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Abstract
Anaplastic lymphoma kinase (ALK), a receptor tyrosine kinase in the insulin receptor superfamily,
was initially identified in constitutively activated oncogenic fusion forms – the most common being
nucleophosmin-ALK – in anaplastic large-cell lymphomas, and subsequent studies have identified
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ALK fusions in diffuse large B-cell lymphomas, systemic histiocytosis, inflammatory
myofibroblastic tumors, esophageal squamous cell carcinomas and non-small-cell lung carcinomas.
More recently, genomic DNA amplification and protein overexpression, as well as activating point
mutations, of ALK have been described in neuroblastomas. In addition to those cancers for which a
causative role for aberrant ALK activity is well validated, more circumstantial links implicate the
full-length, normal ALK receptor in the genesis of other malignancies – including glioblastoma and
breast cancer – via a mechanism of receptor activation involving autocrine and/or paracrine growth
loops with the reported ALK ligands, pleiotrophin and midkine. This review summarizes normal
ALK biology, the confirmed and putative roles of ALK in the development of human cancers and
efforts to target ALK using small-molecule kinase inhibitors.
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Anaplastic lymphoma kinase receptor tyrosine kinase
Normal anaplastic lymphoma kinase gene & protein

As well as playing vital roles in the transmission of extracellular cues that control diverse
normal functions, including proliferation, survival and differentiation, a number of receptor
tyrosine kinases (RTKs) have also been implicated in oncogenesis [1-4]. Anaplastic lymphoma
kinase (ALK) – one of the insulin receptor (IR) superfamily of RTKs, members of which also
include the IGF-1 receptor, the RTK neurotrophin receptors and hepatocyte growth factor/
scatter factor receptor (MET) – is an example of one such RTK with roles in both normal
development and oncogenesis. ALK is encoded by a genomic locus found at the chromosomal
band 2p23 in the human [5,6] and on the distal mouse chromosome 17 [7]. ALK (which is also
known by the cluster designation CD246) was originally identified as a result of the cloning
of the nucleolar protein nucleophosmin (NPM)–ALK fusion gene in anaplastic large-cell
lymphomas (ALCLs) [5,8]. An association between ALCL and the t(2;5)(p23;q35)
chromosomal rearrangement was reported in the late 1980s [9-13], and the genes involved in
this translocation were identified in 1994 as those encoding NPM at 5q35 and the novel ALK
RTK at 2p23 [5]. ALCLs account for approximately 2.5–5% of all human non-Hodgkin’s
lymphomas (NHLs), and are most common in young patients, comprising 30–40% of pediatric
large-cell lymphomas [14,15]. The genes encoding the full-length ALK protein in mouse and
man (human ALK sequences, Genbank accession numbers: U62540 and U66559; mouse Alk
cDNA accession number D83002) were cloned in 1997 [16,17]. The presence of an ALK
counterpart in Drosophila (DAlk) has also been confirmed by Loren et al. (GenBank accession
number AAF36990) [18].

As with other RTKs, ALK possesses an extracellular ligand-binding region, a transmembrane-
spanning domain and a cytoplasmic kinase catalytic region (Figure 1A). ALK shows significant
homology to leucocyte tyrosine kinase (LTK), another RTK in the IR superfamily that is, to
date, of uncertain normal or pathologic function [6,16,17]. Despite the high degree of similarity
shared by ALK and LTK, which would suggest possible redundant physiologic functions,
simultaneous deletion of the two genes in mice is not associated with obvious deleterious
effects (XUE L, MORRIS SW, UNPUBLISHED DATA). The 6226-bp ALK cDNA encodes for a 177-kDa
polypeptide; post-translational modifications, such as N-glycosylation, generate a mature ALK
RTK of approximately 200–220 kDa [17,19,20]. ALK is a single-chain transmembrane protein
of 1620 amino acids (aa) in the human and 1621 or 1701 aa in the mouse and fruit fly,
respectively [16-18]. The 1030-aa extracellular domain of human ALK contains several motifs
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(Figure 1A), including a 26-aa N-terminal signal peptide sequence, as well as the binding site
(located at residues 391–401) for the endogenous ligands reported to activate ALK,
pleiotrophin (PTN) and midkine (MK) [21,22]. The 28-aa transmembrane domain is followed
by a 64-aa juxtamembrane segment that contains a binding site (aa 1093–1096) for
phosphotyrosine-dependent interaction with the IR substrate-1. The kinase domain (KD) of
ALK includes a three-tyrosine-containing motif (tyrosines 1278, 1282 and 1283) within its
activation loop. As with other IR superfamily RTKs, these tyrosine residues represent major
autophosphorylation sites that regulate the activation loop confirmation, occluding access of
ATP to the ATP-binding pocket in its nonphosphorylated state and swinging outward and away
from the binding pocket to allow unimpeded entry of ATP during the kinase-activation process
following phosphorylation of the triplet tyrosines [23]. The 244-aa ALK C-terminus contains
a phosphotyrosine-dependent binding site (aa 1504–1507) for the substrate protein Src
homolgy 2 domain containing (SHC), as well as an interaction site for the phosphotyrosine-
dependent binding of phospholipase C-γ (ALK aa 1603–1606) [24-26].

Normal ALK function
Initial studies of human ALK mRNA expression demonstrated the presence of 6.5- and 8.0-kb
transcripts in rhabdomyo sarcoma tumors and in normal tissues, mainly in the central and
peripheral nervous systems, with no or very minimal expression in other tissues [5]. Subsequent
studies confirmed the expression of Alk transcripts in murine brain and spinal cord [16,17],
and in situ hybridization studies showed Alk expression to be restricted mainly to specific
regions of the developing mouse brain and peripheral nervous system – the thalamus,
hypothalamus, midbrain, olfactory bulb and selected cranial, as well as dorsal root, ganglia
and the myoenteric plexus of embryonic mice, beginning at day 11 of embryogenesis. The
levels of Alk mRNA decrease near the end of gestation and are detected at only very low
quantities in neonates; immunoblotting studies have also shown the levels of Alk protein to
decrease substantially after birth [16]. Vernersson and colleagues recently reported additional
in situ hybridization and immunostaining expression ana lysis of Alk in the mouse,
corroborating and expanding upon earlier studies; this study identified additional Alk
expression in the retinal neural and pigment layers, the lens and optic nerve and in portions of
the tongue, testis and ovary [27]. The restricted normal tissue distribution of the ALK protein
in adult human tissues was confirmed by anti-ALK immunocytochemical studies, in which
only rare scattered neural cells, pericytes and endothelial cells in the brain were shown to be
immunoreactive [19,28]. DAlk mRNA and protein expression in the fruit fly is also highly
regulated, with expression mainly in the brain and ventral nerve cord. However, the DAlk
protein has also been detected at stage 11 in the developing fly mesoderm [18], and more recent
immunostaining studies using DAlk-mutant Drosophila strains have confirmed mRNA and
protein expression in the digestive tract musculature throughout embryonic development
[29-31].

The nervous system-predominant expression pattern of Alk suggests that the RTK could play
an important role in the physiological development and function of this tissue [16-19].
Intriguingly, however, Alk function is not required for the viability of knockout mice, which
possess a full life span and have no readily obvious abnormalities (XUE L, MORRIS SW, UNPUBLISHED DATA).
This is the case despite the observation in Caenorhabditis elegans that the ALK ortholog is
implicated in the inhibition of presynaptic neural differentiation, with downregulation of ceAlk
by a specific Skp, Cullin, F-box-like ubiquitin ligase complex required for the maturation of
neural synapses in the worm [32]. Furthermore, recently published work from Bazigou et al.
has demonstrated DAlk to function in the development of the neuronal circuit assembly in the
fly visual system [33]. In these studies, DAlk was shown to be expressed and required in target
neurons present in the optic lobe, while the DAlk ligand, Jelly Belly (Jeb; vide infra), is
produced by photoreceptor axons and functions in the eye to control target selection by axons

Webb et al. Page 3

Expert Rev Anticancer Ther. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in the lamina and medulla. In addition to this critical nervous system-related function in the
fly, earlier studies of DAlk had clearly shown that the receptor plays an essential role in the
development of the gut musculature of Drosophila, with its absence being associated with
deficits in the specification of muscle-founder cells responsible for visceral gut formation
[29-31,34].

Some degree of clarity regarding Alk function in mammals has been provided by Bilsland and
colleagues, who reported the characterization of independently generated Alk knockout mice
[35]. The investigators identified no apparent developmental, anatomical or locomotor deficits
in these knockout animals. Interestingly, however, the mice were reported to display an
‘antidepressant profile’ – an age-dependent increase in basal hippocampal progenitor
proliferation, similar to that observed with chronic antidepressant treatment or neurotransmitter
modulation. Such hippocampal neurogenesis has been correlated with the regulation of mood
and is hypothesized to be required for antidepressant efficacy based on studies in murine
models; furthermore, hippocampal neurogenesis has also been postulated to be required for
several aspects of learning and memory [36-38]. Consistent with their increased hippocampal
progenitor proliferation, Alk knockout mice demonstrated enhanced performance in novel
object recognition/location tests, as well as increased struggle time in tail suspension and
Porsolt swim tests. Neurochemical ana lysis of the knockout mice revealed increased basal
dopaminergic signaling tone selectively within the prefrontal cortex. Collectively, these data
suggest antagonism of ALK as a potential new approach for the therapeutic management of
cognitive and/or mood disorders. Within the context of these findings, it is also interesting to
note that certain polymorphisms within the ALK gene locus have been reported to segregate
with the development of schizophrenia in some families [39].

