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Abstract
Neuroblastoma is the most common extracranial solid tumor of childhood. Focal adhesion kinase
(FAK) is an intracellular kinase that regulates both cellular adhesion and apoptosis. FAK is
overexpressed in a number of human tumors including neuroblastoma. Previously, we have shown
that the MYCN oncogene, the primary adverse prognostic indicator in neuroblastoma, regulates
the expression of FAK in neuroblastoma. In this study, we have examined the effects of FAK
inhibition upon neuroblastoma using a small molecule [1,2,4,5-benzenetetraamine
tetrahydrochloride (Y15)] to inhibit FAK expression and the phosphorylation of FAK at the Y397
site. Utilizing both non-isogenic and isogenic MYCN+/MYCN− neuroblastoma cell lines, we
found that Y15 effectively diminished phosphorylation of the Y397 site of FAK. Treatment with
Y15 resulted in increased detachment, decreased cell viability and increased apoptosis in the
neuroblastoma cell lines. We also found that the cell lines with higher MYCN are more sensitive
to Y15 treatment than their MYCN negative counterparts. In addition, we have shown that
treatment with Y15 in vivo leads to less tumor growth in nude mouse xenograft models, again with
the greatest effects seen in MYCN+ tumor xenografts. The results of the current study suggest that
FAK and phosphorylation at the Y397 site plays a role in neuroblastoma cell survival, and that the
FAK Y397 phosphorylation site is a potential therapeutic target for this childhood tumor.
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Introduction
Neuroblastoma is the most common extracranial solid tumor of childhood. This tumor of
neural crest origin is responsible for over 15% of pediatric cancer deaths.1 Despite recent
advances in chemotherapeutic and surgical care, this tumor continues to carry a dismal
prognosis for children presenting with advanced or metastatic disease, with a survival of
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only 18–30%.2 The primary adverse prognostic factor for neuroblastoma is amplification of
the MYCN oncogene.3, 4 Amplification of MYCN has been shown to be associated with
increased proliferation and cell survival in neuroblastoma, and knockdown of MYCN with
siRNA results in cell death and apoptosis in neuroblastoma cell lines. 5–7

Focal adhesion kinase (FAK) is a nonreceptor protein tyrosine kinase that localizes to focal
adhesions, and controls a number of cell signaling pathways including proliferation, viability
and survival. 8–11 Tyrosine 397 is an autophosphorylation site of FAK and is important in
these downstream signaling functions. Phosphorylation of FAK at the tyrosine 397 (Y397)
site results in a high affinity binding site for the SH2 domain of the Src family kinases that
results in the activation of pathways leading to cellular proliferation and survival. 12, 13 In
addition, Y397 is also a binding site for PI3 kinase, resulting in activation of a number of
inhibitor-of-apoptosis proteins.14 The inhibition of FAK activation has been found to affect
a number of cellular pathways. FAK antisense oligonucleotides or a dominant-negative FAK
protein (FAK-CD) has been shown to cause decreased growth in human breast cancer cells
and melanoma cells.15–18 Silencing FAK expression with small interfering RNAs resulted
in decreased migration of lung cancer cells and glioblastoma cells. 19, 20 Finally, small
molecule inhibitors of FAK kinase have been reported in the literature. These inhibitors
were able to increase apoptosis in breast cancer cells in vitro and to decrease the in vivo
growth of gliomas and ovarian tumors.21–23 Recently, a small molecule FAK inhibitor,
1,2,4,5-benzenetetraamine tetrahydrochloride (Y15), has been reported to inhibit the growth
of breast and pancreatic cancers. 24, 25

Initial studies from our laboratory have revealed that both the abundance of FAK mRNA
and the expression of FAK protein are significantly increased in aggressive human
neuroblastoma tumors. 26 In addition, we demonstrated that MYCN regulates the expression
of FAK through its promoter in human neuroblastoma cell lines and that MYCN+ cell lines
have increased FAK expression. 27 Since FAK is overexpressed in MYCN+ neuroblastoma
cell lines, we hypothesized that inhibition of FAK may result in decreased cell viability and
apoptosis in these cells. In the current study, we show that Y15 treatment leads to decreased
cellular viability, increased cellular detachment and increased apoptosis that is more marked
in the neuroblastoma cell lines with greater MYCN. In addition, we show that Y15 inhibits
growth of MYCN+ neuroblastoma tumors in vivo. We believe that targeting FAK and the
phosphorylation of the Y397 site of FAK may be an effective strategy when designing
therapeutic interventions for aggressive neuroblastomas.

Results
1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) causes dephosphorylation of FAK in
MYCN+ (Tet−) / MYCN− (Tet+) isogenic neuroblastoma cells

Previous experiments from our laboratory have shown that FAK is associated with MYCN
expression in human neuroblastomas.26, 27 In addition, previous data showed that MYCN
expressing neuroblastoma cell lines may be more dependent upon FAK for survival than
non-MYCN expressing neuroblastoma cell lines.27 Therefore, we wished to define the
biologic significance of interruption of FAK function (phosphorylation) in human
neuroblastoma cell lines with varying status of MYCN. To perform these studies, we
utilized an isogenic neuroblastoma cell line that has a tetracycline repressible MYCN
expression vector; that is, when tetracycline is present, MYCN is silenced (MYCN−, Tet+),
and MYCN is expressed when tetracycline is removed from the media (MYCN+, Tet−).

