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Abstract

Neuroblastoma is the most common extracranial solid tumor of childhood and is responsible for 

over 15% of pediatric cancer deaths. Focal adhesion kinase (FAK) is a nonreceptor tyrosine kinase 

that is important in many facets of tumor development and progression. Vascular endothelial 

growth factor receptor-3 (VEGFR-3), another tyrosine kinase, has also been found to be important 

in the development of many human tumors including neuroblastoma. Recent reports have found 

that FAK and VEGFR-3 interact, and we have previously shown that both of these kinases interact 

in neuroblastoma. We have hypothesized that interruption of the FAK–VEGFR-3 interaction 

would lead to decreased neuroblastoma cell survival. In the current study, we examined the effects 

of a small molecule, chloropyramine hydrochloride (C4), designed to disrupt the FAK–VEGFR-3 

interaction, upon cellular attachment, migration, and survival in two human neuroblastoma cell 

lines. We also utilized a murine xenograft model to study the impact of C4 upon tumor growth. In 

these studies, we showed that disruption of the FAK–VEGFR-3 interaction led to decreased 

cellular attachment, migration, and survival in vitro. In addition, treatment of murine xenografts 

with chloropyramine hydrochloride decreased neuroblastoma xenograft growth. Further, this 

molecule acted synergistically with standard chemotherapy to further decrease neuroblastoma 

xenograft growth. The findings from this current study help to further our understanding of the 

regulation of neuroblastoma tumorigenesis, and may provide novel therapeutic strategies and 

targets for neuroblastoma and other solid tumors of childhood.
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INTRODUCTION

Neuroblastoma is the most common extracranial solid tumor of childhood. This tumor arises 

from neural crest cells and often presents with advanced stage disease. Despite significant 

advances in both medical and surgical pediatric oncologic care, this tumor continues to carry 

a dismal prognosis, especially for children with metastatic or advanced disease, with a 

survival of <30% [1]. Clearly, novel therapies will need to be developed to improve the 

outcomes for children with this disease.

Focal adhesion kinase (FAK) is a 125 kDa non-receptor protein tyrosine kinase that has 

been shown to be important in the tumorigenesis of a number of human tumors. FAK has 

been shown to be involved in tumor cell proliferation, motility, survival, and apoptosis [2–

5]. The inhibition of FAK through a number of different means has been shown to affect 

tumorigenesis. FAK inhibition with RNAi, resulted in decreased motility in glioblastoma 

cells [6]. In other studies, inhibition of FAK with antisense oligonucleo-tides or a dominant-

negative FAK protein resulted in decreased melanoma and breast cancer cell growth [7–10]. 

Small molecule inhibition of FAK has resulted in decreased growth and increased apoptosis 

in ovarian cancer cells [11] and glioma cells [12].

Previous studies have shown that FAK mRNA and protein were associated with aggressive 

neuroblastomas [13] and that FAK inhibition through a number of different mechanisms 

resulted in decreased neuroblastoma survival [14–16].

Vascular endothelial growth factor receptor-3 (VEGFR-3) is a receptor tyrosine kinase that 

is modulated by its ligands vascular endothelial growth factors C and D [17]. VEGFR-3 is 

important in normal lymphangiogenesis and has recently been shown to play a role in tumor 

lymphangiogenesis in a number of human tumors [18–20]. It was demonstrated that 

overexpression of VEGFR-3 leads to aggressive tumor growth [21] and inhibition of 

VEGFR-3 with competing antibodies has been shown to decrease the growth of a number of 

human tumor xenografts [22]. We have shown that VEGFR-3 mRNA was differentially 

expressed in human neuroblastoma cells [23,24]. Other authors have shown that the 

VEGFR-3 ligand, VEGF-C was expressed in some neuroblastoma cell lines and that 

lymphangiogenesis was involved in neuroblastoma tumor formation [25]. A recent report 

from Rossler and colleagues demonstrated decreased neuroblastoma xenograft tumor growth 

following treatment with the VEGFR1-3 inhibitor, AG-013736 [26].

There have been recent reports describing the interaction between FAK and VEGFR-3, and 

showing that disruption of this interaction with homologous peptides or small molecules 

resulted in decreased tumor cell survival [27–29]. We have demonstrated that FAK and 

VEGFR-3 interact in human neuroblastoma cell lines [29], and now hypothesize that 

inhibition of this interaction would result in decreased neuroblastoma tumorigenicity. The 

data from the current study showed that disruption of the FAK–VEGFR-3 interaction with 

chloropyramine hydro-chloride (C4) resulted in decreased neuroblastoma attachment, 

invasion and survival. In addition, C4 treatment of neuroblastoma xenografts led to 

decreased tumor growth, and finally, combining C4 and doxorubicin had a synergistic effect 

upon neuroblastoma xenograft growth. These data demonstrated that VEGFR-3 plays a role 
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in tumor progression, through its interaction with FAK, which was independent of its pro-

lymphangiogenic activities.

MATERIALS AND METHODS

Cells and Cell Culture

Human neuroblastoma cells lines, SK-N-AS (CRL-2137, American Type Culture 

Collection, ATCC, Manassas, VA) and SK-N-BE(2) (CRL-2271, ATCC) were maintained 

as follows: SK-N-AS in Dulbecco's modified Eagle's medium with 4 mM L-glutamine, 0.1 

mM nonessential amino acids, 1 mg/mL penicillin and 1 mg/mL streptomycin, and 10% 

fetal bovine serum (FBS), and SK-N-BE(2) in a 1:1 mixture of MEM and F12 medium with 

1 mg/mL penicillin, 1 mg/mL streptomycin, and 10% FBS.

