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Abstract

Background

Receptor tyrosine kinases (RTKs) have a central role in cancer initiation and progression,
since changes in their expression and activity potentially results in cell transformation. This
concept is essential from a therapeutic standpoint, as clinical evidence indicates that
tumours carrying deregulated RTKs are particularly susceptible to their activity but also to
their inhibition. Rhabdomyosarcoma (RMS) is an aggressive childhood cancer where
emerging therapies rely on the use kinase inhibitors, and among druggable kinases ALK
represents a potential therapeutic target to commit efforts against. However, the functional
relevance of ALK in RMS is not known, likewise the multi-component deregulated RTK pro-
file to which ALK belongs.

Methods

In this study we used RMS cell lines representative of the alveolar and embrional histotype
and looked at ALK intracellular localization, activity and cell signalling.

Results

We found that ALK was properly located at the plasma membrane of RMS cells, though in
an unphosphorylated and inactive state due to intracellular tyrosine phosphatases
(PTPases) activity. Indeed, increase of ALK phosphorylation was observed upon PTPase
inhibition, as well as after ligand binding or protein overexpression. In these conditions, ALK
signalling proceeded through the MAPK/ERK and PI3K/AKT pathways, and it was suscepti-
ble to ATP-competitive inhibitors exposure. However, drug-induced growth inhibition, cell
cycle arrest and apoptosis did not correlate with ALK expression only, but relied also on the
expression of other RTKs with akin drug binding affinity. Indeed, analysis of baseline and
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inducible RTK phosphorylation confirmed that RMS cells were susceptible to ALK kinase
inhibitors even in the absence of the primary intended target, due to the presence of com-
pensatory RTKs signalling pathways.

Conclusions

These data, hence, provided evidences of a potentially active role of ALK in RMS cells, but
also suggest caution in considering ALK a major therapeutic target in this malignancy, par-
ticularly if expression and activity cannot be accurately determined.

Introduction

Anticancer drug development attempts to translate knowledge gained from basic research into
clinical trials using approaches selectively targeting oncogenic molecules in cancer cells. In this
context, protein kinases have emerged as a novel focus of current anticancer research, since
most of them act in oncogenic pathways in a rate-limiting manner, rendering tumour cells
addicted to their unusual high expression and activity [1,2]. As such, the identification of a
druggable oncogenic kinase represents nowadays an important therapeutic upshot across sev-
eral malignancies, and targeting single or multiple protein kinase pathways has been recently
exploited with positive results in advanced cancers refractory to standard chemotherapy
[3,4,5,6]. In cancer cells, however, kinase inhibitor efficacy may be limited by several resistance
mechanisms, including secondary mutations in the primary oncogenic kinase (intrinsic resis-
tance) or redundant signalling pathways activated upon targeted inhibition (acquired resis-
tance) [7,8,9]. Clinical approaches to overcome such a drug resistance rely, thus, on the
development of novel inhibitors with increased potency and selectivity, but also on compounds
capable of targeting compensatory signalling pathways that may switch cancer cells to a new
dependency [10,11,12,13].

Rhabdomyosarcoma (RMS) is a soft tissue sarcoma of the childhood characterized by the
aberrant expression of multiple receptor tyrosine kinases (RTK), and great effort has been
devoted to understand whether activated RTKs may represent promises for the development of
new drugs and therapies. In RMS, major characteristic of tumour aggressiveness is represented
by the PAX3/7-FOXOL1 fusion gene, a negative prognostic factor that regulates transcription of
several downstream tumour-driving genes, including c-Met, CXCR4, FGFR4, IGFR-1R and
PDGFRo kinases [14,15,16]. However, high RTK expression correlates with inferior outcome
in PAX3/7-FOXO1-negative tumours as well, suggesting that this class of proteins likely con-
tributes to the growth and survival of this malignancy [17,18,19,20]. Nevertheless, while com-
pelling evidences of RTK oncogenic activity in vitro have been reported, their value as
therapeutic targets in vivo remains uncertain, given that inhibition of a single protein kinase
does not appear sufficient treatment for cancer like RMS in which functional RTK redundancy
is observed [21,22,23,24].

