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Abstract
Angiogenesis is required for progression and metastasis of melanoma. Analysis of angiogenic
molecules in benign and malignant tissues may allow identification of markers useful for prediction
of sensitivity to antiangiogenic agents. We hypothesized that differential expression of VEGF and
its receptors VEGF-R1, - R2, and -R3 would be higher in melanomas than nevi and higher in advanced
melanoma. Using automated quantitative analysis (AQUA), we quantified VEGF, -R1, -R2 and -R3
expression in melanoma tissue microarrays composed of 540 nevi and 468 melanoma specimens
(198 primaries, 270 metastases). VEGF, -R1, -R2 and -R3 expression was significantly higher in
melanomas than nevi by unpaired t-tests (p <0.0001). VEGF-R2 expression was higher in metastatic
specimens (p <0.0001), but VEGF-R3 expression was higher in primaries (p < 0.0001). VEGF was
coexpressed with all three receptors when assessed by Spearman's rank correlation. VEGF, -R1, -R2
and -R3 expression is higher in melanomas than nevi. Higher expression of VEGF-R2 was found in
metastases versus primaries, supporting the idea that selection for an angiogenic phenotype in
metastatic melanoma is conferred via upregulation of VEGF-R2. However, higher expression of
VEGF-R3 was seen on primary lesions, potentially implicating this receptor in initiation of lymphatic
tumor spread. Clinical trials using antiangiogenic agents in melanoma should include correlative
assays of VEGF, -R1, -R2 and -R3 as biomarkers of response to therapy, preferably using quantitative
methods such as AQUA. Such assessments could assist with evaluation of these molecules as
therapeutic targets in melanoma, ultimately facilitating improved selection of patients for treatment.
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Introduction
Melanoma is a relatively chemotherapy resistant disease that is associated with an extremely
poor prognosis once systemic metastases develop. An estimated 62,480 new melanomas will
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be diagnosed in the United States in 2008, and an estimated 8,420 people in the United States
will die of the disease. For patients with metastases, the median survival is in the range of 9 to
12 months (1). No therapy has been proven to prolong survival in patients with melanoma in
randomized clinical trials, underscoring the need for the development of more effective
treatments.

Angiogenesis has been recognized as an important process for the growth and invasion of
malignant tumors, including melanoma. The vascular endothelial growth factor (VEGF)
pathway plays a critical role in angiogenesis. This pathway has been the focus of much attention
with the development of bevacizumab (Avastin, Genentech, San Francisco, CA), an antibody
targeted against VEGF that has been shown to prolong progression free survival in kidney and
breast cancers and overall survival in lung and colon cancers (2-3). The VEGF family consists
of five isoforms, VEGF-A (known as VEGF), VEGF-B, VEGF-C, VEGF-D, and placental
growth factor. VEGF-A, also known as vascular permeability factor or VEGF, was described
as a potent endothelial cell mitogen which stimulates the proliferation and migration of
endothelial cells. VEGF signals primarily through receptor tyrosine kinases VEGF receptor 1
(VEGF-R1, flt-1) and 2 (VEGF-R2, flk2/kdr). While VEGF-R1 has a much greater affinity for
VEGF, ligand mediated autophosphorylation is weaker than that initiated by ligand binding to
VEGF-R2. It has been postulated that VEGF-R1 may play a decoy role in VEGF signaling by
regulating VEGF through decreased binding to VEGF-R2, and that the majority of effects of
VEGF in malignancy are mediated through VEGF-R2. VEGF-A and primarily VEGF -C and
-D signal through VEGF-R3; this pathway is thought to be essential for the development of
lymphatic vasculature and for normal and tumor lymphangiogenesis (4).

