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Abstract

Uveal (ocular) melanoma is an aggressive cancer that metastasizes in up to half of patients. Uveal 

melanoma spreads preferentially to the liver, and the metastatic disease is almost always fatal. 

There are no effective therapies for advanced metastatic disease, so the most promising strategy 

for improving survival is to detect metastasis at an earlier stage or to treat high-risk patients in an 

adjuvant setting. An accurate test for identifying high-risk patients would allow for such 

personalized management as well as for stratification of high-risk patients into clinical trials of 

adjuvant therapy.

We developed a gene expression profile (GEP) that distinguishes between primary uveal 

melanomas that have a low metastatic risk (class 1 tumors) and those with a high metastatic risk 

(class 2 tumors). We migrated the GEP from a high-density microarray platform to a 15-gene, 

qPCR-based assay that is now performed in a College of American Pathologists (CAP)-accredited 

Clinical Laboratory Improvement Amendments (CLIA)-certified laboratory on a routine clinical 

basis on very small samples obtained by fine needle aspiration and on archival formalin-fixed 

specimens. We collaborated with several centers to show that our specimen collection protocol 

was easily learned and performed and that it allowed samples to be safely and reliably transported 

from distant locations with a very low failure rate. Finally, we showed in a multicenter, 

prospective study that our GEP assay is highly accurate for predicting which patients will develop 

metastatic disease, and it was significantly superior to the previous gold standard, chromosome 3 

testing for monosomy 3. This is the only prognostic test in uveal melanoma ever to undergo such 

extensive validation, and it is currently being used in a commercial format under the trade name 

DecisionDx-UM in over 100 centers in the USA and Canada.
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1 Introduction

Uveal melanoma is the most common primary malignancy of the eye, with an incidence of 

about 1,200–1,500 new cases per year in the USA, and it accounts for about 5 % of all 

melanomas [1–4]. Uveal melanomas can arise anywhere in the uveal tract of the eye, 

composed of the iris, ciliary body, and choroid. Uveal melanomas rarely exhibit regional 

lymphatic spread, but, rather, they metastasize hematogenously to the liver and, to a lesser 

extent, other sites such as lung and bone [5]. Clinical and histopathologic features associated 

with poor prognosis include larger tumor size, ciliary body involvement, advanced patient 

age, epithelioid cell type, extracellular matrix patterning, and extraocular tumor invasion [6–

10]. The mortality rate at 15-year diagnosis of the primary tumor is about 50 % [11], and 

median survival after detection of metastatic disease is about 9 months [12].

1.1 Chromosomal Alterations as Prognostic Markers

Several recurring chromosomal abnormalities in uveal melanoma have been used for 

prognostication, including loss of 1p, 3, 6q, 8p, and 9p and gain of 1q, 6p, and 8q. Various 

techniques have been used to detect these changes, including standard karyotyping [13–19], 

fluorescence in situ hybridization (FISH) [20, 21], comparative genomic hybridization 

(CGH) [22–28], spectral karyotyping [29], microsatellite analysis (MSA) [30, 31], multiplex 

ligation-dependent probe amplification (MLPA) [32], and single-nucleotide polymorphisms 

(SNPs) [33]. Loss of one copy of chromosome 3 (monosomy 3) occurs in almost half of 

uveal melanomas and is the most prognostically significant of these chromosomal markers 

[31, 34]. The prognostic accuracy of chromosome 3 status can be improved by including 

other chromosomal information, including 6p and 8q gain, as well as clinical and 

histopathologic information, which results in multiple combinations of prognostic groups 

[32].

1.2 Transition from Chromosomal Markers to Gene Expression Profiling

Cytogenetic alterations provided an important step towards the development of accurate 

prognostic markers for uveal melanoma, but they have a number of significant drawbacks 

that limit their value for routine clinical use. These methods were developed from uveal 

melanomas that were treated by enucleation, which provides a large amount of tumor tissue. 

