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Combined Inhibition of ALK and HDAC Induces Synergistic
Cytotoxicity in Neuroblastoma Cell Lines
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Abstract. Background/Aim: Neuroblastoma (NB) is the most
common extracranial solid tumor in childhood; treatments
with greater effectiveness are required for NB, especially in
advanced cases. This study aimed at evaluating the combined
effect of anaplastic lymphoma kinase (ALK) inhibitor
alectinib and histone deacetylase inhibitor vorinostat on NB
cell lines harboring wild-type or mutated ALK. Materials and
Methods: Cytotoxicity was examined using the 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide assay.
Protein expression was analyzed using western blotting.
Results: Combination treatment with alectinib and vorinostat
had a synergistic effect on growth inhibition of the NB cell
line with ALK R1275Q mutation. Cleavage of caspase-3 and
poly-(ADP-ribose) polymerase increased, indicating
enhanced caspase-dependent apoptosis. In addition, this
combination reduced the protein levels of MYCN proto-
oncogene and nuclear factor kappa B, both of which are
important for NB tumorigenesis and progression.
Conclusion: Combined treatment with alectinib and
vorinostat might be a novel therapeutic option for NB
harboring the ALK R1275Q mutation.

Neuroblastoma (NB), the most common extracranial solid
tumor in childhood, accounts for approximately 10% of all
pediatric cancers and is responsible for 15% of deaths from
cancer during childhood (1, 2). NB is classified into three
groups based on patient age, disease stage, and molecular
alterations: low, intermediate, and high risk. Low- and
intermediate-risk NBs have excellent prognosis and outcome.
However, despite recent advances in treatment approaches,
the outcome of high-risk NB remains poor, with long-term
survival being less than 50% (2). Therefore, novel
therapeutic strategies need to be developed.
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Anaplastic lymphoma kinase (ALK) is a receptor tyrosine
kinase that was initially identified as part of a chromosomal
translocation associated with anaplastic large-cell lymphoma (3).
In the case of ALK fusion proteins generated by chromosomal
rearrangements, constitutive activation of ALK and various
downstream signaling pathways are noted, which consequently
lead to tumorigenesis and cancer progression (4). In 2008,
activating mutations of ALK were identified in both familial and
sporadic cases of NB (5-8); these mutations are thought to be
important in NB development. Therefore, ALK-targeted therapy
has been considered promising for NB. However, the clinical
effects of ALK inhibitors have been limited, especially against
ALK-mutated NB (9). Moreover, secondary mutations have been
noted after treatment with ALK inhibitors, as has been seen with
other tyrosine-kinase inhibitors (10).

Combination strategies that target different molecules or
signaling pathways are useful approaches to increase the
efficacy of agents such as ALK inhibitors. Many studies have
investigated the effect of combining ALK inhibitors with other
chemotherapeutics and agents targeting specific molecules (11-
13). These studies reported a synergistic improvement in
therapeutic efficacy on using combination treatments. Targeting
of epigenetic regulation, such as DNA methylation or histone
modification, is a good candidate for such combination
strategies. In particular, the antitumor effect of histone
deacetylase (HDAC) inhibitors, agents that target the regulation
of histone acetylation, has been well studied in hematological
and solid tumors (14). In vitro studies have shown that HDAC
inhibitors such as vorinostat and romidepsin significantly
inhibit cell growth and induce apoptosis in NB (15, 16).

In the current study, we investigated the effect of
combining alectinib, a second-generation ALK inhibitor
developed to overcome crizotinib resistance (17), with
vorinostat, the first HDAC inhibitor approved for the
treatment of cutaneous T-cell lymphoma (18), on NB cell
lines harboring wild-type or mutated ALK.

