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[CANCER RESEARCH 61, 7642–7646, October 15, 2001]
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ABSTRACT

We investigated the role of alterations of HDM2, the human homologue
of murine mdm2, in the tumorigenesis and progression of cutaneous
melanoma. A well-characterized cohort of 172 cases representing different
points in the spectrum of melanocyte transformation (16 dysplastic nevi,
11 melanomas in situ, 107 invasive primaries, and 38 metastatic lesions),
as well as 11 human melanoma cell lines were examined by immunohis-
tochemistry and Western blotting for HDM2 protein expression, and by
either Southern blotting (SB) or fluorescence in situ hybridization for
HDM2 gene amplification. HDM2 overexpression, defined as >20% tu-
mor cells showing nuclear immunoreactivity, was observed in 1 of 16 (6%)
dysplastic nevi, 3 of 11 (27%) melanomas in situ, and 81 of 145 (56%)
invasive primary and metastatic melanomas. Comparable frequencies of
HDM2 overexpression were observed among invasive primary cases with
differing tumor thicknesses as well as among the metastatic cases: 21 of 40
(53%) at <1.5 mm; 31 of 50 (62%) at 1.6–3.9 mm; 10 of 17 (58%) at >4
mm; and 19 of 38 (50%) metastases. HDM2 amplification was observed in
1 of 88 (1%) primary cases using fluorescence in situ hybridization, and in
0 of 12 (0%) metastatic cases that overexpressed HDM2 using SB. Mela-
noma cell lines expressed HDM2 protein, but there was no evidence of
amplification by SB. Our data suggest that HDM2 protein overexpression
is common in invasive and metastatic melanoma. Observing HDM2 over-
expression in noninvasive melanoma suggests that expression of this on-
cogene may play an early role in melanocyte transformation. HDM2
amplification occurs infrequently, and other mechanisms that up-regulate
HDM2 expression are under investigation.

INTRODUCTION

Studies of alterations in cell cycle control pathways that occur in
the early stages of melanoma tumor progression have focused mainly
on the tumor suppressors p16INK4A and TP53, which are uncom-
monly mutated in sporadic melanomas (Reviewed in Refs. 1 and 2).
Less is known about the role of oncogenes in melanoma (Reviewed in
Ref. 3).

The oncogene HDM2 is a critical, negative regulator of the p53
pathway. HDM2 maps to chromosome 12q13 and encodes a Mr

90,000 zinc finger protein (HDM2) that functions as a ubiquitin E3
ligase. HDM2 binds to the transcriptional activation domain of p53,
blocking its function, and via ubiquitination, targets p53 for proteo-
some-mediated enzymatic degradation (Reviewed in Ref. 4).

An oncogenic role for deregulated HDM2 expression is supported
by both in vitro and in vivo data. In vitro, the overexpression of mdm2
in murine cells increases their growth rate (5). Transgenic mice

overexpressing mdm2 were tumor-prone, with 50% developing lym-
phomas and sarcomas. In comparison with p53-null mice, these mice
showed an increased incidence of sarcomas that was maintained in
crosses onto the p53-null background, demonstrating a p53-independ-
ent role for HDM2 in tumorigenesis (6). In humans, HDM2 is ampli-
fied in a variety of tumors (7), and HDM2 protein overexpression
without amplification has also been observed in certain cancers (8, 9).
Of special interest are recent reports that described enhancement of
drug-induced apoptosis by antisense oligodeoxynucleotides and syn-
thetic peptides targeted against HDM2 (10–12). These novel antitu-
mor agents that stabilized p53 in vitro, and possess antitumor activity
in xenograft models, may be appropriate agents for therapeutic inter-
ventions in patients whose tumors overexpress HDM2.

In the present study, we analyzed a well-characterized cohort of
cases representing different stages of melanocyte transformation, as
well as a group of human melanoma cell lines, for alterations affecting
HDM2 and the expression of its protein product to determine its
possible role in melanoma tumorigenesis.

