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Abstract

e AIM: To explore the relationship between matrix
metalloproteinases (MMPSs) expression levels in the tumor
and the prognosis of uveal melanoma (UM) and to construct
prognostic prediction models.

e METHODS: Transcriptome sequencing data from 17
normal choroid tissues and 53 UM tumor tissues were
collected. Based on the differential gene expression
levels and their function, MMPs family was selected for
establishing risk-score system and prognostic prediction

model with machine learning. Tumor microenvironment
(TME) analysis was also applied for the impact of immune
cell infiltration on prognosis of the disease.

e RESULTS: Eight MMPs were significantly different
expression levels between normal and the tumor tissues.
MMP-2 and MMP-28 were selected to construct a risk-
score system and divided patients accordingly into high-
and low-risk groups. The prediction model based on the
risk-score achieved an accuracy of approximately 80% at
1-, 3-, and 5-year after diagnosis. Besides, a Nomogram
prognostic prediction model which based on risk-score and
pathological type (independent prognostic factors after
Cox regression analysis) demonstrated good consistency
between the predicted outcomes at 1-, 3-, and 5-year
after diagnosis and the actual prognosis of patients. TME
analysis revealed that the high-risk group exhibited higher
immune and stromal scores and increased infiltration of
tumor-associated macrophages (TAMs) and regulatory T
cells compared to the low-risk group.

e CONCLUSION: Based on MMP-2 and MMP-28
expression levels, our prediction model demonstrates
accurate long-term prognosis prediction for UM patients.
The aggregation of TAMs and regulatory T cells in the TME
of UM may be associated with an unfavorable prognosis.
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INTRODUCTION
veal melanoma (UM) is the most common primary
malignant ocular tumor in adults. The incidence of
UM in Europe and the United States is about 5/1 000 000
annually'), while the incidence of Asian is 0.6/1 000 000,
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significantly lower than that in Western. The main treatments
of UM nowadays are radiotherapy and enucleation. In addition,
local resection and laser therapy have also been applied
in UM. Researchers have found that the mortality rates of
patients treated with local radiation therapy'’, local resection'),
and enucleation are similar. As an intraocular tumor with
an extremely high malignancy, nearly half of UM patients
eventually experience metastasis. Tumor cells primarily
metastasize through hematogenous spread, with the liver being
the most common site. It has been found that many patients
have already metastasized before treatment, and most patients
die quickly after metastasis”. Therefore, how to predict UM
metastasis and death outcomes in the early stage has become a
highly concerned and urgent issue for clinical doctors.

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endopeptidases, serving as the primary proteases
responsible for the degradation of the extracellular matrix
(ECM) and basement membrane. Functioning as crucial
hydrolytic enzymes, MMPs play a role in regulating the
degradation and remodeling of the ECM, thereby participating
not only in normal physiological processes but also playing a
significant role in the occurrence and development of tumors.
Previous studies have indicated that various cell types within
tumor cells and tumor microenvironment (TME), such as
macrophages and vascular endothelial cells, can secrete
different types of MMPs. In the TME of multiple tumors,
MMPs promote tumor invasion and distant metastasis through
ECM degradation, facilitation of epithelial-mesenchymal
transition (EMT), and stimulation of vascular endothelial
growth factor secretion to induce angiogenesis'®.

TME plays a crucial role in the development, invasion, and
treatment of cancer'”’. Immune checkpoint inhibitors can
disrupt the inhibitory effect of tumor cells on immune cells,
activate the functions of immune cells, and thus contribute to
the destruction of cancer cells. Unlike the favorable treatment
outcomes observed in cutaneous melanoma, UM does not
respond well to some commonly used immune checkpoint
inhibitors, such as anti-programmed cell death protein 1
(PD-1) and anti-cytotoxic T-lymphocyte-associated antigen 4
(CTLA-4)". Therefore, many researchers also hope to explore
treatment approaches for UM from other perspectives by
exploring TME.

Although there have been some studies on the role of MMPs
in UM, most of them are based on qualitative or semi-
quantitative methods such as immunohistochemistry™ and
lack comparisons with a large amount of normal choroid
tissue''”. Therefore, this study is based on next-generation
sequencing technology to compare normal choroid with UM.
By integrating clinical characteristics and follow-up results,
we established UM prognostic prediction models based on the
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MMPs family and analyzed the TME of UM, which intended
to support personalized diagnosis and treatment strategies for
UM patients.

PARTICIPANTS AND METHODS

Ethical Approval This study adheres to the Helsinki
Declaration and has received approval from the Ethics
Committee of Beijing Tongren Hospital (Ethics Review
Number: TRECKY2018-056). All patients provided informed
consent to participate in the study.

