
Retina

Cross-Platform Identification and Validation of Uveal
Melanoma Vitreous Protein Biomarkers

Gabriel Velez,1,2 Julian Wolf,1,2 Antoine Dufour,3 Prithvi Mruthyunjaya,2 and
Vinit B. Mahajan1,2,4

1Molecular Surgery Laboratory, Stanford University, Palo Alto, California, United States
2Department of Ophthalmology, Byers Eye Institute, Stanford University, Palo Alto, California, United States
3Department of Physiology and Pharmacology, Cumming School of Medicine, University of Calgary, Calgary, AB, Canada
4Veterans Affairs Palo Alto Health Care System, Palo Alto, California, United States

Correspondence: Vinit B. Mahajan
and Prithvi Mruthyunjaya, Byers Eye
Institute, Department of
Ophthalmology, Stanford University,
Palo Alto, CA 94304, USA;
vinit.mahajan@stanford.edu and
prithvi9@stanford.edu.

Received: June 29, 2023
Accepted: October 20, 2023
Published: November 13, 2023

Citation: Velez G, Wolf J, Dufour A,
Mruthyunjaya P, Mahajan VB.
Cross-platform identification and
validation of uveal melanoma
vitreous protein biomarkers. Invest
Ophthalmol Vis Sci. 2023;64(14):14.
https://doi.org/10.1167/iovs.64.14.14

PURPOSE. The purpose of this study was to profile protein expression liquid vitreous
biopsies from patients with uveal melanoma (UM) using mass spectrometry to identify
prognostic biomarkers, signaling pathways, and therapeutic targets.

METHODS. Vitreous biopsies were collected from two cohorts in a pilot study: comparative
control eyes with epiretinal membranes (ERM; n = 3) and test eyes with UM (n = 8).
Samples were analyzed using liquid chromatography-tandem mass spectrometry (LC-
MS/MS). Identified proteins were compared to data from a targeted multiplex ELISA
proteomics platform.

RESULTS. A total of 69 significantly elevated proteins were detected in the UM vitreous,
including LYVE-1. LC-MS/MS identified 62 significantly upregulated proteins in UM vitre-
ous that were not previously identified by ELISA. Analysis of differential protein expres-
sion by tumor molecular classification (gene expression profiling [GEP] and preferen-
tially expressed antigen in melanoma [PRAME]) further identified proteins that correlated
with these classifications. Patients with high-risk GEP tumors displayed elevated vitreous
expression of HGFR (fold-change [FC] = 2.66E + 03, P value = 0.003) and PYGL (FC
= 1.02E + 04, P = 1.72E-08). Patients with PRAME positive tumors displayed elevated
vitreous expression of ENPP-2 (FC = 3.21, P = 0.04), NEO1 (FC = 2.65E + 03, P = 0.002),
and LRP1 (FC = 5.59E + 02, P value = 0.01). IGF regulatory effectors were highly repre-
sented (P value = 1.74E-16). Cross-platform analysis validated seven proteins identified
by ELISA and LC-MS/MS.

CONCLUSIONS. Proteomic analysis of liquid biopsies may provide prognostic information
supporting gene expression of tumor biopsies. The use of multiple protein detection
platforms in the same patient samples increases the sensitivity of candidate biomarker
detection and allows for precise characterization of the vitreous proteome.
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Uveal melanoma (UM) is the most common primary
intraocular tumor in adults, affecting approximately 5

to 11 individuals per million per year.1,2 Approximately
50% of patients with UM develop metastatic disease, most
commonly in the liver. Once confirmed to have metastatic
disease, patients may be treated with liver directed thera-
pies, systemic chemotherapy, or immunotherapies, including
checkpoint inhibition, however, survival prognosis remains
poor.3 It is suspected that micro-metastatic disease may
develop up to 1 to 5 years prior to detection and conser-
vative treatment of the primary tumor.4 Despite this, meth-
ods for clinically detecting micro-metastatic disease remain
limited.5 Thus, it is critical to identify patients at risk for
micro-metastatic disease, so that adjuvant systemic therapy
can be used judiciously to delay or prevent the development
of clinically significant macro-metastatic disease.5,6

