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Abstract
The purpose of this study was to determine whether Arg-Gly-Asp (RGD)-conjugated alpha-
melanocyte stimulating hormone (α-MSH) hybrid peptide could be employed to target
melanocortin-1 (MC1) receptor for potential melanoma therapy.

Methods—The RGD motif {cyclic(Arg-Gly-Asp-DTyr-Asp)} was coupled to [Cys3,4,10, D-Phe7,
Arg11]α-MSH3-13 {(Arg11)CCMSH} to generate RGD-Lys-(Arg11)CCMSH hybrid peptide. The
MC1 receptor binding affinity of RGD-Lys-(Arg11)CCMSH was determined in B16/F1 melanoma
cells. The internalization and efflux, melanoma targeting and pharmacokinetic properties and
single photon emission computed tomography/CT (SPECT/CT) imaging of 99mTc-RGD-Lys-
(Arg11)CCMSH were determined in B16/F1 melanoma cells and melanoma-bearing C57 mice.
Clonogenic cytotoxic effect of RGD-Lys-(Arg11)CCMSH was examined in B16/F1 melanoma
cells.

Results—RGD-Lys-(Arg11)CCMSH displayed 2.1 nM MC1 receptor binding affinity. 99mTc-
RGD-Lys-(Arg11)CCMSH showed rapid internalization and extended retention in B16/F1 cells.
The cellular uptake of 99mTc-RGD-Lys-(Arg11)CCMSH was MC1 receptor-mediated. 99mTc-
RGD-Lys-(Arg11)CCMSH exhibited high tumor uptake (14.83±2.94 %ID/g 2 h post-injection)
and prolonged tumor retention (7.59±2.04 %ID/g 24 h post-injection) in B16/F1 melanoma-
bearing mice. Non-target organ uptakes were generally low except for the kidneys. Whole-body
clearance of 99mTc-RGD-Lys-(Arg11)CCMSH was rapid, with approximately 62% of the injected
radioactivity cleared through the urinary system by 2 h post-injection. Flank melanoma tumors
were clearly imaged by small animal SPECT/CT using 99mTc-RGD-Lys-(Arg11)CCMSH as an
imaging probe 2 h post-injection. Single treatment (3 h incubation) with 100 nM of RGD-Lys-
(Arg11)CCMSH significantly (p<0.05) decreased the clonogenic survival of B16/F1 cells by 65%
compared to the untreated control cells.

Conclusion—Favorable melanoma targeting property of 99mTc-RGD-Lys-(Arg11)CCMSH and
remarkable cytotoxic effect of RGD-Lys-(Arg11)CCMSH in B16/F1 cells warranted the further
evaluation of 188Re-labeled α-MSH hybrid peptides as novel therapeutic peptides for melanoma
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treatment once the strategies of amino acid co-injection or structural modification of peptide
sequence substantially reduce the renal uptake.
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INTRODUCTION
Malignant melanoma is the most lethal form of skin cancer and the most commonly
diagnosed malignancy among young adults with an increasing incidence. It was predicted
that 62,480 cases would be diagnosed and 8,420 fatalities would occur in the year 2008 (1).
Melanoma metastases are very aggressive and the survival time for patients with metastatic
melanoma averages 3–15 months (2, 3). Unfortunately, no curative treatment exists for
metastatic melanoma due to its resistance to current chemotherapy and immunotherapy
regimens (4). Novel and effective treatment approaches are urgently needed to improve the
effectiveness of melanoma treatment. The over-expression of melanocortin-1 (MC1)
receptor on human and mouse melanoma cells (5–9) makes the MC1 receptor a distinct
molecular target for developing novel diagnostic and therapeutic radiopharmaceuticals for
melanoma (10–17). Radiolabeled α-melanocyte stimulating hormone (α-MSH) peptides can
specifically bind the MC1 receptors with nanomolar binding affinities, can be rapidly
internalized upon binding the MC1 receptors, and can selectively deliver the diagnostic and
therapeutic radionuclides to melanoma tumor cells for imaging and therapy (10–17). The
very promising preclinical therapeutic efficacies of 177Lu-, 188Re- and 212Pb-labeled metal-
cyclized α-MSH peptides in melanoma-bearing mice demonstrated their potential as
effective therapeutic agents for melanoma treatment (15–17).

Integrin receptors are involved in tumor metastasis and angiogenesis and mediate a variety
of cell adhesion activities. Arg-Gly-Asp (RGD) peptide is recognized by many of the
integrin receptors and is an important structural component of extracellular matrices that
control physiological cell functions (18–21). Antagonists of αvβ3 integrin receptors promote
tumor regression by inducing apoptosis of newly spouting blood vessels in the tumor (20).
Besides the αvβ3 integrin receptors, several cytoplasmic members of the procaspase family
of apoptosis genes, such as procaspase-1 and procaspase-3, contain RGD binding motif as
well (22). It was reported that the RGD-containing peptide could induce cell apoptosis
through activating cytoplasmic procaspase-3 directly after the RGD-containing peptide
entering the cells without any requirement for integrin-mediated cell clustering or signals
(22), highlighting the novel concept of using the RGD motif as an intracellular apoptosis
inducer. Recently, the RGD motif has been used as an intracellular apoptosis inducer and
been coupled to a somatostatin peptide (targeting somatostatin receptor-2) to examine the
cytotoxic effect of the hybrid somatostatin peptide {RGD-Lys(111In-DTPA)-Tyr3-
Octreotate} (23–26). RGD-Lys(111In-DTPA)-Tyr3-Octreotate exhibited enhanced
tumoricidal effects than 111In-DTPA-Tyr3-octreotate and 111In-DTPA-RGD due to elevated
tumor cell apoptosis (23), demonstrating the feasibility of employing the receptor-targeting
peptides to target the RGD motif (as an intracellular apoptosis inducer) to cancer cells to
enhance the synergistic therapeutic effectiveness of the radiolabeled hybrid peptides.