MATERIALS AND METHODS

Tumor Specimens and Cell Lines. A cohort of 172 cases including 16
dysplastic nevi, 11 melanomas in situ, 107 invasive cutaneous primaries, and
38 metastatic lesions was evaluated. Eighty-eight of the invasive primary
melanomas were retrieved from the archives of the Dermatopathology Section
of the University of California, San Francisco (San Francisco, CA). These
cases were provided as tissue microarray for both FISH and IHC studies.
Eighty-four cases (16 dysplastic nevi, 11 melanomas in situ, 19 invasive
primaries, and 38 metastatic lesions) were obtained from the Memorial Sloan-
Kettering Cancer Center archival bank. Representative H&E-stained sections
of each specimen were examined microscopically to confirm the presence of
melanoma as well as to evaluate thickness of the primary tumors analyzed.
Primary invasive melanoma cases were grouped into one of three categories
based on the thickness of the primary lesion according to American Joint
Committee on Cancer staging criteria: thin, �1.5 mm; intermediate, 1.6–3.9
mm; and thick, �4 mm (13). Human metastatic melanoma cell lines (SK-
MEL-19, -29, -85, -94, -100, -103, -147, -173, -187, -197, and -209) and the
osteosarcoma cell line SJSA-1, which contains a known amplification at
HDM2, were maintained in culture using RPMI 1640 with 10% FCS and 1%
penicillin/streptomycin. For IHC experiments, cells were trypsinized, washed
in PBS, and collected onto glass slides using a Shandon Cytospin centrifuge.

Assembly of Tissue Microarrays. The tissue microarray with 88 cases
was constructed according to Kononen et al. (14). In brief, a tissue-arraying
instrument (Beecher Instruments, Silver Spring, MD) was used to punch
0.6-mm biopsy cores of the most cellular areas of the tumors. The biopsy cores
were arrayed in the recipient paraffin block according to the manufacturer’s
instructions. Multiple sections of 6-mm thickness were cut with a microtome
using an adhesive-coated tape sectioning system (Instrumedics, Hackensack,
NJ). H&E sections were used for the histological examination of the biopsy
cores. Only cases with at least one area with a cohesive population of
neoplastic melanocytes were included in the analysis.

FISH Analysis. FISH was performed on formalin-fixed tissue microarray
sections representing 88 primary cases. Dual-color FISH was carried out on
tissue sections of the array as described previously (15). Genomic clones
containing the HDM2 gene were provided by Vysis, Inc., Downers Grove, IL.
A reference probe for the chromosome 12p (clone RMC12B3042A) was
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obtained from the laboratory’s resource. Probes were labeled by nick-transla-
tion with SpectrumOrange (Vysis, Inc.) or with digoxigenin (Boehringer
Mannheim, Indianapolis, IN). Tissue sections were deparaffinized, hydrated,
and pretreated for 2–4 min in 1 M sodium thiocyanate at 80°C, in 4 mg/ml
pepsin in 0.2 M HCl at 37°C for 4–8 min. After dehydration, sections were
denatured in 70% formamide and 2� SSC (pH 7.0) for 5 min at 72°C and
hybridized over 48–72 h at 37°C in 10 �l of hybridization buffer containing
12.5–50 ng of labeled probes [50% formamide, 10% dextran sulfate, and 2�
SSC (pH 7.0), and 20 �g of Cot-1 DNA; Life Technologies, Inc., Gaithers-
burg, MO]. Slides were washed three times in washing solution [50% form-
amide in 2� SSC (pH 7.0)] at 45°C, once in 2� SSC at 45°C, once in 2� SSC
at room temperature, and once in 0.1% Triton X-100 in 4� SSC/at room
temperature. Subsequently, sections were incubated with 10% BSA in 4� SSC
in a moist chamber at 37°C and then with a FITC-labeled antidigoxigenin
antibody (Boehringer Mannheim, Indianapolis, IN) diluted in 4� SSC with
10%. Sections were counterstained with 4,6-diamino-2-phenylindole (Sigma
Chemical Co., St. Louis, MO) in an antifade solution. FISH signals were
scored with a fluorescence microscope from Zeiss (Jena, Germany) using a
�63 objective. Criteria for amplification were: at least 2.5 times more test
probe signals than reference signals in at least 30% of the tumor cells (16).