To determine patients at higher risk for developing
metastatic disease, clinical or histopathologic risk factors

are considered,7,8 but advances in genetic testing of primary
tumors have enhanced the prognostic accuracy.9 The Collab-
orative Ocular Oncology Group prospectively validated a
gene expression profiling platform (GEP; Decision Dx-UM,
Castle Biosciences, Fraunwald, TX, USA) using a quantita-
tive PCR (qPCR)-based assay as the most accurate method
to predict risk of UM metastasis and is a stronger predictor
than either chromosomal status or clinical features alone.10

Two major subclasses were identified based on GEP anal-
ysis which correlate with low (i.e. class 1) and high (i.e.
class 2) risk of metastatasis.11 Recently, another prognos-
tic biomarker, preferentially expressed antigen in melanoma
(PRAME; Decision Dx-PRAME, Castle Biosciences, Fraun-
wald, TX, USA), appears to be a risk modifier associated
with increased metastatic risk, and the combination of
GEP and PRAME together can provide prognostic accuracy
superior to TNM staging.12 Whereas GEP and PRAME test-
ing are beneficial for assessing mortality risk, they require
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invasive surgical sampling of the primary uveal tumor.
Although tumor biopsies have become the standard of care,
they carry the risk of retinal detachment and other vision-
threatening side effects such as hemorrhage along with
sampling bias (e.g. in the setting of tumor heterogeneity or
inability to obtain an adequate sample from a small tumor).
Moreover, they are neither amenable nor are current clinical
tests validated for repeat testing after definitive therapy (e.g.
post-enucleation or radiation therapy).13–16

Proteomic analysis is becoming an attractive and power-
ful tool for characterizing the molecular profiles of diseased
tissues.17 Ocular liquid biopsies (e.g. anterior chamber taps
and diagnostic vitrectomies) may serve as a less inva-
sive alternative to primary UM tumor biopsies for monitor-
ing disease progression and response to therapy.18 Addi-
tionally, liquid biopsies lend themselves to repeat testing,
allowing for prospective surveillance of patients’ metastatic
risk.19 Validation of proteomic biomarkers on different plat-
forms strengthens the potential value of diagnostic vitre-
ous biomarkers for early screening and therapeutic moni-
toring. Furthermore, protein signatures could detect molec-
ular changes in the primary tumor, uncover diagnostic and
prognostic biomarkers, and point to potential candidates for
drug repositioning and adjuvant therapy.20,21

Previously, we performed quantitative proteomic analy-
sis (i.e. multiplex ELISA) on vitreous humor from patients
with UM and identified several protein biomarkers (e.g.
HGFR/c-Met, autotaxin, etc.) that correlated with the molec-
ular profiles of the primary tumor.22 However, analysis was
limited to 1000 preselected proteins and did not provide
a comprehensive survey of the vitreous proteome. In the
current study, we obtained a more global view of the
UM vitreous proteome using liquid chromatography-tandem
mass spectrometry (LC-MS/MS).

METHODS

Study Approval

The study was approved by the Stanford University Institu-
tional Review Board and adhered to the tenets set forth in
the Declaration of Helsinki. Subjects underwent eye exam-
inations that included slit-lamp examination, dilated retinal
bio-microscopy, and indirect ophthalmoscopy by an ocular
oncologist (author P.M.). Data were collected and analyzed
from November 2018 to April 2023.

