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1. ABSTRACT

The discovery of Anaplastic Lymphoma Kinase 
(ALK) by Stephan Morris and colleagues twenty years ago 
has led to an unprecedented opportunity and provided 
the basis for a novel and clinically powerful stratification 
of human cancers. The molecular and biological 
characterization of ALK and the recognition of alternative 
mechanisms of activation of the tyrosine kinase receptors 
have then set the basis for the development and the 
subsequent application of selective small molecules. 
These achievements have fostered a new era in oncology, 
and the result of this new avenue has drastically changed 
the expectation of many cancer patients. Here we review 
the mechanisms of ALK activation and the modalities that 
drive ALK pathogenesis.

2. INTRODUCTION

Myriad mechanisms contribute to cell 
transformation. The current model predicts the 
acquisition and accumulation of defects over time and 
the selection of the best-fit phenotype(s) within a patient 
specific environment. This will result in the emergence 
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of a dominant clone(s), capable of overcoming the 
immune response and taking advantage of host support 
systems (1). A similar model explains how cancer cells 
become resistant to therapy; a biological advantage is 
bestowed to cells harboring defects that allow them to 
overcome treatment pressure. In this way, drug selection 
favors the expansion of preexisting minor clones and/or 
facilitates the emergence of new ones (2). Although the 
systematic application of high throughput strategies, like 
next generation sequencing (NGS) (3), has identified a 
plethora of genomic and epigenomic defects associated 
with human cancer, recurrent defects are associated 
with a number of human cancers  (4). Collectively these 
defects lead to deregulated activation of various signaling 
pathways, which alternatively and synergistically 
provide the neoplastic phenotype of each individual 
neoplasm (5). The recognition of driver mutations 
provides the opportunity to not only define the fingerprint 
of a tumor, but also to evaluate targeted therapies (6,7).

The deregulation of tyrosine-kinase (TK) activity 
constitutes a major mechanism in human carcinogenesis. 
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In neoplastic cells, abnormal TK activation can occur 
through several mechanisms, spanning from recurrent 
chromosomal translocations to gene amplifications, 
point mutations or gene deregulation. The aberrant 
expression of kinases leads to constitutive activation 
of multiple downstream signaling pathways that 
synergistically contribute to the development of neoplastic 
phenotypes (8). Recurrent kinase translocations are 
detected in up to 3% of all human tumors. This percentage 
increases up to 7% if non-recurrent fusions and abnormal 
karyotypes are considered (9). Anaplastic Lymphoma 
Kinase (ALK) constitutes one of the most common and 
well-characterized oncogenic TKs.

Twenty years ago, Stephan Morris and 
colleagues first described a novel Tyrosine Kinase 
Fusion (TKF) protein in a subset of Anaplastic Large 
Cell Lymphomas (ALCL) harboring the recurrent t(2;5)
(p23;q35) translocation (10). This study demonstrated 
that in the t(2;5)(p23;q35) translocation, the 
nucleophosmin (NPM) gene was fused to a novel TK 
gene, namely ALK. In a mechanism common to other 
TKFs, NPM provides oligodimerization domains, which 
ultimately causes the dimerization of the TKF and its 
constitutive activation (11, 12). Since then, a long list of 
ALK chromosomal translocations has been described 
within both hematological and non-hematological 
tumors (8,13). The oncogenic properties of these fusions 
have been demonstrated in vitro and in vivo (12), leading 
to research and development of selective inhibitors (14) 
and the execution of dedicated trials (15). Crizotinib was 
the first of the TK inhibitors to gain accelerated FDA 
approval, and eventually regular approval (http://www.
cancer.gov/cancertopics/druginfo/fda-crizotinib).

This review aims to characterize the molecular 
biology of ALK expression in normal tissues and 
neoplastic cells. The current understanding of the role of 
ALK deregulation in human carcinogenesis, the signaling 
pathways of ALK and the molecular mechanisms of anti-
ALK therapy resistance will be addressed.

3. PHYSIOLOGICAL EXPRESSION AND 
FUNCTIONAL ROLE OF ALK KINASE

The ALK gene, located on chromosome 2, 
encodes a 210 kDa TK receptor (CD247) comprising an 
extracellular ligand-binding, a trans-membrane and an 
intracellular TK domains. ALK is closely related to the 
leukocyte tyrosine kinase (LTK) receptor, and the two 
enzymes belong to a specific subgroup of the insulin 
growth-factor subfamily. The extracellular domains of 
ALK and LTK are unique among TK receptors, as they 
encompass a glycine-rich region and (in the case of ALK) 
additional LDLa and MAM domains (16). The specific 
role of ALK in human development and physiology is still 
poorly understood. Clues about ALK function are largely 
derived by studies on animal models.

In D. melanogaster, ALK signaling is tightly 
regulated and necessary for the insect survival. ALK is 
involved in the differentiation of mesenchymal cells, the 
development of the visual system (17), the maturation 
of the neuromuscular junction (18) and the regulation of 
body size, and learning and memory (19). ALK signaling 
protects neuroblasts during nutrient deprivation (20) and 
contributes to alcohol resistance (21). These physiological 
roles are at least partially mediated by the Jep ligand (22), 
which leads to the downstream activation of the Ras-
MAPK signaling pathway (23,24).

In C. elegans, the ALK-homologue, SCD-2, 
is required for the development of the neuromuscolar 
junction and for the integration of sensory inputs (22). 
Upon binding with its ligand HEN-1, SCD-2 controls the 
“dauer state” (arrest of locomotion/metabolic activities 
due hostile environmental conditions), by regulating 
the TGFβ signaling pathways (25). Notably, crosstalk 
between ALK and TGFβ has also been reported in D. 
melanogaster visceral mesodermal cells (26).

In zebrafish (D. rerio), LTK and ALK share 
significant structural homology (presence of MAM 
domain) and participate in similar biological processes. 
LTK contributes to neural crest development, while 
ALK is involved in central nervous system (CNS) 
embryogenesis (27). In zebrafish, the role of LTK and ALK 
closely resemble those reported in vertebrates (28,29).

ALK expression patterns in chickens, mice, 
rats and humans suggest important roles in the CNS 
development (30). In mice, the loss of ALK signaling 
results in a dramatic decrease in newborn neurons 
and in impaired regeneration of myelinated axons (31). 
ALK mRNA and protein levels significantly decrease in 
all tissues after birth (32). Adult ALK-deficient mice lack 
obvious abnormalities. Interestingly, ALK knockout (ko) 
mice display an increased number of progenitor cells 
within the hippocampus, a defect that may be associated 
with their subtle behavioral changes (33).

The mammalian ALK receptor is unable to bind 
the Jeb ligand (34), which may indicate an evolutionary 
divergence between mammalian and D. melanogaster 
ALK proteins. In mammals, the neurotropic effects of 
ALK seem to be mediated by other ligands, such as 
pleiotrophin (PTN), midkine (MK), osteoblast-specific 
factor-1 (OSF-1), heparin affinity regulatory peptide 
(HARP) and heparin-binding neurotrophic factor 
(HBNF) (12). However, the activating potential of these 
peptides remains controversial. Perez-Pinera have 
proposed a model in which the the activation status of 
the ALK receptor is physiologically downmodulated by a 
specific phosphatase (i.e RPTPβ/ζ). This repression is 
counteracted when PTN engages the receptor, leading 
to a higher steady state phosphorylation status of the 
receptor (35). Nevertheless alternative ALK ligands and/
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or other and so far unknown modalities activation may 
also exist.

Hints on ALK effects in human physiology can 
potentially be drawn from patients treated with the ALK 
inhibitor, crizotinib. Although this drug is associated with 
minor side effects, occasional reports describe reduction 
of heart rate (36), suppression of testosterone levels 
and visual disturbances (37). Further studies will clarify 
whether these clinical symptoms are ALK-specific effects 
or off-target events. Indeed crizotinib can efficiently 
inhibit several kinases, including c-Met (11nM) and 
ROS1 (1.7.nM). Thus, with the introduction of new ALK 
Kinase inhibitors (Ki), each one with unique properties 
and specificity, we should be able to define the off-target 
effects of each compound and gain more information on 
the physiological role of ALK in humans (38).

The importance of ALK signaling in cell 
differentiation and survival and its fine-tuning during adult 
life provide indirect evidence of the potential oncogenic 
role of the kinase.

4. CHROMOSOMAL TRANSLOCATIONS 
INVOLVING THE ALK GENE

Chromosome translocations are catastrophically 
disruptive events, caused by chromosomal breaks 
followed by the aberrant rejoining of the DNA (39). It is 
unknown how frequently they may occur in normal cells, 
although an increased frequency is seen under certain 
experimental conditions (40, 41), and in individuals who 
bear DNA repair defects (42). Interestingly the sporadic 
occurrence of translocations may not lead to the neoplastic 
phenotype (43), suggesting that concomitant defects are 
needed. Supporting this theory, NPM-ALK and ATIC-ALK 
transcripts are detected in the peripheral blood samples of 
normal individual (44), confirming that ALK-like TKF may 
be acquired over time but they are not sufficient to induce 
the full transformation of hematological elements. Multiple 
oncogenic mechanisms can result from the chromosomal 
breaks and the genesis of translocations. Although 
species-specific mechanisms may be in place (45), 
active transcription of the loci involved in the DNA breaks, 
chromosomal proximity and multiple DNA damaging 
events can contribute. Indeed, oncogenic translocations 
can be favored by genomic instability (46,47) and it is 
estimated that they are causal in ~20% of hematological 
and non-hematological tumors (48).

In the late 90s’ three distinct groups reported the 
presence of a recurrent translocation, t(2;5)(p23;q35), in 
a subset of tumors that were collectively defined as Ki-1 
positive lymphoma at the time (49-51). The application 
of an antibody recognizing the Ki-1 (CD30) antigen had 
allowed the appropriate diagnosis of this unique set 
of lymphoproliferative disorders, currently defined as 
ALCL. It is now well established that the inappropriate 
expression of ALK gene is most frequently due to 

chromosomal translocations, which is due to different 
and unique ALK-fusion proteins. Translocations involving 
transmembrane TK receptors usually occur between 
exons encoding the juxta-membrane region or, less 
frequently, the TK trans-membrane domain. Both events 
result in the decapitation of the extracellular region 
and thus ligand-binding regulation. This results in the 
constitutive and uncontrolled activation of the fusion via a 
forced dimerization, dictated by the physical structure of 
the peptide coded by the partner gene (52).

Following this general rule, ALK breakpoints 
are almost invariably located between exons 19 and 20 
of ALK (53). Each translocation leads to the generation 
of fusion proteins with the ALK TK-domain at the 3′end 
and distinct peptides provided by different partners at 
the 5′end of the fusion capable to provide a dimerization 
domain. After the seminal discovery of t(2;5)(p23;q25) 
(NPM-ALK) in ALCLs, many ALK translocations have 
been described in different human cancers within a 
very broad range of histological types and with unique 
frequencies (Table 1). To date, more than 20 partner 
genes have been discovered to participate to ALK fusions. 
A complexity further increased by the heterogeneity of 
different ALK species derived from different breakpoint 
variants for each fusion gene (54).

Collectively, translocations involving ALK 
gene are characterized by recurrent features: (i) the 
transcription of ALK fusion proteins is driven by the 
regulatory regions of the partner gene; (ii) the sub-cellular 
localization of the fusion protein (nuclear, cytoplasmic 
and/or membranous) is determined by the partner of 
ALK in the translocation; (iii) the dimerization of ALK 
fusion proteins occurs through the translocation partner 
and determines the trans-autophosphorylation (i.e. 
activation) of the ALK catalytic domain and (iv) with rare 
exception, the partner gene does not contribute per se 
to the oncogenic properties of the fusion. Moreover, ALK 
partners contribute to the stabilization/protein degradation 
of TKF, and they can modulate the kinase activity and 
contribute to the resistance to ALK-inhibitors (13).

The absolute oncogenic role of ALK fusion 
proteins does not exclude the contribution of additional 
genetic imbalances for the acquisition of the neoplastic 
phenotype. This hypothesis is sustained by experimental 
data on transgenic mice, demonstrating the occurrence 
of ALK+ lymphoproliferative disorders only after a latency 
period of few months. This time interval is believed to 
be necessary for the acquisition of additional genetic 
lesions to occur and for the selection of dominant clones. 
Interestingly in the case of CD4-NPM-ALK transgenic 
mice all T-cell lymphoma derive from thymocytes 
suggesting that the acquisition of secondary defects is 
favored in cells with a high proliferation rate and prone 
to accumulated lesions as result of their physiological 
DNA remodeling along the TCR rearrangement program 
execution. Notably, ALK chimeric transcripts have been 
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occasionally reported as isolated genetic abnormalities 
in non-neoplastic lymphocytes of healthy donors (44, 55), 
suggesting that ALK fusion are not sufficient and may be 
early event along transformation. Conversely, the recent 
demonstration that the ectopic expression of NPM-ALK 
after viral transduction can lead to the transformation of 

human T lymphocytes from normal donors (56) provides 
a new layer of complexity and demands for additional 
studies. Overall, this experimental evidence is sustained 
by clinical data: ALK+ ALCLs can harbor secondary 
chromosomal imbalances, and can undergo the loss of 
“bona fede” tumor suppressor genes (58, 59), although 
in general ALK+ ALCL display less genetic defects than 
ALK- ALCL.

4.1. ALK-translocations in ALCL
Approximately 80% of ALK+ ALCL harbor the 

t(2;5)(p23;q35) translocation and express the NPM-
ALK fusion protein. The NPM1 gene, on chromosome 
5, encodes a 23kDa multifunctional protein involved in 
nuclear trafficking, pre-ribosomal particles transport and 
ribosome biogenesis. NPM can also regulate cell division, 
DNA repair, gene transcription and genomic stability (57). 
Even in the absence of t(2;5)(p23;q35), NPM expression 
is deregulated in several human cancers and NPM1 gene 
translocations/deletions are reported. NPM can indeed 
act as an oncogene or a tumor suppressor, depending 
on its expression levels: at low-to-intermediate levels, 
NPM controls genomic stability and regulates the p53 
and ARF pathways; at high levels, NPM induces cell 
growth and proliferation (58). Mutations of NPM1 have 
been proven to be pathogenetic in a subset of Acute 
Myeloid Leukemia (59). The N-terminal region of NPM 
comprises a dimerization domain and a nucleolar 
localization sequence (60). The intrinsic capacity of NPM 
to form large homo-/hetero-dimers favors the cross-link 
and trans-activation of NPM-ALK fusion proteins (61,62). 
The physiological shuttling of NPM in different cell 
compartment justifies the nuclear-cytoplasmic pattern of 
NPM-ALK immunostaining.

About 20% of ALK+ ALCL features chromosomal 
translocations other than t(2;5)(p23;q35)(Table 1) and 
among them the t(2;3)(q25;p23) translocation involving 
the non-muscle tropomyosin 3 (TPM3) is the most 
frequent (12, 63). The N-terminal coiled-coil domain of 
TPM3 leads to the homo-dimerization and transactivation 
of the TMP2-ALK fusion protein. ALK fusions can also 
involve TPM4 (a TPM3 homolog), located on chromosome 
19p. Both TMP3-ALK and TMP4-ALK fusion proteins 
localize within the cytoplasm of the neoplastic cells (12)
(Figure 1).