Favorable properties of radiolabeled α-MSH peptides, such as nanomolar MC1 receptor
binding affinities, rapid internalization and extended retention, underscore the potential of
employing the α-MSH peptides as effective delivery vehicles. We hypothesized that the
unique metal-cyclized α-MSH peptide could serve as an effective delivery vehicle to
specifically transport the RGD motif into melanoma cells to induce apoptosis. In this study,
we synthesized and evaluated a novel RGD-conjugated α-MSH hybrid peptide {RGD-Lys-
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(Arg11)CCMSH} to examine our hypothesis. The RGD motif {cyclic(Arg-Gly-Asp-DTyr-
Asp)} was coupled to [Cys3,4,10, D-Phe7, Arg11]α-MSH3-13 {(Arg11)CCMSH} through Lys
to generate RGD-Lys-(Arg11)CCMSH. We determined the internalization and efflux,
melanoma targeting and pharmacokinetic properties, SPECT/CT imaging of 99mTc-labeled
RGD-Lys-(Arg11)CCMSH in B16/F1 melanoma cells and B16/F1 melanoma-bearing mice.
Furthermore, we examined clonogenic cytotoxic effect of RGD-Lys-(Arg11)CCMSH in
B16/F1 melanoma cells.

EXPERIMENTAL PROCEDURES
Chemicals and Reagents

Amino acid and resin were purchased from Advanced ChemTech Inc. (Louisville, KY) and
Novabiochem (San Diego, CA). 99mTcO4

− was purchased from Cardinal Health
(Albuquerque, NM). 125I-Tyr2-[Nle4, D-Phe7]-α-MSH {125I-(Tyr2)-NDP-MSH} was
obtained from PerkinElmer, Inc. (Shelton, CT). All other chemicals used in this study were
purchased from Thermo Fischer Scientific (Waltham, MA) and used without further
purification. B16/F1 murine melanoma cells were obtained from American Type Culture
Collection (Manassas, VA).

Peptide Synthesis
Intermediate scaffold of H2N-Arg(Pbf)-Gly-Asp(OtBu)-dTyr(tBu)-Asp(O-2-
phenylisopropyl)-Lys(Boc)-Cys(Trt)-Cys(Trt)-Glu(OtBu)-His(Trt)-DPhe-Arg(Pbf)-
Trp(Boc)-Cys(Trt)-Arg(Pbf)-Pro-Val was synthesized on Sieber amide resin using standard
9-fluorenylmethyloxycarbonyl (Fmoc) chemistry by an Advanced ChemTech multiple-
peptide synthesizer (Louisville, KY). The protecting group of 2-phenylisopropyl was
removed and the peptide was cleaved from the resin treating with a mixture of 2.5% of
trifluoroacetic acid (TFA) and 5% of triisopropylsilane. After the precipitation with ice-cold
ether and characterization by liquid chromatography-mass spectroscopy (LC-MS), the
protected peptide was dissolved in H2O/CH3CN (50:50) and lyophilized to remove the
reagents such as TFA and triisopropylsilane. The protected peptide was further cyclized by
coupling the carboxylic group from the Asp with the alpha amino group from the Arg at the
N-terminus. The cyclization reaction was achieved by overnight reaction in
dimethylformamide (DMF) using benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium-
hexafluorophosphate (PyBOP) as a coupling agent in the presence of N,N-
diisopropylethylamine (DIEA). After characterization by LC-MS, the cyclized protected
peptide was dissolved in H2O/CH3CN (50:50) and lyophilized to remove the reagents such
as PyBOP and DIEA. The protecting groups were totally removed by treating with a mixture
of trifluoroacetic acid (TFA), thioanisole, phenol, water, ethanedithiol and triisopropylsilane
(87.5:2.5:2.5:2.5:2.5:2.5) for 2 h at room temperature (25 °C). The peptide was precipitated
and washed with ice-cold ether for four times, purified by reverse phase-high performance
liquid chromatography (RP-HPLC) and characterized by LC-MS.

In vitro Competitive Binding Assay
The IC50 value of RGD-Lys-(Arg11)CCMSH was determined according to our previously
published procedure (27). B16/F1 cells were harvested and seeded into a 24-well cell culture
plate (5×105/well) and incubated at 37°C overnight. After being washed with binding
medium {Modified Eagle’s medium with 25 mM N-(2-hydroxyethyl)-piperazine-N′-(2-
ethanesulfonic acid), pH 7.4, 0.2% bovine serum albumin (BSA), 0.3 mM 1,10-
phenathroline}, the cells were incubated at room temperature (25°C) for 2 h with
approximately 40,000 counts pr minute (cpm) of 125I-(Tyr2)-NDP-MSH in the presence of
increasing concentrations (10−12 to 10−5 M) of RGD-Lys-(Arg11)CCMSH in 0.3 mL of
binding media. The reaction medium was aspirated after the incubation. The cells were
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rinsed twice with 0.5 mL of ice-cold pH 7.4, 0.2% BSA / 0.01 M phosphate buffered saline
(PBS) and lysed in 0.5 mL of 1 N NaOH for 5 minutes. The activities associated with cells
were measured in a Wallac 1480 automated gamma counter (PerkinElmer, NJ). The IC50
value for the peptide was calculated using Prism software (GraphPad Software, La Jolla,
CA).

