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Abstract

There is a need to develop novel targeted imaging and therapeutic agents that can aid in early

diagnosis, detection of metastasis and treatment of melanoma. Alpha-3 integrin is overexpressed

in 82% of metastatic melanomas in humans and may be a potential target for peptide ligands

carrying therapeutic agents. Five melanoma cell lines were generated from canine primary oral

and metastatic canine tumors, grown in mice, and validated with melanoma markers Melan A,

S-100, Micropthalmia transcription factor (MITF), Tyrosinase, and MART-1. The melanoma cell

lines were tested for binding affinity to previously published alpha-3 integrin-binding peptides

containing the cdGXGXXc motif. Fluorescent conjugates of the alpha-3 integrin binding OA02

peptide were used to quantify receptor affinity in the cell lines, a specimen of canine primary oral

melanoma, and melanoma xenografts. Alpha-3 integrin was expressed by all 5 canine melanoma

cell lines. Four of the 5 lines as well as the primary canine tumor showed affinity to alpha-3

integrin binding peptides with the cdGXGXXc motif. Optical imaging of canine melanoma

xenografts in nude mice indicates rapid, strong uptake of the optical tracer in the tumor with an

average persistence of approximately 48 hours. Ex vivo images showed high tumor-to-background

ratio, with tumor signals more than twice that of the kidney and other vital organs. We propose

that integrin alpha-3 integrin binding ligands could potentially become useful probes for imaging

and delivery of cytotoxic agents for the treatment of melanoma.
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1. Introduction

Melanoma in pet dogs has been established as a relevant model for human melanoma

(Paoloni and Khanna, 2008; Porrello et al., 2006). The annual incidence rates of melanoma

in people is 12.6/100,000, compared to 25/100,000 in dogs (Vail and MacEwen, 2000).

Although canine melanoma is not typically attributed to sun exposure as in humans, the

tumor biology and therapeutic response of malignant phenotypes are similar to that in

human melanoma. 85% of canine cutaneous melanomas are benign, while greater than 90%

of melanomas arising from the oral cavity or mucocutaneous junction have a malignant

biological behavior (Bolon et al., 1990). Oral melanoma may be melanotic or amelanotic in

both canines and humans, and a major difference in survival rates occur between each

phenotype (58% vs. 20% in humans).

Canine melanoma has become recognized as a cancer model that has concrete applications

to translational research. Melanoma responded to a novel tyrosine kinase inhibitor (London

et al., 2003) in a clinical trial, which had inhibitory activity toward several receptor tyrosine

kinases common to human and canine cancers, including C-KIT and vascular endothelial

growth factor receptor (VEGFR). A DNA-based melanoma vaccine has also been developed

to treat canine melanoma, providing safety and efficacy data for similar therapy in humans

(Bergman et al., 2006).

Overexpressed or differentially expressed tumor cell surface receptors make good targets for

specific drug delivery. Inhibitors of mitogen activated protein kinase (MAPK) pathway have

been investigated as activators of cell response, and c-Kit and CRAF have also been

identified as potential targets (Smalley et al., 2009) for melanoma. Other strategies for tumor

therapy include targeting cell surface integrins with antibodies, peptides, small molecules

and peptidomimetics that can facilitate carriage of nanoparticle drugs or

radiopharmaceuticals, delivered directly to the tumor while sparing normal cells. Human

malignant melanoma has been shown to express ICAM-1, alpha-v-beta-3, and alpha-3

beta-1 integrins, which are significantly associated with tumor thickness and progression

(Melchiori et al., 1995; Moretti et al., 2008; Natali et al., 1997; Natali et al., 1993). Alpha-3

integrin has also been shown to be overexpressed in 82% of metastatic melanoma lesions

isolated from human patients (Natali et al., 1997). Further, alpha-3 integrin expression has

been associated with increased cellular motility in cell culture as well as increasing the

invasiveness and metastatic potential of melanoma cells in a nude mouse model (Johnson,

1999; Yoshinaga et al., 1993). These properties make the alpha-3 integrin a potential

therapeutic target.