ALK ligands
The expression of ALK predominately in the nervous system together with the observation
that the distribution of ALK mRNA and protein partially overlaps with that reported for
members of the TRK neurotrophin RTKs both suggest that ALK could serve as a receptor for
a neurotrophic factor(s) [40]. Recently, the related proteins PTN and MK have been reported
as being ligands for ALK in mouse and man [21,22], while the Jeb protein was described as a
ligand for DAlk in the fruit fly [29,30]. The 18-kDa heparin-binding growth factor PTN induces
neurite outgrowth, but also has mitogenic activity for a variety of cell lineages [41-44]. The
expression of PTN is similar to that of ALK, with high levels in the nervous system during
fetal development and decreased expression following birth [45]. The other putative
mammalian ALK ligand, MK, was originally described as a retinoic acid-inducible,
developmentally regulated, heparin-binding neurotrophic factor that shows 45% identity to
PTN [46]. Functions attributed to MK are similar to those of PTN, including the direction of
neurite connections, effects upon neuronal migration and a possible role in angiogenesis
[46-58]. MK is expressed in the brain as well as other organs, with highest levels generally at
midgestation and, similar to PTN, downregulation at birth. The DAlk ligand, Jeb, is structurally
dissimilar to PTN and MK, and is produced and secreted in the ventral somatic mesoderm of
the fruit fly. Englund and colleagues and Lee et al. observed a similar phenotype in Jeb and
DAlk mutant flies [29,30], further implicating the two proteins as playing a role in the
specification of visceral mesoderm precursors into muscle-founder cells and fusion-competent
cells [59]. Immunohistochemical studies demonstrated that, while Jeb and DAlk are expressed
in adjacent cells, the two proteins are colocalised at areas of contact and both are essential for
the activation of the RAS/MAPK pathway, with high-affinity binding of Jeb to DAlk [30] and
uptake of Jeb in vivo dependent on the presence of DAlk [29]. To date, a mammalian
counterpart to Jeb has not been identified, nor does evidence exist to support a role for ALK
in muscle specification in mammals. Likewise, although the Drosophila counterparts to PTN
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and MK – the so-called miple-1 and -2 genes, respectively – have been identified, their exact
functions in the fly and whether they may also bind and activate DAlk remain uncertain [60].

Pleiotrophin, MK and ALK appear to play roles in the regulation of cell survival. PTN and
MK themselves were implicated in the regulation of apoptosis some time ago [45] and more
recent studies by Bowden et al. suggested that this activity is regulated, at least in part, by ALK
[61]. One mechanism by which ALK transduces survival signals probably involves PTN-
stimulated phosphorylation and activation of the serine/threonine kinases PI3-kinase and
protein kinase B (PKB/Akt), which are anti-apoptotic proteins [62]. A role for PTN (and MK)
in angiogenesis has also been reported [45,49,58,63-68], and Stoica et al. postulated that ALK
may mediate this process, citing ALK mRNA and protein expression in umbilical endothelial
cells [21,22].

It should be mentioned that controversy remains regarding the identity of PTN and MK as
bona fide ALK receptor ligands. For example, although certain experimental results have
supported such a biological connection [69], several investigators have had difficulty
reproducing experimental data showing the binding and activation of ALK by PTN [70-72].
In addition, receptors for PTN other than ALK have been reported – the receptor protein
tyrosine phosphatase ζ1 (PTPRZ1, also known as RPTPβ/ζ) [73,74] and the heparan sulphate
proteoglycan N-syndecan (syndecan 3) [75-79]; likewise, MK receptors other than ALK have
been described – neuroglycan C [48], PTPRZ1 (which, like ALK, it shares with PTN) [50],
the low-density lipoprotein receptor-related protein [53] and α4β1- and αβ1-integrins [54].
Thus, a role for PTN- and MK-mediated activation of ALK in the regulation of normal
physiologic cell responses, such as angiogenesis and neurogenesis, remains to be unequivocally
established, and at least some of the effects of PTN and MK may be transduced by other
receptors. Partial clarity regarding this issue with respect to PTN appeared to have been
provided by the 2005 studies of Lu et al., in which the two naturally occurring forms of PTN
(15- and 18-kDa polypeptides, which differ by the processing of 12 C-terminal aa residues),
were shown to differentially bind and activate ALK (PTN15) or PTPRZ1 (PTN18) [80]. In
studies performed with glioblastoma cell lines, PTN15 promoted cell proliferation in an ALK-
dependent fashion, while PTN18 mediated cell migration in a PTPRZ1-dependent manner.
Thus, these data suggested that some of the confusion in the literature regarding the binding
of PTN and ALK might be due to the differential binding of the two PTN isoforms to different
receptors; however, a follow-up study published in 2007 from another group using
neuroblastoma and glioblastoma cells failed to show evidence for binding of ALK by either
PTN isoform [72].

A different mechanism for ALK activation by PTN has also recently been suggested by Perez-
Pinera and colleagues [81]. These investigators reported that phosphorylation of ALK in PTN-
stimulated cells is mediated indirectly through the PTN/ PTPRZ1 signaling pathway, without
actual interactions between PTN and ALK. This model posits that, in cells not stimulated by
PTN, PTPRZ1 dephosphorylates ALK at the sites that undergo autophosphorylation during
activation of the kinase; by contrast, when PTN binds PTPRZ1 (which results in inactivation
of the membrane-spanning receptor phosphatase) in PTN-stimulated cells, the
autophosphorylation sites in ALK are no longer dephosphorylated and tyrosine
phosphorylation/activation of ALK occurs. This unique mechanism of ALK activation was
only recently described (in 2007), and follow-up studies further examining it have, thus, not
yet appeared in the literature. A substantial body of data exists linking PTN and MK to the
proliferation, survival and metastasis of various tumors, and to tumor-associated angiogenesis
[45,47,68,82]; thus, the elucidation of the exact role played by ALK as opposed to other
receptors in the binding and transmission of PTN- and MK-mediated signals is of critical
importance and requires substantial further investigation.
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Role of ALK in cancer pathogenesis
Full-length ALK receptor in tumorigenesis

Several tumor types are known to express the full-length ALK RTK. For example, full-length
ALK receptor protein has been detected in cell lines and/or primary specimens representing a
variety of tumors including neuroblastomas, neuroectodermal tumors [20,22,83-85],
glioblastomas [62,80,86,87] and melanoma [70]. Furthermore, the full-length ALK cDNA was
originally cloned from an Rh30 rhabdomyosarcoma cell line cDNA library [5,17,19], and
expression of the full-length protein has subsequently been reported to occur in a subset of
rhabdomyosarcoma tumors [88-91]. In addition, anti-ALK immunoreactivity has been
observed in tissue immunostaining studies of other malignancies, such as breast carcinoma,
malignant peripheral nerve-sheath tumors, and lipogenic tumors [70,89,91-93]; in these
tumors, however, whether the full-length or rather fusion forms of ALK might be expressed
in immuno positive cases has not yet been unequivocally determined (indeed, it has been noted
that at least some breast carcinomas appear to exhibit an ALK immunostaining pattern more
characteristic of certain ALK fusion proteins than the full-length receptor) [92]. With the
exception of neuroblastoma (in which a pathogenic role for full-length ALK expression seems
clear, vide infra), the pathogenic significance – if any – of ALK receptor expression in each
of the aforementioned tumor types remains uncertain at this time. It has been postulated that
autocrine and/or paracrine growth loops involving PTN and/or MK may be driving the growth
of tumors that express the full-length normal ALK receptor, and data suggestive of such a
mechanism have been generated in studies of glioblastoma (the tumor, thus far, best-
characterized in this regard [62,80,87]) but this has not yet been unequivocally proven for any
tumor type.

Neuroblastoma: overexpression & activating point mutations of full-length ALK
—Neuroblastoma is the most common extracranial solid tumor of childhood and is an
embryonal tumor derived from the developing neural crest [94]. With current treatment
protocols for high-risk neuroblastoma involving myeloablative chemotherapy with peripheral
stem cell rescue, improved event-free survival is observed; however, long-term survival
remains poor [95].

By single nucleotide polymorphism (SNP) array ana lysis, it was recently reported that ALK
amplification occurs both in cell lines and primary neuroblastomas [96]; these data
corroborated earlier reports that had also found ALK expression and DNA amplification in
neuroblastoma [20,83-85]. As previously described, Alk is normally expressed in the nervous
system and its deregulation, therefore, might be expected to drive abnormal development and
growth of neural lineage tumors, such as neuroblastoma [5,16,17,27,96,97]. Full-length ALK
protein expression was described in 92% (22 out of 24 specimens) of primary neuroblastomas
by Lamant and colleagues [20], although no clear association with clinical or prognostic
features was identified in this small number of cases. Other translational research reports had
suggested links associating the putative ALK ligands PTN and MK with neuroblastoma
clinically [98-101], although the exact pathophysiologic importance of these links and their
relevance to ALK remains uncertain. For example, Nakagawara et al. found high levels of PTN
mRNA expression in neuroblastomas to correlate with a favorable prognosis (whereas MK
expression was not associated with disease stage) [98], and Calvet et al. found low levels of
PTN to be associated with the acquisition by neuroblastoma of resistance to the
chemotherapeutic agent irinotecan in vivo [101]. These findings would seem to be inconsistent
with a role for PTN or MK in promoting the autocrine or paracrine ALK-mediated growth of
neuroblastomas.

Anaplastic lymphoma kinase had also been found to be constitutively activated due to high-
level overexpression as a result of gene amplification in neuroblastoma cell lines [84]; in these

Webb et al. Page 6

Expert Rev Anticancer Ther. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



studies, activated ALK was shown to form a stable complex with hyperphosphorylated ShcC,
a SHC adaptor molecule, and to modify the responsiveness of the MAPK pathway to growth
factors. Mice lacking ShcB and ShcC exhibit significant loss of sympathetic neurons,
suggesting that these two kinase signaling substrate adaptors act to support sympathetic
development and survival [102]. Suppression of activated ALK in neuroblastoma cells was
found to reduce the phosphorylation of ShcC and downstream targets of ALK, such as MAPKs
p42 and p44, as well as Akt, and to induce apoptotic changes in the cells [84]. Collectively,
these aforementioned data supported a potential role for deregulated ALK signaling in
neuroblastoma genesis and/or progression.

