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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 non-receptor tyrosine 

kinase that is important in many facets of neuroblastoma tumor development and progression. The 

p53 oncogene, although wild type in most neuroblastomas, lacks significant function as a tumor 

suppressor in these tumors. Recent reports have found that FAK and p53 interact in some tumor 

types. We have hypothesized FAK and p53 coordinately control each other’s expression and also 

interact in neuroblastoma. In the current study, we showed that not only do FAK and p53 interact 

but each one controls the expression of the other. In addition, we also examined the effects of 

FAK inhibition combined with p53 activation in neuroblastoma and showed that these two, in 

combination, had a synergistic effect upon neuroblastoma cell survival. 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 pediatric 

solid tumors.

Keywords

FAK; p53; SH-EP; WAC(2); neuroblastoma

© 2015 Published by Elsevier Inc.
*Corresponding Author: Elizabeth A. Beierle, University of Alabama, Birmingham, 1600 7th Ave. South, Lowder Building, Room 
300, Birmingham, AL 35233, Phone (205) 638-9688, Fax (205) 975-4972, elizabeth.beierle@childrensal.org. 

Author Contributions: LAG: experimental design, completion of experiments, manuscript preparation. JES: completion of 
experiments. MLM: completion of experiments, data evaluation. AMW: completion of experiments. EAB: experimental design, data 
evaluation, manuscript preparation, manuscript revision.

The content of this manuscript was solely the responsibility of the authors and does not necessarily represent the official views of the 
National Cancer Institute.

Author Disclosures
The authors report no proprietary or commercial interest in any product mentioned or concept discussed in this article.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
J Surg Res. Author manuscript; available in PMC 2016 June 15.

Published in final edited form as:
J Surg Res. 2015 June 15; 196(2): 339–349. doi:10.1016/j.jss.2015.03.021.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Neuroblastoma, a tumor of neural crest cells, is the most common extracranial solid tumor 

of childhood. Children affected by this tumor most often present with advanced stage 

disease, and despite significant advances in both medical and surgical pediatric oncologic 

care, continue have a dismal prognosis, with a survival of less than 30% [1]. Clearly, novel 

therapies will need to be developed to improve the outcomes for children with 

neuroblastoma.

Focal adhesion kinase (FAK) is a 125 kDa nonreceptor protein tyrosine kinase that has been 

shown to be important in the tumorigenesis of a number of human tumors. FAK is involved 

in tumor cell proliferation, motility, survival, and apoptosis [2, 3], and the inhibition of FAK 

through a number of different means affects tumorigenesis. Inhibition of FAK with RNAi 

resulted in decreased motility in glioblastoma cells [4]. In other studies, FAK abrogation 

with antisense oligonucleotides or a dominant-negative FAK protein resulted in decreased 

melanoma, colon cancer, and breast cancer cell growth [5–7]. Small molecule inhibition of 

FAK has led to decreased growth and increased apoptosis in ovarian cancer cells [8] and 

breast cancer cells [9]. Previous studies have shown that FAK mRNA and protein were 

associated with aggressive neuroblastomas [10] and that FAK inhibition in neuroblastoma 

through a number of different mechanisms resulted in decreased tumor survival [11, 12] and 

metastasis [13].

The tumor suppressor protein, p53 (encoded by the human gene, TP53), is a transcription 

factor that regulates cell signaling pathways involved in cell cycle arrest and apoptosis. 

Mutations in the TP53 gene are reported to occur in almost every type of cancer at varying 

rates resulting in mutant expression or inactivation of p53, leading to increased cellular 

proliferation, avoidance of apoptosis, and resistance to chemotherapy. In neuroblastoma, the 

majority of tumors are actually wild-type p53, but conflicting data exist about p53 pathway 

signaling in this tumor, as activity of p53 is often diminished despite its wild type status. It is 

unknown whether p53 activity is decreased due to upregulation of p53 inhibitors, 

sequestration of p53 in the cytoplasm, or ubiquitination of p53. Slack reported that Mdm2, 

the primary inhibitor of p53, is upregulated by MYCN [14], a proto-oncogene that is 

amplified in many aggressive, treatment resistant neuroblastomas [15]. On a more general 

level, some investigators have suggested that proteins, such as FAK, may bind p53, thus 

sequestering it in the cytoplasm of the cell, and preventing it from entering the nucleus and 

functioning as a transcription factor [16]. Others reported that FAK may facilitate p53 

turnover via an MDM2-dependent ubiquitination [17]. There have been recent reports 

describing the protein-protein interaction between FAK and p53 in breast cancer cell lines, 

