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Abstract. Anaplastic lymphoma kinase (ALK) is a re-
ceptor tyrosine kinase, the normal role of which remains
to be completely elucidated. Although work carried out in
mammals suggests a function in neural development, re-
sults from studies in Drosophila indicate an additional
role in visceral muscle differentiation. The aberrant ex-
pression of full-length ALK receptor proteins has been
reported in neuroblastomas and glioblastomas, while the
occurrence of ALK fusion proteins in anaplastic large cell
lymphoma (ALCL) has resulted in the identification of

the new tumor entity, ALK-positive ALCL. ALK repre-
sents one of few examples of a receptor tyrosine kinase
implicated in oncogenesis in both haematopoietic and
non-haematopoietic tumors, given that ALK fusions also
occur in the mesenchymal tumor known as inflammatory
myofibroblastic tumor (IMT). The study of ALK fusion
proteins, besides demonstrating their importance in tu-
mor development, has also raised the possibility of new
therapeutic treatments for patients with ALK-positive
malignancies.
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Structure, distribution and function of full-length
ALK in normal tissues

ALK is a member of the insulin receptor superfamily of
receptor tyrosine kinases (RTKs) and bears significant
homology throughout its full extent with leukocyte tyro-
sine kinase (LTK) [1-3]. The human 6226-bp ALK com-
plementary DNA (cDNA) encodes a protein with a pre-
dicted mass of 177 kDa, which following post-transla-
tional modifications increases to 200 kDa [3—5]. ALK is
a single-chain transmembrane protein of 1620 amino
acids (aa) in the human (GenBank accession codes:
U62540, U66559), 1621 aa in the mouse (Genbank ac-
cession code: D83002) and 1701 aa in the fruit fly (Gen-
Bank nucleotide sequence accession number AAF36990)

* Corresponding author.

[2, 3, 6] and is highly conserved across species. Detailed
descriptions of the ALK protein have been provided pre-
viously [7-11]. A diagram of the full-length ALK protein
is shown in figure 1.

Morris et al. initially described multiple human ALK
messenger RNA (mRNA) transcripts by Northern blot
analysis in a rhabdomyosarcoma cell line, placenta, testis,
foetal liver, brain and the enteric innervation [12]. Subse-
quent in situ hybridisation studies confirmed the pres-
ence of Alk mRNA in the thalamus, hypothalamus, mid-
brain, olfactory bulb and selected cranial, as well as dor-
sal root ganglia of foetal and adult mice [2, 3]. The
expression of both A/k mRNA and Alk protein decreased
until only very low levels were detectable in neonates [2].
Immunocytochemical labelling provided further evi-
dence of the restricted tissue distribution of ALK in nor-
mal cells and tissues [5, 13]. Recent studies have de-
scribed DAlk mRNA transcripts and DAIk protein in the
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Figure 1. Diagram of the full-length ALK receptor tyrosine kinase and the most common oncogenic ALK fusion protein, NPM-ALK. As
a result of the t(2;5)(p23;q35) the entire extracellular region of ALK is lost and is replaced by the amino-terminus of NPM. This region of
NPM contains an oligomerisation domain whose presence permits the formation of NPM-ALK homodimers and NPM/NPM-ALK het-
erodimers. The formation of NPM-ALK homodimers results in dysregulation of the tyrosine kinase domain of ALK with consequent acti-
vation of downstream signalling pathways. The binding sites of various important molecules in these signalling pathways are indicated.

brain and ventral nerve in Drosophila [6] and in the mus-
culature of the digestive tract throughout embryonic de-
velopment [14, 15].

The presence of both ALK proteins and transcripts in the
brain and spinal cord suggests a role in the normal devel-
opment and function of the nervous system [2, 3, 5, 6].
Loren et al., studying mutant Drosophila strains, reported
the absence of normal gut musculature development in
flies lacking DAIk, suggesting a vital role for DAlk in the
development of the ventral mesoderm in the fly [6, 15]
possibly through activation of the Dumbfounded (Duf)
and orgl genes [14, 16]. No evidence for an essential role
for Alk has been found in knockout mice [L. Xue and
S.W. Morris, unpublished].

The pathways by which ALK mediates its effects are still
under investigation. Studies using the chimeric ALK
proteins IgG2b-ALK and epithelial growth factor recep-
tor (EGFR)-ALK have implicated the mitogen activated
protein (MAP) kinase (MAPK) pathway in signalling by
the ALK protein [17, 18]. Immunocytochemical tech-
niques demonstrating the co-localisation of DAlk and
phosphorylated extracellular signal-related kinase (ERK)
proteins in Drosophila have provided additional evidence
for such an interaction [14, 15].

Iwahara et al. suggested that, since ALK possessed an ep-
ithelial growth factor (EGF)-like motif in its extracellular
domain, it might itself act as a ligand [2]. Another possi-
bility is that ALK may act as a receptor for a neurotrophic
factor(s). This latter hypothesis has been borne out, at

least in part, given that recent studies have identified
three likely ligands for ALK, two of which, pleiotrophin
(PTN) and midkine (MK) in the human, have been shown
to have effects upon neural tissues [19, 20]. Questions re-
main, however, concerning the description of PTN and
MK as ALK ligands. For example, the receptor protein ty-
rosine phosphatase (RPTP) beta/zeta and the heparan sul-
phate proteoglycan N-syndecan (syndecan 3) have also
been described as PTN receptors. More convincing evi-
dence based on in vivo experiments has been obtained for
Jeb as a possible DAIlk ligand. For example, both Lee et
al. [14] and Englund and co-workers [16] observed a sim-
ilar phenotype in Jeb and DAlk mutant flies. Immunocy-
tochemical studies demonstrated that, although Jeb and
DAIlk were expressed in adjacent cells, these proteins
were co-localised at areas of contact. Furthermore, the
expression of both Jeb and DAIk proteins were essential
for the activation of the RAS/MAPK pathway and the
normal specification of visceral gut muscle development.

