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Abstract

BACKGROUND—Uveal melanoma is the most common intraocular cancer. There are no
effective therapies for metastatic disease. Mutations in GNAQ, the gene encoding an alpha subunit
of heterotrimeric G proteins, are found in 40% of uveal melanomas.

METHODS—We sequenced exon 5 of GNAQ and GNA11, a paralogue of GNAQ, in 713
melanocytic neoplasms of different types (186 uveal melanomas, 139 blue nevi, 106 other nevi,
and 282 other melanomas). We sequenced exon 4 of GNAQ and GNA11 in 453 of these samples
and in all coding exons of GNAQ and GNA11 in 97 uveal melanomas and 45 blue nevi.

RESULTS—We found somatic mutations in exon 5 (affecting Q209) and in exon 4 (affecting
R183) in both GNA11 and GNAQ, in a mutually exclusive pattern. Mutations affecting Q209 in
GNA11 were present in 7% of blue nevi, 32% of primary uveal melanomas, and 57% of uveal
melanoma metastases. In contrast, we observed Q209 mutations in GNAQ in 55% of blue nevi,
45% of uveal melanomas, and 22% of uveal melanoma metastases. Mutations affecting R183 in
either GNAQ or GNA11 were less prevalent (2% of blue nevi and 6% of uveal melanomas) than
the Q209 mutations. Mutations in GNA11 induced spontaneously metastasizing tumors in a mouse
model and activated the mitogen-activated protein kinase pathway.

CONCLUSIONS—Of the uveal melanomas we analyzed, 83% had somatic mutations in GNAQ
or GNAL11. Constitutive activation of the pathway involving these two genes appears to be a major
contributor to the development of uveal melanoma. (Funded by the National Institutes of Health
and others.)
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Uveal melanoma is a neoplasm that arises from melanocytes of the choroid plexus, ciliary
body, and iris of the eye.l Unlike cutaneous melanoma, uveal melanoma lacks mutations in
BRAF, NRAS, or KIT2" and has characteristic cytogenetic alterations® and a strong tendency
to metastasize to the liver.1:7 The nevus of Ota, a subtle intradermal proliferation of
melanocytes resulting in bluish-gray hyperpigmentation in the sclera and periorbital dermis,
is a risk factor for uveal melanoma.®

In mice, germline mutations that increase the activity of the closely related GTPases, Gaq
(V179M) and Gayq (163V), cause dermal hyperpigmentation.® The microscopical
appearance of the skin of these mutant mice is reminiscent of that of human blue nevi,10 a
finding that prompted us to sequence GNAQ and GNA11 in blue nevi, as well as in a variety
of other cutaneous melanocytic neoplasms.11 We found somatic GNAQ mutations in 83% of
blue nevi but no mutations in GNA11.11 Because of the link between the nevus of Ota, a
form of blue nevus, and uveal melanoma,® we subsequently genotyped the GNAQ
mutational hotspot, predicted to affect the glutamine residue at amino acid position 209
(Q209), in uveal melanomas and observed that 46% of primary lesions carried mutations.1

GNAQ encodes the alpha subunit of heterotrimeric G proteins, which couple seven-
transmembrane domain receptors to intracellular signaling machinery.12 Heterotrimeric G
proteins are composed of three subunits (alpha, beta, and gamma), of which there are many
family members.12 The alpha subunit serves as a molecular switch for the G protein, which
is active when bound to guanosine triphosphate (GTP) and shut off when GTP is hydrolyzed
to guanosine diphosphate (GDP).13:14 |n the alpha subunit, if there are substitutions of
specific glutamine or arginine residues that contact the GTP molecule, then its intrinsic
GTPase activity is blocked. Thus, the G protein, through its alpha subunit, is locked in a
GTP-bound, constitutively active state.14-16 This critical glutamine is at position 209 (Q209)
in Gog and is mutated to either leucine or proline in melanocytic lesions.t%:17-20 |t is located
at position 227 (Q227) in Gag and is substituted in pituitary and thyroid tumors.14 The GTP-
contacting arginines of Gag (R201) and Gajo (R179) have been found to be mutant in
pituitary and thyroid tumors (Gas) and in adrenocortical and ovarian tumors (Ga;).2! In this
study, we broadened our sequencing analysis and revisited the role of GNA11 in uveal
melanoma and related neoplasms.

We retrieved paraffin-embedded archival biopsy specimens after obtaining approval from
the institutional review board at each study center. DNA was extracted and used to sequence
GNAQ and GNA11 and to perform array comparative genomic hybridization on a subgroup
of samples. Tumorigenicity experiments were carried out in nonobese diabetic mice with
severe combined immunodeficiency (NOD SCID) and depletion of the interleukin-2
receptor y, with the use of melan-a cells?2 (immortalized, nontumorigenic mouse
melanocytes) transduced with wild-type or constitutively active GNA11 expression
constructs or a f-galactosidase control vector. A detailed description of the methods used for
sequencing, cell culture, comparative genomic hybridization, Western blotting, and in vivo
tumorigenicity studies is provided in the Supplementary Appendix, available with the full
text of this article at NEJM.org.

