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TrkB activation by brain-derived neurotrophic factor (BDNF) contributes to chemo-resistance in neuroblastoma (NB).
AZD6918 is a novel potent and selective inhibitor of the Trk tyrosine kinases. In this study we evaluated the effect of
AZD6918 on the sensitivity of TrkB-expressing NB cells or tumors to etoposide, a topoisomerase II inhibitor. TrkB-
expressing NB cells were treated with AZD6918 and etoposide in the presence or absence of BDNF in vitro and cell
survival was determined. NB xenograft tumors were treated with AZD6918 and etoposide, either alone or in
combination in vivo, and the anti-tumor growth effect or mice survival advantage was evaluated. Our study showed
that AZD6918 induced cell death as a single agent and attenuated BDNF/TrkB-induced protection from etoposide in
vitro. Although AZD6918 alone didn’t show anti-tumor growth effect or survival advantage in vivo, a combination of
AZD6918 and etoposide had a statistically significant stronger anti-tumor growth effect and survival advantage
compared to treatment with either agent alone. Our data indicate that as a Trk inhibitor AZD6918 increased the
sensitivity of NB to etoposide. These results extend the spectrum of cytotoxic drugs whose efficacy is increased in
combination with Trk inhibitors and support the combination of Trk inhibitors and cytotoxic drugs for NB treatment.

Introduction

Neuroblastoma (NB) is the most common extracranial solid
tumor in childhood and is derived from neural crest precursor
cells. It accounts for nearly 8% of pediatric malignancies, yet is
responsible for approximately 15% of all pediatric cancer
deaths.1-3 Spontaneous regression, differentiation, and a good
response to current therapeutic regimens such as surgery and che-
motherapy are common in infants or those with low-risk tumors.
However, children, typically those aged >18 months, fail to
achieve sustained responses to intensive multimodality chemo-
therapy and stem cell transplantation. Although patients may ini-
tially have a response to chemotherapy, they eventually develop
disease recurrence with multifocal metastatic disease and resis-
tance to chemotherapy. Despite the aggressive treatment, the
prognosis of these patients is poor and their long-term survival is
<40%.4 More effective treatment strategies are urgently needed
for this high-risk group of patients with NB. A better under-
standing of the genetics and biologic behavior of poor-prognosis
NB tumors should lead to new molecular targets that can be used
to develop more specific, more effective, and less toxic therapies.

Brain-derived neurotrophic factor (BDNF) and its tyrosine
kinase receptor TrkB (Tropomyosin-related kinase B) are often

detected in NB tumors in patients with an unfavorable prognosis.5

Our previous studies identified that BDNF activation of TrkB
induced resistance to chemotherapy in NB cells and NB xeno-
grafts and that by targeting the critical downstream mediators of
activated Trk we could reverse the chemoresistance.6-9 In this
study we evaluated whether specifically targeting Trk in vivo
would enhance the efficacy of chemotherapy.

Tropomyosin-related kinases (Trks) are a family of receptor
tyrosine kinases with 3 isoforms (TrkA, TrkB and TrkC) that are
activated by neurotrophins. AZD6918 is an oral inhibitor of Trk
tyrosine kinase receptors. Its ability to inhibit Trks makes it
potentially relevant for the treatment of children with neuroblas-
toma. In the present study, we evaluated the effect of AZD6918
on cell survival in TrkB-expressing neuroblastoma in vitro, and
investigated whether AZD6918 attenuated the chemoresistance
of neuroblastoma to chemotherapy.

Results

Effect of AZD6918 on the survival of NB cells in vitro
To study the effect of AZD6918 on NB cell survival, TrkB-

expressing TB3 cells, BE2 and KCNR cells were treated with
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different doses of AZD6918 (1.25–60 mM) for 24 hrs and cell
viability was evaluated by MTS assay. Fig. 1A showed that
AZD6918 treatment induced cell death in a dose-dependent
manner at 24 hours in NB cells.