Expression and function of the full-length ALK
receptor in tumors

The full-length ALK receptor protein was originally
reported in the Rh30 rhabdomyosarcoma-derived cell
line [2, 3, 5, 12] and subsequently in a subset of rhab-
domyosarcoma tumors [21-23]. ALK receptor protein
expression has also been documented in neuroblastomas
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and in a number of non-haematopoietic cell lines [4, 20,
24-27].

Lamant et al. were unable to identify any correlation be-
tween ALK expression and outcome in a small cohort of
neuroblastoma cases [4]. Indeed, the absence of de-
tectable significant levels of endogenously autophospho-
rylated ALK found in these tumors [4] and in some neu-
roblastoma-derived cell lines [27] suggests that ALK ex-
pression in these malignancies could simply reflect its
normal expression in immature neural cells rather than a
primary oncogenic role. Furthermore, Dirks et al. [27]
found no evidence for the existence of an autocrine or
paracrine loop activating ALK in a variety of tumor
types. Miyake et al. [24] were unable to detect the for-
mation of stable complexes of ALK with its signalling
substrates insulin receptor substrate-1 (IRS-1) and phos-
pholipase C-gamma (PLC-y) in neuroblastoma. How-
ever, Miyake et al. did report amplification of the ALK
gene and phosphorylation of the encoded ALK protein,
as well as its increased binding to SHC in two neurob-
lastoma-derived cell lines, thus suggesting a pathogenic
role for ALK via this mechanism in at least a subset of
neuroblastomas. Stoica et al. also described MK-medi-
ated ALK phosphorylation and the activation of phos-
phoinositide 3-kinase (PI-3) kinase and MAPK in the SH
SY-5Y neuroblastoma cell line [20]. Furthermore, Pow-
ers et al. reported the degree of ALK expression to be a
rate-limiting factor in apoptosis and tumor growth in a
glioblastoma cell line [25]. These results support the
possibility that endogenous ALK, activated due to am-
plification of the ALK gene and/or by endogenous lig-
ands, might be a contributing factor in the tumorigenesis
of some neuroblastomas or other ALK-positive malig-
nancies.

The expression of full-length ALK receptor expression in
a subtype of B cell lymphoma [28] will be described in
more detail below.

Structure of ALK fusion proteins

In common with other receptor tyrosine kinases, translo-
cations affecting the ALK gene at chromosome 2p23 have
been described. These abnormalities result in the produc-
tion of a number of oncogenic ALK fusion proteins, the
most common of which is nucleophosmin (NPM)-ALK,
which occurs in ~80% of ALK-positive ALCL [7, 8§, 29,
30]. The characteristic nuclear and cytoplasmic distribu-
tion pattern of the chimaeric NPM-ALK protein means
that the presence of the other, so-called variant ALK
fusion proteins, can be easily identified through their sub-
cellular distribution in the tumor cells (see table 1).
It is also possible that additional ALK fusion proteins
remain to be identified. For example, although the
t(2;13)(p23;q34) [54] and t(2;22)(p23;q11.2) [55] abnor-

Multi-author Review Article 2941

malities have been reported in non-Hodgkin’s lymphome
(NHL), the genes and their encoded proteins have not yet
been identified. It is of note, however, that the transloca-
tion, t(2;22)(p23;q11.2), reported by Park et al., [55] was
found to be ALK-negative [Gascoyne R. et al., unpub-
lished communication].

ALK fusion proteins share certain characteristics. With
the exception of moesin (MSN)-ALK and the recently
identified non-muscle myosin heavy chain (MYH9)-
ALK, all ALK fusion protein possess the entire intracyto-
plasmic region (aa 1058—1620 of the full-length human
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Figure 2. Diagram demonstrating mechanisms for distribution of
ALK fusion proteins in neoplastic cells. The right-hand side shows
immunoperoxidase labelling of sections of ALK-positive ALCL,
while diagrammatic representations of the variant ALK fusion pro-
teins are illustrated on the left. All three partner proteins, NPM,
TPM3 and CLTC, shown here contain oligomerisation domains in
their N-termini that permit both homodimer and heterodimer for-
mation. NPM-ALK and the t(2;5)(p23;935): The distribution of the
NPM-ALK homodimers are limited to the cytoplasm, but the nu-
clear localisation motifs present in wild-type NPM permits entry of
the NPM/NPM-ALK heterodimers to the nucleus and nucleolus.
This characteristic distribution pattern can be seen in the NPM-
ALK-positive ALCL case. TPM3-ALK and t(1;2)(q25;p23): The
distribution of the TPM3/TPM3-ALK heterodimers and TPM3-
ALK/TPM3-ALK homodimers is limited to the cytoplasm of
the tumor cells to give a diffuse labelling pattern of the neoplastic
cells with stronger membrane labelling. CLTC-ALK and the
t(2;17)(p23;923): Both CLTC/CLTC-ALK heterodimers and
CLTC-ALK/CLTC-ALK homodimers are located within the
clathrin-coated vesicules of the neoplastic cell to give the charac-
teristic granular distribution of this fusion protein in the cell.
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Table 1. Characteristics and subcellular distribution patterns of the ALK fusion proteins