Several studies have examined the expression of members of the VEGF signaling pathway in
melanoma. Secretion of VEGF occurs during progression of early cutaneous melanocytic
lesions, with low VEGF expression in benign nevi increasing significantly in dysplastic nevi
and more so in malignant melanoma (5). The transition of melanomas from the radial to the
aggressive vertical growth phases is also marked by increased VEGF production (6). Several
groups have reported results of VEGF expression assessed by immunohistochemical staining
in cohorts of melanoma tumor tissue (7-12). While most of these studies showed increased
VEGF expression in malignant versus benign tumors, with higher expression associated with
more invasive phenotypes, prevalence of tumors expressing VEGF varied widely, and no clear
relationship with prognosis has been verified. In these tissues VEGF has traditionally been
thought to signal in a paracrine fashion, recruiting endothelial cells for the formation of
neovasculature to nourish growing tumors. However, previous identification of VEGF
receptors in melanoma cell lines suggests VEGF may also signal in melanoma through an
autocrine loop (13,14). Small studies have assessed the presence of VEGF-R1 and R2 on human
melanoma tissue (7,15), and their results confirm the presence of these receptors in human
melanomas as well as a possible relationship of VEGF-R2 expression with thicker and more
invasive tumors.

Recognized for its distinct role in lymphangiogenesis, VEGF-R3 expression in malignant
melanocytes is a focus of rising interest. VEGF-R3 expression has been seen on both tumor
cells as well as blood vessels and lymphatics (16), where in benign melanocytic lesions, it is
confined to lymphatic vessels only (17), implicating a role in metastatic spread. Mouawad et
al. recently reported high levels of VEGFR-3 in melanoma tumor tissue, accompanied by
significantly higher pre-treatment serum levels of VEGFR-3 in melanoma patients.
Interestingly, median serum VEGFR-3 levels were increased in patients with high tumour
burden as well as in non-responders compared to responders, and low VEGFR-3 related
positively to disease free survival, underscoring the potential prognostic implications for
expression of this receptor (18).
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Given the probable diverse roles of VEGF and its receptors in promoting melanoma growth
and metastases, we hypothesized that in melanoma, VEGF signaling may contribute
substantially to tumor growth and metastasis. We thus sought to characterize expression of
VEGF and its receptors VEGF-R1, VEGF-R2, and VEGF-R3 on a large number of human
melanoma specimens and benign nevi and to correlate expression with survival, disease stage,
age, gender, and the presence of known histologic prognostic factors such as Clark's level,
Breslow depth, and the presence of ulceration or tumor infiltrating lymphocytes. We expected
that higher expression levels of these molecules would be seen in malignant melanomas
compared with benign nevi and that differential expression would be seen in primary and
metastatic subsets. We were further interested in examining potential coexpression among the
VEGF ligand and its receptors within melanomas. To accomplish this, we employed tissue
microarrays of melanoma specimens using a newly developed, automated method of analysis
(AQUA for Automated, QUantitative Analysis). This method provides precise, reproducible
measurement of antigen levels, free of the subjectivity associated with pathologist-based
scoring employed in traditional immunohistochemistry studies (19). AQUA analysis provides
continuous output scores, as opposed to arbitrary nominal scores obtained with pathologist-
based “by-eye” scoring of 0, 1, 2, or 3 or “positive” and “negative.” This is particularly
important when therapeutic decisions are made based on immunohistochemistry under
nonstandardized conditions. This method has been validated (19), has been proven to be more
accurate than pathologist-based scoring of DAB stain, and has been used in several prior
melanoma studies as previously described (20). Recent clinical trial designs, including
melanoma trials, have planned for the incorporation of AQUA analysis of tissues from cancer
patients treated with targeted therapies, with the goal of identifying markers that might predict
response to treatment (21). We sought to use AQUA to examine a large historical cohort of
468 melanomas and 540 nevi. No previous studies to our knowledge have examined the
expression of VEGF and its three major receptors in cohorts of clinical specimens using an
automated method of expression analysis. Our results indicate higher expression of VEGF and
all three of the receptors in melanomas compared with nevi. The expression of VEGF-R2 was
higher in metastatic than in primary melanomas; however, for VEGF-R3, higher expression
was seen in primary lesions.