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

resulted in decreased tumor cell survival [18, 19]. The current studies were designed to test 

the hypothesis that in neuroblastoma FAK and p53 each coordinately regulate the other’s 

expression in a biologically significant fashion.
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Materials and Methods

Cells, cell culture and transfections

The human neuroblastoma cells line, SH-SY5Y (CRL-2266, American Type Culture 

Collection, ATCC, Manassas, VA) was maintained in 1:1 mixture of minimum Eagle’s 

medium and Ham’s F-12 medium with 10% fetal bovine serum, 2 mM L-glutamine, 1 μM 

non-essential amino acids and 1 μg/mL penicillin / streptomycin. SH-SY5Y cell line was 

chosen since because this cell line was p53 wild type [20] MDM2 non-amplified [21] and 

MYCN non-amplified [22]. SH-EP (MYCN-) and the isogenic WAC(2) (MYCN+) human 

neuroblastoma cell lines were generously provided by Dr. M. Schwab (Deutsches 

Krebsforschungszentrum, Heidelberg, Germany), and have been described in detail 

previously [23]. SH-EP and WAC(2) cell lines were maintained in RPMI 1640 medium 

supplemented with 10% fetal bovine serum and 1 μg/mL penicillin / streptomycin. These 

two cell lines were chosen as they were also p53 wild type [20], MDM2 non-amplified [21] 

and are isogenic for MYCN, with the SH-EP cells being MYCN negative [23] and the 

WAC(2) cell line stably transfected with a MYCN vector [23].

For these experiments, transfection of plasmids was completed with Superfect Transfection 

Reagent (Qiagen Inc., Valencia, CA) as previously described [11]. FAK plasmids, including 

wild type FAK (pKH3-FAK) and empty vector (pKH3-EV), were generously provided by 

Dr. JL Guan (University of Cincinnati, Cincinnati, OH) and have been previously described 

[24]. All plasmids were sequenced at the DNA Sequencing and Analysis Core, 

Comprehensive Cancer Center, University of Alabama, Birmingham.

Antibodies and reagents

Monoclonal mouse anti-FAK (4.47) and rabbit polyclonal anti-phospho-FAK (Y397) 

antibodies were obtained from Millipore (1:1000, 05-537, EMD Millipore, Billerica, MA) 

and Invitrogen (1:1000, 71-7900, Invitrogen Corp., Carlsbad, CA), respectively. Mouse 

monoclonal antibodies for MDM2 (1:1000, AB-1) and p53 (1:1000, PB53-12) were from 

Millipore (EMD Millipore) and for p21 from BD Biosciences (1:1000, 2G12, BD 

Biosciences, San Jose, CA). Anti-MYCN polyclonal rabbit antibody was from Cell 

Signaling (9405, Cell Signaling Technology, Danvers, MA). Monoclonal mouse anti-

GAPDH was from Millipore (1:3000, MAB374, EMD Millipore) and anti-β-actin was from 

Sigma (1:2000, A1978, Sigma-Aldrich Corp., St. Louis, MO).

The small molecules were as follows: PF-573,228 (C22H20F3N5O3S) from Pfizer (New 

York, NY); pifithrin-α from Sigma; fluorouracil (5-FU) from EMD Biosciences Millipore; 

and nutlin-3 from Enzo Life Sciences (Farmingdale, NY).

Antibodies used for immunofluorescence were as listed: primary antibody to FAK (4.47) 

was a rabbit polyclonal (1:1000, C-20, Santa Cruz, Santa Cruz, CA) and to p53 a mouse 

monoclonal (1:1000, BP53-12, EMD Millipore). Secondary antibodies for 

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

(green) (1:200, A-11008) and goat anti-mouse Alexa Fluor 594 (red) (1:200, A-21044).
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siRNA Transfection

Small interfering RNAs (siRNA) were obtained from Qiagen (Qiagen Inc., Valencia, CA) 

for the following FAK target sequence: 5′-CCGGTCGAATGATAAGGTGTA-3′. 