Anaplastic lymphoma kinase

Fusion Chromosomal Partner protein Location of Size Tumor
protein translocation fusion protein fusion
protein
(kDa)
NPM-ALK t(2;5)(p23;q935) nucleophosmin nucleus, nucleolus 80 ALCL and B cell
(NPM)* and cytoplasm lymphoma
[5,12,31-33]
TPM3-ALK t(1;2)(p25;p23) tropomyosin 3 cytoplasm 104 ALCL and IMT
cryptic ALK (TPM)3* [34-36]
rearrangement
TFG-ALKg, t(2;3)(p23;q21) TRK-fused gene (TFG)* cytoplasm 85 ALCL
TFG-ALK, cytoplasm 97 [37, 38]
TFG-ALKy, cytoplasm 113
ATIC-ALK inv(2)(p23q35) S-aminoimidazole—4- cytoplasm 96 ALCL
carboxamide [39-41]
ribonucleotide
formyltransferase/IMP
cyclohydrolase (ATIC);
also known as PurH
CLTC-ALK t(2;17)(p23;q23) clathrin heavy chain granular 250 ALCL, IMT and
(CLTC) cytoplasmic B cell lymphoma
[33, 42-48]
MSN-ALK t(2;X)(p23;q11-12) moesin (MSN) cell membrane- 125 ALCL
associated [49]
TPM4-ALK t(2;19)(p23;p13.1) tropomyosin 4 (TPM4) cytoplasm 95-105 ALCL and IMT
[35,50]
ALO17-ALK t(2;17)(p23;925) unknown gene, cytoplasm not ALCL
ALK lymphoma determined  [44]
oligomerization partner
on chromosome 17 (ALO17)
RANBP2-ALK  t(2;2)(p23;q13) or RAN binding protein 2 periphery of 160 IMT
inv(2)(p23q11-13) (RANBP2), also known the nucleus [51]
as NUP358
MYH9-ALK 1(2;22)(p23;q11.2) non-muscle myosin heavy cytoplasm 220 ALCL
chain gene (MYH9) [52]
CARS-ALK t(2;11;2)(p23;p15;q31) cysteinyl-tRNA synthetase cytoplasm 130 IMT
enzyme (CARS) [44, 53]

With the exception of MSN-ALK and MYH9-ALK, all of the fusion proteins contain the final 563 amino acids of ALK. MSN-ALK and
MYHO9-ALK contain the final 567 and 566 amino acids, respectively.

* Partners in other oncogenic fusion proteins.

NPM-ALK represents ~75% of all ALK fusion proteins found in ALK-positive lymphomas, TPM3-ALK is present in ~15% of cases,
while ATIC-ALK, TFG-ALK and CLTC-ALK account for ~8% of cases. The other ALK fusion proteins are present in the remaining 2 %

of cases of ALK-positive lymphomas.

receptor protein) of ALK. The partner protein determines
the subcellular localisation of the ALK fusion protein
(see fig. 2). The RAN binding protein 2 (RanBP2)-ALK
fusion protein, which has thus far been identified only in
inflammatory myofibroblastic tumour (IMT) cases (vide
infra), possesses a unique staining pattern, with the ma-
jority of the ALK immunostaining signal being associ-
ated not with the cytoplasm but rather with the nuclear
membrane of tumor cells due to hetero-association of
RanBP2-ALK with RanBP2, a nuclear pore protein [51].
All fusion proteins, with the apparent exceptions of

MSN-ALK and MYH9-ALK, contain an oligomerisation
domain in their amino-terminal portion. Oligomerisation
of the homodimeric fusion proteins mimics ligand-medi-
ated aggregation of the full-length wild-type receptor, re-
sulting in the constitutive activation of each specific ALK
fusion protein [40-42, 49, 56-59]. Variations of this
mechanism may occur with the MSN-ALK and MYH9-
ALK fusion proteins. For example, the portion of the
MYH9 a-helical coiled-coil tail, critical for the self-as-
sembly of two myosin heavy chains, is lacking in the
MYH9-ALK protein [52, 60]. In this context, it remains
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difficult to explain how this protein is activated and phos-
phorylated, unless a novel functional oligomerisation do-
main is ultimately identified in the amino-terminus of
MYH9. The ensuing dysregulation of the ALK tyrosine
kinase catalytic domain in the ALK fusion proteins then
results in the aberrant activation of multiple downstream
signalling cascades that are responsible for the neoplastic
transformation of cells.

Expression of ALK fusion genes in normal tissues

Although the presence of NPM-ALK mRNA has been re-
ported in samples of normal peripheral blood [61, 62] and
in reactive lymphoid tissue [63] by sensitive reverse tran-
scription-polymerase chain reaction (RT-PCR) methods,
the presence of NPM-ALK protein has not, as yet, been
identified in normal tissues. This raises questions as to
the biologic significance of the expression of the fusion
gene in this situation. Nonetheless, these observations are
intriguing and suggest that the rearrangements that gen-
erate oncogenic fusion genes such as NPM-ALK occur on
aregular, perhaps ongoing, basis in cells but require other
events to become apparent clinically.