We and others have recently shown that anaplastic lymphoma kinase (ALK) is another
transmembrane receptor that identifies high-risk tumours independently of PAX3-FOXO1
expression and RMS histology [25,26,27]. However, whether ALK has a role in RMS initiation
and maintenance, or it may represent a novel therapeutic target, remains to be ascertained.
ALK is a RTK that can be implicated as truncated fusion protein and full-length kinase in a
number of solid and haematologic malignancies, and in most cases its inhibition leads to a
marked decrease of tumour cells growth and survival [28,29,30,31,32]. Nowadays, ALK small-
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molecule inhibitors are among the most promising agents in several high-risk cancers, based
on the fact that ALK, when activated by mutation, amplification or gene rearrangement,
becomes highly oncogenic [33,34,35,36]. However, early clinical reports indicate that patients
respond favourably to selective inhibitors if a near complete inhibition of ALK kinase activity
is achieved and protein levels are sufficiently high to sustain its continuous activation [37,38].

Herein, we assessed ALK expression and function in RMS cells, in vitro, and demonstrated
that full-length ALK receptor localizes at the plasma membrane but lacks of constitutive activ-
ity due to permanent dephosphorylation by endogenous tyrosine phosphatases (PTPases).
Nonetheless, we provided evidence that protein overexpression or ligand-induced receptor
dimerization promoted ALK activation and signalling in these cells, whereas drug treatment
resulted in cell cycle arrest and apoptosis. However, we also found that well-known ALK inhib-
itor compounds were active in ALK-negative RMS cells, as the result of compensatory RTKs
inhibition. Taken together, these findings provide a better understanding of the state of ALK in
RMS cells, but also raise questions about its druggability in vivo.

Materials and Methods
Cell culture and treatment

The human rhabdomyosarcoma (RMS) cell lines RH30 and RD were purchased from ATCC
(Manassas, VA), whereas RH4 cells were a gift of Dr P.J. Houghton (St Jude Children’s Hospi-
tal, Memphis, TN). The neuroblastoma (NB) cell lines NB1 and SH-SY5Y were obtained from
Dr GP. Tonini and L. Longo (IRCCS San Martino Hospital, Genova, Italy), whereas SU-DHL1
anaplastic large cell lymphoma cells (ALCL) were purchased from ATCC (Manassas, VA).
HEK-293T cells were a generous gift of Dr. S. Indraccolo (Istituto Oncologico Veneto, IOV,
Padova, Italy). RMS, NB and HEK-293T cells were all grown in Dulbecco’s Modified Eagle’s
Medium supplemented with 10% heat-inactivated foetal calf serum (FCS) (Gibco, Life Tech-
nologies Co., Carlsbad, CA, USA), whereas SU-DHL-1 cells were maintained in RPMI 1640
with 15% FCS. All the cell lines were characterized for ALK (RH30, RH4, NB1 and SH-SY5Y),
NPM-ALK (SU-DHL-1), or PAX3-FOXO1 expression.

Reagents and antibodies

ALK small-molecule inhibitors PF-02341066 (Crizotinib) and NVP-TAE684 were purchased
from Selleckchem (Selleck Chemicals, Houston, TX, USA), whereas anti-ALK monoclonal
antibodies (mAb46 and 30) were a generous gift of Dr. Marc Vigny [39]. The primary antibod-
ies for Western blot analysis were from Cell Signalling (ALKY16%4, AKTS*73, ERK202/Y204,
Met¥'234/1235;, EGERY%%%; IGF1-RB"'**/11%%; IGF1-Rp) (Cell Signaling Technology, Inc.,
Danvers, MA, USA); SIGMA (y-tubulin) (SIGMA Aldrivh Co., USA); Invitrogen (ALK)
(Invitrogen, Life Technologies Co); or Santa Cruz (AKT; ERK) (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA). Horseradish peroxidase (HRP)-conjugated sheep anti-mouse or
donkey anti-rabbit antibodies, were purchased from GE Healthcare (GE Healthcare Life Sci-
ences, Uppsala, Sweden), whereas recombinant human HGF, EGF, and IGF-1 growth factors
were purchased from Peprotech (Peprotech, NJ, USA). Pervanadate stock solution (100mM)
was prepared as indicated by Huyer et al. [40]; while MTT salt (3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) was available from SIGMA (SIGMA Aldrich Co., USA).

