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Abstract. Melanoma remains one of the most aggressive 
types of cancer with a historically low survival rate. The 
αvβ3 integrin is involved in the progression of malignant 
melanoma. In the present study, the efficacy of MK-0429, a 
selective inhibitor of the αvβ3 integrin, was evaluated for its 
potential in the prevention of melanoma metastasis. Female 
B6D2F1 mice injected via the tail vein with murine B16F10 
melanoma developed lung metastases within ~10 days. In 
the first experiment, the prevention of lung metastasis was 
assessed in the model treated with either vehicle, MK-0429 
at 100 and 300 mg/kg orally twice daily or cyclophospha-
mide at 300 mg/kg, i.p. once daily. Study endpoints included 
determination of the study time period to achieve metastasis 
in lungs in this model, evaluation of the health effects on the 
study animals, the total number of lung colonies identified 
and lung tumor area. Unlike cyclophosphamide, the MK-0429 
treatment did not lead to a significant weight reduction in 
mice. MK-0429 at 100 and 300 mg/kg reduced the number 
of metastatic tumor colonies by 64 and 57%, respectively, 
and the high dose also reduced the tumor area by 60% as 
compared to the vehicle. The second experiment employed 
B16F10 luciferase‑expressing cells to examine the de novo 
progression of melanoma metastasis over 15  days with 
bioluminescent imaging of mice treated with MK-0429 at 
300 mg/kg as compared to the vehicle. Tumor burden progres-
sively advanced in the lungs of the B16F10-treated animals. 
However, MK-0429 reduced the progression of ventral 
and dorsal lung metastases by 22 and 38%, respectively, as 
compared to the vehicle, by study completion. Quantification 
of ex vivo tumor burden showed a 30-40% reduction in lung 
colonies by MK-0429. The two studies collectively demon-
strated that MK-0429 was safe and efficacious in significantly 
decreasing melanoma metastasis in the lungs. The  results 

emphasized the potential of MK-0429 as a novel, therapeutic 
agent for the prevention of metastatic melanoma.

Introduction

Cutaneous melanoma remains the most aggressive type of 
cancer due to its invasiveness and propensity to metastasize (1). 
Malignant melanoma preferentially metastasizes to the lymph 
nodes, lungs and liver (2). While surgery and radiation therapy 
play a role in the palliation of the symptoms from local tumor 
growth, systemic therapy is the primary mode of treatment 
for metastatic melanoma, involving either single-agents or a 
combination of chemotherapy, immunotherapy or biochemical 
therapies. Combinations of these therapies may improve the 
response rate but do not extend survival and are associated 
with greater hematologic and multi-organ toxicity (3,4). As 
the incidence of melanoma continues to rise, significant unmet 
medical needs remain for novel, effective and safe therapies 
for the treatment of malignant melanoma.

The increased metastatic potential of melanoma has been 
associated with altered expression patterns of cell adhesion 
receptors including integrins (5,6). During melanoma progres-
sion from the benign melanocytic nervus to the metastatic 
melanoma, the melanoma lesion undergoes histopathologi-
cally distinct stages from the radial growth phase lesions to the 
vertical spreading into the adjacent papillary dermis‑forming 
‘vertical growth phase’ lesions (7,8). The tumor cells then enter 
the vasculature of the lymphatic system to invade and colonize 
distant target organs. Findings of previous studies suggest 
that integrin expression controls melanoma tumorigenicity by 
modulating cell migration (5,9), facilitating cell invasion and 
angiogenesis (10), while promoting tumor cell survival (11-13). 
Among the integrins associated with melanoma progres-
sion, the αvβ3 integrin, although not normally expressed on 
epidermal melanocytes or in most of the benign melanocytic 
nevi, has been found to be greatly increased as epidermal 
melanoma progresses to the vertical growth and invasive 
phases and is expressed in metastatic melanoma lesions (7).