In the t(2;3)(p23;q21) translocations, involving 
the TFG gene, the TGF-ALK the ALK catalytic domain 
is juxtaposed to variable sized fragments of the TFG 
5’-region. Thus different fusion products, namely TFG-
ALKS (short), TFG-ALKL (long), and TFG-ALKXL (extra-
long) (64) can be generated. All TGF-ALK fusions contain 
a TFG coiled-coil oligomerization domain, which allows 
the TKF activation and drives its cytoplasmic localization. 
TFG is a cytoplasmic protein, closely associated to the 
endoplasmic reticulum, whose physiological role remains 
to be conclusively defined. Interestingly, TFG via TANK 

Table 1. ALK-associated translocations in human 
tumors
Fusion protein Translocation Disease Frequency (%)

NPM‑ALK t (2;5) (p23;q35) ALCL
DLBCL
RMS

75‑80
n/a
n/a

TMP3‑ALK t (1;2) (q25;p23) ALCL
IMT
RCC

12‑18
50
<5

TMP4‑ALK t (2;19) (p23;p13) ALCL
IMT
ESCC

<1
<5
n/a

ALO17‑ALK t (2;17) (p23;q25) ALCL <1

TGF‑ALK t (2;3) (p23;q21) ALCL
NSCLC

2
2

MSN‑ALK t (2;X) (p32;q11‑12) ALCL <1

ATIC‑ALK inv2 (p23;q35) ALCL
IMT

2
<5

MYH9‑ALK t (2;22) (p23;q11.2.) ALCL <1

PPFIBP1‑ALK t (2;12) (p23;p11) IMT n/a

CLTC‑ALK t (2;17) (p23;q23) ALCL
DLBCL
IMT

2
n/a
<5

SQSTM1 t (2;5)(p23.1.;q35.3.) DLBCL n/a

SEC31A t (2;4) (p24;q21) DLBCL n/a

CARS‑ALK t (2;11) (p23;p15) IMT <5

RANBP2‑ALK t (2;3) (p23;q13) IMT <5

SEC31L1‑ALK t (2;4) (p23;q21) IMT <5

C2orf44‑ALK t (2:2) (2p23;q25) CC n/a

EML4‑ALK inv2 (p21;p23) NSCLC
RCC
BC
CRC

2‑5
<5
<3
<3

FN1‑ALK t (2;11) (q31;p15) OC 2‑4

KIF5B‑ALK t (2;10) (p23;p11) NSCLC <1

KLC1‑ALK t (2;14) (p23;q32) NSCLC <5

VCL‑ALK t (2;10) (p23;q22) RCC n/a

STRN‑ALK t (2:2) (2p22;p23) Tyroid n/a

DCTN1‑ALK inv2 (p13p23) Spitz tumors n/a

A2M‑ALK t (2;12) (p23;p23) FLIT n/a 
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and NEMO can activate the NFkB pathway and it has 
been postulated that the TFG domain of TFG-tyrosine 
kinase fusions can contribute to the neoplastic phenotype, 
leading to concomitant activation of the NFkB pathway as 
well as to the oligodimerization of TKF proteins (65).

We have described a similar scenario in rare 
ALK+ ALCLs carrying the cytoplasmic TRAF1-ALK 
fusion (66-68). In TRAF1-ALK, the ALK partner binds 

TRAF2, leading to the constitutive activation of both 
canonic and non-canonical NFkB pathways (68). In vitro 
inhibition of the NFkB pathway impaired the lymphoma 
growth, suggesting that NFkB signaling contributes to 
the maintenance of the neoplastic phenotype and can be 
therapeutically targeted.

Other non-nuclear ALK translocations include 
the ATIC-, CLTCL- and MSN-ALK proteins. The ATIC 

Figure 1. Schematic representation of the fusions and their corresponding cellular compartmentalization.
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gene on chromosome 2 encodes an enzyme involved 
in purine nucleotide biosynthesis (5-aminoimidazole-
4-carboxamide ribonucleotide formyltransferase/IMP 
cyclohydrolase). The ALK fusion protein results from the 
cryptic inversion inv(2)(p23; q35), whose product encodes 
a 96-kDa TK with the ATIC N-terminal dimerization 
domain (69,70). Interestingly, ATIC phosphorylation 
enhances ALK enzymatic activity and dampens the 
methotrexate-mediated transformylase activity inhibition, 
demonstrating a novel property of this fusion and a 
unique contribution of the partner (71).

The CLTCL gene on chromosome 17q23 
encodes a clathrin-like polypeptide, which contributes 
to the formation of intra-cytoplasmic endocytotic 
vesicles (72). The rare translocation t(2;17)(p23;q23) 
determines the formation of CLTCL-ALK homo-trimers, 
with consequent trans-activation of the TK activity. In such 
cases, ALK immunostaining features a characteristic 
cytoplasmic dot-like pattern, reflecting the TK localization 
on the surface of clathrin-coated intra-cytoplasmic 
vesicles (63,72).

The very rare t(2;X)(p32;q11-12) juxtaposes 
ALK and MSN genes. MSN encodes a membrane-
associated protein (Moesin, MSN), implicated in the 
regulation of cell membrane-cytoskeleton interactions. 
The MSN-ALK fusion protein does not contain an 
oligomerization domain, but the wild-type MSN and MSN-
ALK proteins hetero-dimerize, a complex capable to 
induce the kinase trans-activation. In these latter cases, 
ALK immunohistochemical staining discloses a peculiar, 
membrane-restricted pattern (73,74).

Other rare chromosomal translocations 
described in ALK+ ALCL involve the TSPYL2, ALO17 
and MYH9 genes, which are respectively located on 
chromosomes Xp11, 17q25 and 22q11.2. The overall 
frequency of these translocations is <1% (67,72,75,76).

4.2. ALK translocations in other hematological 
disorders

ALK-translocations have been rarely reported 
in haematological neoplasms other than ALCL. Delsol 
and colleagues first described an uncommon variant of 
ALK-positive diffuse large B-cell lymphoma (DLBCL), 
now considered as a separate entity within the revised 
WHO Classification of hematological tumors (77). ALK-
positive DLBCLs are aggressive neoplasms composed 
by sheets of large cells with plasmablastic features. 
Neoplastic lymphocytes are invariably positive for ALK 
(granular cytoplasmic immunostain) and express one 
or more plasma cell-associated marker (CD38, CD138 
and EMA) (77). The most frequent chromosomal 
rearrangement in ALK-positive DLBCL is the t(2;17)
(p23;q23), generating the CLTC–ALK fusion protein (78). 
Other fusions can result for the juxaposition the NPM1, 
SQSTM1 and SEC31A genes to ALK (79-81). Little is 

still known on the molecular biology of ALK-positive 
DLBCLs. As for ALK+ ALCL, the constitutive activation 
of STAT3 has been reported in ALK-positive DLBCLs, 
suggesting common mechanisms of oncogenesis in B 
or T-cell derived ALK+ lymphoma (82). The constitutive 
activation of STAT3 may also be responsible for the 
characteristic plasmoblastic phenotype of these lesions 
with a mechanism that may mirrors the one described in 
T-cell ALK+ ALCL (83). Interestingly, in CD4-NPM-ALK 
transgenic mice, the forced expression of NPM-ALK can 
lead to the development of either plasmablastic B-cell 
lymphomas or multiple myeloma (84).

ALK over-expression has been also 
documented in rare cases of pediatric systemic 
histiocytosis with a very indolent clinical course (85). One 
of such cases featured a t(1;2)(q25;p23) translocation, 
with the associated TPM3-ALK fusion transcript (85). 
The biology of ALK+ systemic histiocytosis is still 
debated, as it could represent either a true malignancy 
or an aberrant hyper-proliferation of accessory cells, 
driven by the ectopic expression of ALK. Toward this 
end, we have shown that the ectopic expression of 
NPM-ALK in mice may lead to histiocytic processes 
with low neoplastic potential and unable to propagate in 
recipient mice and/or in vitro (84).

Lastly rare Acute Myeloid Leukemia (AML) 
carrying the RAN-binding protein 2(RANBP2)-ALK 
have been recently described (86, 87) and in a single 
case failure to conventional treatment was temporarily 
overcome by the administration of crizotinib with the 
restoration of normal hematopoiesis, suggesting that 
RANBP2-ALK fusion acted as driver in association to 
additional defects in this AML (88).

4.3. ALK translocations in non-hematological 
disorders

ALK translocations have first reported 
among non-hematological neoplasms, in inflammatory 
myofibroblastic tumor (IMT), followed by their discovery 
in alveolar and embryonal rabdomyosarcoma (RMS), 
non-small-cell lung cancer (NSCLC) and a variety of 
epithelial tumors (13).

ALK fusion proteins have been reported in up 
to 50% of IMT and they appear to be associated with 
a better prognosis (89). As in ALK+ ALCL, several 
ALK translocation partners can be involved. These 
include TPM3/TPM4 (50% of cases), CLTC, CARS, 
ATIC, SEC31A, PPFIBP1 and RANBP2 (90-96). Of 
note, RANBP2-ALK, CARS-ALK and SEC31A-ALK 
fusions are unique/restricted of IMT, being reported 
only in single cases in other hematological or solid 
tumors (93, 97). Since RANBP2 participates to nuclear 
pore formation, RANBP2-ALK fusions display a typical 
nuclear membrane staining (97). The CARS gene on 
chromosome 11p15 is closely located to several tumor 
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suppressor genes, which could be affected by CARS 
chromosomal rearrangements. The deregulation of 
such tumor suppressors may play an important role 
in IMT pathogenesis (74). A novel A2M-ALK has been 
reported in a neonate with fetal lung interstitial tumor, 
proving new insights into the pathogenesis of this rare 
disease (98).

Among soft tissue neoplasms, rare cases 
of embryonal and alveolar RMS feature NPM-ALK 
fusion proteins. Even in the absence of chromosomal 
translocations, ALK expression has been reported in 
more than 50% of alveolar and in 23% of embryonal 
RMS (99). These data are further confirmed by in vitro 
studies, reporting the ALK expression and its oncogenic 
properties in the Rh30 RMS cell line (100).

As for epithelial neoplasms, ALK translocations 
have been documented in up to 6% of NSCLCs, a 
figure that increases with advance/metastatic tumors 
cases (101). ALK+ NSCLCs typically disclose glandular 
differentiation and arise in young patients with no story 
of smoking. Notably, ALK rearrangements and other 
NSCLC-associated genetic abnormalities (e.g. EGFR 
and KRAS mutations) are most commonly mutually 
exclusive (102), although in rare cases multiple 
common defects have been described. The spectrum 
of chromosomal imbalances in ALK+ NSCLCs is broad 
and several genes can be involved (EML4, KIF5B, TFG, 
KLC1, PTPN3 and STRN) (13, 103-106). The inv2 (p21; 
p23) is the most frequent translocation and leads to the 
juxtaposition of EML4 and ALK, with the EML4 providing 
dimerization domains for the trans-activation of ALK 
TK. The ALK break point invariably involves intron 19, 
meanwhile different introns of the ELM4 can be affected 
leading to multiple EML4-ALK variants, with the variant 1 
and 3 most commonly represented (90%). Interestingly 
from a diagnostic point of view, this could become a 
limiting factor which can be overcome using multiple 
and integrated strategies (107). The detection of ALK 
chromosomal imbalances in NSCLCs bears important 
clinical implications (108). A recent trial on ALK+ NSCLC 
has indeed demonstrated improved outcomes for patients 
treated with crizotinib plus chemotherapy compared to 
standard chemotherapy alone (108).

Many ALK chromosomal translocations have 
been reported in several other epithelial tumors, including 
breast, colon, renal, ovarian and squamous esophageal 
carcinomas. EML4-ALK fusions characterize both breast 
and renal (clear cell and medullary) carcinomas, while 
peculiar ALK rearrangements have been reported in rare 
colon cancer (C2orf44/WCDP-ALK), esophageal (TPM4-
ALK), thyroid (STRN-ALK), renal cell carcinoma (VCL-
ALK), and serous ovary (FN1-ALK) tumors. The clinical 
and biological meaning of such translocations has still to 
be clarified (109-114).

5. ALTERNATIVE MECHANISMS OF ALK 
ACTIVATION: GENE AMPLIFICATION AND 
SOMATIC MUTATIONS

Even in the absence of chromosomal 
translocations, several molecular mechanisms can alter 
ALK signaling in human cancers. Impaired expression/
function of ALK TK can result from two major molecular 
events: (i) ALK up-regulation/amplification; and (ii) ALK 
gene mutations.

Amplification of the ALK locus and over-
expression of ALK TK has been reported in many cancer 
cell lines and in human tumor samples (115), but little is 
known about the actual biological role of such events. 
ALK over-expression has been documented in tumors 
that occasionally bear ALK-chromosomal translocations 
(i.e. NSCLCs, RMS, ovarian and breast carcinoma). ALK 
up-regulation/amplification has also been reported in 
neoplasms usually not associated with ALK fusions, such 
as melanoma, retinoblastoma, Ewing’s sarcoma and a 
variety of neural tumors (glioblastoma, astrocytomas and 
neuroblastoma) (13).

Primary glioblastoma (GB) and GB cell lines 
have been shown to express high levels of ALK and PNT 
(ALK-putative ligand). GB also features deregulated ALK 
signaling, which induces enhanced development and 
survival of neoplastic cells (116, 117). The pathogenetic 
role of ALK TK in GB has been further confirmed by in 
vivo models, which report the anti-proliferative effects of 
ALK-inhibitors in GB xenografts (117).

Amplification of ALK locus on chromosome 
2 has been also reported in neuroblastoma. Of note, 
the amplified region encompasses both MYCN and 
ALK genes, with possible synergic effects in driving 
cell growth and survival (118). A biological link 
between these oncogenes is further sustained by the 
observation that both wild-type and activated mutant 
forms of ALK induce transcription and stabilization of 
the MYCN protein (119,120) and in a zebrafish model 
co-expression of activated ALK with MYCN triples the 
disease penetrance and markedly accelerates tumor 
onset (121). Of note, ALK amplification is not the only 
TK activating mechanism in neuroblastoma. Several 
lines of evidence indeed suggest that ALK activating 
point mutations can contribute to the acquisition of a 
neoplastic phenotype (118). The oncogenic potential of 
ALK mutations primarily resides in the perturbation of 
physiological processes, normally mediated by the ALK 
signaling pathways. Oncogenic ALK mutations have 
been studied by biochemical, cell culture and in vivo 
(D. melanogaster) genetic models. These analyses 
have led to classify ALK mutations into three major 
groups: (i) ligand-independent activating mutations; 
(ii) ligand-dependent activating mutations; and (iii) 
kinase inactivating (i.e. “kinase dead”) mutations (122). 
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Ligand-independent mutations (e.g. F1174I, F1174S 
and F1174L) generate constitutively activated 
TKs that induce uncontrolled cell proliferation and 
survival (123,124). Ligand-dependent mutations (e.g. 
D1091N, T1151M and A1234T) may exert pathogenic 
roles as passenger or driver mutations (125). Kinase-
inactivating mutations (e.g. I1250T) are very rare 
and may contribute to the neoplastic phenotype by 
interfering with the remaining wild-type ALK copy 
(13). Point mutations and small deletions of ALK 
gene have been reported in neuroblastoma, lung 
and thyroid carcinomas as well as in crizotinib-
resistant ALK+ neoplasms (126-128). Neurobalstoma 
constitutes a paradigmatic example to understand the 
biology and clinical impact of ALK point mutations. 
Mutations in the ALK gene are documented in 4-8% 
of neuroblastomas and are associated with overall 
poor-prognosis (123,129). Activating ALK mutations 
are observed both in familial and sporadic cases, with 
two hotspot mutations occurring in the kinase domain: 
(i) F1174 (mutated to L, S, I, C or V); and (ii) R1275 
(mutated to Q or L). Most of neuroblastoma-associated 
ALK mutations have proven oncogenic also in animal 
and cell-culture models (123,124).

Comparison of neuroblastoma and secondary 
crizotinib-resistant NSCLCs /IMTs highlights significant 
differences in ALK derangements, as crizotinib-resistant 
mutations generally cluster around the inhibitor and 
ATP-binding sites, while neuroblastoma-associated 
mutations occur close to the kinase activating residues. 
The biological meaning of such differences is still to 
be clarified and further studies are needed to better 
illustrate the pathogenetic mechanisms underlying such 
differences.

