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Abstract

Since the original descriptions of gain-of function mutations in anaplastic lymphoma kinase
(ALK), interest in the role of this receptor tyrosine kinase in neuroblastoma development and as a
potential therapeutic target has escalated. As a group, the activating point mutations in full-length
ALK, found in approximately 8% of all neuroblastoma tumors, are distributed evenly across
different clinical stages. However, the most frequent somatic mutation, F1174L, is associated with
amplification of the MYCN oncogene. This combination of features appears to confer a worse
prognosis than MYCN amplification alone, suggesting a cooperative effect on neuroblastoma
formation by these two proteins. Indeed, F1174L has shown more potent transforming activity in
vivo than the second most common activating mutation, R1275Q, and is responsible for innate and
acquired resistance to crizotinib, a clinically relevant ALK inhibitor that will soon be
commercially available. These advances cast ALK as a bona fide oncoprotein in neuroblastoma
and emphasize the need to understand ALK-mediated signaling in this tumor. This review
addresses many of the current issues surrounding the role of ALK in normal development and
neuroblastoma pathogenesis, and discusses the prospects for clinically effective targeted
treatments based on ALK inhibition.
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1. Introduction

Identification of the anaplastic lymphoma kinase, ALK, as a therapeutic target in primary
neuroblastoma represents a major research advance in this childhood cancer. The original
discovery of ALK in 1994 resulted directly from investigations into the frequently observed
t(2;5)(p23;935) chromosomal rearrangement in anaplastic large cell lymphoma (ALCL),
which fuses the cytoplasmic domain of ALK to the N-terminal portion of the nucleolar
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phosphoprotein, NPM [1]. Many other examples of aberrant ALK activation due to
chromosomal rearrangement have been described in human cancers, including non-small-
cell lung carcinomas (NSCLC), inflammatory myofibroblastic tumors (IMTSs), diffuse large
cell B-cell lymphomas and esophageal squamous cell carcinomas [2]. More recently,
activating mutations of ALK were discovered in both familial and sporadic cases of
neuroblastoma, an often fatal tumor that arises from neural crest cells of the noradrenergic
lineage [3-6]. These findings are important because mutations in this receptor tyrosine
kinase have displayed transforming potential in vivo [3] and their knockdown in
neuroblastoma cells inhibits proliferation [3-6]. Thus, continued study of wild-type and
mutated ALK holds considerable promise for deciphering the signaling networks that
underlie neuroblastoma pathogenesis and for developing effective targeted therapies.

2. The ALK receptor tyrosine kinase
2.1. Structure

ALK has been classified as a member of the insulin receptor (IR) superfamily of receptor
tyrosine kinases (RTKSs) due to its high homology with other members of this family, such
as the leukocyte tyrosine kinase (LTK), the insulin-like growth factor-1 receptor kinase
(IGF1RK) and the insulin receptor kinase (IRK) [7]. ALK is located in humans at
chromosome 2p23 and on the distal end of mouse chromosome 17 [8]. It is a single-chain
1620 amino acid (aa) transmembrane protein consisting of a 1030-aa extracellular domain, a
28-aa transmembrane-spanning domain and a 276-aa intracellular tyrosine kinase domain
[9] (Fig.1). The 177-kDa polypeptide encoded by the human ALK gene undergoes post-
translational modifications, such as N-glycosylation, to generate a mature protein doublet of
220 and 190 kDa [10-12]. ALK migrates as two protein isoforms: the 220-kDa full-length
receptor and the truncated 140 kDa protein that results from extracellular cleavage [13]. The
functional relevance of this phenomenon is not clear, although the cleavage can be inhibited
by an as yet unidentified factor secreted by Schwann cells [13]

The extracellular region of ALK comprises a 26-aa N-terminal signal peptide sequence, two
MAM (meprin, A-5 protein, receptor protein tyrosine phosphatase mu) domains (aa 264-427
and 480-626) that are thought to have adhesive functions, one LDLa domain that forms a
binding site for LDL and calcium, and a glycine-rich region [9, 14]. This extracellular
segment also contains the binding site for ligand binding [15-17] between aa 391 and 401 [2,
15]. Both the extra- and intracellular domains are connected by a 28 aa transmembrane
domain, which is followed by a 64-aa juxtamembrane domain. The tyrosine kinase catalytic
domain (aa 1122-1376) contains a three-tyrosine kinase motif YXXXYYY represented by
Tyr1278, Tyr1282 and Tyr1283 within its activation loop (A-loop); these are major sites
common to kinases in the insulin receptor family whose phosphorylation regulates kinase
catalytic activity. Ligand binding leads to receptor dimerization and activation via trans-
autophosphorylation of these tyrosine residues [7]. In addition, other phosphorylation sites
have been described in the juxtamembrane domain (aa 1093-1096) and within the
cytoplasmic domain (aa 1504-1507) that serve as binding sites for IR substrate-1 and Src
homology 2 domain containing (SHC) proteins involved in downstream signaling [7].

