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A B S T R A C T

A majority of cutaneous melanomas show activating mutations in the NRAS or BRAF

proto-oncogenes, components of the Ras-Raf-Mek-Erk signal transduction pathway. Con-

sistent data demonstrate the early appearance, in a mutually exclusive manner, of these

mutations. The purpose of this paper is to summarize the literature on NRAS and BRAF

activating mutations in melanoma tumors with respect to available data on histogenetic

classification as well as body site and presumed UV-exposure. Common alterations of the

signal transducing network seem to represent molecular hallmarks of cutaneous melano-

mas and therefore should continue to strongly stimulate design and testing of targeted

molecular interventions.

ª 2007 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Scope developing disease. Molecular genetic analysis of melanoma
Accumulation of mutations, affecting genes critical for prolif-

eration, differentiation and apoptosis, are generally believed

to transform normal cells to cancer cells and furthermore to

lead, in a stepwise manner, to angiogenesis, invasion and me-

tastasis. Malignant cutaneous melanoma progresses through

histopathologically well characterized phases of tumour

progression, including cell growth, invasion and metastasis.

The stepwise acquisition of genetic changes may thus hypo-

thetically represent the molecular course of events underlying

the histopathologically observable phenomenology of the
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tumours and precursor lesions so far point to alterations in

critical genes of the Ras-Raf-Mek-Erk and the PI3-Kinase-Akt

pathways regulating signal transduction, as well as in genes

involved in cell cycle regulation such as CDKN2A, as molecular

hallmarks in a majority of cases. The purpose of the present

review is to survey published results of analyses of somatic

mutational activation of the NRAS and BRAF proto-oncogenes

in clinically well characterized melanomas as well as to sum-

marize and discuss data illuminating a possible causative role

of UV radiation behind these molecular pathologic manifesta-

tions. The discussion will for this purpose focus on mutational
mical Societies. Published by Elsevier B.V. All rights reserved.
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analyses which include substantial numbers of tumours and

which also provide clinical information such as histogenetic

classification of tumours and their body site in order to relate

mutation frequencies to type and degree of UV exposure.
2. Ultraviolet radiation and melanoma risk

Epidemiologic data strongly point to sunlight as the main

environmental risk factor for human cutaneous melanoma.

The majority of melanomas seem to result from repeated

intermittent rather than cumulative sun exposure. Increased

melanoma risk has been recognized particularly among indi-

viduals with a history of repeated severe sunburns during

childhood. Phenotypic properties such as skin type hair- and

eye color significantly contribute to individual melanoma

risk (Elwood and Jopson, 1997).

The UV component of sunlight is subdivided into three

wavelength regions: UVC, 200–290 nm; UVB, 290–320 nm;

and UVA, 320–400 nm. UVC is completely absorbed by the

earth’s atmosphere and UVB is partially absorbed by the

atmospheric ozone layer, whereas UVA reaches the earth

surface practically unabsorbed. UVB and UVA are therefore

considered to represent the melanoma causing components

of sunlight.
3. Genotoxic effects of UVB and UVA

The most common primary DNA lesions induced by UVB ir-

radiation occur at sites containing adjacent pyrimidines,

leading to their dimerization. The resulting primary photo-

products are cyclobutane pyrimidine dimers and 6-4 pyrimi-

dine-pyrimidones. If not removed by cellular repair activities,

the primary photoproducts may become manifest as muta-

tions following DNA replication (Daya-Grosjean et al., 1995).

A typical primary DNA lesion after UVA irradiation is the

formation of a purine photo-adduct. Guanine bases are con-

verted to 8-hydroxydeoxyguanosine (8-OHdG) which acts as

a miscoding lesion resulting in G to T transversions (Ito and

Kawanishi, 1997). A number of other, but less common, tran-

sitions and transversions can also be recognized after UV ex-

posure. The synthesis of melanin may result in accumulation

of oxidizing by-products and an increased melanin synthesis

following UV exposure may contribute to increased DNA

damage and mutation in critical gene sequences (Nappi and

Vass, 1996). The UV etiology of human cutaneous melanoma

may furthermore be related to additional effects such as local

and systemic immuno-suppression (Hanneman et al., 2006).
4. RAS and RAF genes and their protein products

The Ras proteins belong to a super family of p21GTPase proteins

including the Ras, Rho, Rac, Ral and Cdc42 subfamilies. These

are all part of a complex network of signalling pathways ulti-

mately resulting in release of a diversity of nuclear transcrip-

tion factors, thereby leading to expression of genes involved in

mitogenesis, cytoskeletal organization, metabolic regulation

and apoptosis.
The Ras proteins exert intrinsic GTPase activity and cycle

between an inactive GDP-bound form and an active GTP-

bound form, thus functioning as a molecular switch for trans-

mission of the regulatory signals (Barbacid, 1987). Three

closely related proto-oncogenes, encoding the H-Ras, K-Ras

and N-Ras proteins, respectively are frequently found in their

mutated oncogenic forms in human tumors (Barbacid, 1987;