Distribution of ALK fusion proteins
in haematopoietic tumors (see table 1)

The expression of ALK fusion proteins is one of the rare
occurrences in which an aberrant tyrosine kinase has
been shown to play a role in lymphoma development.
Subsequent immunocytochemical studies have verified
the expression of ALK fusion proteins in 60—80 % of AL-
CLs. These CD30-positive ALK-positive lymphoma cells
exhibit either a cytotoxic T-cell (85 %) or null (lacking ex-
pression of both T- and B-cell markers) cell phenotype [7,
64, 65]. There is heterogeneity in the expression of the
EMA glycoprotein in these lymphomas [29]. These tu-
mors also commonly express the CD134/0X40 and
CXCR3 proteins [66]. Although primary systemic ALCL
contains a number of different morphological subtypes,
the presence of ALK-positive tumor cells occurs in all of
these subtypes [8, 10, 67], suggesting that they are simply
morphological variants of the same disease. In keeping
with this belief, a highly characteristic ‘hallmark’ cell
with an eccentrically located horseshoe or kidney-shaped
nucleus and a prominent eosinophilic region near the
Golgi apparatus has been described in the full spectrum
of the reported subtypes of ALCL [29]. These ‘ALK-pos-
itive lymphomas’ or ‘ALKomas’ occur mainly in children
and young adults, with a significant proportion between
10 and 19 years of age and a slight male predominance.
These lymphomas, although highly aggressive, are asso-
ciated with a good prognosis, with an overall 5-year sur-
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vival of 71-80% compared to only 15-46% for ALK-
negative ALCL patients [7, 13, 68]. ALK-positive lym-
phoma has recently been recognised as a distinct entity
known as ALK-positive ALCL in the WHO Classifica-
tion of Non-Hodgkin’s Lymphoma [64].

Although the presence of the NPM-ALK mRNA was re-
ported by RNA-PCR in Hodgkin’s lymphoma (HL) [69],
multiple subsequent studies have failed to demonstrate
any involvement of the ALK gene in these tumors [7, 10].
Another curiosity was the presence of NPM-ALK tran-
scripts, but no detectable ALK protein, in a minority of
cases of primary cutaneous ALCL [70, 71]. While the in-
ability to detect ALK protein expression in HL and pri-
mary cutaneous ALCL suggests that the t(2;5) has no ma-
jor role in either of these tumors, it is also possible that
the expression of NPM-ALK mRNA in normal cells, as
described above, may have been responsible for the de-
tection of NPM-ALK mRNA described in HL [69] and
primary cutaneous ALCL [70, 71]. These results suggest
that the detection of ALK fusion proteins in tumor cells
can serve as a reliable means to distinguish ALK-positive
ALCL from other CD30-positive tumors such as lym-
phomatoid papulosis, primary cutaneous lymphoma,
Hodgkin’s lymphoma and Hodgkin’s disease-like ALCL
[7, 8, 64].

Six groups of workers have recently described the pres-
ence of the ALK fusion proteins CLTC-ALK [45—-48] and
NPM-ALK [32, 33] in a rare form of B-cell NHL. These
tumors exhibit a similar immunoblastic/plasmablastic
morphology and immunophenotype to the ALK-positive
B-cell tumors previously described by Delsol et al. in
1997 [28]. Indeed, one of the cases included by Gascoyne
et al. [47] in their recent study was described in the orig-
inal 1997 paper by Delsol and colleagues.

The removal of ALK-negative B-cell tumors with
anaplastic morphology to the category of diffuse large B-
cell lymphomas has simplified the classification of ALK-
negative ALCL. The ALK-negative ALCLs, possessing
either a null- or T-cell phenotype are now subdivided into
primary cutaneous ALCL and systemic ALK-negative
ALCL [28]. The distinction of primary cutaneous ALCL
from systemic ALK-negative ALCL is extremely impor-
tant since the former tumors are responsive to treatment
and have a markedly better prognosis compared to sys-
temic ALK-negative ALCLs [70-73].

Distribution of ALK fusion proteins
in non-haematopoietic tumors

Griffin et al. [74] identified cytogenetic evidence for re-
arrangement of the ALK gene and ALK protein expres-
sion in three cases of inflammatory myofibroblastic
tumor (IMT) in 1999. As shown in table 1, subsequent
studies have also demonstrated the presence of the lym-
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phoma-associated TPM3-ALK, TPM4-ALK and CLTC-
ALK fusion proteins in IMTs [35, 43, 75]. Two additional
ALK fusions, RanBP2-ALK and CARS-ALK, have
been recently described in IMT but not, as yet, in NHL
[44, 51, 53]. Thirty-six to 62% of IMT cases express
ALK proteins [8, 22, 76-78]. Although preliminary evi-
dence suggests that patients with ALK-positive forms of
IMT appear to have an improved prognostic outlook com-
pared to those with ALK-negative tumors [79], more
work is required to ascertain whether ALK expression
will, in fact prove to identify clinically meaningful sub-
types of IMT.

ALK expression has also been reported in a number of
mesenchymal tumors such as malignant peripheral nerve
sheath tumor (40%) and leiomyosarcoma (10%) [22].
Additional studies of these tumor types are required to as-
sess the role, if any, of either full-length or fusion forms
of ALK in the pathogenesis and/or progression of these
tumors.

Oncogenic role of the NPM-ALK fusion protein

Although full-length ALK has been implicated in onco-
genesis [17, 19, 20, 25, 80], it is the studies on the NPM-
ALK fusion protein that have provided the majority of the
information concerning the oncogenic properties of ALK
and led to the conclusion that NPM-ALK expression is a
major causative event in cases of ALK-positive ALCL ex-
hibiting the t(2;5). It is the cytoplasmic localisation of
NPM-ALK that appears to be absolutely necessary for its
oncogenic effects [81, 82].

