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The anaplastic lymphoma kinase (ALK) gene was initially identified as a fusion
partner of the nucleophosmin gene in anaplastic large-cell lymphoma with t(2;5)
(p23;935) translocation, and then described with different genetic abnormalities
in a number of tumors. Although ALK is known to be involved in the pathogene-
sis of neuroblastoma through activating mutations or gene amplification, its role
in the pathogenesis of other pediatric cancers is still elusive. In addition to neu-
roblastoma, the high-grade amplification of ALK has been described in a subset
of rhabdomyosarcoma cases. Normal ALK protein expression is restricted to the
nervous systems of adult mammals, but the aberrant expression of ALK has been
observed in a variety of pediatric cancers, including glioma and Ewing sarcoma.
The discovery of oncogenic activation of ALK in neuroblastoma suggests that this
cancer could be potentially treated with an ALK inhibitor, as could other cancers,
such as non-small-cell lung cancer and anaplastic large-cell lymphoma. However,
cellular responses to mutant ALK are complex when compared to rearranged
ALK, and treatment remains a challenge. This review focuses on the biology of
ALK in pediatric cancers and possible therapeutic strategies for ALK-associated
tumors.
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I n recent years, the discovery of a variety of genetic alter-
ations in different malignancies leading to oncogenesis has
provided insight into the complexity of tumorigenesis and the
development for target-specific therapies with the objective of
improving clinical outcomes. " Among them, the breakthrough
of the BCR-ABL fusion in patients with chronic myeloid leuke-
mia has become a paradigm for personalized or precision med-
icine.” 1In current clinical practice, personalized cancer
therapy is well established for a number of gene targets,
including various kinase encoded genes."’ The anaplastic lym-
phoma kinase (ALK) gene encodes a transmembrane receptor
tyrosine kinase (RTK), which belongs to the insulin receptor
superfamily.®) ALK was first identified as part of the nucle-
ophosmin (NPM)-ALK gene fusion transcript, which is derived
from the t(2;5)(p23;q35) translocation that is involved in the
pathogenesis of a subset of cases of anaplastic large-cell lym-
phoma (ALCL).“*> ALK has been found to be rearranged,
mutated, or amplified in a variety of tumors, including neurob-
lastoma, inflammatory myofibroblastic tumor (IMT), and non-
small-cell lung cancer (NSCLC).“'" This pivotal discovery
has designated the ALK protein as a potentially relevant bio-
marker and therapeutic target in a wide variety of solid tumors
and hematological malignancies in which ALK is a critical
mediator of carcinogenesis. In fact, dramatic responses to ALK
inhibitors have been documented in NSCLC, ALCL, and IMT
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patients.“z’m The identification of recurrent oncogenic alter-
ations of ALK in ALCL, IMT, and neuroblastoma has high-
lighted the importance for ALK in histologically diverse
pediatric cancers. Therefore, there is a need to better under-
stand the role of ALK in cancer biology to optimize treatment
strategies for pediatric cancers.

This review summarizes the recent discoveries of the onco-
genic roles of ALK in pediatric cancers.

Structure, Function, and ALK Signaling

ALK encodes a highly conserved, 1620-amino acid RTK,
which is located on chromosome 2p23.2.”> Together with
leukocyte receptor tyrosine kinase and reactive oxygen species,
ALK belongs to the insulin receptor superfamily of cellular
transmembrane receptors that display intrinsic tyrosine kinase
activity.” The structure of this gene product includes an extra-
cellular domain (ECD), a single transmembrane region, and an
intracellular kinase domain.” The ALK ECD is unique among
RTK family members, containing a glycine-rich region and a
low-density lipoprotein receptor class A domain sandwiched
between two meprin, A-5 protein, and receptor protein tyrosine
phosphatase mu (MAM) domains (Fig. 1).*> The ALK ECD
can be divided into several regions with presumed functions of
ligand binding, interactions with potential co-receptors and
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secreted regulatory proteins, and dimerization, all of which
may potentially relay conformational changes to initiate the
activation of the intracellular kinase domain.”’ The activation
of endogenous ALK requires ligand-dependent receptor dimer-
ization and autophosphorylation. The binding site for two puta-
tive ALK ligands, pleiotrophin and midkine, has been mapped
between residues 391 and 401."*'> More recently, augmentor
o and B (FAM150) have been established as ALK ligands.'®
However, the mechanism by which ALK is physiologically
activated has not been completely elucidated. The ALK intra-
cellular domains are composed of a tyrosine kinase region with
three phosphorylation sites (Y1278, Y1283, and Y1283), fol-
lowed by a carboxyl-terminal lobe containing interaction sites
for phos];holipase C-y and Src homology 2 domain-containing
(SHC)."""”