Bos, 1989). The mutated oncogenic forms of the Ras proteins

are constitutively active, since they have reduced intrinsic

GTPase activity and are not properly stimulated by GTPase-

activating proteins (Trahey and McCormick, 1987). Approxi-

mately 20% of human tumors have activating RAS point

mutations, mainly in codons 12, 13 or 61. In total, mutations

in KRAS account for about 85% of all RAS mutations in hu-

man tumors, NRAS for about 15% and HRAS for less than

1% (Downward, 2003). Which particular RAS gene is affected

by mutation seems to be tumor specific, since for instance

carcinomas of the pancreas, the colon and lung all have

high frequencies of KRAS mutations (Bos, 1989) whereas

NRAS mutations are common in myeloid leukemias and

among cutaneous melanomas (Bos, 1989; Omholt et al., 2002).

Ras in its GTP-bound state activates the three closely re-

lated Raf proteins, A-Raf, B-Raf and C-Raf (Fig. 1). Activated

Raf, is bound to the plasma membrane, phosphorylates and

thereby activates the MAP-kinases Mek1 and Mek2 which in

turn phosphorylate and activate the mitogen-activated ki-

nases Erk1 and Erk2 which finally leads to phosphorylation

of the ETS protein family. Additional cytoplasmic proteins,

able to pass the nuclear membrane, then activate the nuclear

transcription factors Fos and Jun (Peyssonnaux and Eychene,

2001). The final consequence of this transcriptional activation

is the expression of cell-cycle regulators such as cyclin D,

leading to cell-cycle progression and potentially to transfor-

mation. Cellular differentiation, senescence and apoptosis/

survival are additional functions regulated by the MAPK

pathway (Fig. 1).

The serine/threonine kinase B-raf is encoded by the BRAF

gene on 7q. The most common BRAF alteration observed in

human cancers including melanoma is the codon 600 valine

to glutamate (V600E) mutation (previously known as V599E,

Kumar et al., 2003a). BRAF V600 is located in the activation seg-

ment of the kinase domain close to T599 and S602 which on

phosphorylation result in kinase activity (Zhang and Guan,

2000). The V600E alteration may mimic the T599/S602 phos-

phorylation since it was shown that the V600E mutant B-raf

has a higher kinase activity than wild type B-raf (Davies

et al., 2002).

Ras acts through several additional effector pathways.

Ras can, for instance, interact with the type I phosphatidyli-

nositol-3-kinases (PI3Ks) leading to anti apoptotic effects and

via the Rac and Rho family of proteins to regulation of the

actin cytoskeleton and additional transcription-factor path-

ways. Ras also affects the Ras-related RAL proteins via RAL

guanine nucleotide dissociation stimulators (RALGDS) and

related proteins with additional implications for cell-cycle

regulation. Another Ras related activity is exerted via phos-

pholipase C linking Ras to Protein Kinase C (PKC) activation

and calcium mobilization (Denhardt, 1998; Shields et al.,

2000; Downward, 2003; Martin, 2003; Shaw and Cantley,

2006) (Fig. 1).
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Figure 1 – The main effectors of RAS signalling. RAF proteins, type I phosphatidylinositol-3-kinase (PI3K), guanine nucleotide dissociation

stimulators (RALGDS), phospholipase C (PLC).
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5. Ras/Raf activation in melanoma

The first observations on the occurrence of activated RAS

genes in human melanoma were published in 1984. Sekiya

et al. (1984), cloned and established the nucleotide sequence

of the c-Ha-RAS-1 gene, activated in a tumor from a Japanese

melanoma patient. Albino et al. (1984), found a NRAS mutation

in one of five cell lines established from different metastases

of a melanoma patient and similar observations were also

published by Padua et al. (1985). A large number of reports

on RAS gene mutation screening in melanoma tumours have

since appeared in the literature. Altogether, these investiga-

tions consistently point to NRAS codon 61 as being by far the

most frequent RAS alteration in primary sporadic melanomas,

with reported frequencies ranging from 4 to 50% of cases

(Table 1). The most commonly observed NRAS codon 61 muta-

tions are the Q61R (CAA/CGA) and Q61K (CAA/AAA) changes

leading to substitutions from glutamine to arginine or to

lysine respectively. Activating mutations in the KRAS and

HRAS genes were, in contrast, registered at very low frequen-

cies (Shukla et al., 1989; Ball et al., 1994; van Elsas et al., 1996;

Jafari et al., 1995; Jiveskog et al., 1998; Reifenberger et al., 2004).