Integrin αvβ3, a heterodimeric cell-surface adhesion 
receptor, specifically recognizes the arginine-glycine-aspartic 
(RGD) tripeptide sequence in a variety of extracellular matrix 
proteins, including vitronectin, osteopontin, fibrinogen, fibro-
nectin, thrombospondin, von Willebrand factor and cryptic 
collagens (14,15). Notably, the integrin αvβ3 has been demon-
strated to mediate osteoclastic bone resorption and endothelial 
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neovascularization or angiogenesis. Significant upregulation 
of αvβ3 integrin expression is seen in tumoral endothelial 
cells, as well as in some tumor cells (9). Overexpression of 
αvβ3 by gene transfer in melanoma cell lines derived from 
the radial growth phase changed the properties of the cells to 
those of the vertical growth phase (16). Blocking antibodies 
to β3 integrin were reported to inhibit the migration, prolif-
eration and metastasis of melanoma, as well as other tumor 
cells (17). Ligand engagement of αvβ3 integrin has been shown 
to induce melanoma cell growth by inhibiting apoptosis (11). 
Additionally, blocking of this integrin in human melanoma 
HT168M1 cells using an anti-β3 integrin monoclonal antibody 
resulted in the inhibition of lung colonization in an experi-
mental metastasis assay (17). In that study, the anti-β3 integrin 
antibody recognized integrin αIIbβ3 and αvβ3 expressed in the 
human melanoma cell line, suggesting that the two integrins 
may participate in promoting tumor metastasis (17). Several 
RGD-disintegrins have also been shown to inhibit melanoma 
cell proliferation (18,19).

MK-0429 (L-000845704) is an orally active, potent and 
selective inhibitor of the integrin αvβ3 (20). As this inhibitor 
was originally developed for the treatment of osteoporosis, 
robust preclinical evidence demonstrated that MK-0429 
potently inhibits binding of the ligand to the purified human 
integrin αvβ3 (IC50=0.08 nM) (20), and inhibits osteoclastic 
bone resorption (IC50=12.2±4.5  nM) in  vitro. MK-0429 
significantly reduces bone turnover and increases bone mass 
in ovariectomized rats and monkeys (20). In a randomized 
phase  II trial, postmenopausal women with osteoporosis 
receiving MK-0429 at either 100 or 400 mg once daily, or 
200 mg twice daily for 12 months showed a significant increase 
in bone mineral density at the spine and hip compared to those 
on placebo (21). In a small clinical study, men with hormone 
refractory prostate cancer and metastatic bone disease were 
administered MK-0429 at 200 and 1,600 mg orally, twice daily 
for four weeks (22). MK-0429 significantly decreased the bone 
resorption marker urinary N-telopeptide in these patients. In 
both clinical studies, MK-0429 was well tolerated and without 
serious adverse events.

In the present study, to gain better insight into the function 
of integrin αvβ3 in melanoma progression and metastasis, we 
first evaluated the efficacy of MK-0429 compared to cyclophos-
phamide in the prevention of metastatic melanoma progression 
using a model of murine B16F10 melanoma metastasis to the 
lungs. MK-0429 was then evaluated in a second experiment 
that employed B16F10 luciferase‑expressing cells to examine 
the de novo progression of metastasis, wherein the treatment-
associated effects on tumor progression in target tissues were 
evaluated with bioluminescent imaging in vivo and ex vivo.

Materials and methods

Synthesis of MK-0429. This compound is also known as 
L-000845704 (3(S)-(6-methoxypyridin-3-yl)-3-[2-oxo-
3-[3-(5,6,7,8-tetrahydro-[1,8]-naphthyridin-2-yl) propyl] 
imidazolidin-1-yl] propionic acid). The synthesis and structure 
of MK-0429 (Fig. 1A) were as previously described (20).

Integrin-mediated binding assays. Human embryonic kidney 
293 (HEK293) cells were stably co-transfected with human 

integrin subunits αv and β3 to establish the HEK293-αvβ3 
cell line as previously described (23). Purification of these 
integrins and assay conditions were performed as previously 
described (20). Briefly, the affinity of 3H-MK-0429 for various 
integrins was determined by binding assays using the purified 
receptors.

