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The most common human cancers are malignant neoplasms of
the skin'”. Incidence of cutaneous melanoma is rising especially
steeply, with minimal progress in non-surgical treatment of
advanced disease™. Despite significant effort to identify inde-
pendent predictors of melanoma outcome, no accepted histo-
pathological, molecular or immunohistochemical marker
defines subsets of this neoplasm™. Accordingly, though mela-
noma is thought to present with different ‘taxonomic’ forms,
these are considered part of a continuous spectrum rather than
discrete entities’. Here we report the discovery of a subset of
melanomas identified by mathematical analysis of gene expres-
sion in a series of samples. Remarkably, many genes underlying
the classification of this subset are differentially regulated in
invasive melanomas that form primitive tubular networks in
vitro, a feature of some highly aggressive metastatic melanomas’.
Global transcript analysis can identify unrecognized subtypes of
cutaneous melanoma and predict experimentally verifiable phe-
notypic characteristics that may be of importance to disease
progression.

We, and others®", have proposed that a discrete and previously
unrecognizable cancer taxonomy can be identified by viewing the
systematized data from gene expression experiments. However, for
melanoma, inherent or technically induced variation could obscure
such a classification as its appearance is very similar between patient
samples and, in contrast to haematologic cancers”", it has few
known recurring genetic changes. To explore this question, we
gathered expression profiles for 38 samples, including 31 melano-
mas and 7 controls (Table 1). We isolated total messenger RNA
directly from melanoma biopsies or tumour cell cultures, prepared
fluorescent complementary DNA from the message and hybridized
them to a microarray containing probes for 8,150 cDNAs (repre-
senting 6,971 unique genes), obtaining quantitative and compara-
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tive measurements for each gene.

We compared the tumour cell mRNA with a single reference
probe, providing normalized measures of the expression of each
gene in each sample relative to the standard. Analysis of the
normalized expression across all genes between samples provided
a measure of the overall difference in expression pattern between
samples. Similarly, the orthogonal analysis of linear covariance
between pairs of genes across all samples provided a measure of
the similarity of behaviour of the genes studied.

Figure 1 shows the integration of several analytical methods to
visualize the overall expression pattern relationships between cuta-
neous melanoma tumour samples. Using a matrix of Pearson
correlation coefficients from the complete pair-wise comparison
of all experiments'’, the 31 melanoma experiments are displayed as a
hierarchical clustering dendrogram”'? and as a three-dimensional
multidimensional scaling (MDS) plot”". The MDS plot displays the
position of each tumour sample in three-dimensional Euclidean
space, with the distance between experimental samples reflecting
their approximate degree of correlation”". The analysis included all
genes meeting a minimum level of expression in each hybridization.
We also employed a non-hierarchical clustering algorithm (termed
cluster affinity search technique; CAST)"™ to define experimental
clusters. The resulting hierarchical dendrogram of the 31 melanoma
samples (Fig. 1a) demonstrates that 19 samples are tightly clustered
at the bottom of the dendrogram in the area of highest similarity.
Likewise, the non-hierarchical CAST algorithm identified the iden-
tical major cluster 19 melanomas. This cluster is also a compact,
readily separable grouping based on its overall similarity of expres-
sion pattern viewed by MDS (Fig. 1b). A three-dimensional anima-
tion of the MDS plot is presented in the Supplementary
Information.

There is no single established method to estimate the significance
of an observed degree of relationship obtained by cluster prediction
techniques®"'. Accordingly, we used two independent approaches to
test the validity of our cluster prediction of the 19-element cluster.
The first approach (Fig. 1c) examines the power of individual
genes to discriminate the major cluster of 19 from the remaining
samples by examining the frequency of strong classifier genes
compared to the expected frequency of such genes if expression is
randomly variable, and to the frequency of strong classifiers in
random partitions of the same samples into new groupings of 19
and 12. The non-randomness of the cluster results is evident.
Specifically, many genes have expression patterns that differ
strongly between the initial sample clusters and thus serve as
good classifiers (Fig. 1c, red triangles). However, expression pat-
terns are not readily found which classify the samples when they are
grouped into random partitions of the same size (Fig. 1¢, blue lines).
Accordingly, in randomly formed clusters, expression behaviour is
essentially indistinguishable from truly random behaviour of genes
relative to these clusters (Fig. 1c, compare blue lines with open
circles).

