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background

 

Exposure to ultraviolet light is a major causative factor in melanoma, although the re-
lationship between risk and exposure is complex. We hypothesized that the clinical
heterogeneity is explained by genetically distinct types of melanoma with different sus-
ceptibility to ultraviolet light.

 

methods

 

We compared genome-wide alterations in the number of copies of DNA and mutational
status of 

 

BRAF

 

 and 

 

N

 

-RAS 

 

in 126 melanomas from four groups in which the degree of
exposure to ultraviolet light differs: 30 melanomas from skin with chronic sun-induced
damage and 40 melanomas from skin without such damage; 36 melanomas from palms,
soles, and subungual (acral) sites; and 20 mucosal melanomas.

 

results

 

We found significant differences in the frequencies of regional changes in the number
of copies of DNA and mutation frequencies in 

 

BRAF

 

 among the four groups of melano-
mas. Samples could be correctly classified into the four groups with 70 percent accuracy
on the basis of the changes in the number of copies of genomic DNA. In two-way com-
parisons, melanomas arising on skin with signs of chronic sun-induced damage and
skin without such signs could be correctly classified with 84 percent accuracy. Acral
melanoma could be distinguished from mucosal melanoma with 89 percent accuracy.
Eighty-one percent of melanomas on skin without chronic sun-induced damage had
mutations in 

 

BRAF

 

 or 

 

N-RAS

 

; the majority of melanomas in the other groups had muta-
tions in neither gene. Melanomas with wild-type 

 

BRAF

 

 or

 

 

 

N

 

-RAS 

 

frequently had in-
creases in the number of copies of the genes for cyclin-dependent kinase 4 (

 

CDK4

 

) and
cyclin D1 (

 

CCND1

 

), downstream components of the RAS–BRAF pathway.

 

conclusions

 

The genetic alterations identified in melanomas at different sites and with different lev-
els of sun exposure indicate that there are distinct genetic pathways in the development
of melanoma and implicate 

 

CDK4

 

 and 

 

CCND1

 

 as independent oncogenes in melanomas
without mutations in 

 

BRAF

 

 or 

 

N-RAS

 

.
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he rising incidence of melanoma

 

and lack of effective treatments for ad-
vanced disease represent an important

public health problem.

 

1

 

 Exposure to the sun is gen-
erally accepted as a major causative factor.

 

1-3

 

 How-
ever, its mechanism is unknown, and the role of ex-
posure to ultraviolet light is complex and has some
paradoxical features. For example, in light-skinned
people, the group that is predominantly affected by
melanoma, tumors are most common on areas that
are intermittently exposed to the sun, such as the
trunk, arms, and legs, rather than on areas that are
chronically exposed to the sun, such as the face.
Also, several studies have shown that indoor work-
ers have a higher risk of melanoma than outdoor
workers,

 

4,5

 

 leading some authorities to suggest that
chronic exposure to ultraviolet light exerts a protec-
tive effect. A small proportion of melanomas arise
without obvious exposure to ultraviolet light, be-
cause they affect sites that are relatively or absolute-
ly protected, such as the palms and soles (acral mel-
anoma) and mucosal membranes. Finally, genes
such as 

 

BRAF

 

 and 

 

N-RAS

 

 that are commonly mutat-
ed in melanoma do not show typical ultraviolet “fin-
gerprint” mutations.

 

6,7

 

There has been an ongoing debate about wheth-
er this complexity could in part be due to the exist-
ence of several distinct types of melanoma. One
proposal, based on histologic growth patterns, de-
scribes four “histogenetic” types of melanoma: su-
perficial spreading, lentigo maligna, nodular, and
acral lentiginous melanoma.

 

8,9

 

 However, the use
of this classification is controversial

 

10

 

 and has not
been broadly adopted in clinical practice, primarily
because a substantial number of melanomas do
not fit the classic types and the histogenetic type is
not an independent prognostic factor.

 

11,12

 

 A more
recent hypothesis suggests that these tumors be
classified according to divergent pathways, because
patients with melanomas of the head and neck dif-
fer from patients with melanomas on the trunk in
having higher levels of expression of TP53 pro-
tein, a higher frequency of associated nonmelano-
ma skin cancers, and lower numbers of melano-
cytic nevi.

 

13-15

 

Genetic studies have provided support for this
dual-pathway hypothesis concerning melanomas
on skin exposed to the sun. 

 

BRAF

 

 mutations are
common only in melanomas arising in areas inter-
mittently exposed to the sun and are rare in melano-
mas on skin that is chronically exposed to the sun or
on acral skin and mucosal membranes that are sel-

dom or never exposed to the sun.

 

16

 

 In addition, sev-
eral studies have shown that melanomas of the
palms and soles and mucosal membranes have dis-
tinctive patterns of chromosomal aberrations as
compared with those at other sites.

 

17-19

 

 Under-
standing whether the heterogeneity of melanoma
with respect to the site, degree of exposure to the
sun, and histologic characteristics is caused by bi-
ologically distinct types of melanoma is of great
clinical importance, because it is likely to result in
separate targeted therapeutic approaches and pre-
vention strategies. To shed light on this area, we
analyzed 126 primary melanomas classified into
four groups on the basis of their location and de-
gree of exposure to the sun. Our analysis included a
genome-wide assessment of the differences in the
number of copies of DNA that used array-based
comparative genomic hybridization

 

20,21

 

 and a fo-
cused analysis of signaling pathways that are mark-
edly altered in melanoma (Fig. 1).

