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ABSTRACT

The NPM-ALK fusion gene, formed by the t(2;6)(p28;435) In hon-Hodgkin's
lymphoma encodes a 75kDa hvbrid protein that contains the amino-terminal
118 amino acld residues of the nucleolar phosphoproteln nucleophosmin
(NPM) joined to the entire cytoplasmic portlon of the receptor tyrosine
kinase, anaplastic lymphoma kinase (ALK). The transforming ability of NPM-
ALK is demonstrated and it Is shown that oncogenesis by the chimaerle
proteln requires the actlvation of its kinase function as a result of
oligo_merls'ation mediated by the NPM segment. NPM-ALK was shown to
homo-cligomerise in vivo n addition to hetero-oligomerising with normal
NPM. Imminostaining experiments of the 1(2;6)-containing lymphoma cell fine
SUP-M2 revealed NPM-ALK to be jocalized within both the cytoplasmic and
nuclear/nucleolar compartments. An Intact NPM segment is absolutely
required for NPM-ALK-mediated oncogenesis, as Indicated by the
obssryvation that three diffsrent NPM-ALK mutant proteins lacking non«
ovatlapping portions of tha NPM segment each falled to form complexes,
lacked kinase agtivity in vivg, and falled to transform cel's. However, NPM
could be replaced in the fusion protein with the poriion of the unrelated
transiocated promotor region (TPR) protein that activates the TPR-MET
fusion kinase by medlating dimerisation through its leu.ine zlpper motif. This

enginesred TPR-ALK hybrid proteln, which transformed celis with sssentially



equivalent potency to NPM-ALK, was localised within the cytoptasm of cells.
These data indicate that the nuclear/nucleolar localisation of NPM-ALK,
which probably occurs because of fransport via shuttling activity of NPM, Is
not required for oncogenests, Further, the activation of the truncated ALK
protein by a comi® *ely heterologous oligornerisation domain suggests that
the functionally important role of the NPM segment of NPM-ALK in
transformation s restricted o the formation of Kinase-active oligomers and.

does not involve the ailteration of ncrmal NPM function,
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1. INTRODUCTION

1.1 Slgnalllng by receptor tyrosine kinases

Protein tvrosine kinases are present In all muiticeilular organlsms whare they
play crucial roles In slgnal transduction. One class of these enzymes,
designated imracellul.ar kinases includes members of the SRC tamily of
kinases which are assoclated with int  )arts of the cell membrane, as well
as fnembers of fhe ABL kinase family, ﬁvhlch encoda intracellufar proteins
with the abillity to localise to the nucleus (Rodriguas and Park, 1994), The
second class, tyrosine kinase receptors, include the epidermal growth factor
receptor (EGFR), Insulln receptor (IR), insulin-iike growth factor 1 receptor
(IGF-1R), hlatelet-derived growth factot receptors (PDGFR), fibroblast
growth factor receptors (FGFR), hepatocyte growth factor receptor
(HGFR/MET), and the tropomyosin receptor kinase (TRK) family, These
members, all of which possess single transmembrane domains separating
the extracelluiar domains from the Intracellular domains, typically contain
ohe or several coples of immunoglobulin-like reglons, cysteina-rich domains,

or other domains (reviewed by Fantl et al,, 1993).

Receptor tyrosine kinases are activated after either homodimerisation o

heterodimetisation. The different isoforms of platelet-derived growth factor



{PDGF), for example, can induce the formation of different dimerle forms of
Its receptors: whiareas PDGF-AA induces only PDGFHao homodimers, PDGF-
AB induces both PDGFRao homodimers and PDGFRop heterodimers, and
PDGF-BB Induces all three forms of receptors. EQGFR can homodimerise with
ltself or form heterodimers with ERBB2, a receptecr tyrosine Kinase with
axtensive homology to EGFR (Coussens st al., 1985; Yamamoto et al,,
1986). The insulin and insulin-iike growth factor 1 receptor family represent
a marked exception to the above mechanism. These receptory wxist In the
cell membrane as disulflde-bonded homodimers and heterodimers of
recéptor subunits. This means that ligand binding does not Induce receptor
dimerisation, but presumably causes a conformational change In the existing
dimeric structure, leading to receptor activation. in addlilon,
autophosphorylated tyrosine resldues in the receptor are not essential for
binding of downstream components In the signal transduction pathways.
instead, the recéptor phosphorylates insulin receptor substrate 1 (IRS-1),
which mediates subsequent interactions with proteins containing SRC

homology 2 (SH2) domains (raviewed by Heldin, 1995).