Cell adhesion assays. HEK293 cells overexpressing human 
integrins αvβ3, αvβ5, αIIbβ3 or α5β1 were established as 
previously described (23,24). The cells (25x103 cells/well) were 
added to microtiter wells that were coated with vitronectin 
(αvβ3 and αvβ5), fibrinogen (αIIbβ3) or fibronectin (α5β1) and 
were allowed to attach for 2 h at 37˚C in a humidified incu-
bator in the absence or presence of increasing concentrations 
of MK-0429. The non-attached cells were gently washed away. 
The attached cells were quantified by colorimetric detection 
of hexosaminidase enzymatic activity (25) in a Vmax micro-
plate reader (Molecular Devices, Menlo Park, CA, USA). The 
number of attached cells was quantified using a standard curve 
for each cell line assayed and expressed as a mean value of 
triplicate samples.

B16F10 melanoma cell lines. The B16F10 murine melanoma 
cell line, was obtained from the American Type Culture 
Collection (ATCC; Manassas, VA, USA). The cells were 
routinely cultured in high glucose Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS) and 1% penicillin/streptomycin (Life Technologies, 
Carlsbad, CA, USA) at 37˚C in a humidified 5% CO2 incu-
bator. Stable expression of luciferase was established in the 
B16F10 melanoma cells through Geneticin (G418) selection. 
Briefly, B16F10 cells were transfected with pcDNA3.1 and 
pGL3 plasmid using Lipofectamine 2000 (Life Technologies, 
Carlsbad, CA, USA) according to the manufacturer's instruc-
tions. The cells were then selected in 1,250  µg/ml G418 
(Life Technologies) for two weeks and individual colonies 
were isolated, expanded and maintained in G418. Luciferase 
expression in these clones was confirmed by flow cytometry 
and bioluminescent imaging.

Reverse transcription and TaqMan. The total RNA was 
extracted using an RNeasy kit (Qiagen, Valencia, CA, USA) 
according to the manufacturer's instructions. Reverse tran-
scription and real-time PCR were performed as previously 
described (26). Primer/probe pairs for real-time PCR were as 
follows (Life Technologies): ITGAV forward, 5'-CGGGTC 
CCGAGGGAAGT-3' and reverse, 5'-GGGTCGTGTTCGCTT 
TGG-3'), and fluorogenic probe, 5'-TCGAGCCCAGCACGTCC 
TCCA-3'; ITGB3 forward, 5'-GATGCTTACGGGAAAAT 
CCG-3' and reverse, 5'-TTGAAGGACAGTGACAGCTC 
TCC-3', and fluorogenic probe, 5'-CTAAAGTGGAGCTGG 
AAGTACGTGACCTGC-3'); and ITGB5 forward, 5'-GGT 
TTCGGGTCTTTTGTTGACA-3' and reverse, 5'-GGAATA 
ACTTGTAACCAATACACGGA-3', and fluorogenic probe, 
5'-TCTCTCCTTTCTCCTACACGGCACCGA-3'.

Development of lung metastasis in the murine B16F10 mela-
noma model. The in-life portion of the present study was 
conducted at the Piedmont Research Center (Morrisville, 
NC, USA). The Piedmont Research Center complies with the 
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recommendations of the Guide for Care and Use of Laboratory 
Animals and is accredited by AAALAC International, which 
assures compliance with accepted standards for the care and 
use of laboratory animals. In total, 55 6-week-old B6D2F1 
hybrid female mice received 1.5x105 B16F10 melanoma cells 
by intravenous (i.v.) tail vein injection. The animals received 
either saline, MK-0429 at 100 or 300 mg/kg, p.o., twice daily 
(b.i.d.) or cyclophosphamide, 300 mg/kg, i.p., once daily (q.d.), 
1 day post-tumor injection, n=10-15/group. The body weight 
was recorded daily to determine whether treatment affected 
the health of the animals. Necropsy was performed when the 
number of lung colonies reached 100 metastases/lung counted 
from a separate set of control mice, ~2 weeks after study initia-
tion (27,28). Lungs were dissected with minimal bronchus 
attached. Melanoma colonies on the surface of all lung regions 
were counted.

Histological analysis of the mouse lungs was performed. 
The mouse lungs were fixed in 10% formalin. After being 
embedded, the samples were sectioned beginning at ~1 mm 
into the tissue along the frontal plane. The sections were stained 
with hematoxylin and eosin (H&E) followed by imaging and 
tumor area quantification using ImagePro software.