 

tumor specimens

 

We collected archival, paraffin-embedded primary
melanomas that had an invasive component in
which tumor cells predominated over stromal cells
from seven centers: the Dermatopathology Section
of the Department of Pathology and Dermatology,
University of California, San Francisco; the Depart-
ment of Dermatology, Kumamoto University School
of Medicine, Kumamoto, Japan; the Department of
Pathology, Memorial Sloan-Kettering Cancer Cen-
ter, New York; DermPath, Friedrichshafen, Germa-
ny; the Department of Dermatology, Seoul Nation-
al University College of Medicine, Seoul, South
Korea; the Department of Dermatology, Tohoku
University Graduate School of Medicine, Sendai,
Japan; and the Department of Dermatology, Uni-
versity of Würzburg, Würzburg, Germany. The
study was approved by the institutional review
board of the University of California, San Fran-
cisco. We obtained roughly similar numbers of
four types of tumors: 36 specimens of acral mela-
noma, defined as melanoma occurring on the non–
hair-bearing skin of the palms or soles or under the
nails; 20 specimens of mucosal melanoma, de-
fined as tumors arising on mucosal membranes;
30 specimens of melanoma arising from skin with
chronic sun-induced damage; and 40 specimens of
melanoma arising from skin without chronic sun-
induced damage. The distinction between the last

t
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two groups was based solely on the presence or ab-
sence on microscopy of marked solar elastosis of
the dermis surrounding the melanomas. In all but
a few cases, melanomas associated with chronic
sun-induced damage occurred on the face and
melanomas that were not associated with chronic
sun-induced damage occurred on the trunk, arms,
and legs (Table 1; further details are provided in
the Supplementary Appendix, available with the
full text of this article at www. nejm.org).

 

experimental methods

 

DNA for comparative genomic hybridization was
extracted from tumor-bearing tissue as described
previously.

 

22

 

 Array-based comparative genomic hy-
bridization was carried out on 600 to 2000 ng of ge-
nomic DNA, labeled by random priming, as previ-
ously described.

 

23

 

 Data points of low quality, as
assessed by a large standard deviation between rep-

licate spots on each array, were rejected. Clones that
had missing data in more than 25 percent of the
samples in the group as a whole or in 50 percent in
any individual group were excluded from further
analysis (the Supplementary Appendix provides de-
tails of primary data processing). The data set used
for comparative genomic hybridization has been de-
posited in the Gene Expression Omnibus (accession
number, GSE2631; available at www.ncbi.nlm.nih.
gov/geo/).

Immunohistochemical analysis was performed
on tissue microarrays as described previously with
the use of standard protocols and the use of 3-ami-
no-9-ethylcarbazole as a chromagen according to
the manufacturer’s specifications.

 

24

 

 The following
antibodies were used: monoclonal antibody AM29
against cyclin D1 (CCND1; catalog number, 18-
0220; Zymed) in a 1:200 dilution, as described pre-
viously

 

25

 

; monoclonal antibody Ab-4 against cyclin-

 

Figure 1. The Mitogen-Activated Protein (MAP) Kinase and Phosphatidylinositol 3' Kinase (PI3K) Pathways.

 

Signals from receptor tyrosine kinases can promote proliferation through the MAP kinase pathway (left branch) and sur-
vival through the PI3 kinase pathway (right branch).

Extracellular

Intracellular
Ras

BRAF

MEK

AKT

PI3K

Survival

Proliferation

ERK

CCND1

Receptor tyrosine
kinase

CDK4/6p16

PTEN

The New England Journal of Medicine 
Downloaded from nejm.org on August 28, 2011. For personal use only. No other uses without permission. 

 Copyright © 2005 Massachusetts Medical Society. All rights reserved. 



 

n engl j med 

 

353;20

 

www.nejm.org november 

 

17

 

, 

 

2005

 

The

 

 new england journal 

 

of

 

 medicine

 

2138

 

Ta
bl

e 
1.

 C
ha

ra
ct

er
is

tic
s 

of
 th

e 
Fo

ur
 T

yp
es

 o
f M

el
an

om
a.

*

G
ro

up
N

o.
 o

f 
Sa

m
pl

es
Tu

m
or

 
Th

ic
kn

es
s

Se
x†

A
ge

M
ut

an
t

 

B
R

A
F

 

‡
M

ut
an

t 

 

R
A

S

 

‡

W
ild

-T
yp

e 

 

B
R

A
F

 

 a
nd

 

 

R
A

S

 

‡
C

om
m

on
 C

hr
om

os
om

al
 A

be
rr

at
io

ns
§

 

M
al

e
Fe

m
al

e

 

m
m

no
. o

f p
at

ie
nt

s
yr

no
. (

%
)

 

M
el

an
om

as
 o

n 
sk

in
 w

ith
ou

t c
hr

on
ic

 
su

n-
in

du
ce

d 
da

m
ag

e

 

Tr
un

k
20

12
8

14
 (

78
)

3 
(1

7)
1 

(6
)

In
cr

ea
se

d 
co

py
 n

o.
 (

6p
, 7

, 8
q,

 1
7q

, 2
0q

)

M
ed

ia
n

3.
6

65
R

ed
uc

ed
 c

op
y 

no
. (

9p
, 

 

10
,

 

 2
1q

)

R
an

ge
1.