In order to determine whether ALK might be activated in neuro blastoma by mechanisms other
than amplification, George et al. recently sequenced the ALK gene in a cohort of 93 primary
neuroblastoma specimens [103]. This sequence ana lysis of the entire open reading frame of
ALK identified five novel mis-sense mutations; sequence variants were identified in conserved
positions in the ALK tyrosine kinase (TK) domain, four being singletons and one found to be
recurrent in four of the 93 samples. Sequence ana lysis of matched normal control DNA from
this set of patients revealed that in the eight patients, two mutations were germline and six were
somatic. The most common mutation was a recurrent cytosine-to-adenine change in exon 23
that results in a phenylalanine-to-leucine substitution at codon 1174 (F1174L) within the ALK
KD; this somatic mutation was identified in 4% (four out of 93) of primary tumors. None of
these mutations appeared to be frequently occurring SNPs (none were found in dbSNP or the
Catalogue of Somatic Mutations in Cancer [two SNP databases]), and these alterations were
not detected by genotyping of 270 samples collected by the International Hap Map Consortium
[104].

The F1174L, as well as an R1275Q, ALK mutation rendered IL-3-dependent murine lymphoid
BaF3 cells cytokine-independent for their growth, indicating that both mutations are kinase-
activating [103]; however, expression of neither wild-type ALK nor the sequence variants
T1151M or A1234T led to IL-3-independent BaF3 growth. Moreover, when expressed in BaF3
cells, the F1174L mutation induced constitutive activation and autophosphorylation of ALK;
the R1275Q mutation was also associated with constitutive ALK phosphorylation, but to a
lesser extent. By contrast, neither the T1151M nor A1234T alterations caused ALK activation,
suggesting that these sequence variations may actually be uncommon SNPs that have yet to
be reported.

Anaplastic lymphoma kinase was found to be mutated in six out of 30 neuroblastoma cell lines
as well, including three different cell lines (Kelly, SH-SY5Y and LAN-1), with the F1174L
mutation also shown to be present in four of the 93 primary tumor samples examined [103].
The R1275Q mutation was found in the neuroblastoma cell line SMS–KCNR, while a mutation
that had not been observed in the primary tumor specimen, F1245V, was identified in the
CHLA-90 cell line. To test the sensitivity of the tumor-derived mutant ALK proteins to ALK
inhibition, neuroblastoma cell lines harboring specific ALK mutants were treated with
increasing concentrations of a recently described ALK small-molecule inhibitor, NVP-
TAE684 (vide infra [103]. All of the constitutively activated point mutants of ALK were
inhibited by NVP-TAE684, the most sensitive to the small molecule being the F1174L
mutation; for example, the IC50 values for inhibition of the proliferation of two neuroblastoma
cell lines harboring the F1174L mutation, SH-SY5Y and Kelly, were 258 nM and 416 nM,
respectively. In agreement with the findings of George et al. [103], these two neuroblastoma
cell lines had also recently been reported by an independent group of investigators to be
responsive to NVP-TAE684, but the basis for the sensitivity was not elucidated [103,105].
Furthermore, in experiments performed in parallel by George et al. to corroborate their results
with NVP-TAE684, a second ALK small-molecule inhibitor – a pyridone compound ATP-
competitive ALK small-molecule inhibitor, CRL151104A (codeveloped by ChemBridge
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Research Laboratories Inc. [San Diego, CA, USA] and investigators from the Steve Morris
laboratory at St Jude Children’s Research Hospital [Memphis, TN, USA]; vide infra, Section
3E) was tested against neuroblastoma cell lines containing activated ALK mutant proteins;
dose-dependent growth inhibition of the Kelly (F1174L), SH-SY5Y (F1174L) and CHLA-90
(F1245V) neuroblastoma cell lines was observed in the presence of CRL151104A, with IC50
values of 610, 500 and 370 nM, respectively (GEORGE RE, LOOK AT, MORRIS SW; UNPUBLISHED DATA).

Of note, the SMS–KCNR cell line expressing the ALK R1275Q mutation was resistant to both
NVP-TAE684 and CRL151104A, with IC50 values of 4.9 and 3.8 μM, respectively (GEORGE RE,

LOOK AT, MORRIS SW; UNPUBLISHED DATA) [103]. The basis for the resistance of this cell line that expresses
the R1275Q-activating allele is not clear; however, Ba/F3 cells expressing this mutation
became IL-3 independent and were sensitive to both NVP-TAE684 and CRL151104A (IC50
values of 328 and 370 nM, respectively). The SMS–KCNR cell line may, therefore, have
acquired additional molecular abnormalities during its adaptation to tissue culture that render
it independent of the activity of the mutated ALK kinase. Other neuroblastoma cell lines that
expressed ALK but lacked mutations were also resistant to the growth-inhibitory properties of
NVP-TAE684 and CRL151104A (with IC50 values for the compounds ranging from 1.67 to
4.33 μM); statistical ana lysis performed to compare the IC50 values of the sensitive
neuroblastoma cell lines Kelly, SH-SY5Y and CHLA-90 with the IC50 values of nine lines
expressing wild-type ALK showed the difference to be highly significant (p = 0.0015).

Treatment with either of the ALK inhibitors (NVP-TAE684, 200 nM; CRL151104A, 1 μM)
resulted in 3–12-fold increases in the percentage of apoptotic cells in the inhibitor-sensitive
cell lines Kelly (F1174L) and SH-SY5Y (F1174L) after only 24 h, in contrast to the resistant
SMS–KCNR (R1275Q) and IMR-5 (wild-type ALK) cell lines, which lacked any increase in
terminal deoxynucleotidyl transferase mediated dUTP nick-end labeling activity (GEORGE RE, LOOK

AT, MORRIS SW; UNPUBLISHED DATA) [103]. Cytotoxicity was also associated with G1-phase arrest and
substantial reductions in S-phase cell fractions as measured by flow cytometry [103]. The
inhibitor-sensitive cell lines, such as Kelly (F1174L), demonstrated reduced phosphorylation
of ALK and of the downstream effectors ERK 1/2, STAT3 and Akt upon treatment. By contrast,
there was no apparent effect on the phosphorylation of ALK or its downstream targets in the
resistant cell line IMR-5. Moreover, shRNA knockdown of ALK in the Kelly and SH-SY5Y
cell lines that harbor the F1174L mutation was associated with a reduction in cell growth and
viability by comparison with cells transduced with a control shRNA [103].

Concurrent with the findings of George and colleagues, three other groups of investigators
independently described mutations of ALK in neuroblastomas as well [106-108]. In one of
these studies, Mosse et al. studied the rare subset of neuroblastomas that are inherited as an
autosomal dominant trait with incomplete penetrance [106]. A genome-wide scan for linkage
in 20 neuroblastoma pedigrees was performed at approximately 6000 SNPs. A single region
consistent with linkage was discovered at 2p23–24 delimited by SNPs rs1862110 and
rs2008535 and containing 104 genes, including the candidate oncogenes MYCN and ALK. No
sequence variations were discovered during complete resequencing of the MYCN coding region
and 18 kb of surrounding genomic DNA. However, eight of the 20 pedigrees studied showed
single base substitutions in highly conserved nucleotides within the ALK TK domain that
segregated with the disease. To determine if ALK alterations might also be somatically
acquired, Mosse et al. examined a representative set of 491 diagnostic neuroblastoma primary
tumors from sporadically occurring cases for copy number alterations on a 550K SNP array,
identifying a focal unbalanced gain of a large genomic region at 2p, including the ALK locus,
in 112 cases (22.8%: partial trisomy) and an additional 16 cases (3.3%) of high-level focal
ALK amplification. Aberrant ALK copy number status (either gain or amplification) was
associated with an aggressive clinical phenotype, such as metastasis at diagnosis (p < 0.0001)
and death from disease (p = 0.0003). Sequencing of ALK in a subset of 167 neuroblastomas
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from high-risk patients and 27 human neuroblastoma cell lines (all established from high-risk
patients) revealed 14 out of 167 (8.4%) primary specimens and ten out of 27 (35.7%) cell lines
to possess single-base point mutations. In total, in their sequencing of both familial and sporadic
neuroblastoma cases, Mosse et al. identified mutations at eight different codons (G1128A,
M1166R, I1171N, F1174I, F1174L, R1192P, F1245C, F1245V, I1250T and R1275Q) within
the ALK KD; each of the mutations identified were shown experimentally and/or predicted to
be kinase activating [106]. Neuroblastoma cell lines expressing ALK mutants or containing
amplified ALK demonstrated marked inhibition of proliferation in response to knockdown of
expression by ALK-directed siRNAs. These data revealed that heritable mutations in the
ALK KD are the major genetic determinant of familial neuroblastoma and independently
corroborated the observation that somatically acquired alterations in ALK also frequently occur
in sporadic neuroblastomas.

Two additional reports regarding ALK abnormalities in neuroblastoma described findings
similar to George et al. and Mosse and colleagues [103,106-108]. Specifically, Chen et al.
identified mis-sense mutations in 13 out of 215 fresh tumors (6.1%) and eight out of 24
neuroblastoma cell lines (33%) [108]; ALK mutation was found to be highly correlated with
MYCN amplification, and 12 out of 13 of the mutations in the primary samples were found in
patients with high-risk stage III or IV disease. In addition to F1174 and R1275 mutations,
mutations of T1087 (T1087I) and K1062 (K1062M) were identified. Together with cases
shown to have high-grade amplification of the ALK gene, abnormal ALK signaling was
implicated in 16 out of 151 (11%) of the advanced neuroblastomas examined by these
investigators. Janoueix-Lerosey et al. identified both germline and somatic ALK mutations and,
in addition to a predominance of F1174 and R1275 abnormalities, found mutations at R1192
(R1192P) and Y1278 (Y1278S); mutations were identified in nine out of 28 (32.1%)
neuroblastoma cell lines and seven out of 115 (6.1%) frozen tumor samples [107]. Interestingly,
one of the cell lines (CLB-BAR) in which no activating point mutations of ALK were identified,
expressed a truncated ALK-immunoreactive protein with high kinase activity, suggesting an
alternative mechanism of activation, such as an ALK fusion. These investigators also found
that 26 out of 592 neuroblastomas (4.4%) demonstrated higher than twofold copy number
increases of the ALK genomic locus and that 135 out of 592 (22.8%) showed additional cases
of lower level gains, indicating that more than 25% of the neuroblastomas contain copy number
increases of ALK. Janoueix-Lerosey and colleagues also found the dual ALK/MET small-
molecule inhibitor PF-2341066 (Pfizer, vide infra) to inhibit the growth of neuroblastoma cell
lines expressing ALK-activating point mutations selectively compared with a neuroblastoma
line that expresses neither ALK nor MET. Collectively, these four recent reports indicate that
ALK is a promising and novel therapeutic target in neuroblastoma and support the performance
of clinical trials to test small-molecule ALK inhibitors for the treatment of this pediatric cancer
[103,106-108].