Non-invasive bioluminescent imaging of de novo lung metas-
tasis in the murine B16F10 melanoma model. The in-life 
portion of the present study was conducted at Merck Research 
Laboratories (Rahway, NJ, USA). Animal procedures were in 
accordance with the national guidelines and were approved by 
the Institutional Animal Care and Use Committee (IACUC) 
at Merck.

Twenty 8-week-old (nu/nu) female mice, were injected 
with 2.5x105 B16F10-luc melanoma cells by i.v. tail vein injec-
tion. The animals received saline or MK-0429, 300 mg/kg, 
p.o., b.i.d., 1 day post-tumor injection, n=10/group. Biolumi
nescence imaging was performed using the Xenogen IVIS 200 
(Perkin‑Elmer, Waltham, MA, USA) twice/week until the 
study end and images were quantified using Living Image 
software. The mice were anesthetized with 2.5% isoflurane 
prior to imaging and then a 90 mg/kg dose of D-luciferin, 
i.p. (Perkin-Elmer). Exposure time was adjusted to avoid 
pixel saturation. Default settings for bioluminescent scanning 
were used for scanning at each time-point. A total biolumi-
nescent flux (photons/second) was calculated for each region 
of interest (ROI). Square ROIs were placed around the head, 
lung and abdomen of each animal for each scan followed by 
image analysis of head, lungs and abdomen, on dorsal and 
ventral planes.

The animals were sacrificed by carbon dioxide asphyxia-
tion. Following necropsy, ex vivo bioluminescent imaging of 
the lungs was performed by Xenogen IVIS 200. Default biolu-
minescent settings of Living Image were used with exposure 
times manually adjusted to avoid saturation. ROIs were placed 
on the 2D bioluminescent image to encompass the entire lung 
tissues. Melanoma colonies on the surface of the lung regions 
were counted.

Statistical analysis. Data are presented as mean ± SEM and 
were analyzed with GraphPad Prism 6 software (San Diego, 
CA, USA). Study endpoints were tested for Gaussian distri-
bution. Statistical analysis was performed by the unpaired 

Figure 1. (A) Structure of MK-0429. (B) Treatment-associated effects on body weight of mice injected with B16F10 melanoma. CY‑treated mice showed an 
initial loss of body weight, returning to baseline by day 11. Vehicle- or MK-0429-treated animals maintained their body weight throughout the study duration. 
Mean ± SEM; n=10-15/group. CY, cyclophosphamide; Veh, vehicle.
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Student's t-test or the one-way ANOVA followed by the 
Tukey's multiple comparison test. The histological quantifica-
tion of the tumor area was analyzed using StatView, followed 
by the Fisher's PLSD test. P<0.05 was considered to indicate a 
statistically significant result.

Results

Potency and safety profile of MK-0429 and integrin 
expression profile of B16F10 melanoma. The structure of 
MK-0429 (Fig. 1A) was previously described (20). MK-0429 
binds with high affinity to the purified human αvβ3 integrin. 
The equilibrium dissociation constants (Kds) of 3H-MK-0429 
in binding to the purified human, murine and rat αvβ3 inte-
grin are 0.33±0.04, 0.56±0.07 and 1.23±0.11 nM, respectively. 
This inhibitor blocks the adhesion of HEK293-αvβ3 cells 
to vitronectin with an IC50 of 0.58±0.30 nM. MK-0429 is 
~100-fold less potent in blocking the adhesion of HEK293 
overexpressing the closely related αvβ5 integrin to vitro-
nectin, and >1,000-fold less active in blocking adhesion 
functions mediated by integrins αIIbβ3 or α5β1 to fibrinogen 
or fibronectin, respectively.

The mRNA expression levels of integrin subunits were 
determined for the highly metastatic B16F10 cell line. Integrin 
αv was the predominant subunit, demonstrating a mRNA 
expression ~8-fold greater than that of the β5 subunit. The β3 
subunit was detectable at the cycle threshold values near 40 
(data not shown), consistent with previous reports from the 
FACS analysis (29). Having established detectable expression 
of the subunits of the vitronectin receptors in the melanoma 
cell line, we then investigated MK-0429 as a potential thera-
peutic for the treatment of melanoma.