2–
7.

5
28

–8
2

Le
g

12
4

7
4 

(3
6)

3 
(2

7)
4 

(3
6)

M
ed

ia
n

2.
8

69

R
an

ge
1.

2–
5.

0
21

–8
4

A
rm

6
4

2
2 

(3
3)

2 
(3

3)
2 

(3
3)

M
ed

ia
n

4.
0

70

R
an

ge
1.

8–
11

.7
11

–8
5

H
ea

d
1

0
1

1 
(1

00
)

0
0

M
ed

ia
n

2.
7

38

R
an

ge

D
at

a 
m

is
si

ng
1

0
1

1 
(1

00
)

0
0

M
ed

ia
n

3.
7

75

R
an

ge

To
ta

l
40

20
19

22
 (

59
)

8 
(2

2)
7 

(1
9)

M
ed

ia
n

3.
1

65

R
an

ge
1.

2–
11

.7
11

–8
5

 

M
el

an
om

as
 o

n 
sk

in
 w

ith
 c

hr
on

ic
 

su
n-

in
du

ce
d 

da
m

ag
e

 

H
ea

d
21

9
10

2 
(1

0)
4 

(2
0)

14
 (

70
)

In
cr

ea
se

d 
co

py
 n

o.
 (

6p
, 1

1q
13

, 1
7q

, 2
0q

)

M
ed

ia
n

3.
0

76
R

ed
uc

ed
 c

op
y 

no
. (

6q
, 8

p,
 9

p,
 1

3,
 2

1q
)

R
an

ge
1.

0–
7.

5
52

–9
4

Tr
un

k
3

3
0

0 
0

1 
(1

00
)

M
ed

ia
n

1.
7

78

R
an

ge
1.

4–
6.

2
76

–8
4

A
rm

3
2

1
0 

0
3 

(1
00

)

M
ed

ia
n

3.
8

73

R
an

ge
3.

3–
6.

0
67

–8
3

The New England Journal of Medicine 
Downloaded from nejm.org on August 28, 2011. For personal use only. No other uses without permission. 

 Copyright © 2005 Massachusetts Medical Society. All rights reserved. 



 

n engl j med 

 

353;20

 

www.nejm.org november 

 

17, 2005

 

distinct sets of genetic alterations in melanoma

 

2139

 

*
N

A
 d

en
ot

es
 n

ot
 a

va
ila

bl
e.

†
D

at
a 

ab
ou

t s
ex

 w
er

e 
m

is
si

ng
 fo

r 
so

m
e 

pa
tie

nt
s.

‡
Pe

rc
en

ta
ge

s 
in

di
ca

te
 th

e 
pr

op
or

tio
ns

 o
f s

am
pl

es
 s

eq
ue

nc
ed

 s
uc

ce
ss

fu
lly

. B
ec

au
se

 o
f r

ou
nd

in
g 

no
t a

ll 
pe

rc
en

ta
ge

s 
to

ta
l 1

00
.

§
C

om
m

on
 c

hr
om

os
om

al
 a

be
rr

at
io

ns
 a

re
 th

os
e 

th
at

 o
cc

ur
 in

 a
t l

ea
st

 2
0 

pe
rc

en
t (

re
du

ce
d 

co
py

 n
o.

 o
r 

in
cr

ea
se

d 
co

py
 n

o.
 o

r 
at

 le
as

t 1
0 

pe
rc

en
t a

m
pl

ifi
ca

tio
n)

 o
f s

am
pl

es
 w

ith
in

 in
di

vi
du

al
 

 

gr
ou

ps
. B

ol
df

ac
ed

 r
eg

io
ns

 o
cc

ur
 a

t s
ig

ni
fic

an
tly

 d
iff

er
en

t f
re

qu
en

ci
es

 b
et

w
ee

n 
gr

ou
ps

 (
P<

0.
05

).

D
at

a 
m

is
si

ng
3

1
1

1 
(3

3)
0

2 
(6

7)

M
ed

ia
n

3.
0

78

R
an

ge
2.

0–
3.

8
73

–8
2

To
ta

l
30

15
12

M
ed

ia
n

3.
0

76
3 

(1
1)

4 
(1

5)
20

 (
74

)

R
an

ge
1.

0–
7.

5
52

–9
4

 

M
uc

os
al

 m
el

an
om

a

 

To
ta

l
20

7
13

2 
(1

1)
1 

(5
)

16
 (

84
)

In
cr

ea
se

d 
co

py
 n

o.
 (

 

1q
, 6

p,

 

 7
, 8

q,
 

 

11
q1

3,

 

 

 

17
q,

 

 

20
q)

M
ed

ia
n

5.
0

68
A

m
pl

ifi
ca

tio
n 

(1
q3

1,
 4

q1
2,

 

 

12
q1

4

 

)

R
an

ge
3.