Peptide Radiolabeling
RGD-Lys-(Arg11)CCMSH was radiolabeled with 99mTc via a glucoheptonate transchelation
reaction using methods described previously (7). Briefly, 100 μL of 2 mg/ml SnCl2 in 0.2 M
glucoheptonate aqueous solution and 200 μL of fresh 99mTcO4

− solution (37–148 MBq)
were added into a reaction vial and incubated at room temperature (25 °C) for 20 min to
form 99mTc-glucoheptonate. Then, 10 μL of 1 mg/ml RGD-Lys-(Arg11)CCMSH aqueous
solution was added into the reaction vial and the pH of the reaction mixture was adjusted to
8.5 with 0.1 M NaOH. The reaction mixture was incubated at 75 °C for 40 min. The
radiolabeled peptide was purified to single species by Waters RP-HPLC (Milford, MA) on a
Grace Vydac C-18 reverse phase analytic column (Deerfield, IL) using a 20 min gradient of
16–26% acetonitrile in 20 mM HCl aqueous solution at a flow rate of 1 mL/min. The
purified peptide sample was purged with N2 gas for 20 min to remove the acetonitrile. The
pH of the final solution was adjusted to 5 with 0.1 N NaOH and normal saline for animal
studies. The stability of 99mTc-RGD-Lys-(Arg11)CCMSH was determined by incubation in
mouse serum at 37°C according to the published procedure (27) for various time periods,
and monitored for degradation by RP-HPLC.

Cellular Internalization and Efflux of 99mTc-RGD-Lys-(Arg11)CCMSH
Cellular internalization and efflux of 99mTc-RGD-Lys-(Arg11)CCMSH were evaluated in
B16/F1 cells as previously described by Miao et al (27). After being washed once with
binding media, B16/F1 cells in 24-well cell culture plates were incubated at 25°C for 20, 40,
60, 90 and 120 min (n = 4) in the presence of approximately 200,000 cpm of HPLC
purified 99mTc-RGD-Lys-(Arg11)CCMSH. After incubation, the reaction medium was
aspirated and the cells were rinsed twice with 0.5 mL of ice-cold pH 7.4, 0.2% BSA / 0.01
M PBS. Cellular internalization of 99mTc-RGD-Lys-(Arg11)CCMSH was assessed by
washing the cells with acidic buffer [40 mM sodium acetate (pH 4.5) containing 0.9% NaCl
and 0.2% BSA] to remove the membrane-bound radioactivity. The remaining internalized
radioactivity was obtained by lysing the cells with 0.5 mL of 1 N NaOH for 5 min.
Membrane-bound and internalized 99mTc activities were counted in a gamma counter.
Cellular efflux of 99mTc-RGD-Lys-(Arg11)CCMSH was determined by incubating B16/F1
cells with 99mTc-RGD-Lys-(Arg11)CCMSH for 2 h at 25°C, removing non-specific-bound
radioactivity with 2×0.5 mL of ice-cold pH 7.4, 0.2% BSA / 0.01 M PBS rinse, and
monitoring radioactivity released into cell culture media. At time points of 20, 40, 60, 90
and 120 min, the radioactivities in medium, on cell surface and in cells were separately
collected and counted in a gamma counter.

Specificity of Cellular Uptake of 99mTc-RGD-Lys-(Arg11)CCMSH
The specificity of cell binding was determined by incubating 99mTc-RGD-Lys-
(Arg11)CCMSH with or without non-radioactive peptides. After being washed once with
binding media, B16/F1 cells in 24-well cell culture plates were incubated with
approximately 200,000 cpm of HPLC purified 99mTc-RGD-Lys-(Arg11)CCMSH at 25°C for
120 min (n = 4) in the presence of 0.1 μM of RGD-Lys-(Arg11)CCMSH, NDP-MSH,
(Arg11)CCMSH or RGD peptide (Peptides International Inc. Louisville, KY) in 0.5 mL of
binding media, respectively. The reaction medium was aspirated after the incubation. The
cells were rinsed twice with 0.5 mL of ice-cold pH 7.4, 0.2% BSA / 0.01 M PBS and lysed

Yang et al. Page 4

Bioconjug Chem. Author manuscript; available in PMC 2013 April 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in 0.5 mL of 1 N NaOH for 5 min. The activities associated with cells were measured in a
gamma counter.

Biodistribution Studies
All the animal studies were conducted in compliance with Institutional Animal Care and Use
Committee approval. The pharmacokinetics of 99mTc-RGD-Lys-(Arg11)CCMSH was
determined in B16/F1 melanoma-bearing C57 female mice (Harlan, Indianapolis, IN). C57
mice were subcutaneously inoculated on the right flank with 1×106 B16/F1 cells. The
weight of tumors reached approximately 0.2 g 10 days post cell inoculation. Each
melanoma-bearing mouse was injected with 0.037 MBq of 99mTc-RGD-Lys-
(Arg11)CCMSH via the tail vein. Groups of 5 mice were sacrificed at 0.5, 2, 4 and 24 h post-
injection, and tumors and organs of interest were harvested, weighed and counted. Blood
values were taken as 6.5% of the whole-body weight.