Research into targeted therapy using small molecules has provided new hope for improving

therapeutic outcomes in cancer patients. High-affinity peptides have been developed to bind

to the alpha-3 integrin cell surface receptor of ovarian cancer cells (Aina et al., 2005b).

Given the similarities of canine and human melanoma in potential over expression of

alpha-3 integrin, previously identified peptides and focused alpha-3 integrin One-Bead-One-

Compound (OBOC) libraries (Aina et al., 2007) were tested for their ability to selectively

bind to canine melanoma cells. The cdG-HCit-GPQc (“OA02”) peptide, when conjugated to

near-infrared dyes or copper 64, has been shown to be a useful optical and PET imaging
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agent of alpha-3 integrin expressing ES-2 ovarian cancer xenografts in nude mice (Aina et

al., 2007; Aina et al., 2002). This non-invasive imaging strategy can be used to determine

ligand affinity to canine melanoma xenografts in vivo, and to evaluate the potential for

diagnostic imaging and drug delivery in canine patients.

2. Materials and methods

2.1 Canine melanoma cell lines

Canine melanoma cell lines were generated from primary oral tumors (UCDK9M3,

UCDK9M4), skin metastasis from a primary oral tumor (UCDK9M1), and lymph node

metastasis from primary oral tumors (UCDK9M2, UCDK9M5). Immediately after biopsy

the tissue was placed in enough Hank’s pen/strep and fungizone so that the tumor was

completely covered. Using a scalpel blade the tumor was then minced in a petri dish.

The minced pieces were then transferred to a T25 flask with 12ml of enzyme solution,

consisting of 2.3 U/ml Dispase (Gibco, Invitrogen, Carlsbad, CA) and 200U/ml Collagenase

III (Gibco III, Invitrogen, Carlsbad, CA) in RPMI-1640 media supplemented with 10% heat-

inactivated FBS (GIBCO, Invitrogen, Carlsbad, CA). A magnetic stir bar was placed in the

flask and put on submersible stirrer in a 37°C water bath. The tissue was allowed to digest

with stirrer on low setting for up to one hour. When most of tissue had dissolved it was then

strained through a mesh sieve.

The dissociated cells were then added to a 50ml conical tube and spun down at 1500rpm for

5min. The supernatant was discarded and the pellet resuspend in 10mls of RPMI-10 media.

5 × 105 cells were then added to a T75 culture flask along with media consisting of 90%

DMEM medium (High Glucose- GIBCO no. 11995, Invitrogen, Carlsbad, CA)

supplemented with 10% heat-inactivated FBS (GIBCO, Invitrogen, Carlsbad, CA), 1% non-

essential amino acids (MEM, Invitrogen, Carlsbad, CA), 50 U/mL penicillin and 50 mg/mL

streptomycin (Penicillin-streptomycin, Invitrogen, Carlsbad, Calif.). Cells were detached by

rinsing twice with Ca and Mg-free DPBS (Invitrogen, Carlsbad, Calif.), then treating with

0.05% Trypsin (Trypsin, Invitrogen, Carlsbad, Calif.), 0.53 mM Na-EDTA for 3–5 minutes,

at room temperature or at 37°C. Cells were passaged a minimum of 20 times. Cells were

then maintained in the DMEM growth medium listed above.

2.2 Test for binding of UCDK9M melanoma cell lines to peptide beads

Eight known alpha-3 integrin-binding peptides, one alpha-4 beta-1 targeting peptidomimetic

(LLP2A), and one negative control peptide (cdG-Bta-GPYc), were tested for binding to the

UCDK9M1-5 cell lines (Courtesy of Dr. Kit Lam’s laboratory; Table 1)(Aina et al., 2005b;

Peng et al., 2008). Single compound peptide beads were prepared using the OBOC method

described elsewhere (Lam et al., 1997). Seven of the nine alpha-3 integrin peptides had

100% surface concentration “substitution”, (cdG-Cha-G-Hcit-Qc, cdG-Chg-G-Hyp-Nc,

cdGIGPQc, cdGLGQ-Bta-c, cdGMG-Hser-Nle-c, cdG-Tyr(3NO2)-GI-Pra-c, cdG-Bta-

GPYc) and two had 10% surface substitution (cdG-Phe(4NO2)-GP-Cha-c, cdG-Hcit-GPQc).