Materials and Methods
Reagents and cell lines. The ALK inhibitor alectinib and the HDAC

inhibitor vorinostat were purchased from Selleck Chemicals, LLC
(Houston, TX, USA). Drugs were prepared in dimethyl sulfoxide
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(DMSO) at a concentration of 1 mM for alectinib and 10 mM for
vorinostat. The following NB cell lines were used: SK-N-AS (NB
cell line with wild-type ALK) and SK-N-SH (NB cell line with ALK
F1174L mutation), obtained from the American Type Culture
Collection (Rockville, MD, USA), and LA-N-5 (NB cell line with
ALK R1275Q mutation), obtained from the Children’s Oncology
Group Cell Culture and Xenograft Repository (Lubbock, TX, USA).
The cell lines were cultured in the following media: SK-N-AS cells
were cultured in Dulbecco’s Modified Eagle Medium (Sigma, St.
Louis, MO, USA) supplemented with 10% fetal bovine serum
(FBS) and 0.1 mM non-essential amino acids; SK-N-SH cells in
Eagle’s minimum essential medium (Sigma) supplemented with
10% FBS; and LA-N-5 cells in RPMI-1640 (Sigma) supplemented
with 10% FBS. All cell lines were maintained in a humid
atmosphere with 5% CO, at 37°C.

Analysis of cell proliferation. Cell proliferation was analyzed
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Cell Titer 96 AQUEOUS One Solution Cell
Proliferation Assay; Promega, Madison, WI, USA) according to
the manufacturer’s instructions. NB cells were seeded in 96-well
plates and incubated overnight to permit attachment. The cells
were then treated for 48 hours with alectinib and vorinostat alone
or in combination. SK-N-AS cells were treated with 3.3 uM
alectinib combined with 7 uM vorinostat, corresponding to a fixed
ratio of 3.3:7. SK-N-SH cells were treated with 1.6 uM alectinib
combined with 3.4 uM vorinostat, corresponding to a fixed ratio
of 8:17. LA-N-5 cells were treated with 0.6 pM alectinib
combined with 1 uM vorinostat, corresponding to a fixed ratio of
3:5. The viability of drug-treated cells was expressed as a
percentage of that of the untreated controls. All experiments were
performed in triplicate and were repeated for a total of three
independent experiments.

Western blotting. Cells were cultured and treated before being lysed
in radioimmunoprecipitation assay buffer (Pierce, Rockford, IL,
USA) containing both the protease inhibitor Complete (Roche
Diagnostics, GmbH, Mannheim Germany) and the phosphatase
inhibitor PhosSTOP (Roche Diagnostics). Cell lysates (20 g
proteins) were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluoride
membranes. The resulting blots were blocked with 5% (w/v) nonfat
dry milk or bovine serum albumin and then probed with the
following primary antibodies (Cell Signaling Technology, Beverly,
MA, USA): anti-caspase-3, anti-poly-(ADP-ribose) polymerase
(PARP), anti-nuclear factor kappa B subunit 1 (NF-xB1) p105/p50,
and anti-MYCN proto-oncogene (MYCN). The membranes were
then washed with Tris-buffered saline containing 0.05% Tween 20
before being incubated with the secondary antibody, namely
horseradish peroxidase-conjugated goat anti-rabbit IgG (Cell
Signaling Technology). The signal was detected using the ECL Prime
Western Blotting Detection System and an ImageQuant LAS 4000
instrument (GE Healthcare UK, Buckinghamshire, UK). Anti-B-actin
(Sigma) was used as a loading control.

Statistical analysis. All experiments were performed at least three
times. Results are expressed in terms of meantstandard deviation
(SD) values. Excel-Toukei 2010 (Social Survey Research
Information, Tokyo, Japan) was used for statistical analysis. A p-
value of less than 0.05 was considered statistically significant.
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Table 1. The median-effect doses (Dm), i.e. the dose at which growth
was 50% of that in the untreated control, for each neuroblastoma cell
line as determined using CalcuSyn software.

Cell line ALK status Dm (uM)
Alectinib Vorinostat
SK-N-AS Wild-type 3.2973 7.0844
SK-N-SH F1174L 1.5635 3.3818
LA-N-5 R1275Q 0.6258 0.9667

ALK: Anaplastic lymphoma kinase.

Drug interactions were analyzed on the basis of the median-effect
method as described by Chou and Talalay (19). CalcuSyn version
2.0 (Biosoft, Cambridge, UK) was used to calculate and plot the
combination index (CI), which is a quantitative measure of the
degree of drug interaction. CI <1 indicates synergism, CI=1
indicates an additive effect, and CI >1 indicates an antagonistic
effect. Data obtained from the cell proliferation assay were used to
perform this analysis.