The second approach we used to test the validity of the cluster
predictions is based on evaluating cluster membership after intro-
ducing random perturbations to the data set. For each sample, the
log-ratio of each gene was perturbed by the introduction of random
gaussian noise with the mean equal to 0 and the standard deviation
equal to 0.15 (an estimate of variation derived by computing the
median standard deviation of the log-ratios for single genes across
all 31 samples). Hierarchical clustering was then performed on the
perturbed data set and a comparison made between the original tree
(Fig. 1a) and the perturbed tree. Comparisons involved cutting the
original and perturbed trees into k clusters followed by computing
the proportion of paired samples clustering together in the original
tree that did not cluster together in the perturbed tree (we refer to
this measure as a weighted proportion of discrepant pairs because it
gives more weight to larger clusters). The comparison was repeated
over multiple perturbed data sets for each possible cut in the
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original tree (k=2, 3, ..., 30). For a given k, the weighted proportion
of discrepant pairs was then averaged over the perturbed data sets
resulting in the identification of weighted average discrepant pairs
(WADP; see Supplementary Information).

Clusters that result from cutting the original tree into 9 or fewer
groups are very reproducible (Fig. 1d). It is noteworthy that the rise
in WADP, almost exactly coincides with the division of the major
19-element cluster into smaller sub-clusters. These results strongly
support the view that the major cluster of melanoma samples
identified in this study represents a bona fide and highly reprodu-
cible grouping.
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Figure 1 Clustering of gene expression data. a, Hierarchical clustering dendrogram with
the cluster of 19 melanomas at the centre. b, MDS three-dimensional plot of all 31
cutaneous melanoma samples showing major cluster of 19 samples (blue, within
cylinder), and remaining 12 samples (gold). See Supplementary Information to view a
three-dimensional animation. ¢, A plot of the observed and expected number of genes
producing a given number of classification errors for a partition of the 31 melanomas into
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Figure 2 Identifying genes which discriminate melanoma clusters. a, MDS analysis
ranking genes according to their impact on minimizing cluster volume and maximizing
centre-to-centre inter-cluster distance. b, Top 22 genes obtained by these criteria listed
in order of decreasing weight (for a full list see Supplementary Information). Right, data
from cutaneous melanomas identified on the horizontal axis and sorted by cluster
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We then performed statistical tests to determine whether any
clinical or tumour cell characteristics were specifically associated
with the clustered group. Tests for associations between the major
cluster of 19 samples and the remaining 12 melanoma samples were
performed for several in vivo variables, including sex, age, biopsy
site, Breslow thickness, Clark’s level and survival. There was no
statistically significant association between the cluster group and
any clinical variable. There were also no significant associations with
the in vitro variables, including p16 or B-catenin mutation status, in
vitro pigmentation and cell passage number (see Supplementary
Information).
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two groups of 12 and 19. Red triangles, observed clusters; filled bars, randomly produced
clusters; open circles, predicted results for randomly variable gene expression.

d, Introduction of random gaussian noise followed by cuts from the top of the original tree
(resulting in k clusters), to determine discrepant pairs after perturbation (see
Supplementary Information).
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(described in ref. 5). Left, data from uveal melanomas expressed as the ratio of highly
invasive to less invasive. Red, high ratios; green, low ratios (intensity of saturation scaled
according to the ratio). The three genes not scored in the uveal samples were not included
in the print design of the cutaneous samples.
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We included two pairs of specimens derived from the same
patient in this sample set. These are M92-001 and M93-007 (two
different samples from the same individual, surgically removed one
year apart), and TD-1376-3 and TC-1376-3 (the biopsy sample and
a cell culture of the same tumour carried three passages in vitro).
Although there was no significant association between cell passage
number and cluster group (P = 0.857, see Supplementary Informa-
tion), the TD-1376-3/TC-1376-3 pair were included to serve as
another control for the effects of cell culture. Remarkably, of the 465
pairwise comparisons among the melanoma samples, the pairs TD-
1376-3/TC-1376-3 and M92-001/M93-007 are the second and third
most highly correlated pairs of samples, with nearly identical
correlation coefficients (Fig. 1b).