As demonstrated in Fig. 1A, the MYCN+ (Tet−) cells have increased MYCN, total FAK
and increased phosphorylation of FAK Y397 when compared to the isogenic MYCN− (Tet
+) cell line. To inhibit phosphorylation of Y397 FAK, we utilized a small molecule, 1,2,4,5-
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benzenetetraamine tetrahydrochloride (Y15), which has been shown to inhibit the level of
phosphorylation of the tyrosine 397 site of FAK. We treated the MYCN+ (Tet−) / MYCN−
(Tet+) cells with Y15 at various concentrations and performed Western blotting with Y397
FAK specific antibody (Fig. 1B). We found that the Y15 compound decreased the
phosphorylation of Y397 FAK. At 1 μM concentration, there was a greater decrease in the
phosphorylation of Y397 FAK in the MYCN+ cells than in the MYCN− cells (Fig. 1B). At
Y15 10 μM concentration, there is almost a complete loss of phosphorylation of Y397 FAK
in both the MYCN+ and MYCN− cells at (Fig. 1B).

1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) treatment causes cellular detachment
in MYCN+ (Tet−) / MYCN− (Tet+) isogenic neuroblastoma cell lines

Next, we wished to determine the biologic effects of 1,2,4,5-benzenetetraamine
tetrahydrochloride (Y15) on human neuroblastoma cells with varying FAK expression.
Since FAK and the phosphorylation of Y397 FAK are known to play an important role in
cellular attachment, we treated the isogenic MYCN+ (Tet−) and MYCN− (Tet+)
neuroblastoma cell lines with Y15 and measured the percentage of cells that were detached
after treatment. As early as 24 hours after treatment with Y15, there was significantly more
detachment in the MYCN+ (Tet−) cells than in the MYCN− (Tet+) cells (23 ± 2% vs. 5.6 ±
2.6%, mean ± SEM, p=0.03, Fig. 2A). These data correspond to the decreased
phosphorylation of Y397 FAK noted in the MYCN+ (Tet−) cells after Y15 treatment
compared to the MYCN− (Tet+) cells (Fig. 1B), implying that MYCN+ cells are more
dependent upon FAK as a survival mechanism that their isogenic MYCN− counterparts.

Inhibition of Y397 FAK with 1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) leads to
decreased cellular viability and increased cellular apoptosis in MYCN+ (Tet−) / MYCN−
(Tet+) isogenic neuroblastoma cell lines

FAK and phosphorylation at the Y397 site of FAK are also important for cellular survival.
Therefore, we wished to determine the effects Y15 upon viability and apoptosis in
neuroblastoma cell lines. Using phase contrast microscopy to evaluate the cells, we found
that there was a decrease in neuroblastoma cell number following Y15 treatment, and the
amount of decrease was related to the MYCN status of the cells (Fig. 2B). After 48 hours of
Y15 treatment, there was an obvious change in cell numbers, most marked in the MYCN+
(Tet−) cells (Fig. 2B, bottom right panel).

Cell viability was measured with MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide] assays. We found that after 48 hours of 1,2,4,5-benzenetetraamine
tetrahydrochloride (Y15) treatment, there is a significant decrease in viability in both the
MYCN+ (Tet−) and MYCN− (Tet+) cell lines compared to non-treated controls (Fig. 2C),
but the decrease is more pronounced in the MYCN+ (Tet−) cell line. The MYCN+ (Tet−)
cells reached 50% of their viability at 1 μM Y15, versus the 10 μM Y15 required for the
MYCN− (Tet+) cell line to reach 50% (0.49 ± .06 vs. 0.98 ± .02, MYCN+ (Tet−) vs.
MYCN− (Tet+) at Y15 1 μM, p=0.01) (Fig. 2C).

We next examined the effects of Y15 upon neuroblastoma apoptosis in these isogenic cell
lines. Using Hoechst staining, we found that treatment with Y15 resulted in a significant
increase in apoptosis in both the MYCN+ (Tet−) and MYCN− (Tet+) cell lines after only 24
hours of treatment (Fig. 2D). In addition, similar to the results with viability, Y15 had a
greater effect upon apoptosis in the MYCN+ (Tet−) cell line compared to the MYCN− (Tet
+) cells (44.3 ± 4.8% vs. 13 ± 1.2%, MYCN+ (Tet−) vs. MYCN− (Tet+) at Y15 5 μM,
p=0.003). These data demonstrate the effects of Y15 upon the viability and survival of
neuroblastoma cells, and show that the decrease in viability and increase in apoptosis are
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more marked in the MYCN+ (Tet−) cells with more FAK and phosphorylation of Y397
FAK.

1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) treatment leads to decreased
phosphorylation of Y397 FAK, cellular detachment and viability, and increased apoptosis
in other neuroblastoma cell lines