Antibodies and Reagents

Antibodies used for Western blotting and immunohistochemistry were as follows. Phospho-

specific VEGFR-3 antibody (CB5793, rabbit polyclonal) was from Cell Applications (Cell 

Applications, Inc., San Diego, CA). Antibodies for VEGFR-3 were either from Millipore 

(MAB3757, clone 9D9F9, EMD Millipore, Billerica, MA), Santa Cruz (C-20, sc-321, rabbit 

polyclonal, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) or Abcam (ab27278, rabbit 

polyclonal, Abcam, Cambridge, MA). Antibody for cleaved poly (ADP-ribose) polymerase 

(PARP) was from Cell Signaling (9542s, rabbit polyclonal, Cell Signaling Technology, Inc., 

Danvers, MA). Monoclonal anti-FAK (4.47) and rabbit polyclonal anti-phospho-FAK 

(Y397) antibodies were obtained from EMD Millipore (05–537), and Invitrogen (44624G, 

Invitrogen Corp., Carlsbad, CA), respectively. GAPDH antibody was from Fitzgerald 

(10R-1178, Fitzgerald Industries International, Acton, MA) and β-actin antibody was from 

Santa Cruz.

Antibodies used for immunofluorescence were as listed: primary antibody to VEGFR-3 was 

a rabbit polyclonal (C-20, 1:1000 dilution, Santa Cruz), and to FAK (4.47) was a mouse 

monoclonal (05–537, 1:1000 dilution, EMD Millipore). Secondary antibodies for 

immunofluorescence were from Invitrogen and included goat anti-rabbit Alexa Fluor 488 

(A-11008, 1:200 dilution) and goat anti-mouse Alexa Fluor 594 (A-21044, 1:200 dilution).

Chloropyramine hydrochloride (C4) was obtained from Sigma–Aldrich (C1915, Sigma–

Aldrich, St. Louis, MO) for in vitro studies, and as a sterile solution for injection (20 

mg/mL, EGIS, Hungary) for in vivo experiments.

Immunofluorescence

Cells were plated on glass chamber slides and allowed to attach for 24 h. After 24 h of C4 

treatment, they were fixed with 3% paraformaldehyde. Cells were permeablized with 0.15% 

Triton X-100 and the first primary antibody (anti-VEGFR-3, C-20, Santa Cruz) was added 

and incubated at room temperature (RT) for 1 h followed by the addition of the second 

primary antibody (anti-FAK, 4.47, Millipore) that was also incubated for 1 h at RT. The 

Alexa Fluor 488 secondary antibody was added for 45 min at RT. After washing, the second 

secondary antibody, Alexa Fluor 594, was added and incubated as above. Prolong Gold 
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antifade reagent with DAPI (P36931, Invitrogen) was used for mounting. Imaging was 

performed with a Zeiss LSM 710 Confocal Scanning Microscope with Zen 2008 software 

(Carl Zeiss MicroImaging, LLC, Thornwood, NY) using a 63 objective with a zoom of 0.9. 

Analysis of the images and detection of confocal overlap was accomplished utilizing the 

MetaMorph® Microscopy Image Analysis Software (Ver. 7.6, Analytical Technologies, 

Molecular Devices, Sunnyvale, CA).

Manders’ overlap coefficients were calculated for each of the treatment groups [30]. 

Manders’ M1 and M2 coefficients have a value between 0 and 1 (0 = no overlap; 1 = perfect 

overlap) and provide the proportion of the overlap of each channel with the other. The M1 

and M2 coefficients were calculated as follow: M1 (red) = the sum of the intensities of red 

pixels that had a green component divided by the total sum of red intensities; and M2 

(green) = the sum of the intensities of green pixels that had a red component divided by the 

total sum green intensities.

Cell Viability and Apoptosis

Equal numbers of cells were plated and allowed to attach for 24 h. Cells were treated with 

C4 in varying concentrations. Cellular viability was measured using alamarBlue® assay. In 

brief, cells were plated 1.5 × 103 cells per well on 96-well culture plates and allowed to 

attach. Following treatment, 10 μL of alamarBlue® dye (Invitrogen) was added to 200 μL of 

cell medium. After 4–6 h, the absorbance at 595 nm was measured using a kinetic 

microplate reader (BioTek Gen5, BioTek Instruments, Winooski, VT).

Apoptosis was detected by immunoblotting for PARP cleavage. Cells were treated with C4, 

lysates were collected, and immunoblotting for cleaved PARP was performed. Bands were 

detected by chemiluminescence and β-actin served as an internal control.

Cell Detachment

Equal numbers of cells were plated and allowed to attach for 24 h. The cells were then 

treated with C4. After 48 h of treatment, detached and adherent cells were collected 

separately and counted with a hemacytometer. The percentage of detached cells was 

determined for each experiment (detached/attached + detached × 100) and reported as fold 

change in detached cells.

