved in cancer invasion—suggests a role in 
BCC malignancy. RHOU also appears to influence 
mitochondrial function and energy metabolism, as 
indicated by its involvement in protein localization 
to mitochondria and interactions with energy-
related metabolites (GTP, magnesium). Protein-
protein interaction (PPI) analysis shows RHOU 
connects with key signaling molecules like PTK2 
(FAK), PAK1, NCK1, and PLCG1, implicating 
it in focal adhesion, cytoskeleton remodeling, 
and cell invasion pathways. 31,32 Collectively, 
these findings position RHOU as a potential 
driver of BCC pathogenesis through its effects 
on cell signaling, metabolism, and motility. Our 
microRNA interaction analysis identified several 
microRNAs targeting RHOU, with particularly 
strong associations with miR-199a-5p, miR-126-
3p, and miR-452-5p. 33

	 These microRNAs have been previously 
implicated in cancer biology, with miR-199a-5p 
shown to regulate cell migration and invasion 
in various malignancies,34 miR-126-3p known 
to modulate angiogenesis and metastasis,35 and 
miR-452-5p involved in epithelial-mesenchymal 
transition.36 The identification of these regulatory 
relationships provides insight into the post-
transcriptional control of RHOU expression and 
suggests potential mechanisms through which 
dysregulation of these microRNAs could contribute 
to BCC pathogenesis.
	 The Reactome pathway analysis further 
confirmed the involvement of RHOU in GTPase 
cycle regulation and revealed an unexpected 
association with interleukin-4 and interleukin-13 
signaling. These cytokines play roles in immune 
regulation and have been implicated in the tumor 
microenvironment of various cancers.37 This 
finding suggests a potential link between RHOU 
and immune-related processes in BCC, which 
warrants further investigation given the emerging 
importance of immunotherapy in skin cancer 
treatment.
	 PADI6, while less extensively characterized 
in the context of cancer, showed significant 
associations with cellular components related to 
cortical granules and molecular functions involving 
hydrolase activity. The most striking findings for 
PADI6 came from the Reactome pathway analysis, 
which revealed strong associations with maternal 
mRNA degradation, maternal-to-zygotic transition, 
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and chromatin organization. PADI6 has been 
primarily studied in the context of early embryonic 
development, where it participates in epigenetic 
regulation and cytoplasmic lattice formation.38 
The significant enrichment in chromatin modifying 
enzymes suggests that PADI6 may influence BCC 
pathogenesis through epigenetic mechanisms, 
potentially affecting gene expression patterns 
critical for cell identity and differentiation.
	 The association of both RHOU and PADI6 
with hsa-miR-4684-3p in the Target Scan analysis 
suggests a potential co-regulation of these genes, 
which could be relevant to their roles in BCC. 
While the functional significance of this microRNA 
in cancer remains to be elucidated, this finding 
points to a possible regulatory network involving 
both genes of interest.
	 RHOU shows variable expression across 
disease states, indicating it may impact multiple 
biological processes relevant to cancer. 39 Its 
involvement in GTPase signaling and cytoskeletal 
regulation suggests it could be a promising 
therapeutic target in BCC, especially as Rho GTPase 
inhibitors are being explored in other cancers. 
Additionally, microRNAs regulating RHOU may 
serve as useful biomarkers. 40 Meanwhile, PADI6 
is linked to chromatin modification and epigenetic 
dysregulation, highlighting its potential role in 
BCC and the relevance of epigenetic therapies like 
HDAC and DNA methyltransferase inhibitors in 
treating such cases.
	 Limitations of our study: The analyses 
are based on computational approaches and 
statistical associations, which require experimental 
validation. The functional implications we have 
identified represent testable hypotheses rather than 
definitive mechanisms. Additionally, the analyses 
are constrained by the current state of knowledge 
represented in the databases used, which may 
contain biases or gaps.

Conclusion
	
	 Our comprehensive functional analysis 
of GWAS-identified genes offers important 
insights into the molecular underpinnings of basal 
cell carcinoma (BCC) and lays the groundwork 
for numerous future research directions. By 
elucidating the potential involvement of RHOU 

in GTPase signaling, cytoskeletal remodeling, 
and mitochondrial function, as well as the role 
of PADI6 in epigenetic regulation, this study 
enhances our understanding of BCC pathogenesis. 
These findings may ultimately contribute to the 
identification of novel therapeutic targets and 
support the development of more precise treatment 
strategies for this prevalent skin malignancy.
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