Clinical Tissue Sample and Participant Information
Collection Seventeen samples of normal choroid tissue
were preserved at the Beijing Tongren Eye Bank, affiliated
Beijing Tongren Hospital of Capital Medical University.
Fifty-three samples of UM tissue were stored in the clinical
database of Beijing Tongren Hospital, along with recorded
clinical information and pathological data of the respective
patients. All patients’ diagnoses and treatment approaches
were determined by the same physician (Wei WB). UM tumor
tissues were obtained from local resection and enucleation
procedures performed by the same physician (Wei WB), and
the sample collection strictly adhered to aseptic principles.
mRNA Data Acquisition All 70 samples collected in this
study underwent mRNA sequencing and library construction
using the Novaseq6000 sequencing system. After sequencing
quality checks, the expression level of mRNA was estimated
using the RNA-Seq by Expectation-Maximization method.
Additionally, transcriptome data and clinical information for
80 UM cases were downloaded to validate the findings from
The Cancer Genome Atlas (TCGA) database (https://tcga-data.
nci.nih.gov/tcga)''.

Differential Expression Genes and Function Analysis
The analysis of differentially expression genes (DEGs) was
performed using the “limma” package!” in R Studio (version
4.1.0). DEGs were selected from patient samples based on the
criteria of |log,FC[>1 and false discovery rate (FDR)<0.05.
For the high-risk and low-risk groups, DEGs were filtered
based on the criteria of |log,FC|>1 and P<0.05. Then we

["l'in R Studio to perform

utilized the “clusterProfiler” package
enrichment analysis on Gene Ontology (GO) databases
(including biological process, molecular function, and cellular
component) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways. We considered entries with a P<0.05 as
significantly enriched. Regarding the DEGs-enriched pathways
in normal choroid and UM tumor tissues, we manually
excluded some pathways that were evidently unrelated to
tumor development. For the high- and low-risk groups, in
addition to GO and KEGG enrichment, we also applied Gene
Set Enrichment Analysis (GSEA) for a more comprehensive

analysis of functional differences between the two groups.
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GEPIA2 GEPIA2" (http://gepia2.cancer-pku.cn/#general) is
an online platform that analyzes and visualizes gene expression
and survival data based on sequencing data from 33 cancer
types in the TCGA database. It has gained recognition and
citations in many articles. In this study, the survival heatmap in
the TCGA database were generated by GEPIA2.

Machine Learning Algorithm The least absolute shrinkage
and selection operator (LASSO) regression analysis was
%1 in R Studio to select
genes associated with prognosis. Subsequently, the selected

performed using the “glmnet” package

genes were used to calculate the risk-score for each tumor
sample using the following formula:

riskscore=2n',]Coefi x X,

=

Coef; represents the coefficient of the selected gene 7, and X
represents the expression level of the gene i. Patients were
separated into high-risk and low-risk groups based on the
median of the risk-score.
Tumor Microenvironment Analysis We employed the
“ESTIMATE” package (https://R-Forge.R-project.org/
projects/estimate/) in R Studio to estimate tumor stromal,
immune components, and tumor purity score. Immune cell
infiltration analysis for specific immune cells was based
on CIBERSORT!"". To analyze the differences in all-type
macrophages within the TME across different risk groups,
we chose the EPIC database'” to evaluate tumor-associated
macrophages (TAMs).
Immunohistochemistry Assay UM tissue was embedded
in paraffin and affixed onto the slide. Dewaxed with xylene
and graded ethanol series. Performed antigen retrieval
with ethylenediaminetetraacetic acid for 30min. After
depigmentation, 3% hydrogen peroxide was applied to remove
endogenous peroxidase. Incubated with 3% bovine serum
albumin, applied primary antibody dilution (anti-MMP2 and
anti-MMP28; Proteintech Group, Inc., Wuhan, China) and
secondary antibody sequentially. 3-Amino-9-ethylcarbazole
and hematoxylin was used for chromogenic reaction and re-
staining of nucleus. After mounting with glycerol gelatin, the
results were interpreted under a bright-field microscope.
Statistical Analysis The “survival” package (https://CRAN.
R-project.org/package=survival) and the “survminer” package
(https://CRAN.R-project.org/package=survminer) were
utilized to estimate survival status (both metastasis and death)
for different groups by Kaplan-Meier survival analysis. The
significance of survival rate differences between two risk
groups was determined using two-sided Log-Rank test. Cox
multivariate regression analysis was employed to identify
factors significantly associated with prognosis. Due to the fact
that four patients had confirmed tumor metastasis but the exact

time of metastasis was uncertain, they were excluded from

the metastasis-related survival analysis and Cox regression.
Student’s #-test, Chi-square test, and Fisher’s exact test were
applied to statistically evaluate clinical feature differences
between high-risk and low-risk groups. Nomogram models are
widely used for predicting the prognosis of cancer. In order to
predict the survival status of patients at 1-, 3-, and 5-year after
diagnosis, we utilized the “rms” package (https://cran.r-project.
org/package=rms) in R Studio. We constructed a Nomogram
prognostic prediction model and drew a calibration curve to
observe the relationship between the Nomogram’s predicted
probabilities and the actual occurrence rates. All statistical
analyses considered a significance level of P<0.05.