2.2. Activation of ALK

Because of the high overall sequence identity within the A-loop regions of ALK and
IGF1RK/IRK, it was thought that they shared common regulatory and activation
mechanisms. IGF1RK/IRK maintain their inactive states by a number of autoinhibitory
mechanisms including positioning the unphosphorylated A-loop so that it prevents the
access of ATP and protein substrates to the ATP-binding pocket [18, 19]. Kinase activation
is regulated by the sequential phosphorylation of three major autophosphorylation sites, with
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the second tyrosine preferentially phosphorylated first, followed by the first tyrosine residue
and lastly the third residue. In its inactive form, the A-loop occludes the ATP-binding
pocket through the proximal A-loop DFG (Asp-Phe-Gly) motif (‘DFG-out” conformation)
and through pseudo-substrate binding of the second A-loop tyrosine residue to the
phosphoacceptor site. When these negative regulatory restraints are overcome, the A-loop
undergoes a conformational change and swings outward and away from the ATP-binding
pocket, allowing unimpeded access of ATP (‘DFG-in’) and peptide substrate, leading to
activation. However the autoinhibitory mechanisms in ALK appear to be different from
those of IGF1RK/IRK, with ALK lacking many of the negative regulatory features of the
inactive IGF1RK/IRK molecule. Firstly, preferential phosphorylation of the first tyrosine
residue, Tyr 1278, occurs in ALK, this residue being critical for autoactivation of the ALK
kinase domain and transforming activity [20]. In fact, ALK has minimal requirement for
phosphorylation of the second and third tyrosine residues [21, 22]. Secondly, ALK possesses
narrower peptide substrate specificity when compared with the IGF1RK/IRK. These
differences between ALK and IGF1RK/IRK were explained by two independent groups who
recently reported the x-ray crystal structure of the ALK catalytic domain in its inactive
conformation [21] [22]. The A-loop of ALK has a unique autoinhibitory conformation in
which a short helix at the proximal A-loop restricts the mobility of the N-terminal lobe,
while the distal A-loop sterically obstructs a portion of the predicted peptide-binding region.
This autoinhibitory mechanism of ALK that relies on intramolecular interactions between
the N-terminal B-sheet and the DFG helix prevents binding of the peptide substrate and
sequesters the first tyrosine residue, Tyr 1278, so that it is inaccessible for phosphorylation
[22]. A single amino acid difference in the phosphoacceptor site as well as A-loop sequence
differences account for the different sequence of tyrosine phosphorylation and the unique
peptide substrate specificity seen in ALK compared to the IRKs [21]. Altogether, it appears
that autoinhibition of the ALK tyrosine kinase domain is achieved by mechanisms similar to
that used by EGFR rather than members of the insulin receptor family.

2.3. Normal expression

ALK is preferentially expressed in the central and peripheral nervous systems [7, 10]. In
mice, in situ hybridization studies showed that ALK mRNA expression is restricted to
regions in the developing brain and peripheral nervous system (thalamus, hypothalamus,
midbrain, cranial ganglia, and olfactory bulb as well as the enteric nervous system and
dorsal root ganglia) during embryogenesis. Levels of ALK mRNA decrease after gestation,
and ALK protein levels decline postnatally, remaining at low levels in the adult animal [10,
23]. These findings are supported by immunohistochemical studies demonstrating
consistently low levels of ALK in adult human CNS tissue samples [12], restricted to rare
scattered neural cells, endothelial cells and pericytes in the brain [10, 12, 23].

2.4. Normal function

The normal function of the full-length ALK receptor is not entirely clear, although its
predominant expression in the brain during development indicates that it likely plays an
important role in the development and function of the nervous system [10, 13, 24]. Mice
homozygous for a deletion of the ALK kinase domain develop normally, with no obvious
anatomical abnormalities and a normal life-span [7]. However, these mice do exhibit
increased basal dopaminergic signaling within the prefrontal cortex and an age-dependent
increase in basal hippocampal progenitor proliferation, with concomitant enhanced
performance in novel object recognition/location tests [25]. In Drosophila melanogaster, the
receptor is vital for the development of visceral gut musculature, as the absence of dALK
leads to loss of mesodermal founder cells responsible for gut development [26, 27].
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2.5. Signaling by the wild-type ALK receptor

