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Abstract

We sequenced 8 melanoma exomes to identify novel somatic mutations in metastatic melanoma. 

Focusing on the MAP3K family, we found that 24% of melanoma cell lines have mutations in the 

protein-coding regions of either MAP3K5 or MAP3K9. Structural modelling predicts that 

mutations in the kinase domain may affect the activity and regulation of MAP3K5/9 protein 
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kinases. The position of the mutations and loss of heterozygosity of MAP3K5 and MAP3K9 in 

85% and 67% of melanoma samples, respectively, together suggest that the mutations are likely 

inactivating. In vitro kinase assay shows reduction in kinase activity in MAP3K5 I780F and 

MAP3K9 W333X mutants. Overexpression of MAP3K5 or MAP3K9 mutant in HEK293T cells 

reduces phosphorylation of downstream MAP kinases. Attenuation of MAP3K9 function in 

melanoma cells using siRNA leads to increased cell viability after temozolomide treatment, 

suggesting that decreased MAP3K pathway activity can lead to chemoresistance in melanoma.

There are no long-lasting effective treatments for disseminated melanoma; however, recent 

developments in molecularly-targeted therapies have shown success in short term 

progression-free survival and the reduction of tumour burden1. The recent advent of next-

generation sequencing (NGS) has enabled the identification of cancer associated mutations 

in an unbiased manner. These mutation catalogs have enormous potential for understanding 

the molecular basis of disease and identifying novel therapeutic targets. Further 

characterizing the pathways involved in the etiology of melanoma will help guide 

development of new treatments for this disease.

Utilising whole-exome capture, we sequenced 8 melanoma cell lines (Supplementary Table 

1) and their matched normal lymphoblastoid cell lines (LCLs) using two NGS platforms 

(Illumina GAII or Life Technologies SOLiD) and mapped reads with platform appropriate 

alignment programs2. Our analysis schema is shown in Supplementary Fig.1. To maximise 

finding bone fide mutations we applied strict filtering criteria (described in Supplementary 

Fig.1 and 2) to minimize the false positive rate without overly inflating the false negative 

rate. Comparing Illumina SNP array data3 with variant calls from the exome data yielded 

>99.5% concordance for each sample, thus achieving a mean false negative rate of ~0.45%. 

Overall, 3,215 somatic alterations were identified; range 243-523 per sample 

(Supplementary Table 2). Of these, 1,076 were synonymous (silent) mutations and 2,139 

were predicted to alter protein structure (range 175-326 per sample), comprising: 1,925 

missense, 122 nonsense, 32 splice-site and 64 small insertion/deletion mutations 

(Supplementary Table 2). The ratio of non-synonymous to synonymous changes (N:S ratio) 

was 1.9:1, which is not higher than the N:S ratio of 2.5:1 predicted for non-selected 

passenger mutations,3 indicating that most of the mutations are likely to be passengers rather 

than drivers. Recent exome analysis of 14 metastatic melanomas found a similarly low 

(2.0:1) N:S ratio.4 Analysis of the mutation spectrum showed the proportion of C>T/G>A 

transitions was greater than the numbers of other nucleotide substitutions (4.1:1) 

(Supplementary Fig. 2). We observed 17 tandem mutations, including 10 CC>TT/GG>AA 

alterations, which taken together, is consistent with the mutation signature associated with 

ultraviolet light exposure5.

Of the 1740 genes found to have protein-altering changes (Supplementary Table 3), 446 

were reported to be mutated in a recent exome analysis of melanoma4 and 166 have 

mutations documented in the COSMIC database6. The overlap between our dataset and 

these two other sources revealed 58 genes commonly mutated in melanoma, suggesting 

many are potentially ‘drivers’ of melanoma pathogenesis (Supplementary Table 3). We 

verified mutations in key melanoma-associated genes, including: GRIN2A4 (2/8 samples), 
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TRRAP4 (2/8 samples), ADAM297 (2/8 samples), ADAMTS188 (2/8 samples) and ERBB49 

(2/8 samples) (Supplementary Tables 3 and 4). We also confirmed prevalent mutations of 

many G protein-coupled receptor family members 10 (Supplementary Table 3). Novel genes 

included SLC2A12 (3/8 samples) and RGSL1 (3/8 samples), both with a high frequency 

(38%) of mutations in the discovery screen. Mutations were found in 22 genes lying in 

previously described regions of homozygous deletion (Supplementary Table 5), including 

PTPRD11 (5 mutations in 4 samples), a putative tumor suppressor gene for melanoma and 

glioblastoma12.