Since the MYCN+ (Tet−) / MYCN− (Tet+) isogenic cell lines are not tumorigenic in a nude
mouse xenograft model, we began investigations with other neuroblastoma cell lines with
differing MYCN status for our future plans for in vivo experiments. We treated SK-N-AS
(non-amplified MYCN) and SK-N-BE(2) (amplified MYCN) human neuroblastoma cell
lines (non-isogenic) with 1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) to determine
what biologic effects that it may have upon these cell lines. Western blotting confirmed that
these two neuroblastoma cell lines differ in MYCN, total FAK, and phosphorylation of
Y397 FAK, with the SK-N-BE(2) (MYCN+) cell line having more total FAK and increased
phosphorylated Y397 FAK (Fig. 3A). Treatment with Y15 leads to cellular detachment in
both cell lines, but the SK-N-BE(2) (MYCN+) cells are more sensitive to Y15 treatment
than the SK-N-AS (MYCN−) cells (Fig. 3B). Y15 treatment also leads to decreased cell
viability (Fig. 3C) which are most marked in the MYCN+ cell line. Western blotting was
used to detect FAK and the phosphorylation of Y397 FAK. In the SK-N-AS (MYCN−) cell
line, Y15 treatment does result in a loss of Y397 FAK phosphorylation at 25 μM (Fig. 3D,
second panel), and at this concentration, there is biochemical evidence of apoptosis with a
decrease in total PARP and an increase in cleaved PARP (Fig. 3D, top panel). For the SK-
N-BE(2) (MYCN+ ) cell line, Y15 treatment also leads to a loss of Y397 FAK
phosphorylation (Fig. 3E), but these changes are seen at a lower concentration (10 μM) than
the SK-N-AS (MYCN−) cell line (Fig. 3D). In addition, at only 10 μM Y15 treatment, there
is evidence that apoptosis is occurring with a loss of total PARP and an increase in cleaved
PARP in the SK-N-BE(2) cell line (Fig. 3E). Therefore, Y15 results in a decrease in FAK
and Y397 FAK phosphorylation, an increase in cellular detachment, a decrease in cellular
viability and an increase in apoptosis in both SK-N-AS and SK-N-BE(2) human
neuroblastoma cell lines, but these effects are most marked in the SK-N-BE(2) (MYCN+)
cells. These findings suggest that the SK-N-BE(2) cell line relies more upon FAK and the
phosphorylation of Y397 FAK as a survival signal than the non-isogenic, SK-N-AS (MYCN
−) cells.

Next, we chose a second isogenic MYCN overexpressing neuroblastoma cell line. The
parent cell line, SH-EP, is a MYCN non-amplified cell line. This cell line has been stably
transfected with a MYCN overexpressing vector and has been labeled as WAC2 cell line.
These cell lines have been extensively described previously (29). Western blotting
confirmed that these two neuroblastoma cell lines differ in MYCN, total FAK, and Y397
FAK, with the WAC2 (MYCN+) cell line having more MYCN, total FAK and more
phosphorylated Y397 FAK than the SH-EP (MYCN−) cell line (Fig. 4A). Treatment with
Y15 leads to decreased cell viability as measured by trypan blue exclusion, and these effects
are noted at a much lower concentration in the WAC2 (MYCN+) cell line. The WAC2 cells
reach 50% viability at only 2 μM concentration of Y15. The SH-EP cell line required over
twice the concentration of Y15 to reach a 50% decrease in viability (Fig. 4B). Treatment
with Y15 leads to loss of Y397 FAK phosphorylation in the WAC2 cell line at 2.5 μM and
in the SH-EP cell line at 5 μM (Fig. 4C). Fig. 4D demonstrates apoptotic cells as noted on
Hoechst stain, with condensation of nuclei (white arrows). These data are presented in
quantitative form in Fig. 4E. Y15 treatment of SH-EP (MYCN−) cell lines does result in
apoptosis, but requires twice the concentration of Y15 than do the isogenic WAC2 (MYCN
+) cells to achieve the same effect (Fig. 4E). Biochemical confirmation of apoptosis in the
SH-EP and WAC2 cell lines is noted in Fig. 4F, with an increase in cleaved PARP
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accompanied by a decrease in total PARP. Note again that the WAC2 (MYCN+) cells show
evidence of apoptosis at concentration of Y15 (2.5 μM) that is almost half of the amount
required to cause apoptosis (5 μM) in the isogenic, SH-EP (MYCN−) cells (Fig. 4F). This
increase in apoptosis in the WAC2 cell line corresponds to the loss of Y397 FAK
phosphorylation seen in these cells after treatment with Y15 at 2.5 μM. These data using the
isogenic WAC2 and SH-EP cell lines show that the WAC2 (MYCN+) cell line is more
reliant upon FAK and phosphorylation of Y397 FAK as a survival signal than their SH-EP
(MYCN−), counterparts.

1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) inhibits human neuroblastoma tumor
growth in vivo

To determine the in vivo effect of 1,2,4,5-benzenetetraamine tetrahydrochloride (Y15), we
utilized the human neuroblastoma cell lines SK-N-AS and SK-N-BE(2). The reason for
choosing these cell lines was to determine if MYCN status (and FAK expression) affects the
response of neuroblastoma to Y15 treatment in vivo. We injected SK-N-AS (non-amplified
MYCN) or SK-N-BE(2) (amplified MYCN) cells subcutaneously into the flank of 6 week old
female nude mice. Once the tumors were palpable, we began treatment with Y15 or control
vehicle. Animals were treated daily for 23 days with 30 mg/kg/day IP injections. Previous
reports determined this amount of Y15 to be the optimal treatment.24 Treatment was
discontinued at 23 days since this is the time point that the control tumors reached maximal
size allowed by protocol. Treatment with Y15 had no significant effect upon tumor volume
or weight in the SK-N-AS (MYCN−) tumors (Fig. 5A, C). Conversely, treatment of the SK-
N-BE(2) (MYCN+) neuroblastoma xenografts with Y15 resulted in a significant decrease in
tumor volume and weight (Fig. 5B, C).

To evaluate whether Y15 treatment resulted in decreased expression of FAK and decreased
phosphorylation of Y397 FAK in vivo, tumor specimens were homogenized and protein
extracted. Immmunoblotting of the proteins was performed for FAK and Y397 FAK. In the
SK-N-AS tumors, Y15 treatment results in little change in FAK expression or Y397 FAK
phosphorylation (Fig. 5D). However, in the SK-N-BE(2) tumors, immunoblotting reveals a
decrease in Y397 FAK phosphorylation and a decrease in FAK in those tumors treated with
Y15 (Fig. 5E).