To assess whether AZD6918-induced cell death was mediated
via a caspase-dependent apoptotic pathway, we performed a cas-
pase 3/7 activity assay. Caspase-3 and caspase-7 are the common
effector caspases of both intrinsic and the extrinsic apoptotic

pathways. Our result showed that AZD6918 treatment increased
the caspase-3/7 activity in a dose-dependent manner in TB3 cells,
as well as in BE2 and KCNR cells (Fig. 1B).

We also evaluated the inhibition of AZD6918 on P-TrkB, P-
Akt, P-mTOR and P-GSK-3 in NB cells. In Figure 1C, 2.5 mM
AZD6918 inhibited the P-TrkB, P-Akt, P-mTOR expression in
KCNR and BE2 cells, there was an inhibition of P-GSK3 expres-
sion in KCNR cells after AZD6918 treatment, but no obvious
inhibition of P-GSK3 was detected in BE2 cells.

Effect of AZD6918 on BDNF/TrkB-mediated rescues of cell
death in vitro

Our previous study indicated that BDNF activation of TrkB
protected TB3 cells from chemotherapeutic drugs-induced cell
death. To determine whether AZD6918 altered BDNF/TrkB
protection of TB3 cells from chemotherapeutic drugs-induced
cell death, we pretreated TB3 cells with AZD6918 (2.5 mM) for
2 hours followed by etoposide (1 mg/ml or 3 mg/ml) treatment
in the absence or presence of BDNF (100 ng/ml) for an addi-
tional 24 hours. The results indicated that BDNF protected TB3
cells from etoposide-induced cell death, however, prior treatment
with AZD6918 blocked the BDNF/TrkB-mediated rescue of
TB3 cells from etoposide-induced cell death (Fig. 2A, B).

To further investigate the role of TrkB in the AZD6918
effect, we used our tetracycline (TET)-regulated TrkB expressing
system of TB3 cells. In the absence of TET, TrkB is expressed in
TB3 cells, while in the presence of TET, TrkB expression is
inhibited.8 As shown in Figure 2C, when TrkB was expressed in
TB3 cells (TET-), the cell survival in BDNF C etoposide treated
group was about 60%, pretreatment with AZD6918 reduced the
cell survival to about 27%; When TrkB expression was inhibited
by TET, the cell survival in BDNFCetoposide treated group was
about 29%, which was similar to the AZD6918 pretreatment
group in TrkB-expressing cells (27%). We also evaluated the
inhibition of P-TrkB by AZD6918 (Fig. 2D), and found that
the BDNF-induced increased expression of P-TrkB was inhibited
by AZD6918 in TB3 cells. These data indicate that AZD6918
attenuated BDNF/TrkB-induced resistance to etoposide via inhi-
bition of TrkB.

In our previous study we reported that BDNF/TrkB activated
PI3K/Akt signaling pathway and Akt was the key target that
mediated the BDNF/TrkB protection from chemotherapy-
induced cell death in TB3 cells.9 In the present study, we evalu-
ated the effect of AZD6918 on P-Akt, as well as its downstream
targets P-mTOR and P-GSK-3. As shown in Figure 2D, pre-
treatment of TB3 cells with AZD6918 blocked the BDNF/
TrkB-induced increase of P-Akt, P-mTOR and P-GSK-3. We
further evaluated the role of Akt in the AZD6918-induced cell
death. Active Akt plasmid was transfected into TB3 cells (with
about 30–40% transfection rate) and then treated with different
concentrations of AZD6918. There was a statistical increase of
cell survival (about 10%) in TB3 cells transfected with active Akt
compared to cells transfected with empty vector control
(Fig. 2E).