Cell lysis, immunoblotting and immunoprecipitation

Untreated and treated cells were lysed using standard methods [41]. Briefly, the cells were
washed twice in ice-cold PBS and lysed by addition of TritonX-100 sample buffer (50 mM
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Tris-HCI [pH 7.5]; 130 mM NaCl; 1% Triton X-100; 0.1% SDS; 2 mM EDTA; 1 mM PMSF;

20 pg/ml leupeptin; 20ug/ml aprotinin). The lysates were clarified by high-speed centrifugation
and fractionated by SDS-PAGE prior to transferring onto nitrocellulose membranes. Immuno-
precipitation was performed by incubating protein lysates (1 mg) with 2 pg of specific antibod-
ies (0-ALK or o- ALKY'°**) at 4°C overnight, and the resulting immunocomplexes with 30 pl
of Protein G-Sepharose beads for 2 h at 4°C. The immunoadsorbed pellets were washed 4
times with 1% Triton X-100 lysis buffer and heated at 95°C in Laemmli buffer. Aliquots of cell
lysates (50-70 pg) and immunoprecipitates were fractionated by SDS-PAGE and transferred to
nitrocellulose membranes for Western blot analysis. Protein bands were visualized by chemilu-
minescence and analyzed by using Image]J software (National Institute of Health, Bethesda,
MD, USA).

Cell growth and viability

Cell cycle analysis was performed on cells treated for 24 hours, or left untreated, with increas-
ing concentrations of crizotinib or TAE684 inhibitors. The cells were washed in ice-cold PBS,
fixed in cold 70% ethanol and resuspended in 0.6 ml PI [50 pug/ml] right before cell cycle analy-
sis with BD FACS-Calibur Cell Cytometer and Macintosh CellQuest software (Becton Dickin-
son, Italy).

Cell viability was measured by MTT assay every 24 hours up to three days. RMS, NB and
ALCL cells were seeded onto 96-well microculture plates 12 hours before drug addition and
then grown in the presence or absence of ALK inhibitors as indicated in the text. MTT optical
density was measured with Victor3 Multilabel Counter spectrophotometer at 540 nm and val-
ues of three independent experiments averaged. Drug-induced growth inhibition of RMS cells
in the presence or absence of HGF, IGF-I or EGF growth factors was measured alike.

Cell surface staining

To assess ALK expression at the plasma membrane, exponentially growing cells were incubated
with 10 pg/ml anti-ALK primary monoclonal antibody, washed in PBS, and subsequently
labeled with Alexa Fluor 488 conjugated anti-mouse secondary antibody. Staining with pri-
mary and fluorochrome-labeled secondary antibodies was performed on ice with ice-cold
reagents/solutions, since low temperatures prevent the modulation and internalization of sur-
face antigens that can produce a loss of fluorescence intensity. The cells were kept in the dark,
in ice, until fluorescence analysis with BD FACS-Calibur Cell Cytometer (Becton Dickinson,
Italy) was carried out. ALK mean fluorescence intensity (MFI) was measured by Macintosh
CellQuest software (Becton Dickinson, Italy).

Constructs and transfection

The full length human ALK ¢cDNA was purchased from ATCC and subcloned into the mam-
malian expression vector pcDNA3.1. Point mutations F1174L and R1275Q were introduced
by site-directed mutagenesis, using the Phusion site-directed mutagenesis kit (Thermo Fisher
Scientific Inc., Waltham, MA, USA) and the following oligonucletides: P-TCATCAGCAAAT
TAAACCACCAGA and P-TCAGGGCTTCCATGAGGAAATC to generate F1174L substitu-
tion; P-GGATGGCCCAAGACATCTACA and P-CGAAGTCTCCAATCTTGGCCA to intro-
duce R1275Q mutation. Transfection was then performed using Lipofectamine 2000 reagent
(Invitrogen), according to manufacturer’s instructions.
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Data analysis

Results were expressed as mean * standard error of the mean (s.e.m.) of three independent
experiments and analyzed by using the two-sided Student’s t test (SigmaPlot 11.0), with a
P value<0.05 considered significant.