In addition, we performed in vivo experiments with the isogenic cell lines SH-EP and
WAC2 to corroborate our in vivo findings with the non-isogenic SK-N-AS and SK-N-BE(2)
tumors. SH-EP (MYCN−) or WAC2 (MYCN+) cells were injected subcutaneously into the
flank of 6 week old female nude mice. Once the tumors were palpable, we began treatment
with Y15 or control vehicle. Animals were treated daily with IP injection of 30 mg/kg/day
for 20 days. Treatment was discontinued at 20 days since that is the time point that the
control tumors reached maximal size allowed by protocol. Treatment with Y15 had no
significant effect upon tumor volume in the SH-EP (MYCN−) tumors (Fig. 6A), but there is
a significant reduction in tumor volume in the animals with WAC2 xenograft tumors (Fig.
6B). Therefore, Y15 significantly decreased tumorigenesis of the MYCN+ neuroblastoma
xenografts in vivo, both the non-isogenic SK-N-BE(2) (MYCN+) and the isogenic WAC2
(MYCN+) xenografts, compared to their MYCN− counterparts (SK-N-AS and SH-EP,
respectively). These in vivo findings correspond to those of our in vitro studies.

Discussion
Since neuroblastoma carries such a dismal prognosis and so little progress has been made in
the treatment of this tumor, and it is apparent that novel therapeutic strategies will be
required. Focal adhesion kinase (FAK) has been shown to be overexpressed in a number of
human tumors including colon, breast, ovarian, and thyroid cancers, and is thought to be a
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key factor in tumorigenesis.28–35 We have shown that FAK is also overexpressed in
neuroblastoma tumors and cell lines, and that this overexpression is associated with MYCN.
26, 27 This finding led us to hypothesize that FAK and the phosphorylation of Y397 FAK is
important in cell survival in aggressive, MYCN amplified tumors. To evaluate this
hypothesis, we undertook the current study using neuroblastoma cell lines with documented
differences in MYCN status. We utilized a well-characterized isogenic neuroblastoma cell
model to minimize cell type-specific differences. The first cell lines, the MYCN+/− (Tet−/
+), are SH-EP non-amplified MYCN neuroblastoma cells that have been stably transfected
with an N-myc tetracycline-repressible expression vector.36–38 The MYCN+/− (Tet−/+)
isogenic cell lines express minimal amounts of MYCN when cultured in the presence of
tetracycline, however, in the absence of tetracycline, the MCYN expression vector is
activated, significantly increasing the expression of MYCN. Since these cells are not
tumorigenic in mice, we included another pair of neuroblastoma cell lines that are not
isogenic, but have differing expression of MYCN and are tumorigenic in xenograft models,
SK-N-AS (non-amplified MYCN) and SK-N-BE(2) (amplified MYCN) neuroblastoma cell
lines.38–40 Finally, a second isogenic cell line became available that has been reported to be
tumorigenic in mice and, therefore, was also studied. The SH-EP and WAC2 cell lines have
been previously characterized in the literature.41 In these cells, the parental SH-EP
neuroblastoma cells (MYCN non-amplified) have been stably transfected with a MYCN
expression vector to create neuroblastoma cells that express MYCN, named WAC2 cells.

In this study, we demonstrated that 1,2,4,5-benzenetetraamine tetrahydrochloride (Y15)
decreases FAK Y397 phosphorylation in a number of human neuroblastoma cell lines.
Treatment with Y15 resulted in cellular rounding and increased cellular detachment, most
notably in the neuroblastoma cell lines with increased MYCN and FAK. Phosphorylation of
Y397 FAK at focal adhesion sites enhances cellular adhesion and survival.42, 43 Owen et al
reported that phosphorylation of FAK at the Y397 site is critical for cell spreading. Utilizing
phosphorylation site mutants in FAK−/− mouse embryo fibroblasts, they demonstrated that
FAK Y397 mutants showed more cell rounding and less spreading than their normal Y397
counterparts.44 Inhibition of FAK Y397 phosphorylation through a number of different
mechanisms has been shown to result in cellular detachment in other tumor cell lines. Xu et
al reported that a dominant-negative to the carboxy-terminal FAK, FAK-CD, resulted in a
loss of Y397 phosphorylation in breast cancer cells, leading to cellular rounding and
increased cellular detachment.15, 16 In addition, FAK Y397 attenuation with antisense
oligonucleotides has also been shown to result in cellular detachment. Treatment with FAK
antisense oligonucleotides led to marked cellular detachment in human melanoma, sarcoma,
and breast cancer cell lines, but had no effect upon normal human fibroblasts.17 Finally, and
even more specifically, inhibition of FAK Y397 phosphorylation levels through siRNA
technology has been reported to lead to decreased cellular migration in H1299 lung cancer
cells.19

In the current study we also show that 1,2,4,5-benzenetetraamine tetrahydrochloride (Y15)
leads to apoptosis in human neuroblastoma cell lines, which may be attributed to the
decrease in phosphorylation of Y397 FAK. Tyr-397 is the major autophosphorylation site of
FAK, and activation at this site results in the binding and activation of other signaling
molecules that ultimately results in decreased apoptosis.12, 45,46 There are a number of
reports in the literature discussing the effects of dephosphorylation of FAK Tyr-397 upon
apoptosis.42, 47 Kasahara and others showed that human leukemia HL-60 cells transfected
with FAK (HL-60/FAK) are resistant to ionizing radiation-induced apoptosis, and that Y397
was critical to the anti-apoptotic properties seen in these HL-60/FAK cells.48 Inhibition of
Y397 phosphorylation with FAK dominant-negative protein (FAK-CD) led to increased
apoptosis in BT474 breast cancer cells.49 Beviglia and others also showed that the inhibition
of Y397 phosphorylation with overexpression of the amino-terminus of FAK protein (FAK-
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NT) resulted in apoptosis in MCF-7 breast cancer cells, but MCF-10A, non-malignant breast
epithelial cells, were not affected, suggesting that phosphorylation at this site is important in
breast tumorigenesis.50