SEQUENCING

We found mutations affecting Q209 in GNA11 in the same specific subgroups of
melanocytic tumors that were previously described for GNAQ!! (Tables 1 and 2). The
frequency of mutations in GNAL1 at the codon encoding Q209 increased progressively from
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blue nevi (6.5%) to primary uveal melanomas (31.9%) to uveal melanoma metastases
(56.5%), a pattern inverse to the distribution of Q209 mutations in GNAQ, which are most
common in blue nevi (54.7%) and least common in uveal melanoma metastases (21.7%)
(P<0.001) (Table 1). Mutations affecting codon 209 in GNA11 were CAG—CTG (94.5%),
CAG—CCG (2.7%), CAG—CTA (1.4%), and CAG—CTT (1.4%). These mutations
predicted substitution by leucine (Q209L) in 97.3% of samples that were analyzed and by
proline in 2.7% of these samples (Fig. 1 in the Supplementary Appendix).

We also discovered mutations in GNAQ and GNAL1 in exon 4 at arginine 183, which is
analogous to R201 in GNAS and R179 in GNAI2 (Table 2).21 Mutations affecting R183 in
either GNAQ or GNA11 were present in 2.1% of blue nevi and 4.8% of primary uveal
melanomas. Most mutations affecting R183 in GNAL1 resulted in a substitution to cysteine,
caused by either a single (CGC—TGC) or a double (GTC CGC—GTT TGC) cytosine-to-
thymine transition. This double mutation results in a silent mutation in codon 182 (Fig. 2 in
the Supplementary Appendix). A single blue nevus had a guanine-to-adenine transition
(CGC—CAQC) at codon 183, predicting a substitution with histidine. This tumor also carried
a concomitant GNA11 Q209L mutation and was the only tumor we analyzed that carried
mutations at both codons 183 and 209. In all other samples, mutations at codons 183 and
209 were mutually exclusive, with no concomitant mutations in GNAQ and GNA11
(P<0.001). In GNAQ all mutations in codon 183 were CGA-to-CAA transitions, predicting
substitution with glutamine (Fig. 3 in the Supplementary Appendix). A single sample of
uveal melanoma had mutations in codons 175 (ACG—AGG) and 182 (GTT—ATT), both of
which are of unknown functional significance.

All 11 tumors with mutations at R183 showed a cytosine-to-thymine transition on either the
forward or reverse strand. Cytosine-to-thymine transitions on the reverse strand appear as
guanine-to-adenine transitions on the forward strand (Fig. 2 and 3 in the Supplementary
Appendix). Furthermore, three tumors carried a CC—TT transition. These alterations are
characteristic mutational patterns induced by ultraviolet light23:24 and are found with
markedly increased frequency in cutaneous melanomas arising on sun-exposed skin.2> By
contrast, at codon Q209, in both GNAQ and GNA11, the predominant mutation was an
adenine-to-thymine transversion (Fig. 1 in the Supplementary Appendix). The single C—T
transitions in the forward strand at Q209 would result in stop codons rather than in
activating mutations (CAA—TAA in GNAQ and CAG—TAG in GNA11). Similarly, a
C—T transition on the reverse strand in GNAL1 at 209 would generate a silent mutation
(CAG—CAA). Thus, Q209 does not have a base-pair composition that would reveal a
known ultraviolet signature. However, we found two instances of tandem base mutations at
Q209 that included C—T transitions (CAA—TTA in GNAQ and CAG—CTA in GNA11).

A total of 63.2% of blue nevi were affected by mutations in either GNAQ or GNA11 (Tables
1 and 2). The two segmental melanocytoses, the nevus of Ito and the nevus of Ota, are
sparsely cellular,26 so it is possible that we missed mutations in some samples. If the nevus
of Ito and the nevus of Ota are excluded, 74.5% of blue nevi had a mutation in either GNAQ
or GNA11. Altogether, 83.0% of all primary uveal melanomas that we examined had
oncogenic mutations in GNAQ or GNA11.

CORRELATION WITH PROGNOSTIC INDICATORS AND SURVIVAL

For the 118 samples of uveal melanoma in which it was possible to determine the location of
the primary tumor, lesions arising in the ciliochoroidal region had an increased frequency of
GNA11 mutations (P=0.048 by Fisher’s exact test) (Fig. 1). Mutations in GNAQ and GNA11
were found more commonly in primary tumors with epithelioid cells or a mixture of
epithelioid and spindle cells than in samples comprising only spindle cells, but the
difference was not significant (Fig. 4 in the Supplementary Appendix). Using comparative
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genomic hybridization, we determined whether prognostically relevant chromosomal
aberrations’ were present in 35 primary uveal melanomas and observed no association
between the presence of such aberrations and the mutational status of GNAQ and GNA11
(Fig. 5 in the Supplementary Appendix). However, this analysis was limited, since the 35
samples did not include any samples without a mutation for comparison.

