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Abstract Background and aim of the study: Mutations in the Ga-genes GNAQ and GNA11

are found in 85e90% of uveal melanomas (UM). Aim of the study is to understand whether

the mutations in both genes differentially affect tumor characteristics and outcome and if so,

to identify potential mechanisms.

Methods: We analyzed the association between GNAQ and GNA11 mutations with disease-

specific survival, gene expression profiles, and cytogenetic alterations in 219 UMs. We used
netics Unit, IRCCS Ospedale Policlinico San Martino, Largo Rosanna Benzi 10, 16132 Genova, Italy.
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purification;

Mass spectrometry
tandem-affinity-purification, mass spectrometry and immunoprecipitation to identify protein

interaction partners of the two G-proteins and analyzed their impact on DNA-methylation.

Results: GNA11 mutation was associated with: i) an increased frequency of loss of BRCA1-

associated protein 1 (BAP1) expression (p Z 0.0005), ii) monosomy of chromosome 3

(p < 0.001), iii) amplification of chr8q (p Z 0.038), iv) the combination of the latter two

(pZ 0.0002), and inversely with v) chr6p gain (pZ 0.003). Our analysis also showed a shorter

disease-specific survival of GNA11-mutated cases as compared to those carrying a GNAQ mu-

tation (HR Z 1.97 [95%CI 1.12e3.46], p Z 0.02). GNAQ and GNA11 encoded G-proteins

have different protein interaction partners. Specifically, the Tet Methylcytosine Dioxygenase

2 (TET2), a protein that is involved in DNA demethylation, physically interacts with the

GNAQ protein but not with GNA11, as confirmed by immunoprecipitation analyses. High-

risk UM cases show a clearly different DNA-methylation pattern, suggesting that a different

regulation of DNA methylation by the two G-proteins might convey a different risk of pro-

gression.

Conclusions: GNA11 mutated uveal melanoma has worse prognosis and is associated with

high risk cytogenetic, mutational and molecular tumor characteristics that might be deter-

mined at least in part by differential DNA-methylation.

ª 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Approximately 5% of all melanomas affect the eye [1].

The incidence of uveal melanoma (UM) in the USA is

4.3 per million (4.1e4.5; 95% confidence interval) [2].

The European Cancer Registry-based study on survival

and care of cancer patients (EUROCARE) for the years
1983e1994 reported similar incidence rates, with a

characteristic increase from south to north, from <2 per

million in Spain and southern Italy to >8 per million in

Norway and Denmark [3]. Despite successful local

treatment, many UM patients develop metastases: 25%

and 34% within 5 and 10 years, respectively. Median

survival after diagnosis of metastatic UM is approxi-

mately one year [4]. The long-term cumulative uveal
melanoma-related mortality rate is over 50% for me-

dium and large tumors at 25 years after primary treat-

ment [5]. For recent reviews see Refs. [6e8].

Mutations in GNAQ [9] and GNA11 [10], two genes

encoding Ga subunits of G-proteins, are considered

drivers of UM carcinogenesis. These mutations are

present in 7% of blue nevi and are found in a mutually

exclusive manner in most UMs [6,11,12]. Three cases
with mutations in both genes have been reported [13,14].

Mutations occur in two hotspot codons i.e., Gln 209

and, less frequently, Arg183, both located in the Ras-

like GTPase domain of the protein [15]. The G-pro-

teins, GNAQ and GNA11, activate the G-protein

signaling cascade [16] and the organ size control-

associated transcription factor complex YAP/TAZ

[17,18].
Two reports have described a significantly increased

frequency of GNA11 mutations in metastatic UM: Van

Raamsdonk et al. reported mutations of GNA11 and

GNAQ in 56.5% (n Z 13) and 21.7% (n Z 5) of patients
respectively [10] and Griewank et al. found 60%
(n Z 18) GNA11 versus 20% (n Z 6) GNAQ mutations

[19]. UM patients with GNA11 mutations had signifi-

cantly reduced survival [19]. In another study of 85

GNAQ or GNA11 mutated UM, GNA11 showed no

difference in disease-free survival with a trend towards

more rapid development of metastases. A recent analysis

showed a trend towards an increased incidence of me-

tastases in GNA11 mutated UM as compared to GNAQ

mutated cases that did, however, not reach significance

[20]. Here we analyze the association of GNAQ and

GNA11 mutations with metastatic UM in three cohorts

of a total of 219 cases with known mutation status. For

most of these cases, cytogenetic, gene expression, and

follow-up data were available.

2. Results

2.1. Structural similarity of GNAQ and GNA11 proteins

Alignment of the protein sequences of GNAQ and

GNA11 reveals an identity of 90%. Both proteins are

composed of two lobes, a RAS-like domain and a sec-
ond domain consisting of a six-helix bundle. The

nucleotide-binding domain is located between the two

lobes. The differences in amino acid composition are

mostly concentrated in the helical domain (22 out of 28

substitutions in GNAQ versus GNA11, Fig. 1). Notably,

all the mutated residues, except Glu95Asp, are located

in positions not involved in the quaternary structure

formation with the b and g subunits [as inferred from
the structure of the homologous Rattus norvegicus

GNAI1 alpha1 (GDP) b1 g1 heterotrimer (Protein Data

Bank entry 1GG2)] [21]. These sequence variations be-

tween GNAQ and GNA11 are likely to affect the



Fig. 1. Sequence variation between GNAQ and GNA11 proteins. A) Ribbon representation of the model of the GNA11 molecule built by

homology on the crystallographic structure of the murine GNAQ used as template [43]. The first 37 amino acids are not shown as they are

disordered in the template structure. The six-helix bundle domain is in the upper part of the picture, the RAS-like domain in the lower one.