The candidate ligands of mammalian ALK reported thus far are pleiotropin (PTN) and
midkine (MK) [15, 17]. These heparin-binding growth factors with roles in neural
development are structurally related and their expression during embryonic development is
similar to that of ALK, with high levels in the nervous system during gestation and
decreased expression thereafter. Signaling by PTN and MK triggers dimerization and
phosphorylation of ALK, leading to activation of the PI3K/AKT pathway and subsequent
cell proliferation [16] (Fig. 2). Ligand activation of ALK has also been implicated in the
inhibition of apoptosis [7] and induction of neuronal cell differentiation through the MAPK
pathway [13, 28, 29]. Signaling through the PLCy (phospholipase Cy) pathway leading to
transformation of NIH 3T3 cells has also been reported [30]. Additionally, PTN indirectly
leads to tyrosine phosphorylation/activation of ALK by binding to and inactivating the
receptor protein tyrosine phosphatase {1 (RPTPg/{) which normally serves to
dephosphorylate ALK [31]. Whether PTN and MK are true ligands of ALK remain
controversial, as some groups failed to reproduce the binding and activation of ALK by PTN
[32] [33, 34] underscoring the need for further study of the roles of these potential ligands.
In Drosophila, ALK signaling is activated upon binding of the Jeb (jelly belly) ligand, which
is structurally different from either PTN or MK [27]. Binding of Jeb to dALK leads to
activation of the MAPK pathway [35-37], but until mammalian counterparts of Jeb are
identified, the relevance of this observation for higher organisms will remain uncertain.

ALK is also thought to function as a dependence receptor, independent of activation status
[38]. Caspase 3-mediated cleavage of ALK exposes a pro-apoptotic intracellular domain of
ALK, resulting in increased apoptosis. Transient expression of wild-type ALK in rat-
immortalized neuroblasts led to apoptotic cell death that was counteracted by antibodies
binding to ALK. Thus, wild-type ALK exhibits proapoptotic activity in the absence of
ligand and is anti-apoptotic when activated by ligand binding [38]. Given the broad diversity
of biological processes associated with heparin-binding proteins [39], it is reasonable to
predict that ALK ligands other than PTN/MK will be found. This issue has important
implications for the role of ALK in neuroblastoma (see below), as dysregulation of any ALK
ligand could affect tumor progression.

3. Therole of ALK in neuroblastoma

During 2008, several groups reported the presence of activating ALK mutations in both
familial [5, 6] and sporadic [3-6, 40] cases of neuroblastoma. These findings have catalyzed
considerable efforts to understand the role of ALK-mediated signaling in neuroblastoma, as
components of this pathway represent attractive candidate targets for inhibition of tumor
progression.

3.1. ALK mutations

3.1.1. Germline mutation—Dominant mutations in ALK have been identified in
approximately 50% of familial neuroblastoma [6]. Linkage analysis in families with affected
members first identified a locus on chromosome 2p as being involved in hereditary
neuroblastoma [41]. Further analysis identified a putative neuroblastoma gene-encoding
chromosomal region at 2p23-p24. Within this large region, which also included MYCN,
ALK was considered a strong candidate because of the coincident discovery of amplification
and somatic mutations in primary tumors. Resequencing of ALK identified mutations in
probands that segregated with disease in each family. Three distinct germline mutations
have been described to date: R1275Q, R1192P and G1128A, with R1275Q being the most
frequent [5, 6] (Table 1). The penetrance of the mutations is incomplete, as indicated by the
variable development of neuroblastic tumors among ALK mutation carriers [5, 6].
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3.1.2. Somatic mutations—Somatic activating mutations have been identified in
conserved positions in the tyrosine kinase domain in primary neuroblastoma tumors [3-6].
Altogether, 12 different residues are known to be affected by ALK mutations (Table 1) [42,
43]. The two major mutational hotspots are R1275 and F1174: the R1275Q mutation is
found in both familial and sporadic neuroblastoma, while the F1174L mutation is restricted
to sporadic tumors. Both types of mutations are associated with constitutive phosphorylation
of ALK and that of downstream targets such as ERK, STAT3 and AKT [3-6]. These ALK
variants are for the most part retained intracellularly in the endoplasmic reticulum and Golgi
and exhibit impaired maturation with defective N-linked glycosylation [44]. Moreover, the
constitutive activity of these variants does not require receptor dimerization [44]. Their
oncogenic potential has been demonstrated by cytokine-independent growth [4, 43],
transformation of NIH-3T3 fibroblasts in soft agar colony formation assays [3] and tumor
formation in nude mice [3]. Knockdown of ALK in ALK-mutant neuroblastoma cell lines
led to significant inhibition of cell proliferation and induction of cell death, further
emphasizing the strong oncogenic “addiction” of these cells to mutationally activated ALK
[3-6]. The third most frequent ALK mutation observed is at F1245, which is also activating
in Ba/F3 cells (R. George, unpublished). All three mutations, F1174L, R1275Q and F1245C,
are sensitive to inhibition by small molecule inhibitors of ALK, resulting in apoptosis and
cell cycle arrest after treatment [4, 5, 7]. Subsequent studies have confirmed their oncogenic
potential and suitability as therapeutic targets [40, 43].