Results

Synergistic growth inhibition of ALK R1275Q-mutated NB
cell line by the alectinib and vorinostat combination. The
three NB cell lines SK-N-AS, SK-N-SH, and LA-N-5 were
treated for 48 hours with different concentrations of either
alectinib or vorinostat alone. Dm, the median-effect dose of
each inhibitor, was then determined using CalcuSyn software
(Table I). The ALK-mutated NB cell lines, SK-N-SH and LA-
N-5, were more sensitive to both inhibitors than were SK-N-
AS cells, which harbor wild-type ALK. SK-N-SH cells, which
harbor F1174L-mutated ALK, had a higher Dm, that is,
relative resistance, to alectinib than did the LA-N-5 cells,
which expressed R1275Q-mutated ALK this elevation in Dm
is consistent with the findings of a previous study (20).

To improve the efficacy obtained with the use of a single
agent, we treated the NB cell lines with a combination of
alectinib and vorinostat. For the combination, we used fixed
ratios of drug concentrations corresponding to the respective
Dm dose of each agent. We used the following fixed ratios
of alectinib:vorinostat: 3.3:7 for SK-N-AS cells, 8:17 for SK-
N-SH cells, and 3:5 for LA-N-5 cells. After 48-h exposure,
the combination treatment considerably reduced cell viability
of each of the cell lines examined (Figure 1, left panel). To
evaluate possible synergism, CI values were calculated using
CalcuSyn software. For SK-N-AS and SK-N-SH cells, the
CI values were higher than 1.0 (Figure 1A and B, right
panel). However, for LA-N-5 cells, the CI values were less
than 1.0, indicating a synergistic interaction (Figure 1C, right
panel). These data suggest that the combination of alectinib
and vorinostat would be efficacious against NB cells, notably
in NB harboring the ALK R1275Q mutation.
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Figure 1. Effect of combination treatment with alectinib (Alec) and vorinostat (Vor) on cell proliferation of SK-N-AS (A), SK-N-SH (B), LA-N-5 (C)
neuroblastoma (NB) cell lines. Left panel: NB cells were treated for 48 h with alectinib and vorinostat, alone or in combination, and cell viability
was then measured using the MTT assay. Results are presented as the mean+SD values of three independent experiments, each performed in
triplicate. WT, Wild-type. Right panel: Combination index (CI) plots for alectinib and vorinostat were generated with the CalcuSyn software. CI
values <1.0 correspond to synergistic interactions. The dotted lines indicate CI values of 1.0. **Significantly different at p<0.01.

The alectinib and vorinostat combination induced caspase- by western blotting. The combination treatment increased the
dependent apoptosis. To determine whether the growth inhibition ~ expression levels of cleaved caspase-3 and PARP in LA-N-5 cells
induced by the combination of alectinib and vorinostat involved  (Figure 2). These results suggest that the combination enhanced
apoptosis, we assessed the expression of apoptosis-related proteins  the induction of caspase-dependent apoptosis.
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Figure 2. Combined treatment with alectinib (Alec) and vorinostat (Vor)
increased apoptosis of neuroblastoma cells. LA-N-5 cells were treated
with 0.6 uM alectinib with/without 1 uM vorinostat for 24 h, and
expression of caspase-3 and poly-(ADP-ribose) polymerase (PARP), was
then analyzed by western blotting. Arrowheads indicate the cleaved
forms of caspase-3 and PARP, which are hallmarks of apoptosis. 3-Actin
was used as the loading control. DMSO: Dimethyl sulfoxide (vehicle).

Combination treatment reduced MYCN and NF-kBl/pl105
expression. MYCN amplification is a hallmark of poor
prognosis in high-risk NB. Down-regulation of MYCN
expression and activity has been shown to correlate with an
increase in apoptosis and differentiation, leading to
suppression of cell growth (21). We examined the effect of
the combination treatment on MYCN and NF-xB1/p105
protein expression. Although we did not observe any effects
on treatment with either alectinib or vorinostat alone, the
combination treatment did reduce MYCN and NF-xB1/p105
protein levels (Figure 3).