Expression of ALK in humans is limited to rare neural cells
and scattered pericytes, as well as to endothelial cells after
birth, implying a role in neural development and differentia-
tion.® However, the native function of ALK in humans is still
unclear. At present, the distribution and function of the ALK

Wild-type ALK

Mutant ALK
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gene have been investigated in a number of model systems. A
single ALK family member has been found in worms (SCD-2)
and flies (Ak)."®'? In Caenorhabditis elegans, SCD-2 signal-
ing is required for the integration of sensory input but is not
essential for development.'® In Drosophila melanogaster, Alk
is activated by its ligand Jelly belly (Jeb) and regulates the
development of the gut musculature and neuronal circuitry
within the visual system.®? Flies lacking Alk die due to a lack
of founder cell specification in the embryonic visceral mus-
cle."” Mice with a homozygous deletion of the Alk tyrosine
kinase domain have a normal appearance and no obvious tis-
sue abnormalities, but preliminary observations have revealed
an increase in the number of progenitor cells in the hippocam-
pus and modifications of adult brain function.*" Additionally,
results in ALK gain-of-function, knock-in mice have revealed
a role for ALK in neurogenesis and neuroblastoma progression
combined with MYCN overexpression.

The ALK enzyme can activate other signaling pathways,
including the PI3K-AKT, JAK-STAT, CRKL-C3G, MEKK2/3-
MEKS-ERK, and MAPK pathways, which in turn transmit a
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Fig. 1. Anaplastic lymphoma kinase (ALK) signaling in normal and cancer cells. Normal activation of ALK through ligand binding is shown (the

ligand is indicated in orange). The full-length ALK receptor is a classical receptor tyrosine kinase, composed of an amino-terminal extracellular
domain and intracellular tyrosine kinase domain (inactive in blue and active in red), and connected by a single transmembrane domain. The ALK
extracellular domain contains two MAM domains (in green), one LDL domain (in pink), and a glycine-rich region (in light blue). ALK mutations
result in ligand-independent constitutive activation of the downstream ALK pathway, whereas ALK amplification results in ligand-dependent
constitutive activation of ALK signaling. In expressed ALK fusion proteins, ligand-independent dimerization with the oligomerization domains of
partner genes leads to the constitutive activation of the ALK pathway. An aberrant form of ALK that lacks exons 2 and 3 was amplified, leading
to the high-level expression of an N-terminal truncated kinase. This short form of ALK is mainly located at endoplasmic reticulum and aberrantly
activates the STAT3 pathway from ER. TK, tyrosine kinase.
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signal downstream through the signal pathway to the nucleus
where the expression of different genes are controlled
(Fig. 1).?® The activation of adaptor proteins and other cellu-
lar proteins, such as protein tyrosine phosphatase, non-receptor
type 11, SRC, fibroblast growth factor receptor substrate 2,
and SHC, has been observed downstream of ALK, implicating
roles for these alternative pathways.'” Other reported ALK
downstream targets are Bcl-2-like protein 11, p27, Cyclin D2,
nuclear interacting partner of ALK, Ras-related C3 botulinum
toxin substrate 1, cell division cycle 42, pI30CAS, Src homol-
ogy region 2 domain-containing phosphatase-1, and
PIKFYVE.**2¢