The MC1 receptor specificity of the tumor uptake was determined at 2 h post-injection by
co-injecting 99mTc-RGD-Lys-(Arg11)CCMSH with 10 μg (6.1 nmol) of unlabeled NDP-
MSH. The αvβ3 integrin specificity of the tumor uptake was also determined by co-
injecting 99mTc-RGD-Lys-(Arg11)CCMSH with 3.5 μg (6.1 nmol) of RGD peptide 2 h post-
injection.

Imaging Melanoma with 99mTc-RGD-Lys-(Arg11)CCMSH
A B16/F1 melanoma-bearing C57 mouse was injected with 10.4 MBq of 99mTc-RGD-Lys-
(Arg11)CCMSH via the tail vein. The mouse was anesthetized with 1.5% isoflurane for
small animal SPECT/CT (Nano-SPECT/CT®, Bioscan) imaging 2 h post-injection. The 9-
min CT imaging was immediately followed by the SPECT imaging of whole-body. The
SPECT scans of 24 projections were acquired and total acquisition time was approximately
45 min. After the SPECT imaging, the mouse was euthanized with CO2 inhalation.
Reconstructed data from SPECT and CT were visualized and co-registered using
InVivoScope (Bioscan, Washington DC).

Urinary Metabolites of 99mTc-RGD-Lys-(Arg11)CCMSH
Urinary metabolites of 99mTc-RGD-Lys-(Arg11)CCMSH were determined by injecting 3.7
MBq of 99mTc-RGD-Lys-(Arg11)CCMSH into a B16/F1 melanoma-bearing C57 mouse
through the tail vein. At 2 h after dose administration, the mouse was euthanized and the
urine was collected. The radioactive metabolites in the urine were analyzed by injecting
aliquots of urine into HPLC. A 20-minute gradient of 16–26% acetonitrile / 20 mM HCl was
used for the urine analysis.

Clonogenic Cytotoxicity of RGD-Lys-(Arg11)CCMSH
Clonogenic cytotoxic effect of RGD-Lys-(Arg11)CCMSH was examined in B16/F1
melanoma cells according to the published procedure with slight modification (23). The
B16/F1 cells were seeded in a 6-well plate (200 cells/well) and incubated at 37 °C overnight.
After been washed once with culture medium (RPMI 1640 medium), the cells were
incubated in the culture medium at 37 °C for 3 h in the presence of 0.1 μM of RGD-Lys-
(Arg11)CCMSH, (Arg11)CCMSH or RGD, respectively. Control cells were only incubated
in the culture medium. After the incubation, the cells were washed with PBS twice and
allowed to form colonies over 6 days in the culture medium. The medium was changed
every other day. After 6 days, the cells were fixed with methanol:glacial acetic acid (3:1),
stained with hematoxylin and visually examined under microscope for survival. Colonies
contained more than 50 cells were scored as survivors.
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Statistical Methods
Statistical analysis was performed using the Student’s t-test for unpaired data to determine
the significant differences between the groups in the studies of specificity of cellular uptake,
biodistribution and clonogenic cytotoxicity described above. Differences at the 95%
confidence level (p<0.05) were considered significant.

RESULTS
RGD-Lys-(Arg11)CCMSH was synthesized, purified by RP-HPLC and the identity of
peptide was confirmed by electrospray ionization mass spectrometry. RGD-Lys-
(Arg11)CCMSH displayed greater than 95% purity with 30% overall synthetic yield. The
synthetic scheme is presented in Figure 1. The competitive binding curve of RGD-Lys-
(Arg11)CCMSH is shown in Figure 2A. The IC50 value of RGD-Lys-(Arg11)CCMSH was
2.1 nM in B16/F1 cells. The peptide was readily labeled with 99mTc using a glucoheptonate
transchelation reaction with greater than 95% radiolabeling yield. 99mTc-RGD-Lys-
(Arg11)CCMSH was completely separated from its excess non-labeled peptide by RP-
HPLC. The specific activity of 99mTc-RGD-Lys-(Arg11)CCMSH was 8.514×109 MBq/
g. 99mTc-RGD-Lys-(Arg11)CCMSH showed greater than 98% radiochemical purity after the
HPLC purification. The retention time of 99mTc-RGD-Lys-(Arg11)CCMSH was 12.2
min. 99mTc-RGD-Lys-(Arg11)CCMSH was stable in mouse serum at 37°C for 24 h.

Cellular internalization and efflux of 99mTc-RGD-Lys-(Arg11)CCMSH was evaluated in
B16/F1 cells. Figure 2(B and C) illustrate cellular internalization and efflux of 99mTc-RGD-
Lys-(Arg11)CCMSH. 99mTc-RGD-Lys-(Arg11)CCMSH exhibited rapid cellular
internalization and extended cellular retention. There was 76.28±1.36% of the 99mTc-RGD-
Lys-(Arg11)CCMSH activity internalized in the B16/F1 cells 40 min post incubation. There
was 85.93±1.22% of the 99mTc-RGD-Lys-(Arg11)CCMSH activity internalized in the cells
after 2 h incubation. Cellular efflux results demonstrated that 68.57±3.77% of the 99mTc-
RGD-Lys-(Arg11)CCMSH activity remained inside the cells 2 h after incubating cells in
culture medium.