Vitreous Sample Collection

Liquid vitreous biopsies were collected from two groups:
eyes from control subjects (n = 3) with epiretinal
membranes (ERMs), and eyes from test subjects (n = 8) with
UM. In eyes undergoing I-125 plaque brachytherapy for UM
treatment or control eyes with ERM, a standard 3 port pars
plana vitrectomy setup was used with a single-step transcon-
junctival 27-gauge trocar cannular system (Alcon Labora-
tories Inc, Fort Worth, TX, USA). Undiluted 0.5 to 1.0 mL
sample of the vitreous was manually aspirated into a 5 mL
syringe prior to obtain a primary tumor biopsy using a vitrec-
tomy cutter approach.23 For UM eyes undergoing enucle-
ation, after the globe was removed, trans scleral fine-needle
aspiration (FNA) biopsy was performed to obtain primary
tumor biopsy, and then an 18-gauge needle was inserted
through the pars plana in the quadrant opposite the bulk
of the tumor and 1 to 2 mL of vitreous fluid was removed.

Vitreous samples were immediately centrifuged in the oper-
ating room at 15,000 × g for 5 minutes at room temperature
to remove impurities and then finally stored at −80°C, as
previously described.24

Primary Tumor Analysis

The GEP profile of the tumor samples was determined
as previously described.12,25 Briefly, an FNA or vitrec-
tomy assisted biopsy of the tumor was performed at the
time of I-125 plaque brachytherapy or at the time of
enucleation.16,23 Tumor samples underwent RNA extraction
followed by reverse transcription to generate cDNA for anal-
ysis by real-time quantitative PCR (Decision Dx-UM; Castle
Biosciences).12,25 The PRAME status of the tumor samples
was determined by measuring PRAME mRNA expression
on an Illumina HT-12v4 chip using probe ILMN_1700031
as described previously (Decision Dx-UM PRAME, Castle
Biosciences).26

Protein Extraction, Digestion, and Peptide
Desalting

A shotgun proteomics screen was performed to identify
biomarkers not sampled in our multiplex ELISA. Vitreous
humor samples were albumin-depleted using affinity chro-
matography. Briefly, 100 μL of undiluted vitreous was loaded
onto midi columns containing Top14 Abundant Protein
Depletion resin (Thermo Scientific) and incubated at room
temperature for 10 minutes with gentle mixing. Columns
were then placed in 15 mL conical tubes and centrifuged at
1000 × g for 2 minutes and the filtrate discarded. Unbound
proteins were eluted in 10 mM PBS (pH 7.4) and 0.02%
sodium azide and protein concentration was determined
by Bradford assay. A total of 5 μg of protein per sample
was diluted in 50 mM ammonium bicarbonate to a final
volume of 1 mL and reduced by addition of 10 mM DTT
followed by incubation at 55°C for 30 minutes. Alkylation
was performed by adding 1 M acrylamide for a final concen-
tration of 30 mM and incubating at room temperature for
30 minutes. Trypsin (0.5 μg) was then added to each tube
and samples were digested overnight at 37°C. The reac-
tion was quenched by adding 50% formic acid to a final
concentration of 2%. Digested peptides were desalted using
C18 stop-and-go extraction (STAGE) tips. Briefly, for each
sample, a C18 STAGE tip was equilibrated with 0.1% triflu-
oroacetic acid (TFA) followed by 50% acetonitrile (ACN).
Samples were loaded onto the tips and desalted with 50%
ACN. Peptides were eluted with 0.1% formic acid in 50% ACN
and lyophilized in a SpeedVac to dryness.