Effects of MK-0429 on body weight of mice injected with 
melanoma cells. MK-0429 has been demonstrated to be well 
tolerated and efficacious in preclinical and clinical studies 
of osteoporosis (21,22). In the present study, we evaluated its 
effect on body weight compared to cyclophosphamide in mice 
employing a B16F10 murine melanoma model in the preven-
tion mode. Animals received tail-vein injection of B16F10 
melanoma cells followed by treatment with vehicle (Veh), 
MK-0429 (at 100 and 300 mg/kg, p.o., b.i.d.) or cyclophospha-
mide (CY; 300 mg/kg, i.p., q.d.) one day after cell inoculation. 
To validate the utility of the model, metastatic lung nodule 
development was monitored in a separate cohort, with ~100 
metastatic lung colonies developing within two weeks of 
B16F10 cell inoculation and this time period was defined 
as the operative study duration (data not shown). Veh‑ and 
MK-0429-treated animals showed no significant weight loss 
over the study duration (Fig. 1B). By contrast, the CY-treated 
animals experienced a rapid loss of weight in the first four days 
of the study, losing ~9-11% of their total body weight. This was 
followed by a return towards the baseline weight levels by the 
end of the study (Fig. 1B).

MK-0429 reduces metastatic tumor colony formation and 
area in the lungs. The extent of lung metastasis and the effect of 
drug treatment were assessed by examining the lung surfaces 
for observable melanoma tumor colony formation. Following 
termination of the study, lung surfaces were visually inspected 

and the total number of ex vivo melanoma colonies on the 
lung surface was counted. The gross appearance of repre-
sentative ex vivo lung sets revealed clearly visible metastatic 
melanoma colonies (dark spots) in Veh‑treated animals and 
notably fewer observable colonies following CY or MK-0429 
treatment (Fig. 2A). CY and MK-0429 effectively reduced the 
number of tumor colonies on the entire lung surface (Fig. 2B). 
The mean number of the metastatic melanoma nodules was 
90±5 in the Veh‑treated controls. Cyclophosphamide treatment 
eradicated almost all the tumor colonies, 99% as compared 
to that in the Veh control (p<0.001). MK-0429 treatment also 
decreased the total tumor colony number to 33±6 and 39±9, 
at 100 and 300 mg/kg, respectively, (p<0.001 vs. Veh) thus 
reducing tumor burden by 64 and 57%.

The lung was subdivided into five separate compartments 
to determine whether particular surface areas were preferen-
tially affected by metastasis or drug treatment (Fig. 3A). Tumor 
colonies were manually counted within each lung region. In 
the Veh‑treated animals, the scope of tumor colonies across 
the lung surfaces averaged 9-25 tumor colonies/individual 
lung surface (Fig. 3B). The largest lung surface, the left lung, 
contained the highest number of melanoma colonies (25±8), 
whereas the smallest lung surface, the post caval lobe, showed 
the least tumor colony formation (9±1). Metastatic melanoma 
burden was significantly reduced within each lung compart-
ment with drug treatment. Consistent with the results from the 
entire lung surface, CY treatment markedly reduced tumor 
formation in each of the five lung regions (p<0.001 vs. Veh). 
MK-0429 at the two doses significantly reduced melanoma 
colonies in all the lung regions by 53-68% indicating no 
regional effect of treatment (p<0.001 vs. Veh) (Fig. 3B).

The presence of metastatic lesions in the lungs was confirmed 
by histological analysis of the sections from the Veh‑ and 
MK-0429 (300 mg/kg)‑treated animals. Fig. 4Aa and b shows 
a typical H&E‑stained section of Veh‑treated lungs containing 
melanoma colonies. However, fewer colonies were present 
in the MK-0429-treated lungs (Fig. 4Ac and d). Veh‑treated 
animals showed a total tumor area of 11.1±0.4 mm2. The total 
number and area of the melanoma colonies was significantly 
reduced following treatment with MK-0429 to 5.0±0.7 mm2 
(p<0.01 vs. Veh) (Fig. 4B). Treatment with MK-0429 decreased 
the tumor area by 60% compared to that in the Veh controls, 
consistent with the treatment-associated reduction of the 
number of melanoma colonies.