50 µL sample of beads from each peptide were added to individual 2 mL fritted columns,

washed in sterile PBS, water, 70% ethanol, and tissue culture medium. A 10 µL aliquot from
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each of the washed peptides was transferred into 5 separate multi-well tissue culture dishes.

All cell lines were detached as described, counted, and approximately 106 cells/mL from

each cell line were incubated with the peptide beads in each single multi-well dish. Plates

were observed for cell binding at 30 minutes, 3 hours and 24 hours under a light microscope.

2.3 Screening of alpha-3 integrin OBOC libraries with UCDK9M melanoma cell lines

In order to identify novel peptide sequences that bind with specificity to canine melanomas,

UCDK9M1 and UCDK9M2 cell lines were screened with 50 µL each of the cXGXGXXc

20% and 100% substitution libraries using the OBOC library screening method described

elsewhere (Aina et al., 2005b). The beads and cells were incubated in complete RPMI 1640

medium in 100×50 mm plates in a humidified CO2 incubator. The cells and beads were

agitated at 20 rpm for 4 hours and then incubated overnight without agitation. After 24

hours, positive beads were identified, isolated, stripped and cleaned. These beads were then

re-bound to a normal human melanocytes cell line (NHEM, Cambrex BioScience,

Walkersville, MD) which were maintained according tomanufacturer’s instructions. Beads

that did not bind to normal melanocytes were then isolated and processed for sequencing.

2.4 Western Blot Analysis of whole cell lysates of UCDK9M cells for alpha-3 integrin
protein

Western Blot analysis was performed to confirm the expression of alpha-3 integrin on

UCDK9M1-5 cell lines using MAB2290 (Chemicon, Temecula, CA), a mouse monoclonal

antibody to the alpha-3 integrin A subunit. The procedure has been described (Chen et al.,

1995). Briefly, cell lysates were made with 2× SDA sample buffer and heated for 5 minutes.

Proteins were then resolved in an SDS-PAGE gel and transferred onto nitrocellulose

membranes. Membranes were then subjected to blocking, washing, antibody incubation, and

detection by enhanced chemiluminescence (ChemiDoc-It Imaging System, UVP, Upland,

CA).

2.5 Fluorescent staining of UCDK9M monolayer cells with “OA02”-biotin-SA-Alexa-488

UCDK9M1 and UCDK9M2 cells were grown as a monolayer on glass chamber slides in a

humidified CO2 incubator. When cells were 70% confluent, slides were detached from the

chambers, fixed with 90% methanol in water at −80°C overnight and then washed several

times in PBS. Slides were blocked with 1mL each of avidin D and biotin (“Avidin-Biotin”

blocking kit; Vector Labs, Burlingame, Calif.). A 10 µM aliquot of “OA02”-biotin peptide

in 1mL media was added to the slides and incubated for 1 hour at room temperature in a

humidified chamber. Subsequently slides were washed and incubated with 1:1000 dilution

of Streptavidin-Alexa-488 (Invitrogen, Carlsbad, Calif.) in PBS for 15 minutes, washed and

mounted with 4',6-diamidino-2-phenylindole (DAPI) counterstain and mounting medium

(Vector Labs, Burlingame, Calif.). Slides were then observed under a fluorescent

microscope camera (Zeiss, North Maple Grove, Minn.).

2.6 Fluorescent staining of canine primary mucosal amelanotic melanoma tumor biopsy

Several 4 um sections from a frozen canine primary oral melanoma were prepared. The

tissue was fixed in acetone, dried and stored −4°C until used. Slides were warmed at room
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temp for 30 minutes, fixed in ice-cold acetone for 5 minutes, air dried for 30 minutes, and

washed in PBS (containing calcium and magnesium) twice for 2 minutes. Slides were then

blocked with 1%BSA/PBS (1ml/slide) for 30 minutes, rinsed in PBS for 5 minutes, blocked

with avidin/ biotin block for 15 minutes each (rinsing for 2 minutes after each block). 10uM

OA02-biotin in PBS was added (1ml/slide to positive control, PBS only to negative control)

and incubated overnight at −4°C in a humidified chamber. Subsequently slides were rinsed

twice in PBS and the secondary antibody Streptavidin-Alexa 488 (Invitrogen, Carlsbad,

Calif.) was added at 1:500 dilution,1ml/slide for 30 minutes. Slides were rinsed in PBS,

mounted with slow-fade mounting medium, and observed under a fluorescent microscope.