8–
45

.0
38

–8
3

R
ed

uc
ed

 c
op

y 
no

. (

 

3q
,

 

 4
q,

 6
q,

 

 

8p
,

 

 9
p,

 

 

10
, 1

1p
,

 

 1
1q

, 
21

q)

 

A
cr

al
 m

el
an

om
a

 

So
le

27
14

11
3 

(1
4)

3 
(1

4)
16

 (
73

)
In

cr
ea

se
d 

co
py

 n
o.

 (

 

6p
,

 

 7
, 8

q,
 1

7q
, 2

0q
)

M
ed

ia
n

2.
9

76
A

m
pl

ifi
ca

tio
n 

(5
p1

5,
 5

p1
3,

 

 

11
q1

3,

 

 1
2q

14
)

R
an

ge
1.

2–
8.

0
34

–9
0

R
ed

uc
ed

 c
op

y 
no

. (
6q

, 9
p,

 

 

10
,

 

 1
1q

, 2
1q

)

Su
bu

ng
ua

l
7

5
2

3 
(4

3)
0

4 
(5

7)

M
ed

ia
n

4.
6

66

R
an

ge
2.

0–
10

.0
42

–7
7

Pa
lm

1
1

0
1 

(1
00

)
0

0

M
ed

ia
n

1.
0

62

R
an

ge

D
at

a 
m

is
si

ng
1

N
A

N
A

N
A

N
A

N
A

N
A

M
ed

ia
n

1.
9

R
an

ge

To
ta

l
36

20
13

7 
(2

3)
3 

(1
0)

20
 (

67
)

M
ed

ia
n

3.
0

73

R
an

ge
1.

0–
10

.0
34

–9
0

The New England Journal of Medicine 
Downloaded from nejm.org on August 28, 2011. For personal use only. No other uses without permission. 

 Copyright © 2005 Massachusetts Medical Society. All rights reserved. 



 

n engl j med 

 

353;20

 

www.nejm.org november 

 

17

 

, 

 

2005

 

The

 

 new england journal 

 

of

 

 medicine

 

2140

 

dependent kinase N2A (CDKN2A; catalog number,
MS-887-P1; Laboratory Vision) in a 1:25 dilution;
a polyclonal antibody against phosphorylated Akt
(Ser473; catalog number, 9277S; Cell Signaling
Technology) in a 1:80 dilution; and E10 monoclo-
nal antibody against phosphorylated extracellular-
signal–regulated kinase (ERK, Thr202/Tyr204; cat-
alog number, 9106S; Cell Signaling Technology) in
a 1:80 dilution. The intensity of staining was scored
on a scale on which a score of 0 indicated the low-
est intensity and a score of 4 the highest intensity.
Scores of 2 or greater were considered positive.

We used a polymerase-chain-reaction (PCR) as-
say to amplify DNA that included 

 

BRAF

 

 codon 600
(113 specimens) and codons 12, 13, and 61 of

 

N-RAS

 

 (113 specimens) and 

 

H-RAS

 

 and 

 

K-RAS

 

 (95
specimens each). PCR products were purified with
the use of ExoSAP-IT (USB), sequenced directly with
the use of specific primers, and analyzed with the
use of an ABI Prism 3700 DNA Analyzer (Applied
Biosystems).

 

statistical analysis

 

The experimental variability of each sample includ-
ed in the array for comparative genomic hybridiza-
tion was assessed as described previously.

 

26

 

 For
each hybridization, the median absolute deviation,
a robust estimate of the standard deviation, was cal-
culated for each portion of the genome found to
have a constant number of copies, and the median
of those values was used to estimate the noise level
of the measurement. Changes in the numbers of
copies of DNA within chromosomes and of entire
chromosomes were identified by applying the un-
supervised hidden-Markov-model procedure as pre-
viously described

 

26,27

 

 and used to assess overall
genomic instability.

 

23

 

 Microarray elements with
absolute base-2 logarithm (log

 

2

 

) ratios greater than
2.5 times the median absolute deviation were clas-
sified as aberrant (having gains or losses in numbers
of copies). The proportion of the genome altered in
each sample was computed as the proportion of ab-
errant clones. Genomic regions represented by mi-
croarray elements were declared to be homozygous-
ly lost if their log

 

2

 

 ratio was less than ¡0.9. The
height of the peak representing the increase in the
number of copies and the narrowness of the affect-
ed region relative to its flanking segments were
used to define high-level amplification (details are
provided in the Supplementary Appendix). Ampli-
cons were defined as contiguous regions of ampli-
fication. Missing values were imputed with the use

of the lowess approach, which is a robust, locally
linear regression method.

 

28

 

 The F statistic, correct-
ed for multiple testing with the use of maxT-adjust-
ed permutation-based P values (i.e., adjusted for
multiple testing in a way that strongly controls the
probability of declaring false positives), was used
to assess the significance of differences between the
ratios of individual clones among the four groups
of melanomas.

 

29

 

 Adjusted P values of less than
0.05 were considered to indicate statistical signifi-
cance, ensuring the probability of at least one false
discovery of no more than 0.05 and thus providing
strong control of the family-wise error rate.

 

29

 

We compared individual clones containing
genes of interest between two or more groups us-
ing the Kruskal–Wallis test. We used Fisher’s exact
test to evaluate the two-by-two tables comparing
mutational status or cluster assignments among
the four groups. The rate of misclassification of the
classifiers was assessed with the use of the leave-
one-out cross-validation method by repeatedly ap-
plying a diagonal linear discriminant analysis clas-
sifier while varying the number of features used by
the predictor.