ALK Rearrangements in Pediatric Cancers

Various chromosomal rearrangements have been reported at
the ALK locus on chromosome 2q23.2, leading to the genera-
tion of fusion genes that encode the entire intracellular domain
of ALK at the 3’-end fused to various 5’-end partner genes.
Recent genome-wide studies have revealed the presence of
nearly 30 different ALK fusion partner genes in multiple types
of cancer (Table 1). Even though a large number of different
N-terminal partners have been identified, they all share com-
mon oncogenic features. The subsequent expression of fusion
proteins is regulated by the promoter of the N-terminal partner,
which is generally expressed in various normal tissues and can
lead to the ectopic expression of ALK kinase.“” As in other
RTK-related, oncogenic fusions, the N-termini of the partner
genes are characterized by the presence of oligomerization

Table 1. Chromosomal rearrangements involving ALK locus in
pediatric cancers
Cancer ALK fusion Chromosomal Reference
type gene abnormalities no.
ALCL TPM3-ALK 1(1;2) (q25;p23) (23)
ATIC-ALK inv(2) (p23;935) (23)
TFG-ALK 1(2:3) (p23;921) (27)
NPM1-ALK (2;5) (p23;q35) (4, 5)
TRAF1-ALK 1(2;9) (p23;932.2) (28)
CLTC-ALK t(2;17) (p23;923.1) (23)
RNF213-ALK t(2;17) (p23;925.3) (29)
TPMA4-ALK t(2;19) (p23;913.1) (23)
MYH9-ALK 1(2;22) (p23;q12.3) (23)
MSN-ALK t(2;X) (p23;912) (23)
IMT TPM3-ALK 1(1;2) (q25;p23) (30)
RANBP2-ALK 1(2;2) (p23;913) (31)
ATIC-ALK inv(2) (p23;935) (32)
SEC31A-ALK t(2;4) (p23;921.22) (33)
CARS-ALK t(2;11) (p23;p15.4) (23)
PPFIBP1-ALK (2;12) (p23;p11) (34)
CLTC-ALK 1(2;17) (p23;923.1) (23)
TPMA4-ALK t(2;19) (p23;913.1) (30)
RCC TPM3-ALK 1(1;2) (q25;p23) (36,37)
EML4-ALK* inv(2) (p21;p23) (35)
STRN-ALK (2;2) (p23;p22) (37)
VCL-ALK (2;10) (p23;922) (36)
PTC EML4-ALK inv(2) (p21;p23) (39)
STRN-ALK 1(2;2) (p23;p22) (38,39)
GTF21RD1-ALK t(2;7) (p23;911.23) (39)

*Reported only in adult cases. ALCL, anaplastic large cell lymphoma;
IMT, inflammatory myofibroblastic tumor; PTC, papillary thyroid can-
cer; RCC, renal cell carcinoma.
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domains, which are essential for the oncogenic potential of the
fusion protein. The role of ALK fusion proteins as oncogenic
drivers has been well established in preclinical models, includ-
ing transgenic mouse models."”

Anaplastic large-cell lymphoma. Anaplastic large-cell lym-
phoma is a rare type of T-cell non-Hodgkin’s lymphoma that is
characterized by large cells with variable shapes (anaplastic pat-
terns) expressing the membrane receptor CD30, which is a
member of the nerve growth factor/tumor necrosis factor recep-
tor family.“*" Anaplastic large-cell lymphoma accounts for 2—
5% of all non-Hodgkin’s lymphoma, although its prevalence is
higher in children and young adults with a frequency of 10—
15%.“Y Up to 90% of all pediatric ALCL cases have ALK rear-
rangements that lead to the ectopic overexpression of ALK
kinase, whereas only approximately 30% of adult cases harbor
these same genetic abnormalities.*” The most recurrent rear-
rangements of ALK in ALCL is the NPM-ALK fusion, account-
ing for 75-80% of all ALK-positive ALCLs, followed by the
tropomyosin 3 (TPM3)-ALK fusion, with a frequency of 12—
18%.“4>* NPM, located on chromosome 5q35, is an abundant,
nucleolar phosphoprotein that shuttles between the nucleus and
cytoplasm;“® it is involved in numerous cellular processes,
including ribonucleoprotein transport, centrosome duplication,
and control of genomic stability.** Tropomyosin 3 is a member
of the tropomyosin family of actin-binding proteins, located on
chromosome  1q25.“> Tropomyosins are components of
cytoskeletal microfilaments, providing actin filament stabilit
and regulating interactions with other actin-binding proteins.>’
Other fusions have been found at a much lower frequency
(<2%) and include TRK-fused gene (TFG)-ALK, clathrin heavy
chain (CLTC)-ALK, and TPM4-ALK.**?7?) These fusions
possess subtly different characteristics when transfected into
NIH3T3 fibroblasts and implanted as xenografts. The effects of
the different ALK N-terminal partners were assessed by express-
ing five ALK fusion variants in NIH3T3 cells; 0 NPM-, TFG-,
CLTC-, and 5-aminoimidazole-4-carboxamide ribonucleotide
formyltransferase/IMP cyclohydrolase (ATIC) -ALK were
found to increase proliferation and soft agar colony formation,
whereas TPM3-ALK had a stronger effect on invasion. The
expressed TPM3-ALK protein was subsequently shown to co-
immunoprecipitate endogenous tropomyosin, further supporting
an effect on cytoskeleton organization with a concomitant