Elucidation of the crystal structure of ALK in its inactive conformation, followed by
mapping of neuroblastoma-associated mutations has yielded fresh insights into the
mechanisms of aberrant ALK activation [21] [22]. In general, many of ALK residues that
become mutated in neuroblastoma are thought to play structural roles in autoinhibition of
ALK, which in its mutated form allows unrestricted mobility of the aC helix, phosphate-
binding loop and N-terminal lobe leading to kinase activation. F1174L is located in the A-
loop just distal to C C-terminus, and the change of F1174 to Ile or Leu may relax the steric
clash and facilitate side chain rotation. The R1275 residue is located in the aA-loop helix of
the proximal portion of the A-loop in the DFG motif, so that the mutation at this site would
likely destabilize the helix and facilitate the shift to the aC helix. Both the F1174L and
R1275Q mutants show accelerated catalytic efficiency compared with wild-type ALK with
R1275Q exhibiting approximately 4-fold and F1174L exhibiting approximately 8-fold
higher catalytic efficiency than the wild-type enzyme. This increased catalytic efficiency is
at least partly due to the enhanced ATP binding affinity of these mutations for both ATP and
peptide substrate [21].

Since the original reports, analysis of larger numbers of cases has established the overall
frequency of ALK point mutations in neuroblastomas as 7-8% [43, 45, 46], with a gene
amplification frequency of approximately 2% [43, 45]. Although early reports suggested a
correlation between mutational status and disease stage, more recent studies have shown that
ALK mutations are equally distributed among the clinical stages of tumor progression [42].
Moreover, as yet, no association between ALK mutation and survival has been established.
Indeed, with the exception of F1174L mutations in MY CN-amplified tumors, somatic ALK
mutations do not appear to be associated with survival.

The ALK F1174L mutant, which so far has been found to be exclusively somatic, is
characterized by a higher degree of catalytic efficiency [21], autophosphorylation and more
potent transforming capacity than the R1275Q mutant [43]. Conceivably, the F1174
mutation also occurs in the germline but have not been reported thus far because it is
embryonic lethal. This mutation appears predominantly in tumors with MYCN gene
amplification, and the combination of these two genetic alterations was associated with a
particularly poor outcome in a recent meta-analysis [43]. Recently, it has been reported that

Semin Cancer Biol. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

this mutation can accelerate MY CN-driven tumorigenesis in animal models of
neuroblastoma [47, 48]. When crossed with MYCN transgenic mice, mice overexpressing
ALK-F1174L in neural crest-derived cells gave rise to doubly transgenic progeny that
developed aggressive neuroblastoma with 100% penetrance and a very short latency period
[47]. Similarly, coexpression of ALK-F1174L and MYCN in zebrafish markedly increased
the frequency of tumor formation and accelerated the time of onset [48], suggesting a
cooperative oncogenic relationship between the F1174L mutation and MY CN amplification.
The explanation for such an effect is unclear but may involve stabilization of MYCN by
mutated ALK. ALK-F1174L was also associated with rapid and treatment-resistant tumor
growth in a patient with neuroblastoma who developed progressive disease while
undergoing cytotoxic chemotherapy [49]. This mutation also arises as a resistance
mechanism in response to inhibitor treatment in ALK-translocated cancers [50], reinforcing
the idea that ALK-F1174L plays a key role in generating high-risk forms of neuroblastoma.

3.2. Gene amplification and copy number gain

Besides its propensity to undergo point mutation, ALK is amplified in about 2% of
neuroblastoma cases [43, 45]. Miyake et al.[32], first reported ALK amplification in 2002,
in conjunction with MYCN amplification in neuroblastoma cell lines, with corroboration of
this phenomenon in several later studies [4-6, 51]. It has become abundantly clear that ALK
amplification occurs almost exclusively with MYCN amplification and may affect as many
as 7-15% of primary neuroblastomas with an amplified MYCN gene [4, 43]. By contrast,
ALK amplification and mutation are seldom observed within the same tumor [5, 43]. So far,
ALK amplification has not been shown to have an independent correlation with aggressive
disease when MYCN status is taken into consideration.

Copy number gains appear to be more common than either mutation or amplification,
occurring in about 15-20% of cases [43, 45]. These largely involve either whole
chromosome 2 or areas of chromosome 2p, rather than focal gain of ALK and again, are
accompanied by amplification of MYCN [43]. Chromosome 2p gains including the ALK
locus are associated with significantly increased ALK expression correlating with poor
survival [5, 43, 52]. A multivariate analysis that included the competing covariates of
MYCN status, disease stage, patient age and ALK expression showed that ALK expression
was significantly associated with a poorer outcome in one of three independent data sets
[43].