 

30

 

 Features were reselected at each
cross-validation step with the use of F-statistic
ranking. Hence, only samples in the most current
training set were used, thus eliminating potential
downward bias of the resulting error rate.

 

30

 

 The re-
ported leave-one-out error rates correspond to the
predictor with the number of features resulting in
the best performance of the classifier. All calcula-
tions were done in R statistical language.

 

31

 

Figure 2 (facing page). Changes in the Number of Copies 
of DNA in Subgroups of Melanoma.

 

Two histograms are shown for each group of melanoma 
(Panels A, B, C, and D) and for the four groups combined 
(Panel E). In each panel, the upper plots show low-level 
gains (green) and losses (red), and the lower plots show 
amplifications (green) and homozygous deletions (red) 
for each type. Vertical dashed lines represent the location 
of the centromere. The x axis represents genomic posi-
tion, with the bacterial artificial chromosomes ordered 
according to position in the genome beginning at 1p and 
ending at 22. The y axis represents the fraction of the 
samples with a given clone altered. Panel E shows the 
statistical differences between the changes in the num-
ber of copies in the four groups. The magnitude of the 
F statistic is shown as the height of the vertical bars, and 
their global significance is indicated with horizontal 
dashed lines that show the maxT-adjusted P-value cut-
offs (red, P=0.01; blue, P=0.05; and green, P=0.1).

The New England Journal of Medicine 
Downloaded from nejm.org on August 28, 2011. For personal use only. No other uses without permission. 

 Copyright © 2005 Massachusetts Medical Society. All rights reserved. 



 

n engl j med 

 

353;20

 

www.nejm.org november 

 

17, 2005

 

distinct sets of genetic alterations in melanoma

 

2141

M
el

an
om

a 
on

 S
ki

n
w

ith
ou

t C
hr

on
ic

 S
un

-
In

du
ce

d 
D

am
ag

e

1 3 5 7 9 11 13 15 17 19 21

¡0.2

0.2

¡0.6

0.2
0.0

¡0.2

0.6

¡0.2

0.2

¡0.6

0.2
0.0

¡0.2

0.6

¡0.2

0.2

¡0.6

0.2

0.0
¡0.2

0.6

¡0.2

0.2

¡0.6

0.2
0.0

¡0.2

0.6

14
16

12
10
8
6
4
2
0

18

M
el

an
om

a 
on

 S
ki

n
w

ith
 C

hr
on

ic
 S

un
-

In
du

ce
d 

D
am

ag
e

M
uc

os
al

 M
el

an
om

a
A

cr
al

 M
el

an
om

a
Fo

ur
-G

ro
up

 S
ta

tis
tic

1 3 5 7 9 11 13 15 17 19 21

1 3 5 7 9 11 13 15 17 19 21

1 3 5 7 9 11 13 15 17 19 21

1 3 5 7 9 11 13 15 17 19 21

Gains

Losses

Amplifications

Homozygous deletions

Gains

Losses

Amplifications

Homozygous deletions

Gains

Losses

Amplifications

Homozygous deletions

Gains

Losses

Amplifications

Homozygous deletions

0.01
0.05

0.1

A

B

C

D

E

The New England Journal of Medicine 
Downloaded from nejm.org on August 28, 2011. For personal use only. No other uses without permission. 

 Copyright © 2005 Massachusetts Medical Society. All rights reserved. 



 

n engl j med 

 

353;20

 

www.nejm.org november 

 

17

 

, 

 

2005

 

The

 

 new england journal 

 

of

 

 medicine

 

2142

 

distinct sets of genomic aberrations 
among melanoma subgroups

 

Array-based comparative genomic hybridization
showed that several genomic regions had changes
in the number of copies of DNA in all four groups
of melanoma (Fig. 2). In addition, there were
marked differences in aberrant genomic regions
among the groups (Fig. 2 and Table 1). These dif-
ferences were most pronounced between melano-
mas on skin that was relatively or absolutely protect-
ed from the sun (acral and mucosal melanomas)
and melanomas on skin with various degrees of ex-
posure to the sun. Specifically, acral or mucosal
melanomas had a significantly higher degree of
chromosomal aberrations, as assessed by the over-
all proportion of the genome affected by gains or
losses of DNA (P=0.004 by the Kruskal–Wallis
test), changes in the total number of copy-number
transitions within chromosomes (P<0.001 by the
Kruskal–Wallis test), and changes in the number of
amplicons (P<0.001 by the Kruskal–Wallis test)
(Fig. 3). Amplifications were found in 89 percent of
acral melanomas and 85 percent of mucosal mela-
nomas, but they involved different genomic regions
in the two groups (Fig. 2 and Table 1). Amplifica-
tions were infrequent in the group of melanomas
on skin with chronic sun-induced damage and the
group on skin without chronic sun-induced dam-
age. In addition to these differences in the degree of
genomic instability, there were differences in aber-
ration patterns among the four groups (Fig. 2).