The bound GTP molecule is shown in ball-and-stick. B) Positions of conservative and non-conservative amino acid differences between

GNA11 and GNAQ are colored in blue and orange, respectively. Arg183 and Gln209 side chains are shown in magenta; Ile62, Val179, and

Phe339 side chains are colored in yellow. The nucleotide-binding amino acid stretches dubbed G-1 e G-5 boxes [19] are shown in green.

(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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interactions with other proteins that are mediated by the
helical domain (for further details see Supplement 1).

2.2. Comparison of GNAQ and GNA11 gene expression

in relationship with their mutational status

We analyzed three cohorts of primary UM for a total of

276 cases (124 from the Department of Ophthalmology,

Leiden University Medical Center, Leiden, The

Netherlands [22]), 72 from the Laboratory of Tumor
Epigenetics, Ospedale Policlinico San Martino, Genoa,

Italy [23,24] and 80 from TCGA-UVM) [25]. For 258 of

these cases GNAQ and GNA11 mutational status, other

somatic mutations, cytogenetic alterations, and clinical

follow-up were available. GNAQ and GNA11 mutations

were mutually exclusive in all except two cases of the

TCGA cohort. Double mutant and double wild type

cases were not considered in this study resulting in a
dataset of 219 UM patients. For 190 of them, GNAQ and

not recursive GNA11 expression profiles were available.

Patient characteristics and their associations with GNAQ

or GNA11 mutation status are reported in Table 1.

Different effects of mutations in the two G-proteins

could be determined by different expression levels, since

activating mutations in a more highly-expressed gene are

expected to elicit stronger effects on signaling. We
observed a slightly higher expression of GNA11 than

GNAQ in the gene expression profiles of the combined

dataset of 190 UM cases that was cleaned from batch

effects, as previously described (Suppl. Figure 1a). The
mRNA expression of the two G-proteins was not signif-
icantly different in UMs carrying GNAQ or GNA11 mu-

tations and the presence of the mutation does not induce

an increased expression of the corresponding G-protein

compared to the wild type protein (Suppl. Fig. 1bec).

2.3. Association of GNAQ and GNA11 mutations with

cytogenetic features and BAP1 mutations

Prior reports on survival concerning GNA11 and
GNAQ have provided contradictory results. Such re-

ports concerned small series [10,19]. We therefore

analyzed the association of GNAQ and GNA11 muta-

tions with survival and cytogenetic alterations in a

cohort of 219 patients. In KaplaneMeier analysis for

disease-specific survival GNA11 mutated cases showed a

shorter disease specific survival (HR Z 2.02 [95% CI

1.13e3.62], p Z 0.014) (Fig. 2). The hazard ratio (uni-
variate Cox) for disease-specific death of a GNA11 vs

GNAQ mutation was HR Z 1.97 [95% CI 1.12e3.46],

(p Z 0.02). The association of GNA11 mutations with

survival had a similar trend in all three cohorts (Supp.

Figure 2).

Fifty-one of 107 primary UM cases (48%) with a

GNA11 mutation and 43 of 112 cases (38%) with a

GNAQ mutation developed metastases during follow-up
(HR Z 1.46 [95% CI 0.85e2.50]). This trend was

observed in each of the three cohorts (Table 1) but

reached significance neither in the combined (p Z 0.17)

nor in the single cohorts (data not shown).



Table 1
Patient and sample characteristics.

Data Element GNAQ GNA11 Total Hazard Ratio*

[CI]

Significance

p-value Chi-Square

# of cases

Total 112 (51.14%) 107 (48.86%) 219 0.82 0.398

Leiden 57 (49.14%) 59 (50.86%) 116

TCGA 38 (53.52%) 33 (46.48%) 71

Genoa 17 (53.12%) 15 (46.88%) 32

Age (years) median [95% CI] range median [95% CI] range

60 [56.87e62.05] (27e87) 62.72 [58.41e64.21] (13e88) 0.35

Sex

Male 68 (53.13%) 60 (46.87%) 128 0.49 0.485

Female 44 (48.35%) 47 (51.65%) 91

Histology n [ 218

Spindle cell 37 (53.62%) 32 (46.38%) 69 0.31 2.339

Epitheloid 16 (40%) 24 (60%) 40

Mixed 58 (53.21) 51 (46.79%) 109

Tumor dimensions median [95% CI] range median [95% CI]

n Z 207 largest diameter 15 [13.80e15.39] (2e30) 14 [13.33e14.99] (2e25) 0.45

n Z 215 thickness 9 [7.98e9.14] (1e15) 9 [7.93e9.28] (1e16) 0.92

Stage n [ 210

I a-d 6 (37.5%) 10 (62.5%) 16 0.63 1.729

II a-d 29 (48.33%) 31 (51.67%) 60

III a-d 51 (54.26%) 43 (45.74%) 94

IV a-e 20 (50%) 20 (50%) 40

Cytogenetics

chr3 monosomy n Z 204 41 (þ2 LOH) (38.68%) 65 (þ4 LOH) (61.32%) 106 2.97 [1.66e5.31] 0.0002 13.881

chr8q amplification n Z 199 57 (45.6%) 68 (54.4%) 125 1.85 [1.03e3.32] 0.038 4.305

chr3 mon./chr8q amp. n Z 193 33 (37.08%) 56 (62.92%) 89 3.07 [1.71e5.53] 0.0002 14.363

chr6p gain n Z 199 52 (64.20%) 29 (35.80%) 81 2.44 [1.36e4.37] 0.003 9.157

BAP1 Alteration$ n [ 219

27 50 77 2.76 [1.55e4.91] 0.0005 12.284

Follow-up (months) median [95% CI] Range median [95% CI] range

47.23 [54e72.92] (0e222) 38.05 [46.96e67.02] (0e209) 0.35

Metastases

Total 43 (45.75%) 51 (54.25%) 94 0.17 1.920

Disease specific death

31 (40.26%) 46 (59.74%) 77 1.97 [1.12e3.46] 0.02 5.628

Overall survival n [ 77 median [95% CI] Range median [95% CI] range

31.5 [30.97e53.51] (2e120) 26.97 [25.02e37.08] (1e97) 0.058

Histopathological, cytogenetic, and molecular features of GNA11 and GNAQ mutated primary UM.