Full-length ALK in diffuse large B-cell lymphoma—In 1997, Delsol and colleagues
reported full-length ALK protein expression in a rare subtype of poor-prognosis B-cell NHL
that probably comprises less than 0.5–1% of all B-cell lymphomas [109]. However, in 2003,
this group and others described the presence of certain ALK fusions – coexpressed with full-
length ALK in at least some of the cases – in these NHLs (see the later section entitled ‘ALK
fusion proteins in hematopoietic tumors: ALK-positive diffuse large B-cell lymphoma’). The
oncogenic importance of full-length ALK expression in the genesis of these B-cell NHLs is
not clear. It is more likely that their development and progression depend upon the expression
of the constitutively activated ALK fusion proteins, rather than the full-length, normal ALK
receptor, which would be ligand dependent for its activation.
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ALK fusion proteins
A number of RTKs have been implicated in oncogenesis due to genetic abnormalities ranging
from point mutations, gene amplification, or fusion to heterologous genes; mechanisms that
result in the activation of their kinase catalytic domains. This kinase activation induces growth
factor-independent proliferation, cellular transformation, anti-apoptotic signaling and
resistance to drugs and gamma irradiation employed during therapy [2-4,110]. As described
above, activating point mutations of ALK have recently been identified for the first time in
cancer, in neuro blastoma; furthermore, genomic DNA amplification of the ALK gene locus at
human chromosome 2p23 and resultant overexpression of normal ALK at sufficiently high
levels to result in its activation occurs in a subset of neuroblastomas [20,83-85,103,106-108].
However, the most common mechanism of constitutive ALK activation currently known to
occur in cancer involves chromosomal rearrangements (also known as ‘translocations’) that
interrupt the ALK gene at 2p23 and fuse it with another gene, resulting in the creation of
oncogenic ALK fusion genes and proteins. The first ALK fusion protein identified (and the
most common ALK chimera found in ALCLs), NPM–ALK, as well as several of the so-called
‘variant’ ALK fusion proteins (i.e., ALK fusions other than NPM–ALK), are shown in Figure
1B

Except for MSN–ALK and nonmuscle myosin heavy chain–ALK (which differ only slightly
from all other ALK fusions with respect to the portion of ALK incorporated into them), all
chimeric ALK proteins contain the same region of the protein – aa 1058–1620 of the full-length
normal receptor – that comprises the complete intracellular segment, including the TK catalytic
domain. All ALK fusion proteins share two critical features:

• An N-terminal partner protein that is widely expressed in normal cells, the gene
promoter of which controls the aberrant transcription of the ALK chimeric mRNA and
the expression of its encoded fusion protein;

• The presence of an oligomerization domain of some type in the sequence of the ALK
fusion partner, which mediates constitutive self association of the ALK fusion and,
in turn, causes constant ALK KD activation [111,112].

Self association of ALK fusion proteins via these domains mimics the ligand-mediated
aggregation and activation of the full-length wild-type ALK receptor; the mechanism by which
ALK kinase activity is normally controlled. However, because ALK chimeric proteins are
always homo-oligomerized, they experience constitutive activation and, therefore,
continuously transmit growth-promoting cellular signals [111,113-119]. The constitutive
activation of the ALK KD in these fusion proteins leads to an additional shared feature, the
phosphorylation and aberrant activation of multiple downstream substrates and signaling
cascades involved in the neoplastic transformation of cells. The description and details of these
pathways are beyond the scope of this review; rather, we refer interested readers to other recent
reviews concerning ALK as well as selected reports that describe primary data concerning
novel ALK substrates and signaling mechanisms [24,120-133].

ALK fusion proteins in hematopoietic tumors
Anaplastic large-cell lymphoma—To date, within the various types of hematopoietic
malignancies, chimeric ALK proteins have been reported only in lymphomas, and not in
preleukemias, acute or chronic leukemias or myeloproliferative disorders. The cloning of the
NPM–ALK fusion generated by the t(2;5)(p23;q35) chromosomal rearrangement permitted
the facile diagnosis of NPM–ALK-expressing ALCLs using methodologies such as FISH and
reverse transcriptase (RT)-PCR assays; furthermore, given that normal hematopoietic cells do
not express detectable levels of the normal full-length ALK protein, the use of ALK-specific
antibodies has helped to revolutionize the diagnosis of ALCL (because of the often bizarre and
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heterogeneous morphology of ALCLs, these lymphomas had previously often been quite
difficult to diagnose unequivocally) [120,134]. Using immunostaining and other methods, 60–
80% of ALCLs have been found to be ALK-positive. ALK-positive lymphoma cells express
the cell surface-marker protein CD30 and exhibit a cytotoxic T-cell or null (i.e., lacking
expression of both T- and B-cell markers) phenotype [135-140].

The detection of ALK in NHLs has resulted in the designation of the entity ‘ALK-positive
lymphoma’ [135]; often informally referred to as ‘ALKomas’, this entity is now officially
classified as ALK-positive ALCL in the WHO’s classification of NHL [141]. These tumors
most frequently occur in children and young adults and have a slight male predominance. ALK-
positive ALCLs are highly aggressive tumors but tend to have a generally good prognosis
following treatment with cyclophosphamide, doxorubicin, vincristine and prednisone (CHOP)-
based combination chemotherapy regimens [142-145].

The most common ALK fusion protein in NHL is NPM–ALK, being found in approximately
75–80% of all ALK-positive ALCLs [120]. Since the NPM–ALK protein has a characteristic
nuclear and cytoplasmic subcellular localization, the absence of nuclear ALK labeling in an
ALK-positive ALCL indicates the expression of one of the variant ALK fusions in the tumor
cells [134,136,137]. ALK fusion proteins not only self-associate, they also hetero-associate
with the normal counterpart of their partner proteins; consequently, the localization of ALK
fusions in tumor cells is determined largely by the normal subcellular distribution of their
partner proteins. For example, CLTC–ALK (which is found in ALCL, diffuse large B-cell
lymphoma (DLBCL) and inflammatory myofibroblastic tumors, vide infra) exhibits a granular
cytoplasmic staining due to its hetero-association with the normal clathrin protein present in
the coated vesicles; while Ran binding protein 2-ALK (which occurs in inflammatory
myofibroblastic tumors) demonstrates nuclear membrane-associated staining due to its
oligomerization with Ran-binding protein 2 (also known as NUP358), a nuclear pore protein.
All ALK-positive ALCLs – whether positive for NPM–ALK or for one of the variant ALK
fusions – have similar good treatment outcomes (especially in comparison to ALK-negative
ALCL), with approximately 80% of children and 50–60% of adults with ALK-positive ALCL
experiencing cures following therapy with CHOP-based chemotherapy [139,142-145].

Anaplastic lymphoma kinase-negative ALCLs possessing either a null or T-cell phenotype
exist and are subdivided into primary cutaneous ALCL and primary systemic ALK-negative
ALCL. Approximately 20% of the primary systemic ALCLs that occur in children and
adolescents, and 50–60% of these cases in adults, are ALK negative. Primary systemic ALK-
negative lymphomas – the molecular genetic cause(s) of which remain unknown – are
histologically indistinguishable from primary systemic ALK-positive ALCLs, with ALK
expression being the sole identifier capable of discriminating between them. The correct
diagnosis of primary cutaneous ALCL is extremely important, given that such tumors, although
ALK-negative, are responsive to treatment and have a markedly better outcome compared with
primary systemic ALK-negative ALCL [145-148]. Likewise, it is critical that the diagnosis of
primary systemic ALK-negative ALCL is made without equivocation; CHOP-based therapies
that cure 60–80% of primary systemic ALK-positive ALCL patients result in the cure of only
approximately 40% of primary systemic ALK-negative ALCL patients [138,145]. A hope for
the future is that primary systemic ALK-positive ALCL patients will be treated with improved
efficacy, using new, less toxic (compared with CHOP) therapies that incorporate an ALK
inhibitor(s) and, in addition, that novel therapies, more effective than CHOP, can be identified
for patients with primary systemic ALK-negative ALCL to improve the prognosis for these
cases.