3.3. ALK overexpression in the absence of mutation or amplification/copy number gain

ALK is often overexpressed in the absence of discernible mutation or amplification, but the
biological and clinical significance of this observation is unclear. Lamant et al. reported both
RNA and protein overexpression of the full-length ALK receptor in 22 (92%) of 24 primary
neuroblastomas, which did not correlate with patient outcome [53]. Other groups have
subsequently reported high ALK expression and strong activation of downstream targets in
neuroblastoma tumors despite the absence of ALK amplification or mutation [40, 54].
Passoni et al [52] have addressed this issue, concluding that both the mutated and wild-type
receptor kinases possess oncogenic activity in neuroblastoma cells, but that the wild-type
receptor requires a critical threshold of expression to achieve oncogenic activation. Indeed,
in their study, constitutive phosphorylation/activation was consistently observed in cells
with high expression of ALK, irrespective of whether they harbored the mutated or wild-
type receptor, while cells with low expression of wild-type ALK lacked activation
altogether. Also, cells overexpressing wild-type ALK were responsive to treatment with the
ALK inhibitors [52]. Knockdown of ALK expression in several cell lines overexpressing an
apparently wild-type ALK led to a striking decrease in cell proliferation [5, 6]. Additionally,
in another study, primary neuroblastomas with elevated expression of wild-type ALK had
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similar clinical and molecular phenotypes as those of tumors with elevated ALK expression
due to point mutations [55]. These intriguing results suggest that the high levels of ALK
expression are paramount in regulating neuroblastoma cell proliferation and point to the
existence of mechanisms other than mutation and amplification that not only regulate the
level of expression of ALK, but may also have a role in malignant transformation and
progression in neuroblastoma.

3.4. ALK signaling in neuroblastoma

Although a trove of valuable information has been published on NPM-ALK signaling, much
less is known about signaling mediated by the mutated/amplified full-length ALK receptor.
ALK fusion proteins lead to cell growth and survival through the activation of three major
pathways: JAK-STAT, PI3K-AKT or RAS-MAPK pathways, depending on tissue context
and cellular localization (Fig. 2). In neuroblastoma cell lines with ALK amplification the
constitutively activated ALK forms a stable complex with hyperphosphorylated ShcC, a Src
homology 2 domain-containing adaptor protein [32], resulting in deregulation of the
responsiveness of the MAPK pathway to growth factors [54]. Inhibition of binding of ALK
to ShcC significantly impairs the survival, differentiation and motility of neuroblastoma
cells with activated ALK by blocking the MAPK and PI3K/AKT pathways and inducing
apoptosis [54]. Mice lacking both ShcB and ShcC display a significant loss of sympathetic
neurons, suggesting that these adaptors are involved in sympathetic development and
survival. Similarly, gain-of-function ALK mutations signal through the MAPK and AKT
pathways, while involvement of the STAT pathway is rare in neuroblastoma [3-6]. Now that
ALK mutations constitute a tractable target in neuroblastoma, it will be crucial to investigate
the physiological and pathophysiological relevance of ALK-interacting proteins as well as
molecules that are transcriptionally modulated by aberrant ALK activation. Otherwise it will
be difficult to select candidate signaling nodes for the development of clinical therapeutics.

4. Current therapeutic options for ALK-positive neuroblastomas

4.1. Small molecule inhibitors

ALK inhibitors have been based on homology models of the insulin receptor kinase as well
as high-throughput screening and the vast majority targets the ATP binding site of the
catalytic domain.

The first ALK inhibitor to enter clinical trials was crizotinib (PF-2341066), an orally
bioavailable, 2,4-pyrimidinediamine derivative, ATP-competitive, dual inhibitor of MET
and ALK [56]. Crizotinib binds to the inactive conformation of both MET and ALK [50, 57]
and has shown striking efficiency against ALK-rearranged tumors, both in mouse models
and in the clinic [58, 59]. In early phase clinical testing, for example, at a mean treatment
duration of 6.4 months, the overall response rate was 57% in 82 patients with EML4-ALK
positive non-small-cell lung cancer (NSCLC) [59]. A phase 111 clinical trial of crizotinib is
underway (NCT00932893, ClinicalTrials .gov) and the inhibitor is expected to be on the
market in 2012 [60]. This compound is also being tested in a pediatric trial for the treatment
of neuroblastoma and other solid tumors bearing ALK/mutations and rearrangements
(NCT00939770, Clinical Trials.gov). In vitro studies have shown that crizotinib is more
potent in neuroblastoma cell lines with ALK amplification or the R1275Q mutation than in
lines expressing the F1174L mutation [42]. Similarly, crizotinib treatment causes complete
and sustained regression of xenografts harboring the R1275Q mutation, but does not inhibit
the growth of F1174L-positive tumors [42]. By contrast, neuroblastoma cell lines bearing
the F1174L mutation and Ba/F3 cells transduced with ALK-F1174L are very sensitive to
TAEG684, (5-chloro-2,4 diaminophenylpyrimidine) [4] and CRL151104A, a pyridine ATP-

Semin Cancer Biol. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Azarova et al.

Page 8

competitive inhibitor (ChemBridge Research Labs and St Jude Children’s Research
Hospital) [7].

TAEG684 was identified by screening of a kinase-targeted small-molecule library against Ba/
F3 cells expressing oncogenic kinases, specifically NPM-ALK [61]. This agent is especially
selective for ALK because the orthomethoxy group of TAE684 projects into a small groove
located between the side chains of residues L258 and M259 of the NPM-ALK kinase
domain; bulkier amino acids at the L258 position (which are seen in other kinases) would
lead to a steric clash with TAE684. Treatment of neuroblastoma cells harboring the F1174L
and the R1275Q ALK mutations induces rapid inhibition of phosphorylated ALK and its
downstream signaling, leading to apoptosis and cell cycle arrest [4, 62].