The Hazard Ratio is calculated for GNA11 mutated cases in comparison to GNAQ mutated cases. Significant data are reported in bold characters.

* ZGNA11 versus GNAQ, $ Z for the Leiden cohort, a negative IHC staining was used as surrogate for BAP1 mutation.
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GNA11 mutations were not associated with tumor

stage but were strongly correlated with cytogenetic al-

terations like monosomy of chr3 (p < 0.001) and

amplification of chr8q (p Z 0.038) (Table 1), both of
which are known to be associated with an increased

metastatic risk. GNA11 mutations were inversely asso-

ciated with gain of chr6p (p Z 0.003) that has been

associated with a more benign behavior of the tumor.

GNA11 mutations also occur significantly more

frequently in tumors with both chr3 monosomy and

chr8q amplification (p < 0.001).

The trend for an association of GNA11 mutations
with metastasis can, at least in part, be explained by the

fact that GNA11-mutated cases showed a higher fre-

quency of loss of BAP1 than GNAQ-mutated cases (HR
2.76 [95% CI Z 1.55e4.91], p < 0.001, Table 1). For the

analysis of BAP1, we used mutation data from the

TCGA and the Genoa cohort (103 UM) and immuno-

histochemistry data from the Leiden cohort (116 UM)
since BAP1 mutations abolish the expression of the

protein in the nuclei of the cells [13,26e30].

Of the 51 metastatic UM patients with GNA11 mu-

tations, 46 (90.19%) diedwithin the period of observation.

Twenty-nine (63.04%) of these carried a BAP1 mutation.

Thirty-one (72.09%) of 43 metastatic patients with

GNAQmutations died and 16 (51.61%) of them carried a

BAP1 mutation (HR Z 3.25 [95% CI 1.46e7.22],
pZ 0.03).GNA11mutations were not associated with the

thickness and the largest diameter of the primary tumor,

age at diagnosis, sex, and histology; Table 1).



Fig. 2. KaplaneMeier disease-specific survival analysis on Cox proportional hazard multiple regression model for GNAQ and GNA11

mutated primary UMs. GNA11 mutated cases showed a more rapid progression towards the death of disease (HR Z 2.02 [95% CI

1.13e3.62], p Z 0.014).

Table 2
Estimation of infiltrating cells and tumor purity by gene expression data analysis.

MCP GNAQ GNA11 Chi-Square p-value Odds Ratio 95% Interval Confidence

Low High Low High Lower Upper

T cells 48 28 32 47 7.958 0.005 2.518 1.318 4.810136

CD8 T cells 48 28 31 48 8.867 0.003 2.654 1.387 5.079

Cytotoxic lymphocytes 40 36 39 40 0.165 0.684 1.14 0.607 2.14

NK cells 41 35 39 40 0.325 0.568 1.201 0.639 2.258

B lineage 33 43 46 33 3.398 0.065 0.551 0.291 1.041

Monocytic lineage 42 34 39 40 0.54 0.463 1.267 0.674 2.383

Myeloid dendriticcells 40 36 40 39 0.062 0.803 1.083 0.577 2.035

Neutrophils 42 34 39 40 0.54 0.463 1.267 0.674 2.383

Endothelial cells 34 42 43 36 1.456 0.228 0.678 0.36 1.276

Fibroblasts 40 36 40 39 0.62 0.803 1.083 0.577 2.035

Identification and qualitative validation of transcriptomic markers of stromal and immune infiltrated cells obtained from MCPcounter algorithm

concerning GNAQ or GNA11 mutated UMs. Significant data are reported in bold characters.
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2.4. Differential gene expression in GNAQ and GNA11

mutated UMs

We investigated if GNAQ and GNA11 mutations were

correlated to differences in gene expression that might

functionally explain their effects on UM progression. We

performed a rigorous class comparison analysis using

Significance Analysis of Microarrays on the gene

expression profiles of a combined dataset of 190 cases that
were cleaned from batch effects, as previously described

[31]. Thirty-five genes were differentially expressed in
GNAQ-versus GNA11-mutated cases in a statistically

significant manner (Fig. 3a). Gene enrichment analysis

showed their involvement in GTPase activation and

regulation of immune response (Fig. 3b). Among the

overexpressed genes in GNA11-mutated cases, we iden-

tified the phospholipase C beta 2 Protein (PLCB2), the

Signal Transducer and Activator of Transcription 3
(STAT3), and the GTPase-Activating Protein (ASAP1,

also namedDDEF1).ASAP1 is involved in the regulation

of the interrelated signaling pathways of GNAQ/GNA11,

RhoA, ARF1, ARF6, and Phosphatidylinositol-4,5-



Fig. 3. Gene expression depending on the GNAQ and GNA11 mutational status in UMs. A. The expression profiles of cases with GNAQ

and GNA11 mutations were interrogated by Significance Analysis of Microarrays and the expression values of significant genes were

clustered by hierarchical clustering. The two clusters formed were enriched for cases with GNA11 (right cluster) and GNAQ (left cluster)

mutations. The expression values are reported by a color scale (blue Z expression below the mean, red Z expression above the mean,

blackZ expression at the mean; the intensity is related to the distance from the mean). The bars above the dendrogram show the mutation

status (GNAQ mutated Z pink, GNA11 mutated Z purple, both wild type Z green and both mutated Z blue), patient status (dark

redZmetastatic, dark salmonZmetastasis-free), death of disease (gradient starting from dark olive greenZDeath with UMmetastases,

to light-olive green Z Alive), BAP1 protein expression (turquoise Z absent, intense turquoise Z present), chr3 status