2.7 Generating Canine melanoma xenografts in nude mice

The following protocol was approved by the institution’s animal care and use committee.

Six 4–6 week old athymic nude (Nu/Nu) mice were purchased from Harlan Sprague Dawley

(Indianapolis, Indiana). Mice were housed in the animal facility and fed ad lib with rodent

pellets and water. Melanoma cells were suspended in 100 µL incomplete 1– 2.5×106 cells

subcutaneously on the shoulder and hip, or right and left flank, in up to three injection sites,

while under mild inhalation anesthesia (Halothane, Sigma Aldrich, MO). Tumor latency

varied for each cell line, however, imaging experiments commenced when tumors were

approximately 10 mm3 in diameter. All procedures were conducted under an approved

protocol according to guidelines specified by the National Institute of Health Guide for

Animal Use and Care.

2.8 Immunohistochemistry with melanoma-associated antigens

Immunohistochemistry was performed on canine melanoma cell pellets and tumor xenograft

sections of UCDK9M1, UCDK9M2, and UCDK9M5 cells using S100, GP100, MITF, Mart

1, Tyrosinase, and Melan A. For the cell pellets cells were expanded until they reached 70%

confluency in six T185 flasks. Cell monolayers were detached by scraping the flasks with a

cell scraper, rather than by trypsinization. Cells were centrifuged, washed in PBS, and the

resultant cell pellet was gently transferred to the tip of a “tea bag” pouch. The cell pellet was

then fixed in formalin and embedded in paraffin blocks. 4 um sections were cut from these

blocks and mounted on “plus” coated slides and allowed to dry overnight. For the

xenografts, 4 um sections were cut from paraffin embedded tissue blocks.

Sections were deparaffinized twice in xylene for 10 minutes each time, and rehydrated in a

graded ethanol series to 70% ethanol. Slides were soaked 30 minutes in 0.3% hydrogen

peroxidase in methanol to inactivate endogenous peroxidase, followed by a triple rinse in

phosphate buffered saline (PBS). Slides were steamed in citrate buffer (Dako - Carpinteria,

CA) in a steamer for 30 minutes, allowed to cool for 20 minutes, and triple rinsed in PBS.

Serum-free protein block (Dako - Carpinteria, CA) was added to each slide for 10 minutes in

moist chamber at room temperature. After draining off the protein block, the tissue sections

were incubated with the following antibodies: S100α(Sigma, St. Louis, MO), diluted 1:750,

Melanoma Ab-2 (gp100) (Neomarkers, Fremont, CA), diluted 1:25, Microphthalmia

(Neomarkers, Fremont, CA), diluted 1:100, and Melan A (Novocastra, Newcastle, U.K.),

diluted 1:100.
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Each antibody was diluted with PBS and incubated overnight at 4°C in a moist chamber.

After approximately 18 hrs, the slides were triple rinsed in PBS and incubated with the

biotinylated secondary antibody (Goat anti-mouse IgG) (BioCare – Walnut Creek, CA) for

10 minutes in a moist chamber at room temperature. Slides were again triple rinsed with

PBS and incubated with strepavidin-HRP (BioCare – Walnut Creek, CA) for 10 minutes in a

moist chamber at room temperature. The slides were then soaked twice in PBS for 5

minutes. The chromagen Aminoethyl Carbazole (AEC) (Zymed – South San Francisco, CA)

was added to each slide and monitored for staining for 1–3 minutes. Slides were rinsed in

tap water, then in distilled water and counterstained in Meyers Hematoxylin (Sigma – St.