Receptor dimerisation Is followed by receptor autophosphorylation, which
principally oceurs by one receptor molecule phosphorylating the other in the

dimer. This autophosphorylation oscurs on two different classes of tyrosine



rasidues. On the one hand, autophosphorylation Is typically seen on a
conserved tyrosine residue within the kinase domaln(s). In the cases of the
insuiin receptor and MET, phiosphorylation of tyrosine residue at this and
neighbouring sites leads not only to an Increase In the kinase activity but
aiso to phosphorylatlori of otha':r sites In the receptor or its substrates. The
inltlalising event in autophasphorylation Is presently unknown. One possibllity
is that the monomeric receptor has a low basal kinase activily, sufflcient to
phoSphowlaté and activate the companion receptor after dimerisation. This
reaction would theri be foliowed rapidly by reciprocal phosphorylation.
Alternatively, interactions between Intracellular domalns of the dimetised
receptors may Induce conformational changes that promote Increased
kinase activity. it should be emphasised that not all receptors are regulated
by phosphotylation in the kinase domain; for example, the conserved
tyrosine residue In the kinase domaln of EGFR does not appear to be

autophosphorylated (reviewed by Heldin, 1995),

The second class of autophosphorylation sites are often located outslde the
kinase domain(s) and serve the Important function of creating docking sites
for downstream signai transduction molecules containlng SH? domains.
Numerous protalns lvolved In sighal transduction are modular, having

structures suggesting that they were “cobbled together from a tool kit of



functional domeins®, and some of these domains mediate protein-protein
assoclstions (Mayer and Baltimore, 1993). Two such domains are SH2 and
SRC homology 3 (SH3) which appear to play ciitical roles In the formation
of slgnalling complexes (figure 1,1}, SH2 domains, conslst of about 100
amino acids folded In such a way as to form a binding pocket for a
phosphorylated tyrosine and the immediately surrounding amino acids. SH3
domains, conslsting of approximataly 50 amino aclds, are proline-rich and
recognise one or more proline residues, Such reglons are found in a wide
variety of proteln contexts: In assoclation with c¢atalytlc domalns and the
non-recaptor protein tyresine kinases; within structural proleins such as
fodrin or tensin; and In a group of small adaptor molecules that consist
almost entirely of SH2 and SH3 domains, including CRK, NCK and growth
factor receptor-bound protein 2 (GRB-2} (Mayer and Baltimore, 1993;

Pawson, 1995),

Although SH3 domains frequently co-exist with SH2 domalins, they are also
found in separate contexts. They have been identified In tha products of
several genes in budding and fission yeast, and have been linked to
processes such as budding (BEM1 and ABP1), cell fusion (FUS1), and RAS
guanine hucleotlde exchange (CDC25). $H2 domalns have not been Identifled

In yeast, which also lack SRC-related tyrosine kinases. Evidence suggests



Extracellular mediur:

Plasma membrane |
Cytoplasm
—+ DAG =~ PKC rii- Further
_ —-[pg =P Cgi2 —P activation
relaase

' —~| Reguiation of gens transctiption

QAP

. B-Rsk
Ras #> Rl - MEKB-MAPK 0 s

_. e

PI3'Kinase

% Dephosphorylation

Figure 1.1. Interaction of a representative receptor tyrosihe kinase with
SH2/SH3 signalling molecules. After receptor activation and subsequent
gutophosphorylation, sighal transduction molecules are rectrulied. Proteins
contalning SH2 domalns assoclate with specifie phosphotyrosines of the
receptor thus providing for downstream slghal transduction molecules
(modified from Johnson and Vaillaricourt, 1894; Pawson and Schlessinget,
1993).



that SH3 domains are involved In the control of smaill RAS-llke guanine
nucleotide-binding (@) proteins. The most compelling results relate to the
cloning of the 3BP1 gene, whose product binds directly to the SH3 domalns
of c-ABL. This short proline-rich peptide contalns a sequence distinct from
the SH3-binding site that Is related to a group of proteins with GTPase-
activating acflvity toward members of the RHO/RAC family of small G
protelng, Similar proline-rich sequences warea identifled in Son-of-sevenless
(S0O8) which was Inltiaily Identified as & component of a signalling pathway
Inltiated by tyrosine kinase receptors (Pawson and Gish, 1992; Pawson and

Schlessinger, 1893).