Table 1 shows the common genomic aberra-
tions and the regions that were affected with differ-
ent frequencies in each group after adjustment for
multiple testing. On the basis of the changes in the
number of copies of DNA alone, samples could be
correctly classified into the four groups with an over-
all accuracy of 70 percent. Two-way classification of
acral and mucosal melanomas correctly classified
50 of 56 samples (89 percent). Most intriguingly,
two-way classification of the group of melanomas
on skin with chronic sun-induced damage and the
group on skin without chronic sun-induced damage
led to the correct classification of 59 of 70 samples
(84 percent). Unsupervised agglomerative hierar-
chical clustering separated the group of melanomas
that were on skin with chronic sun-induced damage
and the group on skin without chronic sun-induced
damage that had been exposed to sun into two ma-
jor clusters (P<0.001 by Fisher’s exact test) (Fig.

3C). Frequent focused gains involving the 

 

CCND1

 

locus (P=0.001), losses involving chromosome 4q
(P=0.004), and gains involving regions of chromo-
some 22 (P=0.004) were significantly more com-
mon in the group with chronic sun-induced dam-
age than in the group without such damage; the
latter group had more frequent losses involving
chromosome 10q (P=0.002). All P values were cal-
culated with the use of a maxT-adjusted permuta-
tion-based t-test as described above and are report-
ed for the most significant changes of the relevant
chromosomal regions.

 

alteration of the mitogen-activated 
protein kinase pathway

 

Mutations in 

 

BRAF

 

 were significantly more common
in the group of melanomas that were on skin with-
out chronic sun-induced damage than in the other
three groups (P<0.001 by Fisher’s exact test) (Fig.
4F), confirming our previous report.

 

16

 

 All muta-
tions in 

 

RAS

 

 genes were found in 

 

N-RAS

 

 and oc-
curred only in samples without 

 

BRAF

 

 mutations.
We did not observe a significant association be-
tween 

 

N-RAS

 

 mutations and melanoma subtypes
(P=0.4 by Fisher’s exact test) (Fig. 4F).

Immunohistochemical analysis showed that
samples without mutations in 

 

BRAF

 

 or 

 

N-RAS

 

 less
frequently expressed phosphorylated ERK than did
samples with such mutations, suggesting that in
samples with wild-type 

 

BRAF

 

 and 

 

N-RAS,

 

 the path-
way was not activated upstream of phosphorylated
ERK (see the Supplementary Appendix). One down-
stream gene, 

 

CCND1

 

, resided in the most common
genomic region affected by focused amplifications
(Fig. 4A). The increases in the number of copies of

 

CCND1

 

 were inversely correlated with mutations in

 

BRAF

 

 (P=0.008 by the Kruskal–Wallis test), inde-
pendently of the type of melanoma (Fig. 4D). Spec-
imens that had increased levels of expression of

 

CCND1

 

 on immunohistochemical analysis had with-
out exception either mutations in 

 

BRAF

 

 or 

 

N-RAS

 

 or
an increased number of copies of 

 

CCND1

 

 (see the
Supplementary Appendix). This observation and
the strong inverse correlation between 

 

BRAF

 

 muta-
tions and the increase in the number of copies of

 

CCND1

 

 suggest that the elevation in the levels of
CCND1 protein as a result of either mutations in
upstream genes or increases in the gene dosage
represents a crucial event driving progression in
melanoma.

Interestingly, 

 

CDK4

 

, whose protein is one of the
binding partners of CCND1 and which is located

results
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on chromosome 12q14, was also subject to recur-
rent focal amplifications (Fig. 4B). 

 

CDK4

 

 amplifica-
tions were more common in acral and mucosal
melanomas than in the other two groups (P=0.005
by the Kruskal–Wallis test). None of the 11 speci-
mens with 

 

CDK4 amplifications had mutations in
either BRAF or N-RAS or had amplification of CCND1
(Fig. 4D). The strong complementarity of the ge-
netic interactions among CDK4, CCND1, BRAF, and
N-RAS implicate CDK4 and CCND1 as independent
oncogenes in melanoma.

The CDKN2A protein (also commonly known
as p16) is a melanoma-susceptibility factor and the
main negative regulator of the CDK4–CCND1 com-
plex, representing a crucial gatekeeper at the G1–S
checkpoint.32 We found deletions of the CDKN2A
locus in 50 percent of all melanomas, making it the
most commonly lost genomic region (Fig. 4G). In
10 percent of our specimens, comparative genom-
ic hybridization showed a homozygous deletion of
the CDKN2A locus paralleled by a complete loss of
expression of CDKN2A protein on immunohisto-

Figure 3. Qualitative and Quantitative Differences in Chromosomal Aberrations among the Four Groups of Melanoma.