Louis, MO) for 1 – 2 minutes. Slides were rinsed again in distilled water and coated with

Cover Care aqueous mounting media (BioCare – Walnut Creek, CA) on a plate warmer for

approximately ½ hour. Negative controls were obtained using purified mouse myeloma

IgG1 (Zymed Laboratories - S. San Francisco, CA) in place of the primary antibody on each

cell line.

2.9 In vivo Imaging of UCDK9M melanoma xenografts with “OA02”-Cy5.5

This procedure has been described in detail elsewhere (Aina et al., 2005a). Briefly,

xenograft bearing mice were anesthetized intra-peritoneally using pentobarbitol sodium

(Nembutal®, Western Medical Supply, Los Angeles, CA). All mice were imaged with 50µg

of “OA02”-Cy5.5 (one UCDK9M2 mouse with cdG-Cha-G-Hcit-Qc-biotin-Streptavidin-

Cy5.5 dissolved in 100 µL sterile saline solution) injected intravenously. Optical

fluorescence imaging was performed serially at 0, 2, 24, 48, 96, and 168 hours on an

IS2000MM image station (Kodak, Rochester, NY). After imaging was complete, the mice

were sacrificed and tumors, organs, muscle and skin tissues were excised for ex vivo

imaging. Operator-defined regions of interest (ROI) were drawn around each organ and

mean optical intensity was obtained. To correct for background, signal from the blood

(heart) was subtracted from signals of all other organs. A tumor-time contrast profile was

created using the organ to tumor ratio (n=5) (GraphPad Prizm, La Jolla, CA).

3. Results

3.1 Test for binding of UCDK9M melanoma cell lines to peptide beads

UCDK9M1 bound very strongly to all the alpha-3 integrin peptides, but not to the negative

control or the alpha-4 beta-1peptidomimetic LLP2A. With regards to the alpha-3 integrin

peptides, binding was moderate to strong for lines UCDK9M3 and UCDK9M4. UCDK9M5

also had strong binding for alpha-3 integrin peptides except for the cdG-Phe(4NO2)-GP-

Cha-c, and cdG-Tyr(3NO2)-GI-Pra-c peptides. Line UCDK9M2 on the other hand showed

negative to very weak binding to all the alpha-3 integrin peptides except the cdGLGQ-Bta-c

peptide. Results are summarized in Table 1.

3.2 Screening of alpha-3 integrin OBOC libraries with UCDK9M melanoma cell lines

Eleven beads were isolated from screening cXGXGXXc 20% substitution (high stringency)

library against UCDK9M1 cell line. To eliminate those binding to non-neoplastic cells,

these beads were re-screened with normal melanocytes. Two beads were selected for

sequencing and further evaluation. The sequences of the two “UCDK9M1 specific” beads
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were cdG-Cha-G-I-Nle-c, and c(L/D) GLG-Phe(3-Cl)-Tc. These sequences matched

originally published motifs for alpha-3 integrin binding ligands (Aina et al., 2007). Since

high affinity beads were identified from the 20% substitution library, we saw no further need

for re-screening this cell line with the lower stringency 100% substitution cXGXGXXc

library.

No beads were isolated from screening the UCDK9M2 cell line with the cXGXGXXc 20%

substitution (high stringency) library. We subsequently screened this cell line with the 100%

substitution (low stringency) cXGXGXXc library and retested the isolated beads with

normal melanocytes. Four beads with relatively good affinity to UCDK9M2 cells and no

affinity to normal melanocytes were isolated and sequenced. The sequences of the peptides

were c-Phe(3Cl)-G-Phe(3Cl)G-Chg-Nal1-c, cHG-Bpa-G (M/Q)-HoPhe-c, cDGRGA-

Phe(4Me)-c, and cNGRGAYc. These peptides shared very little similarity with the initial

eight cdGXGXXc peptide motifs identified as ligands to alpha-3 integrin.

3.3 Western Blot Analysis of whole cell lysates of UCDK9M cells for alpha-3 integrin
protein

Western Blot analysis of each of the canine cell lines showed uniform expression of the

alpha-3 A integrin subunit (Figure 1).

