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ABSTRACT: Uveal Melanoma (UM), a highly aggressive and metastatic intraocular cancer with a strong propensity for liver
metastasis, presents limited therapeutic alternatives and unfavorable survival outcomes. Despite its low incidence, the underlying
mechanisms of UM pathogenesis and the precise role of mitochondrial metabolism in UM remain inadequately understood.
Utilizing Cox proportional hazards regression analysis was used to assess prognostic relevance, and consensus clustering was
employed for molecular subtyping. A risk signature was constructed using Least Absolute Shrinkage and Selection Operator
(LASSO) Cox regression. We further conducted comparative analyses on clinicopathological characteristics, somatic mutation
profiles, drug sensitivity, gene expression patterns, and tumor microenvironment features across different molecular subtypes.
Moreover, a nomogram was developed and evaluated. Among 1234 mitochondria metabolism-related genes (MMRGs), 343 were
identified as significantly associated with the prognosis of UM. These prognosis-associated MMRGs facilitated the classification of
UM into two distinct molecular subtypes, which displayed notable differences in prognosis and pathological staging. Furthermore, an
index termed the MMRGs-derived index (MMI) was derived from eight MMRGs, serving as a quantitative measure for poor
prognosis risk in UM. MMI demonstrated significant associations with clinicopathological characteristics, somatic mutations, drug
responsiveness, and the tumor microenvironment, where higher MMI levels corresponded to worse prognosis, advanced pathological
stages, and increased immune cell infiltration. The nomogram built upon MMI provided a potential tool for clinical prognosis
assessment in UM patients. This study demonstrated the potential value of MMRGs in predicting prognosis and molecular
stratification within UM; however, additional clinical and basic research is warranted to validate their applicability and elucidate the
related mechanisms.

B INTRODUCTION radiotherapy including episcleral plaque brachytherapy, treat-
Uveal Melanoma (UM), a rare yet highly aggressive malignant ment options are limited for metastatic UM patients, who
intraocular tumor in adults, originates from melanocytes within typically have a median overall survival (OS) of merely 6—12
the choroid, ciliary body, and iris tissues.'* Despite an annual months and low long-term survival rates.”” Hence, it is
global incidence rate of 5—6 cases per million individuals, UM imperative to delve deeper into the pathogenesis of UM and

prevalence significantly escalates among Caucasians and
populations residing in higher latitudes; for instance, an
average of 4.3 new cases per m11110n population annually was
reported in the United States.' > UM is notorious for its local
destructiveness and high metastatic potential, predominantly
to the liver, leading to poor prognosis with over 40% of
patients succumbing to systemic disease within a decade
postdiagnosis, and median survival time dwindling to less than
one year following metastasis.”> While primary UM can be
managed using a range of modalities such as surgery and

explore novel systemic therapeutic approaches to enhance the
prognosis for these patients.
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Figure 1. Molecular subtyping of TCGA-UVM cohort based on prognosis-related MMRGs. (A) Consensus matrix heatmap (k = 2) illustrating the
probability that two patients belong to the same cluster within the TCGA-UVM samples, as determined by prognosis-related MMRGs. (B)
Consensus Cumulative Distribution Function (CDF) plot. (C) Delta area plot in consensus clustering. (D) Kaplan—Meier survival curves and Log-
rank test for UVM molecular subtypes derived from MMRGs. (E) Principal Component Analysis (PCA) based on prognosis-related MMRGs. (F)
Comparisons of status, stage, and age between UVM molecular subtypes derived from MMRGs.

Mitochondria, central to cellular energy metabolism, have
been implicated in the etiology and progression of various
cancers. Studies demonstrated that metabolic reprogramming
of mitochondria in tumor cells played a pivotal role in
sustaining cancer cell proliferation, invasiveness, and drug
resistance.” '° However, the influence of mitochondrial
metabolism-related genes (MMRGs) on the prognosis of
Uveal Melanoma, the most common primary intraocular
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malignancy in adults, remains inadequately explored. Although
previous research has constructed prognostic models based on
mitochondrial metabolic gene expression profiles in other

-13 . y
a comprehensive elucidation of the

types of tumors,''
unique pathophysiological characteristics of UM and its
underlying molecular mechanisms within the context of

mitochondrial metabolism is still lacking.
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Figure 2. Construction of the UVM risk signature MMI based on MMRGs. (A, B) Lasso Cox regression used to select eight MMRGs for
constructing the MMI feature in UVM. (C) The eight MMRGs composing the MMI and their corresponding coefficients. (D) Survival analysis
comparing High  MMI and Low_MMI groups across TCGA-UVM, GSE84976, and GSE22138 cohorts. (E) PCA based on the eight MMRGs in

TCGA-UVM, GSE84976, and GSE22138 data sets.