MK-0429 reduces the de novo progression of lung metastases. 
The second experiment focused on the de  novo progres-
sion patterns of metastatic spread and the resulting effect of 
drug treatment on melanoma metastasis in mice by utilizing 
non-invasive imaging and B16F10 melanoma cells stably 
transfected with luciferase. In vitro bioluminescent imaging 
confirmed the expression levels of luciferase for B16F10 
clones selected for in vivo studies. Additionally, real-time PCR 
demonstrated integrin subunit mRNA levels consistent with 
the parental cell line (data not shown). Athymic mice were 
injected with 2.5x105 B16F10-luc cells. One-day post injection, 
the animals were orally administered either Veh or MK-0429, 
300 mg/kg, b.i.d. for two weeks. The animals were imaged 
for bioluminescence on day 0, 3, 8, 11 and 15 to determine 
the time required to develop measurable lung metastases and 
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Figure 2. MK-0429 significantly reduces the total number of melanoma lung colonies in the B16F10 melanoma prevention model. (A) Gross appearance of 
pulmonary metastasis clearly visible in vehicle‑treated animals (a). Notably fewer colonies are present with (b) cyclophosphamide and (c) MK-0429 treat-
ment. (B) Quantitative analysis of the total number of tumor colonies in all lung regions demonstrates that MK-0429 reduced the tumor colony number by 
64 and 57%, at 100 and 300 mg/kg, respectively, as compared to the vehicle control. Cyclophosphamide eradicated almost all the tumor colonies, 99% as 
compared to vehicle control. ***p<0.001 vs. Veh. Data are presented as mean ± SEM; n=10-15/group. Veh, vehicle.

Figure 3. Evaluation of lung metastasis on each lung region in the B16F10 melanoma prevention model. (A) A diagram indicating each of the five lung regions 
scored for metastatic lung colonies. (B) Cyclophosphamide and MK-0429 at 100 and 300 mg/kg were effective in significantly reducing the tumor burden in 
each lung region. ***p<0.001 vs. Veh. Data are presented as mean ± SEM; n=10-15/group. Veh, vehicle.
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the extent of metastatic spread within other organs. Tumor 
progression was monitored and quantified by image analysis 
in the head, lungs and abdomen.

Fig. 5A shows a progressive increase in tumor signal from 
day 3 through day 15 in the study animals. Representative 
bioluminescent images show that tumor progression was 
negligible in the abdomen and head throughout the study time 
course. However, melanoma burden gradually increased in 
the lungs in the dorsal and ventral planes in the Veh‑treated 
animals (Fig. 5A). Tumor burden advanced less aggressively 
in MK-0429-treated animals. Quantification of tumor burden 
demonstrated a time-dependent increase in lung metastases 
in the Veh controls, whereas the abdomen and head showed 
little detectable signal above the background in the Veh‑ and 
drug‑treated animals  (Fig.  5B). MK-0429 300  mg/kg on 
day 8, 11 and 15, reduced melanoma burden in the ventral 
lung by 38, 37 and 21%, respectively. Similarly, MK-0429 
reduced tumor metastases in the dorsal lung by 15, 54 and 
38% (p=0.0561 vs. Veh), respectively, as compared to the Veh 
controls (Fig. 5B). Lung metastasis was confirmed by ex vivo 
bioluminescent analysis. Veh‑treated lungs demonstrated 
a tumor burden of 118.1±27.1x105  photons/sec. MK-0429 
decreased metastasis in the lungs by ~40%, reducing mela-
noma burden to 69.9±5.9x105 photons/sec. This difference was 
not statistically significant (Fig. 5C). However, the number of 
visible metastatic colonies counted on the ex vivo lung surface 
was significantly reduced by 32% by MK-0429 treatment 
twice daily for two weeks (p<0.05 vs. Veh), consistent with 
the percentage reduction of tumor burden observed by biolu-
minescent imaging (Fig. 5D). Thus, evaluation of melanoma 

burden at study termination by in vivo and ex vivo biolumines-
cent imaging, as well as by manual melanoma colony count, 
indicated an ~30-40% reduction in lung metastasis following 
treatment with MK-0429 300 mg/kg administered twice daily 
as compared to the Veh‑treated controls.