ALK fusions in NIH3T3 cells led to the development of tumors
in nude mice, but NPM-ALK- and TFG-ALK-transfected cells
gave rise to more rapidly growing tumors.?” Notably, several
ALK fusions, such as TPM3/4-ALK, CLTC-ALK, and Ran-
binding protein 2 (RANBP2)-ALK, have been detected in IMTs
and diffuse B-cell large cell lymphoma, implicating a preferen-
tial choice for the ALK rearrangement partner, regardless of the
affected organs or tissues. Importantly, clinical outcomes for
ALK-positive ALCL patients approach the 70-80% cure rate,
compared to 15-45% for ALK-negative ALCL patients.*'*?
Inflammatory myofibroblastic tumors. Inflammatory myofi-
broblastic tumors are rare benign or locally aggressive soft-tis-
sue mesenchymal neoplasms.*” They occur primarily in
children and young adults, but can develop at any age. Histo-
logically, IMTs are characterized by the presence of a dense,
inflammatory infiltrate amid spindle cells in a myxoid to col-
lagenous stroma.“” Surgical resection is usually the first line
of treatment, but many cases develop a more aggressive phe-
notype with occurrence of metastases. Approximately 50% of
IMTs possess chromosomal rearrangements involving the
2q23.2 region, resulting in TPM3-4-ALK fusion transcripts.®”

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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Currently, several other ALK fusions, including cysteinyl-
TRNA synthetase (CARS)-ALK, CLTC-ALK, ATIC-ALK,
RANBP2-ALK, and SEC31L1-ALK, have been identified at
frequencies <5%.3'3? With the exception of RANBP2-
ALK, which is localized to the nuclear membrane when
expressed, the other expressed fusion proteins display a typical
cytoplasmic staining. Anaplastic lymphoma kinase expression
is generally seen in younger patients and correlates with local
recurrence rather than with distant metastasis formation; thus,
ALK fusions are thought to be associated with better prognosis
in cases of IMT.“” Published studies suggest that the identifi-
cation of the ALK gene rearrangements is useful to differenti-
ate IMTs from other spindle cell neoplasms of soft tissues and
viscera.

Other pediatric and adolescent cancers with ALK fusions.
Renal cell carcinoma (RCC) is rare in children; it accounts
for approximately 2-4% of all pediatric renal tumors.®> Ini-
tially, ALK rearrangements were described in pediatric RCC
cases, but further investigations showed that a small propor-
tion of adult RCCs belong to this ALK-rearranged -cate-
gory.®® ALK-rearranged RCC is a distinct type of disease
included in the so-called class of emerging/provisional
RCCs.%%*®  Several gene partners, including VCL, TPM3,
striatin  (STRN), echinoderm microtubule-associated protein
like 4 (EML4), and HOOKI, have been reported in cases of
RCC to date.C”**>% Histologically, ALK-rearranged RCCs
most commonly feature a solid architecture with occasional
trabecular and tubular features, and are composed of sheets
of epithelioid cells with abundant pale eosinophilic cyto-
plasm and frequent intracytoplasmic lumina.*® The clinical
course for ALK-rearranged RCCs is frequently indolent;

www.wileyonlinelibrary.com/journal/cas

however, in adult patients, progression is frequently more
aggressive.