Discussion

The clinical effects of crizotinib, a well-studied ALK
inhibitor, and vorinostat, against NB, have been previously
studied (9, 22); the results of these clinical trials suggested
that neither crizotinib nor vorinostat alone is sufficient for
suppressing NB tumor growth. Therefore, we tested the
combination of alectinib and vorinostat against NB cell
lines expressing wild-type ALK or with hot-spot mutations
of ALK (F1174L or R1275Q). Compared to the effects
obtained with either compound alone, co-treatment with
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Figure 3. Combined treatment with alectinib (Alec) and vorinostat (Vor)
inhibited protein expression of MYCN proto-oncogene (MYCN) and
nuclear factor-kappa B subunit 1 (NF-kB1)/pl105. LA-N-5 cells were
treated for 24 h with 0.6 uM alectinib with/without 1 uM vorinostat,
and expression of MYCN and NF-kB1/p105 was then analyzed by
western blotting. In the panel for NF-kB1, arrowheads indicate the
inactive precursor pl105 and the mature processed form p50. B-Actin
was used as the loading control.

alectinib and vorinostat significantly reduced the viability
of all the NB cell lines tested. However, the combination
treatment did not have a synergistic effect on cell lines
harboring wild-type or F1174L-mutated ALK. Some studies
have reported that the F1174L mutation is associated with
resistance to ALK inhibitors. Bresler et al. revealed that the
F1174L mutation increases the ATP affinity of ALK and
reduces sensitivity to crizotinib (20, 23). In addition, Berry
et al. showed that the F1174L mutation frequently occurs
in MYCN-amplified tumors and potentiates the oncogenic
effect of MYCN in NB (24). These studies suggested that
the F1174L-mutated protein has higher specific activity
than other forms of ALK, including the R1275Q-mutated
protein, which would lead to the distinct susceptibility of
the various cell lines to the alectinib and vorinostat
combination noted in our study.

We also searched for characteristic changes in protein
levels in response to treatment with the combination of
alectinib and vorinostat. We found that the expression of
MYCN and NF-xB1/p105 proteins, which are considered
important factors for NB tumorigenesis and progression,
was attenuated following combination treatment. MYCN
is a member of the MYC transcription factor family, which
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comprises proteins that regulate various cellular processes
including cell proliferation and the cell cycle (25). MYCN
gene amplification is observed in 20% of all NB cases and
is especially prevalent in patients whose disease is
resistant to therapy and who have a poor prognosis (26).
Several studies have indicated that treatment with
inhibitors of either ALK or HDAC reduces MYCN
expression but that this effect is moderate and temporary
(15, 27). Our results suggest that dual inhibition by ALK
and HDAC would suppress MYCN expression. NF-xB,
another factor that was down-regulated by combination
treatment in our study, plays an important role in
controlling cell proliferation, adhesion, invasion, and
metastasis. Elevated NF-kB activity has been observed in
many cancer types, including NB (28, 29). NF-xkBl1
(p105/p50) is an inactive precursor that is processed by the
proteasome to yield the mature p50 transcription factor.
Using a mantle cell lymphoma cell line, we previously
showed that treatment with a combination of a tyrosine
kinase inhibitor and vorinostat reduced the expression of
both precursor NF-kB1/p105 and the active p50 subunit,
suggesting inhibition of the NF-xB signaling pathway (30).
Similarly, the current study showed that the combination
of alectinib and vorinostat reduced expression of both NF-
kB1/p105 and p50 (Figure 3). Taken together, these results
suggest that treatment with a combination of a tyrosine
kinase inhibitor and an HDAC inhibitor may impair tumor
growth by modulating expression of the components of the
NF-xB signaling pathway.

To our knowledge, the current study is the first to show
the efficacy of a combination of ALK and HDAC
inhibitors against NB. Our preclinical data provide
evidence suggesting that the combination of alectinib and
vorinostat induces apoptosis and growth inhibition in NB
cell lines and that the effect may be mediated via changes
in the expression of factors such as MYCN and NF-xB.
Further studies will be required to define better the precise
mechanism(s) whereby the combination of alectinib and
vorinostat modulates the expression and activity of the
genes studied here. Our findings suggest that combined
inhibition of ALK and HDAC may serve as a novel
approach for treating refractory/relapsed NB with mutated
ALK.
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