Liquid Chromatography-Tandem Mass
Spectrometry

Peptide pools were reconstituted in 15 μL of 2% ACN and
0.1% formic acid solution. A total of 3 μL of each sample was
injected into an in-house packed C18 reverse phase analyti-
cal column (15 cm in length). Ultra-performance liquid chro-
matography (UPLC) was performed on a Waters M-Class at a
flow rate of 0.45 μL/min using a linear gradient from 4% to
40% Mobile phase B (0.2% formic acid, 99.8% ACN). Mobile
phase A consisted of 0.2% formic acid. Mass spectrometry
was performed on an Orbitrap fusion set to acquire data
in a dependent fashion using the top-speed functionality.
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Fragmentation was performed on the most intense multi-
ply charged precursor ions using collision induced dissocia-
tion (CID). The mass spectrometry data were analyzed using
Preview and Byonic software (ProteinMetrics) to identify
peptides and infer proteins using the Uniprot homo sapiens
annotated databases files including isoforms, concatenated
with common contaminant proteins. Analysis was performed
at 12 ppm mass tolerances for precursor ions, with 0.4 Da
windows for fragment ions; only peptides with fully tryp-
tic cleavages were tolerated, with up to 2 missed cleavage
sites. Data were validated using the standard reverse-decoy
techniques at a 1% false discovery rate. The mass spec-
trometry proteomics data were deposited to the ProteomeX-
change Consortium via the PRIDE partner repository with
the dataset identifier PXD043403 and 10.6019/PXD043403.

Statistical and Bioinformatic Analysis

Results from the separate datasets were saved in Excel as .txt
format and were uploaded into the Partek Genomics Suite
6.5 software package. The data was normalized to log base
2 and compared using 1-way ANOVA analysis. All proteins
with nonsignificant (P> 0.05) changes were eliminated from
the table. The significant values were mapped using the
“cluster based on significant genes” visualization function
with the standardization option chosen. Principal compo-
nent analysis (PCA) was performed with Qlucore Omics
Explorer version 3.8. Gene ontology enrichment and path-
way analysis was performed using g:Profiler and Reactome,
respectively, using default parameters.27,28

RESULTS

Functional Characterization of the UM Vitreous
Proteome

A cohort of eight patients were diagnosed with UM and used
for the analysis (see the Table). Three cases of patients with
idiopathic epiretinal membrane were used for comparative
controls. The average patient age was 53.9 ± 16.3 years; 75%
were men. Mean tumor thickness was 6.6 mm and largest
basal diameter was 14.0 mm. The eighth edition American
Joint Commission on Cancer (AJCC) classification was stage
I (n = 1), stage IIA (n = 3), stage IIB (n = 3), and stage
IIIA (n = 1).29,30 UM tumor biopsies revealed GEP class
1 in 5 patients and class 2 in 3 patients. Fifty percent of
the patients were PRAME positive.10,31,32 Half the patients
received plaque brachytherapy, with the other half under-

going enucleation. Vitreous specimens were safely obtained
without complication. Uveal melanoma and control vitreous
samples were albumin-depleted and underwent trypsiniza-
tion followed by multidimensional liquid chromatography
before analysis by tandem mass spectrometry (Supplemen-
tary Table S1). We identified 380 ± 122 (mean ± SD) individ-
ual proteins (6600 ± 2469 spectra with 4218 ± 1309 unique
peptides) in UM vitreous and 253 ± 88 individual proteins
(2844 ± 2405 spectra with 2022 ± 1222 unique peptides) in
control vitreous (Fig. 1A). The most abundant proteins iden-
tified in UM and control vitreous, other than albumin, were
complement C3 (C3), hemopexin (HPX), ceruloplasmin (CP),
and vitamin D-binding protein (VTDB; Fig. 1B).

Proteins with a mean spectral count greater than
two were subsequently analyzed using gene ontology
enrichment analysis and were classified by their respective
cellular compartment and molecular function. When cate-
gorized by cellular compartment, most vitreous proteins
(90%; 3.08E-167) were either extracellular or localized to
collagen-containing extracellular complexes (Fig. 1C). A
significant fraction of proteins identified in UM vitreous were
involved in endopeptidase inhibition (14%; P = 3.56E-35)
and glycosaminoglycan activity (13%; P = 8.55E-27; Fig. 1D).