Cell Migration

Twelve-well culture plates with 8 mm micropore inserts were utilized for cell migration 

assays. The bottom side of the insert was coated with collagen (10 mg/mL, 50 μL for 4 h at 

37°C). Cells were treated with C4 and 5 × 103 cells were placed into the upper well. Cells 

were cultured for 24 h and allowed to migrate through the micropore insert. The cells on the 

inserts were fixed with 3% paraformaldehyde, stained with crystal violet (0.05%), digested 

with crystal violet extraction buffer (45% ethanol, 2% propanol, 2% methanol, and 1% 

acetic acid) and absorbance measured at 595 nm using a kinetic microplate reader (BioTek 

Gen5). Migration was reported as change in cells migrated as measured by change in 

absorbance.
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Immunoblotting

Western blots were performed as previously described [29]. Briefly, cells were treated with 

the agent under study, then lysed on ice for 30 min in a buffer containing 50 mM Tris–HCL, 

(pH 7.5), 150 mM NaCl, 1% Triton-X, 0.5% sodium deoxycholate (NaDOC), 0.1% SDS, 5 

mM EDTA, 50 mM NaF, 1 mM NaVO3, 10% glycerol, and protease inhibitors: 10 μg/mL 

leupeptin, 10 μg/mL PMSF and 1 μg/mL aprotinin. The lysates were cleared by 

centrifugation at 10 000 rpm for 30 min at 4°C. Protein concentrations were determined 

using a Bio-Rad kit (Bio-Rad, Hercules, CA) and proteins were separated by electrophoresis 

on sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) gels. 

Antibodies were used according to manufacturer's recommended conditions. Molecular 

weight markers were used to confirm the expected size of the target proteins. Immunoblots 

were developed with chemiluminescence Amersham ECL Western blotting detection 

reagents (GE Healthcare Biosciences, Piscataway, NJ). Blots were stripped with stripping 

solution (Bio-Rad) at 37°C for 15 min and then reprobed with selected antibodies. 

Immunoblotting with antibody to β-actin or GAPDH provided an internal control for equal 

protein loading.

Tumor Growth In Vivo

Six-week-old female nude mice (athymic Nude-Foxn1nu) were purchased from Harlan 

Laboratories, Inc. (Indianapolis, IN). The mice were maintained in a SPF animal facility 

approved by the American Association of Accreditation of Laboratory Animal Care and in 

accordance with current regulations and standards of the U.S. Department of Agriculture. 

Animals were housed with standard 12 h light/dark cycles and allowed chow and water ad 

libitum. All experiments were performed after obtaining protocol approval by the University 

of Florida Animal Care and Use Committee (200801260), and in compliance with the NIH 

animal use guidelines. Human neuroblastoma cells [SK-N-AS (AS) or SK-N-BE(2)], 2 × 

106 (200 μL), in Matrigel™ (BD Biosciences, San Jose, CA) were injected subcutaneously 

into the right flank. The flank xenograft model was chosen for its ease. This model, although 

it may not be the most biologically faithful to the condition of neuroblastoma, allows for the 

study of human tumor cells and close monitoring of tumor growth with little discomfort to 

the animal. In contrast, following tumor progression in a genetically engineered murine or a 

bioluminescence models, requires invasive measures and repeated administration of 

anesthesia for the animals. When the tumors reached palpable size (100 mm3), animals were 

treated daily with intraperitoneal injections of control vehicle (sterile normal saline) or C4 

(60 mg/kg/day). Previous experiments with various doses and dosing schedules of the 

compound proved this to be the optimal, nontoxic dose [28].

The second set of experiments tested the combination of C4 with doxorubicin. SK-N-AS 

and SK-N-BE(2) neuroblastoma flank xenografts were established in 6-wk-old athymic 

nude mice as above. Doxorubicin was chosen as it is a standard chemotherapeutic agent for 

neuroblastoma. Once the tumors measured approximately 100 mm3, the animals (8 mice/

group) were randomized to receive either intraperitoneal injections of vehicle (sterile normal 

saline) daily, C4 (40 mg/kg/day), doxorubicin (1 mg/kg/every 3 days), or C4 (40 mg/kg/day) 

plus doxorubicin (1 mg/kg/ every 3 days).
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Tumors were measured twice weekly with a caliper and tumor volume in mm3 was 

calculated using the standard formula [(width)2 × length]/2, where width is the smaller 

diameter. Animals were sacrificed after 4 wk or when tumor size reached protocol end point. 

The tumors were excised, weighed, and preserved for immunohistochemistry.

Immunohistochemistry

Formalin-fixed, paraffin-embedded tumor blocks were obtained from the xenografts at the 

completion of the experiment, and 8 μm sections were cut. The slides were baked for 1 h at 

70°C, deparaffinized, rehydrated, and steamed. The sections were then quenched with 3% 

hydrogen peroxide and blocked with PBS-blocking buffer. The primary antibodies, 

monoclonal anti-FAK 4.47 (1:100, 05-537, EMD Millipore), rabbit polyclonal anti-phospho-

FAK (Y397) (1:200, 4624G, Invitrogen), rabbit polyclonal anti-phospho-VEGFR-3 (1:200, 

CB5793, Cell Applications) or rabbit polyclonal anti-VEGFR-3 (1:200, ab27278, Abcam) 

were added and incubated overnight at 4°C. After washing with PBS, the secondary 

antibodies were added 1:250 dilution (Jackson ImmunoResearch Laboratories, Inc., West 

Grove, PA) for 1 h at 22°C. For Ki67 staining, the primary anti-Ki67 antibody (ab15580, 

Abcam) was added 1:200 dilution and incubated overnight at 4°C. After washing with PBS, 

the donkey anti-rabbit secondary antibody was added 1:400 dilution (Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA) for 1 h at 22°C. The staining 

reactions were developed with VECTASTAIN Elite ABC kit (PK-6100, Vector 

Laboratories, Burlingame, CA), TSA™ (biotin tyramide reagent, 1:400, PerkinElmer, Inc., 

Waltham, MA) and DAB (Metal Enhanced DAB Substrate, Thermo Fisher Scientific, 

Rockford, IL). Slides were counterstained with hematoxylin. Negative controls [mouse IgG 

(1 μg/ mL, Invitrogen) or rabbit IgG (1 μg/mL, EMD Millipore)] were included with each 

run. Quantification of Ki67 staining (proliferative activity) was reported as percent positive 

staining cells per total number of cells.