Other authors have utilized small molecules to show that dephosphorylation of FAK at
Tyr-397 results in cellular apoptosis and decreased tumor survival.51, 52 For example,
Halder et al found that TAE226, a FAK kinase inhibitor, resulted in FAK Y397
dephosphorylation and a significant decrease in ovarian tumor cell growth in vitro and
decreased tumor burden in vivo.23 Using the same small molecule, Shi and others
demonstrated a significant decrease in Y397 phosphorylation accompanied by decreased cell
proliferation and increased cellular apoptosis in human glioma cell lines.53 Golubovskaya
and others showed that TAE226 resulted in FAK (Y397) dephosphorylation and apoptosis in
breast cancer cells.21 This small molecule has been shown to cause dephosphorylation of
Y397 FAK and apoptosis in a number of human tumor cell lines including esophageal,
pancreatic and gastrointestinal stromal tumor cells.54–56 One confounding variable
associated with TAE226 is that it may not be entirely FAK specific. TAE226 has been
shown in a number of studies to also inhibit IGF-IR in some cell lines at certain
concentrations.22, 54, 55 These limitations do not, however, negate their usefulness as tools
to provide preliminary studies of the effects of small molecule-dephosphorylation of Y397
FAK upon tumor cell survival.

In this study we have shown that decreased phosphorylation of Y397 FAK results in
neuroblastoma cell detachment and apoptosis. This study and previous work leads us to
believe that decreasing phosphorylation of FAK Y397 is a valid target in neuroblastoma.57

Other authors have demonstrated the potential for inhibition of FAK Tyr-397
phosphorylation to decrease neuroblastoma tumorigenesis. Kim et al showed that treatment
of neuroblastoma cells with okadaic acid, a serine phosphatase inhibitor, resulted in
decreased phosphorylation of FAK Tyr-397 and increased cellular detachment and
apoptosis, leading those authors to suggest that agents causing FAK dephosphorylation may
have utility in the treatment of neuroblastoma.58

Finally, in the current study, we have compared the differences in response to decreased
phosphorylation of Y397 FAK in neuroblastoma cell lines with differing MYCN expression.
Amplification of the MYCN oncogene is the primary adverse prognostic factor for
neuroblastoma survival. Previous studies from our laboratory have shown that FAK
expression is increased in MYCN amplified, higher grade neuroblastoma tumors, and that
MYCN regulates FAK expression at the promoter level.26, 27 We have also noted that in an
isogenic MYCN neuroblastoma cell line, inhibition of FAK with siRNA or AdFAK-CD
results in greater decrease in survival in the MYCN+ cells (high FAK) compared to their
isogenic MYCN− (low FAK) counterparts.27 The data from the current study confirm that
total FAK and phosphorylation at the Y397 site are increased in the MYCN+ neuroblastoma
cell lines compared to those that are MYCN−, and that inhibition of Tyr-397
phosphorylation results in more apoptosis in the MYCN+ cell lines. These findings suggest
that the MYCN+ cell lines have a greater dependence upon phosphorylated Y397 for
survival than their MYCN− counterparts.

Neuroblastoma is an aggressive childhood cancer that is often resistant to the most
aggressive chemotherapeutic and surgical interventions. An important finding in this study
is that inhibition of Y397 FAK phosphorylation resulted in decreased neuroblastoma cell
adhesion and survival in vitro and inhibited neuroblastoma tumorigenesis in vivo. The ability
to directly target the FAK autophosphorylation site at Y397 may prove to be an important
tool for therapy for neuroblastoma in the future.
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Experimental Procedures
Cells and Cell Culture

The Tet-off MYCN +/− cell line, (Tet-21/N or SHEP-21/N), was generously provided by
Dr. S. L. Cohn (Northwestern University’s Feinberg School of Medicine, Chicago, IL) with
permission from Dr. M. Schwab (Deutsches Krebsforschungszentrum, Heidelberg,
Germany).36 These cells were maintained in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 1 μg/mL penicillin and 1 μg/mL streptomycin, and grown in the
presence or absence of tetracycline (1 μg/mL) for 48–72 hours for MYCN− (Tet+) and
MYCN+ (Tet−) cells, respectively.

SK-N-AS, MYCN non-amplified, human neuroblastoma cells were maintained in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum, 1 μg/mL
penicillin and 1 μg/mL streptomycin. SK-N-BE(2), MYCN amplified, human neuroblastoma
cells were maintained in a 1:1 mixture of Eagle’s Minimum Essential Medium and F12 with
10% fetal bovine serum, 1 μg/mL penicillin and 1 μg/mL streptomycin.

The SH-EP (MYCN−) and the isogenic WAC2 (MYCN+) cell lines were generously
provided by Dr. M. Schwab (Deutsches Krebsforschungszentrum, Heidelberg, Germany).
These cells have been described in detail previously.41 Briefly, the parent cell line, SH-EP,
is a MYCN non-amplified cell line. This cell line was stably transfected with a vector
containing MYCN to create the WAC2 MYCN overexpressing neuroblastoma cell line.
These two cell lines were maintained in RPMI 1640 medium supplemented with 10% fetal
bovine serum, 1 μg/mL penicillin and 1 μg/mL streptomycin.