Receptor autophosphorylation acts as a molecular switch to create binding
sltes for the SH2 domalins of ¢ytoplasmic signalling proteins, which
consequently become targets for activation. SH2 domalns directly
recoghize phosphotyrosine, but for high affinity binding to occur the
phosphotyrosine must be embedded within a speciflc amino acld sequence.
Resldues Immediately carboxy-terminal to the phosphorylated tyrosine,
especlally those at the +1 and 43 positions, appear to provide selectivity
for speciflc SH2 domains, such as those found In SRC and LCK. As
mentionad eatlier, the insulin receptor employs a varlation In this strategy.

lts autophosphorylation stimulates receptor kinase activity, but there Is no



evidence that such activation induces strong assoclation with signalling
proteins, Instead, the insulin receptor Interacts with a 185kDa protein
known ags IRS-1, which contains many potenttal tyrosine phosphorylation
sites that Hle within consensus SH2-binding elements (Sun et al., 1991).
Tyroslne phosphatylated IRS-1 Is found In association with both GRB-2 and
the p85 subunit of phosphatidylinositol 3'-kinase (P18'-kinase). Thus, rather
than Incorporating its SH2-binding sites as an intrinsic par of. the receptor,
the Insulin receptor relles on & discrete SH2-docking proteln (Pawson, 1995;

Pawson and Gish, 1892).

Another example by which targets of receptor tyrosine kinases transmit
biological slgnals includes the SH2-contalning protein p91. PDGF can Induce
the transcription factor SIF to bind to a regulatory element, SIE, in the ¢~
FOS promotor, Proteln pa1, which was Identifled as a component of the
interferon-a Inducible transcription compley. ISGF-8, apparently medlates
these events. Tyrosine phasphorylated p91 accumulates In the nucieus
where it can bind the SIE elament and promote transcription (reviawed in

Kazlauskas, 1994).

in the nematode Caenorhabditls elegans, the SEM-6 gene encodes a small

proteln with the structure Ska-SH2-SH3 that appears to link a receptor



tyrosine to the RAS pathway (Pawson and Gish, 1992). The human GRB-2
protain Is similar i stiucture and function to the SEM-5 product, suggesting
that this pathway has been highly conserved In evolution (Lowenstein et al.,
1992; Pawson and Gish, 1992). GRB-2 binds EGFR directly through tyrovine
1068 and indirectly through the SRC homology and collagen (SHC) site. It
also interacts with PDGFR directly through tyrosine 716 and indlirectly
through binding to a phosphorylated SYP/protein tyrosine phosphatase 1D

(PTP1D) (Heldin, 1995; Schlessinger, 1984),

GRB-2 binds directly o murine SOS 1, a guanine nucleotide releasing factor
for RAS GTPass, through two SH3 domains. S - . Is also assoclated with
activatad receptor tyrosine kinages that bind GRB-2, and with the GRB-2
binding proteln SHC, Qverexpression of Drosophila SOS stimulates
morphoiogic transformation of rodent fibroblasts (Egan et al,, 1993). GRB-
2 can also bind tyrosine kinase substrates through its SH2 domaln
(Lowenstein et al., 1992), This bifunctionalicy allows GRB-2 o serve as an
adaptor molecule that integrates upstream slgnallers (the kinases) with

elements two steps further down the cascade (SOS) (Egan et al.,, 1993).

Signal transduction pathways become more complex when one considerc

that p85 Pl¥'-kinase, phosphuipase C gamma (PLCy) and GTPase-activating



protein (GAP) all have two SH2 domains and can themselves be
phosphorylated on tyrosine upon receptor dimerisation, The bindlng
tyrosine kinase receptors to SH2-containing protelns affords at least three
potential signalling mechanisms: (a) alteration of subcellutar lozalisation, (P}
sonformational changes, and (¢) phosphorylation by the activated receptor