The KRAS mutations were in several cases accompanied by

NRAS mutations (Ball et al., 1994; Lupetti et al., 1994). Both

KRAS and HRAS are therefore considered as having a rather

weak oncogenic effect in melanoma.

A novel NRAS mutation in codon 18 has been observed in

a subgroup of melanomas. The authors claim a beneficial
effect of that alteration, since it seems to improve patient

outcome. Tumors carrying this mutation seem to lack metas-

tasizing capacity (Demunter et al., 2001a). The presence of

NRAS codon 18 mutations has, however, so far not been iden-

tified by others in any human tumour type.

Platz et al. (1994) recognized a doubling of the NRAS muta-

tion frequency in tumors from cases with hereditary mela-

noma compared to sporadic melanomas. Elevated N-Ras

and p53 levels were identified by immunohistochemistry in

20–30% percent of the cases. Increased N-Ras expression

was independent of mutational activation and points to the

possibility that over expression of wild type N-ras may con-

tribute to tumorigenesis in a subset of melanomas (Platz

et al., 1995). Eskandarpour et al. (2003) found NRAS codon 61

mutations in 95% (20/21) of primary familial melanomas

from Swedish patients with germline CDKN2A mutations.

The inherited CDKN2A p.112 Rdup mutation, which was pre-

dominant in these Swedish patients, affects both p16ink4a

and p14arf proteins encoded by this gene. The authors hypo-

thetically postulated that the high frequency of NRAS activa-

tion may reflect a hyper-mutability phenotype associated

with this hereditary defect.

Davies et al. (2002) reported in a large multicancer

screening mutational activation of BRAF in 59% of mela-

noma cell lines, 80% of short-term cultures and 66% of un-

cultured melanomas pointing to melanoma as the tumour

type with the highest frequency of BRAF mutations (Davies

et al., 2002; Pollock and Meltzer, 2002). In subsequent

studies of melanoma cell lines, as well as primary and



Table 1 – NRAS mutations in melanoma tumours

Primary
melanomas
N mut/total N (%)

Metastases
N mut/total N (%)

Material Sub-dissection Detection method Reference

2/36 (6) P No D,E Shukla et al., 1989

1/19 (5) 1/16 (6) P No D,E Albino et al., 1989

5/10 (50) 21/40 (53) F No D,E van’t Veer et al., 1989

4/31 (13) 2/8 (35) P No D,E,I Carr and Mackie, 1994

18/71 (25) 6/17 (35) P No D,E,I Ball et al., 1994

6/30 (20)a P No D,E,I Platz et al., 1994

15/35 (43)b

1/18 (5.5) 3/13(23) F No D,H,I Jafari et al., 1995

27/175 (15) 19/36 (16) P No D,F,I van Elsas et al., 1996

11/46 (24)c P No D,F,I Jiveskog et al., 1998

2/28 (7)d

22/69 (32) 14/33 (42) F Yes D,F Demunter et al., 2001a

21/74 (28) 33/88 (38) P Yes D,F,I Omholt et al., 2002

26/82 (32) F No D,K Sivertsson et al., 2002

20/21 (95)e P Yes D,I Eskandarpour et al., 2003

1/10 (10)f

7/24 (29) P Yes D,H,I Pollock et al., 2003

1/27 (4) P No D,G,I Cruz et al., 2003

13/35 (37) P No D,F,I Kumar et al., 2003a

3/38 (8) P No D,F,I Kumar et al., 2003b

5/25 (20) 12/60 (20) F No D,H Alsina et al., 2003

3/77 (4) F No D,I Gorden et al., 2003

4/28 (14) P Yes D,I Dong et al., 2003

2/17 (12) P No D,F,I Tsao et al., 2004

2/15 (13) 4/22 (18) F No D,F,I Reifenberger et al., 2004

20/114 (17.5) 21/86 (24) P Yes D,I Houben et al., 2004

3/12 (25) P No D,F,I Saldanha et al., 2004

14/51 (27)g 4/18 (22) P Yes D,F,I Akslen et al., 2005

4/36 (11) 17/79 (22) F No D,H Goydos et al., 2005

4/27 (15)h P No D,I Curtin et al., 2006

8/37 (22)i

10/60 (17) P Yes D,I Goel et al., 2006

86/294 (29)j F No D,K Edlundh-Rose et al., 2006

19/97 (20) F No D,G,I Ugurel et al., 2007

Total 223/1075 (21) 315/1210 (26)

Materials: F ¼ fresh frozen tissues, P ¼ formalin fixed tissues, paraffin embedded. Manual or laser capture sub-dissection: yes/no. Detection

Method: D ¼ PCR, RT-PCR; E ¼ allele specific oligonucleotide hybridization; F ¼ single strand conformation polymorphism (SSCP) analyses; de-

naturing gradient gelelectrophoresis (DGGE) analyses; G ¼ HPLC/capillary techniques; H ¼ RFLP dependent or allele specific amplification;