The development of in vivo murine models has been in-
strumental in providing information concerning the
oncogenic role of NPM-ALK. The initial study by Kuefer
et al. [83] reported that BALB/cByJ mice transplanted
with bone marrow from donor mice infected with retrovi-
ral constructs containing the human NPM-ALK cDNA
develop B-cell lymphomas within 4—6 months. Subse-
quent studies, using either a murine CD4 promoter [84]
or a Moloney murine leukemia virus-based vector [85] to
drive NPM-ALK expression, reported the development
in transgenic mice of short-latency (13—-30 weeks mean
survival time) NPM-ALK-positive T-cell tumors which
were more typical of human ALK-positive ALCL. How-
ever, a subset of these mice also manifested B-cell tumors
with a phenotype reminiscent of human ALK-positive B-
cell lymphomas described above. Miething et al. [86], us-
ing a retroviral vector to program high levels of NPM-
ALK expression, also reported the induction of B-cell tu-
mors in some animals transplanted with marrow
transduced at a low multiplicity of infection. These au-
thors were also the first to report ALK-positive tumors
expressing myeloid/macrophage-associated —antigens
such as CD11b (Mac-1) and Gr-1. In an effort to obtain
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more representative murine models of the human lym-
phomas, Turner et al. used a Vav gene promoter with the
aim of switching on NPM-ALK production in a wide
range of haematopoietic cells at an early stage of their dif-
ferentiation [87]. This study also resulted in the occur-
rence of two tumor types, the first being a more aggres-
sive tumor of B-cell phenotype, while tumor cells in the
second type, which affected mainly the liver and spleen,
expressed the Mac-1 myeloid antigen. Since Mac-1 ex-
pression is not limited to myeloid cells, both Turner et al.
[87] and Miething et al. [86] proposed that these tumors
might have arisen from cells expressing a less differenti-
ated B-cell phenotype. Of note from all of these in vivo
experiments is the suggestion of a relationship between
the degree of the induced expression of NPM-ALK and
the phenotype of the resulting tumor.

Details of the more extensively studied pathways involv-
ing the complex interactions of the NPM-ALK fusion
protein with its various downstream signalling molecules
such as GRB2, PLC-y, PI3-kinase, IRS-1 and SHC have
been the subject of extensive reviews [8—11, 75], and only
recent developments concerning the oncogenic role of
NPM-ALK will be described below.

Additional evidence linking ALK proteins with the
RAS/MAPK pathway was found in Drosophila, where
DAIlk was necessary for ERK activation in the developing
mesoderm [6, 14, 16] and in the developing eye disc [6].
Activation of SHC and the MAPK pathways, involving
C-Jun N-terminal kinase (JNK) and ERK, was also de-
tected in NPM-ALK expressing tumors obtained from in
vivo studies in transgenic mice [87]. It should be noted,
however, that although SHC and IRS-1 have been impli-
cated in oncogenesis, their exact role is unknown, and it
is not yet clear whether their activation by NPM-ALK or
the variant ALK fusions is essential for cellular transfor-
mation.

Turturro et al. [88], using adenovirally induced expres-
sion of the cyclin-dependent kinase inhibitor p27%ir!]
were able to demonstrate a downregulation of the NPM-
ALK/PLC-y pathway in the NPM-ALK-positive SU-
DHL-1 cell line. It is of note that this effect, and the in-
duction of apoptosis, were observed only in the SU-
DHL-1 cells and not in the Karpas 299 cell line, despite
both of these lines having been derived from t(2;5)-posi-
tive ALCL. Rassidakis et al. have subsequently reported
differences in the levels of expression of p27 Kl as well
as the c-Jun activation domain binding protein-1 (JAB1)
involved in the regulation of p27 X! protein degradation
by proteasomal pathways, in five different cell lines de-
rived from ALK-positive ALCL [89], thus further em-
phasising the biochemical heterogeneity of these cells.

A recent study by Cussac et al. described the involvement
of the pp60 SRC kinase in the mitogenic potential of
NPM-ALK [90]. Site-directed mutagenesis studies and
the use of SRC kinase inhibitors or pp60c-SRC interfer-
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ence RNA strongly inhibited the proliferation of NPM-
ALK-positive cells. Although these authors were able to
identify NPM-ALK as a substrate for pp60c-SRC, further
work is necessary to elucidate the intermediary proteins
implicated in this pathway.

Although NPM-ALK Tyr 418 residue was proposed as a
potential PI3-kinase binding site because it is found
within a sequence context typical of previously described
PI3-kinase-binding motifs, its substitution with pheny-
lalanine did not reduce the binding and activation of PI3-
kinase or the activation of AKT [91]. One possible reason
for this observation could be that an adaptor protein(s)
could function as intermediary linking molecule(s) be-
tween NPM-ALK and the p85 regulatory subunit of PI3-
kinase. In support of this hypothesis, a recent study has
highlighted the possibility that pp60c-SRC is activated in
these cells [90]. In vitro studies have also demonstrated
that the anti-apoptotic (and proliferation-enhancing) ef-
fects of NPM-ALK that occur via AKT can also be medi-
ated, in part, through AKT-induced inhibition of the ac-
tivity of the forkhead family transcription factor FOX0O3a
(or FKHRLI) [92]. It should be noted that PI3-kinase in-
volvement in NPM-ALK-mediated apoptosis is not al-
ways predictable. For example, PI3-kinase is not impli-
cated in the inhibition of doxorubicin- or etoposide-in-
duced apoptosis despite activation of AKT/PKB [91].
Furthermore, NPM-ALK appears not to be the only tyro-
sine kinase in ALCL interacting with the PI3-
kinase/AKT pathway since comparable levels of phos-
phorylation of the p85 subunit of PI3-kinase have been
reported in both ALK-positive and -negative ALCL cell
lines [27].