Additionally, in adult cases of thyroid cancer, various ALK
fusions, including EML4-ALK, glutamine-fructose-6-phosphate
transaminase 1 (GFPT1)-ALK, TFG-ALK, and STRN-ALK,
have been detected. These ALK fusions have been found in
approximately 2% of patients with gapillary thyroid cancer
and medullary thyroid carcinoma.®*~" Although rare, ALK
rearrangements, such as STRN-ALK and EML4-ALK, have been
observed in pediatric papillary thyroid cancer cases as well.®”

Furthermore, ALK rearrangements occur in approximately
10-20% of spitzoid tumors (Spitz nevi, atypical Spitz tumors,
and spitzoid melanomas), which are melanocytic neoplasms
with distinctive histopathological features such as increased
cell size and an epithelioid or spindle morphology.®* Spitzoid
tumors are more common in children and adolescents, but can
occur at all ages. Those with ALK fusions show unique
histopathologic features, which promise to improve the classifi-
cation of these diagnostically challenging tumors.

ALK mutations in pediatric cancers. Gain-of-function muta-
tions in the full-length ALK were first described in sporadic
and familial neuroblastomas, common childhood solid
tumors.® 'V Subsequently, activating ALK mutations were
reported in adult cases of anaplastic thyroid cancer.®® In addi-
tion, next-generation sequencing revealed the presence of sev-
eral mutations in the ALK kinase domain in pediatric cases
with rhabdomyosarcoma, primitive neuroectodermal tumor,
and osteosarcoma (Fig. 2). Most of these mutations are located
in the kinase domain and can be classified into three groups:
ligand-independent mutations (F11741, F1174S, F1174L, and
R1275Q), ligand-dependent mutations (D1091N, T1151M, and
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Fig. 2.

Anaplastic lymphoma kinase (ALK) mutations detected in pediatric cancers. The nucleotide changes detected in neuroblastoma, gan-

glioneuroblastoma, glioma, osteosarcoma, primitive neuroectodermal tumor, and rhabdomyosarcoma are shown. COSMIC frequencies of ALK
mutations from published reports with functional and/or therapeutic significance are shown. A missense mutation is indicated by a blue circle,
and a frameshift mutation is indicated by a red circle. The numbers in the circles are the reported mutation numbers. The green box indicates
MAM domains, and the orange box indicates the tyrosine kinase domain. a.a., amino acids; PNET, primitive neuroectodermal tumor.
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A1234T), and a kinase-dead mutation (I1250T) (Fig. 2). ALK
mutations are occasionally acquired in ALK fusion genes as a
result of resistance to ALK inhibitors in cases of NSCLC as
well as ALCL.®*>%

Neuroblastoma. Neuroblastoma is the most common pedi-
atric extracranial solid tumor, a disease of the sympathoadrenal
lineage of the neural crest, accounting for approximately 15%
of all pediatric oncology deaths.®®>” This disease has a broad
spectrum of clinical behaviors, ranging from localized disease
with spontaneous regression to a%gressive clinical course and
death from progressive disease.”®” Although mostly spo-
radic, neuroblastomas may occur in familial or syndromic con-
texts.®” The best characterized genetic alteration associated
with a poor prognosis of neuroblastoma is the amplification of
the MYCN oncogene.® A loss of heterozygosity on chromo-
some 11q was also found to correlate with poor prognosis in
neuroblastoma.®®