This study employed bioinformatics analysis methods to
investigate the association between MMRGs and prognosis in
UM, further utilizing consensus clustering for molecular
subtyping. A MMRGs-derived index (MMI) was constructed
using Least Absolute Shrinkage and Selection Operator
(LASSO) regression, followed by functional enrichment
analyses, correlations with clinical characteristics, immune
infiltration assessments, and drug sensitivity evaluations. Our
findings provided unique insights into the pivotal roles of
MMRGs in the development and prognosis of UM,
substantiating whether MMRGs can serve as viable prognostic
biomarkers and potential therapeutic targets for UM patients.

B MATERIALS AND METHODS

Data Retrieval and Preprocessing. We downloaded data
from 80 UM patients in the TCGA-UVM project from The
Cancer Genome Atlas (TCGA) Genomic Data Commons

43036

(GDC; https://portal.gdc.cancer.gov/), encompassing gene
expression profiles, somatic mutations, and corresponding
clinical-pathological characteristics. To augment and contrast
our analysis, we also retrieved transcriptomic data sets and
associated clinical information data sets from two independent
cohorts—GSE84976 and GSE22138—via the Gene Expres-
sion Omnibus (GEO, https://www.ncbi.nlm.nih.gov/gds/)
database. The GSE84976 cohort comprised data for 28 UM
cases, while the GSE22138 cohort contained 63 UM cases. A
total of 1234 MMRGs was obtained from the MSigDB
database (Supporting Information: Table S1).

Consensus Clustering Analysis. Univariate Cox regres-
sion analysis was applied to evaluate the prognostic relevance
of MMRGs with respect to UM and selected those MMRGs
with p < 0.0 for consensus clustering analysis. Leveraging the
ConsensusClusterPlus package,'* we performed clustering
using the partitioning around medoids method and the
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Figure 3. Kaplan—Meier survival analyses of genes composing the MMI. (A—H) Patients in the TCGA-UVM cohort were dichotomized into high
and low expression groups based on median expression levels of NUDT1S, MGLL, TNFAIP8L3, POLA1, HNMT, CHCHD2, AKR1D]1, and

AGPAT4, followed by survival analysis and Log-rank tests.

“pearson” distance function. Concurrently, survival analysis,
principal component analysis, and intersubtype statistical
analyses of clinical pathological features were conducted.

Construction of the MMRGs-Derived Risk Signature.
Using the glmnet package,'” we conducted LASSO Cox
regression analysis to construct an MMI. The formula is as
follows: MMI = Y.(fi X expi). Here, ffi represented the
coefficient for gene i, and expi denoted the expression level of
gene i. Based on the median value of MMI, we categorized
patients from the TCGA-UVM, GSE84976, and GSE22138
cohorts into High MMI and Low MMI groups. Parallel
principal component analysis (PCA) and survival analysis were
then executed for these groups.

Somatic Mutation Analysis. The maftools package was
employed to analyze and visualize somatic mutation data from
the TCGA-UVM cohort."
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Immune Infiltration Analysis. The IOBR package was
used for tumor microenvironment analysis, which incorporates
multiple methods to assess immune infiltration in tumors,
including CIBERSORT, EPIC, xCell, MCP-counter, ESTI-
MATE, TIMER, quanTIseq, and IPS, among others."”

Enrichment Analysis. Differential expression analysis was
conducted using the edgeR package,'® screening for differ-
entially expressed genes (p = 0.05 and llog(fold change)l > 2).
Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were performed on
these genes using the clusterProfiler package;19 ID conversion
was carried out with the bitr() function, while enrichGO() and
enrichKEGG() functions were used for enrichment analysis,
setting p-value cutoff at 0.0S.

Drug Sensitivity Analysis. Drug sensitivity to a panel of
4S5 drugs, including Axitinib, Bexarotene, Bicalutamide,
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Figure 4. Correlation between MMI and clinicopathological characteristics in the TCGA-UVM cohort. (A) Heatmap showing the expression levels
of MMI composing genes. (B) Comparison of MMI among different clinical pathological stages. *p < 0.05, **p < 0.01, **¥*p < 0.001, ****p <

0.0001.