I ¼ nucleotide sequence analysis; K ¼ pyrosequencing.

a From sporadic melanoma.

b From hereditary melanoma.

c Melanomas in sun exposed sites.

d Melanomas in mucous membranes.

e Hereditary melanomas with germline CDKN2A mutations.

f Sporadic melanomas.

g NM only.

h Chronically sun exposed sites, mainly LMM.

i Intermittently sun exposed sites, mainly SSM.

j Including 39 primary tumours.
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metastatic melanomas, BRAF mutation frequencies ranged

from 20–80% (Table 2). The BRAF V600E mutation (GTG/

GAG), accounts for over 90% of all BRAF mutations so far

detected in melanoma. V600 has in some melanoma cases

been found to be mutated to other amino acids and is

thus the most important site for genetic alteration in mela-

noma. Thus, in addition to V600E 20 different, but obviously

very rarely occurring BRAF mutations, have been described

in melanomas.
NRAS mutations detected in radial growth phase were

present also in later vertical and metastatic growth phases

(Demunter et al., 2001b; Omholt et al., 2002). In large paired se-

ries, NRAS or BRAF mutations in primary tumours were in gen-

eral maintained in the corresponding metastases and patients

with multiple metastases had, with very few exceptions, the

same BRAF mutation in all of the analysed tumours (Omholt

et al., 2003). These results, in summary, confirm that muta-

tions in NRAS as well as in BRAF are early somatic events in



Table 2 – BRAF mutations in melanoma tumours

Primary
melanomas
N mut/total N (%)

Metastases
N mut/total N (%)

Materials Sub-dissection Detection method References

6/9 (67) P No D,G,I Davies et al., 2002

22/35 (63)a F No D,G,I Brose et al., 2002

7/28 (25) 8/13 (62) P Yes D,I Dong et al., 2003

33/77 (43) F No D,I Gorden et al., 2003

4/5 (80) 37/55 (67) P Yes D,I Pollock et al., 2003

7/25 (28) 26/60 (38) F No D,H Alsina et al., 2003

14/25(52) P Yes D,H,I Uribe et al., 2003

2/10 (20) 14/34 (41) P No D,G,I Cruz et al., 2003

41/71 (58) 43/88 (49) P Yes D,F,I Omholt et al., 2003

32/115 P No D,I Maldonado et al., 2003

12/35 (34) P No D,F,I Kumar et al., 2003a

26/38 (68) P No DF,I Kumar et al., 2003b

19/50 (38) P Yes D,F,I Deichmann et al., 2004

8/15 (53) 6/22 (27) F No D,F,I Reifenberger et al., 2004

39/114 (34) 36/86 (42) P Yes D,I Houben et al., 2004

18/59 (31) 39/68 (57) P Yes D,I Shinozaki et al., 2004

25/36 (69) 43/79 (54) F No D,H Goydos et al., 2005

17/37 (46) P Yes D,I Thomas et al., 2004

9/12 (75) P No D,F,I Saldanha et al., 2004

15/51 (29)b 8/18 (44) P Yes D,F,I Akslen et al., 2005

13/52 (25) P No D,G,I Lang and MacKie, 2005

3/27 (11)c P No D,I Curtin et al., 2005

22/37 (60)d

33/58 (57) P Yes D,I Goel et al., 2006

156/294 (53)e F No D,K Edlundh-Rose et al., 2006

8/15 (53) P Yes D,I Lassacher et al., 2006

17/62 (27) P Yes D,I Poynter et al., 2006

53/97 (55) F No D,G,I Ugurel et al., 2007

Total 393/983 (40) 528/1029 (51)

Materials: F ¼ fresh frozen tissues; P ¼ formalin fixed, paraffin embedded tissues; manual or laser capture sub-dissection: yes/no ¼ Detection

Method: D PCR or RT PCR; E allele specific oligonucleotide hybridization; F SSCP or DGGE; G HPLC/capillary techniques; H RFLP dependent or

allele specific amplification; I nucleotide sequencing; K pyrosequencing.

a Early passage melanoma cell lines.

b NM only.

c Continuously sun exposed sites, mainly LMM.

d Intermittently sun exposed sites, mainly SSM.