However, about 90 % of uveal melanomas are treated not by enucleation but by 

radiotherapy, in which case the only opportunity to obtain tumor tissue is by needle biopsy. 

Unfortunately, the amount of tumor material obtained by needle biopsy is often insufficient 

for chromosomal assay techniques.

Further problems with chromosomal prognostic testing include sampling error resulting 

from intratumoral heterogeneity [32, 35] and the complicated combination of chromosomal 

changes and clinicopathologic information that are needed to maximize prognostic accuracy 

[32]. Thus, several groups explored the use of gene expression profile (GEP) as a potentially 

more robust prognostic and accurate method. Analysis of uveal melanomas using high-

density microarrays showed that tumors with disomy 3 exhibited a different GEP than those 

with monosomy 3 [36]. Our group went on to show that GEP could classify UMs into two 

prognostically significant groups using unsupervised clustering techniques without regard to 
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chromosomal status [2]. Class 1 tumors had a low risk and class 2 tumors had a high risk of 

metastasis (see Fig. 1). Notably, the prognostic accuracy of this GEP classification 

outperformed clinical, pathological, and cytogenetic prognostic indicators [37], and this has 

been confirmed by several independent groups [38, 39]. A likely reason for the superiority 

of GEP over cytogenetic methods for prognostication is that cytogenetic markers are often 

distributed heterogeneously throughout the tumor and are thus prone to sampling error. In 

contrast, GEP represents a functional “snapshot” of the tumor’s microenvironment that is 

less variable across the tumor [40]. We migrated the GEP to an assay comprising 12 

discriminating genes and 3 control genes performed on a microfluidics platform that could 

be used on a routine clinical basis on very small samples from fine needle biopsies [40]. The 

prognostic accuracy of this assay, and its superiority over chromosome 3 status for clinical 

prognostic testing, was recently validated in a prospective study involving ten centers across 

North America [41].

1.3 Biological Insights from GEP

Aside from its clinical value, gene expression profiling has provided important insights into 

the pathobiology of UM. The GEP of class 1 tumors closely resembles that of normal uveal 

melanocytes and low-grade uveal melanocytic tumors, whereas the GEP of class 2 tumors 

shows reduced expression of melanocytic genes and instead resembles the transcriptome of 

primitive neural/ectodermal stem cells [42, 43].

The 12 discriminating genes in the GEP assay are indicated in Table 1. Many of these genes 

have been previously shown to be associated with cancer [40].

1.4 Class 2 Tumors and BAP1 Mutations

Our findings suggested that class 2 tumors have undergone mutations that lead to a loss of 

melanocyte cell identity and reversion to a stem-like phenotype. We used exome capture 

followed by next-generation sequencing to search for mutations that may be specifically 

associated with class 2 tumors [44]. We identified frequent inactivating mutations in the 

BRCA1-associated protein 1 (BAP1), located at chromosome 3p21.1, and loss of the other 

copy of chromosome 3, in the vast majority of class 2 tumors but in only one class 1 tumor 

which retained two copies of chromosome 3. BAP1 is a ubiquitin carboxy-terminal 

hydrolase that appears to play a major role in the developmental regulation of chromatin 

structure as a component of the Polycomb repressor complex PR-DUB [45]. We reported 

one uveal melanoma patient carrying a germline BAP1 mutation [44], and we identified 

another family with a germline BAP1 mutation in which uveal and cutaneous melanoma 

occurred in multiple family members (unpublished data). Subsequent to our report, there 

have been a growing number of cancers associated with somatic and germline BAP1 

mutations, including uveal and cutaneous melanoma, mesothelioma, meningioma, lung 

cancer, breast cancer, and renal carcinoma [46–53]. Despite the strong correlation between 

BAP1 mutations and the class 2 signature, however, the latter continues to be much more 

accurate for clinical prognostic testing. As with chromosomal analysis, which suffers from 

intratumoral heterogeneity and consequent sampling error, BAP1 mutations can also be 

heterogeneously distributed within the tumor. Thus, we do not believe that either 
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chromosomal analysis or BAP1 testing should replace the GEP assay for routine clinical 

use.