Bleomycin, and Bortezomib, among others, was analyzed for
patients in the TCGA-UVM cohort using the pRRophetic
package.”” The pRRopheticPredict() function was employed
for sensitivity assessment, setting tissueType as “all” and
applying batch correction through the ComBat method.

Nomogram Construction and Evaluation. Univariate
and multivariate Cox regression analyses were performed to
evaluate the prognostic significance of MMI and clinical
pathological characteristics. Independent prognostic factors
with p < 0.05 were selected to construct a nomogram
predicting 1-, 2-, and 3-year overall survival rates for UM
patients using the rms package. The performance of the
nomogram was assessed through receiver operating character-
istic (ROC) curve analysis, calibration curve analysis, and
decision curve analysis using the rmda package.

Statistical Analysis. All statistical analyses and visual-
izations were conducted using R software (version 4.3.2). For
intergroup differences, the Wilcoxon test was applied, with p <
0.05 considered statistically significant. Kaplan—Meier survival
curves and Log-rank tests were executed using packages such
as survival and survminer for survival analysis.

B RESULTS

UM Molecular Subtyping Based on Prognostic-
Related MMRGSs. Univariate Cox regression analysis revealed
that among the 1234 MMRGs, 343 were significantly
associated with the prognosis of UM (p < 0.0S, Supporting
Information: Table S2). Using these prognostically relevant
MMRGs, we conducted consensus clustering analysis (Figure
1A—C), which resulted in two distinct molecular subtypes of
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UM (clusterl and cluster2). These subtypes showed significant
differences in prognosis, with clusterl having a poorer outcome
compared to cluster2 (p < 0.0001, Figure 1D). Principal
component analysis demonstrated a clear separation between
cluster] and cluster2 (Figure 1E), suggesting that the
prognostic-related MMRGs effectively distinguish UM patients
with different outcomes. Clusterl, with a worse prognosis, was
characterized by a higher proportion of deaths, a greater
percentage of advanced-stage cases, and a larger number of
elderly patients compared to cluster2 (Figure 1F).
MMRG-Derived Index. To explore the value of MMRGs
in UM prognosis risk assessment, we further selected 36
prognostically related MMRGs with p < 0.001 for LASSO Cox
regression analysis (Figure 2A,B). This resulted in an eight-
gene risk signature (Figure 2C), formulated as follows: MMI =
1.139 X TNFAIP8L3 + 0.098 X POLAL + 0.333 X NUDT1S
+ 0.448 X MGLL — 0.456 X HNMT + 3.736 X CHCHD?2 +
6.503 X AKRIDI + 0.389 X AGPAT4. According to the
median value of MMI, patients from the TCGA-UVM,
GSE84976, and GSE22138 cohorts were categorized into
High MMI and Low_MMI groups. Survival analysis indicated
that UM patients in the High MMI group had a poorer
prognosis than those in the Low_MMI group (Figure 2D).
The PCA plots based on the MMI constituting genes are
displayed in Figure 2E, where high expression of HNMT is
indicative of a favorable prognosis, while elevated expression of
other genes predicts a poor prognosis (Figure 3).
Association of MMI with Clinical Relevance. Figure 4A
presented a heatmap illustrating the expression levels of the
MMI constituting genes, showing that in comparison to the

https://doi.org/10.1021/acsomega.4c06294
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Figure 5. Association between MMI and somatic mutations in the TCGA-UVM cohort. (A) Oncoplot showing the top 10 most frequently
mutated genes in High MMI patients. (B) Oncoplot displaying the top 10 most frequently mutated genes in Low_MMI patients. (C) Comparison
of TMB between High MMI and Low_MMI groups. (D) Scatter plot depicting the correlation between MMI and TMB. ns, not significant.

High MMI group, the Low_MMI group has higher expression
of HNMT and lower expression of the other genes. Moreover,
the High MMI group had more deceased patients and
advanced-stage cases. Furthermore, when comparing MMI
across different clinical pathological stages, it was observed that
deceased or advanced stage patients generally exhibited higher
MMI values compared to their respective counterparts in other
staging categories (Figure 4B).

Correlation of MMI with Somatic Mutations. In the
High MMI group, the top 10 most frequently mutated genes
were GNA11, BAP1, GNAQ, SF3B1, C3, CENPE, CYSLTR2,
KCNHS, MACF1, and MC2R (Figure SA), whereas in the
Low MMI group, they were GNAQ, SF3Bl, GNAlI,
EIFIAX, PKHDIL1, ARHGEF17, CACNAID, CEP131,
DSCAMLI, and TTN (Figure SB). However, there was no
significant difference in Tumor Mutation Burden (TMB)
between the High MMI and Low_MMI groups, nor was there
a significant correlation between MMI and TMB (Figure
SC,D).