(orange Z monosomic, yellow Z disomic), chr8q status (intense sky blue Z gain, light sky blue Z no gain) and chr6p status (dark

gray Z gain, light gray Z no gain). Cases with missing information Z black. B. Gene set enrichment analysis for biological pathways to

which DEGs analyzed by SAM are annotated. The pathways with the highest confidence levels are shown (https://maayanlab.cloud/

Enrichr/). C. Association of GNAQ and GNA11 mutations with prognostic molecular classes. The gene expression-based prognostic

classifier was used for hierarchical clustering of UM cases with GNAQ and GNA11mutations. The expression values are reported as above

stated. D. Contingency table of GNAQ and GNA11 mutated cases concerning stratification by Harbour multigene classifier. GNA11

mutated patients showed a more enrichment in high risk class 2 group (HR Z 1.92 [95% CI 1.01e3.36], p Z 0.04). (For interpretation of

the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Bisphosphate 3-Kinase (PI3K ); PLCB2, an orthologue
of the UM driver gene PLCB4, has been previously pro-

posed as a secondary driver [31]. Supplementary Table 1

shows the list of differentially expressed genes and

supplementary Table 2 indicates the related gene enrich-

ment analysis for biological pathways.

We applied the molecular classifier developed by

Harbour and colleagues [32] to the expression data of

the 190 Ums. The analysis showed that the cluster of
class 1 cases with low risk of metastasis had prevalently

GNAQ mutations whereas most of GNA11 mutated UM

fell in the cluster of class 2, associated to high metastatic

risk. Fourty-four (57.9%) of 76 GNAQ-mutated UMs

belong to the low-risk class 1 and 32 (42.1%) to the high-

risk class 2 while 33 (41.8%) of 79 GNA11-mutated cases

were classified to class 1 and 46 (58.2%) to class 2

(HR Z 1.92 [95% CI 1.01e3.36], p Z 0.04) (Fig. 3d).
The associations with specific cytogenetic features

(monosomy of chr3, amplification of chr8q, and,

inversely, chr6p gain) and BAP1 mutation are also

evident (Fig. 3c).
It is known that class two (poor prognosis) UM
patients are characterized by greater tumor infiltrate,

so we analyzed the composition of tumor infiltrate

for 190 primary UMs using the MCPcounter tool

[webMCP-counter: a web interface for tran-

scriptomics-based quantification of immune and

stromal cells in heterogeneous human or murine

samples [62,63,64]. We found a significant increase of

T cells and CD8 T cells in GNA11 mutated patients
(Table 2).

2.5. Differential gene expression in accordance to GNAQ

and GNA11 mutational status in UM cell lines

The association of an increased metastatic risk with

GNA11 mutations could also rely on the effects of the

immune infiltrate on global gene expression variation.
To assess the effects of GNAQ and GNA11mutations on

different signaling pathways in the absence of immune

cells, we decided to perform differential gene expression

analyses on a panel of eight UM cell lines with or

https://maayanlab.cloud/Enrichr/
https://maayanlab.cloud/Enrichr/
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without GNAQ and GNA11 mutations (MEL285 and

MEL290, wild type; OMM1, UPMD1 and UPMD2,

GNA11 only mutated; UPMM1, UPMM2 and UPMM3

only GNAQ mutated). Very few viable UM cell lines

show chr3 monosomy and, unfortunately, our collection

of cell lines does not reflect the association of GNA11

mutations with chr3 monosomy.

The gene expression profiles of GNAQ and GNA11-
mutated cells were evaluated by class comparison

analysis, through SAM analysis, showing that 118

genes were differentially expressed, in a statistically

significant manner, in GNAQ versus GNA11-mutated

cell lines (106 up-regulated and 12 down-regulated)

(Fig. 4a). The gene enrichment analysis of differen-

tially expressed genes showed that these genes are

significantly involved in the signaling of phospholipase
D and Rap1 and the pathways involving

epithelialemesenchymal transition (EMT) and focal

adhesion (Fig. 4b). The list of differentially-expressed

genes in the cell lines and the gene enrichment anal-

ysis for biological pathways are shown in

supplementary Tables 3 and 4, respectively. Genes
Fig. 4. Differential gene expression related to the GNAQ and GNA11

GNAQ and GNA11 mutated cell lines were interrogated by Significanc

genes were clustered by hierarchical clustering. The expression values

red Z expression above the mean, black Z expression at the mean; the

the dendrogram show the expression status (GNAQ mutated Z green,

(orangeZmonosomic, yellowZ disomic). B) Gene set enrichment ana

annotated (https://maayanlab.cloud/Enrichr/). The plot shows the signi

ratio. Each point represents a single gene set; the x-axis measures the od

-log (p-value) of the gene set. Larger blue points represent significant te

terms. The darker the blue color of a point, the more significant it is. (

the reader is referred to the Web version of this article.)
differentially expressed in cell lines show only a mini-

mal overlap with genes differentially expressed in

human tumors, which is likely since the latter often

reflects the tumor infiltrate.

2.6. Different interactions partners of GNAQ and GNA11

proteins identified by tandem affinity purification and

mass spectrometry (TAP-MS/MS) analysis

Functional differences between the two G-proteins

might be determined by different interaction partners.