2 Materials

2.1 Tumor Tissue Preservation and RNA Isolation

1. Molecular Devices Picopure RNA Isolation Kit for fine needle aspiration biopsy 

(FNAB) (Molecular Devices, Sunnyvale, CA).

2. TRIzol RNA Isolation Reagent for Snap-Frozen Tumor Samples (Invitrogen, 

Carlsbad, CA).

3. RecoverAll Total Nucleic Acid Isolation Kit for Formalin-Fixed Paraffin-

Embedded (FFPE) samples (Ambion, Austin, TX).

4. RNeasy Kit (Qiagen, Valencia, CA).

5. Microcentrifuge (Eppendorf 5415D or similar).

6. Nuclease-free pipette tips.

7. 0.5 ml microcentrifuge tubes (Applied Biosystems).

2.2 Real-Time PCR

1. cDNA synthesis reagents: High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems Inc.).

2. Pre-amplification reagents:

a. TaqMan® Pre-Amp Master Mix Kit.

b. 20× TaqMan® gene expression assays for the 12 discriminating genes and 3 

control genes (Table 1).

3. Tris–EDTA buffer (10 mM Tris–HCl, 1 mM EDTA, pH 8.0).

4. RT-PCR reagents:

a. TaqMan® Gene Expression Master Mix.

b. TaqMan® Low Density Array Format 16 RT-PCR plate custom ordered to 

include the 12 discriminant genes and 3 control genes. The components of 

the TaqMan® Pre-Amp Mix Kit and Gene Expression Master Mix are the 

proprietary property of Applied Biosystems, Inc.

5. Centrifuge (Sorvall Legend T Plus with TTH-750 rotor).

6. RT-PCR instrument (7900HT Fast Real-Time PCR System).

2.3 Gene Expression Analysis and Class Assignment

1. Sequence Detection Systems (SDS) Software for 7900HT Fast Real-Time PCR 

System.
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2. GIST Support Vector Machine learning algorithm software (http://

www.chibi.ubc.ca/gist).

3 Methods

3.1 Preparation of RNA

3.1.1 Preparation of RNA from Needle Biopsy Samples

1. The preferred method of obtaining tumor tissue for the GEP assay is by FNAB (see 

Note 1). Once the sample is obtained in the needle hub, it is immediately handed 

off to an un-scrubbed assistant and expelled into an empty RNase-free tube in the 

operating room (see Fig. 2).

2. The needle is then placed in another RNase-free tube containing 200 μl of 

extraction buffer (XB) from the PicoPure® RNA isolation kit, which was drawn up 

into the needle hub to dislodge and collect additional tumor cells, and the XB is 

then transferred to the first (empty) tube.

3. The cap of the tube is closed, and the tube is flicked gently with the finger to 

suspend the tumor cells in the XB.

4. The collection tube is then snap frozen in liquid nitrogen prior to leaving the 

operating room.

5. For transport to the testing laboratory, tubes are placed on dry ice and mailed by 

overnight courier.

6. Once the specimen arrives in the laboratory, RNA is isolated using the PicoPure® 

kit (including the optional DNase step).

7. Pipet an equal volume of 70 % ethanol solution to the tube containing FNAB 

sample in extraction buffer by pipetting up and down ten times.

8. Pipet the mixture onto the membrane of the pre-cleansed purification column.

9. Spin at 100 × g for 2 min and immediately followed by a spin at 16,000 × g for 1 

min.

10. Wash the column sequentially with wash buffer 1 and 2 and spin at 8,000 × g for 1 

min. Follow with another wash with buffer 2, and spin at 16,000 × g to dry the 

column.

11. Elute RNA with 10–30 μl of DEPC-treated water or elution buffer (EB).

12. To remove genomic DNA from total RNA add 0.1 volume of 10× DNase I buffer 

and 0.5–1 μl of 2 U/μl DNase I to the RNA solution and incubate at 37 °C for 20–

30 min.