CD30 expression is, by definition, present on all ALK-
positive ALCK, and a possible link between the CD30
cell surface receptor and NPM-ALK has been reported
[93]. Binding of CD30 ligand to CD30 elicits a wide
range of cellular responses depending upon the cell type
under study [94-96]. One possible explanation to account
for this difference in responses to CD30 ligand is the
presence of high levels of BCL-3 protein in ALK-positive
ALCL cells compared to those in HL-derived-cell lines
[97, 98]. The degree of CD30 activation could also be an-
other contributing factor for the variation in cellular re-
sponses to CD30 [99, 100]. The functional significance
of the association for NPM-ALK and CD30 remains to be
clearly established.

The constitutive activation of STAT3 has now been de-
scribed in NPM-ALK-transfected cell lines as well as in
ALCL cell lines and tumor biopsies [101, 102], and
Zamo et al. reported the nuclear expression of STAT3 to
be indicative of its activated status [101]. The upregula-
tion of STAT3 activation in NPM-ALK transfectants was
not dependent upon the presence of JAK3 [101], a find-
ing confirmed in a later study by Amin et al. [103]. How-
ever, it is possible that NPM-ALK may bind directly to

Multi-author Review Article 2945

STAT3. The activation of STAT3 due to NPM-ALK en-
hanced the expression of the anti-apoptotic protein BCL-
X(L) and is in keeping with the recent report by Khoury
etal., [104], who described a correlation between the lack
of STAT3 activation and improved prognosis in ALK-
positive ALCL. The reports of the constitutive expression
and association with STAT3 of protein phosphatase 2A
(the positive regulator of STAT3 activation) and lack of
the protein inhibitor of activated STAT3 (the STAT3 an-
tagonist) in NPM-ALK-positive cells provides additional
evidence for a central role for STAT3 in ALK-positive
ALCL [102].

STATS is the only other STAT protein that exhibits a sig-
nificant and consistent level of activation being impli-
cated in both mitogenic and anti-apoptotic pathways in
NPM-ALK-positive cells [105]. One possible mechanism
by which STATS5 mediates these effects is via the tyrosine
kinase JAK2 [106]. Another possible pathway involves
the activation of anti-apoptotic genes such as BCL-X(L)
[107]. Coluccia et al. [107] also identified BCL-X(L) as
a possible therapeutic target for ALK-positive tumors.
Mice injected with NPM-ALK transfected Ba/F3 cells
containing a doxycycline-inducible BCL-X(L) antisense
transgene were protected from tumor development fol-
lowing doxycycline administration. Rassidakis et al.
[108], however, reported the anti-apoptotic BCL-2 and
BCL-X(L) proteins to be less commonly expressed at
high levels in ALK-positive lymphomas than the pro-
apoptotic BAX and BCL-X(S) proteins. Villalva and col-
leagues [109] also found the expression of BCL-2 to be
rare in ALK-positive ALCLs. Thus, our current under-
standing of the consequences of, and requirement for, the
STATS activation pathway in the genesis and progression
of ALK-positive ALCL requires further elucidation.

A relationship between NPM-ALK, STATS and RADS51
(involved in homology-dependent recombinational repair
of DNA double-strand breaks) has recently been de-
scribed [110]. In this study, the use of STATS dominant-
negative constructs inhibited the upregulation of RADS51
in NPM-ALK transfectants. These results suggest that en-
hanced activity of RADS51 due to transcriptional regula-
tion by STATS in ALK-positive cells may have effects
upon DNA repair, cell cycle checkpoint control and apop-
tosis regulation, and may thus contribute to resistance to
therapy noted in some tumors [111].

The adenoviral-induced expression of p27¥®! resulted in
apoptosis in the NPM-ALK-positive SU-DHL-1 cell line
[112]. In contrast, adenovirally mediated p53 expression
in these cells produced a delayed but greater degree of
cell death. The in vitro use of adenoviral constructs in
these studies also demonstrated the selective apoptotic ef-
fects of different cyclin-dependent kinase inhibitors,
since expression of the p21 and p27 proteins induced
greater degrees of apoptosis compared to that produced
by pl6 [113].
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A role for full-length NPM in the activation of p53 has re-
cently been described. The direct interaction of NPM
with p53 increased the stability and transcriptional activ-
ity of p53 following different types of stress [114]. The
absence of the p53 binding site in the NPM-ALK protein
may result in the loss of normal p53 function with conse-
quent increased cell survival and growth.

Ouyang et al. recently identified a possible anti-apop-
totic role for nuclear interacting protein of anaplastic
lymphoma kinase (NIPA) in ALK signalling [115]. The
binding of activated ALK protein to the nuclear NIPA
protein occurred via a novel phosphotyrosine binding
domain and resulted in a delay, but not the complete in-
hibition of apoptosis, in the IL3-dependent Ba/F3 cell
line when deprived of the cytokine. The anti-apoptotic
effect of NIPA was shown to be reliant upon its nuclear
location.

Both stress-induced apoptosis (primarily involved in
drug-induced death) and the CD95/FAS ligand pathway
eventually lead to the activation of caspase 3. Ergin et al.
[116], studying the effects of the tyrosine kinase inhibitor
Herbimycin A on NPM-ALK signalling, reported that its
use resulted in increased expression of caspase 3. This
observation led these authors to hypothesize that the in-
hibition of caspase 3 activity may be a critical event in the
anti-apoptotic role of NPM-ALK. However, the existence
of such a mechanism remains to be identified since evi-
dence obtained from later immunocytochemical studies
demonstrated significantly higher levels of active caspase
3 in ALK-positive lymphomas compared to ALK-nega-
tive ALCL [117, 118]. It should be noted that whereas
NPM-ALK inhibited drug-induced apoptosis in Jurkat T-
leukemia cells, it appeared to have no effect in preventing
CD95-mediated apoptosis, a result suggesting inhibition
of apoptotic effects upstream of caspase 3 rather than of
caspase 3 itself [91].