On the basis of the linear correlation of global gene expression in
Fig. 1, Figs 2 and 3 illustrate the approach we have used to guide
‘gene cluster’ interpretation empirically. Fig. 2a depicts our statis-
tical method for extracting a ‘weighted list’ of individual genes
whose variance of change across all experiments correctly defines
the boundary of a given sample cluster (for details see Supplemen-

tary Information). Fig. 2b displays the list of genes with the most
power to define the major melanoma cluster of 19 samples (Fig. la
and b) in rank order along the vertical axis. The samples are ordered
along the horizontal axis by cluster inclusion, and data are presented
graphically as coloured images with the colour saturation directly
proportional to the magnitude of the measured gene expression
ratio (brightest red, highest R/G ratio; black squares, R/G ratio = 1;
brightest greens, lowest R/G ratio). The complete list of genes
discriminating the major cluster is in the Supplementary
Information.

The weighted gene list can also be used to guide analysis of the
larger gene expression data set. Figure 3a displays all data from the
cutaneous melanoma samples in this study as a coloured image with
genes ordered along the vertical axis by similarity of expression
pattern (after ref. 12). However, rather than basing analysis of this
large (> 300,000 elements) data set entirely on visual selection, we
used genes from the weighted list to index gene cluster selection.
Figure 3b—e illustrates this approach using four genes from the
‘weighted list’ in Fig. 2b (MART-1, CD63, tropomyosin and

Table 1 Summary of melanoma cases by cluster designation

Case no. Sex/Age Biopsy site Passage no. p16 mutation Invasive Vasulogenic Gel Cell Scratch
(Biopsy) status* abilityt mimicryt contraction§ motilityl wound
(o)1
Melanoma primary cluster
UACC-502 M/69 Cervical node 3 Deleted 28+ 0.1% - ND ND 37
M92-001 F/43 Ankle 2 Deleted 3.0 £ 0.5% - ND 76.80 * 2.96 22
A-375 F/54 Skin ND Mutation 2.8 +0.2% - ND 67.80 * 4.40 26
M91-054# M/45 Axill, lymph node 3 WT # # # ND 30
UACC-1256 F/67 Thigh femoral node 9 Deleted ND ND ND ND ND
M93-007 F/43 Ankle 3 Deleted 26 +£0.1% - - ND 12
UACC-091 M/52 Unk 7 Deleted 21+02% - - ND 11
UACC-1273 M/50 Axill. lymph node 16 Mutation 25+ 0.3% - - ND 13
TD-1730 M/55 Thyroid lobe Biopsy ND ND ND ND ND ND
TD-1638 M/49 Paraspinous Biopsy ND ND ND ND ND ND
TD-1720 M/29 Shoulder Biopsy ND ND ND ND ND ND
TD-1348 M/44 Axill. lymph node Biopsy ND ND ND ND ND ND
UACC-1022 F/53 Chest wall 13 WT 29+ 01% - - ND 63
TC-1376* M/30 Distal ileum 3 ND ND ND ND ND 21
TD-1376" M/30 Distal ileum Biopsy ND ND ND ND ND ND
UACC-2534 M/68 Abdomen 7 Deleted 3.2 £ 0.02% - ND ND 7
UACC-383 M/69 Thigh femoral node 29 Deleted 2.3+ 0.2% - ND 70.40 £ 5.27 35
UACC-457 FUkn Unk 19 WT 31 +02% - ND 12.80 = 0.05 ND
UACC-3093 M/75 Axill. lymph node 4 WT ND ND ND 40.30 + 2.00 24
Melonoma non-clustered
UACC-930 F/35 Sm. bowel 4 WT 4.8 £ 0.3% + - ND 50
M93-047 F/75 Axill. lymph node 3 Mutation 10.7 = 0.03% + + ND 75
UACC-2973 M/37 Axill. lymph node 5 ND ND ND ND ND 48
UACC-903 M/25 Back 14 Deleted 3.8 £0.3% + - ND 91
TC-FO27 M/30 Rt. chest wall 6 ND ND ND ND ND 91
UACC-1097 M/56 Rectus muscle 6 Mutation ND ND ND ND 34
UACC-647** M/32 Axill. node 14 WT 3.8 +0.1% + * ND 55
UACC-1012 M/54 Neck 3 ND 4.9 +01% ND ND 122.00 = 11.30 54
UACC-827 F/32 Rt. breast 16 Mutation ND ND ND ND 32
WM1791C Unk Ukn 52 ND 4.6 +0.3% + ND 141.00 = 11.40 7
HA-A F/Ukn Ukn 19 ND 3.9 £ 0.5% + ND 211.00 * 12.40 62
UACC-1529 M/48 Axill. lymph node 13 Mutation 4.2 +0.5% + - ND ND
Uveal melanoma samples
OCM-1A Unk Primary 25 ND 22+01% - - ND ND
C918 F/60 Primary 15 ND 12.9 £ 0.3% + + ND ND
MUM-2C M Liver metastasis 8 ND 20+01% - - ND ND
MUM-2B M Liver metastasis 8 ND 13.3 £ 0.6% + + ND ND