Specificity of cellular uptake of 99mTc-RGD-Lys-(Arg11)CCMSH was examined in B16/F1
cells. The results are presented in Figure 3. The cellular uptake of 99mTc-RGD-Lys-
(Arg11)CCMSH was MC1 receptor-mediated rather than αvβ3 integrin-mediated. Compared
to the cellular uptake of 99mTc-RGD-Lys-(Arg11)CCMSH without peptide blockade, the
cellular uptakes of 99mTc-RGD-Lys-(Arg11)CCMSH decreased 88.1, 90.5 and 88.1% with
0.1 μM of RGD-Lys-(Arg11)CCMSH, NDP-MSH and (Arg11)CCMSH as blockades,
respectively. Incubation of 99mTc-RGD-Lys-(Arg11)CCMSH with 0.1 μM of RGD didn’t
reduce the cellular uptake of 99mTc-RGD-Lys-(Arg11)CCMSH in B16/F1 cells.

The melanoma targeting and pharmacokinetic properties of 99mTc-RGD-Lys-
(Arg11)CCMSH were determined in B16/F1 melanoma-bearing C57 mice. The
biodistribution results of 99mTc-RGD-Lys-(Arg11)CCMSH are shown in Table 1. 99mTc-
RGD-Lys-(Arg11)CCMSH exhibited rapid and high tumor uptake in melanoma-bearing
mice. The tumor uptake value was 11.06±1.41% ID/g 0.5 h post-injection. 99mTc-RGD-Lys-
(Arg11)CCMSH reached its peak tumor uptake value of 14.83±2.94% ID/g 2 h post-
injection. There was 12.57±2.53% ID/g of the 99mTc-RGD-Lys-(Arg11)CCMSH activity
remained in the tumors 4 h post-injection. The tumor uptake value of 99mTc-RGD-Lys-
(Arg11)CCMSH gradually decreased to 7.59±2.04% ID/g 24 h post-injection. In melanoma
uptake blocking studies, the tumor uptake of 99mTc-RGD-Lys-(Arg11)CCMSH with 10 μg
(6.1 nmol) of non-radiolabeled NDP-MSH co-injection was only 12.2% of the tumor uptake
without NDP-MSH co-injection at 2 h after dose administration (p<0.01), demonstrating that
the tumor uptake was specific and MC1 receptor-mediated. Compared to the tumor uptake
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of 99mTc-RGD-Lys-(Arg11)CCMSH, co-injection of 99mTc-RGD-Lys-(Arg11)CCMSH with
3.5 μg (6.1 nmol) of RGD decreased 29.2% of the tumor uptake value, demonstrating that
the tumor uptake was αvβ3 integrin receptor-mediated as well. Whole-body clearance
of 99mTc-RGD-Lys-(Arg11)CCMSH was rapid, with approximately 62% of the injected
radioactivity cleared through the urinary system by 2 h post-injection (Table 1). Normal
organ uptakes of 99mTc-RGD-Lys-(Arg11)CCMSH were generally low (<3.2% ID/g) except
for the kidneys after 2 h post-injection. High tumor/blood and tumor/muscle uptake ratios
were demonstrated as early as 0.5 h post-injection (Table 1). The renal uptake of 99mTc-
RGD-Lys-(Arg11)CCMSH reached its peak value of 69.37 ± 5.37% ID/g 0.5 h post-
injection. The renal uptake decreased to 40.26 ± 10.83% ID/g 24 h post-injection.

One B16/F1 melanoma-bearing C57 mouse was injected with 99mTc-RGD-Lys-
(Arg11)CCMSH through the tail vein to visualize the tumors 2 h after dose administration.
The whole-body SPECT/CT image is presented in Figure 4A. Flank melanoma tumors were
visualized clearly by 99mTc-RGD-Lys-(Arg11)CCMSH 2 h post-injection. 99mTc-RGD-Lys-
(Arg11)CCMSH exhibited high tumor to normal organ uptake ratios except for the kidney.
Radioactivity in the bladder demonstrated the urinary clearance of 99mTc-RGD-Lys-
(Arg11)CCMSH, which was coincident with the biodistribution results. In view of the
substantial renal uptake values of 99mTc-RGD-Lys-(Arg11)CCMSH in the biodistribution
results, the urinary metabolites of 99mTc-RGD-Lys-(Arg11)CCMSH were analyzed by RP-
HPLC 2 h post-injection. The urinary HPLC profile of 99mTc-RGD-Lys-(Arg11)CCMSH is
shown in Figure 4B. Approximately 68% of 99mTc-RGD-Lys-(Arg11)CCMSH remained
intact, while 32% of 99mTc-RGD-Lys-(Arg11)CCMSH was transformed to two more
lipophilic metabolites 2 h post-injection.

Clonogenic cytotoxic effect of RGD-Lys-(Arg11)CCMSH hybrid peptide was examined in
B16/F1 melanoma cells. The results are presented in Figure 5. The clonogenic survival
percentages of peptide-treated groups were normalized taking the clonogenic survival
percentage of untreated group (in culture medium) as 100%. RGD-Lys-(Arg11)CCMSH
exhibited remarkable cytotoxic effect in B16/F1 melanoma cells, with 65% decrease
(p<0.05) in clonogenic survival compared to that of the untreated group. In comparison with
untreated cells, incubation with (Arg11)CCMSH and RGD peptides reduced 11% and 7% of
clonogenic survival, respectively. However, the differences were not significant (p>0.05).