(Mayer and Baltimore, 1993),

8$H2 domalns have other functions besides ihose already mentivnad.
Members of the ¢-SRC family are held In a ¢catalyiically Inactlve state by
phosphorylation of & carboxy-terminal tyrosine residue. Midation of this
tyrosine to phenylaianine renders these protains oncogenic by increasing the
kinase activity of 0-SRC meambers in vilro and s vivo. The 82 domain of
SRC has moderately high affinlty for ts phosphorylated carboxy-terminal
paptida, an.d has been proposed 1o Interact In ¢ls with this site to mask the
citalytle domaln, On the - aer hand, when the protelin Is constitutively
active, mutations In the SH2 domain generally decrease transforming
astivity, indicating a second, positive role for this molif. Deletion or mutation
of the SH3 domain in non-receptor tyrosiie kinases generally leads to
olitogenic activation of the prota-oncogene kinase, suggesting that the SH3

domain binds to an Inhiblior of kinase activity (Mayer and Baltimors, 1983).



SHC, a modular protein with a carboxy-tenninal 8H2 domaln, also contains
a phosphotyrosine-binding (PTB) domain on the amino terminus and a
central glycine/proline-rich motlf with regions of homology to the a1 chain of
collagen. The PTB domain has a minimal binding region of approximately 160
amino aclds and Is involved In protein-protein Interactions, SHC Is
nresumabiy invoivad In RAS activation through lts interaction with GRB-2 and
SO8, Mouse fibroblasts that overexpress SHC become transformed In
culture and form tumours In nude mice. SHG. which is essentlally
oytoplasmig, la highly conserved and widely expressed (Pellict et al., 1992;

vah der Geer and Pawson, 1995)

1.2 Oncogénic activation of receptor tyrosine kinases

Many tyrosine kinase reveptors are activated by means other than ligand
binding, for example, activation after the binding of antibodles, whete the
Fab fragmehts are usually inactive (HeldIn, 1995}, Insertion of an extra
cysteine rasidue in the extracellular juxtamembrane region of EGFR leads to
formation of a constitutively active dimeric receptor (Sorokin et al.,, 1994).
Furthermore, mutated forms ot some receptor tyrosine kinases have been

identified as transforming oncogenes. Frequently, the activating mechanism

10



is a4 gene rearrangement thet leads to production of a hybrid protein
contalning the kinase domain of the receptor fused to & hovel protein
sequence, The amino-terminal fusion partners are often domains of
proteins that normally undergo oligomerisation. Examples include sequences
from the translated promotor region (TPR) fused to MET, non-muscle
tropomyosin (TPMS) fused to TRK, the regulatoty subunit of the cycliz AMP-
dependent protein kinase {(Ria) fused to RET, nucleophostitin {(NPM)
seyuences fused to the anaplastic lymphoma kinase (ALK), and TEL fused
to PDGFRB (Golub &t al,, 1994; Martin-Zanca et al,, 1986; Morrls et al., 1994,
Park et al., 1986; Rodrigues and Park, 1994; Takahashi et al., 1985} (tabie

1,1).

Receptor tyrosine kinases ¢an also become oncogenlc thrbugh the
acquisltlon of point mutations that resuit in constitutive activation of the
catalytic domain (Yarden and Ullrich, 1988). This mechanism is exemplified
hy the NEU (ERBBZ) oncogene product, which contains a élngle amino acid
exchange In the transmembrane region, that promotes receptor
oligomatrisation, and by the colony-stimulating factor 1 receptor (CSF-1R)
whose transforming activity derives from a mutatlon In the extracellular

domain (Rousse! ot al.,, 1988; Weiner st al,, 1989; Woollord et al., 1988).

11



Al-RET

H{10:17)(q11.2:q20-24)

Thyrold oarcinoma

Gons rearrsngement  Chromosomea Involved Cancer " Fefaranoes
NPMALK 2iENp2E: G8) NorHodgkin's ymphoma. | @

TPRAMET t1;7)(q26; q21-31) | Gasitic carcinoma b,o,d
TPMSTRK Inv(1}(q31; 423-24) Colon & thyrold carofnoma a.loh l
TPRETRK Inv{1}(q25; q23-24) [ ihyrold carsinoma 1

TRGTRI t(1:8)(g23-24; qM) Toyrond chrclnoma i

L7e<TRK Y1;8)(q23-24; q34)  Breast caroinoma _ _k,l

TEL- PO 15;12)4./33; p19) Myslold lsukaem|a m
D108170-RET Invi10)(q1.2; 21) Thyrold eatcinoma n