Data Analysis

Experiments were repeated at least in triplicate, and data were reported as mean ± standard 

error of the mean. Densitometry of immunoblots was performed utilizing Scion Image 

Program (http://www.nist.gov/lispix/imlab/prelim/dnld.html). Quantification of Ki67 

staining was completed using the NIH ImageJ software (http://rsbweb.nih.gov/ij/

download.html). An ANOVA or Student's t-test was used as appropriate to compare data 

between groups. Statistical significance was determined at P ≤ 0.05.

RESULTS

The Small Molecule C4 Interrupted the FAK–VEGFR-3 Interaction

We have previously shown that FAK and VEGFR-3 interact in neuroblastoma and that a 

peptide from the VEGFR-3 binding site could disrupt this interaction [29]. Previous data in 

breast cancer cell lines showed that the small molecule, chloropyramine hydrochlo-ride (C4) 

would disrupt FAK-VEGFR-3 binding [28]. We wished to determine whether treatment 

with C4 would disrupt the interaction between FAK and VEGFR-3 in neuroblastoma cells. 

SK-N-AS and SK-NBE(2) neuroblastoma cells were stained for both FAK and VEGFR-3 

and confocal microscopy was utilized to determine the degree of colocalization between the 
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two proteins (Figure 1A–D). Manders’ overlap coefficients were calculated for each of the 

treatment groups (Figure 1E) [30]. Following treatment with C4, there was a decline in the 

colocalization of FAK and VEGFR-3 in the cell lines (Figure 1B,D), with a significant 

decrease in the Manders’ overlap coefficients for both of the cell lines following C4 

treatment (Figure 1E). C4 treatment also resulted in a loss of FAK from the focal adhesions 

(Figure 1B,D).

C4 Led to Decreased Neuroblastoma Cell Viability, Apoptosis, Detachment, and Decreased 
Migration

Since it has been shown that the FAK–VEGFR-3 interaction increased tumor cell survival 

[28,29], we next examined whether C4 disruption of this interaction would affect 

neuroblastoma cellular viability. SKN-AS and SK-N-BE(2) neuroblastoma cells were 

treated with varying concentrations of C4 for 24 h and cellular viability was measured. Both 

cell lines demonstrated a decrease in survival that was signifi-cant at 100 μM concentration 

(Figure 2A). The calculated LC50 for C4 was similar in the two cell lines at 170 μM in the 

SK-N-AS cell line and 144 mM in the SK-N-BE(2) cell line.

The next experiment was to determine whether the decreased cellular viability in the 

neuroblastoma cell lines seen following C4 treatment was due to apoptosis. The SK-N-AS 

and SK-N-BE(2) neuroblastoma cell lines were treated with C4 at increasing concentrations 

for 24 h and immunoblotting was used to determine the presence of cleaved PARP, an 

indicator of cellular apoptosis. There was an increase in cleaved PARP in both cell lines. In 

the SK-N-BE(2) cells, the increase was obvious after treatment with 150 μM of C4 (Figure 

2B, blot and lower left graph). In the SK-N-AS cell line, the increase in cleaved PARP was 

noted after treatment with C4 at a concentration of 100 μM (Figure 2B, blot and lower right 

graph).

After noting the changes in viability, we wished to determine if disruption of the FAK–

VEGFR-3 interaction would cause other phenotypic changes. The tumorigenicity and 

metastatic potential of cancer cells depends upon the ability to avoid apoptosis associated 

with loss of cellular adhesion (anoikis) [31,32]. In addition, it has long been recognized that 

the most aggressive cancer cells migrate through extracellular matrices and invade 

surrounding tissues. Therefore, we investigated the effects of C4 upon cellular attachment 

and migration. The SK-N-AS and SK-N-BE(2) cells were treated with increasing 

concentrations of C4 and cellular detachment measured. C4 treatment at concentrations of 

50 μM and higher caused a significant increase in detachment in both the SK-N-AS (1 vs. 

3.05 ± 0.6, P = 0.04, 0 vs. 50 μM C4) and the SK-N-BE(2) (1 vs. 1.4 ± 0.1, P = 0.02, 0 vs. 