Control samples

Nil. C (fibroblast); UACC-3149 (ovarian adenocarcinoma); MCF-10A (breast epithelium); CRL-1634 (fibroblast); SRS-3 (cell culture variant); SRS-5 (cell culture variant);

RMS-13 (rhabdomyosarcoma)

*Mutation status of indicated samples for p16 obtained by sequencing. Deleted, homozygous. Supplementary Information includes the specific mutations in p16 for each sample tested. Samples were also

sequenced for B-catenin. No example of B-catenin mutation was observed.

1 Ability to invade a defined basement matrix. P = 0.0055; t-test for two populations.

F Tube forming ability at 5 days in a three-dimensional matrigel matrix.

§ Ability to contract floating collagen | gels at 5 days as compared to HT-1080 fibrosarcoma cells®.

IIMigration rates expressed in pm per day. Mean from eight experiments + s.d. (P = 0.0063; t-test for two populations). Rates below 100 wm per day completely segregates in the melanoma primary cluster.
9] Ability to close in vitro scratch wound at 24 h. Photographs of the wound were measured and percentage wound closure determined® (P < 0.00002, t-test for two populations).

#M91-054 was the only sample that demonstrated a mixed phenotype in culture with both an epitheloid population and a more fibroblastic population. Vasculogenic mimicry and gel contraction were only
observed in the epitheloid population. Scratch assay resulted in 30% closure after 24 h for both populations.

*TC-1376 mRNA was isolated after short term (3 passage) culture of the biopsy sample from the patient TD-1376 allowing the effects of short term culture on the expression profile to be observed.

**UACC-647 cells form extensive cord-like networks by 5 days.
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Figure 3 Guiding gene cluster selection. a, Two-dimensional cluster analysis of
cutaneous melanoma samples (horizontal axis) and genes (vertical axis, presented in
segments). b—e, Data from a queried at regions corresponding to four top discriminators
of the major cluster: MART-1 (b), CD63 (c), tropomyosin (d) and WNT5A (e). Note that
these clusters include other genes from the discriminator list (bold). The major cluster of
19 samples is visually apparent on the left of this display. The full list of gene names and
corresponding calculated ratio information is provided in the Supplementary Information.

UACC-1022

Figure 4 Variation in biological properties of melanoma clusters. a—¢, A representative
member of the major melanoma cluster (JUACC-1022). d—f, A sample falling outside of
the major cluster (M93-047). The two groups differ in the ability to migrate into a scratch
wound (a, d), contract collagen gels (b, ) and form tubular networks (¢, f). Results of
these and additional cell mobility/invasion assays are included in Table 1. Tubular network
formation (vasculogenic mimicry®, f) and collagen gel contraction (related to the
patterning of vascular channels, ) were observed only outside the major cluster (Table 1).
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WNT5A), to interrogate the entire gene expression data set
represented in Fig. 3a.