ALK-positive diffuse large B-cell lymphoma—The expression of ALK fusion proteins
in lymphoma had been thought to be restricted to ALK-positive ALCL; however, in 2003, five
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groups of investigators independently described the expression of either CLTC–ALK or NPM–
ALK in a rare form of B-cell NHL [149-153]. This subset of B-cell lymphoma is comprised
of poor-prognosis tumors, with an inferior clinical outcome following therapy compared with
typical ALK-positive ALCLs. Although epithelial membrane antigen-positive, as with most
ALK-positive ALCLs, these B-cell NHLs lack CD30 (by contrast, typical ALK-positive
ALCLs invariably express CD30) and, consistent with their B-cell immunophenotype, they
express intracytoplasmic IgA as well as the plasma cell-associated marker p63. The tumor cells
in these aggressive lymphomas share the same plasmablastic morphology (monomorphic large
immunoblasts) and immunophenotype as the B-cell lymphomas that had been previously
described by Delsol et al. to express the full-length ALK receptor [109]. In fact, one of the
cases included in the 2003 study from Gascoyne et al. [149] was also described in the original
paper by Delsol et al. in 1997 [109]. FISH and RT-PCR studies revealed the presence of t(2;17)
(p23;q23) and CLTC–ALK mRNA in the neoplastic cells of this case, while
immunocytochemical labeling studies confirmed a granular ALK-staining pattern in the tumor
cells that was essentially identical to that observed in cases of CLTC–ALK-positive ALCL. In
contrast to Gascoyne et al., De Paepe and colleagues found no evidence of mRNA encoding
for the ALK extracellular domain in the tumors they examined [151]. Although no results
regarding the activation status of the CLTC–ALK fusion protein in these B-cell tumors were
provided in these studies, the presence of a self-association motif in the CLTC portion of
CLTC–ALK predicts the constitutive oligomerization and activation of the fusion kinase, thus
driving lymphomagenesis. In another study, Onciu et al. reported the t(2;5)(p23:q35) and
NPM–ALK mRNA in cases of B-cell lymphoma that were more or less phenotypically identical
to the CLTC–ALK-positive B-cell NHLs described by others [152]. Additional ALK-positive
DLBCLs have also been subsequently reported, and the reports taken as a whole suggest that
these cases comprise less than 0.5–1% of DLBCL patients [154]. Regardless of the relative
contributions of full-length normal ALK (when expressed in these cases) versus the CLTC–
ALK or NPM–ALK fusions in the development of these lymphomas, ALK-targeted therapy
is likely to benefit ALK-positive DLBCL patients, who unfortunately tend to have poor
outcomes following management with currently available therapies.

ALK-positive systemic histiocytosis—Also, in 2008, ALK fusions were described in
another hematopoietic neoplasm, systemic histiocytosis [155]. Three cases of this previously
uncharacterized form of histiocytosis, which presents in early infancy, exhibited ALK
immunoreactivity and one case characterized expressed TPM3–ALK. These infants present
with massive hepatosplenomegaly, anemia and thrombocytopenia and, in some cases, life-
threatening complications during the acute disease phase. Two of the three patients were treated
with dexamethasone and etoposide; all three experienced slow disease resolution over months
(including the patient who received no specific therapy) and were alive at follow-up. The ALK-
transformed cell of origin is not clear but appears to be of either macrophage or dendritic cell
lineage. It is not clear at this juncture whether ALK-positive systemic histiocytosis is truly a
bona fide malignancy or rather represents an incompletely transformed, nonmalignant
hyperproliferation of macrophages or dendritic cells, driven by activated ALK. Regardless,
ALK small-molecule inhibitors would be predicted to benefit patients with this disease.

ALK fusion proteins in nonhematopoietic tumors
Inflammatory myofibroblastic tumor—In 1999, Griffin et al. identified ALK gene
rearrangement and ALK protein expression in three cases of inflammatory myofibroblastic
tumor (IMT) [156]. IMTs are rare, with best estimates suggesting approximately 150–200 new
cases diagnosed in the USA annually. As spindle cell proliferations that involve malignant
myofibroblasts and infiltrating nonmalignant inflammatory cells in a collagenous matrix, these
neoplasms most often occur in the soft tissue and viscera of children and young adults [157,
158]. IMTs are, not infrequently, difficult to distinguish from other benign or malignant spindle
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cell neoplasms or from a variety of inflammatory conditions; for example, entities with which
IMTs can be confused include nodular fasciitis, gastrointestinal stromal tumors (GISTs) and
fibromatosis [158]. Usually indolent and curable by complete surgical resection when possible,
IMTs can, nonetheless, cause clinical management problems due to local recurrences following
incomplete resection. Furthermore, approximately 10–15% of cases develop a more aggressive
phenotype, including the occurrence of metastases. Therapies other than surgical resection (i.e.,
chemotherapy and radiotherapy) are minimally effective against IMTs.

Frequencies of ALK expression in IMT vary in the literature from 36 to 61.8% of cases [118,
156-173]. The TPM3–ALK, TPM4–ALK, CLTC–ALK and ATIC–ALK fusion proteins – all
of which have been reported in lymphoma – are now known to also occur in IMTs. Three other
ALK fusions, CARS–ALK, RANBP2–ALK and SEC31L1–ALK, have been recently
described in IMT but not, as yet, in NHL [118,120,160-163]. As with ALK-positive ALCL,
ALK-positive IMTs tend to occur in younger patients. Whether the presence of ALK fusion
proteins will prove to be a means of identifying prognostically-meaningful subtypes of IMT
has not yet been fully examined; however, there is some suggestion that ALK expression may
identify IMTs that have superior outcomes compared with ALK-negative IMT cases. For
example, Chan et al. reported that patients with ALK-positive IMT were alive and well at
follow-up, which was up to 17 years after diagnosis [166]. Coffin and colleagues described
ALK reactivity to be associated with local recurrence but not distant metastasis, which was
confined to ALK-negative lesions; furthermore, the lack of ALK expression was associated
with a higher age overall and death from disease or distant metastases [171].

The detection of ALK expression is also becoming an approach to help pathologists
discriminate IMT from some of its mesenchymal tumor and other mimics [89,158,159,
170-173]. Small-molecule inhibitor therapy will be useful in those cases of ALK-positive IMTs
in which local recurrences and/or distant metastases occur. In addition, short-term therapy with
an ALK inhibitor could be employed to shrink unresectable IMTs, allowing their complete
removal and surgical cure.

Esophageal squamous cell carcinoma—In late 2006, a report describing the expression
of the TPM4–ALK fusion protein in squamous cell carcinomas (SCCs) of the esophagus in a
population of Iranian patients appeared in the literature [174]. This manuscript described a
proteomics approach that was used to identify proteins either under- or over-represented in
esophageal SCCs; ALK – in the form of TPM4–ALK – was among those proteins over-
represented. A total of 45 esophageal SCCs were examined in this study, but the number that
were TPM4–ALK-positive was not noted. A second, independent proteomics-based profiling
study of esophageal SCCs – in this case, from Chinese patients – that also reported TPM4–
ALK expression in these cancers was published in 2007 [175]. In neither of these reports was
the expression of TPM4–ALK independently confirmed using other methodologies (e.g., anti-
ALK immunostaining, RT-PCR and/or FISH to identify the t(2;19)(p23;p13) chromosomal
translocation that generates this ALK fusion gene), nor was the incidence of TPM4–ALK-
expressing tumors carefully examined; additional studies will be required to address these
issues. Survival rates at 5 years for esophageal SCC patients following best available therapies
are only approximately 5–15%, with median survival being less than 1 year [176]. The
constitutive kinase activity of the TPM4–ALK fusion would be expected to drive SCC growth
and, conversely, inhibition of this activity could potentially be associated with substantial anti-
tumor responses, perhaps similar to the robust responses observed for ALK fusion-expressing
lymphomas in preclinical studies [120]. Therefore, the expression of activated forms of ALK
could provide a compelling novel therapeutic target for esophageal SCC, an otherwise very
treatment-refractory and extremely poor-prognosis tumor.
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Non-small-cell lung carcinoma—The role of ALK fusions in nonhematopoietic tumors
expanded yet further in 2007 with the description by Soda and colleagues of the expression of
the novel EML4–ALK chimeric protein in five out of 75 (6.7%) Japanese patients with non-
small-cell lung carcinoma (NSCLC) [177]; notably, the patient population harboring EML4–
ALK was found to occur exclusive of those cases in this cohort that harbored activating
mutations of either the EGF receptor (EGFR) or KRAS. Shortly thereafter, the existence of
ALK fusions in lung cancer was independently corroborated in another 2007 manuscript from
a different group of investigators who found six out of 137 (4.4%) Chinese lung cancer patients
to express ALK fusions (EML4–ALK, three patients; TFG–ALK, one patient; X–ALK
[unidentified ALK fusion partners], two patients) [178]. Follow-up studies in 2008 have
confirmed the expression of ALK fusions in lung carcinomas. In a report of 221 Japanese lung
cancer patients, five cases (2.3%) were found to be EML4–ALK-positive; interestingly, all
five of these patients were from the cohort of 149 adenocarcinomas of the lung examined in
this study (3.4% incidence) and none out of 72 lung cancers of other histologies (squamous
cell, small-cell or neuroendocrine) were ALK-positive [179]. A study of 603 patients from two
population-based NSCLC cohorts from the USA and Switzerland (containing 75%
adenocarcinomas and 25% squamous cell carcinomas) revealed 16 (2.7%) to be ALK-positive;
the ALK locus was also found to undergo genomic DNA amplification in three additional cases
[180]. Shinmura et al. examined 77 NSCLCs(50 of which were adenocarcinomas) from
Japanese patients for EML4–, NPM–, TPM3–, CLTC–, ATIC– and TFG–ALK fusion transcripts
by RT-PCR and subsequent sequencing ana lysis, and found two adenocarcinomas (2.6%
overall incidence; 4% incidence in adenocarcinomas) to express EML4–ALK fusions (none of
the other ALK fusion transcripts were identified); no somatic mutations were detected in the
mutation cluster regions of the EGFR, KRAS and PIK3CA genes in the two EML4–ALK-
positive carcinomas [181]. Another 2008 study examined 104 lung carcinomas from Japanese
patients for the EML4–ALK transcript using an RT-PCR method, and identified a single positive
adenocarcinoma; 555 gastrointestinal (96 color-ectal, 96 gastric, 112 esophageal, 232 hepatic,
11 cholangiocellular and eight pancreatic) and 90 breast cancers were also examined
specifically for expression of EML4–ALK in this report and none were found to be positive
[182]. In addition, Koivunen et al. recently characterized 305 primary NSCLCs (138 from the
USA and 167 from Korea), as well as 83 NSCLC cell lines, for the EML4–ALK fusion; eight
of the 305 (2.6%) tumors and three of the 83 (3.6%) cell lines were found to be positive
[183]. This study, as well as a separate report [184], also described the expression of novel
isoforms of EML4–ALK in NSCLC that are subtly different from those originally described
[177].