To study whether autophagy is involved in AZD6918 effect,
we observed the changes of LC3, LAMP and P62, the autophagy

Figure 1. Effect of AZD6918 on NB cell survival in vitro. TB3, BE2 and
KCNR cells were treated with different concentrations of AZD6918 for
24 hours and MTS assay was used to detect cell survival (A), or treated
for 16 hours and caspase 3/7 activity was detected (B). *P < 0.05, **P <

0.01, compared to the control in each cell line. (C):KCNR, BE2 cells were
treated with AZD6918 at concentration of 2.5 mM for 2 hours, then NB
cells were harvested and total protein was extracted for the evaluation
of P-TrkB, P-Akt, P-mTOR and P-GSK-3. GAPDH was used as control.
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indicators, in neuroblastoma cells after AZD6918 treatment and
no consistent changes among the 3 neuroblastoma cell lines were
detected, also we didn’t detect the formation of autophagosome
after AZD6918 treatment (data no shown). Together with the
increases of caspase 3/7 activity after AZD6918 treatment, we
considered that AZD6918 induced cell death via apoptosis.

The effect of AZD6918 as a single agent on tumor growth
and mice survival in vivo

To determine whether AZD6918 affects TB3 tumor growth
in vivo, mice bearing TB3 tumors were treated with AZD6918 at
70 mg/kg or 100 mg/kg dose. Figure 3A showed that neither
dose of AZD6918 had a statistically significant anti-tumor
growth effect on TB3 xenograft growth compared to xenografts
in the untreated control group.

We generated Kaplan-Meier curves of the survival of mice and
found that there was no statistically significant survival advantage
for the AZD6918-treated mice (at either the 70 mg/kg or the
100 mg/kg dose) compared to the control group.

These data indicated that as a single agent, AZD6918 at the
indicated doses didn’t have a significant anti-tumor growth effect
or alter the survival of mice bearing NB xenografts.

The combination effects of AZD6918 and etoposide
on tumor growth in vivo

Since we didn’t observe anti-tumor growth effect or mice sur-
vival advantage when tumor-bearing nude mice were treated with
AZD6918 alone, we evaluated whether AZD6918 would affect
the sensitivity of TB3 tumors to etoposide. Mice bearing TB3
tumors were treated with AZD6918 (70 mg/kg) and etoposide
(10 mg/kg, or 20 mg/kg) alone or in combination. Figure 4A
showed the combination effect of AZD6918 with low dose of
etoposide (10 mg/kg) on tumor growth. Neither AZD6918 nor
etoposide (10 mg/kg) had any statistical anti-tumor growth effect
compared to control group. However there was a 40% inhibition
of tumor growth at day 29 of treatment in etoposide (10 mg/kg)
C AZD6918 combination group compared to control group.
This difference was statistically significant (P D 0.023).

Figure 4B showed the combination effect of AZD6918 with
high dose of etoposide (20 mg/kg) on tumor growth. At day 29
of treatment, there was an 88% inhibition of tumor growth in
the group receiving the combination of etoposide (20 mg/kg)
and AZD6918. This was significantly greater than the 68% inhi-
bition of tumor growth in the group treated with etoposide alone
(P D 0.037) and the 17% inhibition of tumor growth in the

Figure 2. Effect of AZD6918 on BDNF/TrkB-mediated rescues of cell death in vitro. TB3 cells were pretreated with AZD6918(2.5 mM) for 2 hours followed
by BDNF (100 ng/ml) treatment for 1 hour, and then treated with etoposide (A:1 mg/ml; B and C: 3 mg/ml) for 24 hours. To inhibit the expression of
TrkB, TB3 cells were cultured in media with tetracycline (TET, 1 mg/ml) for at 3 d before experiment. MTS assay was used to assess cell survival. ** P <

0.01, etopside-treated cells via BDNF C Etoposide treated cells; ## P < 0.01, BDNF C Etoposide treated cells via BDNF C Etoposide C AZD6918 treated
cells. ns: no statistical difference. (D) TB3 cells were pretreated with AZD6918 (2.5 mM) for 2 hours followed by BDNF(100 ng/ml) treatment for 1 hour,
and then harvested for the evaluation of P-TrkB, P-Akt, P-mTOR, P-GSK-3 and GAPDH by Western Blotting. E: TB3 cells were transfected with activated
Akt or empty vector plasmids by lipofectamine 2000 and treated with AZD6918 at 24 h after transfection. MTS assay was used to assess cell survival. ** P
< 0.01, activated Akt-transfected cells via empty vector transfected cells.
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group treated with AZD6918 alone (P D 0.0009). These data
indicated that AZD6918 sensitized TB3 tumors to etoposide
treatment.