Finally, in parallel to our microarray analysis of cutaneous
melanoma, we studied a series of uveal melanoma specimens
characterized for properties related to metastasis, including inva-
sive ability and vasculogenic mimicry in vitro’. These samples were
hybridized pairwise, directly comparing highly invasive cells to
their less invasive counterparts. We examined the pattern of gene
expression in these phenotypically characterized cells with respect
to the weighted discriminator list (Fig. 2b) that defines the major
cluster of 19 cutaneous melanomas. Strikingly, genes expressed in
common in the highly invasive uveal melanoma cells (Fig. 2b,
inset) were strongly anti-correlated with the same gene from the
major cluster of cutaneous melanoma samples (Fig. 2b). This
observation, coupled with the known biological function of genes
within the weighted list, indicated that specimens assigned within
the major cutaneous melanoma cluster (Fig. la, b) would have
reduced motility and reduced invasive ability as they have down-
regulation of genes related to cell spreading or migration,
including formation of focal adhesions'>'®. Specific genes with
reduced expression in the major cluster included integrin B1 (refs
17, 18), integrin B3 (ref. 19), integrin al (ref. 18), syndecan 4
(ref. 20) and vinculin® (Figs 2 and 3; see Supplementary
Information). In samples outside the major cluster increased
expression of fibronectin is particularly interesting. With other
reports’?, this observation indicates that these cells are induced
to secrete this pro-migratory molecule, consistent with an
important role for focal contacts in modulating melanoma cell
motility.

We then directly tested the prediction from the array results
that cell spreading and migration could be discordant between
melanoma cluster groups. Cutaneous melanomas (assigned either
in or out of the major cluster) were characterized using a series of
cellular assays applied to test cell motility and invasiveness (Table
1, Fig. 4). Figure 4 illustrates the discordance of cutaneous
melanoma samples within the major cluster and those outside
this group. As predicted from the analysis of their gene expression
patterns, melanomas within the major cluster had reduced moti-
lity (P = 0.0063), invasive ability (P = 0.0055) and vasculogenic
mimicry in comparison with melanomas outside the major cluster
(Table 1).

The patient population in this study had a uniformly poor
prognosis, and neither typical clinical factors (for example, age,
sex, biopsy site) nor in vitro characteristics (for example, passage
number) provide strong correlation with clinical outcome, or
expression information (see Supplementary Information). In con-
trast, molecular classification of these tumours on the basis of gene
expression (Fig. 1, Table 1) could identify a previously undetected
subtype of this cancer. The analyses described here were not
designed to address the relationship of gene expression profile
and clinical outcome in melanoma patients, and thus the clinical
relevance of our observed subgrouping awaits further analysis.
However, survival information was available on 15 patients, and
the results, though not statistically significant, are of interest.
Three deaths occurred out of 10 patients in the tight cluster of 19
while 4 deaths occurred out of 5 patients in the remaining group
(log-rank P-value = 0.135). Our results indicate melanoma will
provide a unique opportunity to study a homogeneous group of
patients to determine if gene expression patterns predict prognosis
or therapeutic response in settings where we cannot currently
determine who is most at risk for rapid disease progression and
death.

Finally, classification of melanoma on the basis of gene expression
patterns is possible, despite the prevailing view that the ‘taxonomy’
of this disease falls in a continuous spectrum lacking discernable
entities’. Our data show that melanoma is a useful model to identify
genes critical for aspects of the metastatic process, including tumour
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cell motility and the ability to form primitive tubular networks that
may contribute to tumour perfusion. The extent to which mela-
noma samples can be clinically subdivided by expression patterns
remains to be elucidated. However, our identification of genes
‘weighted’ for their ability to discriminate a subset of melanomas
should provide a sound molecular basis for the dissection of other
clinically relevant subsets of this tumour. t

Methods

Samples

Cultured cells were collected and mRNA isolated as described (ref. 25;
www.nhgri.nih.gov/DIR/microarray). Samples underwent a series of controls for quality
of mRNA, labelling and hybridization, as well as sample integrity (including genotyping
DNA from all samples with five dinucleotide markers from four different chromosomes to
insure individuality). The entire coding sequence of the p16 gene and exon 3 of the
B-catenin genes was sequenced to assess the mutation status of all available samples (see
Supplementary Information). The biopsy tumour specimens used in this study were
obtained with Institutional Review Board approval and clinical information is provided in
the Supplementary Information. Biopsies were debrided, dissected into small pieces and
frozen in liquid nitrogen. Frozen specimens were immediately placed into TRIzol
Reagent (Gibco BRL), homogenized and mRNA isolated as described (ref. 25;
www.nhgri.nih.gov/DIR/microarray).