Shotgun Proteomic Analysis Distinguishes
Molecular Classes of Uveal Melanoma

Protein spectral counts were analyzed with 1-way ANOVA
to identify differentially expressed proteins (DEPs) in
UM vitreous. A total of 69 proteins were differentially
expressed among control and UM samples (64 upregu-
lated proteins and 5 downregulated proteins; P < 0.05;
Fig. 2A; Supplementary Table S2). Among the upregulated
proteins were carboxypeptidase 2 (CBPB2) and lymphatic
vessel endothelial hyaluronic acid receptor 1 (LYVE-1;
P value = 3.94E-9, fold-change = 2164; see Fig. 2A).
Because primary UM tumors can be classified by GEP
class or PRAME status, we sought to identify protein signa-
tures that were associated with these molecular classifi-
cations. When comparing protein expression by PRAME
status, there were 48 differentially expressed proteins (43
upregulated proteins and 5 downregulated proteins) at the
P < 0.05 level (Fig. 2B, Supplementary Table S4). Among
the upregulated proteins in PRAME positive vitreous were
ectonucleotide pyrophosphatase/phosphodiesterase family
member 2 (ENPP-2/autotaxin), neogenin (NEO1), and pro-
low-density lipoprotein receptor-related protein 1 (LRP1; see
Fig. 2B). ENPP-2/autotaxin and HGFR/c-MET were identified

TABLE. Demographics for the UM Cohort

Case 1 2 3 4 5 6 7 8

GEP 1B 1A 2 1A 1A 2 1B 2
PRAME Positive Positive Positive Negative Negative Positive Negative Negative
AJCC stage IIIA IA IIA IIA IIA IIB IIB IIB
T stage T3a T1a T2a T2a T2a T4b T3a T3a
Eye OS OS OS OD OD OS OS OS
Age (years) 67 30 80 47 57 57 35 58
Sex M F M M M M F M
Largest basal diameter (mm) 16 6 12.7 11.5 11 21.8 15.6 15.6
Minor diameter (mm) 13.7 7 11.2 11.8 9 16.7 15.9 14.5
Tumor height (mm) 5.8 5.8 4.8 7.5 3.9 12.8 7.3 7.3

GEP class, gene expression profile; PRAME, preferentially expressed antigen in melanoma; AJCC, American Joint Committee on Cancer;
T stage, tumor stage.
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FIGURE 1. Functional characterization of the UM vitreous. (A) Number of unique proteins identified in ERM and UM vitreous. (B) Relative
abundance (mean spectral counts) of human vitreous proteins with several illustrative proteins highlighted in blue (ERM, left) and red (UM,
right). Gene ontology analysis of the proteins identified in ERM and UM vitreous. Proteins are grouped into subcategories based on their
respective (C) cellular localization and (D) molecular function.

in our previously published quantitative proteomics study
on UM vitreous (i.e. multiplex ELISA) and their detection
on a separate proteomic platform further validates these
proteins as vitreous biomarkers for UM.22 Protein expression
was next compared between GEP class 1 and class 2 vitre-
ous. Due to the small sample size, a dichotomous compar-
ison was performed rather than comparison of the 3 GEP
groups (i.e. class 1A, 1B, and 2). There were 53 differentially
expressed proteins (43 upregulated proteins and 10 down-
regulated proteins) at the P< 0.05 level (Fig. 2C, Supplemen-
tary Table S3). Among the upregulated proteins in GEP class
2, vitreous were hepatocyte growth factor receptor (HGFR/c-
MET) and liver glycogen phosphorylase (PYGL; see Fig. 2C).