Recently, the repertoire of ALK inhibitors was enriched by the addition of three novel
compounds, two of which are being tested in early phase clinical trials [63-65]. CH5424802
(Chugai Pharmaceuticals Ltd) is a potent, selective, orally available ALK inhibitor identified
from high-throughput screening against multiple RTK targets [63]. This benzo[b]carbazole
derivative derived from a novel chemical scaffold exhibited potent antitumor activity against
cancers with a wide range of ALK gene alterations, including NSCLC cells expressing
EMLA4-ALK and ALCL cells expressing NPM-ALK. Importantly, CH5424802 inhibited
ALK L1196M, the gatekeeper mutation that commonly confers resistance to kinase
inhibitors, as well as the growth of the EML4-ALK L1196M mutant, recently identified in
NSCLC patients who had relapsed after treatment with crizotinib [66]. CH5424802
compound inhibited the growth of neuroblastoma cells expressing amplified ALK both in
vitro and in vivo models. The in vitro inhibitory activity in neuroblastoma cells expressing
the F1174L mutation was shown to be comparable to that of wild-type ALK. However, the
effect of this inhibitor on in vivo models of ALK mutated neuroblastoma is not yet clear
[63]. This compound is now in phase I/11 clinical trials for patients with ALK-positive
NSCLC. ASP3026 (Astellas Pharma) was identified in a chemical compound screen using
an ALK kinase inhibition assay aimed at EML4-ALK [64]. It inhibited ALK kinase activity
in vitro at an I1Csq of 3.5 nmol/L, and showed more selective ALK inhibition in a tyrosine
kinase panel than did crizotinib. ASP3026 inhibited the growth of NSCLC cells expressing
the EML4-ALK variant 3, both in vitro and in xenograft models. Researchers at Cephalon
Inc. have also identified and characterized a highly potent, selective and orally active ALK
inhibitor, CEP-28122 [65]. This compound inhibits recombinant ALK with an I1Csq of 3 nM
and tyrosine phosphorylation of NPM-ALK in ALCL mouse xenografts. Similar effects
were observed in EML4-ALK-positive NCI-H2228 and NCI-H3122 tumor xenografts [65].
The latter two ALK inhibitors could be promising alternatives to crizotinib in patients with
neuroblastoma, however, as yet, there are no published reports of their activity against
neuroblastoma associated ALK mutations.

Another promising class of lead compounds is a series of novel 3,5-diamino-1,2,4-triazole
benzylureas, which were developed through cell-based structure-activity relationship
studies. Specifically, compounds 15a and 23a potently inhibited the growth and survival of
neuroblastoma cell lines containing the F1174L mutation [67]. These potent ATP—
competitive ALK inhibitors may ultimately be developed into first-line drugs for treatment
of neuroblastoma.

4.2. ALK-directed immunotherapy

Immunotherapy with monoclonal antibodies targeting receptor tyrosine kinases,
administered either as monotherapy or in combination with small molecule kinase inhibitors
has been highly effective and widely used as treatment for malignancies such as breast and
lung cancer [68, 69]. ALK would be an ideal target for antibody-based therapy given its
abundant expression on the cell surface of almost all NB tumor cells and its restricted
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distribution normal tissues. Carpenter et al. [70] have reported that treatment of
neuroblastoma cell lines with ALK-specific monoclonal antibodies induced enhanced
immune cell-mediated cytotoxicity with resultant inhibition of cell proliferation and cell
death. These effects were enhanced by treatment with crizotinib that induced accumulation
of ALK on the cell surface, thus increasing the accessibility of antigen for antibody binding.
If validated in vivo, this treatment strategy may provide a novel ALK-based option for cases
of neuroblastoma that constitutively express this RTK.

4.3. RNA interference as a therapeutic modality

Targeting ALK by RNA interference is another potentially useful approach with certain
advantages over conventional drug treatment, including proven efficacy against both wild-
type and mutated transcripts and high sequence-specificity. A major obstacle to this
modality is the specific, effective and nontoxic delivery of siRNA to its target cells.
Currently, human applications of this technology are limited to targets within the liver, a
natural site of accumulation of the delivery system. In a recent study DiPaolo et al. [71] took
advantage of GD2, a disialoganglioside extensively expressed on tumors of neuroectodermal
origin, including neuroblastoma, to direct nanoparticles carrying ALK siRNA to the tumor
site. The special anti-GD(2)-targeted liposomal formulation of nanoparticles that carry
ALK-directed siRNA had low plasma clearance, increased siRNA stability, and improved
binding, uptake and silencing of ALK compared to free ALK-siRNA The anti-GD(2)-
targeted nanoparticles were specifically and efficiently delivered to GD(2)-expressing NB
cells and induced cell death in target cells. Intravenous injection of the targeted ALK-siRNA
liposomes into neuroblastoma xenografts showed gene-specific antitumor activity with no
side effects. Although still a long way away from the clinic, these preliminary results have
the potential to be developed into therapies for children with neuroblastoma.