Materials and Methods
Cell Lines and Western Blots

YUSAC, YUSOC, YUMAC, YUFIC and YUROB are cell lines derived from tumors of
patients treated at Yale University. The MEL501 cell line was obtained from Dr. Steven
Rosenberg at the Surgery Branch, National Cancer Institute, MD. Proteins from lysates were
obtained using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Western blotting was performed by standard methods utilizing antibodies to VEGF (sc-152,
Santa Cruz Biotechnology, 1:500), VEGF-R1 (sc-316, Santa Cruz Biotechnology, 1:500)
VEGF-R2 (sc-6251, Santa Cruz Biotechnology, 1:500), VEGF-R3 (sc-321, Santa Cruz
Biotechnology, 1:500) and β-Actin (A2066 or A5441, SIGMA, 1:200 or 1:5000 respectively).
Detection of proteins was done utilizing peroxidase-conjugated anti-mouse or anti-rabbit IgG
secondary antibodies (715-035-151 and 711-035-152, Jackson ImmunoResearch Laboratories,
1:5000) and ECL (PerkinElmer).

Tissue Microarray (TMA) Construction
TMAs were constructed as described (20). Cores from 198 primary melanomas and 270
metastatic melanomas, each measuring 0.6 mm in diameter, were spaced 0.8 mm apart on
slides. Specimens and clinical information were collected with approval of a Yale University
Institutional Review Board. The cohort has been used in prior publications (20). The specimens
were resected between 1959 and 2000, with a follow-up range between 2 months and 40 years,
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and a mean follow-up time of 6.7 years. Age at diagnosis ranged from 18 to 91 (mean age 52.4
years). The cohort included 55% males and 45% females and contained lesions from patients
with melanomas of various stages (i.e. early stage primary, or non-metastatic, lesions and late
stage metastatic lesions). Treatment history was not available. No patients were treated with
VEGF- or VEGF-receptor targeted therapy. Similarly a tissue microarray was made containing
cores from 540 benign nevi. The nevus array contained 31 metastatic specimens from patients
that were also represented on the melanoma array. Both arrays contained identical cell lines,
cored from pellets, as previously described (20). The overlapping metastatic specimens and
cell lines were used for normalization of the scores obtained from the benign and malignant
arrays.

Immunohistochemistry
Staining was performed for automated analysis, as previously described (20). Briefly, slides
were deparaffinized in xylene, and transferred through two changes of 100% ethanol. For
antigen retrieval, slides were boiled in a pressure cooker containing 6.5mM sodium citrate (pH
6.0). Endogenous peroxidase activity was blocked in a mixture of methanol and 2.5% hydrogen
peroxide for thirty minutes at room temperature. To reduce non-specific background staining,
slides were incubated at room temperature for 30 minutes in 0.3% bovine serum albumin/1×
Tris-buffered saline. Slides were incubated at 4°C overnight in a humidity tray with the primary
antibodies (rabbit polyclonal anti-VEGF IgG at 1:50, rabbit polyclonal anti-VEGF-R1 at 1:200,
rabbit polyclonal anti-VEGF-R3 at 1:500 and mouse monoclonal anti-VEGF-R2 IgG at 1:200).
To create a tumor mask, slides were simultaneously incubated overnight with a primary anti-
S100 antibody (mouse anti-human S100 for VEGF, VEGF-R1 and VEGF-R3 at 1:100, and
rabbit anti-human S100 for VEGF-R2 at 1:500). Slides were rinsed three times in 1× Tris-
buffered saline/0.05% Tween-20. For VEGF, VEGF-R1 and VEGF-R3, slides were incubated
for 1 hour at room temperature with goat anti-rabbit HRP (Envision; DAKO Corp., Carpinteria,
CA) to identify the target, and goat anti-mouse IgG conjugated to Alexa 546 (Molecular Probes,
Inc. Eugene, OR) at a dilution of 1:100 to identify the mask. The same technique was used to
assess VEGF-R2 expression, except that goat anti-mouse HRP and goat anti-rabbit IgG
conjugated to Alexa 546 were used. The slides were washed again as above and incubated for
ten minutes with Cy5 directly conjugated to tyramide (Perkin Elmer, Boston, MA) at a dilution
of 1:50 for primary antibody identification. The slides were rinsed again and coverslips were
mounted with ProLong Gold antifade reagent, which contained 4,6-diamidine-2-phenylindole
(DAPI) to identify the nuclei.