Table 1.1. Oncogenic activation of some receptor tyrosine kinases,

Tyrosine kinases can bscome constitutively activated by gene
reasrangements through fuslon with novel protelns that norsally undergo
oligomerisation, a (Morris et ai,, 1994), b (Park et al., 1986), ¢ (Miranda

ot &l., 1894), d (Soman et al,, 1991), e (Martin-Zanca et al,, 1986), T

(Radice et al.,, 1991}, g (Moris et al.,, 1991), h (Sozzl et al., 1992), i

(Graco et al., 1092), j (Greco et al,, 1995), k (Kozma et al., 1988), | (Yon
ot al., 1982), m (Golub et al,, 1994), n {izhizaka et al., 1992), o
(Bongarzone et al., 1993),
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Although the mechanism for oncogenic astivation of receptor tyrosine
kinases may vary, they invariably lgad to constitutive activation of normally

tightly regulated enzymes (Rodriguer and Partk, 1994).

1.2.1 TPR-MET

The human TPR gene, which maps to chromosome 1, encodes two
alternatively spliced transcripts - one encoding a proteln of 726 amino aclids
and the other a proteln of 2024 amino acids, Both of these ubiquitously
expressed proteins have béen localised to the cytoplasmic surface of the
nuciear pore complex and both are predicted to have extensive reglons of
o-helices and several siretches of heptad repeats which is charactetistic of
proteins with a colled ¢} conformation. TPR is weakly homologous to the o-
heﬁcal domairs of tropomyosin, spectrin, laminin B1, the Drosophila glued
protein and the tall reglon of myosin heavy chailn (Byrd et al., 1994; Chan et
al., 1987; Mitcheli and Coopet, 1992; Mitchell and Coopser, 1992; Park et al.,

19886).
MET, the receptor for the hepatocyte growth factor/scatter factor

(HGF/SF), I a heterodimer of 190kDa cansisting of a 50kDa o subunit

assoclated with a 140kisa p subunit. Multiple forms of this receptor tyrosine
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kinase have been Identified (Rodrigues et al,, 1891; Vigna et al., 1994). MET
is related to the kinase domains of the human insuilin reqeptor, EGFR and the
murine v-ABL oncoproteln (Dean et al., 1985; Heddy et al., 1983). The MET
proto-oncogene, which Is predominantly expressed in fibroblast and
epithelial cell lines, maps {o humar; chromosome 7q21-31 (Park et al,,
1986). The tight genetlc finkage of thé MET locus with the heraditary genatic
disease cystic fibrosis, led to the assighment of the cystic fibrosis gene to

the 7421-31 region {Dean et al., 1985; White et al., 1985).

The HGF/SF figand and MET regulaie growth, motillty and morphogenesis of
cells in vitro. In mouse embryos deficlent in MET, the diaphragm and itmb
bud are ho longer colonlsed by myogehlc precursor cells, consequerily
skelstal muscles of the limbs and diaphragm do nof form. These
abnormalities appear to be tesponsible for death during embryonic
development (Bladt et al., 1995). Moreover the MET gene was found to be
ampufied in ¢ell lines derived from poorly differantiated human gastric
carclnomas and in spontaneously transformed murine NIH3T3 fibroblasts
(Cooper et al., 1988; Giordano et al., 1988; Giordano st al,, 1989).
Amplification iIn thése ¢ells does not appear to be accompanied by any gene
rearrangement, but It is assoviated with MET overexpression in 60% of

osteosarcomas, for example (Ferracini et al,, 1995; Rodtlgues at al,, 1991).
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Another mechanism for oncogenic activation of MET entalls its fusion with
TPR, as seen In human osteogeric sarcoma cells treated in vitro with the
clastogenic carcinogen N-methyl-N'-nltronltrosoguanidine. The chimaeric
protein generated by chromosomal translocatlon has a molecular mass of
80 to 65kDa and contains the amino-terminal sequence from TPR and the
carboxy-terminal sequence from MET (Chan et al., 1987; Park et al., 1986).
The extracellular and transmembrane domains and a portion of the
cytoplasinic regions of MET are deleted (Park et al,, 15!87). In the 523 amino
acid TPR-MET, 142 TPR codons are followed by 881 Inframe MET amino acid

residues (Chan et al., 1987).