RESULTS

Clinical Information and DEGs of Chinese UM patients
We collected clinical data of all 53 Chinese UM patients
(Table 1). Most patients (56.6%) were first diagnosed at 41-
60 years old. The average tumor thickness was 11.2+2.6 mm
and the largest basal diameter was 15.3+4.1 mm. According
to the American Joint Committee on Cancer classification of
UM, 66.0% of the patients were in the Stage III. The 39.6% of
the tumor pathology was mixed cell-type. These results were
consistent with some of the conclusions of our previous large
long-term follow-up study"’. The average follow-up time of all
patients was 44.8+27.3mo.

In order to explore the genes that play an important role in
the occurrence and development of UM, we sequenced the
mRNA of 17 normal choroid and 53 UM samples. Compared
to normal choroid tissue, there were 814 upregulated and 9172
downregulated DEGs in UM tumor tissue (Figure 1A). All
DEGs were subjected to GO and KEGG enrichment analysis,
revealing a significant concentration in pathways related
to cell-cell interaction and ECM (Figure 1B-1C). Among
the highly differentially expressed mRNAs, we observed
a substantial proportion associated with the MMPs family.
Previous research in cancer studies has also suggested the
crucial role of MMPs in the initiation and progression of
"1 Therefore, we focused on exploring the impact of
MMPs on the tumor tissue of Chinese UM patients. There
were 9 MMP-related DEGs, namely MMP-2, MMP-9, MMP-
12, MMP-15, MMP-16, MMP-17, MMP-19, MMP-26, and
MMP-28. Due to the low expression level of MMP-26, it was

excluded from subsequent analyses (Figure 1D). In addition,

tumors

we also analyzed the expression of the 8§ MMP-related DEGs
in this study across 33 types of tumors in the TCGA database
and their association with prognosis. It was found that the
relatively high expression of MMP-2, MMP-9, MMP-12,
MMP-16, MMP-17, and MMP-28 was associated with poor
prognosis of adrenocortical carcinoma, pancreatic cancer,
thyroid cancer, and UM (Figure 1E). Since the majority of UM
patients in TCGA are Caucasian, we aimed to investigate the
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Table 1 UM patients’ clinical features and outcome n=53 (%)
Parameters Patients
Gender

Male 26 (49.1)
Female 27 (50.9)
Age (y)
21-40 14 (26.4)
41-60 30 (56.6)
61-80 9 (17.0)
Laterality
Right 27 (50.9)
Left 26 (49.1)
Visual acuity
>0.5 4(7.5)
0.1-0.5 11 (20.8)
<0.1 38 (71.7)
Intraocular pressure (mm Hg)
10-21 41 (77.4)
<10 5(9.4)
>21 7 (13.2)
Thickness (mm)
Median 11.4
MeantSD 11.2+2.6
Range 2.6-16.0
Largest basal diameter (mm)
Median 15.9
MeantSD 15.3+4.1
Range 4.1-22.5
Size (T Stage)®
T1 2(3.8)
T2 2(3.8)
T3 25 (47.2)
T4 24 (45.2)
Stage®
[ 1(1.9)
A 2(3.8)
I[:} 15 (28.3)
A 20(37.7)
1B 14 (26.4)
lnc 1(1.9)
Macroscopic appearance
Mushroom 26 (49.0)
Hemisphere 16 (30.2)
Irregular 11 (20.8)
Optic disk involvement 7 (13.2)
Subretinal fluid 51 (96.2)
Intraocular hemorrhage 5(9.4)
Ciliary body involvement 25 (47.2)
Extraocular extension 4(7.5)
Pathology
Spindle cell-type 19 (35.9)
Mixed cell-type 21(39.6)
Epithelioid cell-type 13 (24.5)
Outcome
Living without metastasis 36 (67.9)
Metastasis without death 4(7.6)
Death 13 (24.5)
Follow-up time (y)
<1 5(9.5)
>1 and <3 14 (26.5)
>3 and <5 26 (49.1)
>5 10 (18.9)

*American Joint Committee on Cancer classification (8" edition). UM:

Uveal melanoma.
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relationship between the expression of MMPs and prognosis
among Chinese UM patients.