6. ALK SIGNALING PATHWAYS

Chromosomal translocations, gene 
amplification/over-expression and DNA point mutations 
all concur to generate a wide spectrum of ALK variants, 
which can ultimately lead to the acquisition of a neoplastic 
phenotype. Despite the huge variety of activating 
mechanisms, all mutant ALK proteins exert their 
pathogenetic role through similar (and often overlapping) 
transduction pathways. For historical reasons, NPM-
ALK-positive ALCL is the reference model for the study of 
the molecular pathways involved in ALK carcinogenesis. 
In the next paragraphs, the description of ALK-mediated 
oncogenesis will thus implicitly refer to this specific 
biological model (Figure 2).

6.1. Ras/ERK and JNK pathways
Constitutively phosphorylated ALK tyrosine 

residues act as docking sites for several downstream 
adaptors with SH2 (SRC homology 2) or PTB 
(phosphotyrosine-binding) domains. These include SHC 
(SH2 domain-containing transforming protein), IRS1 
(insulin receptor substrate 1) and GRB2 (growth factor 
receptor-bound protein 2) proteins. Although, SHC, 
IRS1 and GRB2 bind directly to NPM-ALK, SHC and 
IRS1 are not essential for the acquisition of a neoplastic 
phenotype, since the loss of their docking sites does not 
preclude ALK-mediated neoplastic transformation (130). 
On the contrary, GRB2 seems to play a pivotal role in the 
ALK-mediated activation of the Ras/ERK pathway (12). 
GRB2 binds to NPM-ALK on Tyr567, Tyr152-156, and 
on the proline-rich region, Pro415-417, thus regulating 
ALK-mediated phosphorylation of SHP2. This activates 
Ras and the downstream MAPK pathway, leading to 
the phosphorylation of ERK-1 (MAPK3) and ERK-2 

Figure 2. ALK signaling. The deregulated activation of ALK-R and ALK fusion proteins (NPM-ALK is depicted as representative ALK chimera) can elicit 
multiple signaling pathways, which eventually drive and maintain the neoplastic phenotype. Schematic representation of the most relative ALK driven 
signaling pathways. 
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(MAPK1) (131). ERK-1 and ERK-2, in turn, phosphorylate 
multiple transcription factors of the AP-1 complex, thus 
inducing the down-regulation of p21 and the up-regulation 
of Cyclin D3 and Cyclin A. These events ultimately lead 
to the uncontrolled progression of cell-cycle and cell 
growth.

The AP-1 complex can be also activated by 
a parallel pathway, involving JNK and c-Jun, whose 
phosphorylation is mediated by the chimeric NPM-
ALK protein (132). The AP-1 complex also determines 
the expression of CD30 and cytotoxic molecules, 
thus inducing the acquisition of the classical ALCL 
phenotype (133-135). These phenotypes are potentiated 
by STAT3 which co-synergies enhancing the transcription 
of these genes (Dittinger E personal communication).

6.2. PCL-γ pathway
PLC-γ directly binds to NPM-ALK on Tyr(664). 

The resulting activation of PLC-γ induces the hydrolysis 
of phosphatidylinositol to inositol triphosphate (IP3) and 
diacylglycerol (DAG). IP3 and DAG, in turn, modulate the 
release of Ca2+ from the endoplasmic reticulum, with the 
consequent activation of protein kinase C (PKC). PKC 
contributes to the survival and proliferation of ALCL cells 
by phosphorylating and activating several downstream 
transcription factors (136). The pathogenetic role 
Tyr664 on NPM-ALK has been documented by in vitro 
studies, demonstrating a survival advantage for pro-B 
lymphocytes expressing wild-type (but not Y664F 
mutant) NPM-ALK proteins (137). However, the murine 
ALK lacks the docking site for the activation of the PLC-γ 
pathway casting some double of the tumorigenic role of 
this signaling.

6.3. PI3K pathway
ALK fusion proteins control cell survival through 

the PI3K-AKT and STAT3 pathways. NPM-ALK interacts 
with the catalytic subunit of PI3K (p110), inducing its 
phosphorylation/activation. PI3K, in turn, phosphorylates 
the serine/threonin kinase PKB/AKT, which provides anti-
apoptotic signals via several molecular pathways (136). 
PKB/AKT phosphorylates FOXO3A on Tyr24, Ser256 
and Ser319, thus blocking the transcription of cell-cycle 
arresting (p27) and pro-apoptotic (BIM1) genes (138). 
FOXO3A inhibition also results in the up-regulation 
of cyclin D2, which promotes the transition trough the 
G1–S phase of the cell cycle. This survival pathway is 
synergistically driven also by mTOR, whose activation 
is directly mediated by both PKB/AKT1 and ERK 
kinases (12).

6.4. JAK3/STAT3 pathway
The JAK3/STAT3 signaling plays a central role 

in NPM–ALK mediated carcinogenesis. STAT3 belongs 
to a family of transcription factors, whose activation 
is mediated by the phosphorylation of specific protein 
domains. Phosphorylated STAT monomers dimerize 

and migrate into the nucleus, where they regulate the 
expression of several target-genes.

In ALK+ ALCL, NPM-ALK can directly 
phosphorylate STAT3 or can first activate JAK3, which 
subsequently phosphorylates STAT3 (139-141). Upon 
phosphorylation, STAT3 activates several down-stream 
effectors, which contribute to ALCL cell phenotype (e.g. 
expression of CD30), survival and proliferation. In particular, 
STAT3 prompts the expression of several anti-apoptotic 
proteins, such as BCL2, BCL-XL, survivin and MCL1 (139, 
142). It can also promote cell-cycle progression through 
the activation of Cyclin-D3, c-myc and of C/EBPβ (143). 
Preliminary data also indicate that STAT3 may contribute 
to T-cell identity, by interacting with master regulators of 
the T-cell commitment (Pizzi M personal communication). 
Recent evidence finally indicates that STAT3 controls 
angiogenesis and anti-tumor immune functions (144, 145). 
Gene expression profile and more recently RNAseq data 
have shown that the transcriptome of ALK+ ALCL is largely 
depending on STAT3, as shown using either specific 
shRNA or selective STAT3 inhibitors (146). This has 
allowed the generation of classifiers, which can be used 
in the differential diagnosis of peripheral T-cell lymphoma 
(147). Remarkably, the transcriptome of ALK positive 
cells varies considerably when tumors derived from 
different lineages are evaluated (148) (Medico E. personal 
communication). Intriguingly, knock-down (kd) of STAT3 
in ALK+ NSCLC cell lines induces only little phenotypic 
alterations. This suggests that even in the presence of a 
constitutive activated JAK/STAT3 signaling pathway the 
regulation of downstream genes is cell dependent (149), 
and mediated by the concomitant activation of antagonist/
synergist signals, unique miRNA repertoire and epigenetic 
landscapes. The JAK/STAT3 pathway is negatively 
regulated by SHP1, a tyrosine phosphatase which 
de-phosphorylates ALK and the ALK-associated kinases 
SRC and JAK. In ALCL, SHP1 expression is frequently 
reduced due to hyper-methylation of SHP1 promoter. 
SHP1 down-regulation, in turn, enhances STAT3-mediated 
proliferation and anti-apoptotic signals. The anti-oncogenic 
role of SHP1 is further demonstrated by in vitro experiments, 
indicating that restoration of SHP1 expression in ALK+ 
ALCL leads to NPM-ALK de-phosphorylation and partial 
proteasome degradation, with consequent inactivation of 
the JAK3/STAT3 pathway and impairment of cell growth 
(150). The PTPR family members provide an additional 
layer of regulation, controlling the phosphorylation status 
of STAT proteins. Several data indicate that the “oncogenic 
addiction” of ALK+ ALCL cells to NPM-ALK depends on 
the JAK3/STAT3 signaling pathway. STAT3 kd by RNAi 
invariably leads to ALK+ ALCL cell cycle arrest and 
apoptosis. This phenomenon is associated with well-
defined changes in the transcription of a large number of 
genes, many of which are physiologically down-regulated 
by active (i.e. phosphorylated) STAT3. Similar results are 
obtained by treating ALK+ALCL cells with ALK-inhibitors or 
anti-ALK RNAi (151).
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6.5. VAV1/Cdc42 Pathway
In ALK+ ALCL, NPM-ALK TK controls several 

proteins involved in the regulation of the cytoskeleton 
and cell migration. Of note, ALK-dependent transduction 
pathways closely resemble those mediated by TCR-
activation and invariably require the guanine-nucleotide 
exchange factor, VAV1. ALK phosphorylation of VAV1 
promotes the activation and re-localization of the Rho-
family GTPases, Cdc42 and Rac1. These, in turn, 
activate PAK, WASP and WAVE2, eventually leading to 
F-actin polymerization and cell migration (152) (153). 
These molecular pathways could (at least partially) 
explain the peculiar morphology of ALCL cells and 
the distinct infiltrative pattern disclosed by ALCL at 
histological examination. In vitro and in vivo studies 
indicate that Cdc42 can act as a regulator of cell 
proliferation and survival. In fact, Cdc42 knock-down 
significantly increases the apoptotic rate of ALK-positive 
ALCL cell lines. Even greater growth arrest is observed 
when neoplastic cells are treated with a combination 
of ALK and Cdc42 inhibitors (153). These encouraging 
data may open new perspectives for the treatment of 
ALCL.

7. ALK ONCOGENIC SIGNALING ADDICTION 
AND RESISTANCE PHENOTYPES

Although ALK fusions provide strong oncogenic 
signals, there are many indications that suggest that they 
are incapable of imposing a fully transformed phenotype. 
However, oncogenic addiction to ALK signals varies 
among different type of neoplasms. It is believed that 
ALK+ ALCLs are quite dependent on the ALK signaling. 
Indeed, most ALK+ ALCL lines are sensitive to ALK 
inhibitors, despite being derived from end stage diseases 
and/or systemic leukemic processes. Nevertheless, 
they display a broad range of chemosensitivity with L82 
and JB6 lines being very sensitive, while Karpas 299 
cells display a relatively resistant phenotype. These 
observations are supported by the responses observed 
in patient derived tumor graft (PDT) models. We have 
shown that ALCL PDT, derived from CHOP refractory 
ALK+ ALCL, can display unique responses in vivo 
to anti-ALK Ki ranging from highly sensitive (154) to 
only partially responsive (68). Genomic and functional 
analyses have indicated that the responses to anti-
ALK Ki were related to the genomic complexity of the 
corresponding ALCL PDT; the loss of TP53, BLIMP-1 
and deregulation of c-myc were associated with more 
resistant phenotypes (68). These observations are 
reflected by the clinical outcomes of ALCL patients 
treated with conventional chemotherapy (155). Further, 
the activation of alternative pathways has also been 
proven to contribute to the neoplastic phenotype. In both 
human and mouse models, engagement of IGFR (156) 
and PDGFR (157), have been proven to provide pro-
tumorigenic signals via direct and/or host related loops. 
Additionally, clinical trials testing the therapeutic efficacy 

of crizotinib in ALK+ ALCL patients have shown different 
degree of responses (8, 15), suggesting that ALK 
signaling is critical in primary ALK+ ALCL but additional 
events can module its addiction (158). The findings 
obtained in ALK+ ALCL clinical trials parallel those seen 
in ALK+ NSCLC patients. Notably, the majority of ALK+ 
lung cancer patients enjoy remarkable responses that 
frequently can be sustained for relatively long periods 
of time. Poor responders and relapses have, however, 
been documented. It is plausible that the carcinoma cells 
of TKi naïve refractory patients may have undergone a 
series of changes, allowing them to bypass ALK signaling 
requirements (158). This scenario is reflected by the 
different degree of sensitivity to ALK inhibitors of the 
EML4-ALK cell lines H3122 and H2228. The H2228 lines 
can undergo cell death when ALK Ki are accompanied by 
MEK (159) or EGFR or ERBB2/3 (148) inhibitors, contrary 
to H3122, which are exquisitely sensitive to ALK Ki. 
Interestingly, rare patients bearing EGFR mutations and 
EML4-ALK have been documented suggesting that both 
aberrations may be observed even in absence of drug 
selection and can contribute to the original neoplastic 
phenotype (160).

With the broader usage of ALK inhibitors, we 
have witnessed the emergence of multiple resistant 
phenotypes, driven by alternative mechanisms. More 
than one third of ALK + lung patients develop mutations 
within the gatekeeper site of the kinase domain or 
in amino acids critical for modulating the ATP kinase 
affinity (161). Drug resistance in the remaining patients 
can display gene amplification of ALK fusions or other 
kinases (i.e. Met), activating somatic mutations (EGFR, 
K-Ras), or bypass ALK signaling (158). In the latter 
scenario, the deregulated activation of activation of KIT, 
c-MET, EGFR, IGFR, AXL, ERBB can overcome ALK 
signaling requirements and ALK ki inhibition. Thus, it 
may be possible to decrease the incidence of acquired 
resistance by using a combination of Ki or novel multi-
target alK inhibitors. In years to come, it is likely that the 
application of innovative tissue culture modalities will 
help define the molecular mechanisms of resistance and 
eventually guide “ad hoc” therapies for ALK resistant 
patients (162).

8. ACKNOWLEDGMENTS

The present review was concerted inside the 
European Research Initiative of ALK-related malignancies 
(ERIA) (http://www.erialcl.net). We thank Dr. J. Casano 
per his invaluable contribution and thoughtful discussion. 
GI is supported by Italian Association for Cancer 
Research (AIRC) (5x1000 No. 10007).

9. REFERENCES

1.	 D. Hanahan and R. A. Weinberg: The hallmarks 
of cancer. Cell, 100(1), 57-70 (2000)



ALK activation and signaling pathways

	 293� © 1996-2015

DOI: 10.1016/S0092-8674(00)81683-9
2.	 M. Gerlinger and C. Swanton: How Darwinian 

models inform therapeutic failure initiated by 
clonal heterogeneity in cancer medicine. Br J 
Cancer, 103(8), 1139-43 (2010)
DOI: 10.1038/sj.bjc.6605912

3.	 M. Meyerson, S. Gabriel and G. Getz: 
Advances in understanding cancer genomes 
through second-generation sequencing. Nat 
Rev Genet, 11(10), 685-96 (2010)
DOI: 10.1.038/nrg2841

4.	 L. B. Alexandrov and M. R. Stratton: Mutational 
signatures: the patterns of somatic mutations 
hidden in cancer genomes. Curr Opin Genet 
Dev, 24, 52-60 (2014)
DOI: 10.1016/j.gde.2013.11.014

5.	 S. Jones, X. Zhang, D. W. Parsons, J. C. 
Lin, R. J. Leary, P. Angenendt, P. Mankoo, 
H. Carter, H. Kamiyama, A. Jimeno, S. M. 
Hong, B. Fu, M. T. Lin, E. S. Calhoun, M. 
Kamiyama, K. Walter, T. Nikolskaya, Y. 
Nikolsky, J. Hartigan, D. R. Smith, M. Hidalgo, 
S. D. Leach, A. P. Klein, E. M. Jaffee, M. 
Goggins, A. Maitra, C. Iacobuzio-Donahue, J. 
R. Eshleman, S. E. Kern, R. H. Hruban, R. 
Karchin, N. Papadopoulos, G. Parmigiani, B. 
Vogelstein, V. E. Velculescu and K. W. Kinzler: 
Core signaling pathways in human pancreatic 
cancers revealed by global genomic analyses. 
Science, 321(5897), 1801-6 (2008)
 DOI: 10.1126/science.1164368

6.	 G. Parmigiani, S. Boca, J. Lin, K. W. Kinzler, 
V. Velculescu and B. Vogelstein: Design and 
analysis issues in genome-wide somatic 
mutation studies of cancer. Genomics, 93(1), 
17-21 (2009)
 DOI: 10.1016/j.ygeno.2008.07.005