Automated Image Acquisition
Images were acquired using automated, quantitative analysis, as described previously (20).
Briefly, areas of tumor were distinguished from stroma by creating a mask with the S100 signal
tagged with Alexa 546. Coalescence of S100 at the cell surface was used to identify cytoplasmic
compartment within the tumor mask, while 4,6-diamidino-2-phenylindole (DAPI) was used
to identify the nuclear compartment within the tumor mask. The target markers, VEGF, VEGF-
R1, VEGF-R2 and VEGF-R3, were visualized with Cy5 (red). Cy5 was used because its
emission peak is outside the color spectrum of tissue autoflourescence. Multiple
monochromatic, high resolution (1024 × 1024 pixel 0.5-μm) grayscale images were obtained
for each histospot, using the 10× objective of an Olympus AX-51 epifluorescence microscope
(Olympus, Melville, NY) with an automated microscope stage and digital image acquisition
driven by custom program and macro-based interfaces with IPLabs software (Scanalytics Inc.,
Fairfax, VA).
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Algorithmic Image Analysis
Images were analyzed using algorithms that have been previously extensively described (19).
Two images (one in-focus and one out-of-focus) were taken of the compartment specific tags
and the target marker. A percentage of the out-of-focus image was subtracted from the in-focus
image for each pixel, representing the signal to noise ratio of the image. An algorithm described
as RESA (Rapid Exponential Subtraction Algorithm) was used to subtract the out-of-focus
information in a uniform fashion for the entire microarray. Subsequently, the PLACE algorithm
(Pixel Locale Assignment for Compartmentalization of Expression) was used to assign each
pixel in the image to a specific subcellular compartment and the signal in each location was
calculated. Pixels that could not accurately be assigned to a compartment were discarded. The
data were saved and subsequently expressed as the average signal intensity per unit of
compartment area. For the nuclear and membrane/cytoplasmic compartments, the image was
measured on a scale of 0-255, and expressed as target signal intensity relative to the
compartment area.

Statistical Analysis
The Statview and JMP5 (SAS Institute Inc., Cary, NC) software packages were used for data
analyses. The associations between continuous AQUA scores of target expression and tumor
stage, Clark's level, Breslow depth, age, gender, and presence of ulceration or tumor infiltrating
lymphocytes were assessed using unpaired t-tests. The prognostic significance of the
parameters was assessed using the Cox proportional hazards model with overall survival as an
end point. Comparisons of expression between malignant and benign specimens and between
primary and metastatic specimens were performed with unpaired t-tests. Spearman's non-
parametric rank correlation coefficient was used to assess associations between expression of
VEGF and its receptors.

Results
Lysates from a panel of melanoma cell lines were probed for VEGF, VEGF-R1, VEGF-R2
and VEGF-R3, and dominant bands were seen at 21 KD, 180 KD, 200 KD and 150 KD,
consistent with reports in the literature (22). The intensity of the bands was more variable for
VEGF-R1 and -R3, as shown in Figure 1.

To assess for intra-tumor heterogeneity, two separate arrays, each containing a core from a
different area of the tumor for each patient, were used to evaluate the expression of each marker.
None of the markers studied had significant amounts of nuclear staining, and thus only the
membranous/cytoplasmic compartments were analyzed. Figure 2 shows regression plots for
the scores of the two arrays for expression of: a)VEGF, b)VEGF-R1, c)VEGF-R2 and d)
VEGF-R3 expression (R = 0.6, 0.5, 0.6 and 0.7, respectively).