Deletion of TPR from TPR-MET abolishes the transforming abifity of this
protain. A lelcine zipper reglon within the TPR sequences mediates
dimerisation of TPR-MET and Is thus responsible for constltutive activation
of the MET kinase. As a tesult of gene rearrangement, TPR-MET s locallsed
to the cytoplasm (Rodrigues and Park, 1993). In addition o activating MET,
TPR Is also known to activate the serine/threonine kinase RAF, and the

receptor tyrosine kinase TRK {Greco et al,, 1992; King et al., 1988).
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1.2.2 TPM3-TRK

The TRK family of receptor tyrosine kinases, including TRK (or TRKA), TRKB
and TRKC, medlate the trophlc effects df the nerve growth factor (NGF)
tamlly of neurotrophing (Barbacid, 1994). TRK, the receptor for nerve
grovdh factor Is essential for the development of the peripherat and central
nervous systems. Mice deficient in TRK have severe sensory and
sympathetic neuropathies and most die within a month of birth (Kaplan et

al,, 1991; Smeyne et al., 1994).

The TRK proto-oncogene encodes two Isoformes {790 and 796 amino acids
each) that vield glycosylated proteins of 140kDa (Barker et al,, 1993,
Martin-Zanca et al., 1989). They differ In the presence of six amino aclds
located in the extracellular domain (Barbacid, 1994). The 796 residue
protein Is expressed mainly in nsuronal ceils, while the 780 amino acid

{soform Is found primarily in non-neuronal cells (Barker et al,, 1993).

Both TPMS3 and TRK are located nn the long arm of chromosome 1: the
former at 1g31 and the latter at elther 1923-24 or 1q32-41 (Miozzo et al,
1980; Morrls et al., 1891; Radice et al,, 1891), Thus, the generation of the

hybrid protein ls due te an intrachromosomal rearrangemant.

18



TPM3-TRK was cloned from a human colon carcinoma by DNA mediated
transformation of NIH3T3 cells. The 70kDa TPM3-TRK proteln conslsts of
€41 amino acids, 221 of which are derived from TPM3 with the remalning
420 representing the TRK receptor tyrosine kinase (Martin-Zanca el al,,
1986). Oncogenic actlvation of TRK has been attributed to the ¢olled coll
structure of TPM3 (Barnes et al., 1989; Sodek et al., 1972). Both the TPM3
and the TRK portions are required for proper transformation (Couller et al.,
1989). Activated TRK has also been found in paplillaty thyrold carcinoma
and breast carcinoma (Kozma et al., 1988, Sozzl et al,, 1992; Ziemleck! et

al., 1980).

In addition to Its constitutive activation by fuslon with TPM3, TRK can also
be activated by fusion with TPA, L7a or TFG sequences on its 5 end, Two
forms of the chimaeric TPR-TRK oficoprotein have been identified. In each,
the amino-terminal sequences of TPR are fused to the TRK kinase domain.
One Is a protaln of 55kDa conslsting of 199 amino acids from TPR and 383
residuss from TRK (Greco &t al., 1992), The second form encodes a proteln
of 150kDa that contains additional TPR sequences fused to the same
subset of TRK sequences present In TPM3-TRK (Barbacid, 1993). Since the

genes for both proteins are locatad on chromosome 1, TPR-TRK Is
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generated by an Intrachromosomal reatrangemert. In the L7a-TRK fusion |
product, the amine-terminal sequence Is contributed by the first 41 amino
aclds of the ribosomal large subunit proteln L7a, while the carboxy-terminal
sequence conslists of the last 420 codons of TRK (Kozma et al., 1988,
Ziemiecki et al.,, 1990). This 44kDa proteln is localized to the cytoplasm and
nucleoll (Ziemiecki et al., 1990). Finally, the THK gene may fuss with an
unknewn &' partner, termed TRK fused gene (TFG) owing to a t(1;3)
chromosomal translocation. The product of thls rearrangement, a 68kDa
cytopiasmic proteln, contalns 189 amino acids from TFG and 471 residues

from TRK (Graco et al.,, 1998).