7.	 J. H. Doroshow and S. Kummar: Translational 
research in oncology-10 years of progress 
and future prospects. Nat Rev Clin Oncol, 
11(11), 649-662 (2014)
 DOI: 10.1038/nrclinonc.2014.158

8.	 A. T. Shaw, P. P. Hsu, M. M. Awad and 
J. A. Engelman: Tyrosine kinase gene 
rearrangements in epithelial malignancies. 
Nat Rev Cancer, 13(11), 772-87 (2013)
 DOI: 10.1038/nrc3612

9.	 J. Chmielecki, K. E. Hutchinson, G. M. 
Frampton, Z. R. Chalmers, A. Johnson, C. 
Shi, J. Elvin, S. M. Ali, J. S. Ross, O. Basturk, 

S. Balasubramanian, D. Lipson, R. Yelensky, 
W. Pao, V. A. Miller, D. S. Klimstra and P. J. 
Stephens: Comprehensive Genomic Profiling 
of Pancreatic Acinar Cell Carcinomas 
Identifies Recurrent RAF Fusions and 
Frequent Inactivation of DNA Repair Genes. 
Cancer Discov, 4(12), 1398-405 (2014)
 DOI: 10.1158/2159-8290.CD-14-0617

10.	 S. W. Morris, M. N. Kirstein, M. B. Valentine, 
K. G. Dittmer, D. N. Shapiro, D. L. Saltman 
and A. T. Look: Fusion of a kinase gene, ALK, 
to a nucleolar protein gene, NPM, in non-
Hodgkin’s lymphoma. Science, 263(5151), 
1281-4 (1994)
 DOI: 10.1126/science.8122112

11.	 X. Zhao, S. Ghaffari, H. Lodish, V. N. 
Malashkevich and P. S. Kim: Structure of the 
Bcr-Abl oncoprotein oligomerization domain. 
Nat Struct Biol, 9(2), 117-20 (2002)

12.	 R. Chiarle, C. Voena, C. Ambrogio, R. Piva 
and G. Inghirami: The anaplastic lymphoma 
kinase in the pathogenesis of cancer. Nat Rev 
Cancer, 8(1), 11-23 (2008)
 DOI: 10.1038/nrc2291

13.	 B. Hallberg and R. H. Palmer: Mechanistic 
insight into ALK receptor tyrosine kinase 
in human cancer biology. Nat Rev Cancer, 
13(10), 685-700 (2013)
 DOI: 10.1038/nrc3580

14.	 R. Roskoski, Jr.: Anaplastic lymphoma kinase 
(ALK): structure, oncogenic activation, and 
pharmacological inhibition. Pharmacol Res, 
68(1), 68-94 (2013)
 DOI: 10.1016/j.phrs.2012.11.007

15.	 E. L. Kwak, Y. J. Bang, D. R. Camidge, A. T. 
Shaw, B. Solomon, R. G. Maki, S. H. Ou, B. J. 
Dezube, P. A. Janne, D. B. Costa, M. Varella-
Garcia, W. H. Kim, T. J. Lynch, P. Fidias, H. 
Stubbs, J. A. Engelman, L. V. Sequist, W. Tan, 
L. Gandhi, M. Mino-Kenudson, G. C. Wei, S. 
M. Shreeve, M. J. Ratain, J. Settleman, J. G. 
Christensen, D. A. Haber, K. Wilner, R. Salgia, 
G. I. Shapiro, J. W. Clark and A. J. Iafrate: 
Anaplastic lymphoma kinase inhibition in non-
small-cell lung cancer. N Engl J Med, 363(18), 
1693-703 (2010)
 DOI: 10.1056/NEJMoa1006448

16.	 R. H. Palmer, E. Vernersson, C. Grabbe and 
B. Hallberg: Anaplastic lymphoma kinase: 
signalling in development and disease. 
Biochem J, 420(3), 345-61 (2009)

http://dx.doi.org/10.1016/S0092-8674(00)81683-9
http://dx.doi.org/10.1038/sj.bjc.6605912
http://dx.doi.org/10.1.038/nrg2841
http://dx.doi.org/10.1016/j.gde.2013.11.014
http://dx.doi.org/10.1126/science.1164368
http://dx.doi.org/10.1016/j.ygeno.2008.07.005
http://dx.doi.org/10.1038/nrclinonc.2014.158
http://dx.doi.org/10.1038/nrc3612
http://dx.doi.org/10.1158/2159-8290.CD-14-0617
http://dx.doi.org/10.1126/science.8122112
http://dx.doi.org/10.1038/nrc2291
http://dx.doi.org/10.1038/nrc3580
http://dx.doi.org/10.1016/j.phrs.2012.11.007
http://dx.doi.org/10.1056/NEJMoa1006448


ALK activation and signaling pathways

	 294� © 1996-2015

DOI: 10.1042/BJ20090387
17.	 E. Bazigou, H. Apitz, J. Johansson, C. E. 

Loren, E. M. Hirst, P. L. Chen, R. H. Palmer 
and I. Salecker: Anterograde Jelly belly 
and Alk receptor tyrosine kinase signaling 
mediates retinal axon targeting in Drosophila. 
Cell, 128(5), 961-75 (2007)
 DOI: 10.1016/j.cell.2007.02.024

18.	 J. Rohrbough and K. Broadie: Anterograde 
Jelly belly ligand to Alk receptor signaling at 
developing synapses is regulated by Mind the 
gap. Development, 137(20), 3523-33 (2010)
 DOI: 10.1242/dev.047878

19.	 J. Y. Gouzi, A. Moressis, J. A. Walker, A. A. 
Apostolopoulou, R. H. Palmer, A. Bernards 
and E. M. Skoulakis: The receptor tyrosine 
kinase Alk controls neurofibromin functions in 
Drosophila growth and learning. PLoS Genet, 
7(9), e1002281 (2011)
DOI: 10.1371/journal.pgen.1002281

20.	 L. Y. Cheng, A. P. Bailey, S. J. Leevers, 
T. J. Ragan, P. C. Driscoll and A. P. Gould: 
Anaplastic lymphoma kinase spares organ 
growth during nutrient restriction in Drosophila. 
Cell, 146(3), 435-47 (2011)
DOI: 10.1016/j.cell.2011.06.040

21.	 A. W. Lasek, J. Lim, C. L. Kliethermes, K. 
H. Berger, G. Joslyn, G. Brush, L. Xue, M. 
Robertson, M. S. Moore, K. Vranizan, S. W. 
Morris, M. A. Schuckit, R. L. White and U. 
Heberlein: An evolutionary conserved role 
for anaplastic lymphoma kinase in behavioral 
responses to ethanol. PLoS One, 6(7), 
e22636 (2011)
DOI: 10.1371/journal.pone.0022636

22.	 D. J. Reiner, M. Ailion, J. H. Thomas and B. 
J. Meyer: C. elegans anaplastic lymphoma 
kinase ortholog SCD-2 controls dauer 
formation by modulating TGF-beta signaling. 
Curr Biol, 18(15), 1101-9 (2008)
DOI: 10.1016/j.cub.2008.06.060

23.	 H. H. Lee, A. Norris, J. B. Weiss and M. 
Frasch: Jelly belly protein activates the 
receptor tyrosine kinase Alk to specify visceral 
muscle pioneers. Nature, 425(6957), 507-12 
(2003)
DOI: 10.1038/nature01916

24.	 C. Englund, C. E. Loren, C. Grabbe, G. K. 
Varshney, F. Deleuil, B. Hallberg and R. H. 
Palmer: Jeb signals through the Alk receptor 

tyrosine kinase to drive visceral muscle fusion. 
Nature, 425(6957), 512-6 (2003)
DOI: 10.1038/nature01950

25.	 T. Inoue and J. H. Thomas: Suppressors of 
transforming growth factor-beta pathway 
mutants in the Caenorhabditis elegans dauer 
formation pathway. Genetics, 156(3), 1035-46 
(2000)

26.	 M. Shirinian, G. Varshney, C. E. Loren, 
C. Grabbe and R. H. Palmer: Drosophila 
Anaplastic Lymphoma Kinase regulates Dpp 
signalling in the developing embryonic gut. 
Differentiation, 75(5), 418-26 (2007)
DOI: 10.1111/j.1432-0436.2006.00148.x

27.	 S. Yao, M. Cheng, Q. Zhang, M. Wasik, R. 
Kelsh and C. Winkler: Anaplastic lymphoma 
kinase is required for neurogenesis in 
the developing central nervous system of 
zebrafish. PLoS One, 8(5), e63757 (2013)
DOI: 10.1371/journal.pone.0063757

28.	 B. Souttou, N. B. Carvalho, D. Raulais and 
M. Vigny: Activation of anaplastic lymphoma 
kinase receptor tyrosine kinase induces 
neuronal differentiation through the mitogen-
activated protein kinase pathway. J Biol 
Chem, 276(12), 9526-31 (2001)
DOI: 10.1074/jbc.M007333200

29.	 G. Piccinini, R. Bacchiocchi, M. Serresi, C. 
Vivani, S. Rossetti, C. Gennaretti, D. Carbonari 
and F. Fazioli: A ligand-inducible epidermal 
growth factor receptor/anaplastic lymphoma 
kinase chimera promotes mitogenesis and 
transforming properties in 3T3 cells. J Biol 
Chem, 277(25), 22231-9 (2002)
DOI: 10.1074/jbc.M111145200

30.	 S. P. Hurley, D. O. Clary, V. Copie and F. 
Lefcort: Anaplastic lymphoma kinase is 
dynamically expressed on subsets of motor 
neurons and in the peripheral nervous system. 
J Comp Neurol, 495(2), 202-12 (2006)
DOI: 10.1002/cne.20887

31.	 R. Mi, W. Chen and A. Hoke: Pleiotrophin is a 
neurotrophic factor for spinal motor neurons. 
Proc Natl Acad Sci U S A, 104(11), 4664-9 (2007)
DOI: 10.1073/pnas.0603243104

32.	 T. Iwahara, J. Fujimoto, D. Wen, R. Cupples, 
N. Bucay, T. Arakawa, S. Mori, B. Ratzkin and 
T. Yamamoto: Molecular characterization of 
ALK, a receptor tyrosine kinase expressed 
specifically in the nervous system. Oncogene, 
14(4), 439-49 (1997)

http://dx.doi.org/10.1042/BJ20090387
http://dx.doi.org/10.1016/j.cell.2007.02.024
http://dx.doi.org/10.1242/dev.047878
http://dx.doi.org/10.1371/journal.pgen.1002281
http://dx.doi.org/10.1016/j.cell.2011.06.040
http://dx.doi.org/10.1371/journal.pone.0022636
http://dx.doi.org/10.1016/j.cub.2008.06.060
http://dx.doi.org/10.1038/nature01916
http://dx.doi.org/10.1038/nature01950
http://dx.doi.org/10.1111/j.1432-0436.2006.00148.x
http://dx.doi.org/10.1371/journal.pone.0063757
http://dx.doi.org/10.1074/jbc.M007333200
http://dx.doi.org/10.1074/jbc.M111145200
http://dx.doi.org/10.1002/cne.20887
http://dx.doi.org/10.1073/pnas.0603243104


ALK activation and signaling pathways

	 295� © 1996-2015

DOI: 10.1038/sj.onc.1200849
33.	 J. G. Bilsland, A. Wheeldon, A. Mead, P. 

Znamenskiy, S. Almond, K. A. Waters, 
M. Thakur, V. Beaumont, T. P. Bonnert, 
R. Heavens, P. Whiting, G. McAllister 
and I. Munoz-Sanjuan: Behavioral and 
neurochemical alterations in mice deficient 
in anaplastic lymphoma kinase suggest 
therapeutic potential for psychiatric 
indications. Neuropsychopharmacology, 
33(3), 685-700 (2008)
DOI: 10.1038/sj.npp.1301446

34.	 H. L. Yang, T. Eriksson, E. Vernersson, M. 
Vigny, B. Hallberg and R. H. Palmer: The ligand 
Jelly Belly (Jeb) activates the Drosophila Alk 
RTK to drive PC12 cell differentiation, but is 
unable to activate the mouse ALK RTK. J Exp 
Zool B Mol Dev Evol, 308(3), 269-82 (2007)
DOI: 10.1002/jez.b.21146

35.	 P. Perez-Pinera, W. Zhang, Y. Chang, J. A. 
Vega and T. F. Deuel: Anaplastic lymphoma 
kinase is activated through the pleiotrophin/
receptor protein-tyrosine phosphatase 
beta/zeta signaling pathway: an alternative 
mechanism of receptor tyrosine kinase 
activation. J Biol Chem, 282(39), 28683-90 
(2007)
DOI: 10.1074/jbc.M704505200

36.	 S. H. Ou, L. Bazhenova, D. R. Camidge, B. J. 
Solomon, J. Herman, T. Kain, Y. J. Bang, E. L. 
Kwak, A. T. Shaw, R. Salgia, R. G. Maki, J. W. 
Clark, K. D. Wilner and A. J. Iafrate: Rapid and 
dramatic radiographic and clinical response 
to an ALK inhibitor (crizotinib, PF02341066) 
in an ALK translocation-positive patient with 
non-small cell lung cancer. J Thorac Oncol, 
5(12), 2044-6 (2010)
DOI: 10.1097/JTO.0b013e318200f9ff

37.	 A. J. Weickhardt, M. S. Rothman, S. Salian-
Mehta, K. Kiseljak-Vassiliades, A. B. Oton, 
R. C. Doebele, M. E. Wierman and D. R. 
Camidge: Rapid-onset hypogonadism 
secondary to crizotinib use in men with 
metastatic nonsmall cell lung cancer. Cancer, 
118(21), 5302-9 (2012)
DOI: 10.1002/cncr.27450

38.	 E. Iwama, I. Okamoto, T. Harada, K. Takayama 
and Y. Nakanishi: Development of anaplastic 
lymphoma kinase (ALK) inhibitors and 
molecular diagnosis in ALK rearrangement-
positive lung cancer. Onco Targets Ther, 7, 
375-85 (2014)

39.	 V. Roukos and T. Misteli: The biogenesis of 
chromosome translocations. Nat Cell Biol, 
16(4), 293-300 (2014)
DOI: 10.1038/ncb2941

40.	 M. J. Difilippantonio, J. Zhu, H. T. Chen, E. 
Meffre, M. C. Nussenzweig, E. E. Max, T. Ried 
and A. Nussenzweig: DNA repair protein Ku80 
suppresses chromosomal aberrations and 
malignant transformation. Nature, 404(6777), 
510-4 (2000)
DOI: 10.1038/35006670

41.	 Y. Gao, D. O. Ferguson, W. Xie, J. P. Manis, 
J. Sekiguchi, K. M. Frank, J. Chaudhuri, J. 
Horner, R. A. DePinho and F. W. Alt: Interplay 
of p53 and DNA-repair protein XRCC4 
in tumorigenesis, genomic stability and 
development. Nature, 404(6780), 897-900 
(2000)
DOI: 10.1038/35009138

42.	 S. Quentin, W. Cuccuini, R. Ceccaldi, O. 
Nibourel, C. Pondarre, M. P. Pages, N. 
Vasquez, C. Dubois d’Enghien, J. Larghero, 
R. Peffault de Latour, V. Rocha, J. H. Dalle, 
P. Schneider, M. Michallet, G. Michel, A. 
Baruchel, F. Sigaux, E. Gluckman, T. Leblanc, 
D. Stoppa-Lyonnet, C. Preudhomme, G. Socie 
and J. Soulier: Myelodysplasia and leukemia 
of Fanconi anemia are associated with a 
specific pattern of genomic abnormalities that 
includes cryptic RUNX1/AML1 lesions. Blood, 
117(15), e161-70 (2011)
DOI: 10.1182/blood-2010-09-308726