Previously, we and other groups discovered ALK to be a
major oncogene target in sporadic and familial neuroblastoma
cases.® 'Y In familial cases, germline ALK mutations were
observed in 50% of pedigree, whereas approximately 10% of
sporadic cases showed ALK oncogenic mutations. Greater than
90% of all ALK mutations occurred within the kinase domain,
which clearly showed two mutation hot spots at positions
F1174 and R1275.°? Mutations of the F1245 residue were
also frequently observed in neuroblastoma, after the more
common F1174 and the R1275 mutations. The R1275 mutation
is more frequently observed in familial cases compared to the
F1174 mutation, which is a common mutation in sporadic
cases.® Intriguingly, the R1275 mutation is adjacent to the
corresponding L858R mutation in the epidermal growth factor
receptor, which is the most common epidermal growth factor
receptor mutation in lung cancer.®” According to insulin RTK
homology models, F1174 is located at the end of the Col
helix, whereas the other two common mutations are located in
the two [ sheets: before the catalytic loop (B6) (F1245) and
within the activation loop (B9) (R1275).°” The R1192P muta-
tion, which has only been reported in familial cases, is found
in the B4 strand of the kinase domain.” Expression of the
F1174L and K1062M mutants in NIH3T3 cells induces trans-
formation capacity; cells transduced with mutant proteins dis-
play increased colony formation in soft agar and tumor
generation in nude mice, and mutant kinases show increased
autophosphorylation and in vitro kinase activity compared to
wild-type.® 1In accordance with these findings, molecules
located downstream of ALK, including AKT, STAT3, and
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ERK, were found to be activated in cells expressing mutant
ALK (Fig. 3).%'" Furthermore, both F1174L and R1275Q
mutants promote cytokine-dependent growth of BaF3 cells, an
immortalized murine bone marrow-derived pro-B-cell line
whose growth and proliferation depend on the presence of
interleukin-3."" " Importantly, RNAi-mediated ALK knockdown
resulted in reduced cell proliferation in a cell line harboring
the F1174L mutation, but these effects were less clear in wild-
type ALK-expressing neuroblastoma cells.®? ALK mutations
were found to highly correlate with MYCN amplification:
approximately 50% of ALK mutations coexist with MYCN
amplification.®°" Transgenic and knock-in ALK mutation
models highlight the synergy between ALK and MYCN in the
pathogenesis of neuroblastoma.®*%%

ALK Amplification, Copy Number Gain, and Rare
Structural Variants

ALK gene amplification occurs in a variety of cancers and is
recognized as a therapeutic target. In neuroblastoma, high-
grade amplification of ALK has been found in cell lines and
primary tissues, and the subsequent overexpression of ALK
protein correlates with tumorigenesis.*> Constitutive activa-
tion of ALK results in the phosphorylation of downstream
molecules, including SHC and MAPK pathway-related pro-
teins, in neuroblastoma cell lines.!” As with ALK mutation,
amplification of ALK also strongly correlates with MYCN
amplification.“® In addition, recurrent copy number gain of
chromosome 2p23.2 involving the ALK locus has been
reported in neuroblastoma with a frequency of 35-40%.%¢?
High ALK expression has been shown to be tightly associated
with ALK amplification/mutation, as well as copy number gain
of the ALK locus, suggesting the upregulation of ALK expres-
sion by increasing DNA dose ©?

Amplification or copy number gain of the ALK locus, as
reported in a subset of rhabdomyosarcoma cases, is also
intriguing from a therapeutic perspective. Rhabdomyosarcoma
is the most common soft-tissue sarcoma in children and can be
divided into two histological subtypes, embryonal (ERMS) and
alveolar (ARMS).(63 ) Alveolar rhabdomyosarcoma shows an
aggressive phenotype, whereas embryonal has a more favor-
able prognosis.® We previously found that ALK inhibitors
were effective in select rhabdomyosarcoma cell lines with high
ALK expression levels, suggesting a possible therapeutic target
for ALK inhibitors in rhabdomyosarcoma.®” Compared with
TAEG684 and 2,4-pyrimidinediamine derivative (2,4-PDD), the
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different pharmacological behavior of crizotinib may be related
to MET inhibition, the specific activity of crizotinib, because
the rhabdomyosarcoma cell lines examined also express MET
to varying degrees.®” Given that ALK amplification or copy
number gain is predominantly detected in ARMS (6—
17%),**> thabdomyosarcoma cases with a poor prognosis
may benefit from ALK inhibitors.