AQUA scores of melanomas ranged from 16.4 to 91.01 for VEGF with a median score of 52.4,
from 12.23 to 130.95 for VEGF-R1 with a median score of 55.47, from 6.49 to 131.86 for
VEGF-R2 with a median score of 46.2, and from 12.25 to 95.31 for VEGF-R3 with a median
score of 47.47. Examples of strong staining for VEGF and its receptors are shown in Figure 3.
As can be seen in this figure, staining was primarily cytoplasmic and membranous for VEGF
and its receptors.

For each of the four markers, the AQUA scores from both sets of slides were combined in the
following manner: tumor spots were deemed uninterpretable if they had insufficient tumor
cells, loss of tissue in the spot, or an abundance of necrotic tissue. For patients who had two
interpretable histospots, a composite score was formed by taking the average of the two scores.
For patients with only one interpretable core, the single score was used. The resulting combined
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data set included 380 patients for VEGF, 451 patients for VEGF-R1, 419 patients for VEGF-
R2 and 339 patients for VEGF-R3. We assessed differences between benign and malignant
tissues for VEGF and its receptors. Unpaired t tests showed that expression was significantly
higher in malignant versus benign tissue cores for VEGF, VEGF-R1, VEGF-R2 and VEGF-
R3 (p < 0.0001 for each), as shown in Figure 4. Expression of VEGF-R2 was significantly
higher in metastatic compared to primary melanomas (p < 0.0001), while the inverse was seen
for VEGF-R3 (p < 0.0001). Differential expression of VEGF and VEGF-R1 was not observed
in primary versus metastatic specimens. By Cox univariate analysis of raw AQUA scores, we
found no association between survival and expression of any of the four markers in either
primary or metastatic specimens (p > 0.05 for all). Unpaired t-tests were used to assess the
association between VEGF, VEGF-R1, VEGF-R2 and VEGF-R3 receptor expression and
other commonly used clinical and pathologic variables. As stated above, expression of VEGF-
R2 was higher in metastatic than primary melanomas, and vice versa for VEGF-R3. We found
no association between expression of VEGF, VEGF-R1, VEGF-R2, or VEGF-R3 and age,
Breslow depth, Clark's level, presence of ulceration or presence of tumor infiltrating
lymphocytes. Using the Spearman Rank Correlation Test, we found strong associations
between expression of all four markers, as shown in Table 1.

It is possible that sensitivity to agents targeted against VEGF or its receptors would be greater
in tumors that over-express these targets. Therefore, we sought to classify tumors as high or
low expressers, based on the range of expression in our large cohort of benign nevi, and the
assumption that levels of expression in benign nevi are low from a biological perspective. We
defined “low” or “normal” AQUA scores as those that fall at or below the 95th percentile score
for nevi for each marker. This score was 20.03 for VEGF, 28.88 for VEGF-R1, 39.84 for
VEGF-R2 and for 54.77 or VEGF-R3. Interestingly, VEGF and VEGF-R1 expression was
high in 99.7 % and 96.4% of tumors using this definition. For VEGF-R2 approximately 59.9%
of malignant tissues showed levels of expression above the 95th percentile for nevi, and 78%
of metastatic spots were classified as high expressers compared to 45% of primary spots. For
VEFG-R3, 30.5% of malignant tissues showed levels of expression above the 95th percentile
for nevi.

Discussion
The purpose of this study was to quantitatively assess the expression of VEGF and its receptors
using an objective, automated method and to characterize differences in expression between
melanomas and nevi. Further, we evaluated associations with clinical and pathologic variables,
and assessed co-expression among VEGF and its receptors. Expression of VEGF, VEGF-R1,
VEGF-R2 and VEGF-R3 was significantly higher in malignant compared to benign specimens.
When comparing unmatched (from different patients) primary and metastatic specimens,
significant differences in expression persisted for VEGF-R2 and VEGF-R3. VEGF-R2
expression was higher in metastatic specimens; VEGF-R3 expression, however, was higher in
primary specimens. Differences in VEGF and VEGF-R1 expression between primary and
malignant specimens were much less pronounced. Although VEGF-R2 and VEGF-R3
expression was associated with disease stage, we found no correlation between the level of
expression and survival within the primary or metastatic patient subsets. Our results were
reproducible on a second array using different cores from the same patients.