3.4 Fluorescent staining of UCDK9M monolayer cells with “OA02”-biotin-SA-Alexa-488

A strong fluorescence signal was seen on the surface of the cells when UCDK9M1 were

labeled with OA02-biotin-Streptavidin-Alexa-488. In some cells it appeared that the nucleus

was also labeled but on closer examination of the DAPI slide these “bright spots” were

overlapping cells. The UCDK9M2 cell line showed similar staining characteristics with the

probe (data not shown).

3.5 Fluorescent staining of canine primary mucosal amelanotic melanoma tumor biopsy

One section of frozen canine melanoma tumor tissue was stained with fluorescent-labeled

α3-integrin peptide “OA02”-Streptavidin-Alexa 488. There was strong staining of the tumor

cells on the oral mucosal surface and mild background staining of the lamina propria (Figure

2A),. The corresponding DAPI image showed that densely packed nuclei correlated with the

tumor mass which corresponded to the peptide-labeled cells.

3.6 Immunohistochemistry with melanoma-associated antigens

UCDK9M1 was positive for S100, on both the cell and xenograft samples, positive for

GP100 on the cell samples, and positive for Melan A, Mart 1 and Tyrosinase on the

xenograft samples. UCDK9M2 was positive for MITF, S100, and Melan A on both samples,

and positive for Tyrosinase on the xenograft sample only (Figure 2B). UCDK9M5 was

positive for S100 on both samples, GP100 on the cell sample, and MITF, Melan A and

Tyrosinase on the xenograft sample.

Canine melanoma xenografts in nude mice—Cell lines UCDK9M1, UCDK9M2,

UCDK9M3 and UCDK9M5 grew subcutaneously, but with varying latencies. Time to tumor

growth of about 10 mm3 varied from 2 weeks (in lines UCDK9M5 and UCDK9M1), to 8
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weeks (UCDK9M2) and 12 weeks (UCDK9M3). Line UCDK9M4 did not grow

subcutaneously after multiple attempts. Although all the cell lines grew as non-pigmented

(amelanotic) cells in vitro, line UCDK9M2 grew as pigmented (melanotic) tumor xenografts

in nude mice.

3.7 In vivo Imaging of melanoma xenografts with fluorescent labeled peptides

Six mice were imaged with “OA02”-Cy 5.5, and one mouse was imaged with cdG-Cha-G-

Hcit-Qc-biotin-Streptavidin-Cy5.5. The tumors included 2 mice with UCDK9M1

xenografts, 1 mouse with UCDK9M2 (melanotic) xenografts, 1 mouse with UCDK9M3

xenografts, and 2 mice with UCDK9M5 xenografts. There were 12 amelanotic tumors and 3

melanotic tumors in total. In vivo imaging data showed tumor uptake of “OA02”-Cy5.5

tracer in 11/12 amelanotic tumors. On pre-injection images, a background signal of ~200

arbitrary units (A.U.) was seen in the gastrointestinal tract and can be attributed

autoflorescence of alfalfa in the diet (Figure 3). As early as 10 minutes post injection a mild

signal could be seen in the tumor (data not shown). The highest signal intensity was seen at

2 hours post injection (~5000 A.U.). At 24 hours post injection, there was still a strong

fluorescence signal in the tumor even though the mean intensity was approximately half of

the value at 2 hours. Between 48–168 hours, a much slower rate of decrease in mean

intensity was observed, but mean intensity values never returned to background levels

throughout the duration of the study. None of the 3 melanotic tumors showed any uptake

with “OA02”-Cy5.5. However in vivo imaging of the same UCDK9M2 xenograft-bearing

mouse with cdG-Cha-G-Hcit-Qc-biotin-Streptavidin-Cy5.5 tracer, showed a signal coming

from the amelanotic edges of a single tumor that had both melanotic and amelanotic regions.

Ex vivo images showed that without tracer injection, no signal was seen in the organs except

for the intestine. The tracer was eliminated from the blood as seen by the lack of signal in

the heart at 18 hours post injection. The probe was cleared primarily through the kidneys

and the bladder with significant accumulation in the tumor. There was high tumor:

background ratio at 72 hours (Figures 3 and 4). The cdG-Cha-G-Hcit-Qc-biotin-

Streptavidin-Cy5.5 tracer had affinity to regions of amelanotic growth arising from the

edges of a melanotic tumor.