1.2.3 RET fuslon protelns

Most of the proto-oncogenes emminéd thus far are expressed during
ambrycnic development, often in very defined spatlai and temporal patterns
that suggest functions in the growth and maturation of speocific tissues
(Dresslor, 1994). Naturally occurring mutations in the receptor tyrosine
kinase gene HET, are associated with the human diseases multiple endocrine
neaplasia type 2A and familial maduilary thyrold carcinoma (Multigan et al.,
1984; Mulllgan et ai.. 1993; Takahashl and Cooper, 1987) In these patlents

the mutations oceur in the extraceliular domain of RET, where they alter
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highly conserved cysteine residues, These mutations may result in the
gongtitutive activation of RET by by-passing the need for ligand binding

and/or facllitating dimerisation of unbound receptots (Dressler, 1994),

TH. ;ET gene Is frequently activated in paplilary thyrold carcinomas, either
by an Inversion, inv(10}{q11.2q21), that generates D10S170-RET, or by a
chromosomal translocation, 1(16;17)(q11.2;423-24), that gives rise to Rlo-
RET, whete the regulatory subunit of cycilc AMP-dependent protein kinase A
(Hld) {s fused to RET (Bongarzohe et al., 1993; Ishizaka et al., 1989;
Ishizaka et Ial., 1992; Ishizaka et al., 1990; Takahashi and Cooper, 1987).
Both types of constitutively activated RET genes encode two Isoforms.
Under non-reducing conditlons, the two Rla-RET isoforms occur as both

homadimers and hetetodimers (Bongarzone et al., 1993),

Mice deficient In RET compietely lack neurens in the oesophagus, stomach
and Intestines, consistent with the observed expresslon ot RET in the vagal
neural crest cells that migrate from the hindbrain to populate the
mesenteric plexus of the gut. The absence of gastrolntestinal peristaisis in
RET knockout mice s simllar to the symptoms of the human congenital

megacolon (Hlrschsprung’s disease), which has aiso been linked to the AET

18



locus on chromosome 10q11.2 (Angrist et al., 1998; Dressler, 1994;

Lyonnet et al., 1993).

1.2.4 Nucieophosmin-anaplastic lymphoma kinase (NPM-ALK)

Nucleophosmin (NPM)

The human NPM (also known as B23, nutramin or NO38) cDNA encodes a
nucieolar protein of 294 amine acids and has a reported molecular mass
ranging from 32 to 38kDa. This ubiquitously expressed protéln has a
putatlve metal binding site, two acldic amino acid clusters, and two nuclear
localisation signals {Chan et al., 1989) (figure 1.2). Under native conditions
NPM Is a hexamer of 220kDa consisting of 4al and 2B menomers organised
in & hoad-to-tall fashion (Yung and Chan, 1987). Both the amino- and
narboxy-tetminal domains of NPM are gssential for oligomerisation.
Replacement of methionines at amino acld posiilons 5, 7, 9 with leucines or
deletion of flve amino aclds at the carboxy terminus abolishes
oligometisation (llu and ¢ war, 1991), On the other hand, Herrera and
colleagues suggest that the carboxy terminus of NPM Is not essential for
oligomerisation (Metrera et al.,, 1896). NPM Is expressed at higher levels in
tumour cells than in normal cells, Is highly phoshhiotylated dutring mitosis,
and is a substrate for cde2 (Chan et al.,, 1989; Feuersiein et al,, 1990;

Olson et al,, 1874, Peter et al,, 1990).
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AC AC

NPM

NPM-ALK

Figure 1.2. Schematic representation of the NPM, ALK and tha chimaeric
NPM-ALK oncoprotein, NPM which Is composed of 294 amino aclds, contains
a putative metal binding domain (MB), two acidic reglions (AC) and two
nuclear localisation signals (NLS). ALK is a tyrosine kinase receptor
consisting of 1620 amino aclds with a signai peptide (SP), transmembrane
domaln (TM)and a juxtamembrane region (M), The NPM-ALK chimasra is
composed of the 118 amino-terminal amino aclds of NPM fused to 562
residues from ALK,
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Rat NPM exists as two altematively spliiced Isolorms, these coding for
peptides B23.1 (202 amino aclds) and B23.2 (257 amino aclds) {Chang and
Olson, 1989}, The two lsoforms are oxpressed at different levels in tlssues,
B23.1 being more abundant. In additlon, protein B23.1 is found
predominantly in the nucleolus, while B23.2 appears to be presant In the
cytoplasm (Wang &t al,, 1983). Whereas B23.1 ¢an bind RNA, single-
stranded DNA and double-stranded DNA, B23.2 is unable to bind double-

stranded DNA (Wang et al., 1994).