The combination effect of AZD6918 and etoposide on mice
survival in vivo

To study the combination effect of AZD6918 and etoposide
on mice survival in vivo, we generated Kaplan-Meier curves of
the mice survival. Figure 5A showed the effect of the combina-
tion of AZD6918 and low dose of etoposide (10 mg/kg) on mice
survival. The median survival days were 22 for mice in the con-
trol group, 32.5 for mice in the etoposide-treated group, 24.5 for
mice in the AZD6918-treated group and 34 for mice in the eto-
poside and AZD6918 combination group. Compared to control
group, both etoposide (10 mg/kg)-treated group (P D 0.032)
and etoposide (10 mg/kg) and AZD6918 combination group
(P D 0.021) had significant survival advantage.

Figure 5B showed the effect of the combination of AZD6918
and high dose of etoposide (20 mg/kg) on mice survival. The
median survival days were 22 for mice in the control group, 48
for mice in the etoposide-treated group, 24.5 for mice in the
AZD6918-treated group and 55.5 for mice in the etoposide and

AZD6918 combination group. Compared to control group,
both etoposide (20 mg/kg)-treated group (P D 0.002) and eto-
poside (20 mg/kg) and AZD6918 combination group (P D
0.0005) had significant survival advantage. Furthermore, the eto-
poside (20 mg/kg) and AZD6918 combination group had sur-
vival advantage compared to etoposide (20 mg/kg)-treated group
(P D 0.046), or to AZD6918-treated group (P D 0.0053). These
data indicated that a combination of AZD6918 and etoposide
increased the survival of mice compared to each individual
treatment.

Discussion

In this study, we show that Trk inhibitor AZD6918 inhibited
TB3 cell growth in a caspase-dependent manner, and blocked
BDNF/TrkB-induced chemoresistance in TB3 cells in vitro.
AZD6918 increased the sensitivity of TB3 xenograft tumors to
etoposide treatment in vivo.

Clinical observation has indicated that TrkB and BDNF are
expressed in a subset of aggressive or unfavorable NB.5,10 To
understand how activation of the BDNF/TrkB pathway affected

Figure 3. Effect of AZD6918 as a single agent on TB3 xenograft tumor
growth and mice survival. Mice with TB3 subcutaneous tumors were
treated with vehicle or AZD6918 (70 mg/kg, 100 mg/kg) twice a day, 7 d
a week. At day 29 of treatment, the tumor sizes in each group were com-
pared (A). The mice survivals in each group were plotted by Kaplan-
Meier analysis (B).

Figure 4. The combination effects of AZD6918 and etoposide on tumor
growth in vivo. Mice with TB3 tumors were treated with vehicle, AZD6918
(70 mg/kg), etoposide (10 mg/kg in A, 20 mg/kg in B) or a combination
of AZD6918 and etoposide. The tumor sizes were compared among these
groups. *P < 0.05, **P < 0.01.
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the biology of NB tumors, we and other investigators determined
that BDNF activation of TrkB did not significantly alter NB cell
growth but enhanced cell survival under stress conditions such as
serum starvation.11,12 Subsequently, we reported that BDNF
activation of TrkB induced NB cell resistance to the cytotoxic
drugs.7-9 Given the role of TrkB in the biological and clinical
behavior of NB, it was reasonable to pursue inhibition of the
TrkB receptor as an important adjunct to therapy. Lestaurtinib
(CEP-701) is a Trk tyrosine kinase inhibitor that blocks activated
Trk and has shown efficacy alone or in combination with conven-
tional chemotherapy in NB cells.13 Other Trk inhibitors, AZ623
and AZ64, were found to inhibit activation of TrkB in vitro and
had a synergistic effect on tumor growth with topotecan in
vivo.14,15 In our current study, we found that while AZD6918
may not be sufficient to inhibit tumor growth or increase mice
survival as a single agent at the tested doses (70 mg/kg, 100 mg/
kg), it did increase the sensitivity of TB3 xenograft tumors to eto-
poside, a topoisomerase II inhibitor that is currently used in the
treatment of NB. This result is consistent with the studies of
other Trk inhibitors Lestaurtinib or AZ623 and AZ64.13-15