To investigate this aspect, we employed Tandem Affinity

Purification and Mass Spectrometry (TAP-MS/MS) [33]

to identify proteins that interact with GNAQ or GNA11.
Specifically, we decided to transfect the OMM1 GNA11

mutated cell line with four different constructs carrying

the mutated or wild type form of both G-protein genes

or with the vector alone, as a negative control. Western

blot analysis confirmed the expression of GNAQ and

GNA11 proteins in cells transfected with the corre-

sponding constructs, indicating its efficient intracellular

delivery (Suppl. Figure 3).
mutational status in UM cell lines. A) The expression profiles of

e Analysis of Microarrays and the expression values of significant

are reported by a color scale (blue Z expression below the mean,

intensity is related to the distance from the mean). The bars above

GNA11 mutated Z slate blue, both wild type Z pink), chr3 status

lysis for biological pathways to which DEGs analyzed by SAM are

ficance of each gene set from the selected gene ontology vs its odds

ds ratio (0, inf) calculated for the gene set, while the y-axis gives the

rms (p-value < 0.05); smaller gray points represent non-significant

For interpretation of the references to colour in this figure legend,

https://maayanlab.cloud/Enrichr/


Fig. 5. GNAQ and GNA11 protein interaction partners in OMM1

cell lines. A) Three-dimensional scatter plot of the principal

component analysis of GNAQ wild type (blue dots), GNA11 wild
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Interaction partners were captured by affinity purifi-

cation via the two protein tags added N-terminally in

frame to the coding sequences of GNAQ and GNA11

and identified by mass spectrometry analysis of the

peptides obtained after enzymatic digestion of the

captured proteins. A principal component analysis of

the identified interaction partners showed limited vari-

ation in each experimental group and extensive differ-
ences between groups (Fig. 5a). All G-protein baits

yielded a pattern of interaction partners clearly distinct

from that observed using the void control vector (green

dots) and GNAQ and GNA11 baits generated fairly

distant patterns. The mutated form of GNAQ showed a

pattern that was only slightly different from the pattern

associated with the wild type bait whereas the GNA11

mutated form showed a more clearly separated pattern
when compared to its wild type counterpart (Fig. 5a).

These differences are highlighted by the analysis of the

interaction partners by bootstrapping statistics. The

multiclass SAM analysis shows 39 interaction partners

(Fig. 5b and Suppl. Table 5). While proteins involved in

the cyclic guanosine monophosphate/CGMP-

Dependent Protein Kinase (c-GMP-PKG) and the c-

AMP signaling pathways are enriched among the
interaction partners of the mutated GNAQ, the Peroxi-

some Proliferator-Activated Receptor (PPAR) signaling

pathway is enriched in mutated GNA11 (Fig. 5c, Suppl.

Table 6).
type (yellow dots), GNAQ mutated (red dots), -GNA11 mutated

(purple dots), and control (green dots). B) Unsupervised

hierarchical-clustered heatmap of GNAQ and GNA11 protein

interaction partners. The heatmap shows relative intensity values

of proteins identified through Tandem-Affinity-Purification/

Mass Spectroscopy. Proteins differentially interacting with

GNAQ and GNA11 in cell lines expressing mutated or non-

mutated transgenic G proteins were analyzed by multiclass

SAM and significant interaction differences were clustered by

hierarchical clustering. Relative intensities are reported by a

color scale (blue Z intensity below the mean, red Z intensity

above the mean, black Z intensity at the mean; the color-

intensity is related to the distance from the mean). The bars

above the dendrogram show the transfected G-protein constructs

(GNAQ wild type Z blue, GNAQ mutated Z red, GNA11 wild

type Z yellow, and GNA11 mutated Z purple). C) Gene set

enrichment analysis for biological pathways for which differen-

tially interacting proteins are annotated (https://maayanlab.

cloud/Enrichr/). The plot shows the significance of each gene

set from the selected gene ontology versus its odds ratio. Each

point represents a single gene set; the x-axis measures the odds

ratio (0, inf) calculated for the gene set, while the y-axis gives

the -log (p-value) of the gene set. Larger blue points represent

significant terms (p-value < 0.05); smaller gray points represent

non-significant terms. The darker the blue color of a point, the

more significant it is. (For interpretation of the references to

colour in this figure legend, the reader is referred to the Web

version of this article.)

https://maayanlab.cloud/Enrichr/
https://maayanlab.cloud/Enrichr/


Figure: 6. CO-Immunoprecipitation assay in OMM1 cell lines. The mutated forms of GNAQ or GNA11 were transfected into OMM1 cells.

Immunoprecipitations were performed using total cell lysates either with anti-GNAQ (A) or GNA11 (B) antibodies followed by immu-

noblot analysis using an anti-TET2 antibody (A, B) (first row), anti-GNAQ (A), anti-GNA11 (B) (second row) and anti-PI3K antibodies

(third row). Equal amounts of lysates were immunoprecipitated with isotype control antibodies (middle lane).
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2.7. Analysis of interactions partners of GNAQ and

GNA11 proteins by Co-Immunoprecipitation (Co-IP)

analysis

We then decided to test two of the main interactors

identified above, one for each G-protein, by conven-
tional immunoprecipitation analysis in OMM1 cell line

transfected with a mutated form of GNAQ and GNA11

proteins. Given the striking difference in DNA-

methylation between high and low risk UM [14,34], we

focused on Tet Methylcytosine Dioxygenase 2 (TET2)

as an interaction partner of mutated GNAQ. Among the

interaction partners of mutated GNA11, we addressed

the oncogene product Phosphatidylinositol-4,5-
Bisphosphate 3-Kinase (PI3K).

The Western Blot analysis using TET2 specific anti-

bodies showed that mutated GNAQ but not mutated

GNA11 co-immunoprecipitated TET2 (Fig. 6). A similar

analysis did not comfirm PI3K binding to GNA11 since

the protein was also precipitated using isotype control

antibodies.

The interaction of TET2 with GNAQ but not with
GNA1 recursive might determine different DNA-

methylation patterns according to the mutational sta-

tus of UMs. We, therefore, analyzed the methylation

patterns of the samples from the TCGA cohort by

comparing cases with GNAQ versus GNA11 mutations

by bootstrapping statistics. The analysis showed that

356 genes were differentially methylated in GNAQ -vs

GNA11-mutated cases in a statistically significant
manner (217 hypermethylated and 139 hypomethylated

genes) (Fig. 7 and Suppl. Table 7). Hierarchical clus-

tering of the TCGA cases using the methylation values

of these genes also distinguished chr3 copy number and

BAP1 mutational status, the two main prognostic

markers of UM.