4. Discussion

Alpha-3 integrin is present in canine melanoma cell lines as determined by Western Blot

analysis. These tumor cell surface integrins can bind the “OA02” peptide and other alpha-3

integrin peptides from the cdGXGXXc library in vitro using bound bead assays, and in vivo

using fluorescent-labeled optical imaging.

Although there was some difference in the early binding of “OA02” to different UCDK9M

cell lines in vivo and in vitro, the expression of alpha-3 integrin receptor was similar across

the cell lines. Our previous work suggests that our ligands bind specifically to the activated

form of the integrin, since adding integrin activating cations (Ca2+ or Mn2+) did not

qualitatively or quantitatively increase the cell binding to peptide beads.

Aina et al. Page 8

Vet Immunol Immunopathol. Author manuscript; available in PMC 2014 September 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The amino acids and their positions are important in specificity of the ligands’ binding to

alpha-3 integrin receptor. The negative control peptide, cdG-Bta-GPYc, although differing

from other binding peptides by as few as two amino acids, did not bind to any of the cell

lines. The library screening results show that UCDK9M1 bound with high affinity to the

high stringency cXGXGXXc 20% library, and the peptide sequence data obtained was

equivelent to previously published sequences. This strongly supports the presence of similar

alpha-3 integrin receptor conformation on the cell membrane.

None of the cell lines bound to the alpha-4 beta-1 integrin-specific peptidomimetic ligand,

LLP2A, despite reports of increased gene expression and cell surface expression of alpha-4

integrin in human melanoma cell lines (Hoek et al., 2004; Klemke et al., 2007). This lack of

affinity may be due to a species difference, post-translational protein expression, or

conformational status of the receptor. Because of the uniformly negative binding of LLP2A

to the canine melanoma cell lines, we did not pursue further investigations.

The cell line UCDK9M2 had the least affinity to all of the peptide beads, showing binding

only after 24 hours. This again may indicate a difference in receptor concentration,

conformation or post-translational modification, or a slower recovery/turnover of the

receptor when the cells are detached from the growth substrate prior to bead binding

experiments. In contrast, UCDK9M1, which had strong binding to most peptides at all time

points examined. Phenotypically, UCDK9M1 showed amelanotic growth both in vivo and in

vitro while UCDK9M2 was melanotic in vivo and amelanotic in vitro. Both UCDK9M1 and

UCDK9M2 showed similar strong fluorescent membrane labeling pattern when stained on

glass slides. One UCDK9M2 xenograft grew primarily as a melanotic tumor but

phenotypically changed to amelanotic along the periphery (possibly the rapidly growing /

leading edge of the mass). This area showed no affinity to “OA02”-Cy5.5, but moderate

affinity to cdG-Cha-G-Hcit-Qc, which correlated with its affinity for this peptide in in vitro

screening tests. The melanotic regions of the tumor showed no affinity to either peptide. The

apparent affinity differences between the two testing methods could be explained by the

permeablization and fixing of the cells, and use of a high concentration of peptide for the

slide assay. The other three cell lines had slightly lesser binding properties. Although

alpha-3 integrin receptor is present in each line, the peptide affinity is somewhat variable.

We had predicted that since UCDK9M2 (melanotic) did not bind with high affinity to the

already identified alpha-3 integrin ligands, that, it may have a preference for a different type

of peptide sequence, possibly with affinity to an integrin other than alpha-3. This proved to

be the case. The four ligands identified from the low stringency cXGXGXXc 100% library

had no similarity with previously identified peptide binding motifs for alpha-3 integrin.

Interestingly, two of the identified peptides, cDGRGA-Phe(4Me)c and cNGRGAYc,

showed strong consensus N/D in X2, R in X4, A in X6 and F/Y in X7. The -NGR- peptide

has been published as a ligand for aminopeptidase N, and-DGR- peptide as a ligand for

alpha-5 beta-1 (Koivunen et al., 1993; Pasqualini et al., 2000). However, NGRGAY and

DGRGA(F) seem to be novel emerging sequences for the melanotic melanoma phenotype.