IHC. IHC was performed on all 172 cases and 11 cell lines. The primary
antibody, used at a 1:500 dilution, was the well-characterized anti-HDM2
mouse monoclonal antibody, clone 2A10 (a gift of Dr. Arnold Levine, Rock-

efeller University, New York, NY; Refs. 17–19). IHC was performed using an
avidin-biotin-peroxidase method and antigen retrieval. Sections were im-
mersed in boiling 0.01 M citric acid (pH 6.0) for 15 min under microwave
treatment to enhance epitope exposure. After cooling to room temperature,
slides were incubated with the primary antibody overnight at 4°C. For negative
controls the primary antibody was omitted. Biotinylated horse antimouse IgG
antibodies (Vector Laboratories, Burlingame, CA; 1:500 dilution) were used as
secondary reagents, applied for an incubation period of 1 h before avidin-biotin
peroxidase complexes (Vector Laboratories; 1:25 dilution) and incubation for
30 min. Diaminobenzidine was used as the final chromogen, and hematoxylin
was used as the nuclear counterstain. Nuclear immunoreactivities for HDM2
were classified into two categories defined as follows: (a) negative, �20%
tumor cells displaying nuclear immunostaining; and (b) positive, �20% tumor
cells with nuclear immunostaining. The cutoff point was based on our previous
reports showing a correlation between HDM2 overexpression in �20% of
tumor cells with worse clinicopathological parameters and clinical outcome in
bladder, prostate, and laryngeal carcinomas (20–22).

Western Blotting. Cells were washed with cold PBS then lysed with an
ice-cold buffer (pH 7.0) containing 10 mM Tris-HCl (pH 7.5), 1 mM EDTA,
400 mM NaCl, 10% glycerol, 0.5% NP40, and protease and phosphatase
inhibitors. Lysates were placed on ice for 20 min before clarification by
centrifugation. Protein determinations were performed using the Bradford
method (Bio-Rad Laboratories, Hercules, CA). Twenty-five to 50 �g of each
sample was fractionated by SDS-PAGE and transferred to Immobilon-P mem-
branes (Millipore, Bedford, MA). Membranes were blocked with 5% nonfat
dry milk, 0.1% Tween 20 in PBS, and probed with the anti-HDM2 mouse
monoclonal antibody SMP-14 (Santa Cruz Biotechnology, Santa Cruz, CA).
Protein loading was confirmed using an anti-Ran monoclonal antibody (Santa
Cruz Biotechnology). Bands were visualized using horseradish peroxidase-
conjugated antimouse secondary antibodies (Santa Cruz Biotechnology) and
the SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, IL).

Southern Blotting. Genomic DNA was extracted from melanoma cell
lines and from multiple 30-micron sections of snap-frozen, OCT-embedded,
metastatic melanoma tissues that overexpressed HDM2 by IHC. DNA was

Fig. 1. Photomicrographs of two primary melanomas analyzed by IHC using the mouse monoclonal antibody 2A10 (anti-HDM2). Top panel: tumor 1, 1.5 mm thick. 1a, full section
stained with H&E, �100; 1b, full section stained with 2A10, �400; 1c, corresponding core section analyzed on the tissue array using 2A10, �100. Lower panel: tumor 2, 3.2 mm
thick. 2a, full section stained with H&E, �100; 2b, full section stained with 2A10, �400; 2c, corresponding core section analyzed on the tissue array using 2A10, �100. Note the
similar immunophenotypes in the whole sections and in the representative core sections.