43.	 M. Loosveld, M. Bonnet, S. Gon, B. Montpellier, 
B. Quilichini, J. M. Navarro, T. Crouzet, M. A. 
Goujart, L. Chasson, E. Morgado, C. Picard, 
L. Hernandez, C. Fossat, J. Gabert, G. Michel, 
B. Nadel and D. Payet-Bornet: MYC fails to 
efficiently shape malignant transformation in 
T-cell acute lymphoblastic leukemia. Genes 
Chromosomes Cancer, 53(1), 52-66 (2014)
DOI: 10.1002/gcc.22117

44.	 B. Maes, V. Vanhentenrijk, I. Wlodarska, 
J. Cools, B. Peeters, P. Marynen and C. de 
Wolf-Peeters: The NPM-ALK and the ATIC-
ALK fusion genes can be detected in non-
neoplastic cells. Am J Pathol, 158(6), 2185-93 
(2001)
DOI: 10.1016/S0002-9440(10)64690-1

45.	 H. Ghezraoui, M. Piganeau, B. Renouf, 
J. B. Renaud, A. Sallmyr, B. Ruis, S. Oh, 
A. E. Tomkinson, E. A. Hendrickson, C. 
Giovannangeli, M. Jasin and E. Brunet: 

http://dx.doi.org/10.1038/sj.onc.1200849
http://dx.doi.org/10.1038/sj.npp.1301446
http://dx.doi.org/10.1002/jez.b.21146
http://dx.doi.org/10.1074/jbc.M704505200
http://dx.doi.org/10.1097/JTO.0b013e318200f9ff
http://dx.doi.org/10.1002/cncr.27450
http://dx.doi.org/10.1038/ncb2941
http://dx.doi.org/10.1038/35006670
http://dx.doi.org/10.1038/35009138
http://dx.doi.org/10.1182/blood-2010-09-308726
http://dx.doi.org/10.1002/gcc.22117
http://dx.doi.org/10.1016/S0002-9440(10)64690-1


ALK activation and signaling pathways

	 296� © 1996-2015

Chromosomal translocations in human cells 
are generated by canonical nonhomologous 
end-joining. Mol Cell, 55(6), 829-42 (2014)
DOI: 10.1016/j.molcel.2014.08.002

46.	 A. Nussenzweig and M. C. Nussenzweig: 
Origin of chromosomal translocations in 
lymphoid cancer. Cell, 141(1), 27-38 (2010)
DOI: 10.1016/j.cell.2010.03.016

47.	 E. Sonoda, M. S. Sasaki, J. M. Buerstedde, 
O. Bezzubova, A. Shinohara, H. Ogawa, M. 
Takata, Y. Yamaguchi-Iwai and S. Takeda: 
Rad51-deficient vertebrate cells accumulate 
chromosomal breaks prior to cell death. 
EMBO J, 17(2), 598-608 (1998)
DOI: 10.1093/emboj/17.2.598

48.	 F. Mitelman, B. Johansson and F. Mertens: 
The impact of translocations and gene fusions 
on cancer causation. Nat Rev Cancer, 7(4), 
233-45 (2007)
DOI: 10.1038/nrc2091

49.	 R. Rimokh, J. P. Magaud, F. Berger, J. 
Samarut, B. Coiffier, D. Germain and 
D. Y. Mason: A translocation involving a 
specific breakpoint (q35) on chromosome 
5 is characteristic of anaplastic large cell 
lymphoma (‘Ki-1 lymphoma’). Br J Haematol, 
71(1), 31-6 (1989)
 DOI: 10.1111/j.1365-2141.1989.tb06270.x

50.	 Y. Kaneko, G. Frizzera, S. Edamura, N. 
Maseki, M. Sakurai, Y. Komada, M. Sakurai, H. 
Tanaka, M. Sasaki, T. Suchi and et al.: A novel 
translocation, t(2;5)(p23;q35), in childhood 
phagocytic large T-cell lymphoma mimicking 
malignant histiocytosis. Blood, 73(3), 806-13 
(1989)

51.	 M. M. Le Beau, M. A. Bitter, R. A. Larson, L. 
A. Doane, E. D. Ellis, W. A. Franklin, C. M. 
Rubin, M. E. Kadin and J. W. Vardiman: The 
t(2;5)(p23;q35): a recurring chromosomal 
abnormality in Ki-1-positive anaplastic large 
cell lymphoma. Leukemia, 3(12), 866-70 
(1989)

52.	 F. Toffalini and J. B. Demoulin: New insights 
into the mechanisms of hematopoietic cell 
transformation by activated receptor tyrosine 
kinases. Blood, 116(14), 2429-37 (2010)
DOI: 10.1182/blood-2010-04-279752

53.	 M. Ladanyi and G. Cavalchire: Molecular 
variant of the NPM-ALK rearrangement of 
Ki-1 lymphoma involving a cryptic ALK splice 

site. Genes Chromosomes Cancer, 15(3), 
173-7 (1996)

54.	 S. H. Ou, C. H. Bartlett, M. Mino-Kenudson, 
J. Cui and A. J. Iafrate: Crizotinib for the 
treatment of ALK-rearranged non-small cell 
lung cancer: a success story to usher in the 
second decade of molecular targeted therapy 
in oncology. Oncologist, 17(11), 1351-75 
(2012)
DOI: 10.1634/theoncologist.2012-0311

55.	 J. M. Boland, J. S. Jang, J. Li, A. M. Lee, 
J. A. Wampfler, M. R. Erickson-Johnson, I. 
Soares, P. Yang, J. Jen, A. M. Oliveira and E. 
S. Yi: MET and EGFR mutations identified in 
ALK-rearranged pulmonary adenocarcinoma: 
molecular analysis of 25 ALK-positive cases. 
J Thorac Oncol, 8(5), 574-81 (2013)

56.	 Q. Zhang, F. Wei, H. Y. Wang, X. Liu, D. Roy, 
Q. B. Xiong, S. Jiang, A. Medvec, G. Danet-
Desnoyers, C. Watt, E. Tomczak, M. Kalos, J. 
L. Riley and M. A. Wasik: The potent oncogene 
NPM-ALK mediates malignant transformation 
of normal human CD4(+) T lymphocytes. Am 
J Pathol, 183(6), 1971-80 (2013)
DOI: 10.1016/j.ajpath.2013.08.030

57.	 E. Colombo, M. Alcalay and P. G. Pelicci: 
Nucleophosmin and its complex network: a 
possible therapeutic target in hematological 
diseases. Oncogene, 30(23), 2595-609 (2011)
DOI: 10.1038/onc.2010.646

58.	 S. Grisendi, C. Mecucci, B. Falini and P. P. 
Pandolfi: Nucleophosmin and cancer. Nat 
Rev Cancer, 6(7), 493-505 (2006)
DOI: 10.1038/nrc1885

59.	 L. Federici and B. Falini: Nucleophosmin 
mutations in acute myeloid leukemia: a tale of 
protein unfolding and mislocalization. Protein 
Sci, 22(5), 545-56 (2013)
DOI: 10.1.002/pro.2240

60.	 K. J. Savage: Peripheral T-cell lymphomas. 
Blood Rev, 21(4), 201-16 (2007)
DOI: 10.1016/j.blre.2007.03.001

61.	 D. Bischof, K. Pulford, D. Y. Mason and S. 
W. Morris: Role of the nucleophosmin (NPM) 
portion of the non-Hodgkin’s lymphoma-
associated NPM-anaplastic lymphoma kinase 
fusion protein in oncogenesis. Mol Cell Biol, 
17(4), 2312-25 (1997)

62.	 F. Tabbo, M. Ponzoni, R. Rabadan, F. Bertoni, 
G. Inghirami and T. c. L. S. G. European: 

http://dx.doi.org/10.1016/j.molcel.2014.08.002
http://dx.doi.org/10.1016/j.cell.2010.03.016
http://dx.doi.org/10.1093/emboj/17.2.598
http://dx.doi.org/10.1038/nrc2091
http://dx.doi.org/10.1111/j.1365-2141.1989.tb06270.x
http://dx.doi.org/10.1182/blood-2010-04-279752
http://dx.doi.org/10.1634/theoncologist.2012-0311
http://dx.doi.org/10.1016/j.ajpath.2013.08.030
http://dx.doi.org/10.1038/onc.2010.646
http://dx.doi.org/10.1038/nrc1885
http://dx.doi.org/10.1.002/pro.2240
http://dx.doi.org/10.1016/j.blre.2007.03.001


ALK activation and signaling pathways

	 297� © 1996-2015

Beyond NPM-anaplastic lymphoma kinase 
driven lymphomagenesis: alternative drivers 
in anaplastic large cell lymphoma. Curr Opin 
Hematol, 20(4), 374-81 (2013)
DOI: 10.1097/MOH.0b013e3283623c07

63.	 G. Inghirami and S. A. Pileri: Anaplastic large-
cell lymphoma. Semin Diagn Pathol, 28(3), 
190-201 (2011)
DOI: 10.1053/j.semdp.2011.03.002

64.	 L. Hernandez, S. Bea, B. Bellosillo, M. Pinyol, 
B. Falini, A. Carbone, G. Ott, A. Rosenwald, A. 
Fernandez, K. Pulford, D. Mason, S. W. Morris, 
E. Santos and E. Campo: Diversity of genomic 
breakpoints in TFG-ALK translocations in 
anaplastic large cell lymphomas: identification 
of a new TFG-ALK(XL) chimeric gene with 
transforming activity. Am J Pathol, 160(4), 
1487-94 (2002)
DOI: 10.1016/S0002-9440(10)62574-6

65.	 C. Miranda, E. Roccato, G. Raho, S. Pagliardini, 
M. A. Pierotti and A. Greco: The TFG protein, 
involved in oncogenic rearrangements, 
interacts with TANK and NEMO, two proteins 
involved in the NF-kappaB pathway. J Cell 
Physiol, 208(1), 154-60 (2006)
DOI: 10.1002/jcp.20644

66.	 A. L. Feldman, G. Vasmatzis, Y. W. Asmann, 
J. Davila, S. Middha, B. W. Eckloff, S. H. 
Johnson, J. C. Porcher, S. M. Ansell and A. 
Caride: Novel TRAF1-ALK fusion identified by 
deep RNA sequencing of anaplastic large cell 
lymphoma. Genes Chromosomes Cancer, 
52(11), 1097-102 (2013)
DOI: 10.1002/gcc.22104

67.	 K. Takeoka, A. Okumura, G. Honjo and H. 
Ohno: Variant Translocation Partners of 
the Anaplastic Lymphoma Kinase (ALK) 
Gene in Two Cases of Anaplastic Large 
Cell Lymphoma, Identified by Inverse cDNA 
Polymerase Chain Reaction. J Clin Exp 
Hematop, 54(3), 225-35 (2014)
DOI: 10.3960/jslrt.54.225

68.	 F. Abate, M. Todaro, J. van der Krogt, M. Boi, I. 
Landra, R. Machiorlatti, F. Tabbo, K. Messana, 
A. Barreca, D. Novero, M. Gaudiano, S. 
Aliberti, F. Di Giacomo, T. Tousseyn, E. 
Lasorsa, R. Crescenzo, L. Bessone, E. 
Ficarra, A. Acquaviva, A. Rinaldi, M. Ponzoni, 
D. L. Longo, S. Aime, M. Cheng, B. Ruggeri, 
P. P. Piccaluga, S. Pileri, E. Tiacci, B. Falini, 
B. Pera-Gresely, L. Cerchietti, J. Iqbal, W. 
C. Chan, L. D. Shultz, I. Kwee, R. Piva, I. 

Wlodarska, R. Rabadan, F. Bertoni and G. 
Inghirami: A novel patient derived tumorgraft 
model with TRAF1-ALK anaplastic large cell 
lymphoma translocation. Leukemia (2014)
DOI:  10.1.038/leu.2014.3.47

69.	 G. W. Colleoni, J. A. Bridge, B. Garicochea, 
J. Liu, D. A. Filippa and M. Ladanyi: ATIC-
ALK: A novel variant ALK gene fusion in 
anaplastic large cell lymphoma resulting from 
the recurrent cryptic chromosomal inversion, 
inv(2)(p23q35). Am J Pathol, 156(3), 781-9 
(2000)
DOI: 10.1016/S0002-9440(10)64945-0

70.	 Z. Ma, J. Cools, P. Marynen, X. Cui, R. Siebert, 
S. Gesk, B. Schlegelberger, B. Peeters, C. 
De Wolf-Peeters, I. Wlodarska and S. W. 
Morris: Inv(2)(p23q35) in anaplastic large-
cell lymphoma induces constitutive anaplastic 
lymphoma kinase (ALK) tyrosine kinase 
activation by fusion to ATIC, an enzyme 
involved in purine nucleotide biosynthesis. 
Blood, 95(6), 2144-9 (2000)

71.	 F. E. Boccalatte, C. Voena, C. Riganti, A. Bosia, 
L. D’Amico, L. Riera, M. Cheng, B. Ruggeri, 
O. N. Jensen, V. L. Goss, K. Lee, J. Nardone, 
J. Rush, R. D. Polakiewicz, M. J. Comb, R. 
Chiarle and G. Inghirami: The enzymatic 
activity of 5-aminoimidazole-4-carboxamide 
ribonucleotide formyltransferase/IMP 
cyclohydrolase is enhanced by NPM-ALK: 
new insights in ALK-mediated pathogenesis 
and the treatment of ALCL. Blood, 113(12), 
2776-90 (2009)
DOI: 10.1182/blood-2008-06-161018

72.	 C. Touriol, C. Greenland, L. Lamant, K. Pulford, 
F. Bernard, T. Rousset, D. Y. Mason and G. 
Delsol: Further demonstration of the diversity 
of chromosomal changes involving 2p23 in 
ALK-positive lymphoma: 2 cases expressing 
ALK kinase fused to CLTCL (clathrin chain 
polypeptide-like). Blood, 95(10), 3204-7 
(2000)

73.	 F. Tort, E. Campo, B. Pohlman and E. Hsi: 
Heterogeneity of genomic breakpoints in 
MSN-ALK translocations in anaplastic large 
cell lymphoma. Hum Pathol, 35(8), 1038-41 
(2004)
DOI: 10.1016/j.humpath.2004.05.006

74.	 F. Tort, M. Pinyol, K. Pulford, G. Roncador, L. 
Hernandez, I. Nayach, H. C. Kluin-Nelemans, 
P. Kluin, C. Touriol, G. Delsol, D. Mason and E. 
Campo: Molecular characterization of a new 

http://dx.doi.org/10.1097/MOH.0b013e3283623c07
http://dx.doi.org/10.1053/j.semdp.2011.03.002
http://dx.doi.org/10.1016/S0002-9440(10)62574-6
http://dx.doi.org/10.1002/jcp.20644
http://dx.doi.org/10.1002/gcc.22104
http://dx.doi.org/10.3960/jslrt.54.225
http://dx.doi.org/
http://dx.doi.org/10.1016/S0002-9440(10)64945-0
http://dx.doi.org/10.1182/blood-2008-06-161018
http://dx.doi.org/10.1016/j.humpath.2004.05.006


ALK activation and signaling pathways

	 298� © 1996-2015

ALK translocation involving moesin (MSN-
ALK) in anaplastic large cell lymphoma. Lab 
Invest, 81(3), 419-26 (2001)
DOI: 10.1038/labinvest.3780249

75.	 J. Cools, I. Wlodarska, R. Somers, N. 
Mentens, F. Pedeutour, B. Maes, C. De Wolf-
Peeters, P. Pauwels, A. Hagemeijer and 
P. Marynen: Identification of novel fusion 
partners of ALK, the anaplastic lymphoma 
kinase, in anaplastic large-cell lymphoma and 
inflammatory myofibroblastic tumor. Genes 
Chromosomes Cancer, 34(4), 354-62 (2002)
DOI: 10.1002/gcc.10033