Antibodies and Reagents
Monoclonal anti-FAK (4.47) and polyclonal anti-phospho-FAK (Y397) antibodies were
obtained from Upstate Biotechnology, Inc. (Upstate, NY), and Invitrogen (Carlsbad, CA),
respectively. Monoclonal antibody for cleaved PARP (9532) and polyclonal antibody for
MYCN (9405) was obtained from Cell Signaling Technology, Inc. (Danvers, MA).
Monoclonal antibodies against GAPDH (6C5) and β-actin were from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). The small molecule Y15 (C6H10N4·4ClH, 1,2,4,5-
benzenetetraamine tetrahydrochloride) was obtained from Sigma-Aldrich Corp. (St. Louis,
MO).

Western Blotting
Cells or homogenized tumor samples were washed twice with cold 1× PBS and 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% NaDOC, 0.1% SDS, 5 m MEDTA, 50 mM NaF, 1 mM NaVO3, 10% glycerol, and
protease inhibitors: 10 μg/mL leupeptin, 10 μg/mL PMSFm 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. The boiled samples were loaded on
Ready SDS-10% PAGE gels (BioRad, Inc., Hercules, CA). Western blots were performed as
previously described.27, 50, 59 Briefly, 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 Renaissance
Reagent (PerkinElmer Life Sciences, Waltham, MA). Blots were stripped with stripping
solution (Bio-Rad, Inc.) 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.
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Detachment Assay
Cells were treated with and without 1,2,4,5-benzenetetraamine tetrahydrochloride (Y15)
inhibitor for 24 or 48 hours. Detached and attached cells were collected and counted with a
hemacytometer. We calculated the percent detached cells by dividing the number of
detached cells by the total number of cells (detached plus attached).

Cell Viability Assays
Cells were treated with and without 1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) for
48 hours and cellular viability was measured using trypan blue exclusion and cell counting
with a hemacytometer. Viability was further measured with Cell Titre 96 AQeous One
solution assay kit (Promega, Madison, WI). In brief, cells were plated 5 × 103 cells per well
on 96-well culture plates and allowed to attach. Following 48 hours of Y15 treatment, 20 μL
of Cell Titer 96 AQueous One solution reagent was added to 100 μL of cell medium. After
1–4 h, the absorbance at 490 nm was measured using a kinetic microplate reader (Vmax,
Molecular Devices). Data are expressed as fold change in viability compared to untreated
control cells.

Apoptosis Assays
Apoptosis was determined by two methods. Following treatment with and without 1,2,4,5-
benzenetetraamine tetrahydrochloride (Y15) for 48 hours, cells were stained with Hoechst
33258 as previously described.60, 61 Cells undergoing apoptosis have condensation and
fragmentation of nuclei. Hoechst stain binds to DNA and demonstrates condensed chromatin
or micronuclei in cells that are undergoing apoptosis. The cells are harvested, fixed to a
glass slide, stained with Hoechst 33258, positive cells counted with fluorescence
microscopy, and a percentage of apoptotic cells calculated in three independent fields with
100 nuclei per field.

Apoptosis was also detected by immunoblotting for PARP expression. During apoptosis,
poly (ADP-ribose) polymerase (PARP) is cleaved. The disappearance of the total protein or
the accumulation of cleaved protein as detected by immunoblotting is a method utilized to
detect apoptosis. Cells are treated as described, lysates are collected, and immunoblotting is
performed. Bands are detected by chemiluminescence with β-actin or GAPDH serving as
internal controls.