Table 1 HDM2 immunohistochemistry results

No. of
positive cases

% of positive
cases

Dysplastic nevi 1/16 6%
Melanomas in situ 3/11 27%
Primary invasive melanoma

�1.5 mm 21/40 53%
1.6–3.9 mm 29/48 60%
�4.0 mm 12/19 63%

Metastatic melanoma 19/38 50%
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extracted using the Qiagen Tissue kit (Qiagen, Valencia, CA) digested with
EcoRI, fractionated on 0.7% agarose gels, photographed, transferred to nylon
membranes, and probed with a 1.6-kb fragment of HDM2 cDNA (kindly
provided by Dr. Arnold Levine, Rockefeller University, New York, NY)
labeled with 32P (Amersham Pharmacia Biotech, Piscataway, NJ) by random
priming (Amersham, Amersham, United Kingdom). Membranes were washed
and subjected to autoradiography at �70°C. To control for variations in
sample loading and nonspecific chromosome-12 amplifications, membranes
were stripped and reprobed with D12S2 (American Type Culture Collection,
Rockville, MD), a marker that maps to chromosome 12, on the arm opposite
of HDM2. DNA from the osteosarcoma cell line SJSA-1, known to have at
least a 15-fold amplification of HDM2, was included on all membranes as a
positive control (23).

RESULTS AND DISCUSSION

HDM2 nuclear immunoreactivities were observed in 1 of 16 (6%)
dysplastic nevi, 3 of 11(27%) melanomas in situ, 81 of 145 (56%)
melanoma cases, and 8 of 11 (73%) melanoma cell lines. Comparable
frequencies of immunoreactivity were observed among primary inva-
sive lesions of differing thicknesses and between primary lesions and
metastases (Table 1). In normal surrounding tissues, HDM2 expres-

sion was rarely detected. These data suggest that HDM2 overexpres-
sion may be a relatively early event, and that this alteration is
conserved during the progression from primary to metastatic disease.

Eighty-eight of the melanoma cases were assayed as a tissue
microarray, with 0.6-mm cores present on a single microslide; the
remaining 84 tissues were assayed conventionally, using one speci-
men/slide. To validate our ability to obtain representative IHC scores
from the tissue microarray, we compared HDM2 expression in the
core biopsies represented in the array with expression in correspond-
ing whole sections in 20 randomly selected lesions. The results were
similar in 18 of 20 (90%) cases, showing that potential heterogeneous
HDM2 expression is unlikely to bias the data from the tissue micro-
arrays (Fig. 1). In this context, two recent publications (by our group
and others) have validated the use of tissue microarrays for expression
profiling by IHC with high concordance rates (24, 25).

Applying IHC with the 2A10 monoclonal antibody to cytospin
preparations of 11 melanoma cell lines, 8 lines (SK-MEL-19, -85, -94,
-103, -147, -173, -197, and -209) showed moderate to intense nuclear
staining; whereas the remaining 3 lines (SK-MEL-29, -187, and -192)
showed either undetectable or weak HDM2 nuclear immunoreactivity.

Fig. 2. A, IHC of cell lines using 2A10. Left,
positive control osteosarcoma cell line, SJSA-1;
right, melanoma cell line SK-MEL-197. B, West-
ern blot analysis for HDM2 protein expression.
Lysates from SJSA-1 and representative melanoma
cell lines (Lanes 1–7) were probed using the anti-
HDM2 mouse monoclonal antibody SMP-14. The
anti-Ran mouse monoclonal antibody was used to
verify loading. Lane 1, SK-MEL-19; Lane 2, SK-
MEL-85; Lane 3, SK-MEL-94; Lane 4, SK-MEL-
103; Lane 5, SK-MEL-147; Lane 6, SK-MEL-197;
Lane 7, SK-MEL-209. C, Southern blot analysis of
the same seven melanoma cell lines listed in B. Left
lane, DNA from SJSA-1, known to have at least a
15-fold amplification of HDM2. Membranes were
probed using a human cDNA probe against HDM2,
stripped, and reprobed using the chromosome 12
probe D12S2 to verify loading. D, Southern blot
analysis of seven metastatic melanoma tissues that
overexpressed HDM2 by IHC. Note the lack of
amplification in both the melanoma cell lines and
metastatic tumors that overexpressed HDM2.
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Using Western blotting with a different anti-HDM2 monoclonal
antibody, SMP-14, we observed the expected Mr 90,000 band in 10
of 11 cell lines. Representative cases are shown in Fig. 2. The cell
line SK-MEL-187 was negative.