Collectively, at least two common themes seem to have emerged thus far from these studies
of ALK pathogenesis in lung cancer:

• ALK fusions appear to be restricted to patients with adenocarcinoma, mostly in
patients with minimal or no smoking history;

• ALK abnormalities seem to occur exclusive of other commonly observed genetic
abnormalities such as EGFR and KRAS mutations.

In total, at the time of the writing of this review, 43 out of 1522 (2.8%) lung cancer patients
(of all histologies) had been reported to be ALK-positive. An issue that has not yet been
addressed in lung cancer (nor in any cancer other than neuroblastoma) concerns the possibility
that ALK might also be aberrantly activated by mechanisms other than the generation of fusion
forms of the kinase (e.g., by point mutations). Regardless of the exact mechanism of ALK
activation, the fact that the signaling pathways by which ALK mediates oncogenic
transformation are shared in large part with other TKs, such as the EGFR, suggests the
likelihood for robust anti-tumor responses in many lung cancer patients treated with an ALK
small-molecule inhibitor – for example, similar to the responses that have been observed in
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the clinic for lung cancer patients treated with EGFR small-molecule inhibitors, especially in
patients whose tumors harbor activating EGFR mutations [185]. Preclinical data using an ALK
small-molecule inhibitor in a recently described mouse model of EML4–ALK-expressing lung
tumorigenesis, in which rapid disappearance of tumors and prolongation of survival were
observed with inhibitor administration [186], also bode well for the likelihood of excellent
anti-tumor responses in patients with ALK-positive lung cancers.

ALK small-molecule inhibitor development
TK inhibitors currently approved for cancer therapy

There are presently no small-molecule inhibitors of ALK approved for clinical use. However,
substantial precedent exists for the development and clinical efficacy of small-molecule
inhibitors of other TKs that are likewise involved in the genesis of cancer. Gleevec® (imatinib,
Figure 2, STI571, Novartis) was the first member of the now ever-expanding group of clinically
approved TK inhibitors. Imatinib binds tightly to the inactive form of the KD of ABL (Abelson
proto-oncogene), and inhibits this kinase (in the form of the chimeric breakpoint cluster region
(BCR)–ABL kinase in chronic myeloid leukemia [CML]), as well as c-KIT and the PDGF
receptor [187-189]. Imatinib is used clinically in the treatment of CML, GIST and selected
additional malignancies [190-192]. Continual and prolonged exposure to imatinib is necessary
for optimal therapeutic responses in CML and, as a consequence, ABL mutations and other
mechanisms arise that lead to imatinib resistance in a substantial portion of patients [193,
194].

To address the issue of imatinib resistance and intolerance, second-generation BCR–ABL
inhibitors such as Sprycel® (dasatinib, BMS-354825, Bristol–Myers Squibb; Figure 2) have
been recently developed and approved for clinical use [195]. Dasatinib inhibits both the inactive
and active forms of BCR–ABL, as well as SRC family TKs [196,197]. Other novel BCR–ABL
inhibitors are also in various stages of development; for example, in addition to dasatinib, the
phenylaminopyrimidine derivative Tasigna® (nilotinib, not shown, AMN107, Novartis) was
recently approved for the therapy of imatinib-resistant CML [198,199].

Both Iressa® (gefitinib, ZD1839, AstraZeneca; Figure 2) and Tarceva® (erlotinib, OSI-774,
OSI Pharmaceuticals/Genentech/Roche; Figure 2) are ATP-competitive inhibitors that target
the EGFR TK [200-202], which is overexpressed or mutated in a variety of human cancers.
Both of these EGFR small-molecule inhibitors lead to substantial clinical anti-tumor responses
in certain patients; for example, approximately 10–30% of NSCLC patients demonstrate very
good responses to these agents – the frequency depending on the exact patient population
examined and reflecting for the most part the variable incidence of inhibitor-sensitive activating
point mutations of EGFR that drive tumor growth and tend to occur more commonly in East
Asians, women, nonsmokers and patients with adenocarcinoma histology [203]. However,
based on the lack of a survival benefit of gefitinib therapy compared with placebo in a pivotal
Phase III trial of advanced recurrent NSCLC, in the USA, the drug is now accessible only to
patients who had shown benefit from it prior to the restriction of its availability. As a result,
erlotinib, which has demonstrated evidence of survival benefit in advanced NSCLC, has largely
supplanted gefitinib in the clinic for this indication; erlotinib is also approved in combination
with gemcitabine for the treatment of locally advanced, unresectable, or metastatic pancreatic
cancer [204,205].

Nexavar® (sorafenib, BAY43–9006, Bayer/Onyx; Figure 2) and Sutent® (sunitinib, SU11248,
Pfizer; Figure 2) are both multi-targeted kinase inhibitors. While sorafenib inhibits the RAF
serine/threonine kinase, as well as the PDGF receptor, c-KIT and VEGF receptor (VEGFR)-2
and -3 TKs, sunitinib blocks all of the VEGFRs (VEGFR-1, -2 and -3) and the c-KIT, FLT3,
CSF1R and RET TKs [206-208]. Both drugs have been approved by the US FDA as treatment
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options for advanced renal cell carcinoma; sorafenib is also approved for the treatment of
advanced hepatocellular carcinoma, while sunitinib is approved also for the treatment of GIST,
especially tumors that are imatinib resistant [207-209].

Given the proven success of kinase inhibitor drug development to date and the involvement of
mutant forms of ALK in a variety of cancer types, targeting ALK in these malignancies is a
logical therapeutic approach for which substantial and compelling target validation now exists
[120]. One recently reported example of this validation is represented by the work of
McDermott et al., who tested various kinase inhibitors against a panel of 602 cell lines derived
from a variety of human cancer types and found that a selective ALK inhibitor (NVP-TAE684,
vide infra) suppressed the growth of a subset of the tumor lines examined, including cell lines
derived from anaplastic large-cell lymphomas, NSCLCs and neuroblastomas – cancers all
known to harbor genomic ALK alterations, as noted herein [105,210].

The development of ALK small-molecule inhibitors has been somewhat hampered since an
X-ray crystal structure of the catalytic domain of the kinase has yet to be reported. Nevertheless,
some useful data with respect to the ALK KD have been communicated. For example, Gunby
et al. reported characterization of a leucine gatekeeper residue (L1196 of the full-length normal
ALK receptor, which is equivalent to L256 in the NPM–ALK oncogenic fusion) that sterically
impedes the entrance of small-molecule inhibitors into the ATP-binding site of the activated
KD [211]. This observation was confirmed via site-specific mutation studies; while wild-type
NPM–ALK was insensitive to several ABL inhibitors, mutated NPM–ALK proteins (e.g., an
L256T-NPM–ALK mutant protein in which a smaller threonine residue was substituted for
the larger leucine at position 256) were relatively sensitive to SKI-606 and PD173955 (Figure
3) at lower concentrations (IC50 values of 150 nM and 2.5 μM, respectively) but remained
insensitive to imatinib (IC50 > 100 μM).

Naturally occurring inhibitors of ALK & their derivatives
There are no naturally occurring selective inhibitors of ALK. However, two structurally related
natural product compounds have been reported to inhibit ALK (as well as other kinases);
staurosporine and 7-hydroxystaurosporine (Figure 4) possess IC50 values of 150 nM and 5
μM, respectively, in the presence of 30 μM ATP in an ELISA-based ALK assay [212]. Both
staurosporine and 7-hydroxystaurosporine inhibit a number of the kinases within the human
kinome [213,214]. Three additional naturally occurring or derivative compounds that affect
ALK activity are geldanamycin, 17-allylamino-17-demethoxygeldanamycin and herbimycin
A (Figure 4). However, unlike the other small-molecule ALK inhibitors described in this
review (which compete with ATP for binding to the ALK KD), these three structurally related
compounds inhibit ALK differently – by increasing the proteasome-mediated degradation of
the ALK protein [215-217]. Cephalon (Frazer, PA) has synthesized staurosporine-based
compounds that exhibit enzymatic ALK IC50 values less than 5 nM and cell-based ALK-
inhibitory activity with IC50s <30 nM (CEP-14083 and CEP-14513, Figure 5); however, these
compounds have unfavorable physical properties that preclude their use in vivo [218,219,
401].

Synthetic inhibitors of ALK inspired by homology modeling
Work between ChemBridge Research Laboratories and St Jude Children’s Research Hospital
established that pyridone-based compounds can serve as potent inhibitors of ALK [220,402,
403]. For example, based on the screening of a computationally focused small-molecule library
and initial chemistry-based optimization, pyridone 14 (Figure 6) was found to inhibit ALK
with an enzymatic IC50 of 380 nM. Pyridone 14 displayed selective inhibition within the IR
superfamily; the enzymatic IC50 value for the IRK was 3.6 μM and the IGF1R was inhibited
to an even lesser extent [220]. In cellular assays, compound 14 possessed nonselective anti
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proliferative properties with IC50 values in the 4.5–18 μM range. Further optimization and
experiments with this particular pyridone series have not yet been reported.

Another ChemBridge–St Jude compound that displays ALK-inhibitory activity is pyridone 15
(Figure 7). Compound 15 was discovered while targeting various oncogenic TKs including the
ALK-homologous IGF1R [301]. Pyridone 15 demonstrates reasonably potent ALK inhibition,
with an IC50 of less than 0.5 μM in enzyme assays. However, this pyridone was nonselective
and exhibited only slightly less potent inhibition of other kinases of the IR superfamily (e.g.,
the IR and IGF1R); furthermore, although it displayed cellular antiproliferative activity,
pyridone 15-associated cytotoxicity was also nonselective, the activity against nonmalignant
cells (e.g., BaF3) being of similar magnitude to cancer cell lines transformed by NPM–ALK
(e.g., Karpas-299) or other activated kinases such as BCR–ABL (e.g., K562), with IC50 values
between 0.5 and 5.0 μM for all cell lines tested. Despite these liabilities, pyridone 15 could
represent a chemotype amenable to further optimization for ALK-inhibitory properties.