The box plots indicate significant differences in the number of copies of DNA (Panel A) and number of amplicons (Panel B) among the four 
types of melanoma (P<0.001 by the Kruskal–Wallis test). Boxes are outlined by the first and third quartiles, with the median as a horizontal 
line inside. Whiskers are drawn as 1.5 times the distance between the first and third quartiles. Points outside the whiskers are considered out-
liers. The notches indicate the 95 percent confidence interval for the median. Panel C shows the unsupervised hierarchical clustering of mel-
anomas on skin with chronic sun-induced damage and melanomas on skin without chronic sun-induced damage. Genomic clones are 
displayed in vertical orientation according to their genomic position from chromosomes 1 to 22. The p arms of chromosomes are indicated 
in light blue (odd chromosomes) and yellow (even chromosomes), and the q arms are indicated in dark blue (odd chromosomes) and green 
(even chromosomes). The CCND1 locus was frequently gained in the right branch of the tree (arrowhead), which was enriched for specimens 
from skin with chronic sun-induced damage (P=0.001 by the Kruskal–Wallis test). Ten samples from skin without chronic sun-induced dam-
age were incorrectly grouped with samples from skin with such damage, and 10 samples from skin with chronic sun-induced damage were 
incorrectly grouped with samples from skin without such damage. There was a significant association between groups and cluster assign-
ment (P<0.001 by Fisher’s exact test).
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Figure 4. Genetic Alterations in the Mitogen-Activated Protein Kinase and PI3K Pathways.

Panels A, B, and C show examples of individual specimens with focal amplification of CCND1 (Panel A) and CDK4 (Panel B) and homozygous de-
letion of CDKN2A (Panel C). The y axis represents the mean log2 ratio for each clone normalized to the genome median log2 ratio. The x axis rep-
resents individual clones ordered with the use of data obtained from the University of California at Santa Cruz Genome Browser (http://genome. 
ucsc.edu, assembly of July 2003). Panels D and E show interactions between amplification of CDK4 and CCND1 and mutations in BRAF and 
N-RAS (Panel D) and homozygous deletions of CDKN2A and amplifications of CDK4 (Panel E). The x and y axes show the log2 ratio for the clone 
representing the individual genes. Data points labeled in red or blue indicate cases with mutations in the BRAF or N-RAS genes, respectively. The 
average log2 ratio of three highly correlated clones (minimum Pearson’s correlation, >0.95) containing the CCND1 gene were used in Panels D and 
G. Panel F shows a significant difference in the mutation frequency of BRAF but not N-RAS among the four groups. Panel G illustrates significant 
differences in the numbers of copies of CDKN2A, PTEN, CCND1, and CDK4 among the four types of melanoma. Boxes are outlined by the first and 
third quartiles, with the median as a horizontal line inside. Whiskers are drawn as 1.5 times the distance between the first and third quartiles. 
Points outside the whiskers are considered outliers. In Panel G, enh denotes an increased number of copies, dim a reduced number of copies, amp 
amplification, and hom del homozygous deletion. The y axis indicates the log2 ratio of the clone representative of the respective gene. CSD denotes 
chronic sun-induced damage, and non-CSD no chronic sun-induced damage.
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chemical analysis (see the Supplementary Appen-
dix). Mucosal and acral melanomas more common-
ly had losses of the CDKN2A locus than did the group
of melanomas on skin with chronic sun-induced
damage or the group on skin without chronic sun-
induced damage (P<0.001 by the Kruskal–Wallis
test). Homozygous deletions of CDKN2A occurred
exclusively in samples without CDK4 amplifications
(Fig. 4E). This observation suggests that amplifica-
tion of CDK4 obviates the need for deletions of
CDKN2A. Since the CDKN2A and CDK4 proteins
bind each other in a 1:1 ratio,33 the evolution of
melanoma appears to be enhanced by a decrease in
the ratio of CDKN2A to CDK4 that loosens check-
point control for entry into the S phase. We did not
note an influence of the tumor thickness on either
the frequencies of mutations in BRAF or N-RAS or
on the amplification frequencies of CCND1 or CDK4
in the four groups of melanomas.

alterations of the phosphatidylinositol 
3' kinase pathway

Several studies have implicated activation of the
phosphatidylinositol 3' kinase (PI3K) pathway as
another crucial event in the progression of melano-
ma. To date, PTEN, a negative regulator of the path-
way, appears to be the most common somatic tar-
get in melanoma, residing in a commonly deleted
genomic area on chromosome 10q. In melanoma
cell lines, mutations or deletions of PTEN occur to-
gether with mutations in BRAF, but not in N-RAS.34

N-RAS activates both the PI3K pathway and the mi-
togen-activated protein kinase pathway, whereas
BRAF seems to activate only the latter, suggesting
that during progression, somatic events activating
only one pathway require a second event to activate
the other. Our data are consistent with this finding.
Specimens with BRAF mutations had fewer copies
of PTEN than specimens with N-RAS mutations
(P=0.02 by the Kruskal–Wallis test). We confirmed
that the PI3K pathway had been activated by evalu-
ating 51 specimens with sufficient tissue for im-
munohistochemical analysis of the expression of
phosphorylated Akt. In this subgroup of samples,
all 8 specimens with N-RAS mutations had increased
levels of expression of phosphorylated Akt, and 14
of 17 specimens (82 percent) with PTEN loss had
increased levels of expression of phosphorylated
Akt (see the Supplementary Appendix). The posi-
tive correlation between the loss of PTEN and muta-
tions in BRAF supports the notion that the PI3K
pathway is an independent somatic target that is fre-
quently activated in primary melanoma.