Tumor Growth In Vivo
Female nude mice, 6 weeks old, were purchased from Harlan Laboratories, Inc.
(Indianapolis, IN). The mice were maintained in the SPF animal facility with standard 12
hour light / dark cycles and allowed chow and water ad libitum. All experiments were
performed after obtaining protocol approval by the Institutional Animal Care and Use
Committee (200801260), and in compliance with the NIH animal use guidelines. Human
neuroblastoma cells [SK-N-AS, SK-N-BE(2), SH-EP, WAC2], 2 ×106, in Matrigel (BD
Biosciences, San Jose, CA) were injected subcutaneously into the right flank. When the
tumors reached palpable size (100 mm3), animals were treated daily with intraperitoneal
injections of control vehicle (normal saline) or 1,2,4,5-benzenetetraamine tetrahydrochloride
(Y15, 30 mg/kg/day). Previous experiments with various doses and dosing schedules of the
compound proved this to be the optimal, nontoxic dose.24 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. Tumor weight was determined at
the completion of the experiment.
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Data Analysis
Experiments were repeated at least in triplicate, and data are reported as mean ± standard
error of the mean. An ANOVA or student’s t-test was used as appropriate to compare data
between groups. Statistical significance was determined at the P<0.05 level.
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Fig. 1.
The phosphorylation of Y397 FAK is decreased after treatment of MYCN+ (Tet−)/MYCN−
(Tet+) isogenic neuroblastoma cell lines with 1,2,4,5-benzenetetraamine tetrahydrochloride
(Y15). A, The isogenic MYCN+ (Tet−) and MYCN− (Tet+) neuroblastoma cell lines were
examined with immunoblotting. There is increased MYCN, FAK and phosphorylation of
Y397 FAK in the MYCN+ (Tet−) compared to the isogenic MYCN− (TET+) cells. B, The
isogenic MYCN+ (Tet−) and MYCN− (Tet+) cells were treated with various concentrations
of Y15 and cell lysates were examined with immunoblotting. There was a decrease in
phosphorylation of Y397 FAK with Y15 treatment. At 1 μM concentration of Y15, there
was a greater decrease in phosphorylation of Y397 FAK in the MYCN+ cells. At
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concentrations of 10 μM, Y15 treatment results in almost complete loss of Y397
phosphorylation in both cell lines.
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Fig. 2.
1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) treatment causes cellular detachment,
decreased viability and increased apoptosis in human neuroblastoma cell lines. We treated
the MYCN+ (Tet−)/MYCN− (Tet+) cells with 1,2,4,5-benzenetetraamine
tetrahydrochloride (Y15) to test its effects upon human neuroblastoma cells relative to
MYCN status. A, Cellular detachment is measured by counting the number of detached cells
and expressing it as a ratio to the total number of cells present, that is detached plus attached
cells (mean ± SEM). MYCN− (Tet+) cells are represented by the open bars (□) and MYCN
+ (Tet−) cells are represented by the black bars (■). After only 24 hours of treatment with
Y15, there is a significant increase in the number of MYCN+ (■) neuroblastoma cells that
are detached compared to the MYCN− (□) cells [23 ± 2% vs. 5.6 ± 2.6%; *p≤0.01 control
vs. Y15; †p≤0.05 MYCN+ (■) vs. MYCN− (□)]. B, MYCN+ (Tet−) and MYCN− (Tet+)
cells are treated with Y15 for 48 hours and cells are examined by phase contrast microscopy.
There are significantly fewer cells present after Y15 treatment, with the decrease in cell
number being more marked in the MYCN+ (Tet−) cell line (bottom right panel). C, MYCN
+ (Tet−) (■) and MYCN− (Tet+) (□) cells are treated with Y15 for 48 hours and viability is
measured with MTT assay, expressed as fold change (mean ± SEM). There is a significant
decrease in viability in both cell lines compared to non-treated controls, but the decrease is
more pronounced in the MYCN+ (■) cell line, which reaches 50% decrease in viability at 1
μM treatment [*p≤0.01 control vs. Y15; †p≤0.05 MYCN+ (■)vs. MYCN− (□)]. D, MYCN
+ (Tet−) (■) and MYCN− (Tet+) (□) cells are treated with Y15 for 24 hours and Hoechst
staining is used to detect apoptosis, expressed as a percentage of apoptotic cells to non-
apoptotic cells (mean ± SEM). Y15 resulted in a significant increase in apoptosis in both cell
lines after only 24 hours of treatment, and similar to the results with viability, Y15 had a
greater effect upon apoptosis in the MYCN+ (■) cell line compared to the MYCN− (□) cells
[44.3 ± 4.8% vs. 13 ± 1.2%, MYCN+ (■) vs. MYCN− (□) at Y15 5 μM; *p≤0.01 control vs.
Y15; †p≤0.01 MYCN+ (■) vs. MYCN− (□)].
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Fig. 3.
1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) treatment leads to decreased
phosphorylation of Y397 FAK, cellular detachment and viability, and increased apoptosis in
SK-N-AS and SK-N-BE(2) neuroblastoma cell lines. A, The SK-N-BE(2) (MYCN+)
neuroblastoma cells have more total FAK expression and more phosphorylation of Y397
FAK that the SK-N-AS (MYCN−) cell line as shown by immunoblotting. B, Detachment is
measured by counting the detached cells and expressing as a ratio of total cells present, that
is, detached plus attached cells (mean ± SEM). SK-N-AS (MYCN−) cells are represented by
the open bars (□) and SK-N-BE(2) (MYCN+) cells are represented by the black bars (■).
Treatment with Y15 leads to cellular detachment in both cell lines, but the SK-N-BE(2)
(MYCN+) (■) cells are more sensitive to treatment and have more detachment than the SK-
N-AS (MYCN−) (□) cells [*p≤0.01 control vs. Y15; †p≤0.05 SK-N-AS (□) vs. SK-N-
BE(2) (■)]. C, MTT assay for cell viability shows that Y15 treatment leads to decreased cell
viability, and again, the SK-N-BE(2) (■) cell line is more sensitive to Y15 treatment,
reaching a 50% decrease in viability at only 10 μM Y15 compared to the 25 μM required for
the SK-N-AS (□) cells to reach 50% viability (*p≤0.01 control vs. Y15). D, Western
blotting for evaluation of FAK and apoptosis in the SK-N-AS (MYCN−) cell line reveals
some loss of Y397 FAK phosphorylation with Y15 treatment at 25 μM (second panel). In
addition, at this highest concentration, there is biochemical evidence of apoptosis with a