Examination of overall survival and disease-free survival for the 81 patients for whom we
had requisite data did not reveal a significant difference between those with tumors bearing
a GNAQ mutation and those with tumors bearing a GNA11 mutation (Fig. 2). We observed a
trend toward increased survival among patients with tumors carrying a GNA11 mutation, as
compared with those carrying a GNAQ mutation or those not carrying either a GNA11 or a
GNAQ mutation.

FUNCTIONAL VALIDATION OF GNA11

To validate two GNA11 variants, Q209L and R183C, as oncogenes, we transduced mouse
melan-a cells?2 with one or the other of these mutant genes. We then injected the transduced
cells into immuno-compromised mice and monitored the mice for the formation of tumors.
Mice that were injected with melanocytes that had been transduced with nonmutated
GNAL11, or lacZ, encoding S-galactosidase, served as negative controls (Fig. 3A through 3F).
Rapidly growing tumors developed at each of the six injection sites for the Q209L variant,
as compared with tumors developing with increased latency in only three of eight injection
sites for the R183C variant. This finding was consistent with data showing a reduced
potency of the R183C variant, as compared with the Q209L variant.2” We observed no
tumors at the injection sites in the control groups, including 6 mice with S-galactosidase
transduction and 10 with wild-type GNA11. In contrast to the results in mice injected with
melanocytes transduced with the GNAQ Q209L variant, 1 metastases developed in all 3
mice injected with melan-a cells transduced with the GNA11 Q209L variant, including lung
metastases in all 3 and liver metastases in 1.

Western blot analyses of melanocytes transduced with the GNA11 Q209L variant revealed
mitogen-activated protein (MAP) kinase activation, as indicated by increased levels of
phosphorylated extracellular signal-regulated kinase (ERK) (Fig. 3G). In our previous
studies, 't GNAQ Q209L mutant cell lines were highly sensitive to inhibitors of MEK (a
component of the MAP kinase pathway). Of the 13 uveal melanoma cell lines available in
our laboratory, none carried a GNA11 mutation, so we were unable to test whether the
GNA11 Q209L mutant cells are similarly sensitive to MEK inhibitors. However, the close
functional relationship between Gag and Gayq, %28 together with the data that we describe
here, supports the prediction that the activation of MAP kinase is effected by GNA11 Q209
mutations in uveal melanoma cells and can be countered with MEK inhibitors.11 Of these 13
cell lines, 5 carried the GNAQ Q209 mutation, suggesting that GNA11 mutations
compromise growth in culture to a greater extent than do GNAQ Q209 mutations.

DISCUSSION

Although GNA11 somatic mutations are rare in blue nevi,11:18 our data show that they are
well represented in uveal melanoma. In our samples, 83.0% of uveal melanomas had a
constitutively active mutation in either GNAQ or GNA11, suggesting that activation of the
Gagq—Gayy pathway is the predominant route to the development of uveal melanoma. GNAQ
and GNA11 have overlapping functions in melanocytes,® and both genes upregulate the
MAP kinase pathway when constitutively active. Although Gag and Gay; have amino acid
sequences that are 90% homologous, there appear to be differences in their role in
melanocytic neoplasia.

N Engl J Med. Author manuscript; available in PMC 2011 June 4.
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Several lines of evidence suggest that GNA11 mutations may have a more potent effect on
melanocytes than do mutations in GNAQ. First, GNA11 mutations were rare in blue nevi,
which are benign neoplasms.26 Conversely, there were significantly more GNA11 Q209
mutations than GNAQ Q209 mutations in uveal melanoma metastases. Furthermore, GNA11
mutations were more common in locally advanced primary tumors and in primary tumors
originating from the ciliochoroidal region, a prognostically adverse feature.2? Finally, the
mouse Gnall Dsk7 mutation is more tumorigenic than the Gnaq Dsk1 mutation, since it is
better able to stimulate melanocyte growth that is impaired by heterozygous mutations in
Kit, Pax3, and Ednrb (encoding endothelin receptor type B).® However, since the mutations
found in mice occur at different residues in Gnall and Gnag (163V and V179 M,
respectively),? we cannot dismiss the possibility that the difference is a functional
consequence of the mutations themselves, rather than a difference in function between
Gnall and Gnag.