Transfection was carried out as previously described [25, 26]. Briefly, cells were plated (3 × 

105 cells per well) on 6-well culture plates and allowed to attach overnight. Cells were 

treated with HiPerFect® (Qiagen) alone, HiPerFect® plus 20nM Negative Control siRNA 

(1027310, Qiagen), or HiPerFect® plus FAK siRNA [Hs_PTK2_10 FlexiTube siRNA 

(NM_005607, Qiagen)] according to manufacturer’s protocol. Cells were incubated for 24 to 

48 hours following transfection and then used for experiments. FAK inhibition by siRNA 

was confirmed using immunoblotting.

Immunoblotting

Western blots were performed as previously described [27]. Briefly, cells were treated with 

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

(pH 7.5), 150 mM NaCl, 1% Triton-X, 0.5% NaDOC, 0.1% SDS, 5mM EDTA, 50mM 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 SDS-PAGE gels. Antibodies were 

used according to manufacturer’s recommended conditions. Molecular weight markers 

(Precision Plus Protein Kaleidoscope Standards, Bio-Rad) confirmed the expected size of 

the target proteins. Immunoblots were developed with Luminata Classico or Crescendo ECL 

(EMD Millipore). Blots were stripped with stripping solution (Bio-Rad) at 37 °C for 15 

minutes and then reprobed with selected antibodies. Immunoblotting with antibody to β-

actin or GAPDH provided an internal control for equal protein loading.

Immunofluorescence

Cells were plated on glass chamber slides and allowed to attach for 24 hours after which 

they were fixed with 3% paraformaldehyde. Cells were permeablized with 0.15% Triton 

X-100 and the first primary antibody (anti-FAK, C-20, 1:1000, Santa Cruz) was added and 

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

primary antibody (anti-p53, BP53-12, 1:1000, Invitrogen) that was also incubated for 1 hour 

at RT. The Alexa Fluor 488 secondary antibody (1:200) was added for 45 minutes at RT. 

After washing, the second secondary antibody, Alexa Fluor 594, was added and incubated as 

above. Prolong Gold 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 cell lines [28]. 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 follows: M1 (green) = the sum of the intensities of green 
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pixels that had a red component divided by the total sum green intensities; and M2 (red) = 

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

of red intensities.

Cell viability and apoptosis

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

with PF-573,228 or nutlin-3 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).

Peptides and cell proliferation

Peptides were used to interrupt the binding of FAK and p53. The functional peptide (RP-

TAT) and the control peptide (TAT) were synthesized with the assistance of P. Mayakonda 

at the UAB Protein Synthesis Core. The peptide (RP-TAT) and control (TAT) have been 

described previously [18]. RP-TAT corresponds to the 7 amino-acid peptide binding site on 

the N-terminal domain of p53 that interacts with the N-terminal domain of FAK. This 

peptide with the sequence (RMPEAAP) was coupled to a TAT sequence 

(YGRKKRRQRRR) to allow for improved cellular penetration. The TAT sequence alone 

was utilized as a control. Cells were treated with peptides for 48 hours at 10 μM 

concentrations and then stained with trypan blue to assess proliferation. Results were 

reported as fold change in the ratio of dead to live 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). 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

Association of FAK and p53 in neuroblastoma cell lines

First we documented that the targets of study were present in the cell lines that we chose for 

the experiments. Immunoblotting was performed on whole cell lysates of SH-EP, WAC(2) 

and SH-SY5Y cells. FAK, MDM2, p53 (Figure 1A) and p21 (denoting functioning p53) 

(Figure 1B) were all expressed by these cell lines.

Previous publications have documented that FAK and p53 interact in cancer cell lines [17, 

29]. We have shown that FAK was differentially expressed in neuroblastoma cell lines and 

provided a survival advantage in these cell lines [11]. Since both FAK and p53 were present 

in neuroblastoma cell lines (Figure 1A), we hypothesized that they may also interact in 

neuroblastoma. Coimmunoprecipitations in both directions (FAK and p53 antibodies) were 
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used to determine whether a FAK and p53 interaction was present. Immunoprecipitation (IP) 

with p53 antibody followed by immunoblotting for FAK showed co-precipitation of p53 

protein with FAK, indicating that an association between these two proteins was present in 

all three cell lines (Figure 1C, left panel). This association was also detected by 

immunoprecipitation with FAK antibody followed by immunoblotting for p53 (Figure 1C, 

right panel). Immunoblotting of the membranes with their respective IP antibody confirmed 

the immunoprecipitation of the correct protein (Figure 1C, left lower and right upper 

panels). Further, since the immunoglobulin band for MOPC was located near the band for 

p53, immunoprecipitation experiments were also completed with rabbit IgG as the control 

(Figure 1D, right and left panels). These coimmunoprecipitation data confirmed the 

previous findings of an association between FAK and p53 in neuroblastoma cell lines.