Our study shows distinct patterns of genetic alter-
ations in the four groups of primary melanomas as
we have defined them. There were differences in
both chromosomal aberrations and the frequency
of mutations of specific genes, suggesting that these
tumors develop by different mechanistic routes in
response to different selective influences. For ex-
ample, acral and mucosal melanomas were unique-
ly characterized by a much higher frequency of focal
amplifications and losses than the group of mela-
nomas that were on skin with chronic sun-induced
damage or the group on skin without chronic sun-
induced damage, indicating that the first two are
mechanistically more similar to each other than to
the other types. However, as our data show, selec-
tion results in highly divergent sets of chromoso-
mal aberrations in acral and mucosal tumors, find-
ings that support their classification as distinct
entities. Because glabrous and mucosal epithelia
are morphologically distinct from each other and
because solar exposure is unlikely to contribute to
melanomagenesis in these sites, we believe that
these two groups of melanomas differ primarily as
the result of site-specific biologic characteristics.
We also found clear genetic differences between
the types of melanoma that commonly occur on
areas exposed to the sun in light-skinned people.
Melanomas on skin without chronic sun-induced
damage had frequent mutations in BRAF and fre-
quent losses of chromosome 10, whereas melano-
mas on skin with chronic sun-induced damage had
infrequent mutations in BRAF and frequent in-
creases in the number of copies of the CCND1 gene.

Our classification of melanomas related to ex-
posure to ultraviolet light is based on examination
of our data and data from previous epidemiologic
studies.14 The previous studies found that various
risk factors differed between melanomas on skin
with chronic sun-induced damage and melanomas
on skin without chronic sun-induced damage and
suggested the existence of different developmental
paths for these types of tumors. For example, mel-
anomas presenting on sites with chronic exposure
to the sun typically occur late in life and are associ-
ated with other ultraviolet-light–related neoplasms
such as solar keratoses, suggesting that high cu-
mulative doses of ultraviolet light are required for
their development. In contrast, melanomas present-
ing on skin that is intermittently exposed to the sun
are typically found in persons who have a larger
number of moles but fewer solar keratoses and oc-
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cur at a younger age. Moreover, these melanomas
and the moles share an important genetic character-
istic. In this and a previous study,16 we have shown
that the melanomas on skin that is intermittently
exposed to the sun have much more frequent mu-
tations of BRAF than do other types of melanoma,
and moles have also been shown to have a high in-
cidence of BRAF mutations.35 Thus, we propose
that the melanocytes of persons in whom melano-
mas develop on skin that is intermittently exposed
to the sun have an increased susceptibility to ultra-
violet exposure that involves a higher probability of
acquiring BRAF mutations or of proliferating if such
mutations occur. Epidemiologic studies and stud-
ies in animals indicate that for these people, there
may be a window of vulnerability to exposure to ul-
traviolet light early in life.2,36,37 These tumors
should occur with site-specific incidences related
to the patterns and timing of exposure to ultravio-
let light and the relative amount of skin at risk. In
contrast, patients without susceptible melanocytes
would require a sufficiently high cumulative ultra-
violet dose to induce melanoma, so that sun-dam-
aged skin would be present and the development
would involve mechanisms that do not include BRAF
mutations. Thus, these persons would have tumors
predominantly on sites that are chronically exposed
to the sun, such as the face.

Although we have clearly established that there
are genetic differences among these four groups of
melanomas, our classification requires validation
and refinement. Three important questions come
immediately to mind. First, in distinguishing be-
tween acral and mucosal melanomas, we have em-
phasized differences in the affected site and mor-
phologic differences in skin but not the limited
exposure to ultraviolet light that acral sites may re-
ceive. Second, for sites subject to substantial expo-
sure to ultraviolet light, we have emphasized the
importance of histologic signs of sun-induced dam-
age and have not considered the possibility pro-
posed by Whiteman et al.14 that there could be dif-

ferences in susceptibility between melanocytes
found on the trunk, arms, or legs and those found
on the face. Third, we discounted the histologic tu-
mor type because we found that tumors on acral
sites have similar genetic aberrations regardless of
whether they are histologically acral lentiginous or
superficial spreading melanomas and that nodular
melanomas clustered with the groups we defined on
the basis of site and did not have the features of a
separate entity. Future epidemiologic and genetic
studies will be required to identify specific genetic or
epigenetic factors associated with these variables.

Knowledge of the genetic differences among
melanomas could be valuable in the design of ther-
apeutic strategies. Our results lead us to make a
prediction. The group of tumors on skin without
chronic sun-induced damage, which represent the
most common type of melanoma, frequently had a
mutation in BRAF together with a loss of PTEN or
mutations in N-RAS alone. Thus, they would be ex-
pected to be responsive to therapeutic interven-
tions targeting the RAS–RAF–ERK and PI3K path-
ways. In contrast, the majority of melanomas in the
other three groups did not have mutations in BRAF
or N-RAS but instead had increased numbers of cop-
ies of the downstream gene CCND1 or CDK4. Thus,
these three groups of melanomas would be less like-
ly to respond to therapeutic interventions that target
upstream components of the mitogen-activated
protein kinase pathway including BRAF, such as
sorafenib.38

Our study provides genetic support for the exist-
ence of distinct molecular pathways to melanoma,
each with a unique relationship to exposure to ultra-
violet light. This finding should affect the design of
future studies involving the treatment and preven-
tion of melanoma and suggests the existence of as-
yet-unidentified susceptibility factors.
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