Investigators affiliated with the Genomics Institute of the Novartis Research Foundation (San
Diego, CA, USA) identified an ALK inhibitor, NVP-TAE684 (Figure 8), using a cellular screen
of a kinase-directed small-molecule library to search for compounds that were selectively
cytotoxic to cells oncogenically transformed by NPM–ALK [221,404]. While the identification
of this inhibitor did not involve homology modeling per se, these investigators were able to
provide a possible explanation regarding the selectivity of NVP-TAE684 for ALK relative to
other kinases by the virtual docking of the small molecule into an ALK homology model based
on the published crystal structure of the IR KD in an ‘active’ (‘DFG-in’) confirmation. This
analysis revealed the orthomethoxy group attached to the 2-aniline substituent to project into
a small groove located between the side chains of residues L258 and M259 of the NPM–ALK
KD; molecular modeling showed that bulkier amino acids at the L258 position (as found in
most other kinases at the analogous position in their KDs) would lead to steric clash with NVP-
TAE684, suggesting that this leucine residue in ALK is a major determinant of selectivity for
this particular inhibitor [221]. NVP-TAE684 has a cellular IC50 value of 3 nM and displays
selective cytotoxicity against BaF3 cells engineered to express NPM–ALK; no effects on the
survival of parental BaF3 cells were observed at concentrations up to 1 μM [221]. In other
cellular cytotoxicity studies, the IC50 against Karpas-299 and SU-DHL-1 human anaplastic
large-cell lymphoma cells was in the range 2–5 nM, while growth inhibition associated with
NVP-TAE684 in non-ALK-dependent cell lines was substantially higher, ranging from 0.5 to
3 μM [221]. In addition to anaplastic large-cell lymphoma, NVP-TAE684 has been
independently reported to impair the growth of other malignancies that harbor activated forms
of ALK, including NSCLC and neuro blastoma [105]. Additional compounds from Novartis-
associated investigators that have the same amino-pyrimidine core as NVP-TAE684 and
somewhat less potent ALK-inhibitory activities (IC50 values between 0.01 and 1.0 μM) have
also been reported in the patent literature (Figure 8) [302]. NVP-TAE684 is not currently being
tested as a clinical agent [105]; the further preclinical/clinical development status of
compounds 17, 18 or other ALK inhibitors of this chemotype has not been reported.

Synthetic inhibitors of ALK inspired by high-throughput screening
As part of its kinase inhibitor programs, Pfizer studied the small molecule PHA-665752 (Figure
9) as an inhibitor of MET, a member of the IR superfamily of TKs, as is ALK, that is also
deregulated and thought to contribute to the genesis of various human cancers [222-225].
PHA-665752 has an IC50 of 9 nM in MET enzyme assays and displays a more than 50-fold
selective MET inhibition compared with a large panel of other tyrosine, as well as serine/
threonine kinases [222]. In vivo xenograft studies with PHA-665752 showed the inhibitor to
reduce NCI-H69 (small-cell lung cancer) and NCI-H441 (NSCLC) tumor size in mice by 99
and 75%, respectively [223].
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During the process of generating yet further optimized kinaseinhibitors, the dichloro compound
PF-2341066 (Figure10) was synthesized by Pfizer scientists [226-228]. The 2,6-dihalogenated
aryl lipophilic region, as seen in PHA-665752, is maintained in PF-2341066 but within the
context of a compound possessing a lower overall molecular weight and lesser conformational
strain. The hinge binder is changed from an oxindole in PHA-665752 to an amino-pyridine in
PF-2341066. PF-2341066 exhibits good oral bioavail-ability and is a potent inhibitor not only
of MET, but also ALK, with mean cellular IC50 values for inhibition of tyrosine
phosphorylation of these kinases of 11 and 24 nM, respectively [226-228]. This dual ALK/
MET inhibitor blocked the proliferation of NPM–ALK-positive ALCL cells (Karpas-299 and
SU-DHL-1) with IC50 values of 32 and 43 nM, respectively, and showed a desirable selectivity
profile; as an example, the IC50 observed for U-937, an acute myeloid leukemia cell line that
expresses neither activated ALK nor MET proteins, was 257 nM [228]. As expected,
PHA-665752, which has minimal affinity for the ALK KD (ALK IC50 > 10 μM) [228], failed
to exhibit cytotoxicity similar to PF-2341066 in these NPM–ALK-positive ALCL cell lines.
PF-2341066 has also been demonstrated to cause complete tumor regression when
administered at an optimal dose in mice bearing Karpas-299 xenografts (Figure 11) [228].
PF-2341066 is currently nearing the completion of an initial Phase I clinical trial study.

Scientists at Cephalon noted the promising activity reported for PF-2341066 and have
developed a set of α-amino pyridinyl-based ALK inhibitors with one major difference – the
Cephalon compounds have an additional constraint in the amino aryl region. The compound
reported to have the best ALK-inhibitory activity is pyridopyrazine 21 (Figure 12), with an
ALK IC50 value of 3 nM. Compound 21 also had activity against MET, the IC50 value being
650 nM [303]. Structure-activity relationship studies with this set of inhibitors revealed that
ALK prefers halogenated aromatic substituents (even more preferably at the 2,6-aryl positions),
and substituents at the benzyl position are tolerated without major loss of activity. However,
activity is severely hampered when the aforementioned hydrocarbon linkage is replaced with
a carbonyl linkage. In addition, substituents about the pyrazine ring and alkylation of pyrazine
nitrogen results in reduced potency [229].

Synthetic inhibitors of ALK for which only partial characterization is currently available
There are two small-molecule ALK inhibitors of interest – CRL151104A and WZ-5-126 – for
which only partial characterization (and no structural information) have been publically
reported to date.

CRL151104A was developed by investigators from ChemBridge Research Laboratories and
St Jude Children’s Research Hospital and is a third-generation pyridone compound ATP-
competitive ALK inhibitor. Although the structure of this inhibitor has not been publically
disclosed, a patent that describes the inhibitor chemotype was recently published [304].
CRL151104A has a distinct pattern of inhibition focused on ALK, with an enzymatic
IC50value of 9.75 nM when measured at 100 μM ATP. In addition, when tested at 50 nM,
CRL151104A showed little or no inhibition of ten structurally diverse serine/threonine kinases
selected to represent the major branches of the entire serine/threonine kinome. Cellular
cytotoxicity assays examining five target NPM–ALK-dependent human ALCL cell lines
(Karpas-299, SU-DHL1, JB6, SUP-M2, UConnL2) and 12 unrelated control cell lines
(HEK293, CHO-K1, MCF7, HepG2, H292, H520, H1581, H596, H522, CHAGO-K1,
UMC-11 and SK-MES1) demonstrated very potent inhibition of all five NPM–ALK-
expressing lymphoma lines (IC50s < 100 nM); by contrast, the lowest IC50s observed for the
12 non-ALK-dependent cell lines was approximately 2.5 μM, indicating a minimum 25-fold
differential cytotoxicity. Aberrant forms of ALK harboring activating point mutations, such as
F1174L and R1275Q that have been described in neuroblastoma [103,106-108], are sensitive
to this ALK inhibitor. Western blot ana lysis of the tyrosine phosphorylation status of NPM–
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ALK immuno precipitated from various ALCL cell lines treated with CRL151104A at
submicromolar concentrations has been described to result in complete inhibition of the kinase
activity of ALK. As noted, the chemical synthesis and complete characterization of the
biological responses to CRL151104A are yet to be reported in the biomedical research
literature.

Another new ALK inhibitor, WZ-5-126, was recently noted by McDermott et al. to potently
inhibit the growth of two NSCLC cell lines containing ALK gene rearrangements, NCI-H2228
and NCI-H3122 [105]. WZ-5-126 possesses an IC50 value against ALK of 3.4 nM, based on
in vitro kinase assay profiling; this small-molecule also potently inhibits several other tyrosine
and serine/threonine kinases in enzymatic assays, for example LTK (5.8 nM), ROS1 (8.2 nM),
PTK2/FAK1 (9.2 nM), TNK1/CD38-negative kinase (14 nM), TNK2/ACK1 (18 nM), ULK1
(32 nM), DCAMKL1 (33 nM) and PTK2B/FAK2 (33 nM). WZ-5-126 demonstrates
approximately 23-fold selectivity for ALK compared with the homologous IR kinase
(enzymatic IR – 77 nM) [105]. To date, no data characterizing WZ-5-126 in in vivo tumor
models have been reported; similarly, neither the structure nor synthesis of the compound have
yet been described.

Conclusion & expert commentary
Various mutant forms of ALK are now well validated as the proximate cause of several human
malignancies including both relatively uncommon cancers, such as ALCL and inflammatory
myofibroblastic tumor, as well as subsets of common neoplasms, such as lung cancer. Small-
molecule ALK inhibitor development is still at an early stage, with only a single agent
(PF-2341066) having entered clinical trials to date. Industry interest in ALK as an anticancer
target has, heretofore, been diminished due to the relatively small market that had been
represented by those malignancies unequivocally known to be driven by abnormal ALK
signaling; it is anticipated that the increasing number and types of cancers now being shown
to be associated with aberrations of ALK will foster greater interest in inhibitor discovery and
development.

As with ABL and EGFR small-molecule kinase inhibitors, it is quite likely that resistance to
ALK inhibitors will also emerge in a portion of patients treated with these agents; such a
likelihood should provide further impetus to develop more than one ALK inhibitor for clinical
use – perhaps both additional ATP-competitive inhibitors as well as non-ATP-competitive,
allosteric inhibitors – to fully optimize the management of responsive cancers. The availability
of several inhibitors would also permit the testing of possible combination therapy as a means
to potentially help prevent the development of resistance [230]. Based on the preceding
experience with other kinase inhibitors, it is expected that patients whose tumors harbor genetic
abnormalities that cause ALK activation (e.g., the truncation and creation of fused forms,
activating point mutations, genomic DNA amplification and resultant overexpression) will be
the most highly responsive to small-molecule inhibitor therapy; thus, the molecular definition
of the ALK status of tumors should be considered as a criterion for evaluation and selection
of patients for clinical trials that seek to assess the efficacy of these compounds.