76.	 L. Lamant, R. D. Gascoyne, M. M. Duplantier, 
F. Armstrong, A. Raghab, M. Chhanabhai, 
E. Rajcan-Separovic, J. Raghab, G. Delsol 
and E. Espinos: Non-muscle myosin heavy 
chain (MYH9): a new partner fused to ALK 
in anaplastic large cell lymphoma. Genes 
Chromosomes Cancer, 37(4), 427-32 (2003)
DOI: 10.1002/gcc.10232

77.	 J. E. Delsol G, Falini B, et al. : Anaplastic large 
cell lymphoma (ALCL), ALK-positive. In: WHO 
Classification of tumors of hematopoietic and 
lymphoid tissues. (2008)

78.	 P. De Paepe, M. Baens, H. van Krieken, B. 
Verhasselt, M. Stul, A. Simons, B. Poppe, 
G. Laureys, P. Brons, P. Vandenberghe, F. 
Speleman, M. Praet, C. De Wolf-Peeters, P. 
Marynen and I. Wlodarska: ALK activation by 
the CLTC-ALK fusion is a recurrent event in 
large B-cell lymphoma. Blood, 102(7), 2638-
41 (2003)
DOI: 10.1182/blood-2003-04-1050

79.	 P. Adam, T. Katzenberger, H. Seeberger, 
S. Gattenlohner, J. Wolf, C. Steinlein, M. 
Schmid, H. K. Muller-Hermelink and G. Ott: 
A case of a diffuse large B-cell lymphoma of 
plasmablastic type associated with the t(2;5)
(p23;q35) chromosome translocation. Am J 
Surg Pathol, 27(11), 1473-6 (2003)
DOI: 10.1097/00000478-200311000-00012

80.	 K. Takeuchi, M. Soda, Y. Togashi, Y. Ota, Y. 
Sekiguchi, S. Hatano, R. Asaka, M. Noguchi 
and H. Mano: Identification of a novel fusion, 
SQSTM1-ALK, in ALK-positive large B-cell 
lymphoma. Haematologica, 96(3), 464-7 (2011)
DOI: 10.3324/haematol.2010.033514

81.	 K. Van Roosbroeck, J. Cools, D. Dierickx, 
J. Thomas, P. Vandenberghe, M. Stul, J. 
Delabie, C. De Wolf-Peeters, P. Marynen 

and I. Wlodarska: ALK-positive large B-cell 
lymphomas with cryptic SEC31A-ALK and 
NPM1-ALK fusions. Haematologica, 95(3), 
509-13 (2010)
DOI: 10.3324/haematol.2009.014761

82.	 A. Valera, L. Colomo, A. Martinez, D. de 
Jong, O. Balague, G. Matheu, M. Martinez, 
L. Taddesse-Heath, E. S. Jaffe, C. E. 
Bacchi and E. Campo: ALK-positive large 
B-cell lymphomas express a terminal B-cell 
differentiation program and activated STAT3 
but lack MYC rearrangements. Mod Pathol, 
26(10), 1329-37 (2013)
DOI: 10.1038/modpathol.2013.73

83.	 C. Ambrogio, C. Martinengo, C. Voena, F. 
Tondat, L. Riera, P. F. di Celle, G. Inghirami 
and R. Chiarle: NPM-ALK oncogenic tyrosine 
kinase controls T-cell identity by transcriptional 
regulation and epigenetic silencing in lymphoma 
cells. Cancer Res, 69(22), 8611-9 (2009)
DOI: 10.1158/0008-5472.CAN-09-2655

84.	 R. Chiarle, J. Z. Gong, I. Guasparri, A. Pesci, 
J. Cai, J. Liu, W. J. Simmons, G. Dhall, J. 
Howes, R. Piva and G. Inghirami: NPM-ALK 
transgenic mice spontaneously develop T-cell 
lymphomas and plasma cell tumors. Blood, 
101(5), 1919-27 (2003)
DOI: 10.1182/blood-2002-05-1343

85.	 J. K. Chan, L. Lamant, E. Algar, G. Delsol, 
W. Y. Tsang, K. C. Lee, K. Tiedemann and C. 
W. Chow: ALK+ histiocytosis: a novel type of 
systemic histiocytic proliferative disorder of 
early infancy. Blood, 112(7), 2965-8 (2008)
DOI: 10.1182/blood-2008-03-147017

86.	 J. H. Lim, S. Jang, C. J. Park, Y. U. Cho, J. 
H. Lee, K. H. Lee, J. O. Lee, J. Y. Shin, J. 
I. Kim, J. Huh and E. J. Seo: RANBP2-ALK 
fusion combined with monosomy 7 in acute 
myelomonocytic leukemia. Cancer Genet, 
207(1-2), 40-5 (2014)
DOI: 10.1016/j.cancergen.2013.12.003

87.	 Y. Maesako, K. Izumi, S. Okamori, K. 
Takeoka, C. Kishimori, A. Okumura, G. Honjo, 
T. Akasaka and H. Ohno: inv(2)(p23q13)/
RAN-binding protein 2 (RANBP2)-ALK fusion 
gene in myeloid leukemia that developed in 
an elderly woman. Int J Hematol, 99(2), 202-7 
(2014)
DOI: 10.1007/s12185-013-1482-x

88.	 Y. Maesako, A. Okumura, K. Takeoka, C. 
Kishimori, K. Izumi, Y. Kamoda, F. Iioka, 

http://dx.doi.org/10.1038/labinvest.3780249
http://dx.doi.org/10.1002/gcc.10033
http://dx.doi.org/10.1002/gcc.10232
http://dx.doi.org/10.1182/blood-2003-04-1050
http://dx.doi.org/10.1097/00000478-200311000-00012
http://dx.doi.org/10.3324/haematol.2010.033514
http://dx.doi.org/10.3324/haematol.2009.014761
http://dx.doi.org/10.1038/modpathol.2013.73
http://dx.doi.org/10.1158/0008-5472.CAN-09-2655
http://dx.doi.org/10.1182/blood-2002-05-1343
http://dx.doi.org/10.1182/blood-2008-03-147017
http://dx.doi.org/10.1016/j.cancergen.2013.12.003
http://dx.doi.org/10.1007/s12185-013-1482-x


ALK activation and signaling pathways

	 299� © 1996-2015

T. Akasaka and H. Ohno: Reduction of 
leukemia cell burden and restoration of 
normal hematopoiesis at 3 months of 
crizotinib treatment in RAN-binding protein 
2 (RANBP2)-anaplastic lymphoma kinase 
(ALK) acute myeloid leukemia. Leukemia, 
28(9), 1935-7 (2014)
DOI: 10.1038/leu.2014.166

89.	 Y. S. Chun, L. Wang, A. G. Nascimento, 
C. R. Moir and D. A. Rodeberg: Pediatric 
inflammatory myofibroblastic tumor: 
anaplastic lymphoma kinase (ALK) expression 
and prognosis. Pediatr Blood Cancer, 45(6), 
796-801 (2005)
DOI: 10.1002/pbc.20294

90.	 B. Lawrence, A. Perez-Atayde, M. K. Hibbard, 
B. P. Rubin, P. Dal Cin, J. L. Pinkus, G. S. 
Pinkus, S. Xiao, E. S. Yi, C. D. Fletcher and 
J. A. Fletcher: TPM3-ALK and TPM4-ALK 
oncogenes in inflammatory myofibroblastic 
tumors. Am J Pathol, 157(2), 377-84 (2000)
DOI: 10.1016/S0002-9440(10)64550-6

91.	 J. A. Bridge, M. Kanamori, Z. Ma, D. Pickering, 
D. A. Hill, W. Lydiatt, M. Y. Lui, G. W. Colleoni, 
C. R. Antonescu, M. Ladanyi and S. W. 
Morris: Fusion of the ALK gene to the clathrin 
heavy chain gene, CLTC, in inflammatory 
myofibroblastic tumor. Am J Pathol, 159(2), 
411-5 (2001)
DOI: 10.1016/S0002-9440(10)61711-7

92.	 A. S. Patel, K. M. Murphy, A. L. Hawkins, J. 
S. Cohen, P. P. Long, E. J. Perlman and C. 
A. Griffin: RANBP2 and CLTC are involved 
in ALK rearrangements in inflammatory 
myofibroblastic tumors. Cancer Genet 
Cytogenet, 176(2), 107-14 (2007)
DOI: 10.1016/j.cancergencyto.2007.04.004

93.	 L. V. Debelenko, D. C. Arthur, S. D. Pack, L. 
J. Helman, D. S. Schrump and M. Tsokos: 
Identification of CARS-ALK fusion in primary 
and metastatic lesions of an inflammatory 
myofibroblastic tumor. Lab Invest, 83(9), 
1255-65 (2003)
DOI: 10.1097/01.LAB.0000088856.49388.EA

94.	 M. Debiec-Rychter, P. Marynen, A. Hagemeijer 
and P. Pauwels: ALK-ATIC fusion in urinary 
bladder inflammatory myofibroblastic tumor. 
Genes Chromosomes Cancer, 38(2), 187-90 
(2003)
DOI: 10.1002/gcc.10267

95.	 I. Panagopoulos, T. Nilsson, H. A. Domanski, 

M. Isaksson, P. Lindblom, F. Mertens and N. 
Mandahl: Fusion of the SEC31L1 and ALK 
genes in an inflammatory myofibroblastic 
tumor. Int J Cancer, 118(5), 1181-6 (2006)
DOI: 10.1002/ijc.21490

96.	 K. Takeuchi, M. Soda, Y. Togashi, E. 
Sugawara, S. Hatano, R. Asaka, S. Okumura, 
K. Nakagawa, H. Mano and Y. Ishikawa: 
Pulmonary inflammatory myofibroblastic tumor 
expressing a novel fusion, PPFIBP1-ALK: 
reappraisal of anti-ALK immunohistochemistry 
as a tool for novel ALK fusion identification. 
Clin Cancer Res, 17(10), 3341-8 (2011)
 DOI: 10.1158/1078-0432.CCR-11-0063

97.	 Z. Ma, D. A. Hill, M. H. Collins, S. W. Morris, 
J. Sumegi, M. Zhou, C. Zuppan and J. A. 
Bridge: Fusion of ALK to the Ran-binding 
protein 2 (RANBP2) gene in inflammatory 
myofibroblastic tumor. Genes Chromosomes 
Cancer, 37(1), 98-105 (2003)
DOI: 10.1002/gcc.10177

98.	 T. Onoda, M. Kanno, H. Sato, N. Takahashi, 
H. Izumino, H. Ohta, T. Emura, H. Katoh, H. 
Ohizumi, H. Ohtake, H. Asao, L. P. Dehner, A. 
D. Hill, K. Hayasaka and T. Mitsui: Identification 
of novel ALK rearrangement A2M-ALK in 
a neonate with fetal lung interstitial tumor. 
Genes Chromosomes Cancer, 53(10), 865-
74 (2014)
DOI: 10.1002/gcc.22199

99.	 J. C. van Gaal, U. E. Flucke, M. H. Roeffen, 
E. S. de Bont, S. Sleijfer, A. M. Mavinkurve-
Groothuis, A. J. Suurmeijer, W. T. van 
der Graaf and Y. M. Versleijen-Jonkers: 
Anaplastic lymphoma kinase aberrations in 
rhabdomyosarcoma: clinical and prognostic 
implications. J Clin Oncol, 30(3), 308-15 
(2012)
DOI: 10.1200/JCO.2011.37.8588

100.	 K. Pillay, D. Govender and R. Chetty: ALK 
protein expression in rhabdomyosarcomas. 
Histopathology, 41(5), 461-7 (2002)
 DOI: 10.1046/j.1365-2559.2002.01534.x

101.	 R. C. Doebele, X. Lu, C. Sumey, D. A. Maxson, 
A. J. Weickhardt, A. B. Oton, P. A. Bunn, Jr., 
A. E. Baron, W. A. Franklin, D. L. Aisner, M. 
Varella-Garcia and D. R. Camidge: Oncogene 
status predicts patterns of metastatic spread 
in treatment-naive nonsmall cell lung cancer. 
Cancer, 118(18), 4502-11 (2012)
DOI: 10.1002/cncr.27409

http://dx.doi.org/10.1038/leu.2014.166
http://dx.doi.org/10.1002/pbc.20294
http://dx.doi.org/10.1016/S0002-9440(10)64550-6
http://dx.doi.org/10.1016/S0002-9440(10)61711-7
http://dx.doi.org/10.1016/j.cancergencyto.2007.04.004
http://dx.doi.org/10.1097/01.LAB.0000088856.49388.EA
http://dx.doi.org/10.1002/gcc.10267
http://dx.doi.org/10.1002/ijc.21490
http://dx.doi.org/10.1158/1078-0432.CCR-11-0063
http://dx.doi.org/10.1002/gcc.10177
http://dx.doi.org/10.1002/gcc.22199
http://dx.doi.org/10.1200/JCO.2011.37.8588
http://dx.doi.org/10.1046/j.1365-2559.2002.01534.x
http://dx.doi.org/10.1002/cncr.27409


ALK activation and signaling pathways

	 300� © 1996-2015

102.	 J. G. Paez, P. A. Janne, J. C. Lee, S. Tracy, H. 
Greulich, S. Gabriel, P. Herman, F. J. Kaye, N. 
Lindeman, T. J. Boggon, K. Naoki, H. Sasaki, 
Y. Fujii, M. J. Eck, W. R. Sellers, B. E. Johnson 
and M. Meyerson: EGFR mutations in lung 
cancer: correlation with clinical response to 
gefitinib therapy. Science, 304(5676), 1497-
500 (2004)
DOI: 10.1126/science.1099314

103.	 Y. Jung, P. Kim, Y. Jung, J. Keum, S. N. Kim, 
Y. S. Choi, I. G. Do, J. Lee, S. J. Choi, S. Kim, 
J. E. Lee, J. Kim, S. Lee and J. Kim: Discovery 
of ALK-PTPN3 gene fusion from human 
non-small cell lung carcinoma cell line using 
next generation RNA sequencing. Genes 
Chromosomes Cancer, 51(6), 590-7 (2012)
DOI: 10.1002/gcc.21945

104.	 K. Takeuchi, Y. L. Choi, Y. Togashi, M. Soda, 
S. Hatano, K. Inamura, S. Takada, T. Ueno, 
Y. Yamashita, Y. Satoh, S. Okumura, K. 
Nakagawa, Y. Ishikawa and H. Mano: KIF5B-
ALK, a novel fusion oncokinase identified by 
an immunohistochemistry-based diagnostic 
system for ALK-positive lung cancer. Clin 
Cancer Res, 15(9), 3143-9 (2009)
DOI: 10.1158/1078-0432.CCR-08-3248

105.	 Y. Togashi, M. Soda, S. Sakata, E. Sugawara, 
S. Hatano, R. Asaka, T. Nakajima, H. Mano 
and K. Takeuchi: KLC1-ALK: a novel fusion in 
lung cancer identified using a formalin-fixed 
paraffin-embedded tissue only. PLoS One, 
7(2), e31323 (2012)
DOI: 10.1371/journal.pone.0031323

106.	 I. J. Majewski, L. Mittempergher, N. M. 
Davidson, A. Bosma, S. M. Willems, H. M. 
Horlings, I. de Rink, L. Greger, G. K. Hooijer, 
D. Peters, P. M. Nederlof, I. Hofland, J. de 
Jong, J. Wesseling, R. J. Kluin, W. Brugman, 
R. Kerkhoven, F. Nieboer, P. Roepman, A. 
Broeks, T. R. Muley, J. Jassem, J. Niklinski, N. 
van Zandwijk, A. Brazma, A. Oshlack, M. van 
den Heuvel and R. Bernards: Identification of 
recurrent FGFR3 fusion genes in lung cancer 
through kinome-centred RNA sequencing. J 
Pathol, 230(3), 270-6 (2013)
DOI: 10.1002/path.4209

107.	 A. J. Weickhardt, D. L. Aisner, W. A. Franklin, 
M. Varella-Garcia, R. C. Doebele and D. R. 
Camidge: Diagnostic assays for identification 
of anaplastic lymphoma kinase-positive non-
small cell lung cancer. Cancer, 119(8), 1467-
77 (2013)

DOI: 10.1002/cncr.27913
108.	 B. J. Solomon, T. Mok, D. W. Kim, Y. L. Wu, K. 