These observations could reflect the roles of each of these molecules in melanoma
tumorigenesis. The role of VEGF for the recruitment of endothelial cells to form neovasculature
to nourish growing tumor is well established. In support of this, we found VEGF expression
to be increased in malignant melanomas. Our discovery of high expression of VEGF-R1, R2
and R3 on malignant melanomas compared with benign nevi leads us to believe VEGF may
be signaling through multiple receptors in the pathogenesis of melanoma. Further, strong
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associations between expression of all four markers were noted, as shown in Table 1,
suggesting the activity of multiple receptors and possibly, the presence of autocrine signaling
loops within the melanoma cells. Recent work by Sini et al (23) supports this conclusion,
suggesting that combined inhibition of the three VEGFRs, compared with blocking antibodies
against VEGF-R2 or VEGF-A alone, significantly reduced metastatic spread of melanoma
cells and blocked function of peritumoral lymphatics. It has also been shown that VEGF acts
as a potent tumor lymphangiogenesis factor and that tumor-derived VEGF promotes expansion
of the lymphatic network within draining, sentinel lymph nodes, even before these tumors
metastasized (24), indicating that lymph node lymphangiogenesis might contribute to further
metastatic tumor spread. In the context of our findings, higher VEGF-R3 expression in
melanocytes of early stage tumors could reflect a role for the melanocytes in
lymphangiogenesis and subsequent metastasis in primary melanomas. Once the tumor becomes
metastatic it is possible that VEGF-R3 plays a less central role in growth and therefore high
levels of expression do not persist. It is plausible that at this point VEGF then signals through
VEGF-R2 on melanoma metastases to continue growth through an autocrine mechanism and
that survival of melanoma cells is dependent on this loop, as suggested in previous publications
(25,26), at least partially supporting the tumor growth in conjunction with other pathways
known to be active in melanoma. Our findings of higher VEGF-R2 on metastatic versus
primary lesions would further support this hypothesis.

While expression of VEGF and VEGF receptors was associated with disease progression, no
association with survival was seen. This is likely due to the fact that this autocrine loop is
important for the metastatic process, but once the disease has metastasized, other mechanisms
of proliferation and cell survival might be more important. In addition, environmental and
stromal characteristics, such as immune cell activity, are likely to play a major role in tumor
growth or suppression.

Several previous studies (5-12) have corroborated the presence of high expression of VEGF
in melanoma tumor tissue. Straume et al showed that VEGF and its receptors are co-expressed
on tumor cells (7), consistent with our results. Previous studies have not commented on higher
expression of VEGF-R2 in metastatic lesions versus primaries, which we observed. Further,
to the best of our knowledge, ours is the only large study to demonstrate higher expression of
VEGF-R3 in primary as compared to metastatic melanomas.

Since ligand binding of VEGF to VEGF-R2 is thought to mediate the majority of VEGF effects
in malignancy, finding higher expression in melanomas than in nevi is encouraging for the
continued development of VEGF-R2 targeted agents in melanoma. Our data show that 59.9%
of our melanomas have VEGF-R2 levels that exceed the 95th percentile of expression for nevi,
suggesting that most melanomas have up-regulation of the VEGF-VEGF-R2 autocrine loop.
78% of metastatic spots were found to be high expressers compared to 45% of primary spots,
indicating that up-regulation of these proteins is associated with tumor progression. Even larger
differences between tumors and nevi were seen for VEGF and VEGF-R1.