Although the survival of patients did not differ significantly among those with GNAQ
mutations and those with GNA11 mutations in our study, the number of patients who were
available for our analysis may have been too small to detect such a difference. In addition,
we used enucleated specimens, which could have biased the analysis; tissue for mutation
analysis is not routinely available from nonenucleated samples. The samples that we
analyzed were typically from large tumors, which may have obscured any association
between mutations in GNAQ or GNA11 and prognosis.

The level of activation of Gay R183 mutants is considerably lower than that of Gag Q209
mutants in vitro, which raises the possibility that R183-mutated oncoproteins may be less
potent.2” Our finding of an increased latency and reduced penetrance in the tumorigenicity
assay is consistent with this notion. Of possible clinical relevance is the finding that Gaq
R183 but not Gag Q209 can be inhibited with YM-254890, a naturally occurring toxin from
chromobacteria.?’%

In a recent study of GNAQ and GNA11 in 922 human neoplasms with various
histopathological features, the only mutations that were found were in GNAQ in blue nevi.18
Samples of uveal melanoma were not included in the study. Although these results are not
exhaustive, together with our data, they suggest that GNAQ and GNA11 mutations are
enriched in the melanocytic lineage. Another study showed that GNAQ mutations were
present in 37% of melanocytic neoplasms of the central nervous system,1” making it likely
that GNA11 mutations will also be found in this category of melanocytic tumors.

The peculiar association among mutations in melanocytic neoplasms of the dermis, uvea,
and central nervous system may indicate different cells of origin. A developmental pathway
has been described,3! in which a subgroup of melanocytes derives from a precursor shared
with Schwann cells. It is possible that Gaq~Ga signaling has a critical role in the
production of melanocytes through this developmental mechanism. If so, the timing of the
occurrence of mutations may determine the localization and extent of the neoplasm. Lesions
that are confined to the central nervous system would arise from Gag-Ga11 mutations in
precursors before the onset of migration, and segmental lesions, such as the nevus of Ota,
would result from mutations in a precursor early during migration, in contrast to mutations
arising later along the migratory pathway, which would result in solitary lesions involving
the skin or choroid.

Epidemiologic studies have shown conflicting roles for recreational and occupational
exposure to ultraviolet radiation in patients with uveal melanoma.32:33 Fair complexion and
light irides are generally considered risk factors for uveal melanoma.34:3% Some studies have
shown that uveal melanomas most frequently arise in the macula region, which has the
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highest level of exposure to ultraviolet radiation.36 Our finding of cytosine-to-thymine
transitions in uveal melanomas could suggest a role for ultraviolet radiation.

In summary, our findings suggest that a large majority of uveal melanomas and blue nevi
carry mutations in either GNAQ or GNA11.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Anatomical Location and Mutational Status of 118 Samples of Primary Uveal
Melanoma
Lesions arising in the ciliochoroidal region had an increased frequency of GNA11 mutations

(P=0.048 by Fisher’s exact test).
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Figure 2. Effect of Mutations in GNAQ and GNAL11 on Overall and Disease-free Survival

There was no significant difference in outcome on the basis of mutational status among 81
patients with primary uveal melanomas for whom follow-up information was available. The
characteristics of these patients are provided in Table 1 in the Supplementary Appendix.
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Figure 3. Induction of Tumors by the GNA11 Q209L and GNA11 R183C Variants in a Mouse
Model

Immortalized mouse melanocytes (melan-a cells) were transduced with GNA11 variant
Q209L or R183C, wild-type GNA11, or a -galactosidase control vector and injected
bilaterally into the flank of nonobese diabetic mice with severe combined immunodeficiency
and depletion of the interleukin-2 receptor y chain. By 11 weeks, tumors developed at all 6
injection sites in 3 mice bilaterally injected with melanocytes transduced with the Q209L
variant (Panel A). Tumors developed at 3 out of 8 injection sites in 4 mice bilaterally
injected with melanocytes transduced with the R183C variant (Panel B). There were no
tumors in 5 mice bilaterally injected with melanocytes transduced with wild-type (WT)
GNA11 or 3 mice bilaterally injected with melanocytes transduced with the S-galactosidase
control vector (5-gal) (Panel B). The graph in Panel B shows the combined results of two
independent experiments. Tumors were heavily melanized in all the mice (Panel C). Among
the 3 mice with the Q209L variant, multiple lung metastases developed in all 3 mice (Panel
D), and liver metastases developed in 1 (Panel E). Tumors were composed of pigmented
spindle and epithelioid melanocytes (Panel F, hematoxylin and eosin). On Western blot
analysis, melan-a cells that were transduced with GNA11 Q209L, but not their wild-type
counterparts, showed activation of the mitogen-activated protein kinase pathway that was
similar to the results in GNAQ Q209L and mutant BRAF or NRAS samples used as positive
controls (Panel G). The term pERK denotes phosphorylated extracellular signal-regulated
kinase.
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