An inverse correlation of the expression of members of
the BCL-2 anti-apoptotic family with ALK in cases of
ALCL has also been reported in several studies
[108, 109, 117]. While the pattern of expression of anti-
apoptotic BCL-2 family members may account, in part,
for the improved prognostic outlook for ALK-positive
ALCL, it should also be remembered that NPM-ALK is
also implicated in the anti-apoptotic AKT/PKB and
STAT protein pathways. Furthermore, it is possible that
other molecules, such as the anti-apoptotic protein
MCL-1, may represent an alternative mechanism of
overcoming the absence of BCL-2 anti-apoptotic pro-
teins in ALK-positive lymphomas [119, 120].

A recently published proteomics-based analysis of NPM-
ALK-associated proteins helps point the way to future
signal transduction experiments concerning ALK and ex-
emplifies the complexity of signalling mediated by the
chimaeric kinase. A total of 57 proteins was identified as
interacting with either the NPM or ALK portions of the
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fusion protein in a multi-protein signalling complex
[121]. Thus, additional studies are clearly needed to elu-
cidate fully the mechanisms employed by ALK proteins
to regulate both mitogenicity and apoptosis.

Current treatment for ALK-positive ALCL

Despite the relatively good prognosis of ALK-positive
ALCL, ~20-30% of patients with this type of non-
Hodgkin’s lymphoma fail to respond well to treatment.
Thus, the optimal therapeutic approach still remains to be
established. Current treatment methods include the use of
various combination chemotherapy protocols originally
developed for T-cell lymphoblastic tumors and high-
grade B-cell NHL [122—-125]. Some clinicians also advo-
cate a combination of high-dose chemotherapy followed
by autologous stem cell transplantation for patients with
ALK-positive ALCL who are considered to be high
risk [7, 10]. A recent study by Liso et al. has also high-
lighted the possibility of using a haploidentical peripheral
blood stem cell transplantation as a last form of therapy
[126].

The ability to identify those patients who will not respond
to treatment at an early stage of their disease is of para-
mount importance. A high age-related International Prog-
nostic Index (IPI) has been suggested as a reliable indica-
tor of a poor outcome for ALK-positive ALCL patients
[13, 68]. An additional marker of poor prognosis includes
the expression of CD56 on ALK-positive lymphomas
[127], while the low or absent expression of p27X¥®! and
MUC-1/EMA [128] may constitute markers of good
prognosis. Investigations into the levels of apoptosis-reg-
ulatory proteins, including caspase 3, granzyme B-spe-
cific protease inhibitor 9 (PI9) and BCL-2, in individual
cases of ALK-positive ALCL may provide further means
of identifying those ALK-positive patients with a poor
prognosis [117, 129].

Immunotherapeutic studies in animal models

Although the exact functional relevance of CD30 in
ALK-positive ALCL requires further study, therapeutic
approaches targeting this molecule hold promise
[130—132]. Anti-CD30 antibodies are now being exam-
ined in clinical trials for CD30-positive tumors [133,
134]. The 110-kDa CD26 antigen may also represent an
additional therapeutic target [135]. Zhang et al. have
shown that IL-2Ra (CD25) is a target for radioim-
munotherapy in ALK positive ALCL-derived cell line
SU-DHL-1-xenografted mice [136].
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Gene therapy approaches

Adenoviruses hold potential promise for the treatment of
tumors, and a study by Meeker and colleagues suggested
that adenoviral vectors could be of value for gene therapy
of lymphoproliferative disorders [137]. In 2000, Turturro
and co-workers proposed the use of adenovirus as a treat-
ment option for ALK-positive ALCL and identified the
presence of the high-affinity receptor for the coxsackie-
adenovirus receptor (CAR) 2 and 5 as well as other ade-
novirus subtypes on the NPM-ALK-positive SU-DHL-1
cell line [138]. They subsequently went on to demonstrate
in vivo anti-tumor activity of the same adenoviral vector
constructs containing p53 in xenografts derived from SU-
DHL-1 cells established in the subcutaneous tissue of
nude mice [139]. Similar approaches employing aden-
ovirus-mediated delivery of cyclin-dependent kinase in-
hibitors such as p27X¥P! p21%afl and p16™*4A have been
suggested by these investigators for possible therapeutic
purposes in ALK-positive ALCL as well [88, 113]. Al-
though the adenoviral-mediated gene therapy approach
for ALK-positive ALCL holds potential, the limitations,
pitfalls and suggestions to improve this method as a ther-
apeutic tool have been recently analysed [140]. The ideal
viral vector for gene therapy of hematological malignan-
cies must have distinctive features, including the poten-
tial for systemic administration, the ability to specifically
target transformed cells for high efficiency of infection
and, ultimately, an intrinsic ability to cause cytopathic ef-
fects or to program the expression of a cytotoxic trans-
gene.