1FNBA is typically performed in the operating room and may occur as an isolated procedure but more often is performed at the time 
of surgery for insertion of a radioactive plaque for brachytherapy or at the time of enucleation (eye removal). In the case of 
brachytherapy, the biopsy is performed immediately prior to attachment of the plaque to the surface of the eye. It is important to note 
that this assay has not been validated for tumors that were previously irradiated, which would be expected to alter global gene 
expression. In the case of enucleation, the biopsy is performed away from the operative field immediately after eye removal.
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13. Inactivate DNAse I with 0.1 volume of the DNAse inactivation reagent to the 

sample. Incubate in room temperature for 2 min, and spin at 10,000 × g for 1 min to 

pellet the DNase inactivation reagent. RNA can be further purified using RNeasy 

column (Qiagen) or used for subsequent steps.

14. Determine the concentration of RNA samples using a Nanodrop 

Fluorospectrometer. This procedure usually yields about 100 ng to 1.5 μg total 

RNA per FNAB.

3.1.2 Preparation of RNA from Snap-Frozen Tumor Samples

1. For eyes that are undergoing enucleation, an alternative method for obtaining tumor 

samples is to open the globe immediately after the eye is removed and dissect a 

small piece of tumor tissue using a blade or a scissors.

2. The sample is wrapped in foil, immediately snap frozen in liquid nitrogen, and 

maintained in a frozen state (at least −80 °C).

3. When ready for analysis, part or all of the frozen tumor sample is thawed and 

immediately placed in TRIzol reagent.

4. RNA is isolated according to the TRIzol protocol, including the optional isolation 

step, and purified using RNeasy kits according to the manufacturer’s instructions.

5. Homogenize tissue samples in 1 ml of TRIzol reagent per 50–100 mg of tissues and 

incubate at room temperature for 5 min to permit the complete tissue dissociation. 

Centrifuge to remove cell debris.

6. Transfer supernatant to new tube, and add 0.2 ml of chloroform per 1 ml or TRIzol 

reagent. Vortex samples and incubate at room temperature for 2–3 min. Centrifuge 

the samples at 12,000 × g at 8 °C for 15 min.

7. Remove carefully upper aqueous phase containing RNA, and precipitate RNA by 

mixing with isopropyl alcohol. Use 0.5 ml of isopropyl alcohol per 1 ml of TRIzol 

reagent used for the initial homogenization. Incubate samples at 15–30 °C for 10 

min and centrifuge at 12,000 × g at 8 °C for 10 min.

8. Remove the supernatant, and wash the RNA pellet twice with 75 % ethanol (1 ml 

of ethanol per 1 ml of TRIzol reagent) by vortexing and spinning at 7,500 × g at 8 

°C for 5 min.

9. Air-dry RNA pellet for 5–10 min, and dissolve RNA in DEPC-treated water. Take 

OD at 260 and 280 nm to determine sample concentration and purity.

10. RNA samples are stored at −80 °C and handled as described for the biopsy method.

3.1.3 Preparation of RNA from Formalin-Fixed Paraffin-Embedded Samples

1. The GEP assay can be reliably performed on FFPE samples that are up to 3 years 

old. For this method, five 10 μm sections are obtained from tissue blocks, and 

tumor tissue is scraped away from surrounding normal material using a dissecting 
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microscope (laser capture microdissection is not necessary) and collected in 

RecoverAll™.

2. Total RNA is isolated using the RecoverAll™ Total Nucleic Acid Isolation kit 

following the manufacturer’s protocol.

3. FFPE samples are deparaffinized using a series of xylene and ethanol washes. 

Tissue slices are placed in microcentrifuge tube, and 1 ml of xylene is added to the 

sample. Incubate the sample at 50 °C for 3 min to melt paraffin. Centrifuge at 

maximum speed at room temperature for 2 min.