Results

Plasma membrane localization and activation of ALK kinase in RMS
cells

To explore baseline expression and phosphorylation of ALK kinase, RMS cell lines representa-
tive of the ARMS and ERMS subtype, and previously defined for ALK expression [25], were
utilized, together with neuroblastoma cells carrying amplified or mutant (F1174L) ALK gene.
Consistent with our previous observations, ALK was expressed mainly in PAX3-FOXO1-
positive RH30 cells, but lacked of constitutive kinase activity (Fig 1A). Similarly, basal phos-
phorylation of mutant ALK receptor was very low in SH-SY5Y cells compared to that of NB1
(amplified ALK), suggesting that under some circumstances protein expression overcomes
gene mutational status as criteria for intrinsic kinase activity. However, to rule out aberrant
protein trafficking and localization, cell surface detection of ALK was carried out using a
monoclonal antibody directed toward the extracellular portion of the kinase, in cells kept in ice
to avoid antigen modulation and internalization. When compared to ALK-amplified NB1 cells,
PAX3-FOXO1-positive RH30 cells showed a weak but detectable ALK expression at the plasma
membrane (Fig 1B), whereas in the other two RMS cell lines ALK signal was undistinguishable
from background fluorescence. Indeed, when dimerization was induced by exposing cells to
agonist mAb46 monoclonal antibody, activation of ALK occurred in RH30 cells, as indicated
by the increased degree of phosphorylation of both the plasma membrane and intracellular
pool of ALK (Fig 1C, lanes 6-7 and 8-9, respectively) [39,42]. Of note, antibody treatment
acted on cell surface-exposed ALK receptor, since phosphorylation of both 220 and 140 kDa
ALK (arrowheads) was observed, the latter of which corresponds to an extracellular product
cleavage of the mature receptor by plasma membrane proteases [43]. These observations were
confirmed in NB1 and SH-SY5Y neuroblastoma cells, which were responsive to antibody treat-
ment independently of ALK mutational status (Fig 1, lane 8).

Consequences of inducible and spontaneous activation of ALK on RMS
cell signalling

RTK activation is dynamic process that consists of growth factor binding and receptor autop-
hosphorylation before intracellular signal processing [44]. However, recent observations sup-
port the concept that self-association of the extracellular regions of RTKs may occur even in
the absence of a specific ligand, particularly in cancer cells in which dimerization takes place
spontaneously as a consequence of increased protein expression [45,46,47]. Thus, to look more
in detail at the mechanisms of ALK activation, RH30 and SH-SY5Y cells were exposed to
increasing amounts of agonist mAb46 antibody and kinetics of receptor phosphorylation was
assessed. Antibody treatment led to a marked phosphorylation of ALK in both cell lines, which
correlated with a prompt and durable activation of ERK kinase (Fig 2A and 2B). In contrast,
mADb46 exposure did not have any effect in RH4 cells, consistent with the scarce expression of
ALK in these cells. Therefore, to prove also that receptor density at the plasma membrane
could affect intrinsic kinase activity, we transiently transfected RH30, SH-SY5Y and RH4 cells
with wild-type or mutant receptor constructs, and assessed protein phosphorylation in the
absence of ligand binding. Among the previously identified ALK somatic and germline
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Fig 1. Endogenous ALK expression levels influence receptor intrinsic kinase activity in RMS cells. (A) ALK protein expression (upper panels) and
phosphorylation (lower panel) in RMS (RH30, RH4, RD) and neuroblastoma (NB1, SH-SY5Y) cell lines. Western blot analysis of cell extracts using the
specified polyclonal anti-ALK (ALK) and anti-phospho ALK (ALK"6%4) antibodies. Full-length (220 kDa) and cleaved ALK form (140 kDa) are shown. ALK
gene status is also indicated (A = amplified; M = mutated; WT = wild-type) (B) Cell surface detection and quantitative assessment of ALK receptor.
Membrane-bound ALK kinase in non-permeabilized RMS and neuroblastoma cells using a primary monoclonal antibody against the N-terminal portion of
ALK. Fluorescent-conjugated secondary antibody was used to acquire ALK signal with FACS-Calibur Cell Cytometer. ALK-amplified NB1 cells were included
in the analysis as positive control for ALK expression and localization at the plasma membrane. (C) mAb46 effect on ALK receptor activation. RMS (RH30,
RH4 and RD) and neuroblastoma (NB1, SHSY-5Y) cells were treated (+) or left untreated (-) with 1 pg/ml agonist mAb46 for 30 min. Membrane-bound (MB)
and intracellular (IC) ALK was immunoprecipitated as described in material and methods and detected using polyclonal anti-ALK (ALK) and anti-phospho
ALK (ALKY76%) antibodies. Full-length (220 kDa) and cleaved (140 kDa) ALK proteins position is indicated by arrowheads. NB1 cell extracts were used as
positive control for ALK expression in RH4 and RD immunoblots.