MMPs Associated with UM Clinical Features According
to previous research and clinical experience, we analyzed the
differences in the expression of 8 MMP-related DEGs among
the traditional prognostic risk factors. The results showed no
significant difference in the expression of the 8 MMPs-related
DEGs in different stages. The expression of MMP-16 being
significantly higher in epithelial cell-type UM compared to
mixed cell-type, while MMP-17 expression in mixed cell-
type was significantly lower than in the other two pathological
types (Figure 2A). As for tumor size, only MMP-2 expressed
differently between T2 and T3 tumors (Figure 2B). Based
on these findings, we combined follow-up data to analyze
the relationship between MMPs and the actual prognosis of
UM patients. We grouped all tumor samples according to the
median expression of 8§ MMP-related DEGs and conducted
a Kaplan-Meier survival analysis for each differentially
expressed MMP. The results revealed significant
statistical differences in overall survival associated with
the expression levels of MMP-16 and MMP-19 (Figure 2C),
with MMP-16 also correlated with patients’ metastasis-free
survival (Figure 2D).

Construction of MMPs-related Risk-score System Based on
the above results, we found that the expression level of MMPs
is related to tumor characteristics that affect prognosis and
patient survival. Therefore, we performed LASSO regression
analysis on the eight differentially expressed MMPs. Based on
the A values corresponding to different numbers of genes in
LASSO analysis (Figure 3A), which were MMP-2 and MMP-
28, respectively. We subsequently weighted the expression
levels of these two MMPs by the regression coefficients
from the LASSO analysis to establish a risk-score system for
predicting patient survival, where risk-score=(MMP2x0.1464
3730)+MMP28x(-0.03730257). Then, the risk-score of each
patient was calculated according to the above formula, and the
samples of our dataset and TCGA verification dataset were
divided into high-risk group and low-risk group according
to the calculated median risk-score. Clinical characteristic
differences between the two groups were summarized in
Table 2. Through the analysis, we found that the prognosis of
the high-risk group was significantly worse than that of the
low-risk group in our dataset (Figure 3B). To validate these
findings, we utilized the TCGA database (Figure 3C), and the
results were consistent with those from our internal dataset. We
also explored whether the risk-score system could distinguish
the possibility of tumor metastasis and found that the
proportion of patients with metastasis in the high-risk group
was significantly higher than that in the low-risk group (Table
3, Figure 3D). We also analyzed the relationship between
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Figure 1 DEGs between the normal choroid and UM A: Volcano plot of DEGs between the normal choroid and UM; B: GO Enrichment bar plot

of DEGs between normal choroid and UM; C: KEGG Enrichment dot plot of DEGs between the normal choroid and UM; D: Eight differentially

expressed MMPs in normal choroid and UM tissues; E: Expression and prognostic correlation of eight differentially expressed MMPs across

33 types of tumors in TCGA database. ACC: Adrenocortical carcinoma; BLCA: Bladder urothelial carcinoma; BRCA: Breast invasive carcinoma;

CESC: Cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL: Cholangiocarcinoma; COAD: Colon adenocarcinoma; DLBC:

Diffuse large B-cell lymphoma; ESCA: Esophageal carcinoma; GBM: Glioblastoma multiforme; HNSC: Head and neck squamous cell carcinoma;

KICH: Renal chromophobe cell carcinoma; KIRC: Renal clear cell carcinoma; KIRP: Renal papillary cell carcinoma; LAML: Acute myeloid leukemia;

LGG: Brain low-grade glioma; LIHC: Liver hepatocellular carcinoma; LUAD: Lung adenocarcinoma; LUSC: Lung squamous cell carcinoma; MESO:

Mesothelioma; OV: Ovarian serous cystadenocarcinoma; PAAD: Pancreatic adenocarcinoma; PCPG: Pheochromocytoma and paraganglioma;

PRAD: Prostate adenocarcinoma; READ: Rectum adenocarcinoma; SARC: Sarcoma; SKCM: Skin cutaneous melanoma; STAD: Stomach

adenocarcinoma; TGCT: Testicular germ cell tumors; THCA: Thyroid carcinoma; THYM: Thymoma; UCEC: Uterine corpus endometrial carcinoma;

UCS: Uterine carcinosarcoma; UM: Uveal melanoma; DEGs: Differential expression genes; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of

Genes and Genomes; MMPs: Matrix metalloproteinases.

risk-score and pathology. Although there was no significant
difference in risk-score between different pathological types of
UM, higher scores were observed for epithelioid cell-type UM
(Figure 3E). Then, we conducted GO and KEGG functional
enrichment analyses on the DEGs between the high-risk and
low-risk groups (Figure 3F-3G), as well as GSEA (Figure
3H). The results revealed that the majority of pathways were
associated with the TME, such as cell-cell interaction and
immune cell activation.

To verify the expression of MMPs in the two risk groups, we
performed immunohistochemistry staining for MMP-2 and
MMP-28 on UM tissues (Figure 4). We found that
MMP-2 expression was significantly higher in the high-risk
group compared to the low-risk group, while MMP-28 showed
higher expression in low-risk group.