Discussion

During melanoma progression from the benign melanocytic 
nevus to the metastatic melanoma, the melanoma lesion 
undergoes several clinically and histopathologically distinct 
stages (7,8). Initially, the radial growth phase lesions are limited 
to the epidermis and are essentially benign. Then, the cells 
begin to spread vertically into the adjacent papillary dermis, 
while they continue to invade the adjacent reticular dermis, 
subcutaneous fat and eventually enter the lymphatics and 
vascular circulation. Degradation of the basement membranes 
and vascularized structures around malignant melanoma are 
also crucial to local invasion and hematogenous metastases of 
melanoma (8). Expression of αvβ3 integrin, previously found 
to be involved in the regulation of cell growth, motility and 
invasion (30,31), coincides with progression of the invasive 
phase of melanocytes to the vertical growth phase of metastatic 
melanoma (32,33). Furthermore, αvβ3 integrin is involved 
in angiogenesis as well as in several processes of melanoma 
metastasis by promoting cell proliferation, attachment, 
transendothelial migration and invasion through an interaction 
with MMP-2 to support cell intravasation, extravasation and 
target organ colonization  (34,35). Collectively, the above 
mentioned data raise the possibility that blocking the functions 

Figure  4. MK-0429 reduces tumor area in lungs. (A) R epresentative images of H&E‑stained lung sections harvested from (a  and  b) vehicle-  and 
(c and d) MK-0429 300 mg/kg, b.i.d.-treated animals. High magnification of the rectangular regions in a and c (bar, 5 mm) are shown as b and d (bar, 1 mm), 
respectively. Metastatic melanoma colonies appear as dark purple regions within the lung tissues. (B) Quantitative analysis of the tumor area shows that 
MK-0429 significantly reduced tumor area by 60% as compared to the vehicle control. *p<0.01 vs. Veh. Data are presented as mean ± SEM; n=5/group. H&E, 
hematoxylin and eosin; Veh, vehicle.
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of αvβ3 integrin prevents the early stages of melanoma 
metastasis.

The focus of this preclinical study was to evaluate the role 
of this adhesion receptor αvβ3 in melanoma in target organ 
colonization. MK-0429, a known selective inhibitor of human 
αvβ3 integrin (20), also blocks adhesion of the HEK293-αvβ5 
cells, albeit at ~100-fold lower efficacy compared to that of 
αvβ3 integrin (23). The selectivity profile of MK-0429 was 
further demonstrated by its lack of potency in inhibition in a 
panel of adhesion assays, including the attachment of HEK293 
cells overexpressing the αIIbβ3 or α5β1 integrin to fibrinogen 
or fibronectin, respectively (25). Although the expression levels 
of αvβ5 integrin appear to be higher than that of αvβ3 integrin 
in B16F10 cells, the selectivity profile of MK-0429 supported 

the predominant role of αvβ3 integrin in the colonization and 
growth of this murine melanoma in the lungs.

While high expectations for the mechanism of αvβ3 inte-
grin in mediating tumor angiogenesis, growth and invasion 
have derived from the significant body of positive preclinical 
and early clinical findings (36), blocking antibody or small 
molecular weight inhibitors led to mostly negative results 
from various phase II and III trials in pancreatic, prostate, 
head and neck cancers, glioblastoma and melanoma (9,37‑40). 
Etaracizumab is a monoclonal antibody against αvβ3 that was 
evaluated at 8 mg/kg once weekly, i.v., and administered for 
two cycles of a 3-week infusion in 112 patients with stage IV 
metastatic melanoma in the presence and absence of dacarba-
zine for a year (41). The median survival rate was not different 