The IGF1 Regulatory Effectors Are Highly
Represented in UM Vitreous

To classify differentially expressed proteins in UM vitre-
ous, we performed pathway analysis (Fig. 3A). The top
represented pathways in GEP class 1 vitreous were

platelet degranulation and activation, collagen degradation,
and hyaluronan metabolism. The top represented path-
ways in GEP class 2 vitreous were metabolic processes
(glycolysis, gluconeogenesis, and amino acid biosynthesis),
neutrophil degranulation, and innate immune system. The
top represented pathways in PRAME positive (versus PRAME
negative) vitreous were complement cascade, coagulation
cascade, and regulation of insulin-growth factor (IGF) by
IGF-binding proteins (IGFBPs; P value = 1.74E-16; see
Fig. 3A). The high representation of metabolic pathways
in GEP class 2 and PRAME positive UM vitreous may be
due to reprograming by the primary tumor to meet its
increased metabolic demands.33 Prior studies suggested that
increased expression levels of IGF1 receptor (IGFR-1) in
primary UM tumors is associated with increased risk of death
from metastatic disease in patients with UM.34 A total of 16
IGF1 regulatory effectors were differentially expressed in
UM vitreous at the P < 0.05 level (Supplementary Table S5).
These results suggest that IGF1 regulatory effectors, likely
originating from the tumor, can be detected in the vitreous
of patients at high risk for metastatic disease.
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FIGURE 2. Shotgun proteomic signatures differentiate molecular classes of uveal melanoma. (A) Differentially expressed proteins
(between UM and control vitreous) detected by LC-MS/MS represented as a volcano plot. The horizontal axis (x-axis) displays the log2
fold-change value (UM versus controls) and the vertical axis (y-axis) displays the noise-adjusted signal as the -log10 (P value). (B) Multi-
group comparison (1-way ANOVA) followed by hierarchical heat map clustering was used to identify differentially expressed proteins based
on PRAME status and GEP class. When comparing protein expression by PRAME status, there were 48 differentially expressed proteins
at the P < 0.05 level. Results are represented as a heatmap and display protein expression levels on a logarithmic scale. Red indicates
high expression whereas white/blue indicates low or no expression. (C) When comparing protein expression by GEP class, there were 53
differentially expressed proteins at the P < 0.05 level.

Cross-Platform Validation of UM Vitreous
Biomarkers

We next sought to compare upregulated proteins identi-
fied by LC-MS/MS to those previously identified by multi-
plex ELISA in the same samples. We compared significantly
upregulated proteins (compared to controls) at the P < 0.05
level between LC-MS/MS and multiplex ELISA. There were

two commonly identified proteins among these groups
(LYVE-1 and plasminogen; Fig. 3B). We next compared lists
of upregulated proteins, sorted by PRAME status and GEP
class (Fig. 3C). PRAME positive and PRAME negative samples
exhibited similar vitreous protein expression in this compar-
ision and only two proteins (angiotensinogen and ENPP2)
were commonly detected by LC-MS/MS and multiplex ELISA.
There were 2 commonly identified proteins (C163A and

Downloaded from hwmaint.iovs.org on 04/20/2024



Proteomics of Uveal Melanoma IOVS | November 2023 | Vol. 64 | No. 14 | Article 14 | 6

FIGURE 3. Cross-platform identification and validation of UM biomarkers. (A) Top pathways represented in UM vitreous. Pathways are
ranked by their -log (P value) obtained from the right-tailed Fisher’s Exact Test and colored by their respective subclassification: GEP class
2, yellow; PRAME positive, cyan; and all UM samples, red. (B) Comparative analysis of upregulated proteins in UM vitreous detected by two
separate proteomics platforms (i.e. multiplex ELISA and LC-MS/MS). Lists of upregulated proteins (compared to controls) at the P < 0.05
level were analyzed by Venn diagram analysis. Two proteins were shared between the two platforms: LYVE-1 and plasminogen. (C) Venn
diagram analysis of upregulated proteins, sorted by PRAME status. Two proteins (angiotensinogen and ENPP2) were commonly detected by
LC-MS/MS and multiplex ELISA. (D) Venn diagram analysis of upregulated proteins, sorted by GEP class. There were 2 commonly identified
proteins (C163A and ANXA5) among GEP class 1 samples and 3 commonly identified proteins (HGFR, ANXA5, and C163A) among GEP
class 2 samples.