Prognostic Prediction Models based on MMPs-related
Risk-score System To use risk-score more accurately to

predict the prognosis of a large number of patients (rather than
just dividing them into high-risk and low-risk groups), we
used the risk-score alone to predict the prognosis of patients
and found a higher proportion of deaths in the high-risk group
compared to the low-risk group at first (Figure SA). The 1-,
3- and 5-year prognosis prediction accuracy of risk-score
alone was 81.8%, 78.8%, and 83.8%, respectively (Figure
5B). To enhance the comprehensive accuracy of the prognosis
model, we constructed the Nomogram prognostic prediction
model based on the risk-score system. Taking into account the
conclusions of the large UM cohort study previously published
by our team"’ and the results of Cox regression analysis of
clinical characteristics and prognosis of 53 patients in this
study (Table 4). In addition to the risk-score, we also included
pathological type, tumor size, age, the largest basal diameter,
tumor thickness and other clinical factors for Cox regression
analysis. It was found that risk-score and pathological type
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Analysis.

were independent prognostic factors of UM patients in this
study (Figure 5C), so we used risk-score and pathological
type to construct the Nomogram model for 1-, 3-, and 5-year
overall survival (Figure 5D). The calibration curves showed
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that the 1-, 3-, and 5-year corrected curves were close to the
ideal curve, indicating that the model’s predictions align well
with the actual outcomes (Figure SE-5G). All of these findings
suggested that this model effectively predicts patient prognosis.
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Table 2 Correlation between risk-score and clinicopathological

features in UM

Parameters High-risk  Low-risk P
Gender, n (%) 0.49
Male 11 (42.3) 15 (57.7)
Female 15 (55.6) 12 (44.4)
Age (y), n (%) 0.20
21-40 6(42.9) 8(57.1)
41-60 13 (43.3) 17 (56.7)
61-80 7(77.8) 2(22.2)
Laterality, n (%) 1.0
Right 13 (48.2) 14 (51.8)
Left 13 (50.0) 13(50.0)
Intraocular pressure (mm Hg), n (%) 0.56
10-21 22(53.7) 19 (46.3)
<10 2(40.0) 3(60.0)
>21 2(28.6) 5(71.4)
Visual acuity, n (%) 0.80
>0.5 2(50.0) 2(50.0)
0.1-0.5 4(36.4) 7(63.6)
<0.1 20(52.6) 18(47.4)
Largest basal diameter (mm) 16.843.4 13.9+4.3 0.01
Thickness (mm) 11.65+2.4 10.842.8 0.26
Size (T Stage)?, n (%) 0.04
T1-T3 10 (34.5) 19 (65.5)
T4 16 (66.7) 8(33.3)
Stage®, n (%) 0.18
-1 6(33.3) 12(66.7)
Il 20(57.1) 15 (42.9)
Macroscopic appearance, n (%) 0.49
Mushroom 11 (42.3) 15(57.7)
Hemisphere 8(50.0) 8(50.0)
Irregular 7 (63.6) 4 (36.4)
Optic disk involvement, n (%) 0.42
No 24(52.2) 22 (47.8)
Yes 2(28.6) 5(71.4)
Subretinal fluid, n (%) 1.0
No 1(50.0) 1(50.0)
Yes 25(49.0) 26 (51.0)
Intraocular hemorrhage, n (%) 1.0
No 24 (50.0) 24 (50.0)
Yes 2(40.0) 3(60.0)
Ciliary body involvement, n (%) 0.89
No 13 (46.4) 15(53.6)
Yes 13 (52.0) 12 (48.0)
Extraocular extension, n (%) 1.0
No 24 (49.0) 25 (51.0)
Yes 2(50.0) 2(50.0)
Pathology, n (%) 0.21
Spindle cell-type 7(36.8) 12(63.2)
Mixed cell-type 10 (47.6) 11(52.4)
Epithelioid cell-type 9(69.2) 4(30.8)

“American Joint Committee on Cancer classification (8th edition).

UM: Uveal melanoma.