Biological Functions and Pathways Related to MMI.
Differential expression analysis revealed 834 differentially
expressed genes between the High MMI and Low_MMI
groups (p < 0.05, llog(fold change)l > 2). KEGG enrichment
analysis showed that these genes were enriched in pathways
related to ligand—receptor interactions and immune regulation,
such as the T cell receptor signaling pathway, chemokine
signaling pathway, antigen processing and presentation, and T
cell differentiation (Figure 6A). GO enrichment analysis
indicated that these genes were also enriched in biological
processes like regulation of cytokine production, pyroptosis,
cell killing, and mononuclear cell differentiation (Figure 6B).

Association between MMI and Drug Sensitivity. Upon
analyzing drug sensitivity for 45 drugs in the TCGA-UVM
cohort, we found that compared to the High MMI group,
patients in the Low MMI group exhibited higher sensitivity to
21 drugs, including vinorelbine, vinblastine, and thapsigargin,

while showing lower sensitivity to 6 drugs such as
temsirolimus, rapamycin, and nilotinib (Figure 7A). Correla-
tion analysis demonstrated that MMI was associated with the
sensitivity to most drugs, and except for HNMT, the
expression levels of other constituting genes of MMI had
correlations with drug sensitivity that were largely consistent
with those of MMI itself (Figure 7B).

Relationship between MMI and Tumor Microenviron-
ment. To explore the relationship between MMI and the
tumor microenvironment, we utilized eight algorithms for
analysis. The results showed that MMI was significantly
correlated with infiltrating levels of T cells, NK cells,
macrophages, neutrophils, fibroblasts, etc., with distinct
differences observed between the High MMI and Low MMI
groups (Figure 8A). Compared to the High MMI group, the
Low MMI group had lower StromalScore, ImmuneScore,
ESTIMATEScore, and higher Tumor purity (Figure 8B).
Furthermore, the Low_MMI group displayed lower
MGC_IPS, EC_IPS, AZ IPS, and higher SC_IPS, CP_IPS
(Figure 8C). These findings suggested a significant correlation
between MMI and the tumor microenvironment.

Nomogram Based on MMI. Through univariate and
multivariate Cox analyses, we identified MMI as a potential
independent factor for predicting OS in UM patients (Table
1). To optimize clinical application based on MMI, we
constructed a nomogram to predict 1-year, 2-year, and 3-year
OS for UM patients (Figure 9A). The calibration curve for the
nomogram in predicting the 1-year and 2-year OS of UM
patients is shown in Figure 9B. Additionally, ROC analysis
revealed that the Area Under the Curve (AUC) values for
predicting 1-year, 2-year, and 3-year OS using the nomogram
were 0.957, 0.985, and 0.98, respectively (Figure 9C). Lastly,
through decision curve analysis, we found that the nomogram
outperformed other prognostic factors in terms of standardized
net benefit for predicting 1-year OS in UM patients (Figure
9D).
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High_MMI and Low_MMI groups.

B DISCUSSION

In the present study, 343 MMRGs were found to be
significantly associated with the prognosis of UM, and
molecular subtyping based on these genes led to the
identification of two distinct subtypes with significantly
different prognoses. Further, an index named MMI, con-
structed from eight MMRGs, was developed and demonstrated
a strong predictive capacity for UM prognosis. MMI showed
significant correlations with clinical-pathological character-
istics, somatic mutation profiles, drug sensitivity, as well as
the tumor microenvironment in UM patients. Moreover, a
nomogram based on MMI effectively guided the prediction of
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clinical outcomes in UM. These findings suggested that
MMRGs might serve as potential prognostic biomarkers for
distinguishing different molecular subtypes of UM and
contributed to predicting patients’ clinical outcomes.