3. Discussion

Mutations in the G protein GNAQ or GNA11 occur at

an early stage of UM carcinogenesis with more than
85% incidence. Growing evidence shows a more

aggressive behavior of UMs harboring GNA11 muta-

tions. Functional differences between GNAQ and

GNA11 are also evident from developmental studies.
GNAQ and GNA11 have been reported to determine

skin color in mice where hypermorphic mutations of

these genes are associated with higher pigmentation of

the dermis, not the epidermis [35]. It is interesting how

GNAQ knock-out mice show a lighter colored skin

whereas GNA11 knockouts do not affect skin color,

indicating a higher penetrance of the former at least as

far as skin color is concerned [35]. GNAQ and GNA11

hypermorphic variants determine the number of mela-

noblasts in the developing embryo at specific phases of

development (before E10.5) probably by determining

the number of neural crest cells that differentiate into

melanoblasts [35]. This leads to a higher density of

melanoblasts in the dermis whereas, in the epidermis of

older embryos and adults, the number of melanoblasts is

not affected by hypermorphic variants [35].
The high conservation of the sequences of the two

Ga-proteins casts some doubt on potential functional

divergence. We compared the three-dimensional loca-

tion of the amino acid residues that are divergent be-

tween GNAQ and GNA11 and we observed that they

map to the surface of a sub-region that is likely to

interact with other proteins but not involved in the

quaternary structure formation with the b- and g-sub-
units of Ga-proteins, thus likely interfering with non-

canonical functions of these G-proteins.

Studies on the relation between GNA11 and GNAQ

and prognosis in UM have produced diverse results.

Two studies, based on very few cases, found a higher

frequency of GNA11 than GNAQ mutations in meta-

static UMs [10,19]. Another study with 85 cases [13]

observed a more rapid progression towards the death of
metastases for cases carrying GNA11 mutations that,

however, did not reach statistical significance.

Here we report on 219 informative cases including

three cohorts from Genoa [23,24], Leiden [22], and The

Cancer Genome Atlas Research Network [25]. Patients



Fig. 7. DNA Methylation Analysis in primary UMs from TCGA dataset. The methylation profiles of cases with GNAQ and GNA11

mutations (TCGA dataset) were interrogated by T-TEST and the methylation levels of significant genes were clustered by hierarchical

clustering. The two clusters formed were enriched for cases with GNA11 (right cluster) and GNAQ (left cluster) mutations. The

methylation levels are reported by a color scale (blue Z methylation below the mean, yellow Z methylation above the mean,

black Z methylation at the mean; the intensity is related to the distance from the mean). The bars above the dendrogram show the

Harbour Classifier of metastatic UM risk (Class 1 Z beige, Class 2 Z gold), the Robertson et al. Classifier (Good Prognosis A Z orange,

Intermediate Prognosis B Z red, Bad Prognosis C Z cyan, Bad Prognosis D Z blue), Death/Metastases (black Z Death with UM

metastases, light gray Z Alive), chr3 status (dark olive green Z disomic, light olive green Z monosomic), chr8q status (sky blue Z no

gain, slate blue Z gain), chr6p status (ivory Z no gain, dark lemon chiffon Z gain), GNAQ or GNA11 mutational status (dark slate

blueZ GNA11 mutated, dark sea greenZ GNAQmutated, dark slate gray 1Z both wild-type, dark slate gray 4Z both mutated), BAP1

protein expression (misty rose Z absent, salmon Z present), CYSLTR2 mutational status (azure Z wild type, aquamarine Z mutated),

EIF1AXmutational status (sky blueZ wild type, navy blueZmutated), SRSF2mutational status (pinkZ wild type, brownZmutated),

PLCB4 mutational status (khaki Z wild type, violet Z mutated), and SF3B1 mutational status (corn silk Z wild type, deep

pink Z mutated). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this

article.)
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with mutations in GNA11, compared to those with mu-

tations in GNAQ, show a trend towards a higher risk of
metastasis that does not reach significance and a signifi-

cantly increased risk of disease-specific death in a shorter

time. The apparently higher potential of GNA11 muta-

tions to promote tumor progression is likely linked to the

association with mutations in the tumor suppressor gene

BAP1 as well as with monosomy of chr3 and amplifica-

tions of chr8q and inversely correlates with chr6p gain,

four well known prognostic factors [36e39]. GNA11

mutations are found more frequently in tumors with a

class two, high-risk expression profile [32] as compared to

GNAQ mutations. Since the GNAQ/GNA11 mutations
constitute the earliest mutation in UM and predate the

loss of a copy of chr3, the type of mutation might directly
influence which molecular pathway is triggered [40].

The comparison of the expression profiles ofUMswith

GNAQ and GNA11 mutations reveal a shortlist of

differentially-expressed genes amongwhichwe found two

genes overexpressed in GNA11-mutated cases that have

already been described as involved in UM. Amplification

ofASAP1has beenproposed to explain the effect of chr8q

amplification [41] and PLCB2 is already indicated as a
putative secondary driver in UM [31].

The comparison of the protein interaction networks

of the two Ga-proteins showed unexpectedly only very
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limited overlap, indicating functional differences be-

tween GNAQ and GNA11. The interaction of mutated

GNAQ with the dioxygenase TET2, which is not

observed for mutated GNA11, was confirmed by co-

immunoprecipitation analyses. This interaction is

interesting since TET2 plays an active role in DNA

demethylation and high-risk UMs are characterized by

widespread demethylation. Remarkably, the list of
differentially-methylated genes in GNAQ-mutated

versus GNA11-mutated cases is highly associated with

the most important prognostic markers, monosomy of

chr3 and BAP1 mutations.