Activity of agents targeted against the VEGF signaling pathway in melanoma has been
implicated in several phase I/II trials. Much attention has been given to the Phase I/II trial of
carboplatin, taxol and sorafenib (Nexavar, Bayer Pharmaceuticals Corporation, West Haven,
CT and Onyx Pharmaceuticals, Emeryville, CA), a multi-tyrosine kinase inhibitor with activity
against both the MAP kinase and VEGF-R2 signaling pathways. Preliminary results indicated
partial responses in 11 of 32 evaluable patients, with 19 additional patients showing
stabilization of disease as best response (27). Although sorafenib is a known B-raf inhibitor,
no association was seen between B-raf mutation status and response. However, high VEGF-
R2 expression of melanoma samples from treated patients was associated with response to this
regimen (21). These results led to two multicenter, randomized phase III trials of carboplatin
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and taxol with or without sorafenib. In a trial of patients who had received prior chemotherapy,
the addition of sorafenib, while resulting in a tolerable toxicity profile, did not result in
improved response rates or progression free survival (28). The second trial, ECOG 2603, tested
this same regimen of carboplatin, taxol +/- sorafenib in chemotherapy naïve patients, a distinct
patient population. A planned interim analysis of the trial concluded that it would not meet the
primary endpoint of improved overall survival in 800 patients with stage III or IV melanoma,
resulting in a recommendation to terminate the trial1. Nonetheless, agents with antiangiogenic
activity remain of interest in clinical trials for patients with metastatic melanoma. Most
recently, Fruehauf reported the results of a single agent phase II trial with axitinib, an oral,
potent and selective inhibitor of all three major VEGF receptors. Treatment was well tolerated,
and an ORR of 15.6% (95% CI: 5.3, 312.8%) with response duration ranging from 2.3 to >
10.2 months was seen, with median PFS of 2.3 months (95% CI: 1.8, 5.7) and median OS of
6.8 months (95% CI: 5.2, 10.4; range 0.8-22.6 months). Axitinib therapy selectively decreased
soluble VEGF-R2 and VEGF-R3 and increased VEGF in the blood, demonstrating activity
against the targeted VEGF receptors (29). These results further underscore the probable role
of VEGF and its several receptors in the pathogenesis of malignant melanoma. Additional
ongoing trials of novel agents that target VEGF and its receptors include the study of
IMC-1121B (Imclone, New York, NY) an antibody directed against VEGF-R2, with
dacarbazine.

Our results may have important implications for the future design of clinical trials using agents
targeted against the VEGF pathway. Differential expression between malignant and benign
tissue of VEGF, VEGF-R1, VEGF-R2 and VEGF-R3 suggests these markers may play a role
in disease progression and supports the current and future use of agents that target the VEGF
pathway in melanoma. Currently, there are no proven biomarkers of efficacy of anti-VEGF
therapy, although these biomarkers are needed to validate mechanistic hypotheses, to identify
responsive patients and optimal doses, to predict efficacy of regimens that include anti-VEGF
agents, and to detect and prevent tumor escape (2). Historically, assays for VEGF in tumor and
serum of patients with melanoma as predictors of either survival or response to treatment have
not produced consistent results in the literature in patients with melanoma (30-33). It is possible
that serum VEGF levels are not indicative of VEGF activity within tumors. In addition,
technical difficulties have been encountered with assays of serum levels of VEGF (34-35).
Interestingly, recent data by Sabatino et al. (36) have reported the results of proteomic analysis
of the serum of patients (predominantly with metastatic melanoma) who were treated with
high-dose IL-2, using a customized, multiplex antibody targeted protein array platform to
survey expression of soluble factors associated with tumor immunobiology. This analysis
identified low serum VEGF as a significant predictor of response to IL-2 therapy, a finding
which may potentially aid with the selection of patients for this treatment and thus deserves
evaluation in larger prospective clinical trials. However, it remains unclear whether pre-
treatment tumor or blood levels of VEGF and/or its receptors are routinely associated with
response to therapy. If accurate measurements of protein expression could be obtained using
advanced technologies, proven associations between pre-treatment expression and response
would have invaluable implications for the improvement of patient selection, particularly
therapies which directly target the VEGF pathway.