Amplification of HDM2 is a commonly described mechanism lead-
ing to HDM2 overexpression. To investigate this mechanism, FISH
analysis of 88 primary cases on the tissue microarray and Southern
blotting on 11 melanoma cell lines and 12 metastatic melanomas that
overexpressed HDM2 was performed. HDM2 amplification was ob-
served in 1 of 88 (1%) primary cases and in none of the metastatic
cases or cell lines (Fig. 2). The finding of infrequent HDM2 ampli-
fications is in agreement with two studies that used comparative
genomic hybridization to show that amplifications encompassing the
HDM2 locus at chromosome 12q13 are an infrequent event in mela-
noma (26, 27).

Studies of alterations in cell cycle control pathways that occur in
the early stages of melanoma tumor progression have focused mainly
on the tumor suppressors p16INK4A, because of the presence of
germ-line mutations in subsets of familial melanoma patients (1), and
TP53, which is rarely mutated in the majority of melanomas (2, 28).
Our previous analysis of p53 alterations in 57 cases from this cohort
revealed that p53 protein accumulation and TP53 mutations are late
events in melanoma tumorigenesis. They were not seen in primary
melanomas �4.0 mm thick, and they were found uncommonly (25%)
in thick primary lesions (�4 mm) and in metastatic lesions (29).

The role of HDM2 overexpression in human melanoma tissues
has been addressed in smaller cohorts by others (30 –33). Our study
is in agreement with that of Gelsleichter et al. (32), who also found
overexpression in 56% of mostly metastatic cases, with little
difference in positivity rates between primary and metastatic
lesions. Our study examined a greater number of primary cases
(107 versus 36) and investigated a mechanism driving HDM2
overexpression. Two studies that suggest increasing HDM2 ex-
pression with disease progression (31, 33) are limited by a rela-
tively small number of metastatic cases, specifically 12 and 5
cases, respectively, compared with our study (n � 38). Other
features of these studies that might contribute to the differences in
results include a lack of cutoff points used to define HDM2
overexpression, generally low rates of immunopositivity, and other
differences in methodology (e.g., different antibodies).

Our data demonstrating overexpression of HDM2 in both in situ
and thin invasive melanomas support the hypothesis that over-
expression of HDM2 is an early event in melanoma tumorigenesis.
Similar conclusions have been reported in several other tumor
types. For example, in primary non-small cell lung cancer HDM2
was overexpressed in 70% of cases, with comparable rates of
overexpression in early versus late clinical stages (34). In another
study of squamous cell carcinoma of the oral mucosa, HDM2
overexpression was observed in dysplastic lesions that progressed
to invasive disease (35). A similar observation was reported in
colon cancer, where HDM2 expression patterns were similar in
adenomas and colorectal carcinomas (36).

Overexpression of HDM2 protein in the absence of gene ampli-
fication has also been observed in other systems, such as Burkitt’s
lymphoma and breast cancer (37, 38). In addition, HDM2 over-
expression, rather than amplification, was associated with a worse
clinical outcome in soft tissue sarcomas (18). In vitro, translation
enhancement of HDM2 has been described in several tumor cell
lines, including the melanoma cell line SK-MEL-2 (39). Increased
HDM2 protein levels have also been observed in fibroblasts after
treatment with basic fibroblast growth factor (40), or in various
cell types as a result of signaling via the Ras/Raf/extracellular
signal-regulated kinase kinase pathway (41). Interestingly, auto-

crine secretion of growth factors such as basic fibroblast growth
factor may be an early event in melanocyte transformation
(reviewed in Ref. 42) and may contribute to HDM2 overexpression
in some cases.

Metastatic melanoma is a highly chemoresistant tumor (43). In this
clinical setting, HDM2 overexpression is of particular interest, be-
cause recent studies have showed its correlation with a lack of
response to chemotherapy (44, 45). Moreover, enhancement of drug-
induced apoptosis by antisense oligodeoxynucleotides and synthetic
peptides targeted against HDM2 has recently been described (10–12).
These novel antitumor agents that stabilized p53 in vitro and possess
antitumor activity in xenograft models may be effective therapeutic
interventions in patients whose tumors overexpress HDM2.

In summary, we conclude that HDM2 overexpression is an early
and frequent event in melanoma tumorigenesis. Because of the lack of
HDM2 gene amplification, we are currently investigating other mech-
anisms driving HDM2 overexpression.
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