Next, dual immunofluorescence staining and confocal microscopy were employed to further 

examine the potential association of FAK and p53 (Figure 2A–D). In the SH-SY5Y cell line, 

FAK and p53 were noted to co-localize in both the cytoplasm (Figure 2D, white closed 

arrow right panel) primarily in the peri-nuclear area, and in the nucleus (Figure 2D, white 

open arrow right panel). The same findings were noted for the SH-EP (Supplemental Data 

Figure 1 A–D) and WAC(2) cell lines (Supplemental Data Figure 2A–D). Manders’ overlap 

coefficients were calculated for each cell line, with values of 0 indicating no overlap and 1 

indicating complete overlap [28]. The overlap coefficients for the FAK and p53 staining 

indicated a significant amount of overlap, or colocalization of FAK and p53, in all three cell 

lines (Figure 2E). These confocal microscopy results further demonstrated that FAK and p53 

associate in human neuroblastoma cell lines.

Expression of p53 in the SH-SY5Y cell line was inversely correlated to FAK

Next, we wished to demonstrate that p53 expression was inversely related to FAK 

expression. SH-SY5Y cells were treated with transfection agent alone (control), with FAK 

plasmid or with empty vector (EV). Cell lysates were evaluated with immunoblotting for 

FAK and p53. When FAK expression increased following transfection, the p53 diminished 

(Figure 3A). Densitometry was performed and confirmed decreased p53 in the FAK 

transfected cells (Figure 3A). Next, SH-SY5Y cells were transfected with either 

Lipofectamine alone, negative control siRNA (siNeg) or siRNA to FAK (siFAK) for 48 

hours. Cell lysates were examined with immunoblotting. FAK abrogation was confirmed 

(Figure 3B), and as FAK decreased, p53 expression increased; a finding verified with 

densitometry (Figure 3B).

Expression of FAK in neuroblastoma cell lines was inversely correlated to p53

Cellular stressors such as irradiation, hypoxia, or chemotherapy [fluorouracil (5-FU)] [30] 

upregulate p53 activity. Additionally, the small molecule MDM2 antagonist, nutlin-3 [31], 

increases the activity of wt p53, while pifithrin-α decreases activity of p53 [32]. To examine 

the effects of increased p53 upon FAK, we first treated SH-SY5Y cells with irradiation. 

Cells were irradiated (2 Gy, XRT) collected at increasing times following XRT, and whole 

cell lysates examined with immunoblotting. A significant increase in p53 was noted as early 

as 1 hour following XRT (Figure 4A). Inversely, FAK expression decreased following 

exposure to XRT (Figure 4A). Increased p21 following XRT further showed that p53 was 
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functioning (Figure 4A). We next evaluated pharmacologic manipulation of p53 with 5-

fluoruracil (5-FU). SH-SY5Y, SH-EP and WAC(2) neuroblastoma cell lines were treated for 

24 hours with increasing concentrations of 5-FU. Cell lysates were examined with 

immunoblotting. Treatment with 5-FU resulted in a consistent increase in p53 and a 

decrease in FAK in all three cell lines (Figure 4B). Next, these same cell lines were treated 

with increasing concentrations nutlin-3, a p53 activator, for 48 hours and immunoblotting 

was performed on cell lysates. The nutlin-3 treatment led to a significant increase in p53 

(Figure 4C), and there was a concomitant decrease in FAK expression with increasing 

concentrations of nutlin-3 (Figure 4C). To inhibit p53, we utilized pifithrin-α [32] in the SH-

SY5Y, SH-EP and WAC(2) cell lines. These cell lines were treated with pifithrin-α for 48 

hours and cell lysates examined for FAK and p53. In all three cell lines there was a decrease 

in p53 expression following pifithrin-α treatment (Figure 4D). There was also an increase in 

expression of FAK following pifithrin-α treatment in all three cell lines (Figure 4D). All 

these results demonstrated that FAK and p53 coordinately affect each other’s expression.