Tyrosine kinase inhibitors

Tyrosine kinase inhibitors have been found to play a
valuable role in the treatment of other tumors in which
oncogenic tyrosine kinases play a role. Although STI571
(Gleevec or Glivec, Novartis Pharmaceuticals, Basel,
Switzerland), an ATP-competitive tyrosine kinase in-
hibitor [141], has been used with great success in the
treatment of chronic myeloid leukaemia expressing the
fusion tyrosine kinase BCR-ABL [141], no such role
has been found for this compound in ALK-positive
ALCL [116]. There is, however, an anecdotal clinical
report of a single ALK-positive lymphoma patient from
a phase 1 study of the compound UCN-01 (7-hydroxys-
taurosporine) [142], suggesting the possible effective-
ness of other ATP-competitive small molecule inhibitors
for the treatment of ALK-positive malignancies. It
should, however, be noted that since UCN-01 has
the ability to inhibit numerous kinases, the remission of
this lymphoma could have been due to the inhibition
of kinases other than ALK (indeed the effect of UCN-01
on ALK was not investigated in this report). Since it
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is probable that continual treatment with one ATP-
competitive inhibitor of ALK will select for inhibitor-
resistant ALK mutant proteins, similar to the BCR-
ABL mutants described following therapy with STI571
[141], therapy with two alternating ALK inhibitors
may prove to be optimal once such small molecules are
available.

Turturro et al., utilising the ansamycin derivative 17-al-
lylamino-17-demethoxygeldanamycin (17AAG), were
also able to demonstrate reduced AKT/PKB activity and
increased apoptosis in 17AAG-treated ALK-positive
ALCL cell lines [143]. Bonvini et al. [144] demonstrated
that the effect of 17AAG on the chimaeric ALK protein
was dependent upon the ALK portion of the fusion and
not the partner protein.

Ribozyme-mediated therapeutic approaches

Hiibinger and co-workers recently described the use of a
hammerhead ribozyme-mediated approach for the cleav-
age of the NPM-ALK fusion transcript in NPM-ALK-
positive ALCL-derived cell lines [145]. Although in
vitro assays showed essentially complete degradation of
NPM-ALK, repeated transfections of the ribozyme for 96
h did not produce a significant reduction in the levels of
endogenous NPM-ALK protein in the Karpas 299 cells.
It is possible that the long half-life of NPM-ALK (ap-
proximately 48 h), when combined with the high steady-
state levels of the fusion protein expressed in ALK-pos-
itive ALCLs, may complicate any future treatment ap-
proaches using ribozymes. These observations may also
have implications for the use of techniques such as RNA
interference in this disease. However, ribozymes may
represent a therapeutic option in those diseases, such as
certain brain tumors, in which expression of the full-
length ALK protein occurs at lower levels. Indeed, Pow-
ers et al. [25] were able to reduce the levels of endoge-
nous ALK expression in glioblastoma cell lines using
ALK-targeted ribozymes, while in vivo experiments
demonstrated the increased survival of nude mice bear-
ing ribozyme-treated glioblastoma cell line tumor
xenografts. Such experiments have also helped provide
validation for the full-length ALK receptor as a thera-
peutic target for other types of intervention. For exam-
ple, an anti-ALK monoclonal antibody specific for the
extracellular region of ALK may disrupt PTN and MK-
induced ALK receptor-signalling pathways, in a situation
analogous to that found with the Herceptin antibody
(Genentech, San Francisco, CA), specific for the
HER2/NEU receptor tyrosine kinase [146].
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Immunotherapy

In contrast to the situation in ALK-positive tumors, ALK
expression in normal cells in the adult is limited mainly
to rare scattered cells in the brain. The presence of ALK
in an immunoprivileged site raises the possibility that
ALK proteins could be seen as non-self antigens and
could, therefore, be the target of an immune response.
The detection of a circulating immunoglobulin G (IgG)
antibody response to ALK in patients with ALK-positive
ALCL provided support for this hypothesis [147, 148].
Although the exact function of these antibodies to ALK
proteins is unknown, these antibodies would seem, at the
minimum, to signify the presence of an intact immune
system in the patient. Given preliminary evidence indi-
cating that those patients with higher levels of circulating
antibodies to ALK tend to fare better clinically [147], a
study of the presence of circulating anti-ALK autoanti-
bodies may provide an additional means of monitoring to
detect those patients at high risk. There is also increasing
evidence to suggest a correlation of antibodies with the
presence of cytotoxic CD8-positive T-cells believed to be
the major effectors in tumor immunity [149]. Indeed,
work by Passoni et al. has identified the ability of ALK
peptide sequences to stimulate a cytotoxic T-cell response
in normal subjects [150], while Ait-Tahar and colleagues
have recently confirmed the presence of a T-cell response
in the blood of patients with ALK-positive ALCL [151].
Since the expression of ALK appears to be a primary
causative agent in ALCL, ALK would appear to consti-
tute a promising immunotherapeutic target.

Perspectives

Although ascribed a role in neural development in both
mammals and Drosophila, in addition to a potential role
in gut muscle differentiation in Drosophila, the normal
functions of the full-length ALK receptor remain to be
completely elucidated. The aberrant expression of ALK
fusion proteins has not only resulted in the diagnosis of a
subtype of ALCL, but also provided major insights into
the oncogenic mechanisms underlying these tumors. Data
from these studies have provided increasing support for
the expression of NPM-ALK, and the other ALK fusion
proteins, as being a primary causative event in cases of
ALK-positive ALCL. The expression of full-length ALK
proteins in some neuroblastomas, glioblastomas, and
rhabdomyosarcomas and ALK fusions proteins in IMTs
means that ALK is one of the few examples of an RTK to
be implicated in both haematopoietic and non-
haematopoietic tumors. Further analysis of the ALK sig-
nalling pathways should be instrumental in the rational
development of new therapeutic strategies for ALK-posi-
tive tumors. The recognition of ALK proteins by the im-
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mune response of patients also suggests ALK to represent
an ideal potential target for immunotherapeutic interven-
tions.
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