Figure 5. Effect of MK-0429 on tumor growth and formation of de novo metastasis. (A) Representative luminescent images demonstrating time-dependent 
progression of metastasis in vehicle‑treated animals and reduced tumor burden in MK-0429-treated animals. (B) Tumor burden represented by luminescence 
in the lungs and abdomen (a and b) on day 8, 11 and 15, ventral (v) and dorsal (d). (C) Tumor burden represented by luminescence in the lungs ex vivo was 
reduced by MK-0429 treatment. (D) The number of tumor colonies is significantly reduced by MK-0429 treatment. p<0.05 vs. Veh. Mean ± SEM; n=10/group. 
Veh, vehicle.
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in patients treated with etaracizumab alone or in combina-
tion with dacarbazine, suggesting etaracizumab treatment 
was unlikely to result in clinically meaningful improvement 
over dacarbazine alone  (41). Cilengitide (EMD 121974), a 
dual inhibitor of αvβ3 and αvβ5 integrins, was administered 
intravenously twice weekly in a small number of patients 
(n=12-14) with stage IV or unresectable stage III metastatic 
melanoma to assess the clinical efficacy of cilengitide in the 
progression‑free survival rate at eight weeks (38). Cilengitide 
demonstrated minimal clinical efficacy as a single-agent 
therapy for advanced melanoma (38). Despite the implications 
of the role of αvβ3 integrin involvement in the early stages of 
melanoma metastasis, the aim of these previous studies was 
clearly geared towards testing efficacy of αvβ3 inhibitors in 
patients in later stages of advanced melanoma.

Other pitfalls of the early trials may explain the lack of 
efficacy of anti-αvβ3 integrin in the melanoma population. 
Targeting of αvβ3 in tumor tissues is complex due to the 
dose‑dependent opposing effects of the inhibitor: low doses of 
RGD-peptides have been reported to stimulate VEGF-blood 
vessel growth and tumor angiogenesis (42), in contrast with 
inhibition at higher doses (36). Alternative adhesion recep-
tors, including αvβ5 or α5β1 integrins, may also compensate 
for tumor angiogenesis (36). Metabolic imaging and tissue 
analysis suggested that etaracizumab or cilengitide reached 
the target tissues. However, little is known regarding the 
effect of these drugs on tumor vasculature or invasiveness 
in patients. Moreover, etaracizumab and cilengitide have 
relatively short half-lives of approximately a few days and 
2-4 h, respectively. Thus, unfavorable pharmacokinetics and 
non-continuous dosing regimens of these drugs may partly 
explain the negative results. Intravenous administration of 
these drugs, together with the infrequency of dosing intervals, 
may be suboptimal to achieve appropriate anti-angiogenic or 
anti-invasion pressure, which may require persistent long‑term 
therapy for effectiveness.

An issue that is to be considered is whether the mechanism 
of blocking αvβ3 integrin should be re-evaluated with an 
orally active agent with a proven excellent safety profile in the 
clinic, particularly in the context of early intervention of the 
disease course, such as preventing systemic spread. MK-0429 
may be suitable for this approach. Although safety and efficacy 
of MK-0429 were clearly demonstrated in animal models (20) 
and in postmenopausal osteoporotic women for two years (21), 
the safety profile of this compound has also been recently 
tested at the maximally tolerated oral dose of 1,600 mg twice 
daily for four weeks in men with hormone refractory prostate 
cancer and metastatic bone disease (22). Markedly, MK-0429 
was well tolerated at this high dose.

At present, there are three classes of therapies approved 
for melanoma, the alkylating agents such as dacarbazine, 
the targeted therapies such as the selective inhibitor of 
BRAF V600E, and immunotherapeutic agents including 
anti‑CTLA-4 antibody and more recently anti-PD-1 
antibody  (43). Dacarbazine remains the gold standard in 
chemotherapy, while combining dacarbazine with new 
pharmacological or immunotherapeutic agents is currently 
under evaluation in order to achieve better clinical responses 
in patients with advanced melanoma. The development of 
targeted- and immuno-therapies has changed the paradigm 

for treatment of patients with advanced melanoma, although 
not all patients respond to these therapies. The lack of predic-
tive biomarkers of response is probably the major weakness of 
these novel therapies. The recent development of MK-0429-
based imaging markers may be useful to monitor melanoma 
responses to therapies (25). Furthermore, for future therapy of 
metastatic melanoma, the challenge is to expand and combine 
the current therapies to prevent systemic metastasis at the 
earlier stage of the disease. In the present study, we have 
provided new insight into the application of a novel small 
molecule integrin inhibitor with an excellent safety profile 
as a therapeutic agent for the early prevention of metastatic 
melanoma. Combination of the αvβ3 integrin inhibitor with 
the current standard of care may improve pharmacologic 
management and clinical outcomes for patients with meta-
static melanoma.
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