Our results indicate that there are functional differ-

ences between the two Ga-proteins. The specific down-

stream signaling and the different interaction partners

might explain the more aggressive behavior of tumors
carrying GNA11 mutations. A limitation of our study is

that we cannot definitely rule out whether the associa-

tion with the clinical outcome is a direct effect of

GNAQ/GNA11 mutations or mediated by other molec-

ular events associated with well-known prognostic

markers. Despite the association with prognosis, GNAQ

and GNA11 mutations do not reach the prognostic

power of established prognostic markers such as BAP1/
SF3B1/EIF1AX mutations, chr3 status or class1/class2

gene expression signature.

It is possible that the mutations in the two Ga-pro-
teins also influence drug responses and clinical trials

involving metastatic UM should consider the stratifica-

tion of the responses based on their mutational status.

Moreover, the differential methylation observed is ex-

pected to be particularly important in the evaluation of
epigenetic drugs for the treatment of UM patients.

4. Methods

4.1. Modeling and protein interactions

The three-dimensional model of the human GNA11

molecule has been obtained from the Swiss-Model Re-

pository [42]. The model was built by homology on the

crystallographic structure of the murine GNAQ [43]
(PDB, 3OHM). As the sequence identity between the two

proteins is 90% (324/359 amino acid positions, neither

insertions nor deletions in the sequence alignment), the

mainchain conformation of the GNA11 protein can be

considered reliable. Only minor structural variations are

expected as a consequence of mutated residues.

4.2. Datasets

We used data derived from three cohorts of primary UM

for a total of 276 cases (124 from the Department of
Ophthalmology, Leiden University Medical Center, Lei-

den, The Netherlands [22]), 72 from the Laboratory of

Tumor Epigenetics, Ospedale Policlinico San Martino,

Genoa, Italy [23,24] and 80 from TCGA-UVM [14]. For
258 of these cases GNAQ and GNA11 mutational status,

somatic mutations, cytogenetic alterations, and clinical

follow-up were available. GNAQ and GNA11 mutations

were mutually exclusive in all except two cases of the

TCGA cohort. Double mutant and double wild type cases

were not considered in this study resulting in a dataset of

219 UM patients. For 190 of these samples, gene expres-

sion profiles were available (GSE27831, GSE51880,
TCGA-UVM). From the Leiden dataset gene expression

profilingwas carried out onRNAof 64UMswith Illumina

platform as previously described [44]. TCGA-UVM gene

expression data were obtained from UCSC-Xenabrowser

(http://xena.ucsc.edu/level 3 data, log2(xþ1) transformed

RSEM normalized counts).

Gene expression analyses were performed in R.

WGCNA and InSilicoMerging packages were used, as
previously described [31], to collapse probes to gene

symbol to the maximum variance probe set and to

merge the three datasets into a single one without batch

effects for further analyses. Genomic and copy number

analyses were performed as previously described

[23,45e47]. GNA11, GNAQ, and BAP1 mutations

were detected as described previously [11,48]. Immuno-

histochemistry was performed as previously described
[28].

4.3. Cell lines and microarray

Eight different uveal melanoma cell lines MEL285,
MEL290, OMM1 [49,50], UPMM1, UPMM2,

UPMM3, UPMD1, and UPMD2 [51] (wild type or

specifically mutated for GNAQ or GNA11 as indicated

in the main text) were selected as cellular model for the

Ga-protein signaling analysis. MEL285 and MEL290

are a gift from Dr. B.R. Ksander, Schepens Eye

Research Institute, Boston, USA. OMM1 is a gift from

Dr. G.P. M. Luyten, ErasmusMC, Rotterdam, The
Netherlands. UPMM1, UPMM2, UPMM3, UPMD1,

and UPMD2 are a gift from Dr. Michael Zeschnigk

Institute of Human Genetics, University Clinics Essen,

University Duisburg-Essen, Essen, Germany. Cell lines

were cultured in RPMI 1640 (Gibco-BRL, Rockville,

MD, USA) supplemented with 10% fetal bovine serum

(FBS), 2 mM L-glutamine, and 100 U/ml penicillin/

streptomycin. RNA was extracted from cell lines using
RNeasy Plus mini kit (Qiagen, Hilden, Germany).

RNA quality was assessed with Nanodrop and Bio-

Analyzer tools (Agilent, St. Clara, CA). cDNA, ds-

cDNA, and cRNA synthesis and fragmentation were

performed using the 30 IVT Express Kit (Affymetrix,

Santa Clara, CA, USA). Hybridization, washing, and

staining were performed using the GeneAtlas� (Affy-

metrix, St. Clara, CA). All microarray data are
MIAME compliant. The dataset, corresponding to 8

uveal melanoma cell lines is available from the GEO

database (http://www.ncbi.nlm.nih.gov/geo/), under

accession number GSE197656.

http://xena.ucsc.edu/
http://www.ncbi.nlm.nih.gov/geo/
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4.4. TAP-MS/MS

A Tandem Affinity Purification (TAP) followed by
double Mass Spectrometry (MS/MS) was performed

with the wild type and mutated forms of both GNAQ

and GNA11 proteins. V51 pIRES-puroGLUE plasmid

(Addgene) containing a HA-tag and two sequences

coding for a streptavidin binding protein domain (SBP)

and a calmodulin-binding protein domain (CBP) was

selected as a backbone for the expression of the wild

type (GNAQwt and GNA11wt) and mutated forms
(GNAQmut and GNA11mut). The plasmids are shortly

renamed as TAP-GNAQwt, TAP-GNA11wt, GNAQ-

mut, and TAP-GNA11mut. The empty backbone indi-

cated as TAP-CTR was also used. The wild type and

mutated forms of GNAQ and GNA11 proteins were

cloned using a PCR-based method and verified by

Sanger sequencing (Bmr Genomics, Padova, Italy).

Plasmids were purified using the PureYield Plasmid
Midiprep Kit (Promega) according to the manufacturer.