The mitogen-activated protein kinase (MAPK) pathway plays an important role in 

melanoma genesis,13,14 where BRAF, encoding a MAP3K, is the most commonly mutated 

gene15. Considering the importance of BRAF in melanoma, along with the impact that 

mutation of this kinase has on the efficacy of some new molecularly-targeted therapies for 

melanoma, we focused our attention on other mutated MAP3K family members.

MAP3K5, MAP3K8 and MAP3K9 each showed somatic mutations in 1/8 samples. We 

validated those in MAP3K5 and MAP3K9 but the MAP3K8 mutation was found to be a false 

positive. A prevalence screen revealed 8/85 melanoma cell lines with somatic non-

synonymous mutations in MAP3K5 (8 mutations) and 13/85 cell lines with mutations in 

MAP3K9 (total of 18 mutations) (Fig. 1). Overall, MAP3K5 and MAP3K9 were mutated in 

9% and 15% of melanoma cell lines respectively and mutation of either gene occurred in 

24% of samples. Matched tumor DNA was sequenced, and MAP3K5 or MAP3K9 mutations 

validated in all but one sample (Supplementary Table 6), indicating the mutations were not 

the result of cell culturing. For the one discordant pair it is possible the W333X mutation in 

MAP3K9 arose in the cell line in vitro, or that the cell line was derived from a sub-

population of tumor cells that carried the mutation but was too low to detect by sequencing 

of the tumor. With the exception of one cell line, mutations in MAP3K5 or MAP3K9 were 

mutually exclusive (Supplementary Table 6), suggesting they may target the same pathway. 

Four MAP3K9 (chromosome 14) mutations and five MAP3K5 (chromosome 6) were 

homozygous, suggesting loss of somatic heterozygosity (LOH) at these loci. Analysis of 

SNP array data for these and other melanoma cell lines12 and K.D-R, N.K.H unpublished data 

confirmed this supposition and showed that 98/115 (85%) and 77/115 (67%) samples had 

LOH for MAP3K5 or MAP3K9 respectively (Supplementary Fig 3). LOH included loss of 

chromosome 6 (15/98; 15%), and whole q-arm loss encompassing MAP3K5 (18/98; 18%) or 

MAP3K9 (chromosome 14) respectively (46/77; 60%). Areas of regional LOH that included 

up to 5 Mb on either side of MAP3K5 (39/98; 40%) and MAP3K9 (9/77; 12%) also 

occurred. Additionally, MAP3K5 (26/98; 27%) and MAP3K9 (22/77; 29%) were often found 

in focal areas of LOH encompassing only a small number of genes. The high rate of LOH, 

the distribution of mutations along the entire length of each gene and the identification of a 

nonsense mutation in MAP3K9, suggests the mutations are inactivating. Interestingly, along 

with homozygous mutations, a number of heterozygous mutations were identified. We 

propose, that in a similar fashion to genes such as TP53 and PTEN 16 and CDKN1B 17, these 

heterozygous mutations result in reduced gene function via haploinsufficiency and reduction 

of wild type protein. Mutations in MAP3K5 and MAP3K9 were not correlated with 

mutations/deletions of BRAF, NRAS, CDKN2A, PTEN, or TP53 (Supplementary Table 6). 
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Levels of MAP3K5 and MAP3K9 transcripts did not correlate with mutation status 

(Supplementary Fig. 5 and Supplementary Table 7), suggesting the mutations do not grossly 

affect mRNA expression and stability.

We analysed the available three-dimensional protein structures to provide insight to whether 

the MAP3K5 or MAP3K9 mutations may have an effect on structure or kinase activity (Fig. 

2). This modelling suggested that the MAP3K5 I780F mutation is likely to affect the 

packing of helices in the kinase domain (Fig. 2a). The MAP3K9 W333X mutation results in 

the production of a truncated non-functional kinase domain that is unlikely to be functional. 

The R160 residue in MAP3K9 forms hydrogen bonds with E167 that would be disrupted by 

the mutation to cysteine (R160C), while the MAP3K9 P263L mutation is predicted to 

increase conformational flexibility in the corresponding loop (Fig. 2b). The MAP3K9 E319 

residue forms hydrogen bonds with R393 and the mutation to lysine will disrupt this 

interaction, potentially altering the kinase domain surface and affecting interactions with 

other molecules.

To confirm these predicted changes, we performed in vitro kinase assays using cDNA 

constructs containing mutations suggestive of decreased kinase activity in both MAP3K5 

(E663K and I780F) and MAP3K9 (W333X and the previously described18 kinase dead 

mutation, K171A). We over-expressed these mutants in mammalian cells and, upon 

immunoprecipitation, assayed kinase activity. Figures 3a and b show wild type MAP3K9 

and MAP3K5 have robust kinase activity against myelin basic protein (MBP), as well as 

substantial autophosphorylation. MAP3K9 K171A and W333X mutants showed a 92% and 

95% reduction in kinase activity against MBP relative to the wild type enzyme (p<0.001). 