Five-year view
The recognition during the past year that tumorigenic ALK fusions occur in common human
cancers, such as esophageal and lung carcinomas, together with the recent discovery that ALK
can also be oncogenically activated in the pediatric malignancy neuro blastoma by point
mutations, will prompt investigators to perform comprehensive surveys of various cancers to
assess the possibility that ALK could play a pathogenic role in them. While the results of such
surveys cannot be predicted, it is likely that causative links to subsets of still more malignancies
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will be made with genetic abnormalities of ALK and/or that alternative mechanisms of ALK
activation will be discovered in cancers already known to express mutant forms of ALK (e.g.,
activating point mutations of ALK may be identified in lung cancers, in addition to the recently
described ALK fusions).

Interest in ALK small-molecule inhibitor development has only recently heightened, due
largely to the expanding number of malignancies in which aberrant ALK activity is being
implicated. It is expected that an increasing number of inhibitors will be at various stages of
development during the next 5 years. Given the very marked anti-tumor responses and minimal
toxicities of the ALK inhibitors characterized to date in preclinical and clinical studies, it is
also highly likely that the clinical development path for such agents will be quite rapid; as such,
at least one ALK small-molecule inhibitor should be approved for clinical use within the
coming 5-year timeline.

As has been the case with ATP-competitive inhibitors targeting other oncogenic kinases,
resistance mutations of ALK will almost certainly emerge following continuous clinical
exposure to any one inhibitor (prolonged inhibitor administration will likely be required to
optimally treat solid tumors such as ALK-positive esophageal and lung carcinomas, for
example), necessitating the clinical development of second and subsequent generation
inhibitors. It is also quite probable that small-molecule inhibitors will vary in their ability to
abrogate ALK activation due to different oncogenic point mutations within the ALK KD, thus
providing additional incentive for the clinical development of more than one inhibitor.

Key issues

• The anaplastic lymphoma kinase (ALK) receptor tyrosine kinase is a single-chain
member of the insulin receptor kinase superfamily that is expressed normally in
the central and peripheral nervous sytems.

• Among other possible neural functions, ALK may play a physiologic role in
aspects of normal behavior and cognition. As such, ALK could potentially be a
therapeutic target of utility for the management of certain neurobehavioral and
psychiatric disorders.

• Oncogenic fusion forms of ALK – two of the most common being nucleolar protein
nucleophosmin (NPM)–ALK (which occurs mainly in anaplastic large-cell
lymphomas) and EML4–ALK (in lung cancers) – are of pathogenic importance in
subsets of anaplastic large-cell lymphomas, diffuse large B-cell lymphomas,
systemic histiocytosis, inflammatory myofibroblastic tumors, non-small-cell lung
carcinomas and, possibly, esophageal squamous cell cancers.

• Oncogenic point mutations as well as genomic DNA amplification and
overexpression of ALK have recently been discovered in the pediatric malignancy
neuroblastoma, raising the possibility that still more human tumors may harbor
such pathogenic cancer-associated ALK genetic abnormalities.

• Although yet to be fully validated, ALK may also contribute to the genesis of other
human tumors (e.g., glioblastoma) via autocrine and/or paracrine growth-
promoting loops involving the putative ALK ligands pleiotrophin and midkine.

• Preclinical and early clinical experience with ALK small-molecule inhibitor
compounds has demonstrated extremely robust anti-tumor efficacy together with
little or no target-associated toxicity.
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• Efforts to develop ALK small-molecule inhibitors are currently still at a relatively
early stage, with only one such inhibitor (PF-2341066) in the clinic and nearing
the completion of a Phase I trial.

• ALK represents a highly attractive and tractable target for small-molecule
inhibitor-based anticancer drug development.
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Figure 1.
(A) ALK receptor tyrosine kinase and the NPM–ALK fusion protein created by t(2;5). Fusion
of the chromosome 5 gene encoding NPM to the chromosome 2 gene encoding ALK generates
the chimeric tyrosine kinase, NPM–ALK. NPM contains an OD (residues 1–117) a putative
MB (residues 104–115), two ADs (Asp/Glu-rich acidic domain; residues 120–132 and 161–
188) that function as acceptor regions for nucleolar targeting signals and two NLS (residues
152–157 and 191–197). ALK contains a single MAM domain, a region of approximately 170
aa homologous to the extracellular portions of a number of functionally diverse proteins that
may have an adhesive function (residues 480–635). The LBS for pleiotrophin and midkine
(ALK residues 391–401) is indicated. Note that the entire intracytoplasmic portion of ALK,
exclusive of the TM, is incorporated into the NPM–ALK and all other ALK chimeric proteins.
(B) Representative ALK fusion proteins, the chromosomalrearrangements that generate them,
their occurrence in ALK-positivelymphomas and IMTs and their subcellular localizations. A
partiallisting of the more common oncogenic ALK fusions is shown; a total of15 different ALK
fusions have now been described (those not shown are ALO17–ALK, CARS–ALK, MYH9–
ALK, SEC31L1– ALK and TFGXL–ALK). The exact frequency of the various ALK fusions
expressed in IMT has not yet been determined. To date, six ALK fusions (CARS–ALK, CLTC–
ALK, RANBP2–ALK, SEC31L1–ALK, TPM3–ALK and TPM4–ALK) have been identified
in IMT. The TPM3–ALK, TPM4–ALK and CLTC–ALK fusions have been detected in both
classical null or T-cell anaplastic large-cell lymphomas and IMT, whereas CARS-ALK,
RANBP2–ALK and SEC31L1–ALK occur in IMT but have not yet been described in
anaplastic large-cell lymphoma. CLTC–ALK and, to a lesser extent, NPM–ALK, also occur
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in rare B-cell plasmablastic/immunoblastic non-Hodgkin’s lymphomas. Two independent
reports have also recently described the occurrence of the TPM4–ALK fusion in squamous
cell carcinomas of the esophagus [177,178], and several studies have identified the presence
of the novel ALK fusion, EML4–ALK, in a subset of non-small-cell lung cancers [180-187].
aa: Amino acid; AD: Acidic amino acid domain; ALK: Anaplastic lymphoma kinase; ATIC:
5-aminoimidazole-4-carboxamide ribonucleotide formyltransferase/IMP cyclohydrolase; C:
Cytosolic; CLTC: Clathrin heavy chain; CM: Cell membrane; EML: Echinoderm microtubule-
associated protein-like; LBS: Ligand-binding site; IMT: Inflammatory myofibroblastic tumor;
MAM: Meprin/A5/protein tyrosine phosphatase Mu; MB: Metal-binding domain; MSN:
Moesin; N: Nuclear; NLS: Nuclear localization signal; NPM: Nucleophosmin; NM: Nuclear
membrane; OD: Oligomerization domain; RanBP2: Ran-binding protein 2; TFG: TRK-fused
gene; TK: Tyrosine kinase catalytic domain; TM: Transmembrane domain; TPM3: Non-
muscle tropomyosi.
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Figure 2.
Selected tyrosine kinase inhibitors approved for clinical anticancer indications.
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Figure 3.
Small molecules shown experimentally to inhibit a ‘gatekeeper residue-mutant’ form of
anaplastic lymphoma kinase (ALK; L256T-NPM–ALK) but not wild-type ALK.
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Figure 4.
Naturally occurring inhibitors of anaplastic lymphoma kinase and selected derivative
compounds.
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Figure 5. Staurosporine-based anaplastic lymphoma kinase (ALK) inhibitors from Cephalon
In contrast to CEP-14083 and CEP-14513, both of which are potent ALK inhibitors (enzymatic
IC50 2–4 nM; cellular IC50 10–30 nM for both), the structurally related CEP-11988 displays
only weak ALK inhibition (enzymatic IC50 > 20 μM; IC50 for inhibition of cell-based ALK
tyrosine phosphorylation > 30 μM). From [221].
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Figure 6.
ChemBridge–St Jude pyridone-based anaplastic lymphoma kinase inhibitor.
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Figure 7.
ChemBridge–St Jude IGF1 receptor-targeted inhibitor with anaplastic lymphoma kinase-
inhibitory activity.
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Figure 8.
Amino-pyrimidine anaplastic lymphoma kinase inhibitors from Novartis.
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Figure 9.
PHA-665752, a MET (hepatocyte growth factor/scatter factor receptor)-selective inhibitor that
has provided insight for anaplastic lymphoma kinase inhibitor design.
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Figure 10.
The Pfizer dual anaplastic lymphoma kinase/MET (hepatocyte growth factor/scatter factor
receptor) inhibitor PF-2341066.
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Figure 11. Dose-dependent anticancer activity of PF-2341066 in a Karpas-299 xenograft model
Immunocompromized mice bearing established (200-mm3) subcutaneous tumors of the human
nucleolar protein nucleophosmin–anaplastic lymphoma kinase (ALK)-positive anaplastic
large-cell lymphoma cell line Karpas-299 were treated with the Pfizer dual ALK/MET
(hepatocyte growth factor/scatter factor receptor) inhibitor PF-2341066 at the indicated dosing
regimens or with vehicle only. Treatments were administered from day 11 to day 23 except
for the 100 mg/kg group, which received treatment through day 28. The mean tumor volumes
at the time of the final measurements were significantly less in each of the three treatment
groups compared with the control cohort (p < 0.001, one-way ANOVA). A subset of the mice
treated at the 100 mg/kg/day dose of PF-2341066 (three mice total) experienced tumor
regrowth after prolonged observation following the cessation of therapy; the tumors in these
mice underwent complete regression again following a 13-day course of PF-2341066 100 mg/
kg/day (not shown). p.o.: Orally; q.d.: Once daily. Modified with permission from [231].
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Figure 12.
Dual anaplastic lymphoma kinase/MET (hepatocyte growth factor/scatter factor receptor)
inhibitor from Cephalon.
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