doi:10.1371/journal.pone.0132330.g001

mutations, we choose hot spot residues F1174L and R1275Q, since mutations at these sites
account for more than 70% of mutations in neuroblastoma patients and result in a altered
receptor activity [33,48]. Consistent with our hypothesis, overexpression of ALK promoted
spontaneous receptor dimerization and activity on the membrane and mediated phosphoryla-
tion of downstream targets ERK1/2, AKT and STAT3 independently of its mutational status
(Fig 2C) [49]. Perhaps the most striking observation from this analysis was that ALK levels
affected RMS cell signaling even in the absence of activating mutations or growth factor bind-
ing, establishing a novel genotype-therapeutic correlation that can be used to identify patients
who most likely respond to ALK kinase inhibitors.
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Fig 2. Kinetics of ALK receptor stimulation and signalling. (A) Antibody-dependent ALK activation was induced by exposing RMS (RH30, RH4) and NB
(SH-SY5Y) cells to increasing concentration of mAb46 (0.1-1 pg/ml). Cell lysates were subjected to Western blot analysis using polyclonal antibodies for
total and phosphorylated ALK or ERK proteins. Arrowheads indicate membrane-bound (closed) and cytoplasmic (open) full-length ALK kinase, respectively.
(B) Time-course analysis of ALK phosphorylation after antibody mAb46 treatment. RH30, SH-SY5Y and RH4 cells were exposed to 1 ug/ml mAb46 for
increasing time intervals, and ALK phosphorylation was assessed by Western blot analysis at each time point. Phosphorylation of ERK is also shown.
Proteins band density was measured and expressed as fold(s) of control in graphs. Phosphorylated ALK and ERK values were graphed using different scale
options. (C) Ligand-independent ALK receptor activity. Relative expression and phosphorylation of ALK RTK was assessed in RH30, SH-SY5Y and RH4
cells after transfection with wild-type (WT) or mutant (F1174L and R1275Q) ALK expression plasmids. Expression and phosphorylation of ALK, ERK, AKT
and STAT3 proteins was assessed, using y-Tubulin as loading control.

doi:10.1371/journal.pone.0132330.g002

Putative role of intracellular phosphatases in the regulation of ALK
intrinsic kinase activity in RMS cells

The generation of intracellular signalling depends on balanced activities of constitutively active
RTKs and protein tyrosine phosphatases (PTPases) [50]. As such, basal activity of weakly
expressed RTKs may be not discernable due to permanent dephosphorylation by intracellular
PTPases, whereas at high expression levels detection of receptor phosphorylation is feasible
[46,47,51]. Thus, to investigate the impact of phosphatases on ALK phosphorylation and activ-
ity, pervanadate inhibitor was administered to the cells and the effect compared with that
observed after exposure to mAb46. We demonstrated that PTPase inhibition clearly increased
ALK phosphorylation in RH30 and SH-SY5Y cells, and led to activation of ERK and AKT
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Fig 3. Regulation of ALK kinase activity by intracellular phosphatases. RH30, RH4 and SH-SY-5Y cells were treated with Pervanadate (A) or agonist
mAb46 monoclonal antibody (B). Immunoblottings of total and phosphorylated ALK, c-Met (MET), ERK and AKT proteins are shown. (C) Regulation of
inducible ALK phosphorylation and activity. RH30, RH4 and SH-SY-5Y cells were treated with both mAb46 (3 pg/ml) and Pervanadate (50 uM) to measure
ALK phosphorylation and signalling. To inhibit ALK, the cells were pre-incubated with antagonist mAb30 antibody (2 pg/ml) or with Crizotinib inhibitor (1 uM).
Protein lysates were subjected to Western blot analysis using antibodies specific for total and phosphorylated ALK and ERK proteins, as described.