Microarrays

The 8,150 human ¢cDNAs used in this study were obtained under a Cooperative Research
and Development Agreement with Research Genetics and 6,912 were verified by
sequence. This set of cDNAs is part of a larger collection (refs 7, 24; www.nhgri.nih.gov/
DIR/microarray). On the basis of the Unigene build of 9 March 2000 (http://
www.ncbi.nlm.nih.gov/UniGene/build.html), the 8,150 cDNAs represent 6,971 unique
genes in this melanoma array. All clones were confirmed by resequencing if necessary.
Microarrays were hybridized, scanned and image analysis performed as described (refs 7,
25; www.nhgri.nih.gov/DIR/microarray).

Statistical methods

Detailed information on all statistical methods is in the Supplementary Information.
Agglomerative hierarchical clustering of the 31 melanomas on the basis of their gene
expression profiles was performed as described”", to investigate relationships between
tumour samples. Average linkage was used, as well as a dissimilarity measure of one minus
the Pearson correlation coefficient of log ratios. The cutoff employed to obtain the
observed partitioning was 0.54. The MDS was performed using an implementation of
MDS in the MATLAB package. A non-hierarchical clustering algorithm' was used to
define experimental clusters. This approach takes a graph theoretic approach, and makes
no assumptions on the similarity function or the number of clusters sought.

To generate the weighted gene list, cluster compaction and separation were evaluated.
For a given clustering result, n; = 19 and n, = 12, the discriminative weight of each gene
w = dy/(k,d,, + k,d,, + o); where dy is the centre-to-centre distance (between cluster
Euclidean distance), d,; is the average Euclidean distance among all sample pairs within
cluster i, k; = t,/(t, + t,) for a total of t; sample pairs in cluster 7, and « is a small constant
(0.1 in our study) to prevent the zero denominator case (Fig. 2a). Genes may then be
ranked on the basis of w.

In vitro biological assays

Floating collagen lattices were prepared and used to test selected cell lines for their ability
to deform the gels as described (ref. 5; Table 1 legend). Samples were also tested for their
ability to migrate into an in vitro scratch wound as described®. Cells were stained with
Giemsa, a digital micrograph of the region was prepared and the stained area as a percent
of total area in the scraped and open sub-regions was estimated by a thresholding
procedure using IPLabs Spectrum (Scanalytics, Vienna, Virginia) software. Results in
Table 1 represent data from 24 h after plating on coverslips treated with fibronectin (FN;
10 pgml ™' ref. 26).

Examples of tubular network formation (associated with vasculogenic mimicry)
could be observed following seeding of cell lines onto three-dimensional gels of
polymerized Matrigel or Type 1 collagen (Collaborative Biochemical) as described (ref. 5;
Table 1).

Table 1 lists results from high throughput screening for cell migration as the radial
dispersion of cells from an initial confluent monolayer of 2,000 melanoma cells deposited
within a 1.0 mm circular area on glass surfaces precoated with FN (100 wg ml™"; refs 27,
28).

Selected cell lines were tested for their ability to invade a defined basement
membrane matrix. Tumour cells (1x10°) were seeded into the upper wells of the
membrane invasion culture system (MICS) chamber” onto collagen/laminin/gelatin-
coated (Sigma) polycarbonate membranes containing 10-wm pores (Osmonics,
Livermore, California) containing 1x Mito+ Serum Extender (Becton Dickinson).
After 24h of incubation at 37 °C, the cells that invaded each membrane were
collected, stained and counted as described®. Percent invasion was corrected for
proliferation and calculated as (total number of invading cells/ total number of cells
seeded) x 100.
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