4.4. HSP90 inhibition

An alternative approach to targeting ALK would be to interfere with its protein stability and
activation state. The heat shock proteins 90 (HSP90) and 70 (HSP70) are chaperones critical
for folding, stabilization and degradation of many oncogenic kinases, including ALK [72].
Hence, perturbation of HSP90 structure would be expected to affect the stability and
degradation of its bound substrates. Indeed inhibition of HSP90 in ALCL cells with 17-
allylamino,17-demethoxygeldanamycin (17-AAG) led to a rapid decrease in NPM-ALK
expression and phosphorylation and was associated with rapid HSP70-assisted proteasomal
degradation of NPM-ALK [72, 73]. Importantly, NPM-ALK/HSP complex formation
depended largely on interaction with the kinase part of the fusion protein and not on the
partner protein moiety, suggesting that HSP90 inhibitors may be effective in neuroblastomas
with genetic aberrations in the kinase domain [73]. 17-AAG or geldanamycin, and its
derivatives have also been shown to affect ALK activity by increasing the proteasome-
mediated degradation of the ALK protein [73]. IPI-504, a novel HSP90 inhibitor, is
undergoing phase Il testing, having shown promising antitumor activity against EMLA4-
ALK-translocated lung cancer [74-76].

4.5. Combination therapy of ALK-activated neuroblastomas

Research on targeted therapeutics against mutant receptor tyrosine kinases has been
tempered by the observation that only a subset of patients respond to inhibition with disease
regression, and even for these patients, the majority will develop resistant disease.
Moreover, targeting a single genetic aberration may be sufficient to block tumor growth, as
in the case of BCR-ABL in chronic myeloid leukemia, but once a tumor has acquired
additional aberrations, this strategy generally becomes ineffective, leaving the patient with
static disease that begins to progress once treatment is stopped[77]. Thus the cytotoxicity of
ALK inhibitors could be significantly enhanced by targeting the critical downstream

Semin Cancer Biol. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Azarova et al.

Page 10

pathways that mediate ALK signaling. In addition, combinations of ALK inhibitors with
other modalities that inhibit ALK such as anti-ALK antibodies, RNA interference or heat
shock protein inhibitors could offer alternative treatment regimens. Such rational
combinations may also prolong the duration of response and may delay or prevent the
inevitable emergence of resistance seen with RTK inhibitors.

4.6. Resistance to ALK inhibitors

Although effective in patients with ALK-translocated cancers; crizotinib and other kinase
inhibitors invariably lose their potency due to the emergence of drug resistance. Two groups
have recently reported the development of secondary mutations after initial successful
therapy with crizotinib [50, 66]. In the first case, a lung cancer patient with an EML4-ALK
tumor translocation, after an initial response to crizotinib, relapsed within 5 months and
became resistant to the drug. Deep sequencing of the patient’s tumor specimen revealed two
new amino acid substitutions C1156Y and L1196M in the kinase domain [66]. Both
mutations, when expressed together with EML4-ALK rendered Ba/F3 cells independent of
IL-3 and conferred resistance to crizotinib. L1196 in the ALK crystal structure corresponds
to threonine 315 in ABL and 790 in EGFR and is located at the bottom of the ATP-binding
pocket. Each of these positions is the site of the most frequently acquired mutations that
confer resistance to the inhibitors of those kinases. The presence of amino acids with bulky
side chains at this “gatekeeper” position, such as methionine, may interfere with the binding
of the kinase inhibitor.

The second report of ALK resistance to crizotinib involved identification of the F1174L
mutation in a patient with inflammatory myofibroblastic tumor (IMT) bearing the RANBP2-
ALK translocation, who had relapsed after initially successful therapy with crizotinib [50].
When F1174L is in cis with ALK translocation, it increases ALK phosphorylation, cell
growth, downstream signaling and blocks apoptosis in Ba/F3 cells coexpressing RANBP2-
ALK with F1174L. The structurally different ALK inhibitor TAE684 and the HSP90
inhibitor 17-AAG effectively inhibited the growth of Ba/F3 cells expressing these two ALK
variants. Based on the ALK crystal structure, the authors suggest that the F1174L mutation
may very effectively destabilize the aC helix in the activation loop and promote the active
conformation. Thus, the crystal structure of ALK in the active confirmation, and of the
F1174L mutant in particular, will likely facilitate the development of the second-generation
inhibitors that would effectively target these resistance mutants.