e Including 39 primary melanomas.
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the development of a majority of melanomas. The combined

information shows that NRAS and BRAF mutation frequencies

vary according to the histogenetic subclass as well as to the

anatomical site of the tumours (Tables 3a,b). This may in

part explain the variation in reported overall frequencies,

which in addition also may depend on sensitivity differences

of the employed analytic strategies as well as on the number

of formalin fixed versus fresh frozen tissue samples. Compar-

isons of reported data obtained on large comparable patient

panels and generated by use of similar analytical techniques

show lesser divergence. It is also interesting to note that

NRAS as well as BRAF mutation frequencies reported from

analyses of melanoma metastases tend to show smaller vari-

ations than the corresponding figures obtained from analyses

of primary melanomas which most likely may reflect the fact

that mutation analysis of large and histologically homoge-

neous tissue sections may technically be less demanding

than the corresponding procedures when carried out on

smaller amounts of highly heterogeneous primary tumour

tissues.
6. Biological consequences of RAS/RAF alterations
in melanocytes

An obvious consequence of NRAS or BRAF mutations, present

in almost 80% of all sporadic human skin melanomas, is

downstream Erk activation, which in turn affects prolifera-

tion, survival and invasion. The activation of the MAP kinase

signalling pathway thus seems to constitute an obligatory

step in the transformation of melanocytes. Small interfering

RNA (siRNA) depleting B-raf in BRAF V600E melanoma cells

as well as siRNA mediating silencing of N-ras in NRAS codon

61 mutant melanoma cells inhibits Erk activation and results

in apoptosis (Hingorani et al., 2003; Wellbrock et al., 2004;

Eskandarpour et al., 2005).

Chudnovsky et al. (2005), demonstrated that BRAF mutant

expression alone is not sufficient for transformation of immor-

talized human melanocytes and BRAF V600E thus seem to be

a weaker oncogene than codon 61 mutant NRAS. Autocrine

growth factor stimulation as well as NRAS mutation may



Table 3a – NRAS/BRAF mutations in melanomas of different
histogenetic subclasses

Subclass NRAS mut
Nmut/total N (%)

BRAF mut
Nmut/total N (%)

NM 95/309 (31) 92/215 (43)

SSM 98/468 (21) 199/380 (52)

ALM 8/82 (8) 15/98 (15)

LMM 13/69 (19) 11/77 (14)

References: Carr and Mackie, 1994, Ball et al., 1994, Platz et al., 1994,

Jafari et al., 1995, van Elsas et al., 1996, Jiveskog et al., 1998,

Demunter et al., 2001a,b, Omholt et al., 2002, Omholt et al., 2003,

Maldonado et al., 2003, Deichmann et al., 2004, Reifenberger

et al.; 2004, Thomas et al., 2005, Akslen et al., 2005, Lang and

MacKie, 2005, Curtin et al., 2005, Goel et al., 2006, Poynter et al.,

2006, Edlundh-Rose et al., 2006, Ugurel et al., 2007.
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constitute alternative routes for BRAF activation (Maldonado

et al., 2003; Satyamoorthy et al., 2003; Christensen and

Guldberg, 2005).

B-raf has a direct effect on Mek1/2 mediated signalling

only, while N-ras allows for signalling via raf as well as via

PI3K, RalGDS and other branches of signal transduction

(Repasky et al., 2004; Meier et al., 2005). A switch from B-raf

to C-raf signalling accompanied by disruption of cAMP sig-

nalling has recently been reported to occur in RAS mutated

melanomas (Dumaz et al., 2006).

Oncogenic Ras/Raf activation together with properly regu-

lated expression of critical cell cycle regulating proteins such

as p16Ink4a, p14arf, p15ink4b may result in induction of senes-

cence. The Ink4 proteins, as products of tumour suppressor

genes, may on inactivation allow for unrestrained cell cycling

and switch the cellular phenotype from senescence to prolifer-

ation and tumorigenesis. Expression of mutant BRAF in mela-

nocytes that also show expression of p16Ink4a do not lead to

proliferation until CDKN2A inactivation deregulates cell cycle

arrest (Michaloglou et al., 2005). Bi allelic losses in the INK4 re-

gion could be demonstrated to occur in metastatic melanomas

which also presented BRAF or NRAS mutations. Interestingly

the frequency of BRAF mutations was higher in samples with

biallelic INK4 losses compared to samples with wild type INK4

genotype, whereas the opposite trend was registered in com-

parisons of bi allelic INK4 losses with NRAS mutation frequen-

cies. Mutant BRAF containing cells thus seem to need INK4

inactivation to a higher extent than mutant NRAS cells, in order

to proliferate (Grafström et al., 2005).
Table 3b – NRAS/BRAF mutations in melanomas from body sites
with different degree of UV-exposure

Sites NRAS mut/
total N (%)

BRAF mut/
total N (%)

p-valuea

Continuous sun exp.* 56/192 (29) 24/116 (21) p ¼ 0.109

Intermittent sun exp.** 115/562 (21) 210/435 (48) p < 0.001

References: van’t Veer et al., 1989, Carr and Mackie et al., 1994, Ball

et al., 1994, van Elsas et al., 1996, Jiveskog et al., 1998, Maldonado

et al., 2003, Shinozaki et al., 2004, Reifenberger et al., 2004, Akslen

et al., 2005, Curtin et al., 2005, Goel et al., 2006, Edlundh-Rose

et al., 2006, Poynter et al., 2006. *Head, neck, **trunk, extremities.

a Chi-square exact test.
7. RAS/RAF alterations in relation to pathological
and clinical characteristics

A correlation between NRAS mutations and Clark level of inva-

sion has been observed (Ball et al., 1994; Omholt et al., 2002).