50 μM C4) cell lines (Figure 2C). Next, cellular migration was evaluated after treating both 

neuroblastoma cell lines with increasing concentrations of C4. Migration was also 

significantly inhibited in both cell lines with C4 treatment (Figure 2D). After treatment with 

50 μM of C4, migration decreased to 0.61 in the SK-N-AS cells and to 0.57 in the SK-N-

BE(2) cells (Figure 2D). Changes in detachment and migration were noted in both cell lines 

at concentrations of C4 well below the calculated LC50. These data demonstrated that C4 

treatment resulted in signifi-cant changes in the phenotypes in these neuroblastoma cell 

lines, and that these changes were independent of cell death.
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Kinase Phosphorylation

To define a potential mechanism for the phenotypic changes seen in the neuroblastoma cells 

following C4 treatment, we investigated the biochemical effects of C4 in the SK-N-AS and 

SK-N-BE(2) cell lines. Cells were treated with C4 at 100 μM for 24 h and were evaluated 

for phosphorylation of VEGFR-3 and FAK with immunoblotting. Treatment of these cell 

lines resulted in no change in the phosphorylation of Y1063/1068 VEGFR-3 or VEGFR-3 

expression (Figure 3A,B, blots and graphs), but did decrease the phosphorylation of Y397 

FAK (Figure 3A,B, blots and graphs).

Neuroblastoma Tumor Growth In Vivo

We utilized a subcutaneous xenograft tumor model to examine the effects of C4 treatment 

upon neuroblastoma in vivo tumor growth. For the first experiment, 6-wk-old female 

athymic nude mice were injected with SK-N-AS or SK-N-BE(2) cells. Once the tumors 

were palpable, approximately 100 mm3 (Day 0), the animals were treated daily with 

intraperitoneal injections of vehicle (sterile normal saline, n = 10) or C4 (60 mg/kg/dose, n = 

10). In the SK-N-AS animals, C4 did not significantly affect xenograft growth (Figure 4A). 

Conversely, in the SK-N-BE(2) animals, tumor growth was significantly decreased by C4 

treatment (Figure 4B). Tumor weights were also examined. In the SK-N-AS xenografts, 

there was a decrease in the final tumor weights in the animals treated with C4, but this did 

not reach statistical significance (1.14 ± 0.38 g vs. 0.57 ± 0.011 g, control vs. C4, P = 0.08) 

(Figure 4C). In the SK-N-BE(2) animals, the tumor weights followed the trend of the tumor 

growth curve, and there was a significant decrease in tumor weights in the C4 treated 

animals (1.02 ± 0.3 g vs. 0.39 ± 0.1 g, control vs. C4, P = 0.04) (Figure 4D).

In the in vitro studies, C4 resulted in a decrease in FAK phosphorylation. We performed 

immunohisto-chemical staining on both the SK-N-AS and SK-N-BE (2) murine 

neuroblastoma xenografts, with representative photomicrographs presented in Figure 5A and 

B. Immunohistochemical staining revealed that in the xenografts, from both cell lines, 

treated with C4, staining for phosphorylated FAK was decreased when compared to those 

treated with saline. There was not an appreciable difference in VEGFR-3 staining in either 

the SK-N-AS or SK-N-BE(2) xenografts (data not shown).

Since FAK is involved in tumor cell proliferation, we wished to see if proliferation was 

affected by C4 treatment in vivo. Cellular proliferation may be detected by Ki-67 staining, 

and this was completed on the tumor xenograft specimens. Formalin-fixed, paraffin-

embedded tumor xenografts from both SK-NAS and SK-N-BE(2) injected animals were 

examined. The percentage of cells positive for Ki-67 staining was diminished in both 

xenograft types after treatment with C4 when compared to control treated animals (Figure 

5C,D). Although the C4 treated SK-N-AS xenografts tended to have less Ki-67 staining than 

the saline treated controls, it did not reach statistical significance (2.07 ± 0.43% vs. 1.24 ± 

0.14%, vs. C4, P =0.06) (Figure 5D). However, the C4 treated SK-N-BE(2) xenografts did 

have a statistically significant decrease in Ki-67 staining compared to saline treated controls 

(3.34 ± 0.4% vs. vs. 2.33 ± 0.3%, trol C4, P = 0.04) (Figure 5D).
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The next experiments tested the hypothesis that treatment with reduced dose C4 combined 

with a low-dose chemotherapeutic agent would continue to decrease tumor growth. For this 

study, 6-wk-old athymic nude mice were used for a tumor xenograft model and they were 

injected with either SK-N-AS or SK-N-BE(2) neuroblastoma cells. Doxorubicin was chosen 

for this experiment as it is a standard chemotherapeutic agent used clinically for 

neuroblastoma. Once the tumors measured approximately 100 mm3 (Day 0), the animals (n 

= 8 mice/group) were randomized to the following groups of intraperitoneal injections for 3 

wk: (1) daily vehicle (sterile normal saline); (2) daily reduced dose C4 (40 mg/kg); (3) every 

third day low dose doxorubicin (1 mg/kg); or (4) daily reduced dose C4 (40 mg/kg) 

combined with every 3 days low dose doxorubicin (1 mg/kg). Treatment with reduced dose 

C4 or low dose doxorubicin alone did not have a significant effect upon the growth of the 

SK-N-AS (Figure 6A) or SK-NBE(2) (Figure 6B) xenografts. However, the SK-N-AS 

xenografts treated with reduced dose C4 combined with low dose doxorubicin showed a 

significant decrease in growth at the completion of the study when compared to controls or 

either compound alone (Figure 6A). The results with combination therapy were even more 

marked in the SK-N-BE(2) xenografts. The animals receiving the combination reduced dose 

treatment of C4 and low dose doxorubicin had a significant decrease in tumor growth 

compared to controls or either agent alone. This decrease in tumor growth was seen early 

and sustained until the completion of the study (Figure 6B). These data demonstrated C4, in 

combination with a standard chemotherapeutic agent, was more effective at decreasing 

tumor growth in neuroblastoma xenografts than either agent alone.