DISCUSSION
Metastatic melanoma is very aggressive and is resistant to current available chemotherapy
and immunotherapy. High mortality of malignant melanoma is associated with the
occurrence of melanoma metastases. Hence, it is urgent to develop novel and effective
therapeutic approaches to improve the therapeutic effectiveness of melanoma treatment.
Peptide-targeted radionuclide therapy is a novel and effective treatment approach for
melanoma. MC1 receptor-avid α-MSH peptides are employed as effective delivery vehicles
to selectively and specifically target cytotoxic radiation generated from radionuclides to
tumor cells, resulting in tumor cell death (28). In comparison with external beam radiation
therapy and chemotherapy, peptide-targeted radionuclide therapy can specifically deliver the
cytotoxic radiation to tumor cells, while sparing the normal tissues and organs. Unique
metal-cyclized α-MSH peptides were labeled with various therapeutic radionuclides with
low-energy beta-emission (177Lu), high-energy beta-emission (188Re) and high-energy
alpha-emission (212Pb, parent radionuclide of high-energy alpha-emitter 212Bi) to examine
their therapeutic efficacies in B16/F1 melanoma-bearing mice (15–17). 177Lu-, 188Re-
and 212Pb-labeled metal-cyclized α-MSH peptides exhibited very promising therapeutic
effects in preclinical melanoma-bearing mouse models (15–17), demonstrating the potential
of peptide-targeted radionuclide therapy for human melanoma treatment. The findings of
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that RGD-containing peptide could induce cell apoptosis through activating cytoplasmic
procaspase-3 directly after the peptide entering the cells (22) opened the avenue of using the
RGD motif as an intracellular apoptosis inducer for cancer therapy. RGD-Lys(111In-DTPA)-
Tyr3-Octreotate exhibited enhanced tumoricidal effects than 111In-DTPA-Tyr3-octreotate
due to elevated tumor cell apoptosis (23), demonstrating the feasibility of coupling the RGD
motif to the receptor-targeting peptides to enhance the synergistic therapeutic effectiveness
of the radiolabeled hybrid peptides. In this study, we designed and synthesized a novel
RGD-Lys-(Arg11)CCMSH hybrid peptide to examine whether the unique metal-cyclized α-
MSH peptide {99mTc-(Arg11)CCMSH} could be used as an effective delivery vehicle to
specifically transport the RGD motif into melanoma cells to induce apoptosis.

Synthetic hybrid RGD-Lys-(Arg11)CCMSH exhibited 2.1 nM MC1 receptor binding affinity
(Fig. 2), whereas (Arg11)CCMSH displayed 1.7 nM MC1 receptor binding affinity (8),
demonstrating that the coupling of the RGD motif did maintain the nanomolar MC1 receptor
binding affinity of the hybrid peptide. 99mTc-RGD-Lys-(Arg11)CCMSH was easily prepared
and was stable in mouse serum for 24 h. The coordination of 99mTc with three cysteines
presented in the RGD-Lys-(Arg11)CCMSH simultaneously cyclized the hybrid peptide,
making 99mTc-RGD-Lys-(Arg11)CCMSH stable against proteolytic degradation in vivo
(29). As we anticipated, 99mTc-RGD-Lys-(Arg11)CCMSH exhibited rapid internalization
and extended efflux in B16/F1 cells (Fig. 2), warranting effective transportation of the RGD
motif into the melanoma cells, as well as subsequent long-lasting apoptotic effect generated
from the RGD motif after entering the melanoma cells. The cellular uptake of 99mTc-RGD-
Lys-(Arg11)CCMSH was MC1 receptor-mediated rather than αvβ3 integrin-mediated since
approximately 90% of the cellular uptake of 99mTc-RGD-Lys-(Arg11)CCMSH was blocked
by RGD-Lys-(Arg11)CCMSH, (Arg11)CCMSH or NDP-MSH (rather than RGD) (Fig. 3).
The MC1 receptor-mediated cellular uptake of 99mTc-RGD-Lys-(Arg11)CCMSH was
consistent with the published immunohistochemical results that RGD-HuMab only localized
at the endothelium of B16/F10 melanoma tumor rather than B16/F10 melanoma cells (30).
Nanomolar MC1 receptor binding affinity, rapid internalization and extended retention of
the hybrid RGD-Lys-(Arg11)CCMSH in melanoma cells warranted further evaluation on
melanoma targeting and pharmacokinetic properties of 99mTc-RGD-Lys-(Arg11)CCMSH in
melanoma-bearing mice.