ANXA5) among GEP class 1 samples and 3 commonly identi-
fied proteins (HGFR, ANXA5, and C163A) among GEP class
2 samples (Fig. 3D). Because many of the proteins identi-
fied by LC-MS/MS were not included in the multiplex ELISA
array, the small degree of overlap between the two platforms
is to be expected.

DISCUSSION

Advances in molecular and genetic testing have enhanced
the prognostic accuracy and Precision Health management
of UM.12,31,35 Tumor biopsies can be performed either trans-
sclerally or trans-vitreally, with the former method having a
risk of extra-scleral extension and the latter having a risk for
retinal detachment, hypotony, or vitreous hemorrhage.36,37

It is also not feasible to repeatedly sample a tumor for
increased yield, given the risks of complications. Our studies
support the feasibility and utility of obtaining vitreous liquid
biopsies in UM to provide additional diagnostic information
without violating the retina or disrupting the tumor.

Using shotgun mass-spectrometry (i.e. LC-MS/MS), we
identified 69 significantly upregulated proteins in UM vitre-
ous, including proteins that were not previously identified
using targeted detection platforms. Among these proteins
were LYVE-1, HGFR/c-MET, PYGL, ENPP-2/autotaxin, ANGT,
ANXA5, and C163A. Our use of multiple protein detec-
tion platforms in the same patient samples strengthens
the sensitivity of these candidate biomarkers (i.e. cross-
platform validation). LYVE-1 displayed the most statistically
significant increase in expression between UM and control
vitreous by LC-MS/MS. LYVE-1 is a hyaluronan receptor

that is expressed in lymphatic endothelial cells, liver sinu-
soidal endothelial cells, and macrophages.38 In addition to
binding soluble and immobilized hyaluronan, LYVE-1 may
play a role in tumor metastasis by mediating adhesion of
leukocytes and cancer cells to endothelial cells.38 Reduced
ENPP-2/autotaxin levels have been previously associated
with increased survival in patients with UM.39 HGFR/c-
MET has been demonstrated to play a key role in UM
tumorogenesis by influencing cell migration and adhesion,
promoting tumor survival (by inducing PI3K/AKT/mTOR
signaling), inducing angiogenesis and lymphangiogenesis
(through regulation of VEGF and TSP1 expression), and
upregulating matrix metalloproteinases.40–43 HGFR/c-MET
expression is frequently observed in metastatic UM and is
associated with a poor prognosis and c-MET has been stud-
ied as a potential target in the treatment of metastatic UM.43

In the current study, we detected elevated vitreous HGFR/c-
MET expression in patients GEP class 2 tumors by LC-MS/MS
and ELISA, further strengthening its potential as an indepen-
dent prognostic biomarker for UM.

Pathway analysis revealed IGF1 regulatory effectors (e.g.
IGFBP6) were highly represented in UM vitreous. Prior stud-
ies have suggested that increased IGF1R expression levels
in UM primary tumors (by immunoblot and immunohisto-
chemistry analysis) may be associated with increased risk
of death from metastatic disease.34 Cixutuxumab, an IGF1R-
specific monoclonal antibody, has shown promise in preclin-
ical studies, its use as a single agent has not been shown to
be effective in increasing progression-free survival (PFS) in
patients with metastatic UM.44 Furthermore, tepertumumab,
and IGF1 monoclonal antibody has been US Food and Drug
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Administration (FDA) approved for the treatment of Graves
ophthalmopathy suggesting potential complementary drug
therapies that may impact UM metastasis.