DISCUSSION

In the current study, we have demonstrated that small molecule interruption of the FAK–

VEGFR-3 interaction in neuroblastoma cells resulted in decreased cellular survival. We 

have also seen similar in vitro findings using a peptide to inhibit the FAK– VEGFR-3 

interaction [29]. The interaction of FAK with other proteins and growth factor receptors is 

not unique, or limited to, VEGFR-3. In as early as 1996, FAK was found to associate with a 

tyrosine phosphor-ylated protein in NIH 3T3 cells after stimulation with platelet-derived 

growth factor [33]. Subsequently, FAK has been shown to associate with activated platelet 

derived growth factor receptor, epidermal growth factor receptor [34], and insulin-like 

growth factor-1 receptor [35]. Chen reported in 2006 that FAK directly interacts with the 

hepatocyte growth factor receptor c-Met, and that this interaction contributes to hepatocyte 

growth factor-stimulated cellular invasion [36]. FAK has also been shown to directly 

interact with p53, suppressing p53-induced apoptosis and inhibiting the transcriptional 

activity of p53 [37].

Targeting protein–protein interactions in cancers is also not a new concept, and the 

inhibition of protein–protein interactions with peptides has been suggested as a therapeutic 

strategy. Ji et al. utilized an 18-residue blocking peptide targeted to interrupt the Skp2– 

cyclin A interaction. These investigators found a significant decrease in cell survival in 

human sarcoma cells (U2OS) treated with the Skp–cyclin A interfering peptide [38]. 

Dasgupta et al. [39] utilized a nine amino-acid protein to disrupt the binding between Rb and 

Raf-1 and demonstrated decreased tumor growth and angiogenesis in a nude mouse model 

of human lung tumors. In efforts to find agents with higher selectivity, other investigators 
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have utilized small molecules to block important protein–protein interactions in cancer. 

Classic examples of this strategy involve the use of nutlins to disrupt the MDM2–p53 

interaction [40]. Other authors have reported similar examples. Erkiznan et al. identified a 

small molecule that was able to disrupt the binding between the oncogenic fusion protein 

EWS–FLI1 and RNA helicase A. This small molecule induced apoptosis in Ewing's 

sarcoma cells and decreased tumor xenograft growth [41].

In this study we have shown that a small molecule, C4, will disrupt the FAK–VEGFR-3 

interaction in neuroblastoma cells, leading to decreased tumor growth. This molecule was 

previously described by Kurenova et al. They utilized in silico docking techniques to 

identify potential small molecules to block the FAK–VEGFR-3 interaction, and found that 

this molecule decreased breast cancer cell viability and tumor growth [28]. We have 

demonstrated decreased neuroblastoma tumor cell survival, increased cellular apoptosis and 

decreased xenograft tumor growth. In our study, we noted that C4 treatment significantly 

decreased the phosphorylation of FAK, but did not significantly affect the phosphorylation 

of VEGFR-3, whereas in the previously mentioned study, the investigators noted a decrease 

in the phosphorylation of both kinases after C4 treatment of breast cancer cells [28]. There 

may be multiple explanations for these findings. The changes in VEGFR-3 phosphorylation 

may have been too subtle to detect with immunoblotting or may have occurred at a time 

point outside of our sampling. Our results may have been a function of cell line specificity, 

but are not necessarily a negative finding. For example, other investigators have noted 

similar findings, in that, the small molecule inhibition of protein–protein interactions may 

have more of an effect upon one protein than the other. In a study with malignant glioma 

cells, Manero and colleagues utilized a small molecule inhibitor of the Bcl-2 interaction with 

Bax. This molecule clearly disrupted the Bcl-2–Bax interaction and also decreased the 

expression of Bcl-2. Bax expression was not altered, but the malignant glioma cells were 

sensitized to radiation-induced apoptosis [42].

Amplification of the MYCN oncogene is the most important negative prognostic factor in 

neuroblasto ma [43,44]. Previous studies from our laboratory have shown that the MYCN 

oncogene functions as a transcription factor for FAK [14] and that neuroblastoma cell lines 

with amplification of this oncogene were more sensitive to FAK inhibition than their 

isogenic non-MYCN amplified counterparts [14]. We have not noted the same relation 

between MYCN and VEGFR-3 in neuroblastoma. Immunoblotting for VEGFR-3 in an 

isogenic MYCN+/MYCN– cell line did not demonstrate any change in VEGFR-3 

expression with increasing MYCN expression (Supplemental Data Figure 1). The expression 

of this receptor does not appear to be MYCN dependent, but does vary with cell line 

[23,24,29]. In this study, we did utilize a MYCN non-amplified cell line (SK-N-AS) [45] and 

a MYCN amplified cell line [SK-N-BE(2)] [46]. In the in vitro studies, the effects of 

chloropyramine hydro-chloride were similar between the two cell lines. However, in the in 

vivo studies, the MYCN amplified SK-N-BE(2) xenografts were more susceptible to C4 

treatment than the non-amplified SK-N-AS xeno-grafts. We believe that this finding may be 

explained the concept of oncogene addiction as put forth by Weinstein [47]. Weinstein 

proposed that the dependence upon a cell survival signal varies between cell lines of the 

same tumor type, and that one cell line may be more physiologically dependent upon that 
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factor than another cell line. In our study, the SK-N-BE (2) cell line with more FAK 

expression may be more physiologically dependent upon FAK than the SK-NAS cell line 

[14]. In the current study, C4 resulted in a more marked decrease in FAK phosphorylation in 

the SK-N-BE(2) cell line in vitro, and may potentially have translated into a more profound 

effect upon xeno-graft growth in one cell line over the other.