A query of the Basic Local Alignment Search Tool-P (BLASTp, NCBI), showed that

DGRGA(F) shared sequence similarities with the following proteins: Seprase (Fibroblast

activation protein alpha / Integral membrane serine protease /170 kDa melanoma membrane-
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bound gelatinase); vascular endothelial growth factor receptor 2 precursor (VEGFR-2/

Protein-tyrosine kinase receptor Flk-1); Frizzled-7 precursor (Fz-7); Dipeptidyl

aminopeptidase-like protein 6 ; ADAMTS-1 precursor (A disintegrin and metalloproteinase

with thrombospondin motifs 1); and FRAS1-related extracellular matrix protein 2 precursor

(ECM3 homolog). These cell surface proteins may become additional targets for ligands

binding to melanotic melanoma cells.

90% of the amelanotic UCDK9M tumors were imaged successfully in vivo. The high

tumor:background ratio and specificity to tumor tissue with long retention times confirms

that “OA02”-Cy 5.5 can be a novel tool for imaging canine oral amelanotic melanomas that

express alpha-3 integrin. Alpha-3 integrin plays a critical role in migration, invasion, and

metastasis, and so is an important marker of malignant cells. Pre-injection in vivo images

showed autofluorescence artifact in the gastrointestinal tract that has been attributed alfalfa

in the mouse diet. The intensity of the post-injection signal in other organs and in the tumor

was sufficient to overcome this background autofluorescence signal.

Non-invasive imaging plays an important role in diagnosis, staging and monitoring of

neoplasia in general. Specific tumor targeting agents combined with imaging tracers such as

F-18 could aid in early detection of primary tumors and metastasis without the use of more

invasive procedures such as surgery. Additional applications include surgical planning with

intra-operative visualization of tumor margins, as well as targeted chemotherapy,

immunotherapy, and radiotherapy. In its current form, the “OA02” peptide has high uptake

in the urinary system through which it is excreted. Strategies exist to optimize the biological

properties of the peptide and peptidomimetic, such as developing water-soluble

benzimidazole analogs (Carpenter et al., 2007), to improve solubility and decrease kidney

uptake.

5. Conclusions

Canine oral melanoma expresses the alpha-3 integrin and can bind to the OA02 peptide

which has been shown to target the alpha-3 integrin in human models of cancer. Further,

dogs with naturally occurring melanoma are a promising model for translational, targeted

imaging and therapeutic strategies using alpha-3 integrin binding ligands.
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Figure 1.
Western Blot analysis of canine melanoma cell line expression of the alpha3 integrin A

subunit. The cell lines were uniformly positive. The human melanoma cell line A2058 was

used as a positive control. β-actin was used as a positive loading control.
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Figure 2.
Cell surface expression of primary canine melanoma and cell lines. A. Canine tumor tissue

specimen labeled with OA02-Streptavidin-Alexa 488. The tumor cells on the mucosal

surface showed strong staining. The DAPI image shows the densely packed tumor nuclei

which correspond with the stained tumor in the overlaid image. Higher magnification of the

tissue shows similar affinity to the ligand. B. The sample was positive for Tyrosinase, S100,

MITF, and MelanA.
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Figure 3.
In vivo imaging of canine melanoma xenograft tumors in nude mice with OA02-Cy5.5. The

color scales represent fluorescent intensity detected with optical imaging, with the greatest

fluorescence to the right of the scale. There is a high uptake of peptide in the tumor tissue in

whole body images and ex-vivo images. The tumor remains strongly fluorescent up to 168

hours after injection.
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Figure 4.
Biodistribution of OA02-Cy 5.5 in tissues. Mice were sacrificed at 18 hours, 48 hours, 72

hours, and 7 days, and the fluorescent intensity for each organ and tissue was measured to

display affinity of the peptide to tissues over time. Results of representative amelanotic

tumors are displayed as organ to tumor ratio, and as optical intensity in semiquantitative

arbitrary units (AU). The kidney and bladder had a high tumor:organ ratio and is the

assumed route of excretion of the tracer.
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