One of the mechanisms by which cancer cells with activated mutant kinases evade treatment
with kinase inhibitors is to switch to alternative signaling pathways. Thus, it was reported
recently that NSCLC cells with MET gene amplification develop resistance to crizotinib by
overexpressing the EGFR receptor [78]. Although a similar finding has not been reported for
ALK, it remains a definite possibility, as increased expression of this receptor was recently
detected in an ALK-mutated neuroblastoma cell line made resistant to crizotinib [79]. If
constitutive expression of the EGFR receptor represents a mechanism of stable resistance to
ALK inhibitors, it would indicate the feasibility of predicting resistance mechanisms that are
likely to emerge in patients treated with newer generations of ALK inhibitors.

5. Unanswered questions

One of the most intriguing questions in ALK biology is the normal function of the ALK
receptor during development and in adult life. The failure of ALK knockout mouse models
to reveal significant phenotypes [7, 25] has been frustrating, indicating that other research
avenues will need to be explored to understand the normal function of ALK. One possibility
is that in normal development ALK functions as a dependence receptor, mediating the
programmed cell death of neurons in the sympathetic nervous system. In the context of ALK
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activation, however, neuroblasts may not undergo apoptosis but hyperproliferate instead,
leading to tumor formation. Although pleotrophin and midkine are thought to be important
ligands for ALK, the relevance of their interaction with the kinase needs to be addressed,
particularly the notion that different ligands may be utilized in different developmental
contexts. Indeed, efforts to identify new ALK ligands, such as the “Jeb-like” protein, and
understand their normal functions as well as their possible roles in neuroblastoma
development need to be accelerated.

Mutations and amplifications of the ALK gene represent only a small fraction of
neuroblastoma cases. What about the rest? Intriguingly, knockdown of ALK in
neuroblastoma cells bearing the wild-type copy of this gene leads to apoptosis and cell death
[5,52], implying a wider role for the kinase in this disease. Moreover, many neuroblastoma
cell lines expressing single copies of ALK show phosphorylation of the receptor in the
absence of point mutations [4]. Whether phosphorylated, non-mutated and non-amplified
ALK contributes significantly to the pathogenesis of neuroblastoma, and the mechanism of
this contribution, remain fascinating questions for future studies.

Recent efforts to establish transgenic animal models of ALK F1174L-MYCN driven
neuroblastomas are encouraging, as they may help to define more precisely the role of
mutant ALK in neuroblastoma development and could provide useful tools for therapeutic
testing. Even so, a number of important issues must be considered before these findings can
be translated into the clinic. For example, do activating mutations other than F1174L
cooperate with MYCN during neuroblastoma pathogenesis, and, if so, to what extent?
Although the exact link between MYCN and ALK remains to be elucidated, targeting ALK
with shRNA inhibited cell growth in tumor lines with concomitant MYCN amplification,
suggesting that ALK inhibition may provide an effective targeting strategy against MY CN-
amplified tumors.
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Figure 1. Domain structure of ALK

The N-terminal, extracellular region of human ALK contains a signal peptide (aa 1-26), two
MAM domains (aa 264-427 and 480-626), one LDL domain (aa 453-471) and a glycine-rich
domain (aa 816-940). The transmembrane domain (TM) (aa 1030-1058) connects the
extracellular and intracellular domains. The intracellular (cytoplasmic) domain contains the
juxtamembrane (1058-1122) and the tyrosine kinase catalytic domains (aa 1122-1376).
(SigP, signal peptide; TM, transmembrane) , not drawn to scale.
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Figure 2. Signaling by ALK

ALK signaling can be activated by ligand binding (blue arrows), gene amplification or
mutation. The receptor is then auto-phosphorylated, stimulating signal transduction through
the indicated downstream pathways.
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Table 1

ALK mutations identified in neuroblastoma
Mutation  Tumor/cell line  Nucleotide substitution ALK region Reference
G1128A T 3383G —C P-loop [6]
T1151M T 3452C—>T Kinase domain [4]
R1192P T 3575G —C 34 strand [6]
R1275Q T/IC 3824G — A Activation loop [3-6, 40]
D1091N TIC 3271G - A Juxtamembrane domain  [4, 6]
M1166R 3497 T -G C helix [6]
11171N T 3B12T - A C helix [6]
F11741 T 3520T — A C helix [6, 40]
F1174V T/IC 3520T—>G C helix [3]
F1174C T 3521 T > G C helix [3]
F1174L T/IC 3522 C— A/G C helix [3, 4, 6, 40]
T10871 T 3620C— T Juxtamembrane domain  [3]
A1234T T 3700 G— AIG Kinase domain [4]
F1245Vv TIC 3733 T -G Catalytic loop [4, 6]
F12451 T 3733 T > A Catalytic loop [40]
F1245C 3734T—>G Catalytic loop [4, 6]
F1245L 3735 C— AIG Catalytic loop [3, 40]
11250T T 3749T—->C Catalytic loop [6]
R1275Q T/IC 3824G— A Activation loop [3-6, 40]
K1062M  T/C 3185A—T Juxtamembrane domain  [3]
R1275L T 3824G—T Activation loop [5]
Y1278S T 3833A—C Kinase domain [5]
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