One of the most important findings in our study was that treatment with even low dose 

chloropyramine hydrochloride in combination with low dose cytotoxic chemotherapy had a 

significant effect upon tumor growth when compared to treatment of either agent alone. 

When chloropyramine hydrochloride was administered with doxorubicin, a standard 

neuroblastoma agent, there was a marked effect upon xenograft growth with decreased 

amounts of both agents. Since C4 results in decreased FAK phosphorylation, this effect may 

be attributed to the decreased phosphorylation of FAK. FAK has been shown to be involved 

in cancer chemoresistance with FAK inhibition sensitizing a number of human tumor cell 

types to various chemotherapy agents [48,49]. In our study, the decrease in FAK 

phosphorylation with C4 may have resulted in the increased sensitivity of the neuroblastoma 

cells to the doxorubicin, highlighting the importance of multi-faceted therapies for this 

tumor type.

In conclusion, the current study demonstrated that inhibition of the FAK–VEGFR-3 

interaction with a small molecule, chloropyramine hydrochloride, resulted in cellular 

detachment, decreased cellular migration, decreased cellular viability and increased 

apoptosis in human neuroblastoma cell lines. In addition, this molecule, when combined 

with doxorubicin at low doses, resulted in decreased neuroblastoma tumor growth in a 

murine xenograft model. These findings are important in furthering our understanding of the 

regulation of neuroblastoma tumorigenesis, and may provide novel therapeutic strategies 

and targets for neuroblastoma and other solid tumors of childhood.
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Refer to Web version on PubMed Central for supplementary material.
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FAK focal adhesion kinase

VEGFR-3 vascular endothelial growth factor receptor-3
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C4 chloropyramine hydrochloride

PARP poly (ADP-ribose) polymerase

RT room temperature
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Figure 1. 
C4 treatment resulted in a loss of FAK from the focal adhesions and decreased FAK-

VEGFR-3 interaction. Representative photographs of immunofluorescence staining that was 

performed and evaluated with confocal microscopy to determine FAK and VEGFR-3 in the 

SK-N-AS and SK-N-BE(2) cell lines after C4 treatment for 24 h. (A) In the SK-N-AS cells, 

there was overlap seen between FAK and VEGFR-3, and FAK staining was seen at the focal 

adhesions (right panel, white arrows). (B) After C4 treatment (100 μM, 24 h) there was a 

loss of FAK from the focal adhesions and a decrease in the overlapped staining. (C) Overlap 

between FAK and VEGFR-3 was also seen in the SK-N-BE(2) cells, and FAK staining was 

again noted at the focal adhesions (right panel, white arrows). (D) After C4 treatment (100 

μM, 24 h) there was a loss of FAK from the focal adhesions in the SK-N-BE(2) cells and a 

decrease in the overlapped staining. (E) Confocal images were evaluated with Meta Image 

Series Software to determine the amount of colocalization. Manders' overlap coefficients 

were calculated and compared for cells treated with C4. There was a significant difference in 

the overlap coefficients in the SK-N-AS cells treated with the C4 compared to controls [M1 

(0.96 ± 0.02 vs. 0.84 ± 0.03, control vs. C4, P ≤ 0.01), M2 (0.92 ± 0.02 vs. 0.08 ± 0.04, 

control vs. C4, cells treated with C4, there P ≤ 0.001)]. In the SK-N-BE(2) cells treated with 

C4, there was also a significant decrease in the Manders' coefficients compared to controls 

[M1 (0.94 ± 0.04 vs. 0.80 ± 0.05, control vs. C4 P ≤ 0.05), M2 (0.73 ± 0.15 vs. 0.23 ± 0.05, 

control vs. C4, P ≤ 0.01)].
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Figure 2. 
C4 Decreased neuroblastoma cell viability and led to apoptosis, detachment and decreased 

migration. (A) SK-N-AS and SKN-BE(2) cell lines were treated with increasing 

concentrations of C4 for 24 h and cell viability was evaluated with alamarBlue1®® assay. 

Both cell lines demonstrated a significant decrease in viability after C4 treatment at 100 μM 

concentration. (B) Both cell lines were treated for 24 h with increasing concentrations of C4. 

Proteins were separated on SDS–PAGE gels and Western blotting was performed to detect 

cleavage of PARP, indicating apoptosis. Densitometry was used to further show the 

differences in cleaved PARP in both the SK-N-BE(2) (lower left graph) and SK-N-AS 

(lower right graph) cell lines. For densitometry, bands were normalized to β-actin and 

cleaved PARP compared to total PARP, further demonstrating the increased cleaved PARP 

following C4 treatment and indicating that the decreased survival was secondary to 

apoptosis. (C) SK-N-AS and SK-N-BE(2) cells were treated with C4 at increasing 

concentrations for 24 h. Cell detachment was determined by counting with a hemacytometer 

and dividing the number of detached cells by the total number of cells (attached + detached), 

and presented as fold change in detachment. C4 caused significant cellular detachment in 

both cell lines at 50 μM concentration. (D) SK-N-AS and SK-N-BE(2) cell lines were 

treated with increasing concentrations of C4 and allowed to migrate through a micropore 

insert. Migration was reported as fold change in number of cells migrating through the 

membrane. Cellular migration was significantly decreased in both cell lines with C4 
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treatment, and as seen with detachment, the effects of C4 upon migration were apparent at 