4. Remove the xylene, and wash the pellet with 1 ml of ethanol by vortexing. 

Centrifuge at maximum speed at room temperature for 2 min. Repeat the washing 

step with 100 % ethanol. Remove the ethanol, and air-dry the pellet.

5. Next, the samples are subjected to a rigorous protease digestion. Add digestion 

buffer (100–200 μl) to each sample and 4 μl of Protease K. Incubate the sample in 

heat blocks at 50 °C for 15 min and then at 80 °C for 15 min.

6. Add isolation additive/ethanol mixture according to the volume of digestion buffer 

(e.g., 790–200 μl, respectively) and mix.

7. RNA is purified using filter cartridge methodology. Pipet the sample/ethanol 

mixture on the cartridge and centrifuge at 10,000 × g for 30 s. Discard the flow 

through, and wash the filter cartridge with 700 μl of wash 1 buffer followed by 500 

μl of wash 2/3. Centrifuge at 10,000 × g for 30 s each time.

8. Final step includes an on-filter nuclease treatment with DNase mix containing 6 μl 

of 10× DNase buffer, 4 μl DNase, and 50 μl nuclease-free water at 22–25 °C for 30 

min.

9. Filter cartridge is washed with 700 μl of wash 1 and centrifuged at 10,000 × g for 

30 s. Repeat this step with wash 2/3. RNA is eluted into either water or the low-salt 

elusion solution. RNA samples are stored at −80 °C and handled as described for 

the biopsy method.

3.2 Real-Time PCR

1. RNA samples quantified using the Nanodrop 1000 spectrophotometer are 

converted to cDNA using the High Capacity cDNA Reverse Transcription kit from 

Applied Biosystems. Add 50 ng to 1 μg of RNA to the cDNA transcription step in a 

final reaction volume of 20 μl.

2. The reverse transcription reaction is performed in a 96-well plate using the 7900HT 

Real-Time PCR System.

3. Combine cDNA reactions with 0.2× pooled TaqMan assay mix containing equal 

volumes of each of the 15 TaqMan assays used to amplify discriminant and control 

genes and TaqMan® Pre-Amp Master Mix.

4. Pre-amplification is carried out for 14 cycles in a 96-well plate using the 7900HT 

system and immediately placed on ice following completion of cycling.
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5. Dilute pre-amplified samples 20-fold into sterile TE buffer and store at −20 °C until 

needed.

6. Perform PCR step using the 7900HT Real-Time PCR System with Applied 

Biosystems TaqMan® Gene Expression Assays and Gene Expression Master Mix 

following the manufacturer’s protocol.

7. Thaw, vortex, and centrifuge pre-amplified samples. Add an equal volume of 2× 

TaqMan® Gene Expression Master Mix to each reaction and mix thoroughly by 

vortexing. Centrifuge samples prior to loading to 96-well microfluidics plate.

8. TaqMan® Microfluidics Expression Arrays are custom ordered to include our 12 

class discriminating genes, 3 endogenous control genes, and 18S rRNA as a 

manufacturer’s control, and each sample is analyzed in triplicate.

9. Add 100 μl of reaction mix to each fill port of the custom microfluidics plate.

10. Centrifuge the array to dispense approximately 2 μl of pre-amplified reaction mix 

per well. Verify that all wells have uniform volume following centrifugation step. 

The plate is ready to be run on the 7900HT instrument.

11. SDSv2.3 software is used to control the 7900HT system, and samples undergo 40 

cycles of amplification during the procedure.

12. Ct values are calculated using the manufacturer’s software, and mean Ct values are 

calculated for all triplicate sets. Δ Ct values are calculated by subtracting the mean 

Ct of each discriminating gene from the geometric mean of the mean Ct values of 

the three endogenous control genes (see Note 2).

13. An “undetectable transcript” is defined as a transcript that exhibits no Ct value after 

40 qPCR cycles. A “sample failure” is defined as a sample in which one or more 

endogenous control transcripts are undetectable after 40 qPCR cycles (see Note 3).