doi:10.1371/journal.pone.0132330.g003

target proteins (Fig 3A). However, pharmacological inhibition of intracellular phosphatases by
pervanadate promoted a general RTKs activation in these cells, since stimulation of c-Met
receptor, as well as phosphorylation of downstream ERK kinase, was observed independently
of ALK expression and activity (Fig 3A, RH30 vs. RH4). In contrast, mAb46 treatment selec-
tively activated ALK and had no influence on the activity and signal processing of other RTKs
(Fig 3B). Indeed, when ALK antagonist mAb30 antibody or tyrosine kinase inhibitor crizotinib
were administered prior to mAb46 or pervanadate exposure, activation of ALK was completely
prevented, whereas downregulation of ALK-dependent phosphorylation of ERK was observed
only in mAb46-treated cells (Fig 3C).
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Apoptosis induction in RMS cells exposed to ALK small-molecules
inhibitors

Almost all protein kinases share the same conserved sequences around the ATP-binding site,
as they all have the same phosphotransferase activity toward common or uncommon protein
substrates [52]. Small molecules targeting the ATP binding cleft may have, thus, an inherent
multi-target nature and be active in cells where the primary target is weakly expressed or even
absent [53,54]. Consistent with these findings, we found that crizotinib inhibited basal ERK
phosphorylation in RMS cells independently of ALK expression and activity, as this phenome-
non was observed in RH4 cells as well (Fig 2C). Therefore, we tested the ability of ALK inhibi-
tors to impede the growth of ALK-positive and-negative RMS cells, when administered at
increasing concentrations and prolonged time intervals. Crizotinib was chosen for its dual
ALK/Met inhibitor activity, while NPV-TAE684 (TAE684) for its affinity for ALK and, to a
lesser extent, IGF-1R [55,56]. We found that at low doses TAE684 showed stronger inhibitory
potency than crizotinib, whereas at higher concentrations such difference was less significant
and not associated with ALK expression (Fig 4). Conversely, transformed cells overexpressing
full-length (NB1) or truncated (SU-DHL-1) ALK kinase displayed a much higher sensitivity
compared to RMS cells, consistent with the superior dependency of these cells on ALK signal-
ing. Moreover, when crizotinib and TAE684 were administered for shorter time intervals, all
RMS cell lines exhibited comparable cell cycle arrest (at G1 or G2/M phase) and apoptosis
(PARP cleavage), which correlated with downregulation of PI3K-AKT (pAKT) and MAPK
(pERK) survival signaling pathways (Fig 5A and 5B). In line with these observations, constitu-
tive ligand-independent activation of amplified c-Met receptor is used as molecular marker of
susceptibility to tyrosine kinase inhibitors in human gastric cancer cell lines, since only cells
exhibiting high-level expression of wild-type c-Met appear to be sensitive to Met inhibition by
drug treatment [57,58].

Multitargeted activity of ALK inhibitors in RMS cells

Cancer cells typically express multiple RTKs that mediate signals through common down-
stream survival factors, and can be rescued from drug sensitivity by simply exposing them to
one or more receptor ligands [59,60,61]. Therefore, to investigate the possibility that potency
of ALK inhibitors in RMS cells might be the result of inhibition of other targets, c-MET, IGF-
1R and EGFR RTKs were stimulated by cognate ligands and drug-induced perturbation of cell
signaling was assessed. Similar to ALK, basal phosphorylation of these receptors was variable
in the three RMS cell lines, and in some cases too weak to be discernable without growth factor
stimulation. Analysis of c-Met, IGF-1R and EGFR phosphorylation, however, confirmed their
activation by cognate ligands (HGF, IGF-I and EGF, respectively) and their expected sensitivity
to ALK inhibitors. In particular, HGF stimulated c-Met receptor in the presence of TAE684
but not of crizotinib, IGF-I-dependent activation of IGF-1R was sensitive to both drugs,
whereas activated EGFR was resistant either to Crizotinib or TAE684 (Fig 6A). With respect to
cell signaling, HGF administration activated ERK (pERK) in all 3 cell lines, whereas EGF stim-
ulated ERK phosphorylation mainly in RD cells (Fig 6B). IGF-I, in contrast, failed to generate
additional signaling output despite IGF-1R receptor activation. Moreover, consistent with
kinase inhibitors specificity, HGF activated ERK in the presence of TAE684 only (Fig 6B, lanes
2-3 and 9-10), EGF induced ERK phosphorylation in the presence of both inhibitors (Fig 6B,
lanes 6-7 and 13-14), whereas IGF was unable to sustain cell signaling during drug treatment
(Fig 6B, lanes 4-5 and 11-12). None of these factors, however, were able to completely rescue
RMS cells from signaling downregulation, as shown by the almost complete inhibition of AKT
phosphorylation in these conditions. Ligand exposure, in fact, had a limited effect on growth
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doi:10.1371/journal.pone.0132330.g004