Inhibition of FAK and activation of p53 act synergistically to decrease neuroblastoma cell 
survival

In preparation of pharmacologic dual inhibition studies to follow, we utilized a small 

molecule FAK inhibitor, PF-573,228 [33]. This small molecule was designed to inhibit FAK 

phosphorylation, but has been noted to inhibit total FAK expression [34]. This inhibitor 

decreased FAK expression in the SH-SY5Y, SH-EP and WAC(2) neuroblastoma cell lines 

(Figure 5A), and p53 was also increased in all three cell lines as FAK diminished, following 

PF-573,228 treatment (Figure 5A). These results were consistent with those seen previously 

with FAK inhibition.

Since there was evidence that p53 and FAK coordinately regulated each of the other’s 

expression, we wished to determine if FAK inhibition coupled with activation of p53 would 

lead to increased neuroblastoma cell killing in a synergistic fashion or if it simply occurred 

as an additive event. Following 24 hour treatment with the FAK inhibitor, PF-573,228 (PF), 

there was a significant decrease in neuroblastoma cell survival as measured by alamarBlue® 

assay in SH-SY5Y, SH-EP and WAC(2) cell lines (Figure 5B). In addition, 24 hour 

treatment with nutlin-3 also resulted in increased cell death in all three cell lines (Figure 5C, 

D). Next, combined treatments with PF and nutlin-3 were used for 24 hours for inhibition of 

FAK and upregulation of p53, respectively, in SH-SY5Y, SH-EP and WAC(2) cell lines. 

AlamarBlue® assay was used to measure cell viability. Using the method of Chou [35] the 

combination indices (CI) were calculated and isobolograms constructed. The straight line 

connects the LD50 of each treatment when administered alone. CI values (calculated using 

the LD50 of the molecules when utilized together) falling above this line suggest an 

antagonistic effect, those below the line a synergistic effect, and those on the line are 

thought to represent an additive effect. In all three cell lines, the CI values were less than 

one (Figure 6A–C) suggesting that there was a synergistic effect upon cell death in 

neuroblastoma cell lines when FAK inhibition was combined with increases in p53.
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Discussion

Here we showed in multiple neuroblastoma cell lines that the two proteins, FAK and p53, 

interact. In addition, we demonstrated that these two proteins coordinately regulate each 

other’s expression. These data are of major importance in neuroblastoma. Children with this 

tumor have few treatment options, and virtually none that result in long-term survival, so 

there is a clear need for novel therapies. FAK overexpression has been described in 

neuroblastoma and has been shown to affect cellular survival and metastasis [10, 13]. In 

addition, although p53 is wild type in most human neuroblastoma tumors [36], it lacks 

proper function as a tumor suppressor. The reasons for this apparent lack of tumor 

suppressor function have not been fully explained in neuroblastoma, and are partly the 

stimulus for the current study.

In this study, it was demonstrated with both co-immunoprecipitation experiments and dual 

immunofluorescence staining and confocal microscopy that FAK and p53 proteins 

interacted in neuroblastoma cell lines. The idea of FAK interacting with another protein in 

cancer is not new. FAK has been shown to bind to growth factors, tumor suppressors and 

other proteins. Sieg and colleagues showed that FAK associated with activated PDGF- and 

EGF-receptors, linking integrin signaling pathways with growth factor receptors [37]. FAK 

has also been shown to associate with IGF-1R in both pancreatic cancer cell lines MiaPaca-2 

and Panc-1, providing a mechanism for increased cellular survival [38]. Previously, our 

laboratory found that FAK had a direct accociation with VEGFR-3 in human neuroblastoma 

cell lines, and that interruption of that association with peptides or small molecules resulted 

in decreased cellular survival in vitro and decreased tumor growth in vivo [39]. In addition 

to binding to the oncogene p53 [17, 18], FAK has also been shown to bind to the tumor 

suppressor, neurofibromin [40]. FAK inhibition and disruption of the FAK-neurofibromin 

interaction resulted in significant cellular detachment and apoptosis, theoretically by 

increasing expression of neurofibromin tumor suppressor [40]. Finally, Kurenova and others 

found that FAK directly interacted with the death domain receptor protein, RIP. When this 

interaction was diminshed through decreased FAK expression, there was a significant 

increase in cellular apoptosis, showing that the FAK-RIP interaction offered a survival 

advantage to the cancer cell [41]. Reviewing these studies, it follows that we would find 

FAK associated with p53 in neuroblastoma cell lines, and that this association may prove to 

offer a survival advantage to the cells.

The current experiments demonstrated that FAK and p53 coordinately affect the expression 

of one another. The mechanisms of these findings are the subject of ongoing investigations. 