We found another mechanism of ALK activation observed
in a neuroblastoma-derived cell line (NB-1): A short form of
the ALK protein (ALKdelz’3 , with a truncated extracellular
domain) is overexpressed, because of the amplification of an
abnormal ALK gene that lacks exons 2 and 3.°°® Functional
analysis revealed that ALK®'"?? underwent autophosphoryla-
tion in NB-1 and NIH3T3 cells, demonstrating enhanced
kinase activity and promoting downstream signaling pathways,
such as the STAT3 pathway. These results confirm the onco-
genic activity of ALK®'?3.©® Interestingly, two separate stud-
ies described aberrant ALK proteins with truncated
extracellular domains, Del 1-5 and Del 4-11 variants, leading
to constitutive kinase activity in four neuroblastoma speci-
mens, including three primary cases. These truncated proteins
resulted from chromosomal rearrangements involving the ALK
locus.©”%® Our data, together with these results, indicate that,
although rare, truncated ALK proteins are involved in the
pathogenesis of neuroblastoma, and patients with these rare
types of ALK alterations may benefit from targeted treatments
using ALK inhibitors.

Expression of Full-length ALK in Pediatric Cancers

Expression of full-length ALK protein has been detected in a
variety of human cancer cell lines and tumor specimens, such
as rhabdomyosarcoma, glioblastoma, and Wilms’
tumor.®>%*7 In our cohort of 146 cases with pediatric can-
cers, expression of full-length ALK was observed across vari-
ous pediatric solid tumors, such as rhabdomyosarcoma, Ewing
sarcoma, and pancreatoblastoma (Fig. 3). Previously, a gen-
ome-wide study revealed ALK as a target f%ene of PAX3-
FOXOI, the recurrent gene fusion in ARMS.""" Quantitative
assessment of ALK mRNA expression in rhabdomyosarcoma
revealed that high ALK expression correlated with a negative
prognosis, independent of fusion status.”? The wide distribu-
tion of ALK expression in pediatric solid tumors suggests that
ALK inhibitor-based therapies may benefit patients with these
particular tumors.

Targeted Anticancer Therapies

Recently, several ALK inhibitors were developed and exam-
ined in preclinical and clinical trials.”® Initial studies were
carried out using less potent ALK inhibitors, such as WHI-
P154, pyridines, and heat shock protein 90.7*7> Subsequently,
more potent and specific ALK inhibitors, such as diaminopy-
rimidines or aminopyrimidines including NVP-TAE684, 2.4-
PDD, and crizotinib (PF-2341066), have been developed.(7’73)
NVP-TAEG684 is a highly potent and specific NPM-ALK inhi-
bitor but is not currently being developed clinically. Such
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selective inhibitors can lead to the potent suppression of cell
growth in tumors expressing ALK fusion proteins. Crizotinib
is an inhibitor of both MET and ALK, and is the first ALK
inhibitor to be tested in phase I-II clinical trials of yediatric
patients including relapsed solid tumors and ALCL."” Crizo-
tinib was generally well tolerated in pediatric patients and
showed excellent antitumor activity in patients with ALCL and
IMT.®” Although neuroblastoma cell lines harboring ALK
mutations or amplification were highly vulnerable to ALK
inhibitors, such as NVP-TAE684, such a robust response to
crizotinib has not been observed in neuroblastoma patients
with ALK mutations.®* Thus, it will be important to study
neuroblastoma cells expressing mutant ALK to determine
whether an ALK inhibitor alone, or in combination with other
kinase inhibitors, is sufficient for growth inhibition. Further
development of ALK inhibitors, alone and in combination with
conventional chemotherapies, is likely to be used in the near
future. The development of mAbs against ALK should be
investigated, as they may be particularly useful for tumors that
have acquired resistance to ALK inhibitors.

Conclusion

This review provides an understanding of the role of ALK in
pediatric cancers and the preclinical proof-of-principle for the
use of ALK as a therapeutic target. There is a strong rationale
and significant enthusiasm for the use of ALK inhibitors as tar-
geted therapies against tumors harboring oncogenic fusions or
activating mutations. The results of the first clinical trial with
crizotinib have shown promise in highly refractory patients
with tumors harboring ALK fusion proteins; these results sup-
port the ongoing efforts to select patients for subsequent trials
based on ALK translocation status. Additional clinical trials of
other ALK inhibitors, such as alectinib and loratinib, in neu-
roblastoma patients will be crucial to overcoming neuroblas-
tomas harboring ALK mutations.”®
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