3.3 Analysis

1. We selected support vector machine (SVM) as the machine learning algorithm for 

this assay because it is a robust and widely accepted machine learning algorithm 

and because it outperformed other similar algorithms in our analyses.

2. SVM uses a training set of samples with known molecular class to assign new test 

samples. We have generated such a training set of samples from patients with very 

long follow-up.

2Since the amount of RNA in these samples is too low to evaluate for RNA quality using conventional electrophoretic methods, we 
have found it useful to use the geometric mean of the Ct values of the three endogenous controls as a measure of intact RNA template 
available for amplification in each sample. This is based on the assumption that the endogenous controls should be expressed at 
constant levels across all uveal melanomas, so a high Ct value should be a technical rather than biological aberration.
3Sample failure in the prospective, multicenter study and on the current commercial platform is less than 5 % of samples, which is far 
superior to failure rates reported for all available chromosomal analytic platforms that have been subjected to peer review [41]. We 
found no relationship between sample failure and the concentration of RNA in the original sample as measured by NanoDrop, 
indicating that the GEP assay can detect RNA transcripts below the limits of the NanoDrop instrument. Rather, sample failure 
correlates with deviation from the SOPs for obtaining and processing samples. These deviations include failure to immediately snap 
freeze samples in the operating room and maintain them at −80 °C until analyzed and dilution of the 200 μl of extraction buffer with 
excess ocular fluid.
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3. SVM inputs the gene expression data of the training set as two sets of vectors (class 

1 and class 2) in n-dimensional space and then constructs a hyperplane that 

maximizes the space between the two data sets [54]. SVM then classifies test 

samples by placing them on one or the other side of this hyperplane. The proximity 

of the sample to the hyperplane is inversely proportional to the discriminant score, 

which is a measure of confidence.

Initially, we were concerned that a low discriminant score may be associated with less 

accurate test results. However, this has not been the case. Nevertheless, we issue a reduced 

confidence warning if the score is below 0.1.
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Fig. 1. 
Prognostic performance of the 15-gene assay. Kaplan–Meier survival plot of 334 uveal 

melanoma patients with up to 5-year follow-up
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Fig. 2. 
Work flow for 15-gene expression profile prognostic assay. (a) A needle biopsy of the uveal 

melanoma is performed prior to plaque brachytherapy or immediately after enucleation (eye 

removal). (b) The needle biopsy aspirate is immediately expelled into an empty tube, and 

then the same needle is used to draw up 200 μl of extraction buffer, which is then expelled 

into the first tube containing the tumor sample. (c) RNA is isolated, converted to cDNA, 

pre-amplified, loaded onto TaqMan® Expression Assays on microfluidics cards, and 

subjected to PCR using the 7900HT Real-Time PCR System. (d) Ct values are calculated 

and analyzed using support vector machine (SVM), which compares new test samples to a 

validated training set of samples. SVM assigns each new sample to class 1 or class 2
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Table 1

Genes included in the 15-gene expression profile

Gene symbol Gene name

Up-regulated in class 2 uveal melanomas

 CDH1 E-cadherin

 ECM1 Extracellular matrix protein 1

 HTR2B 5-Hydroxytryptamine (serotonin) receptor 2B

 RAB31 RAB31, member RAS oncogene family

Down-regulated in class 2 uveal melanomas

 EIF1B Eukaryotic translation initiation factor 1B

 FXR1 Fragile X mental retardation, autosomal homolog 1

 ID2 Inhibitor of DNA binding 2

 LMCD1 LIM and cysteine-rich domains 1

 LTA4H Leukotriene A4 hydrolase

 MTUS1 Microtubule-associated tumor suppressor 1

 ROBO1 Roundabout, axon guidance receptor, 1

 SATB1 SATB homeobox 1

Control genes

 MRPS21 Mitochondrial ribosomal protein S21

 RBM23 RNA-binding motif protein 23

 SAP130 Sin3A-associated protein, 130 kDa
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