NRAS mutations were significantly associated with higher

Clark levels of invasion than BRAF mutations (Edlundh-Rose

et al., 2006). Mutation positive melanomas were reported to

be significantly thicker than wild-type tumours (Ball et al.,

1994). Two other reports could however not demonstrate

any association between NRAS mutation and Breslow thick-

ness (van Elsas et al., 1996; Demunter et al., 2001a,b). Neither

did BRAF mutation incidence correlate with Breslow thickness

(Omholt et al., 2003; Shinozaki et al., 2004; Akslen et al., 2005).

A significantly higher mean age at diagnosis was registered

among patients with NRAS melanomas compared to cases with

BRAF mutations (Edlundh-Rose et al., 2006). Some studies sup-

port, in addition, an impact of BRAF mutations on prognosis in

melanoma. Thus, BRAF mutations were significantly associ-

ated with diminished duration of response to chemotherapy

and the presence of BRAF mutations in melanoma metastases

was associated with shortened survival from the time point of

removal of the lesions or from the diagnosis of stage IV disease

(Kumar et al., 2003a; Houben et al., 2004). Lymph node metasta-

ses with BRAF mutations and/or alterations of multiple tumour

suppressor genes were found to be associated with reduced

survival (Daniotti et al., 2004). However, others did not find

any effect on overall disease free survival (Omholt et al., 2003;

Shinozaki et al., 2004; Akslen et al., 2005).

8. Experimental evidence for UV mutagenesis of NRAS

A mutagenic effect of UV irradiation could be demonstrated in

vitro in cloned human NRAS proto-oncogene sequences,

resulting in cyclobutane pyrimidine dimer formation prefer-

entially at codon 61 and subsequently, after transfection, in

the manifestation of codon 61 Q61R (CAA/CGA) and Q61K

(CAA/AAA) changes, identical to those found in screenings

of clinical melanoma samples (Van der Lubbe et al., 1988).

UV photoproducts in UV irradiated human skin fibroblasts

were furthermore mapped at a high frequency to codon 61 of

the transcribed strand of all three RAS genes, but rather rarely

to codons 12 and 13 (Törmänen and Pfeifer, 1992). UV-induced

C3H mouse skin tumours contained mutations preferentially

in the NRAS oncogene. The majority of the mutations occurred

opposite to or adjacent to dipyrimidine sites (Pierceall et al.,

1992) and the same type of NRAS mutations were found in mel-

anocytic tumours generated in hairless mice after 7,12 dime-

thylbenz(a)anthracene application followed by UV irradiation

(Husain et al., 1991).

There are, to our knowledge, no corresponding experimen-

tal data published on UV irradiation effects on BRAF.

9. Body site, histogenetic subclass of melanoma and
NRAS/BRAF mutation pattern

A possible relationship between UV-exposure and the occur-

rence of Ras activation in melanoma tumours has been widely



Table 4 – NRAS/BRAF mutations in melanomas with known
histogenetic subclass and different degree of UV exposure

NRAS mut/total N (%) BRAF mut/total N (%)

Continuous
sun exp.

Intermittent
sun exp.

Continuous
sun exp.

Intermittent
sun exp.

NM 12/29 (41) 16/66 (24) 2/13 (15) 15/48 (31)

SSM 11/37 (30) 19/123 (15) 4/8 (50) 55/98 (56)

ALM 3/4 (–) 1/6 (17) 0/0 (–) 1/4 (–)

LMM 4/29 (14) 0/3 (–) 4/46 (9) 0/1 (–)

References: Carr and Mackie, 1994, Ball et al., 1994, Jiveskog et al.,

1998, Reifenberger et al., 2004, Akslen et al., 2005, Curtin et al.,

2005, Goel et al., 2006, Poynter et al., 2006.

M O L E C U L A R O N C O L O G Y 1 ( 2 0 0 8 ) 3 9 5 – 4 0 5 401
debated. Unfortunately, only a subset of investigations on

NRAS mutations in melanoma contain enough clinical data

to allow reasonable conclusions regarding these matters. A

number of investigators, however, have designed studies fo-

cusing on mutation detection in large, well characterized clin-

ical materials which include data on histogenetic types and/or

anatomical site of the primary tumours, and comparison of

the reported data show notable consistency.

Table 3a summarizes results from published studies which

include large patient materials. On average, 31% of NM, 21% of

SSM, 8% of ALM and 19% of LMM have NRAS codon 61 muta-

tions. BRAF mutations show a different pattern with a highest

frequency of 52% among SSM and a lower frequency of 43% in

NM, while they occur at low but similar frequency in 14% of

LMM and 15% of ALM.