Nakagawa, T. Mekhail, E. Felip, F. Cappuzzo, 
J. Paolini, T. Usari, S. Iyer, A. Reisman, 
K. D. Wilner, J. Tursi, F. Blackhall and P. 
Investigators: First-line crizotinib versus 
chemotherapy in ALK-positive lung cancer. N 
Engl J Med, 371(23), 2167-77 (2014)
DOI: 10.1056/NEJMoa1408440

109.	 L. V. Debelenko, S. C. Raimondi, N. Daw, B. 
R. Shivakumar, D. Huang, M. Nelson and J. 
A. Bridge: Renal cell carcinoma with novel 
VCL-ALK fusion: new representative of ALK-
associated tumor spectrum. Mod Pathol, 
24(3), 430-42 (2010)
DOI: 10.1038/modpathol.2010.213

110.	 E. Lin, L. Li, Y. Guan, R. Soriano, C. S. 
Rivers, S. Mohan, A. Pandita, J. Tang and Z. 
Modrusan: Exon array profiling detects EML4-
ALK fusion in breast, colorectal, and non-
small cell lung cancers. Mol Cancer Res, 7(9), 
1466-76 (2009) doi:1541-7786.MCR-08-0522
DOI: 10.1158/1541-7786.MCR-08-0522

111.	 D. Lipson, M. Capelletti, R. Yelensky, G. 
Otto, A. Parker, M. Jarosz, J. A. Curran, S. 
Balasubramanian, T. Bloom, K. W. Brennan, 
A. Donahue, S. R. Downing, G. M. Frampton, 
L. Garcia, F. Juhn, K. C. Mitchell, E. White, J. 
White, Z. Zwirko, T. Peretz, H. Nechushtan, 
L. Soussan-Gutman, J. Kim, H. Sasaki, H. R. 
Kim, S. I. Park, D. Ercan, C. E. Sheehan, J. 
S. Ross, M. T. Cronin, P. A. Janne and P. J. 
Stephens: Identification of new ALK and RET 
gene fusions from colorectal and lung cancer 
biopsies. Nat Med, 18(3), 382-4 (2012)
DOI: 10.1.038/nm.2673

112.	 H. Ren, Z. P. Tan, X. Zhu, K. Crosby, H. 
Haack, J. M. Ren, S. Beausoleil, A. Moritz, G. 
Innocenti, J. Rush, Y. Zhang, X. M. Zhou, T. L. 
Gu, Y. F. Yang and M. J. Comb: Identification 
of anaplastic lymphoma kinase as a potential 
therapeutic target in ovarian cancer. Cancer 
Res, 72(13), 3312-23 (2012)
 DOI: 10.1158/0008-5472.CAN-11-3931

113.	 X. L. Du, H. Hu, D. C. Lin, S. H. Xia, X. M. 
Shen, Y. Zhang, M. L. Luo, Y. B. Feng, Y. Cai, 
X. Xu, Y. L. Han, Q. M. Zhan and M. R. Wang: 
Proteomic profiling of proteins dysregulted 
in Chinese esophageal squamous cell 
carcinoma. J Mol Med, 85(8), 863-75 (2007)
 DOI: 10.1007/s00109-007-0159-4

http://dx.doi.org/10.1126/science.1099314
http://dx.doi.org/10.1002/gcc.21945
http://dx.doi.org/10.1158/1078-0432.CCR-08-3248
http://dx.doi.org/10.1371/journal.pone.0031323
http://dx.doi.org/10.1002/path.4209
http://dx.doi.org/10.1002/cncr.27913
http://dx.doi.org/10.1056/NEJMoa1408440
http://dx.doi.org/10.1038/modpathol.2010.213
http://dx.doi.org/10.1158/1541-7786.MCR-08-0522
http://dx.doi.org/10.1.038/nm.2673
http://dx.doi.org/10.1158/0008-5472.CAN-11-3931
http://dx.doi.org/10.1007/s00109-007-0159-4


ALK activation and signaling pathways

	 301� © 1996-2015

114.	 L. M. Kelly, G. Barila, P. Liu, V. N. Evdokimova, 
S. Trivedi, F. Panebianco, M. Gandhi, S. E. 
Carty, S. P. Hodak, J. Luo, S. Dacic, Y. P. Yu, 
M. N. Nikiforova, R. L. Ferris, D. L. Altschuler 
and Y. E. Nikiforov: Identification of the 
transforming STRN-ALK fusion as a potential 
therapeutic target in the aggressive forms 
of thyroid cancer. Proc Natl Acad Sci U S A, 
111(11), 4233-8 (2014)
 DOI: 10.1073/pnas.1321937111

115.	 A. Marino-Enriquez and P. Dal Cin: ALK as a 
paradigm of oncogenic promiscuity: different 
mechanisms of activation and different fusion 
partners drive tumors of different lineages. 
Cancer Genet, 206(11), 357-73 (2013)
DOI: 10.1016/j.cancergen.2013.07.001

116.	 M. Grzelinski, N. Bader, F. Czubayko and A. 
Aigner: Ribozyme-targeting reveals the rate-
limiting role of pleiotrophin in glioblastoma. Int 
J Cancer, 117(6), 942-51 (2005)
DOI: 10.1002/ijc.21276

117.	 M. Grzelinski, F. Steinberg, T. Martens, 
F. Czubayko, K. Lamszus and A. Aigner: 
Enhanced antitumorigenic effects in 
glioblastoma on double targeting of 
pleiotrophin and its receptor ALK. Neoplasia, 
11(2), 145-56 (2009)

118.	 S. De Brouwer, K. De Preter, C. Kumps, P. 
Zabrocki, M. Porcu, E. M. Westerhout, A. 
Lakeman, J. Vandesompele, J. Hoebeeck, T. 
Van Maerken, A. De Paepe, G. Laureys, J. H. 
Schulte, A. Schramm, C. Van Den Broecke, J. 
Vermeulen, N. Van Roy, K. Beiske, M. Renard, 
R. Noguera, O. Delattre, I. Janoueix-Lerosey, 
P. Kogner, T. Martinsson, A. Nakagawara, 
M. Ohira, H. Caron, A. Eggert, J. Cools, R. 
Versteeg and F. Speleman: Meta-analysis 
of neuroblastomas reveals a skewed ALK 
mutation spectrum in tumors with MYCN 
amplification. Clin Cancer Res, 16(17), 4353-
62 (2010)
DOI: 10.1158/1078-0432.CCR-09-2660

119.	 J. Vandesompele, M. Baudis, K. De Preter, N. 
Van Roy, P. Ambros, N. Bown, C. Brinkschmidt, 
H. Christiansen, V. Combaret, M. Lastowska, J. 
Nicholson, A. O’Meara, D. Plantaz, R. Stallings, 
B. Brichard, C. Van den Broecke, S. De Bie, 
A. De Paepe, G. Laureys and F. Speleman: 
Unequivocal delineation of clinicogenetic 
subgroups and development of a new model for 
improved outcome prediction in neuroblastoma. 
J Clin Oncol, 23(10), 2280-99 (2005)

DOI: 10.1200/JCO.2005.06.104
120.	 C. Schonherr, K. Ruuth, S. Kamaraj, C. L. 

Wang, H. L. Yang, V. Combaret, A. Djos, T. 
Martinsson, J. G. Christensen, R. H. Palmer 
and B. Hallberg: Anaplastic Lymphoma Kinase 
(ALK) regulates initiation of transcription of 
MYCN in neuroblastoma cells. Oncogene, 
31(50), 5193-200 (2012)
DOI: 10.1038/onc.2012.12

121.	 S. Zhu, J. S. Lee, F. Guo, J. Shin, A. R. 
Perez-Atayde, J. L. Kutok, S. J. Rodig, D. S. 
Neuberg, D. Helman, H. Feng, R. A. Stewart, 
W. Wang, R. E. George, J. P. Kanki and A. T. 
Look: Activated ALK collaborates with MYCN 
in neuroblastoma pathogenesis. Cancer Cell, 
21(3), 362-73 (2012)
DOI: 10.1016/j.ccr.2012.02.010

122.	 C. Schonherr, K. Ruuth, T. Eriksson, Y. 
Yamazaki, C. Ottmann, V. Combaret, M. Vigny, 
S. Kamaraj, R. H. Palmer and B. Hallberg: 
The neuroblastoma ALK(I1250T) mutation is 
a kinase-dead RTK in vitro and in vivo. Transl 
Oncol, 4(4), 258-65 (2011)
DOI: 10.1593/tlo.11139

123.	 Y. Chen, J. Takita, Y. L. Choi, M. Kato, M. Ohira, 
M. Sanada, L. Wang, M. Soda, A. Kikuchi, T. 
Igarashi, A. Nakagawara, Y. Hayashi, H. Mano 
and S. Ogawa: Oncogenic mutations of ALK 
kinase in neuroblastoma. Nature, 455(7215), 
971-4 (2008)
DOI: 10.1038/nature07399

124.	 R. E. George, T. Sanda, M. Hanna, S. Frohling, 
W. Luther, 2nd, J. Zhang, Y. Ahn, W. Zhou, W. B. 
London, P. McGrady, L. Xue, S. Zozulya, V. E. 
Gregor, T. R. Webb, N. S. Gray, D. G. Gilliland, 
L. Diller, H. Greulich, S. W. Morris, M. Meyerson 
and A. T. Look: Activating mutations in ALK 
provide a therapeutic target in neuroblastoma. 
Nature, 455(7215), 975-8 (2008)
DOI: 10.1038/nature07397

125.	 D. Chand, Y. Yamazaki, K. Ruuth, C. 
Schonherr, T. Martinsson, P. Kogner, E. F. 
Attiyeh, J. Maris, O. Morozova, M. A. Marra, 
M. Ohira, A. Nakagawara, P. E. Sandstrom, 
R. H. Palmer and B. Hallberg: Cell culture 
and Drosophila model systems define three 
classes of anaplastic lymphoma kinase 
mutations in neuroblastoma. Dis Model Mech, 
6(2), 373-82 (2013)
DOI: 10.1242/dmm.010348

126.	 A. Cazes, C. Louis-Brennetot, P. Mazot, F. 

http://dx.doi.org/10.1073/pnas.1321937111
http://dx.doi.org/10.1016/j.cancergen.2013.07.001
http://dx.doi.org/10.1002/ijc.21276
http://dx.doi.org/10.1158/1078-0432.CCR-09-2660
http://dx.doi.org/10.1200/JCO.2005.06.104
http://dx.doi.org/10.1038/onc.2012.12
http://dx.doi.org/10.1016/j.ccr.2012.02.010
http://dx.doi.org/10.1593/tlo.11139
http://dx.doi.org/10.1038/nature07399
http://dx.doi.org/10.1038/nature07397
http://dx.doi.org/10.1242/dmm.010348


ALK activation and signaling pathways

	 302� © 1996-2015

Dingli, B. Lombard, V. Boeva, R. Daveau, 
J. Cappo, V. Combaret, G. Schleiermacher, 
S. Jouannet, S. Ferrand, G. Pierron, E. 
Barillot, D. Loew, M. Vigny, O. Delattre and 
I. Janoueix-Lerosey: Characterization of 
rearrangements involving the ALK gene 
reveals a novel truncated form associated 
with tumor aggressiveness in neuroblastoma. 
Cancer Res, 73(1), 195-204 (2013)
DOI: 10.1158/0008-5472.CAN-12-1242

127.	 Y. L. Choi, M. Soda, Y. Yamashita, T. Ueno, 
J. Takashima, T. Nakajima, Y. Yatabe, K. 
Takeuchi, T. Hamada, H. Haruta, Y. Ishikawa, 
H. Kimura, T. Mitsudomi, Y. Tanio, H. Mano and 
A. L. K. L. C. S. Group: EML4-ALK mutations 
in lung cancer that confer resistance to ALK 
inhibitors. N Engl J Med, 363(18), 1734-9 
(2010)
DOI: 10.1056/NEJMoa1007478

128.	 A. K. Murugan and M. Xing: Anaplastic thyroid 
cancers harbor novel oncogenic mutations of 
the ALK gene. Cancer Res, 71(13), 4403-11 
(2011)

129.	 H. Caren, F. Abel, P. Kogner and T. Martinsson: 
High incidence of DNA mutations and gene 
amplifications of the ALK gene in advanced 
sporadic neuroblastoma tumours. Biochem J, 
416(2), 153-9 (2008)
DOI: 10.1042/BJ20081834

130.	 J. Fujimoto, M. Shiota, T. Iwahara, N. 
Seki, H. Satoh, S. Mori and T. Yamamoto: 
Characterization of the transforming activity 
of p80, a hyperphosphorylated protein in a 
Ki-1 lymphoma cell line with chromosomal 
translocation t(2;5). Proc Natl Acad Sci U S A, 
93(9), 4181-6 (1996)
DOI: 10.1073/pnas.93.9.4181

131.	 L. Riera, E. Lasorsa, C. Ambrogio, N. Surrenti, 
C. Voena and R. Chiarle: Involvement of Grb2 
adaptor protein in nucleophosmin-anaplastic 
lymphoma kinase (NPM-ALK)-mediated 
signaling and anaplastic large cell lymphoma 
growth. J Biol Chem, 285(34), 26441-50 (2010)
DOI: 10.1074/jbc.M110.116327

132.	 V. Leventaki, E. Drakos, L. J. Medeiros, M. S. 
Lim, K. S. Elenitoba-Johnson, F. X. Claret and 
G. Z. Rassidakis: NPM-ALK oncogenic kinase 
promotes cell-cycle progression through 
activation of JNK/cJun signaling in anaplastic 
large-cell lymphoma. Blood, 110(5), 1621-30 
(2007)

DOI: 10.1182/blood-2006-11-059451
133.	 M. Watanabe, M. Sasaki, K. Itoh, M. 