99mTc-RGD-Lys-(Arg11)CCMSH exhibited rapid high B16/F1 melanoma uptake value of
11.06 ± 1.41% ID/g 0.5 h post-injection and reached its peak tumor uptake value of
14.83±2.94% ID/g 2 h post-injection (Table 1). Meanwhile, 99mTc-RGD-Lys-
(Arg11)CCMSH displayed prolonged retention in melanoma tumors. The tumor uptake
value was 12.57 ± 2.53% ID/g 4 h post-injection, which was 85% of the tumor uptake value
2 h post-injection. Even 24 h post-injection, the tumor uptake value was 7.59 ± 2.04% ID/g,
which was 51% of the tumor uptake value 2 h post-injection. Majority of melanoma uptake
of 99mTc-RGD-Lys-(Arg11)CCMSH was MC1 receptor-mediated demonstrated by the fact
that 87.8% of the tumor uptake of 99mTc-RGD-Lys-(Arg11)CCMSH was blocked by 6.1
nmol of NDP-MSH (Table 1), whereas 29.2% of the tumor uptake of 99mTc-RGD-Lys-
(Arg11)CCMSH was blocked by 6.1 nmol of RGD (Table 1). Minority of αvβ3 integrin-
mediated melanoma uptake was likely due to the presence of αvβ3 integrin receptors in the
B16/F1 tumor vasculature. It was reported that αvβ3 integrin receptors were overexpressed
in B16/F10 tumor vasculature (30). The B16/F1 melanoma tumors consist of highly
vascularized dense gelatinous masses. Interestingly, 99mTc-RGD-Lys-(Arg11)CCMSH
showed comparable tumor uptake value as 99mTc-(Arg11)CCMSH 4 h post-injection and
longer tumor retention than 99mTc-(Arg11)CCMSH 24 h post-injection in the same B16/F1
melanoma-bearing mouse model (13). The tumor uptake values of 99mTc-RGD-Lys-
(Arg11)CCMSH were 1.1 and 2.3 times the tumor uptake values of 99mTc-(Arg11)CCMSH 4
and 24 h post-injection, respectively. The improved melanoma retention of 99mTc-RGD-
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Lys-(Arg11)CCMSH attributed to the introduction of the RGD motif in 99mTc-RGD-Lys-
(Arg11)CCMSH. It was likely that the RGD motif in hybrid 99mTc-RGD-Lys-
(Arg11)CCMSH bound to the αvβ3 integrin receptors presented on blood vessels in B16/F1
tumors, contributing the prolonged tumor retention of 99mTc-RGD-Lys-(Arg11)CCMSH.
Technetium-99m and 188Re are matched-pair diagnostic and therapeutic radionuclides,
sharing similar coordination chemistry. Hence, from the therapeutic point of view, high
melanoma uptake and prolonged retention of 99mTc-RGD-Lys-(Arg11)CCMSH warranted
long-lasting synergistic therapeutic effects of apoptosis and targeted radiation from 188Re-
labeled hybrid CCMSH peptide. Flank B16/F1 melanoma tumors were clearly visualized by
SPECT/CT imaging using 99mTc-RGD-Lys-(Arg11)CCMSH as an imaging probe 2 h post
injection (Fig. 4). 99mTc-RGD-Lys-(Arg11)CCMSH displayed high tumor to normal organ
uptake ratios except for the kidneys, which was coincident with the biodistribution results
(Table 1).

The RGD motif was attached to the somatostatin-2 receptor-targeting Tyr3-Octreotate via
Lys to yield hybrid RGD-Lys(111In-DTPA)-Tyr3-Octreotate. DTPA was attached to the
amino group on the side chain of Lys for 111In labeling (24). In this study, The RGD motif
was conjugated to (Arg11)CCMSH via Lys to generate RGD-Lys-(Arg11)CCMSH. The
advantage of using Lys as a linker to connect the RGD motif with the (Arg11)CCMSH
moiety was that the amino group on the side chain of Lys could be used to attach DOTA for
coordination with a variety of therapeutic radionuclides (i.e. 177Lu, 90Y and 212Pb) to
generate synergistic therapeutic effects of targeted radiation from the therapeutic
radionuclides and apoptosis from the RGD motif. The coupling of the RGD motif to the
Tyr3-Octreotate through Lys increased the renal uptake value of RGD-Lys(111In-DTPA)-
Tyr3-Octreotate compared to 111In-DOTA-Tyr3-Octreotate (24). The renal uptake value of
RGD-Lys(111In-DTPA)-Tyr3-Octreotate was 3.3 times the renal uptake value of 111In-
DOTA-Tyr3-Octreotate in CA20948 and AR42J tumor-bearing Lewis rats 24 h post-
injection (24). Surprisingly, the renal uptake value of 99mTc-RGD-Lys-(Arg11)CCMSH was
12.5 times the renal uptake value of 99mTc-(Arg11)CCMSH in B16/F1 melanoma-bearing
mice 4 h post-injection. Considering the structural difference between the 99mTc-RGD-Lys-
(Arg11)CCMSH and 99mTc-(Arg11)CCMSH, the substantial increased renal uptake
of 99mTc-RGD-Lys-(Arg11)CCMSH was due to the introduction of the RGD-Lys moiety.
Further biodistribution comparison revealed that the renal uptake value of 99mTc-RGD-Lys-
(Arg11)CCMSH was only 1.2 times the renal uptake value of 188Re-dLys-(Arg11)CCMSH
(31), indicating that the Lys between the RGD motif and the (Arg11)CCMSH moiety played
an important role in high renal uptake value of 99mTc-RGD-Lys-(Arg11)CCMSH. It is
necessary to note that the amino group on the side chain of the Lys was available in 99mTc-
RGD-Lys-(Arg11)CCMSH and added a positive charge to the overall charge of 99mTc-RGD-
Lys-(Arg11)CCMSH, that might contribute to the high renal uptake value of 99mTc-RGD-
Lys-(Arg11)CCMSH due to the electrostatic interaction between positively-charged peptide
molecules and negatively-charged tubule cells. A direct way to shield this electrostatic
interaction is to conjugate DOTA to RGD-Lys-(Arg11)CCMSH through the amino group on
the side chain of the Lys. Conjugation of DOTA to the amino group on the side chain of the
Lys in RGD-Lys-(Arg11)CCMSH can reduce the overall positive charge of radiolabeled
hybrid CCMSH peptide, as well as provide an excellent metal chelator for the coordination
of therapeutic radionuclides such as 177Lu (low-energy beta-emitter), 90Y (high-energy beta-
emitter) and 212Pb (parent radionuclide of high-energy alpha-emitter 212Bi). Furthermore,
strategies of co-injection of positively-charged amino acid and structurally introduction of
negatively-charged amino acid into peptide sequence will also be options to employ to
decrease the renal uptakes of the radiolabeled hybrid CCMSH peptides. Co-injection of
lysine or arginine has effectively reduced the renal uptakes of 188Re-labeled metal-cyclized
CCMSH by 50% (8). Introduction of a negatively-charged Glu at 2nd position of metal-
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cyclized CCMSH peptide decreased 72% of the renal uptake values of 177Lu- and 90Y-
DOTA-Re(Arg11)CCMSH 4 h post-injection (32, 33).