Table 3 Different risk groups and the occurrence of metastasis

Metastasis status

Risk group - - Total P
Metastasis Non-metastasis

High-risk 13 13 26 0.003

Low-risk 3 24 27

Total 16 37 53

Tumor Microenvironment and Immune Infiltrating Cells
Since most of the DEGs between the high- and low-risk groups
was concentrated in TME, we used the ESTIMATE algorithm
to evaluate the stromal score, immune score, and tumor purity
between the two groups based on the RNA sequencing results
of 53 UM tissues. The results showed that ESTIMATE,
immune, and stromal scores were higher in the high-risk
group (Figure 6A), while tumor purity was higher in the low-
risk group (Figure 6B). Subsequently, CIBERSORT was used
to analyze immune cells in the TME (Figure 6C) and found
that M1 macrophages and regulatory T cells were enriched in
the high-risk group, while mast cells, monocytes, and CD4-
positive T cells were enriched in the low-risk group (Figure
6D). Furthermore, compared to other immune cells, TAMs
had the highest proportion in the TME, and their abundance
was higher in the high-risk group (Figure 6E), and they are
positively correlated with risk-score (P<0.001; Figure 6F). In
addition, we also analyzed the correlation among 22 kinds of
immune infiltrating cells. The results showed that the activated
memory CD4-positive T cells were associated with memory
B cells and plasma cells, while CD8-positive T cells were
associated with regulatory T cells and mast cells (Figure 6G).
DISCUSSION

Based on the largest transcriptome database of UM and
choroidal tissues in Asia, we developed a machine learning
model for predicting prognosis through MMPs and conducted
a TME analysis. MMPs are a family of secreted neutral
proteinases that can initiate the degradation of collagens
and other ECM components and exert their effects through
receptor-mediated interactions with neighboring cells'”.
MMPs can degrade intercellular adhesion molecules, disrupt
the basement membrane, and facilitate tumor cell invasion into
the ECM. By disrupting endothelial cells and the basement
membrane of blood vessels, they assist tumor cells in entering
and exiting the circulatory system. MMPs also activate growth
factors constrained within the ECM and release active protein
fragments, promoting the growth of distant micrometastases.
As UM primarily metastasizes hematogenously, it can be
anticipated that MMPs’ degradation of ECM in tumor tissue
would promote the distant metastasis of UM cells. MMPs
not only participate in ECM destruction but also promote
angiogenesis, EMT, and tumor cell migration””. There was
a certain level of MMP-2 expression in normal choroid
tissues, which has been proven necessary for developing
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Figure 4 Immunohistochemical staining of MMP-2
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values after 1-, 3-, and 5-year diagnosis using only the risk-score; C: Forest plot of the multivariate Cox regression analysis for 53 UM patients;
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Table 4 Univariate and multivariate analysis by Cox regression for UM-related metastasis and all causes of death

UM-related metastasis (12 patients available)

All-causes death (13 patients available)

Parameters Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis
HR P HR 95%Cl P HR P HR 95%Cl P
Gender
Male Ref - Ref -
Female 1.04 0.95 1.42 0.54
Age (y)
21-40 Ref - Ref - - Ref - Ref - -
41-60 1.70 0.50 1.22 0.20-7.61 0.83 1.22 0.77 0.98 0.23-4.20 0.98
61-80 2.33 0.40 326 0.34-31.69 0.31 2.95 0.19 391 0.61-25.13 0.15
Laterality
Right Ref - Ref -
Left 1.09 0.87 1.74 0.33
Visual acuity 0.21 0.39 0.44 0.56
Intraocular pressure (mm Hg)
10-21 Ref - Ref -
<10 0.81 0.85 0.86 0.89
>21 <0.001 0.99 0.50 0.51
Largest basal diameter (mm) 1.20 0.02 1.12 0.84-1.49 0.44 1.18 0.03 1.08 0.86-1.37 0.51
Thickness (mm) 1.06 0.58 0.99 0.74-1.30 0.92 1.15 0.21 1.05 0.77-1.42 0.77
Size®
T1-T3 Ref - Ref - - Ref - Ref - -
T4 2.22 0.17 0.99 0.14-7.06 0.99 3.21 0.05 1.53 0.22-10.71  0.67
Macroscopic appearance
Mushroom Ref - Ref - - Ref -
Hemisphere 1.02 0.98 0.70 0.09-5.21 0.73 0.25 0.19
Irregular 6.73 0.005 3.72 0.72-19.24 0.12 2.36 0.14
Optic disk involvement
No Ref - Ref -
Yes 0.44 0.43 0.45 0.44
Ciliary body involvement
No Ref - Ref -
Yes 2.45 0.14 2.79 0.09
Extraocular extension
No Ref - Ref -
Yes 1.32 0.79 1.02 0.98
Pathology
Spindle cell-type Ref - Ref - - Ref - Ref - -
Mixed cell-type 2.69 0.23 140 0.17-1133 0.75 2.29 0.34 2.62  0.40-17.23 0.32
Epithelioid cell-type 5.09 0.05 279 0.36-21.69 0.33 6.82 0.02 8.48  1.43-50.14 0.02

*American Joint Committee on Cancer classification (8th edition). HR: Hazard ratio; CI: Confidence interval; UM: Uveal melanoma.

and maintaining the vasculature”. However, the elevated
expression of MMP-2 is a hallmark of multiple pathological

situations, such as age-related macular degeneration and

[22-23

diabetic retinopathy™>". Although there have been studies

of MMPs in UM, there was scarce comparison with normal

choroid tissues™"

. Additionally, due to the notably lower
incidence of UM in the Asian population compared to Western

countries, research on MMPs in Asian UM patients was

limited, and most of them were based on qualitative studies
(such as immunohistochemical staining)”. Therefore, our team
included sequencing data from 17 normal choroid tissues and
53 UM tumor tissues to explore the impact of MMPs on UM
prognosis more accurately.