50 μM concentration. The effects of C4 upon detachment and migration were seen at 

concentrations well below those that affected survival.
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Figure 3. 
C4 caused dephosphorylation of focal adhesion kinase. Immunoblotting was performed for 

VEGFR-3, FAK and phosphorylation of both and densitometry was used to further illustrate 

changes. (A) SKN-AS cells were treated with C4 at 100 μM for 24 h and were evaluated for 

phosphorylation of FAK and VEGFR-3. Treatment of these cells resulted in no change in 

the phosphorylation of Y1063/1068 VEGFR-3 (top blot and bottom left graph), but did 

decrease the phosphorylation of Y397 FAK (top blot and bottom right graph). (B) The SK-

N-BE(2) cell line was treated with C4 at 100 μM for 24 h and phosphorylation of VEGFR-3 

and FAK was examined. As seen with the SK-N-AS cells, there was no effect upon 

phosphorylation of VEGFR-3 (top blot and bottom left graph), but C4 treatment resulted in 

a marked decrease in Y397 FAK phosphorylation (top blot and bottom right graph).
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Figure 4. 
C4 treatment decreased SK-N-BE(2) xenograft tumor growth. A nude mouse model was 

employed to study the in vivo effects of C4 treatment upon neuroblastoma xenografts. SK-

N-AS and SK-N-BE(2) neuroblastoma cells were injected into the right flank of nude mice. 

Once the tumors became palpable (Day 0), the animals were randomized and treated daily 

with intraperitoneal injections of vehicle (sterile normal saline, n = 10) or C4 (60 mg/kg/

dose, n = 10) and tumor volumes were measured twice weekly with calipers. (A) Treatment 

of the SK-N-AS xenografts with C4 decreased tumor growth, but it did not reach statistical 

significance. (B) C4 treatment of the SK-N-BE(2) xenografts significantly decreased the 

growth of the tumors. At the time of euthanasia, the tumors were harvested and weighed. In 

the SK-N-AS xenografts, the C4 treated tumors tended to weigh less than the saline treated 

controls, but did not reach statistical significance (C). In the animals with SK-N-BE(2) 

xenografts, the weights of the tumors treated with C4 were significantly decreased when 

compared to the xenografts treated with saline (D).
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Figure 5. 
C4 decreased FAK phosphorylation and proliferation in neuroblastoma xenografts. 

Formalin-fixed, paraffin-embedded tumor xenografts from both SK-N-AS and SK-N-BE(2) 

injected animals were examined. Immunohistochemical staining was performed and 

representative photomicrographs depicted at 20× on the left side (small boxes) and 40× on 

the right (large boxes). Immunohistochemistry demonstrated a decrease in the 

phosphorylation of FAK in both the SKN-AS (A) and SK-N-BE(2) (B) xenografts that were 

treated with C4. (C) Immunohistochemical staining for Ki-67 was used to detect cellular 

proliferation in the tumor xenograft specimens. Immunostaining for Ki-67 was diminished 

in both the SK-N-AS and the SK-N-BE(2) xenografts treated with C4 compared to control 

(saline) treated specimens. (D) Ki-67 staining was quantified with ImageJ Software and 

reported as percent positive staining cells per total number of cells. It was noted that the 

percentage of cells positive for Ki-67 staining was diminished in both xenograft types after 

treatment with C4. However, the C4 treated SK-N-AS xenografts were not significantly 

different from the tumors treated with saline. The C4 treated SK-N-BE(2) xenografts did 

have a statistically significant decrease in Ki-67 staining compared to saline treated controls.
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Figure 6. 
C4, in combination with doxorubicin, was more effective at decreasing tumor growth in 

neuroblastoma xenografts than either agent alone. A nude mouse model was employed to 

study the in vivo effects of C4 in combination with doxorubicin. SK-N-AS and SK-N-BE(2) 

neuroblastoma cells were injected into the right flank of nude mice. Once the tumors 

measured approximately 100 mm3 (Day 0) the animals (8 mice/group) were randomized to 

the following groups of intraperitoneal injections: (1) daily vehicle (sterile normal saline); 

(2) daily reduced dose C4 (40 mg/kg); (3) every 3 days low dose doxorubicin (1 mg/kg); or 

(4) daily reduced dose C4 (40 mg/kg) plus every 3 days low dose doxorubicin (1 mg/kg). 

Tumor volumes were measured twice weekly with calipers. (A) In the SK-N-AS xenografts, 

treatment with C4 or doxorubicin alone did not significantly affect tumor growth. 

Combination treatment with reduced dosages of both C4 and doxorubicin did result in a 

significant decrease in tumor growth. (B) Treatment of SK-N-BE(2) xenografts with either 

reduced dose C4 or low dose doxorubicin alone did not significantly reduce tumor volumes 

compared to controls. However, when reduced dose C4 was combined with low dose 

doxorubicin, there was a significant decrease in xenograft growth in the C4 + Dox group 
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compared to controls or either treatment alone. This decreased growth began at the second 

week and continued for the duration of the study.
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