For each condition, four 100 mm Petri dishes of

OMM1 UM cells were cultured in 1640 RPMI medium

supplemented with 1� NEAA, 1� Pyruvate acid, 2 mM

L-glutamine, and 100 U/ml penicillin/streptomycin, and

10% FBS. Cells were transfected with JetPRIME (Pol-

yplus) with 10 mg plasmid DNA/500 mL Jet buffer/15 mL
Jet reagent/petri dish. Two days post-transfection, cells
were processed according to the GPCR purification

protocol from Daulat et al. [33] suited for weak in-

teractions including the interactions between G-proteins

and their interactors, except that we collected also the

cytoplasmic component. To do so, we replaced the long

high-speed centrifugation with a simpler one of 800�g

for 10 min at 4 �C. Briefly, cells were trypsinized, washed
with cold PBS, and then lysed with the help of pistons
for mechanical fragmentation. Then the lysates were

solubilized by the addition of CHAPS detergent over-

night at 4 �C. After centrifugation, supernatants were

collected and left to interact with streptavidin beads for

4 h at 4 �C. After low-speed centrifugation, the super-

natants were discharged and beads were washed. Then

five elutions with D-biotin were performed to detach the

proteins from the streptavidin beads. All collected su-
pernatants were kept for 4 h at 4 �C with calmodulin

beads supplemented with CaCl2. After this incubation

period, beads were washed without detergent. The final

pellets were composed of calmodulin beads connected to

the bait proteins; the connections were broken up by

trypsinization and proteins submitted to mass spec-

trometry. For all experiments, three replicates were

performed.

4.5. LC-MS/MS analysis

Samples were denatured, reduced, and alkylated in 100

ul 2% SDC, 40 mM Chloroacetamide, 10 mM TCEP,

and 100 mM Tris HCl pH 8. Then samples were digested
with 1 ug Trypsin overnight at 37 �C. After digestion

beads were separated from the samples centrifuging for

5 min at 10,000 g and supernatants were processed by

iST protocol [52]. The resulting peptides were analyzed

by a nano-UHPLC-MS/MS system using an Ultimate

3000 RSLC coupled to an Orbitrap Fusion Tribrid mass

spectrometer (Thermo Scientific Instrument). The sam-

ples were loaded from the sample loop directly into a 75-
mm ID � 50 cm 2 mm, 100 Å C18 column, and peptides

were separated with increasing organic solvent at a flow

rate of 250 nl/min with a non-linear gradient of 7e45%

solution B (80% ACN and 20% H2O, 5% DMSO, 0.1%

FA) in 140 min. Orbitrap detection was used for MS1

measurements at resolving power of 120 K, while Ion

Trap detection was used for MS2 measurements with

Rapid Ion Trap Scan Rate as previously described [53].
MaxQuant software [54], version 1.6.6.0, was used to

process the raw data, setting a false discovery rate

(FDR) of 0.01 for the identification of proteins, pep-

tides, and PSM (peptide-spectrum match), a minimum

length of 6 amino acids for peptide identification was

required. Andromeda engine, incorporated into Max-

Quant software, was used to search MS/MS spectra

against Uniprot human database (release
UP000005640_9606 April 2019). In the processing, the

variable modifications are Acetyl (Protein N-Term),

Oxidation (M), Deamidation (NQ), on the contrary, the

Carbamidomethyl (C) was selected as fixed modifica-

tion. The intensity values were extracted and statistically

evaluated using the ProteinGroup Table and Perseus

software. Algorithm MaxLFQ was chosen for the pro-

tein quantification with the activated option ‘match
between runs’ to reduce the number of the missing

proteins. The mass spectrometry proteomics data have

been deposited to the ProteomeXchange Consortium via

the PRIDE [55] partner repository with the dataset

identifier PXD030217.

4.6. Co-immunoprecipitation (Co-IP)

Immunoprecipitation was performed using a modifica-

tion of the protocol described by Free et al. [56]. Briefly,

OMM1 uveal melanoma cells (transfected with a

mutated form of GNAQ and GNA11) were lysed

(CHAPS IP buffer: 0.5% CHAPS, 150 mM NaCl, 1 mM
EDTA, and protease inhibitor Roche) and washed once

with cold PBS. Lysates were precleared with protein A/

G Sepharose beads (Abcam) for 20 min. Control/mock

IP was performed using an equal amount of lysate and

mouse/rabbit isotype control IgG. IPs were performed

at 4 �C with IP antibody, followed by 3 h of incubation

in the presence of protein A/G Sepharose beads

(Abcam). Beads were washed three times in IP buffer
and, after addition of loading buffer, boiled at 90 �C for

5 min, centrifuged, resolved on pre-cast acrylamide gel

(4/12% Bis-Tris), and transferred to nitrocellulose

membranes (Life Sciences). Membranes were blocked
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with 5% milk in TBST and probed with the primary

antibody solution overnight at 4 �C. The following day,

membranes were then incubated with the secondary

antibody solution (polyclonal goat anti-rabbit or goat

anti-mouse, Dako or VeriBlot for IP detection, Abcam)

for 1 h at room temperature. Blots were imaged using a

Uvitec imaging device (Cambridge, UK).
4.7. Statistical analysis

The metastatic risk by KaplaneMeier survival analysis

and Cox proportional hazard multiple regression model

was tested as previously described [23]. The effects of the

mutations on survival were assessed by the

KaplaneMeier survival analysis and the ManteleCox
proportional hazard regression model; the log-rank

and the Wald tests were used for significance assess-

ments. The Fisher Exact test, the ManneWhitney U

test, and the Chi-square test were used in frequency and

median comparisons as indicated in the legends. Cal-

culations and plots were performed by using SPSS v.20.

Statistical analysis for gene expression data was per-

formed by using Significance Analysis of Microarray as
previously described [23,57]. Gene enrichment analyses

were executed by using EnrichR [58,59] and FunRich

[60,61] tools.
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