Additionally, MAP3K5 I780F almost completely abolishes kinase activity (93% reduction 

relative to wild type, p<0.01), while the mutant E663K had lesser yet statistically significant 

effects on MBP phosphorylation (30% reduction relative to wild type, p<0.05).

Cellular stresses including UV radiation and oxidative stress activate MAP3K5 leading to 

downstream activation of the JNK and p38 MAPK effector pathways and context-dependent 

induction of apoptosis, differentiation, survival or senescence19,20 (Supplementary Fig. 4). 

While less intensively studied, the MAP3K9 transcript is widely expressed21 and activation 

results in downstream signaling through MAP2K4 and JNK, with the effect on other MAPK 

effector modules currently unknown18. To further investigate the functional consequences of 

MAP3K5/MAP3K9 mutations we assessed key components of the downstream signaling 

pathways after introduction of either the wild-type or mutant kinases into cells. Given the 

well established difficulty in transfecting melanoma cell lines, in addition to their often 

perturbed MAPK signaling, we chose HEK293T cells as a model system due to their high 

inherent transfection efficiency and low constitutive MAPK signaling levels. Exogenous 

expression of MAP3K5 led to activation of this protein by phosphorylation, with 

downstream activation of the MAP2K4/7-JNK and p38 pathways when compared to control 

EGFP expression (Fig. 4a). Similar levels of MAP3K9 and MAP3K5 expression were 

obtained as observed using the Myc-epitope antibody on both proteins in a Western blot 

(data not shown). However we observed differential activation of downstream MAPKs as 

expression of MAP3K9 led to activation of MAP2K4/7-JNK and not the p38 module (Fig. 

4b). Expression of MAP3K9, and to a lesser degree MAP3K5, also activated MEK1/2 and 
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ERK (Fig. 4a and b). We engineered the two mutations into MAP3K5 most likely to affect 

protein function, one in the kinase domain (I780F, Fig. 2a) and one adjacent to the kinase 

domain that introduces a charge change (E663K, Fig. 1). Their expression resulted in 

reduced phosphorylation of MAP3K5 in the I780F mutant when normalised for the amount 

of total MAP3K5 expressed, and in JNK signaling, with decreased phospho-MEK1/2 (P-

MEK1/2) downstream of both mutants (Fig. 4a). Expression of either mutant MAP3K9 

protein (W333X and control K171A18) resulted in decreased signaling through MAP2K4/7-

JNK and MEK1/2-ERK (Fig. 4b) consistent with the reduction in kinase activity of these 

mutants shown in vitro (Fig. 3).

Until recently, melanoma was notoriously refractory to chemotherapeutic intervention and 

understanding the mechanisms of this chemoresistance is vital to improving the outlook for 

patients with metastatic disease. Temozolomide (TMZ) is an alkylating agent that has been 

reported to modestly increase progression-free survival as a single-agent in randomised 

Phase III trials22. In a high throughput siRNA screen for sensitizers to TMZ treatment 

(unpublished data), we noted that knockdown of MAP3K9 resulted in increased resistance, 

rather than sensitivity, to TMZ treatment. As the mutations that we have examined appear to 

decrease MAP3K5/9 activity and downstream signaling, we examined the effect of 

attenuating wild-type MAP3K5/9 in melanoma cells, specifically, whether decreased 

expression of wild-type MAP3K5/9 can contribute to TMZ-chemoresistance. Transfection 

of melanoma cell lines UACC903 and UACC647 with three independent siRNAs targeting 

either MAP3K5 (data not shown) or MAP3K9 (Fig. 5a) resulted in decreased target mRNA 

expression to at least 60% of the level observed in scrambled-control siRNA-treated cells. 

Treatment of control siRNA transfected melanoma cells with TMZ resulted in much 

decreased viability (Fig. 5 bi,ii), consistent with apoptosis being the predominant form of 

cell death in melanoma cell lines after TMZ treatment23. For the two cell lines tested, 

siRNA knockdown of MAP3K9 alone reduced cell viability in UACC903 which contrasts 

with UACC647 where siRNA treatment alone has little if any affect. However, upon 

combination of both siRNA knockdown and TMZ, both cell lines exhibit a resistance 

phenotype as evidenced by increased cell viability in the presence of both agents compared 

with drug alone (Fig. 5 bi,ii). Similar experiments conducted for MAP3K5 did not show a 

statistically significant increase in cell viability following combined siRNA and TMZ 

treatment (data not shown). This suggests that attenuated MAP3K9 activity can contribute to 

chemotherapeutic resistance in melanoma.