Assessment of the expression of VEGF and its receptors may be further useful to identify which
targets are crucial in different stages of melanoma. For example, our results suggest that VEGF-
R2 targeted agents may be useful in the metastatic setting, but VEGF-R3 may be the more
opportune target in the adjuvant treatment of early stage disease; however, supportive
correlative data from clinical trials of these agents in human beings are necessary for
confirmation. While our findings of co-expression of VEGF and its receptors on melanoma
tumor cells suggest the presence of an autocrine growth factor loop, VEGF is also secreted into
the microenvironment, resulting in blood vessel formation. Further preclinical work is

Mehnert et al. Page 8

Hum Pathol. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



necessary to clarify whether VEGF and VEGF receptors function predominantly as initiators
of growth and survival of the melanocytes or as pro-angiogenic molecules.

In summary, our studies show stronger expression of VEGF, VEGF-R1, VEGF-R2 and VEGF-
R3 in melanomas than in benign nevi specimens, suggesting that these markers are associated
with disease progression. VEGF-R3 expression was found to be higher in primary specimens,
while VEGF-R2 expression was higher in metastatic specimens. Our data suggest that the
VEGF signaling pathway certainly plays a role in the transformation from benign to malignant
melanocytic tissues and as such members of this pathway remain important therapeutic targets.
To our knowledge, our experiments comprise the largest studies of these molecules in cohorts
of melanoma patients, and our method in particular has the advantage of objective, quantitative
scoring of large numbers of tumor samples in a single assay. Based on our data, we propose
that future trials of antiangiogenic agents in melanoma include correlative studies for the
assessment of VEGF and/or its receptors in tumor samples to evaluate the predictive role of
these molecules, with the ultimate goal of improved selection of patients for treatment.
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Figure 1.
Expression of VEGF, VEGF-R1, VEGF-R2 and VEGF-R3 in melanoma cell lines. Protein
was extracted from YUSAC, YUSOC, YUMAC, MEL501, YUFIC and YUROB melanoma
cell lines and was subjected SDS-PAGE and Western blot analysis to detect VEGF (A), VEGF-
R1 (B), VEGF-R2 (C) and VEGF-R3 (D).
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Figure 2.
Regression plots for scores from the two sets of melanoma arrays for A) VEGF, B)VEGF-R1,
C)VEGF-R2 and D)VEGF-R3. The y axis represents AQUA scores from one slide and the x
axis from the second slide. Each array contains histospots from the same patients, taken from
different areas of the tumor.
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Figure 3.
Cytoplasmic VEGF, VEGF-R1, VEGF-R2 and VEGF-R3 expression in melanoma histospots
using S100 to define the tumor mask (green), 4,6-diamidine-2-phenylindole to define the
nuclear compartment (blue), and Cy5 (red) for the target. Merged images displayed in the upper
outer quadrants of panels A,B,C, and D show the amount of VEGF, VEGF-R1, VEGF-R2 and
VEGF-R3, respectively, within the nuclear compartment and within the cytoplasmic
compartment within the tumor mask at 10× magnification. Upper inner quadrants of panels
A,B,C, and D show expression of VEGF, VEGF-R1, VEGF-R2 and VEGF-R3 at 60×
magnification
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Figure 4.
Expression of VEGF, VEGF-R1, VEGF-R2 and VEGF-R3 (P < 0.0001) was significantly
higher in malignant than benign tissues. Expression of VEGF-R2 (P < 0.0001) was substantially
higher in metastatic than primary specimens. Conversely, expression of VEGF-R3 (P < 0.0001)
was more pronounced in primary versus metastatic spots.
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Table 1

Spearman Rank Correlations between variables.

Spearman Rank Correlation for Rho P-Value

VEGF/VEGF-R1 0.588 <.0001

VEGF/VEGF-R2 0.487 <.0001

VEGF/VEGF-R3 0.381 <.0001

VEGF-R1/VEGF-R2 0.428 <.0001

VEGF-R1/VEGF-R3 0.493 <.0001

VEGF-R2/VEGF-R3 0.297 <.0001
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