MMP-2, one of the eight differentially expressed MMPs,
exhibited a significant association with poor prognosis in

patients, despite its lower expression in UM compared to the
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Figure 6 Tumor microenvironment and immune infiltrating cells A: Differences in ESTIMATE score, Stromal score, and Immune score between

two groups; B: Differences in tumor purity between two groups; C: Distribution of 22 kinds of immune infiltrating cells in each UM sample;

D: Differences in 22 types of immune infiltrating cells between two groups; E: Differences in TAMs between two groups; F: Relationship

between TAMs and risk-score; G: Correlation between 22 types of immune infiltrating cells. UM: Uveal melanoma; TAMs: tumor-associated

macrophages. °P<0.05, °P<0.01, “P<0.01.

normal group. This seems contradictory to the conventional
notion that genes with low expression in tumors are associated
with better prognosis. However, in our study, the control
group consisted of choroid tissues from patients without
ocular diseases, which have rich vasculature, and MMP-2 is
predominantly expressed in endothelial cells within the

choroid™

. In contrast, most cells in UM tumor tissues are
melanoma cells, with a small fraction of immune cells and
(2627 Tn UM tissues,
the expression levels of MMP-2 in vascular endothelial cells
21 which

could explain why MMP-2’s expression level is higher in

a minimal number of endothelial cells
are significantly higher than in melanoma cells'

normal choroid tissues compared to UM tissues. MMP-2
belongs to the collagenase subgroup of the MMPs family,
and its overexpression can accelerate the degradation of
ECM and vascular basement membrane, thereby promoting
local invasion of tumor cells and their migration into blood
vessels for metastasis”™”. Elshaw et /"’ found that all 10 UM

774

tissues secreted MMP-2, with two UM samples secreting
only MMP-2 showing stronger invasiveness. MMP-2 mainly
promotes tumor cell invasion and metastasis by degrading
ECM components such as type I and type IV collagen fibers
and fibronectin. Besides ECM remodeling, EMT is also one of
the ways MMP-2 influences tumor development. Studies have
shown that the EMT process in UM tumor tissues promotes

distant metastasis™*"

. In our study, MMP-2 expression was
positively correlated with risk-score, indicating that higher
MMP-2 expression is associated with poorer prognosis in
patients.

Compared with MMP-2, research on MMP-28 in tumors is
relatively limited, and its correlation with prognosis varies in
different types of cancers. In colon cancer™* and Merkel cell
carcinoma™ (an invasive skin malignancy), MMP-28 seems
to be associated with a lower degree of malignancy, consistent
with our risk-score formula. However, in hepatocellular

carcinoma” and pancreatic cancer””, MMP-28 is associated
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with poor prognosis. Therefore, the relationship between
MMP-28 and the tumor’s occurrence, development, and
patient prognosis require further exploration.

According to the risk-score, we divided UM into high-risk
and low-risk groups and statistically analyzed the clinical
characteristics between the two groups (Table 2). It was found
that the largest basal diameter and tumor size of the high-risk
group were larger, and the previous articles published by our
team also showed that the basal diameter was more closely

538 which was consistent with Lai et

related to the prognosis
al®® found that MMP-2 was more strongly expressed at the
edge of the tumor. Previous research has also suggested that
MMP-2 can promote UM migration and invasion through
% including the Wnt/B-Catenin and
NF-«B pathways™”. To validate whether the risk-score system
based on MMP-2 and MMP-28 expression contributes to

clinical prognosis, we analyzed patient follow-up records and

various mechanisms

found that the application of risk-score alone achieved an
accuracy of approximately 80% in predicting the prognosis
of UM at 1-, 3-, and 5-year after diagnosis (Figure 5B). This
indicates that our risk-score can indeed reflect the degree of
prognosis to a certain extent. In our study, although there
was no statistically significant difference in the relationship
between risk-score and different pathological types of UM,
it was observed that the scores for epithelioid cell-type UM
were higher than those for spindle and mixed cell-types.
Cox multivariate analysis also found that risk-score and
pathological types were associated with prognosis. To enhance
the accuracy of predictions, we constructed a Nomogram
prognosis prediction model (Figure 5D), which is composed
of risk-score and pathological type. The predicted results were
consistent with patients’ actual prognosis, demonstrating our
predictive model’s effectiveness. Although the expression of
MMP-16 was correlated with patient survival and metastatic
status (P-values of 0.034 and 0.012, respectively), the risk-
score system based on MMP-2 and MMP-28 demonstrated
better discrimination of patient prognosis (P-values of 0.0017
and 0.0014, respectively), which means our MMPs-related
risk-score system is more convincing in predicting prognosis
than using single MMP. The UM patients who undergo local
resection or enucleation surgery in our hospital often have
excessively thick tumors or larger size. Previous studies have
also found that patients with these kinds of tumors often

have poor prognosis'*'!