Some authors have speculated that the function of p53 as a transcription factor may 

influence expression of FAK protein. Golubovskaya and others reported that p53 binds 

directly to the FAK promoter, functioning to directly inhibit the transcription of FAK [42]. 

In addition, they demonstrated that FAK was more likely to be overexpressed in breast 

cancers that had p53 mutations [43]. Similarly, Rosado et al found that FAK expression as 

detected by immunohistochemistry staining in human oral squamous cell carcinoma was 

inversely correlated with p53 expression in these tumor specimens [44]. Lim et al found that 

FAK facilitated p53 turnover in fibroblasts through enhanced ubiquitination [17]. FAK 

expression also inhibited p-53-mediated transcriptional upregulation of p21 in mouse 
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squamous cell carcinoma cells undergoing irradiation by an undescribed mechanism [45]. 

Our findings cannot be completely explained by any of these mechanisms since we have 

noted changes in p53 expression that inversely follow changes in FAK expression induced 

via numerous methods, and vice versa. Therefore, the mechanism for increased or decreased 

p53 expression in the face of FAK inhibition or overexpression, respectively, is not yet clear 

and will remain the subject of further investigations.

Amplification of the MYCN oncogene is the most prognostic negative predictor of survival 

in neuroblastoma [15]. MYCN has been shown to bind to the p53 promoter and positively 

regulate its expression [46], but whether a significant change in cellular phenotypes result is 

questionable. For instance, He and colleagues have demonstrated that silencing Mdm2 in 

MYCN positive cell lines inhibited cell growth in a p53-independent manner, whereas 

silencing Mdm2 in non-MYCN cell lines triggered p53-dependent apoptosis [47], suggesting 

the role for other cell survival proteins in the MYCN positive cells with relation to p53. 

Additionally, Tweddle, in 2001, published that neuroblastoma cell lines without MYCN 

amplification, but not those that were MYCN amplified, entered G1 arrest following 

induction of p53 activity with irradiation. These authors suggested a potential abnormality 

downstream from p53 leading to their findings [20]. These findings could be explained by 

the association of p53 with other proteins, such as FAK as demonstrated in the current study. 

Of note, our findings did not suggest a dependence upon MYCN. Treatment of isogenic 

MYCN cell lines, SH-EP (MYCN negative) and WAC(2) (MYCN positive) (Supplemental 

Data Figure 3A.) with nutlin-3, an MDM2 antagonist, had similar effects upon both cell 

lines; and in fact, the LD50 for nutlin-3 was nearly identical for the two cell lines (Figure 6B, 

C).

In the current study, we demonstrated that in neuroblastoma cell lines, increasing p53 

activity in conjunction with FAK inhibition resulted in a decrease in cell survival that was 

synergistic. This finding is novel in that two small molecules were utilized to determine the 

effect. A similar result was seen by Kornberg et al who utilized adenoviral dominant-

negative inhibitors of FAK and adenoviral vector for overexpression of p53. They reported 

that co-infection of RPMI 2650 human squamous carcinoma cells with Ad-p53 in 

conjunction with Ad-FRNK, a dominant-negative FAK inhibitor, resulted in more cellular 

apoptosis than when this cell line was infected with either agent alone [48]. Recent gene 

expression profiling showed that disruption of FAK and p53 proteins leads to decreased 

clonogenicity of colon cancer p53+/+ cell line [49]. On a general level, investigators have 

suggested that proteins such as FAK may bind to p53, sequestering it in the cytoplasm of the 

cell, thus preventing it from entering the nucleus and functioning as a transcription factor for 

cell survival proteins [16]. The variable that remains unknown is whether it is the disruption 

of the FAK and p53 interaction or the sheer act of combining FAK inhibition with p53 

overexpression that were important in neuroblastoma cell killing in our study. Preliminary 

studies of proliferation in the isogenic MYCN SH-EP and WAC(2) neuroblastoma cell lines 

utilizing a peptide designed to disrupt the FAK-p53 interaction [18] showed a significant 

decrease in proliferation in both cell lines treated with the peptide, but the difference was 

more marked in the MYCN + WAC(2) cells (Supplemental Data Figure 3B). This subject 

will be the focus of future experiments. We believe that the data from this current study 
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indicate that upregulation of the p53 pathway coupled with inhibition of the FAK pathway 

would result in a synergistic response and have potential for novel combinatorial therapies. 