decrease in total PARP and an increase in cleaved PARP (top panel). E, Western blotting for
evaluation of FAK and apoptosis in the SK-N-BE(2) (MYCN+ ) cell line reveals a marked
loss of Y397 FAK phosphorylation with Y15 treatment at 10 μM with significant loss of
total PARP and increase in cleaved PARP (top panel) at 10 μM as biochemical evidence of
apoptosis. These data correspond to the detachment and viability data showing that the SK-
N-BE(2) (MYCN+) cell line is more sensitive to inhibition of FAK phosphorylation than the
SK-N-AS (MYCN−) cell line.
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Fig. 4.
1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) treatment leads to decreased
phosphorylation of Y397 FAK, cellular detachment and viability, and increased apoptosis in
the isogenic WAC2 (MYCN+) and SH-EP (MYCN−) neuroblastoma cell lines. A, Western
blotting confirms that these isogenic neuroblastoma cell lines differ in MYCN, total FAK,
and Y397 FAK, with the WAC2 cell line having more MYCN, total FAK and more
phosphorylation at the Y397 site of FAK than the SH-EP cell line. B, MTT assay was used
to measure cell viability after Y15 treatment. Viability is expressed as mean fold change ±
SEM. SH-EP (MYCN−) cells are represented by the open bars (□) and WAC2 (MYCN+)
cells are represented by the black bars (■). Treatment of the WAC2 (MYCN+) (■) cell line
with Y15 leads to 50% decrease in cell viability at 2 μM concentration. The SH-EP (□) cell
line required over twice that concentration of Y15 to reach a 50% decrease in viability
[*p≤0.01 control vs. Y15; †p≤0.01 SH-EP (□) vs. WAC2 (■)]. C, Western blotting is
utilized to detect FAK and Y397 FAK phosphorylation. Treatment with Y15 leads to loss of
Y397 FAK phosphorylation in the WAC2 cell line at 2.5 μM (lane 7) and in the SH-EP cell
line at 5 μM (lane 4). D, Hoechst staining is utilized to detect apoptosis. The condensed and
fragmented nuclei (white arrows) are easily detected and counted. The loss of Y397 FAK
phosphorylation corresponds to increased apoptosis seen in the WAC2 cell line after
treatment with Y15 at 2.5 μM (white arrows, middle right panel) and in the SH-EP cells
after 5 μM (white arrows, lower left panel). E, Graphical representation of Hoechst staining
data. There is a significant increase in the percentage of apoptotic cells in the WAC2 cell
line (■) after Y15 treatment at 2.5 μM, and in the SH-EP cells (□) at 5 μM [*p≤0.01 control
vs. Y15; †p≤0.01 SH-EP (□) vs. WAC2 (■)]. F, Western blotting to detect total and cleaved
PARP shows biochemical corroboration of apoptosis in the SH-EP and WAC2 cell lines
consistent with the Hoechst staining data. Again, the MYCN+ WAC2 cells are more
sensitive to Y15 treatment than their isogenic MYCN− SH-EP counterparts and show
significant changes in cleaved PARP at 2.5 μM Y15 treatment.
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Fig. 5.
1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) inhibits human neuroblastoma SK-N-
BE(2) neuroblastoma xenografts. A, SK-N-AS tumor cells were injected into the flank of
female nude mice, mice were treated daily with control vehicle (normal saline, N=8) or Y15
(30 mg/kg/day, N=12), and tumor volumes were measured. In the Figure, vehicle treated
mice are represented by the white squares (□), and Y15 treated mice are represented by the
black squares (■). Treatment with Y15 had no significant effect upon SK-N-AS tumor
volume. Black bars in the photographs represent 1 cm. B, SK-N-BE(2) tumor cells were
injected into the flank of female nude mice, mice were treated daily with control vehicle
(normal saline, N=7) or Y15 (30 mg/kg/day, N=13) and tumor volumes were measured. In
the Figure, vehicle treated mice are represented by the white squares (□), and Y15 treated
mice are represented by the black squares (■). Treatment with Y15 resulted in a significant
decrease in tumor volumes in these animals [*p≤0.05 control (□) vs. Y15 (■)]. Black bars in
the photograph represent 1cm. C, In the Figure, vehicle treated mice are represented by the
white bars (□) and Y15 treated animals by the black bars (■). Tumors were weighed, and
there was a significant decrease in tumor weight in the Y15 treated SK-N-BE(2) (MYCN+)
(■) neuroblastoma xenografts [*p≤0.01 control (□) vs. Y15 (■)]. Treatment with Y15 did
not affect the weights of the SK-N-AS xenografts. D, Tumor xenografts from the SK-N-AS
tumors were homogenized and protein was harvested. Western blotting was performed to
detect FAK and phosphorylation of Y397 FAK. Y15 treatment results in little change in
phosphorylation of Y397 or FAK in the SK-N-AS (MYCN−) tumor xenografts. E, Tumor
xenografts from the SK-N-BE(2) tumors were homogenized and protein was harvested.
Western blotting was performed to detect FAK and phosphorylation of Y397 FAK. In
contrast to the SK-N-AS (MYCN−) tumor xenografts, in the SK-N-BE(2) (MYCN+) tumor
xenografts, Y15 treatment results in a decrease in FAK and in Y397 FAK phosphorylation.
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Fig. 6.
1,2,4,5-benzenetetraamine tetrahydrochloride (Y15) inhibits human neuroblastoma WAC2
(MYCN+) neuroblastoma xenografts, but has no effect upon SH-EP (MYCN−) xenografts.
A, SH-EP (MYCN−) human neuroblastoma tumor cells were injected into the flank of
female nude mice, mice were treated daily with control vehicle (normal saline, N=11) or
Y15 (30 mg/kg/day, N=15), and tumor volumes were measured. Vehicle treated mice are
represented by the white squares (□), and Y15 treated mice are represented by the black
squares (■). Treatment with Y15 had no significant effect upon SH-EP tumor volume. Black
bars in the Figure represent 100 mm. B, WAC2 (MYCN+) human neuroblastoma tumor
cells were injected into the flank of female nude mice, the mice were treated with control
vehicle (normal saline, N=10) or Y15 (30 mg/kg/day, N=15) daily, and tumor volumes were
measured. In the Figure, vehicle treated mice are represented by the white squares (□), and
Y15 treated mice are represented by the black squares (■). Treatment of the WAC2 tumor
xenografts with Y15 resulted in a significant decrease in tumor volume [*p≤0.01 control (□)
vs. Y15 (■)]. Black bars in the Figure represent 1cm.
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