Among the MMRGs constituting MMI, TNFAIPSL3 has
been demonstrated to activate the PI3K-AKT and MEK-ERK
pathways, playing a critical role in regulating inflammation
responses, immune homeostasis, and cancer development.”'**
POLA1 and NUDT1S are pivotal in DNA replication and
metabolic processes,”””* with aberrations in DNA metabolism
being interconnected with mitochondrial dysfunction and
carcinogenesis.”>>° The HNMT gene encodes histamine N-
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methyltransferase, which primarily converts histamine to N-
methylhistamine; histamine modulates oxidative stress, inflam-
matory responses, and energy metabolism-related pathways,
thereby influencing mitochondrial homeostasis and overall
cellular metabolism.”” HNMT affected the tumor micro-
environment, including angiogenesis, cell proliferation, and
apoptosis, by regulating histamine-mediated signaling.”®
CHCHD2, encoding a mitochondrial protein involved in the
regulation of mitochondrial internal structure and function,”
could potentially act as a molecular marker or therapeutic
target in cancer progression by influencing mitochondrial
oxidative phosphorylation processes and related energy
metabolism pathways, thus promoting cancer cell proliferation,
invasion, and migration.

Aberrant lipid metabolism is a hallmark of tumor cells, with
reprogramming of lipid metabolism, including within mito-
chondria, supporting tumor growth, invasion, and metastasis.”’
MGLL, AGPAT4, and AKR1D1 primarily participate in lipid
metabolism and may serve as potential therapeutic targets
through their involvement in lipid metabolic reprogramming in
cancer treatment. Studies have shown that AKRID1 can

potentially influence cancer cell proliferation, migration, and
invasiveness by affecting cholesterol metabolism and its
downstream products, such as bile acids.”>’ Additionally,
the AGPAT4/LPA axis in colorectal cancer cells regulated
p38/p6S signal-dependent macrophage polarization, T-cell
activation, and colorectal cancer progression,34 implicating
AGPAT4 as a potential clinical therapeutic target.

A pivotal novel finding revealed a significant association
between MMI and the extent of infiltration by various cell
populations within UM tumors, encompassing T lymphocytes,
natural killer cells, eosinophils, fibroblasts, as well as macro-
phages and mast cells. Research has shown that certain
immune cells, such as macrophages, neutrophils, mast cells,
and activated T cells, released extracellular enzymes,
angiogenic factors, and chemokines with recruiting functions
in the tumor microenvironment, processed which have been
demonstrated to promote tumor growth.*>*® Moreover, the
distribution and activity of immune cells within the tumor were
decisive for the efficacy of cancer immunotherapy.®” Given this
backdrop, we speculated that the aberrations in MMRGs might
indirectly influence the responsiveness of UM patients to
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Table 1. Details Results of the Univariate and Multivariate Cox Regression Analyses

univariate Cox

multivariate Cox

characteristics HR lower.95 upper.95
MMI 5.6 2.2 14
age 6 1.3 28
stage 6.9 1.5 31
gender 0.3 0.066 14
T stage 4 0.84 19

p HR lower. 95 upper. 95 P
0.00023 5.67 1.7 18.89 0.005
0.023 5.99 0.41 86.9 0.19
0.012 4.04 0.41 39.64 0.231
0.13 0.46 0.06 34 0.443
0.081 1.76 0.07 45.89 0.733

immunotherapeutic interventions. Therefore, a thorough
dissection of MMRG characteristics and their interplay with
the functional mechanisms of infiltrating immune cells within
tumors holds promise to provide new theoretical foundations
for personalized treatment strategies in UM patients.

Despite our current research elucidating the potential utility
of MMRGs in prognosis assessment for UM and successfully
devising the risk assessment model MMI based on these genes,
several limitations remain to be addressed. First, while the
significant correlation between MMRGs and UM patient
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prognosis and the construction of MMI represent pioneering
strides, it is imperative to validate its predictive accuracy and
generalizability across different prospective cohorts and diverse
patient subgroups in subsequent steps. Second, although this
study has explored the relationship between MMI and disease
progression in UM and tumor immune infiltration, the detailed
molecular mechanisms by which mitochondrial metabolic
dysfunction specifically operates in the initiation, development,
and metastatic processes of UM require further investigation.
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(C) ROC curve analysis of nomogram-predicted 1-, 2-, and 3-year overall survival rates. (D) Decision curve analysis of nomogram-predicted 1-year

overall survival rate.

B CONCLUSIONS

In summary, this study elucidated the prognostic relevance of
MMRGs in UM, and substantiated the applicability of
molecular subtyping based on MMRGs for prognosis assess-
ment and therapeutic guidance in UM. Ultimately, a risk
signature MMI was developed, comprising eight MMRGs, with
an associated nomogram that can be utilized for clinical
prognosis evaluation in UM patients. However, the validity of
these models necessitates further validation through larger
prospective clinical studies, and the underlying mechanisms by
which MMRGs contribute to the progression of UM require
additional experimental exploration.
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