Numerous small molecules and novel compounds are currently under investigation. For 

example, 5-(1H-benzoimidazol-2-yl)-1H-pyridin-2-one 5-(1H-benzoimidazol-2-yl)-1H-

pyridin-2-one (CR389) has recently been shown to induce cell cycle arrest and apoptosis in 

human ovarian cancer cells by upregulating p53 [50]. There have been a number of 

inhibitors directed toward FAK including those mentioned. Even more exciting are the 

significant advances in tyrosine kinase inhibitors, including those not specifically designed 

to target FAK, but found to have action against FAK, such as tivantinib (ARQ-197) [51]. 

Obviously, combining these compounds would require validation, but realizing the 

interactions between oncogenes and kinases may prove to be a source of heretofore 

unrealized therapeutic targets, and may prove to be a potential therapeutic option for 

neuroblastoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Definitions of Abbreviations

CI combination indices

EDTA ethylenediaminetetraacetic acid

FAK focal adhesion kinase

5FU fluorouracil

GAPDH glyceraldehyde 3-phosphate dehydrogenase

IP immunoprecipitation

LD50 lethal dose 50%

MDM2 mouse double minute 2

NaDOC sodium deoxycholate

PARP poly (ADP-ribose) polymerase

PMFS phenylmethanesulfonylfluoride

RT room temperature

siRNA small interfering ribonucleic acid

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
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Figure 1. 
Association of FAK and p53 in neuroblastoma cell lines. A. Immunoblotting of cell lysates 

from SH-EP, WAC(2), and SH-SY5Y human neuroblastoma cells for FAK, MDM2 and p53 

were performed, confirming that all three proteins were present in the cell lines under study. 

Immunoblotting for β-actin was used to demonstrate equal protein loading. B. 
Immunoblotting for p21 in the SH-EP, WAC(2), and SH-SY5Y lysates showed that p21 was 

present in all three cell lines. Immunoblotting for β-actin demonstrated equal protein 

loading. C. Immunoprecipitation followed by Western blotting was used to detect FAK and 

p53 interaction in neuroblastoma cell lines. Immunoprecipitation with p53 antibody 

followed by Western blotting for FAK showed a band for FAK at the expected 125 kDa in 

all cell lines examined (left top panel). Immunoblotting the same membrane for p53 detected 

a band at the expected 53 kDa (left bottom panel). Immunoprecipitation with FAK antibody 

followed by Western blotting for p53 detected a band at the expected 53 kDa (right bottom 

panel) and a FAK band at 125 kDa (right top panel) in all cell lines. D. Since the MOPC 

control band for the immunoprecipitation blots (C) was located near the band for p53, 

immunoprecipitation experiments were also completed with rabbit IgG as the control. 

Again, immunoprecipitation with p53 antibody followed by immunoblotting for FAK 

revealed a band at the expected 125 kDa (upper left panel). The reverse, 

immunoprecipitation with FAK and Western blotting for p53 showed a band at the expected 

53 kDa level (lower right panel). Immunoblotting for the immunoprecipitated protein with 

their respective antibodies showed bands at the expected levels for p53 and FAK (lower left 

and upper right panels, respectively).
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Figure 2. 
Association of FAK and p53 in neuroblastoma cell lines. Dual immunofluorescence staining 

followed by confocal microscopy was employed to evaluate FAK and p53 colocalization in 

the SH-SY5Y cell line. A. Representative photograph of immunofluorescence staining for 

p53 in SH-SY5Y cells (red). B. These same cells were stained for FAK (green). C. When 

the stains were merged, there was overlap between the two stains resulting in yellow color. 

D. Image of overlap staining at higher magnification (white box in C). FAK and p53 were 

noted to co-localize in both the cytoplasm (white closed arrow) primarily in the peri-nuclear 

area, and in the nucleus (white open arrow). E. Dual immunofluorescence staining was 

performed in SH-SY5Y, SH-EP, and WAC(2) cell lines and confocal microscopy was 

utilized to quantitate the amount of overlap between the two stains by calculating Manders’ 

coefficients. Manders’ M1 and M2 coefficients have a value between 0 and 1 with zero 

indicating no overlap and one representing perfect overlap. There was a large amount of 

overlap detected between FAK and p53 staining in all three cell lines.
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Figure 3. 
Expression of p53 in the SH-SY5Y cell line was inversely correlated to FAK. A. SH-SY5Y 

cells were transfected with transfection agent alone (control), FAK plasmid or with empty 

vector (EV) and cell lysates collected. Immunoblotting was used to detect FAK and p53. 