While CEP-701 has shown activity against a range of in vivo
models including prostate, pancreatic and thyroid cancer xeno-
grafts,16-18 CEP-701 inhibits several additional tyrosine kinase
targets such as PDGFR, VEGFR, RET and PKC,18,19 and
remains active in trials in clinical settings in which Trk kinases
are not believed to pathogenic, such as acute myeloid leukemia
and myeloproliferative disease.20,21 Therefore, development of
potent and selective Trk kinase inhibitors remains critical to eval-
uate the role of Trk signaling pathway inhibition in treatment of
patients with NB. Our previous studies have shown that in the

absence of tetracycline, TrkB was expressed in the TB3 cells in
vitro and TB3 xenograft tumors in vivo.7,8 TB3 cells don’t secrete
BDNF, so in our previous studies and in this study we added
BDNF to the cells to activate TrkB in vitro.7,8 From our previous
in vivo study, TrkB and its downstream targets such as Akt are
activated in situ8 most probably because the levels of BDNF in
the blood and tissues is sufficiently high enough to activate
TrkB.22 We didn’t observe any obvious side effect of AZD6918
at either the 70 mg/kg or 100 mg/kg doses except a slight
decrease in body weight. While we did not observe any enhanced
activity when we increased the dose to 100 mg/kg, there were sol-
ubility issues at higher concentrations. Compared to AZD6918,
the AZ623 Trk inhibitor appears to have better solubility.14

Previously, Trk inhibitors have been shown to increase the
sensitivity of NB cells to a topoisomerase I inhibitor (topotecan)
alone14 or in combination with an alkylating agent (irinotecan
and temozolimide).15 In this study we show that inhibition of
the Trk activity can also increase the cytotoxic activity of etopo-
side, a topoisomerase II inhibitor. This study extends the spec-
trum of cytotoxic agents whose in vivo activity in pre-clinical
models can be increased by inhibition of Trk activity.14 More-
over, we found a survival advantage for mice in the group treated
with a combination of AZD6918 and etoposide compared to the
groups treated with either agent alone. Our results and the previ-
ous studies 14,15 provide compelling evidence that the combina-
tion of a Trk inhibitor with current cytotoxic therapies will
improve treatment efficacy.

Materials and Methods

Cell culture
Human NB TB3, BE2 and KCNR cells were used in this

study. TB3 cells have a transfected tetracycline (TET)-regulated
rat TrkB. In the absence of TET, TrkB is expressed in the TB3
cells. NB cells were cultured in RPMI-1640 containing 10% fetal
bovine serum (FBS), 2 mM of glutamine, and antibiotics as
described previously.7

Cell treatments
NB cells were seeded into 96-well plates in triplicate, incu-

bated overnight and then treated with drugs. To study the effect
of AZD6918 on cell survival, NB cells were treated with
AZD6918 at concentrations ranging from 1.25 mM to 60 mM
for 24 hrs. To study the blockage effect of AZD6918 on BDNF/
TrkB protection from etoposide-induced cell death, TB3 cells
were first treated with AZD6918 for 2 hrs followed by treatment
with BDNF and etoposide for 24 hrs.