Recent single-cell RNA-seq analysis of primary UM
tumors and liver metastases identified infiltrating CD8+
T-cells expressing the LAG3 checkpoint marker, poten-
tially explaining why UM has been resistant to checkpoint
inhibitors targeting PD-1 and CTLA4.35 Proteomic analysis
may be able to supplement this critical finding by iden-
tifying additional markers that could predict the onset of
metastatic disease. Additionally, proteomic profiling has the
potential to uncover protein signatures which may carry
more diagnostic and prognostic value than single proteins
alone. This is exemplified in the diagnosis and early detec-
tion of ovarian cancer where the use of multiple biomarkers
in combination with CA125 outperformed single biomarker
assays (with respect to sensitivity and specificity) for early
detection of the disease.45 Moreover, unique patterns of
proteins point to biologically plausible mechanisms for
tumor proliferation and propagation, and suggest rational
approaches for adjuvant therapy, drug repositioning, and
metastatic surveillance. This approach may be complemen-
tary to primary GEP and PRAME detection from tumor
biopsies.

There are few proteomic studies on human ocular
melanoma tissues to date and several were limited in that
they performed analysis exclusively on enucleated eyes,
which biased toward the inclusion of larger tumors.46–50

Furthermore, few proteomic studies to date have utilized
GEP and PRAME classifications in their analysis. In a recent
vitreous study of UM, 41 proteins were evaluated in relation
to GEP class in a discovery cohort comprising 18 patients
with UM.51 The study identified six differentially expressed
proteins (MCP-1, MIP-1a, MIP-1b, IP-10, IL-6, and PDGF-AA)
and similarly suggested the prognostic potential of vitreous
protein profiling, but was limited in the number of detected
DEPs through use of a targeted proteomics platform.51 Our
results from vitreous biopsies are similarly encouraging,
and they raise the question of alternative liquid biopsies,
including aqueous humor and tears. Another recent liquid
biopsy study of UM utilized aqueous humor samples from
90 patients with UM to study the differential expression of 92
pre-selected proteins.46 This larger cohort size of this study
lended to more detailed comparisons of protein expression
with regard to patient age, tumor size, ciliary body involve-
ment, AJCC stage, monosomy of chromosome 3, and gain
of chromosome 8q.46 Finally, a recent multiplex proxim-
ity extension assay (PEA)-based analysis (measuring 1469
preselected proteins) of aqueous humor samples from 17
patients with UM demonstrated that aqueous protein expres-
sion correlated with GEP class.19 Together, these studies
similarly suggest that liquid biopsies could serve as surro-
gates for direct tumor biopsy and allow for less invasive
determination of a low or high-risk lesion which can be
potentially repeated as a strategy to guide treatment deci-
sions. Thus, future studies will aim to apply the current
findings from our vitreous analysis to other fluids and to
compare protein expression among patients with different
clinical characteristics (e.g. age, tumor size, AJCC stage, etc.).
With aqueous and tear samples, there is no need to use an
operating room and incur all the associated costs of equip-
ment and personnel.

There are limitations to the current study. The limited
number of samples, high number of measurements, and
intra-tumor heterogeneity can introduce bias and false posi-

tives. Because of these potential confounders, further verifi-
cation in a larger cohort is required, and serial samples from
the same patients could reveal patient-specific trends. Future
studies should involve prospective validation and use liquid
biopsies from multiple sites to determine whether changes
in protein expression correlate among the vitreous, aqueous,
and tears in the same patient.

Liquid biopsies may serve as a less invasive alternative to
primary UM tumor biopsies for monitoring disease progres-
sion and response to therapy. Our results demonstrate that
liquid biopsies can be used to identify proteins of inter-
est which may serve as additional prognostic biomarkers
and identify therapeutic targets for UM. The use of multi-
ple protein detection platforms in the same patient samples
in the current study allowed for precise characterization of
the vitreous proteome and increased the sensitivity of candi-
date biomarker detection in our pilot cohort. Validation of
these proteomic biomarkers in larger patient cohorts and
alternative liquid biopsies (i.e. aqueous and tears) should
strengthen their value for early prognostic testing. Addition-
ally, these biomarkers could help rationally design future
clinical trials for adjuvant therapy, including for previously
untreated micro-metastatic UM.
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