Higashihara, K. Umezawa, M. E. Kadin, L. J. 
Abraham, T. Watanabe and R. Horie: JunB 
induced by constitutive CD30-extracellular 
signal-regulated kinase 1/2 mitogen-activated 
protein kinase signaling activates the CD30 
promoter in anaplastic large cell lymphoma 
and reed-sternberg cells of Hodgkin 
lymphoma. Cancer Res, 65(17), 7628-34 
(2005)

134.	 F. Y. Hsu, P. B. Johnston, K. A. Burke and Y. 
Zhao: The expression of CD30 in anaplastic 
large cell lymphoma is regulated by 
nucleophosmin-anaplastic lymphoma kinase-
mediated JunB level in a cell type-specific 
manner. Cancer Res, 66(18), 9002-8 (2006)
DOI: 10.1158/0008-5472.CAN-05-4101

135.	 P. B. Staber, P. Vesely, N. Haq, R. G. Ott, K. 
Funato, I. Bambach, C. Fuchs, S. Schauer, W. 
Linkesch, A. Hrzenjak, W. G. Dirks, V. Sexl, 
H. Bergler, M. E. Kadin, D. W. Sternberg, 
L. Kenner and G. Hoefler: The oncoprotein 
NPM-ALK of anaplastic large-cell lymphoma 
induces JUNB transcription via ERK1/2 and 
JunB translation via mTOR signaling. Blood, 
110(9), 3374-83 (2007)
DOI: 10.1182/blood-2007-02-071258

136.	 R. Chiarle, C. Martinengo, C. Mastini, C. 
Ambrogio, V. D’Escamard, G. Forni and G. 
Inghirami: The anaplastic lymphoma kinase 
is an effective oncoantigen for lymphoma 
vaccination. Nat Med, 14(6), 676-80 (2008)
DOI: 10.1038/nm1769

137.	 R. Y. Bai, P. Dieter, C. Peschel, S. W. Morris 
and J. Duyster: Nucleophosmin-anaplastic 
lymphoma kinase of large-cell anaplastic 
lymphoma is a constitutively active tyrosine 
kinase that utilizes phospholipase C-gamma 
to mediate its mitogenicity. Mol Cell Biol, 
18(12), 6951-61 (1998)

138.	 L. Hernandez, M. Pinyol, S. Hernandez, S. 
Bea, K. Pulford, A. Rosenwald, L. Lamant, 
B. Falini, G. Ott, D. Y. Mason, G. Delsol 
and E. Campo: TRK-fused gene (TFG) is a 
new partner of ALK in anaplastic large cell 
lymphoma producing two structurally different 
TFG-ALK translocations. Blood, 94(9), 3265-8 
(1999)

139.	 A. Zamo, R. Chiarle, R. Piva, J. Howes, Y. 
Fan, M. Chilosi, D. E. Levy and G. Inghirami: 

http://dx.doi.org/10.1158/0008-5472.CAN-12-1242
http://dx.doi.org/10.1056/NEJMoa1007478
http://dx.doi.org/10.1042/BJ20081834
http://dx.doi.org/10.1073/pnas.93.9.4181
http://dx.doi.org/10.1074/jbc.M110.116327
http://dx.doi.org/10.1182/blood-2006-11-059451
http://dx.doi.org/10.1158/0008-5472.CAN-05-4101
http://dx.doi.org/10.1182/blood-2007-02-071258
http://dx.doi.org/10.1038/nm1769


ALK activation and signaling pathways

	 303� © 1996-2015

Anaplastic lymphoma kinase (ALK) activates 
Stat3 and protects hematopoietic cells from 
cell death. Oncogene, 21(7), 1038-47 (2002)
DOI: 10.1038/sj.onc.1205152

140.	 Q. Zhang, P. N. Raghunath, L. Xue, M. 
Majewski, D. F. Carpentieri, N. Odum, S. 
Morris, T. Skorski and M. A. Wasik: Multilevel 
dysregulation of STAT3 activation in 
anaplastic lymphoma kinase-positive T/null-
cell lymphoma. J Immunol, 168(1), 466-74 
(2002)
DOI: 10.4049/jimmunol.168.1.466

141.	 R. Chiarle, W. J. Simmons, H. Cai, G. Dhall, 
A. Zamo, R. Raz, J. G. Karras, D. E. Levy 
and G. Inghirami: Stat3 is required for ALK-
mediated lymphomagenesis and provides a 
possible therapeutic target. Nat Med, 11(6), 
623-9 (2005)
 DOI: 10.1038/nm1249

142.	 G. Inghirami, R. Chiarle, W. J. Simmons, R. 
Piva, K. Schlessinger and D. E. Levy: New 
and old functions of STAT3: a pivotal target for 
individualized treatment of cancer. Cell Cycle, 
4(9), 1131-3 (2005)
DOI: 10.4161/cc.4.9.1985

143.	 H. M. Amin, L. J. Medeiros, Y. Ma, M. Feretzaki, 
P. Das, V. Leventaki, G. Z. Rassidakis, S. 
L. O’Connor, T. J. McDonnell and R. Lai: 
Inhibition of JAK3 induces apoptosis and 
decreases anaplastic lymphoma kinase 
activity in anaplastic large cell lymphoma. 
Oncogene, 22(35), 5399-407 (2003)
DOI: 10.1038/sj.onc.1206849

144.	 M. Marzec, Q. Zhang, A. Goradia, P. N. 
Raghunath, X. Liu, M. Paessler, H. Y. Wang, 
M. Wysocka, M. Cheng, B. A. Ruggeri 
and M. A. Wasik: Oncogenic kinase NPM/
ALK induces through STAT3 expression of 
immunosuppressive protein CD274 (PD-L1, 
B7-H1). Proc Natl Acad Sci U S A, 105(52), 
20852-7 (2008)
DOI: 10.1073/pnas.0810958105

145.	 M. Marzec, X. Liu, W. Wong, Y. Yang, T. Pasha, 
K. Kantekure, P. Zhang, A. Woetmann, M. 
Cheng, N. Odum and M. A. Wasik: Oncogenic 
kinase NPM/ALK induces expression of 
HIF1alpha mRNA. Oncogene, 30(11), 1372-8 
(2011)
DOI: 10.1038/onc.2010.505

146.	 R. Piva, L. Agnelli, E. Pellegrino, K. Todoerti, 
V. Grosso, I. Tamagno, A. Fornari, B. 

Martinoglio, E. Medico, A. Zamo, F. Facchetti, 
M. Ponzoni, E. Geissinger, A. Rosenwald, H. 
K. Muller-Hermelink, C. De Wolf-Peeters, P. P. 
Piccaluga, S. Pileri, A. Neri and G. Inghirami: 
Gene expression profiling uncovers molecular 
classifiers for the recognition of anaplastic 
large-cell lymphoma within peripheral T-cell 
neoplasms. J Clin Oncol, 28(9), 1583-90 
(2010)
DOI: 10.1200/JCO.2008.20.9759

147.	 L. Agnelli, E. Mereu, E. Pellegrino, T. Limongi, 
I. Kwee, E. Bergaggio, M. Ponzoni, A. Zamo, 
J. Iqbal, P. P. Piccaluga, A. Neri, W. C. Chan, 
S. Pileri, F. Bertoni, G. Inghirami, R. Piva and 
T. C. L. S. G. European: Identification of a 
3-gene model as a powerful diagnostic tool 
for the recognition of ALK-negative anaplastic 
large-cell lymphoma. Blood, 120(6), 1274-81 
(2012)
DOI: 10.1182/blood-2012-01-405555

148.	 C. Voena, F. Di Giacomo, E. Panizza, L. 
D’Amico, F. E. Boccalatte, E. Pellegrino, M. 
Todaro, D. Recupero, F. Tabbo, C. Ambrogio, 
C. Martinengo, L. Bonello, R. Pulito, J. Hamm, 
R. Chiarle, M. Cheng, B. Ruggeri, E. Medico 
and G. Inghirami: The EGFR family members 
sustain the neoplastic phenotype of ALK+ lung 
adenocarcinoma via EGR1. Oncogenesis, 2, 
e43 (2013)
DOI: 10.1038/oncsis.2013.7

149.	 K. Takezawa, I. Okamoto, K. Nishio, P. A. 
Janne and K. Nakagawa: Role of ERK-BIM 
and STAT3-survivin signaling pathways in 
ALK inhibitor-induced apoptosis in EML4-
ALK-positive lung cancer. Clin Cancer Res, 
17(8), 2140-8 (2011)
DOI: 10.1158/1078-0432.CCR-10-2798

150.	 Y. Han, H. M. Amin, C. Frantz, B. Franko, J. 
Lee, Q. Lin and R. Lai: Restoration of shp1 
expression by 5-AZA-2’-deoxycytidine is 
associated with downregulation of JAK3/
STAT3 signaling in ALK-positive anaplastic 
large cell lymphoma. Leukemia, 20(9), 1602-9 
(2006)
DOI: 10.1038/sj.leu.2404323

151.	 H. M. Amin, T. J. McDonnell, Y. Ma, Q. Lin, Y. 
Fujio, K. Kunisada, V. Leventaki, P. Das, G. 
Z. Rassidakis, C. Cutler, L. J. Medeiros and 
R. Lai: Selective inhibition of STAT3 induces 
apoptosis and G(1) cell cycle arrest in ALK-
positive anaplastic large cell lymphoma. 
Oncogene, 23(32), 5426-34 (2004)

http://dx.doi.org/10.1038/sj.onc.1205152
http://dx.doi.org/10.4049/jimmunol.168.1.466
http://dx.doi.org/10.1038/nm1249
http://dx.doi.org/10.4161/cc.4.9.1985
http://dx.doi.org/10.1038/sj.onc.1206849
http://dx.doi.org/10.1073/pnas.0810958105
http://dx.doi.org/10.1038/onc.2010.505
http://dx.doi.org/10.1200/JCO.2008.20.9759
http://dx.doi.org/10.1182/blood-2012-01-405555
http://dx.doi.org/10.1038/oncsis.2013.7
http://dx.doi.org/10.1158/1078-0432.CCR-10-2798
http://dx.doi.org/10.1038/sj.leu.2404323


ALK activation and signaling pathways

	 304� © 1996-2015

DOI: 10.1038/sj.onc.1207703
152.	 D. D. Billadeau, J. C. Nolz and T. S. Gomez: 

Regulation of T-cell activation by the 
cytoskeleton. Nat Rev Immunol, 7(2), 131-43 
(2007)
DOI: 10.1038/nri2021

153.	 C. Ambrogio, C. Voena, A. D. Manazza, 
C. Martinengo, C. Costa, T. Kirchhausen, 
E. Hirsch, G. Inghirami and R. Chiarle: The 
anaplastic lymphoma kinase controls cell 
shape and growth of anaplastic large cell 
lymphoma through Cdc42 activation. Cancer 
Res, 68(21), 8899-907 (2008)
DOI: 10.1158/0008-5472.CAN-08-2568

154.	 M. Cheng, M. R. Quail, D. E. Gingrich, G. R. 
Ott, L. Lu, W. Wan, M. S. Albom, T. S. Angeles, 
L. D. Aimone, F. Cristofani, R. Machiorlatti, C. 
Abele, M. A. Ator, B. D. Dorsey, G. Inghirami 
and B. Ruggeri: CEP-28122, a Highly Potent 
and Selective Orally Active Inhibitor of 
Anaplastic Lymphoma Kinase with Antitumor 
Activity in Experimental Models of Human 
Cancers. Mol Cancer Ther, 11(3), 670-9 
(2011)
DOI: 10.1158/1535-7163.MCT-11-0776

155.	 M. Boi, A. Rinaldi, R. Piva, P. M. V. Rancoita, 
P. Bonetti, A. Matolcsy, T. Tousseyn, S. M. 
Rodriguez-Pinilla, M. Piris, S. Bea, E. Campo, 
G. Bhagat, S. H. Swerdlow, A. Rosenwald, 
M. Ponzoni, K. H. Young, P. P. Piccaluga, 
S. Pileri, A. Neri, E. Medico, E. Zucca, I. 
Kwee, G. Inghirami and F. Bertoni: BLIMP1 
Is Commonly Inactivated In Anaplastic Large 
T-Cell Lymphomas (ALCL). Blood (ASH 
Annual Meeting Abstracts), 118(21), 1131-
1132 (2011)

156.	 P. Shi, R. Lai, Q. Lin, A. S. Iqbal, L. C. 
Young, L. W. Kwak, R. J. Ford and H. M. 
Amin: IGF-IR tyrosine kinase interacts with 
NPM-ALK oncogene to induce survival of 
T-cell ALK+ anaplastic large-cell lymphoma 
cells. Blood, 114(2), 360-70 (2009) 
doi:blood-2007-11-125658
DOI: 10.1182/blood-2007-11-125658

157.	 D. Laimer, H. Dolznig, K. Kollmann, P. W. 
Vesely, M. Schlederer, O. Merkel, A. I. Schiefer, 
M. R. Hassler, S. Heider, L. Amenitsch, C. 
Thallinger, P. B. Staber, I. Simonitsch-Klupp, 
M. Artaker, S. Lagger, S. D. Turner, S. Pileri, 
P. P. Piccaluga, P. Valent, K. Messana, I. 
Landra, T. Weichhart, S. Knapp, M. Shehata, 

M. Todaro, V. Sexl, G. Hofler, R. Piva, E. 
Medico, B. A. Ruggeri, M. Cheng, R. Eferl, G. 
Egger, J. M. Penninger, U. Jaeger, R. Moriggl, 
G. Inghirami and L. Kenner: PDGFR blockade 
is a rational and effective therapy for NPM-
ALK-driven lymphomas. Nat Med, 18(11), 
1699-704 (2012)
DOI: 10.1038/nm.2966

158.	 M. J. Niederst and J. A. Engelman: Bypass 
mechanisms of resistance to receptor tyrosine 
kinase inhibition in lung cancer. Sci Signal, 
6(294), re6 (2013)
DOI: 10.1126/scisignal.2004652

159.	 J. Tanizaki, I. Okamoto, K. Takezawa, K. 
Sakai, K. Azuma, K. Kuwata, H. Yamaguchi, 
E. Hatashita, K. Nishio, P. A. Janne and K. 
Nakagawa: Combined effect of ALK and MEK 
inhibitors in EML4-ALK-positive non-small-
cell lung cancer cells. Br J Cancer, 106(4), 
763-7 (2012)
DOI: 10.1038/bjc.2011.586

160.	 N. Zhao, S. Y. Zheng, J. J. Yang, X. C. 
Zhang, Z. Xie, B. Xie, J. Su, Z. H. Chen, S. 
L. Chen, N. Zhang, N. N. Lou, S. Dong and 
Y. L. Wu: Lung Adenocarcinoma Harboring 
Concomitant EGFR Mutation and EML4-ALK 
Fusion That Benefits From Three Kinds of 
Tyrosine Kinase Inhibitors: A Case Report and 
Literature Review. Clin Lung Cancer (2014)

161.	 D. R. Camidge, W. Pao and L. V. Sequist: 
Acquired resistance to TKIs in solid tumours: 
learning from lung cancer. Nat Rev Clin Oncol, 
11(8), 473-81 (2014)
DOI: 10.1038/nrclinonc.2014.104

162.	 A. S. Crystal, A. T. Shaw, L. V. Sequist, L. 
Friboulet, M. J. Niederst, E. L. Lockerman, 
R. L. Frias, J. F. Gainor, A. Amzallag, P. 
Greninger, D. Lee, A. Kalsy, M. Gomez-
Caraballo, L. Elamine, E. Howe, W. Hur, E. 
Lifshits, H. E. Robinson, R. Katayama, A. C. 
Faber, M. M. Awad, S. Ramaswamy, M. Mino-
Kenudson, A. J. Iafrate, C. H. Benes and J. 
A. Engelman: Patient-derived models of 
acquired resistance can identify effective drug 
combinations for cancer. Science, 346(6216), 
1480-6 (2014)
DOI: 10.1126/science.1254721

Abbreviations: ALCL: Anaplastic Large-Cell 
Lymphoma; BC: Breast Carcinoma; CRC: Colon-
Rectal Carcinoma; DLBCL: Diffuse Large B-Cell 
Lymphoma; ESCC: Esophageal Squamous Cell 

http://dx.doi.org/10.1038/sj.onc.1207703
http://dx.doi.org/10.1038/nri2021
http://dx.doi.org/10.1158/0008-5472.CAN-08-2568
http://dx.doi.org/10.1158/1535-7163.MCT-11-0776
http://dx.doi.org/10.1182/blood-2007-11-125658
http://dx.doi.org/10.1038/nm.2966
http://dx.doi.org/10.1126/scisignal.2004652
http://dx.doi.org/10.1038/bjc.2011.586
http://dx.doi.org/10.1038/nrclinonc.2014.104
http://dx.doi.org/10.1126/science.1254721


ALK activation and signaling pathways

	 305� © 1996-2015

Carcinoma; IMT: Inflammatory Myofibroblastic 
Tumor; NSCLC: non-Small Cell Lung Cancer; OC. 
Ovarian Carcinoma; RCC= Renal Cell Carcinoma.

Key Words: Anaplastic Lymphoma Kinase, 
Anaplastic Large Cell Lymphoma, Signaling 
pathways, Oncogenic addiction, Review

Send correspondence to: Giorgio Inghirami, 
Department of Pathology and Laboratory Medicine, 
Weill Cornell, Medical College, 525 East 68th 
Street, Starr Pavilion Rm 713, New York, NY 10065 
USA, Tel: 212-746-5616, Fax: 212-746-8173, 
E-mail: ggi9001@med.cornell.edu

mailto:ggi9001@med.corn