and survival of RMS cells, since, except in RD cells exposed to EGF, growth inhibition pro-
gressed independently of receptor activation (Fig 6C), and even increased when drug treat-
ments were combined (Fig 6C, bar graphs).

Discussion

In the last few years the rapid development and introduction of targeted agents into clinical
practice has reshaped the landscape of cancer therapy and generated a lot of expectations in
terms of curability and survival. Nowadays the possibility to identify the most appropriate ther-
apy for a patient is a reality, thanks to the effort put on the identification of potentially drug-
gable targets from the alterations and mutations that characterize cancer cells. Among many
factors known to increase the risk of developing cancer, RTKs are of the utmost importance,
since when aberrantly expressed they can initiate a variety of signalling pathways that ulti-
mately lead to cell proliferation and survival [62]. Targeting this class of proteins is feasible and
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doi:10.1371/journal.pone.0132330.9005

a suitable approach to cure cancer. However, the success of this type of treatment clearly
depends on the selection of appropriate tumour types whose survival relies on these signalling
molecules and patient populations that express functional molecular markers. Indeed, clinical
experience has shown that only a percentage of patients respond to targeted therapies even if
they express the altered target. Most of tumours treated with tyrosine kinase inhibitors become
resistant to treatment due to genetic modification of the primary intended target, gene amplifi-
cation or constitutive activation of alternative RTKs, but in some cases treatment failure is a
consequence of the apparent dispensable nature of the target for cancer growth and survival.
Recognizing the difference between a pharmacological inadequacy and the lack of oncogene
addiction is, thus, crucial to decide what might constitute a worthy therapeutic target.

In this context, we evaluated ALK receptor expression and activity in RMS cells, to provide
a foundation for the use of ALK inhibitors in this malignancy. In rhabdomyosarcoma, a child-
hood cancer with a very dismal prognosis at advanced stage, multiple RTKs are expressed and
regulated by several different transcriptional and post-transcriptional mechanisms. Alterations
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Fig 6. Multitarget inhibitory activity of crizotinib and TAE684 in RMS cells. (A) Western blot analysis of c-Met, IGF-1R and EGFR ligand-dependent
phosphorylation. RMS cells were exposed to cognate receptor ligands (50 ng/ml HGF; 200 ng/ml IGF-I; 50 ng/ml EGF), in the presence and absence of
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doi:10.1371/journal.pone.