It will be attractive to determine the synergistic therapeutic effects of apoptosis and targeted
radiation of 188Re-labeled α-MSH hybrid peptides for melanoma once the strategies of
amino acid co-injection or structural modification of peptide sequence substantially reduce
the renal uptake. Targeted radionuclide therapy with 188Re-(Arg11)CCMSH exhibited
therapeutic effects in both human and murine melanoma-bearing mice (15). Non-radioactive
hybrid RGD-Lys-(Arg11)CCMSH showed very promising cytotoxic effect in B16/F1 cells in
this report (Fig. 5). Single treatment (3 h incubation) with 100 nM of RGD-Lys-
(Arg11)CCMSH decreased 65% of the clonogenic survival of B16/F1 cells compared to
untreated control cells (in culture medium) 6 days post the treatment (Fig. 5). On the other
hand, neither treatment with 100 nM of (Arg11)CCMSH nor 100 nM of RGD peptide
reduced the clonogenic survival of B16/F1 cells significantly (p>0.05), demonstrating that
the cytotoxic effect of RGD-Lys-(Arg11)CCMSH hybrid peptide was due to the apoptotic
effect of the RGD motif coupled to the hybrid peptide. The remarkable clonogenic cytotoxic
effect of RGD-Lys-(Arg11)CCMSH warranted the further evaluation of 188Re-labeled α-
MSH hybrid peptides for melanoma treatment. Combination therapy of αvβ3 integrin
receptor antagonist and 90Y-DOTA-peptide ChL6 exhibited increased synergistic (apoptosis
and targeted radiation) therapeutic effects in breast cancer xenografts without increased
toxicity (34). RGD-Lys(111In-DTPA)-Tyr3-Octreotate displayed more profound tumoricidal
effects than 111In-DTPA-Tyr3-octreotate and 111In-DTPA-RGD due to elevated tumor cell
apoptosis (23), highlighting the potential enhanced synergistic therapeutic effectiveness
of 188Re-labeled α-MSH hybrid peptides for melanoma in future studies.

CONCLUSIONS
Novel RGD-Lys-(Arg11)CCMSH showed 2.1 nM MC1 receptor binding affinity. 99mTc-
RGD-Lys-(Arg11)CCMSH exhibited MC1 receptor mediated rapid cellular internalization
and extended retention. Furthermore, 99mTc-RGD-Lys-(Arg11)CCMSH displayed rapid high
melanoma uptake and prolonged tumor retention in B16/F1 melanoma bearing mice. Single
treatment (3 h incubation) with 100 nM of RGD-Lys-(Arg11)CCMSH significantly (p<0.05)
decreased the clonogenic survival of B16/F1 melanoma cells by 65%. Technetium-99m
and 188Re are matched-pair diagnostic and therapeutic radionuclides, sharing similar
coordination chemistry. Hence, favorable melanoma targeting property of 99mTc-RGD-Lys-
(Arg11)CCMSH and remarkable cytotoxic effect of RGD-Lys-(Arg11)CCMSH warranted
the further evaluation of 188Re-labeled α-MSH hybrid peptides as novel MC1 receptor-
targeting therapeutic peptides for melanoma treatment once the strategies of amino acid co-
injection or structural modification of peptide sequence substantially reduce the renal
uptake.
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Figure 1.
Synthetic scheme of RGD-Lys-(Arg11)CCMSH.
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Figure 2.
The competitive binding curve (A) of RGD-Lys-(Arg11)CCMSH in B16/F1 melanoma cells.
The IC50 value of RGD-Lys-(Arg11)CCMSH was 2.1 nM; Cellular internalization (B) and
efflux (C) of 99mTc-RGD-Lys-(Arg11)CCMSH in B16/F1 melanoma cells at 25 °C. Total
bound radioactivity (◆), internalized activity (■), cell membrane activity (▲), and cell
culture medium activity (●) were presented as counts per minute (cpm).

Yang et al. Page 14

Bioconjug Chem. Author manuscript; available in PMC 2013 April 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Blocking studies of cellular uptake of 99mTc-RGD-Lys-(Arg11)CCMSH in B16/F1 murine
melanoma cells. The cells were incubated with 99mTc-RGD-Lys-(Arg11)CCMSH in the
presence of 0.1 μM of RGD-Lys-(Arg11)-CCMSH, NDP-MSH, (Arg11)CCMSH, RGD or
no peptide blockade. * p<0.001.
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Figure 4.
Whole-body SPECT/CT image (A) of 99mTc-RGD-Lys-(Arg11)CCMSH in a B16/F1
melanoma-bearing C57 mouse at 2 h post-injection; HPLC profile (B) of radioactive urine
sample of a B16/F1 murine melanoma-bearing C57 mouse at 2 h post-injection of 99mTc-
RGD-Lys-(Arg11)CCMSH. Black arrow indicates the retention time of the original
compound of 99mTc-RGD-Lys-(Arg11)CCMSH prior to the tail vein injection.
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Figure 5.
Clonogenic cytotoxic effect of RGD-Lys-(Arg11)CCMSH in B16/F1 melanoma cells. The
cells were visually examined under microscope for survival. Colonies contained more than
50 cells were scored as survivors. * p<0.05, significance comparison between RGD-Lys-
(Arg11)CCMSH treated cells and untreated cells (blank).
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