Cell survival analysis
The MTS assay (3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxy-

methoxyphenyl]-2-[4-sulfophenyl]-2H-tetrazolium, inner salt
assay) was performed according to the manufacturer’s instruc-
tions (Promega Corporation). The percentage of cell survival
(survival rate) was calculated by dividing the absorbance value of
the treated samples by the absorbance value of the untreated

Figure 5. The combination effects of AZD6918 and etoposide on mice
survival in vivo. Mice with TB3 tumors were treated with vehicle,
AZD6918 (70 mg/kg), etoposide (10 mg/kg in A, 20 mg/kg in B) or a
combination of AZD6918 and etoposide. The mice survivals in each
group were plotted by Kaplan-Meier analysis. Median survival days in
each group were calculated. *P < 0.05, **P< 0.01.
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control within each group. All experiments were repeated 2 to
3 times.

Assay of Caspase3/7 activity in vitro
TB3, BE2 and KCNR cells were seeded into 96-well plates in

triplicate, incubated overnight and then treated with AZD6918
at concentrations ranging from 1.25 mM to 20 mM for 16 hrs,
the combined activity of caspase-3/7 was evaluated using the Cas-
pase-Glo 3/7 Assay Kit (Promega, WI) according to the man-
ufacturer’s instruction.

Western blotting
To evaluation the effect of AZD6918 on P-TrkB, P-Akt, P-

mTOR and P-GSK-3, NB cells were treated with AZD6918
(2.5 mM) for 2 h (BE2, KCNR cells) or followed by BDNF
(100 ng/ml) treatment for 1 h (TB3 cells), and then protein
lysate was extracted. 20 mg protein in each condition was loaded
onto SDS-PAGE gels, transferred to nitrocellulose and probed
with the anti-P-TrkB antibody (1:500 dilution, Cell Signaling
Tech.), anti-P-Akt, anti-P-mTOR and anti-P-GSK-3 antibody
(1:250 dilution, 1:500 dilution and 1:500 dilution, Cell Signal-
ing Tech.) or anti-GAPDH antibody(1:10000 dilution, Kang-
chen bio-tech). Signals were detected using enhanced
chemiluminescence reagents (Amersham Life Science, Arlington
Heights, IL, USA).

Transfection
Activated Akt plasmid and empty vector were transfected into

TB3 cells by Lipofectamine 2000 purchased from Invitrogen.
TB3 cells were treated with different concentrations of
AZD6918 24 h after transfection.

In vivo animal model
TB3 cells were cultured in RPMI-1640 and 10% FBS media,

harvested, washed with Hank balanced salt solution (HBSS), and
re-suspended in HBSS and Matrigel (Trevigen Inc., Gaithers-
burg, Md). A total of 100 ml of cell suspension containing 4 £
106 TB3 cells were implanted into the subcutaneous tissue of the
right flank of female nude mice ages 4–5 weeks (Taconic, Ger-
mantown, NY). Treatment was initiated when tumors reached
approximately 200 mm3. Etoposide or AZD6918 was given
individually or in combination. Etoposide was given 3 times a

week at doses of 10 mg/kg and 20 mg/kg by intraperitoneal
injection. AZD6918 was given twice a day by oral gavage at doses
of 70 mg/kg and 100 mg/kg. The dimensions of the resulting
tumors were determined at least 3 times a week using a digital
caliper and the tumor volume (mm3) was calculated as (LxW2)/
4, in which L indicates length in mm and W indicates width in
mm. All mice were euthanized by asphyxiation with regulated
carbon dioxide.

To determine mice survival, we counted the days from the
date treatment was administered to the time when tumors
reached a length of 20 mm, or to the end of the experiment in
treatment groups. The Kaplan–Meier method was used to deter-
mine the proba-bility of survival as a function of time.

All xenograft studies were approved by the Animal Care and
Use Committee of the National Cancer Institute, and all mouse
treatments, including their housing, were in accordance with the
institutional guidelines (PB-023).

Statistical analysis
Comparisons between 2 groups were performed using the

Student t test; comparisons among �3 groups were performed
using 1-way analysis of variance with Bonferroni correction. The
results were shown as the means § the standard error.
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