Transfection with FAK plasmid resulted in overexpression of FAK protein. Expression of 

p53 was diminished following FAK overexpression. Densitometry confirmed increased 

FAK and decreased p53 in the FAK transfected cells. Transfection agent alone or 

transfection with empty vector had no effect upon FAK or p53 expression. B. SH-SY5Y 

cells were transfected with either Lipofectamine alone, negative control siRNA (siNeg) or 

siRNA to FAK (siFAK) for 48 hours. Cell lysates were examined with immunoblotting. 

FAK expression was decreased with siRNA treatment and p53 expression increased with 

decreased FAK.
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Figure 4. 
Expression of FAK in neuroblastoma cell lines was inversely correlated to p53. A. SH-

SY5Y cells were treated with 2Gy of irradiation to upregulate p53. Cells were harvested and 

lysates made at increasing times following irradiation. Immunoblotting was performed 

which showed an increase in p53 and p21 (indicating p53 activity) beginning at 1 hour post-

irradiation. As p53 increased following irradiation, FAK protein decreased. B. 
Pharmacologic manipulation of p53 with 5-fluoruracil (5-FU) was examined. SH-SY5Y, 

SH-EP and WAC(2) cells were treated for 24 hours with increasing concentrations of 5-FU. 

Cell lysates were examined with immunoblotting. 5-FU treatment led to increased p53 and a 

decrease in FAK in all three cell lines. C. SH-SY5Y, SH-EP and WAC(2) cell lines were 

treated with increasing concentrations nutlin-3 for 48 hours and immunoblotting was 

performed on cell lysates. Increasing concentrations of nutlin-3 resulted in increased p53, 

and a concomitant decrease in FAK expression. D. Pifithrin-α was used to inhibit p53 in the 

SH-SY5Y, SH-EP and WAC(2) cells. Cell lines were treated with pifithrin-α (25 μM) for 48 

hours and cell lysates examined for FAK and p53. In all three cell lines there was a decrease 

in p53 expression following pifithrin-α treatment, and an increase in FAK. Densitometry 

was performed on all of the blots and verified that p53 and FAK expression were inversely 

correlated.
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Figure 5. 
FAK inhibition and p53 activation individually decrease neuroblastoma cell survival. A. SH-

SY5Y, SH-EP and WAC(2) cells were treated for 24 hours with increasing concentrations of 

PF-573,228 and cell lysates were examined for immunoblotting. PF-573,228 treatment 

resulted in decreased FAK expression in all three cell lines, and as observed previously, p53 

expression was inversely related to FAK. B. SH-SY5Y, SH-EP and WAC(2) cells were 

treated for 24 hours with increasing concentrations of PF-573,228 and cell survival was 

measured by alamarBlue® assay. There was a significant decrease in cell survival in all 

three cell lines beginning at 5 μM concentration. C. SH-SY5Y cells were treated with 

increasing concentrations of nutlin-3 for 24 hours. Cell survival was measured with 

alamarBlue® assay. There was a significant decrease in SH-SY5Y cell survival with 

nutlin-3. D. SH-EP and WAC(2) cell lines were treated with increasing concentrations of 

nutlin-3 for 24 hours. Cell survival was measured with alamarBlue® assay. There was a 

significant decrease in cell survival with nutlin-3 in these two cell lines also.
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Figure 6. 
FAK inhibition combined with p53 activation acted synergistically to decrease 

neuroblastoma cell survival. A. SH-SY5Y cells were treated with PF-573,228 (PF) and 

nutlin-3 combined for 24 hours and cell survival measured with alamarBlue® assay. 

Combination indices (CI) were calculated and isobolograms constructed. The straight line 

connects the LD50 of PF with that of nutlin-3 when each drug was administered alone. CI 

values above this line suggest an antagonistic effect, those below the line a synergistic 

effect, and those on the line represent an additive effect. In SH-SY5Y cells, the CIs fall 

below the line (less than one) suggesting the two treatments together resulted in a synergistic 

effect. B. As described in A, SH-EP cells were treated with PF and nutlin-3 combined for 24 

hours, cell survival detected, and an isobologram constructed. As with the SH-SY5Y cell 

lines, the CI values were less than one suggesting that the two treatments combined resulted 

in a synergistic fashion to decrease survival. C. WAC(2) cells were treated as described in A 
and B. Again, the CI for both drugs combined was less than one and suggested a synergistic 

effect of the two treatments to decrease survival.
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