. With the popularization of second-
generation sequencing technology, evaluating the expression
of MMPs in tumor tissues of UM patients undergoing local
resection or enucleation, and predicting the risk of metastasis
and death of UM based on our constructed MMPs-related
prognostic prediction model, is helpful for clinical diagnosis

and treatment and patient communication.

TME comprises cells and non-cellular components in tumor
tissues, excluding tumor cells. Main components include
fibroblasts, immune cells, endothelial cells, and the ECM™.
In the high-risk group, the tumor stromal score and immune
score were significantly higher than those in the low-risk
group, which was consistent with the results of TME analysis
of 80 UM samples from TCGA data by Tan et al*”'. Therefore,
it can be inferred that the MMPs-related risk-score system
indirectly reflects the role of TME in the invasion, migration,
and metastasis processes of UM tumors. In this study, CD4-
positive T cells in the low-risk group were significantly higher
than in the high-risk group, aligning with the anti-tumor role of
CD4-positive T cells observed in cutaneous melanoma'™! and

1 TAMs are macrophages present in specific

glioblastoma
tumor pathological environments. In some tumors, markers
traditionally classified as M1 and M2 macrophages can be co-
expressed in individual macrophages in the TME"", and some
macrophages with high expression of M2-like TAMs markers
are similar to M1-like TAMs in function®”. It is speculated that
TAMs are regulated by cancer cells, transforming them into
macrophages with different functions. The functional diversity
of TAMs in the TME may also vary depending on their
location™. In this study, it is evident that the number of TAMs
in UM is in absolute dominance among immune infiltrating
cells (Figure 6D), and there are more TAMs in the high-risk

™ also found that tumors

group (Figure 6E). Mikitie ef a
with a higher concentration of TAMs had more UM patients
who died due to metastasis. Previous studies have indicated
that TAMs can promote the expression of the MMP family
(including MMP-2), regulate Toll-like receptor signaling
pathways, and enhance tumor invasion and metastasis™ "
Furthermore, TAMs-induced MMPs are also involved in
promoting tumor angiogenesis”?. Since UM primarily
undergoes distant metastasis through the circulatory system"”,
and MMP-2 is highly expressed in endothelial cells of UM"",
it is worth further experimental validation whether TAMs can
promote UM vascular generation through MMPs, leading to
metastasis. As the therapeutic effect of immune checkpoint
inhibitors in patients with UM is not as good as that in patients
with cutaneous melanoma, it is particularly important to
explore clinical treatments for other immune cells in TME.

Our study also has some limitations. As a malignant tumor
in the eye, UM has a minimal volume compared to tumors in
other organs, such as liver cancer or breast cancer. Although
our UM tissues were obtained from completely excised tumors
after local resection or enucleation surgery, there are few
surplus tissues for transcriptome sequencing after pathological
examination, resulting in a smaller sample size due to the
instability of RNA and the need for quality control. Therefore,

only 53 cases of UM were included in this study. Even so, we
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have successfully constructed a prognosis prediction model
based on MMPs, which could be considered to complement
AJCC staging and enhance the personalized diagnosis
and treatment of patients. Moreover, while transcriptome
sequencing includes cells other than cancer cells in tumor
tissues and can infer the composition of the TME through
bioinformatics analysis, it still cannot provide information
on the differential distribution and function of cells in
different tumor regions. However, based on the transcriptome
sequencing results, we can roughly understand the impact
of various cells in UM tissues on prognosis, such as the
mentioned TAMs. Therefore, our team has begun to explore
the heterogeneity of UM more precisely through single-cell
sequencing and spatial transcriptomics.

In conclusion, this study conducted a comparative analysis
of transcriptome sequencing between normal choroid tissue
and UM tissue with the largest sample number in Asia. Based
on the sequencing results from this database, along with
corresponding clinical information and follow-up results of
the patients, we constructed a risk-score system by machine
learning based on MMP-2 and MMP-28 and related prognostic
prediction models. Combining the advantages of transcriptome
sequencing, we performed bioinformatics analysis on the
TME of UM. The findings revealed that patients in the high-
risk group had poorer clinical prognosis, higher tumor stromal
scores, higher immune scores, and a correlation with TAMs
and regulatory T cells enrichment.
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