In conclusion, we have shown almost mutually exclusive mutation of MAP3K5 and 

MAP3K9 in approximately 24% of melanomas, which occurs independently of activating 

mutations in BRAF or NRAS. Together with the high rates of LOH at these two loci, 

aberrations of these genes represent a very common event in melanoma. Given that 

homozygous deletion of MAP3K5 results in increased tumor initiation in a carcinogen 

induced model of skin cancer20, that MAP3K9 regulates apoptosis via MAP2K4/7-JNK24, 

and that diminished activation of JNK1 can result in enhanced survival of tumor cells25, our 

data indicate that abrogation of this signaling axis (Supplementary Fig. 4) is important for 

melanoma development. Reactivation of the signaling pathways downstream of mutant 

MAP3K5 or MAP3K9 might thus be therapeutically advantageous in treating this disease.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schema depicting MAP3K5 and MAP3K9 domain structure, phosphorylation sites (below 

each gene) and the position of validated somatic non-synonymous mutations identified by 

whole-exome sequencing (above each gene).
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Figure 2. 
Mutations found in melanoma are predicted to affect the function or regulation of MAP3K5 

and MAP3K9 kinase domains. (a) The top panel shows MAP3K5 kinase domain (PDB ID 

2CLQ). The kinase domain was aligned with PDB ID 2PHK (not shown) to show 

approximate binding positions of ATP (yellow) and a substrate (light green). Bottom left 

panel shows wild-type I780 (green) and its surroundings; bottom right panel shows mutant 

F780and its surroundings (green). (b) The top left panel shows MAP3K9 (PDB ID 3DTC) 

kinase domain. The top right panel is the same domain rotated by 180 degrees to show the 

location of all residues of interest. The kinase domain has been aligned with PDB ID 2PHK 

(not shown) to show approximate binding positions of ATP (yellow) and a substrate (green). 

The middle panels show the wild-type residues in green (R160, P263 and E319) and their 

surroundings; the bottom panels show the mutant residues in green (C160, L263 and K319). 

The disruption of hydrogen bonds can be seen for R160C and E319K. MAP3K9 D176N is 

in a disordered loop and the MAP3K5 E663 residue is not resolved in the crystal structure; 
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therefore, they do not appear in the diagrams. Only side chains within 5Å of the residue of 

interest are depicted.
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Figure 3. 
Melanoma-associated mutations decrease the kinase activity of MAP3K9 and MAP3K5. 

HEK293T cells were transfected with wild type and mutant MAP3K9 (K171A and W333X) 

or MAP3K5 (E663K and I780F) to assess the effect of mutation on kinase activity in-vitro. 

Autophosphorylation of MAP3K9 (a) or MAP3K5 (b), and phosphorylation of the kinase 

substrate myelin basic protein (MBP), were measured by 32P-γATP incorporation and 

quantitated using PhosphorImager. Error bars represent standard deviations; *p<0.05, 

**p<0.01, ***p<0.001 by two-tailed Student’s t-test.
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Figure 4. 
Mutation of MAP3K5 or MAP3K9 results in decreased phospho-MEK/ERK and phospho-

JNK compared to wild type proteins, indicating altered downstream signaling through 

multiple pathways. HEK293T cell lines were transfected with expression plasmids for 

EGFP, wild-type or mutant MAP3K5 (a) or EGFP, wild-type or mutant MAP3K9 (b) for 48 

h before analysis of protein expression and MAPK signaling by Western blot using the 

indicated antibodies. P-indicates the phosphorylated protein is being detected. Results are 

representative of three independent repeats of this experiment.
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Figure 5. 
Reduced MAP3K9 level protects melanoma cells from chemotherapeutic treatment. (a) 
Melanoma cell lines (UACC903 and UACC647) were transfected with siRNA targeting 

GFP (Control) or three independent siRNAs targeting MAP3K9 (siRNA 1-3) for 120 h. 

Expression of MAP3K9 determined by qRT-PCR normalized to GAPDH and relative to 

control siRNA is shown. Experiment performed in triplicate; error bars denote standard 

deviation. All three independent siRNAs resulted in decreased expression of MAP3K9. (b) 
UACC903 (i) and UACC647 (ii) cells were transfected as in a. for 24 h before treatment 

with the indicated dose of temozolomide (TMZ). Cell viability determined after 5 days 

indicated that reduced MAP3K9 expression in the presence of TMZ resulted in a resistant 

phenotype.
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