The distribution of NRAS mutations among tumours from

anatomical sites with different patterns of UV exposure was

investigated in a number of laboratories. We limit our discus-

sion exclusively to comparable results from a subset of papers

including statements for data obtained from continuously sun

exposed head and neck areas versus intermittently exposed

sites including chest, back and extremities and from com-

pletely unexposed mucous membrane locations such as

vagina, anus and palate.

These reports, in summary, consistently show the highest

NRAS codon 61 mutation frequencies (29%), among primary

melanomas from chronically sun exposed body sites

( p ¼ 0.0129). This compares to 21% of such mutations in tu-

mours appearing on intermittently exposed sites (Table 3b).

In contrast only 6% (3 of 51) of melanoma tumours from

non-sun exposed mucous membrane locations were reported

to carry NRAS mutations (van’t Veer et al., 1989; Ball et al.,

1994; Jiveskog et al., 1998; Curtin et al., 2005; Goel et al.,

2006). Twenty one percent of melanomas from chronically

sun exposed body sites had BRAF mutations, whereas

a significantly higher frequency of BRAF mutations (48%)

was detected in melanomas from body sites with intermittent

sun exposure, including melanomas on extremities, carried

such mutations (p < 0.001) (Table 3b). These results differ

from investigations of NRAS mutation, which were found at

higher frequencies in melanomas from chronically UV ex-

posed head/neck locations. Only 9% (4/46) of melanomas

from UV-shielded mucosal membranes had BRAF mutations

(Maldonado et al., 2003; Edwards, 2004; Curtin et al., 2005;

Goel et al., 2006; Poynter et al., 2006).

A number of investigators studied large series of melano-

mas in parallel for both NRAS and BRAF mutations and found,

with few exceptions a mutually exclusive occurrence of these

alterations. The mutation frequencies in both genes thus may

be added together since mutational activation of both genes

affect the Ras-Raf-Mek-Erk kinase pathway. Accordingly addi-

tion of the individual mutation frequencies show, in sum-

mary, that 74% of NM, 73% of SSM, 23% of ALM and 33% of

LMM have either NRAS or BRAF mutations. The addition of

mutation frequencies of both genes show furthermore that

50% of melanomas from chronically sun exposed body sites

and 69% of melanomas from intermittently sun exposed sites

have either NRAS or BRAF mutations. In contrast only 15% of

melanomas from UV protected mucosal membrane sites

show mutation of either NRAS or BRAF. It is interesting to
note that Curtin et al. (2005), while applying presence or ab-

sence of solar elastosis as criteria for sun-induced damage,

identified almost exclusively LMM in their group of tumours

from skin with chronic sun-induced damage and a vast major-

ity of SSM melanomas in their group of tumors on skin with-

out chronic sun-induced damage. This is in marked contrast

to results from other investigators, which were obtained on

panels of melanomas belonging to several histogenetic sub-

classes on sites with differing sun exposition. In fact, pub-

lished data from different research groups added together,

show the highest frequencies of NRAS mutations, 41%, among

NM followed by 30% in SSM and in only14% in LMM from con-

tinuously sun exposed body sites. Twenty four percent of the

NM melanomas and 15% of the SSM melanomas from inter-

mittently sun exposed sites had NRAS mutations (Table 4).

The highest BRAF mutation frequencies in melanomas from

continuously sun exposed sites were registered in 50% of

SSM, whereas 15% of NM and only 9% LMM from such loca-

tions had BRAF mutations. The corresponding BRAF mutation

frequencies for melanomas from intermittent sun exposed

locations where 56% of SSM and 31% of NM (Table 4).

These results, in summary, show the highest frequencies

of NRAS mutations among NM and SSM from continuously

sun exposed body locations whereas the highest frequencies

of BRAF mutations were measured in SSM and NM melanomas

on intermittent sun exposed sites.
10. Conclusions

NRAS codon 61 and BRAF codon 600 alterations are, so far, the

most common point mutations detected in proto-oncogenes

in human cutaneous melanoma and seem to occur in a mutu-

ally exclusive manner. These mutations generally appear early,

are already detectable in the radial growth phase, and persist

throughout metastatic spread. The frequency of reported

NRAS mutations among primary tumours varies from 4 to 50%

and the corresponding figure for BRAF mutations is 20–80%.

The variation in reported frequencies may, in part, be a result

of differences in sample selection, for example with respect to

histogenetic subclass, body site, patient characteristics such

as skin type, hair color and history of UV exposure as well as

the analyzed sample type, such as primary melanoma or me-

tastasis, fresh frozen biopsies or formalin fixed sections. The
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use of analytical methods with different detection limits may

add to the variation in reported mutation frequencies.