0132330.9006

in gene expression, including amplification and second-site mutations have been described for
FGFR-4 and PDGER receptors, whereas increased autocrine/paracrine growth factor produc-
tion is responsible for c-Met and IGF-1R signalling [63,64,65,66,67]. In RMS RTKs are consid-
ered critical drug targets, but a unique cancer-causing kinase have not been identified yet and
RTKs signalling networks appear to be highly intermingled. Consistent with these findings, we
found that ALK is mainly expressed in fusion-positive alveolar RMS cells, but, although it
localizes at the plasma membrane, basal phosphorylation and intrinsic kinase activity are very
low. Such a proper localization coupled to a weak basal activity suggests a role of endogenous
phosphatases in maintaining membrane-bound ALK permanently dephosphorylated, but also
provides evidences of its potential activation upon growth factor binding [39,43,68,69,70].
Indeed, imbalanced ALK/PTPase activities by either ligand binding or phosphatase
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inactivation was able to induce ALK phosphorylation and signalling in RMS cells, whereas
small-molecule inhibitors or growth factor antagonists exerted opposite effects. Of note, recep-
tor density at the plasma membrane was a determining factor for ALK kinase activity in these
cells, even in the presence of counteracting PTPases. ALK overexpression, as that obtained
upon transient transfection, resulted, in fact, in a strong up-regulation of receptor autopho-
sphorylation and activity, similar to that seen in ALK-amplified NB1 cells. These findings indi-
cated the level of expression, rather than the presence of activating mutations, as the primary
mediator of ALK function in RMS cells, but raised questions about the rationale of targeting a
protein whose endogenous expression is not sufficient to sustain constitutive kinase activity
and continuous signalling. Indeed, cancer cells where genomic alterations of ALK lead to
expression of truncated variants, such as NSCLC (EML4-ALK) and ALCL (NPM-ALK), are
addicted to ALK signalling because translocations provide dimerization domains that render
fusion proteins ligand independent. Tumours expressing full-length ALK, instead, rely on both
ligand availability and adequate receptor density to promote homo-dimerization and stimulate
activity at the cell surface [71,72,73]. In these cases ALK expression is often of uncertain patho-
genic significance and tumour cells do not exhibit the same dependency on receptor signalling.
This might explain why ALK targeted inhibitors have shown impressive clinical efficacy in
ALK-rearranged malignancies, whereas in cancer patients expressing full-length ALK kinase
clinical response remains unsatisfactory [38,74,75,76]. This notion is supported by the observa-
tions that in gastric cancers, as well as in a smaller subset of lung and esophageal cancers, sensi-
tivity to c-Met small-molecule inhibitors, including crizotinib, is strongly linked to Met gene
amplification or receptor overexpression, as in EGFR-positive NSCLC tumours responsiveness
to kinase inhibitors correlates with both EGFR and HER2 gene amplification [77,78,79].

Cancer cells, however, are know for their exquisite capacity to survive in many adverse con-
ditions through the expression and activity of different oncogenic drivers, including several
RTKs. In these circumstances, tyrosine kinase inhibitors, despite being optimized against a spe-
cific protein kinase, may be used for their potential to bind and inhibit multiple alternative tar-
gets, motivating their subsequent in vitro and in vivo investigation [53]. Indeed, in accordance
with previously reported data [80], we found that crizotinib and TAE684 kinase inhibitors
were active on RMS cells independently of ALK expression, most likely due to their group-
selective nature. We verified this by assessing baseline and ligand-induced phosphorylation of
few important RTKs expressed in RMS cells, before and after drug treatment. Targeting consti-
tutively active or ligand-induced c-Met, IGF-1R and EGFR receptors with either crizotinib or
TAE684 was demonstrated, and although in some cases cognate ligands were able to partially
rescue cells from single-agent treatment (EGF), concurrent administration of both compounds
prevented this effect and improved treatment efficacy. In line with our observations, Ponatinib,
a small-molecule FGFR4 inhibitor initially developed for native and mutant BCR-ABL kinase,
is active on RMS cells with different FGFR4 expression levels, due, perhaps, to its multi-target
inhibitor activity [81]. Similar, crizotinib can be administered to patients with ROS1-rear-
ranged NSCLC that do not express ALK or c-Met, as LDK378 (Ceritinib) and AP26113 ALK
inhibitors demonstrate clinical efficacy on crizotinib-resistant NSCLC tumours with increased
abundance of IGF-1R and ROS proteins [82,83,84].

Conclusions

Collectively, our observations suggest that ALK may represent a potentially druggable target in
RMS, although remains to be clarified whether RMS may be considered an ALK-positive
tumour or an ALK-driven malignancy. Most importantly, we provided evidence that assess-
ment of ALK kinase activity, or simply its phosphorylation status, constitutes an important
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molecular marker for drug response in vivo and should be properly evaluated when proposing
this kinase for targeted therapy. In this context, RMS tumours that overexpress ALK may
constitute a subset at high likelihood for drug response, whereas those harbouring mutations
in the kinase domain or expressing wild-type ALK receptor at physiological levels may not be
sensitive to targeted treatments. Selection of RMS tumours genotyped in early-phase clinical
trials for gene amplification or assessed for constitutive kinase activity may allow demonstra-
tion of specific drug effectiveness while limiting patient cohorts size. In contrast, combinatorial
treatments or multitargeted kinase inhibitors may be of most efficacy in those cases where
non-functional ALK is compensated by parallel expression of alternative RTKs. In both cases,
however, combination of genomic, quantitative transcriptomics and proteomics data with
functional screens will certainly help to design better therapies that prevent and overcome
resistance to treatment in RMS cancer patients.
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