Unfortunately only a subset of reports on NRAS and BRAF

mutation detection in human cutaneous melanoma contain

information on both histogenetic subtype and body sites of

the analyzed tumours. Compilation of the results from these

papers (Table 4) clearly show that the highest NRAS mutation

frequency is registered among NM and SSM located in the

chronically sun exposed head-neck region while it is lower

among the corresponding tumours from intermittently sun

exposed body sites. A reverse difference in frequencies of

BRAF mutations among SSM and NM from continuously sun

exposed sites as compared to tumours from intermittent ex-

posed locations is observed. The highest frequency of BRAF

mutations is found among SSM. Mutations in both proto

oncogenes are found at far lower frequencies in LMM when

compared with melanomas belonging to the NM and SSM sub-

classes, a result also recognized in a recent literature review

on mutational changes registered in melanoma but without

referring to parameters such as tumour location and relation

to probable type of UV exposure (Hocker and Tsao, 2007).

Mucosal membrane melanomas have no or very low numbers

of mutations in these genes, instead c-kit alterations have

recently been reported in such tumours (Curtin et al., 2006).

BRAF codon 600 (GTG) is, in contrast to NRAS codon 61

(CAA), not an obvious UV hotspot but, in analogy to NRAS,

a specific site for mutational activation to the oncogenic

form of the gene. The structural difference between NRAS

codon 61 and BRAF codon 600, resulting in largely different

UV-sensitivity of these codons, may explain why tumours

from continuously exposed head/neck locations show pro-

nounced increased NRAS mutation frequencies in comparison

to tumours from intermittent sun exposed body sites while

the opposite tend to appear for BRAF mutations. Typical UV

related signature mutations are largely absent among the ob-

served nucleotide substitutions in BRAF. The most frequently

observed nucleotide changes in V600 of BRAF, may however

provide an analogous growth advantage for the targeted mela-

nocytes leading to their clonal expansion and to melanoma.

Such mutations may be induced by a number of different

mechanisms among them non-classical and indirect UV re-

lated mutagenesis. UVA with a wavelength of 320–400 nm

can penetrate the skin sufficiently deep to reach the melano-

cytes and may induce alterations different from the classical

UVB related mutations. Melanogenesis may generate geno-

toxic reactive oxygen species (ROS) (Joshi et al., 1987; Nappi

and Vass, 1996). Alternative mechanisms involving cyclobu-

tane dimer formation in the vicinity of codon 600 followed

by error prone repair via specialized DNA polymerases have

also been suggested (Thomas et al., 2006). An association

between MC1R variant genotypes and BRAF mutation has

been demonstrated among melanomas from body sites with

intermittent sun exposure (Landi et al., 2006). A possible con-

tribution originating from sunburn associated inflammation

and erythema has recently been postulated. It has been

shown that TNF alpha (tumor necrosis factor alpha) may stim-

ulate the survival of BRaf V600E expressing melanocytes

(Gray-Schopfer et al., 2007).

The frequent occurrence of NRAS codon 61 mutations in

melanomas from continuously sun exposed body locations is
likely to be significant for several reasons. The wild type

NRAS codon 61 seems to represent a preferentially UV sensitive

site which on exposure may lead to mutations coding for an al-

tered protein product with a stronger tumorigenic effect. NRAS

codon 61 mutations are early genetic lesions with impact on

cell-cycle regulation and do persist throughout tumour pro-

gression. Additional support for a specific disease related role

for these mutations in cutaneous melanoma comes from re-

sults obtained in a mouse model in which transgenic mice

were used to determine the effect of RAS activation on mela-

noma development. It was shown that melanocyte specific ex-

pression of mutated RAS, in INK4A deficient mice, results in

a high frequency of melanoma development (Chin et al., 1997).

Direct UV related mutagenesis of NRAS codon 61 thus

seem to take a stronger part in the interplay of mutability

with biological clonal selection pressure as compared to the

less well defined and may be indirect UV-related mutability

of BRAF codon 600. Oncogenic activity differences, further-

more, may exist between NRAS and BRAF mutant forms in

a context-dependent manner in melanocytes as recently

demonstrated in model experiments for NRAS versus KRAS

isoforms (Whitwam et al., 2007). It should also be remem-

bered that the sensitivity levels in most of the employed an-

alytical procedures, measure clonal expansion rather than

the actual frequencies of mutational events.

Taken together, a major proportion of cutaneous melano-

mas are identified and characterized by the presence of

oncogenic NRAS or BRAF mutations, a situation which should

strongly impact the design of trials of targeted molecular

interventions. Interference with several branches or compo-

nents of the Ras-Raf-Mek-Erk network may be most effective

and depend on selection of appropriate subsets of targets for

combination therapies including both chemotherapeutic as

well as immunological approaches.
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