Although the function of NPM Is not well defined, the protéin ls thought to be
involved In rbosome assembly and transport (Chan and Chan, 1995}, fn
vitro studies have demonstrated that NPM binds to RNA, DNA, the HIV REV
protein, transcription factor YY1 and nucleoclar protein p120 (Dumbar et al.,
1989; Fankhauser et al.,, 1991; Feuerstsin et al,, 1980; Inouye and Seto,
1994; Valdez et al,, 1994) This nucleolar phosphoprotein, which has a high
affinity for peptides contalning karyophiilic sequences or nuciear localisation
sighals, was found to shuttle between the nuclecius and the cytoplasm
(Borer &t al., 1988; Szebeni et al., 1995). The above evidence suggests that

NPM may have multiple functlons.
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Anaplastic lymphoma kinase (ALK)

The ALK tyrosine kinase recepior (1620 amino acids) has a 26 residue
sighal sequence, an extracellular domain of 1004 amine aclds, a
transmembrane region of 28 amino acids, a 64 residus juxtamembrane
segment, a kinase ¢ main of 254 amino aclds, and an unusually long 244
residue carboxy-terminal tail (figure 1.2). After glycosylation, the ALK
precursor (molecular mass of 177kDa) assumes lts thature form as a

200kDa single-zhain receptor (Morrls ét al., 1996}

ALK shows greatost amine acid similarity to Ihsulin receptor subfamily
membars such as leukocyte tyrosine kinase (LTK; 684%), TRK (38%), ROS
(37%), the B chains of the Insulin-like growth factor receptor (37%) and
insulin receptor (36%) (Morris et al., 1994). In addltloh, ALK contains paired
autophosphotylation sites (Y™ YY) typical of members of the insulin

recoptor subiamily (Morris et al,, 1996).

Four different ALK transcripts were found in tissues and cells from various
sources. Messenger RNAs of 8.5 and 8kb were expressed to a high degree
In rhabdomyosarcoma cell lines and in emall intestine, and to a lesser dogres

In brain, colon and prostate. A 6ikb transcrpt was Identified in placenta and
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foetal llver, while 4.4 atid 6kb mRNAs were detected In testis. No ALK
transcripts were apparent in haematopoletic celis (Morris st al., 1994), In
situ hybrldisation studies to locallse the expression of mouse ALK, showed
that ALK transcripts wers limited 1o the central and peripheral nervous

gystems In this expetimental mode! (Morrls ot al., 1998) (table 1.2),

NPM-ALK

Large-cell lymphomas constitute apprr  ..ately 25% of all paediatric and
adolescent non-Hodgkin's lymphomas. About one-thitd of these tumours
have a t(2;5)(p23;q35) chromosomal rearrangement that generates the
NFPM-ALK oncoprotein. Thls mallgnancy, which arises mainly from activated
T-cells, invades and destroys normal lymph nodes, soft tissues,
gastrointestinal tract, skin, lungs and borie marrow (Motris et al.,, 1994). By
classical histochemical examination, the neoplastic cells have large Irregular
nuclel, prominent nucleoll and abundant cytoplasm, They express CD30/Ki-1,
a cytokine receptor for a ligand related to fumour necrosis factor, and
interleukin-2 (Downing and Morrls, 1994; Morris et al., 1994), Cell lines with
the t(2,5) express both the normal 1.6kb NPM transciipt and a 2.4kb
tranoutipt, while those without the fusion gene express only the 1.6kb

trahscript. NPM presumably contributes an active promotor to drive



Age ALK expression

Day-10 embryos =~ . No transcripts

Day-11 embryos Primitive spinal cord
Cranlal ganglla

Day-12 embryos Spinal cord
Cranial ganglia
Periventricular zone around thira ventricle

Day-14 embryds Neuronal cells around third ventricle
Qlfactory nerves
Ventral spinal cord

Day-156 (& older) embryos Thalamie nuclel
Cranlel ganglia
Sympathetic chain
Vantral spinal cord

Newhorn Thalaniic raglon

Adult Thalamie region

Table 1.2, Tissue distribution of murine ALK transeripts within daveloping
embryos. The pattern of ALK expression was determinsd by an in sity
hybridisation technique (Morrls et al,, 1986).
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exprossion of the ALK kinase domaln, especially considering that ALK s not

expressed in lymphold celis (Morrls et al., 1994).

Neither anaplastic morphology nor CD30 expression reliakly identify NPM-
ALK-positive lymphomas (Downing et al,, 1995). In ona study, cases without
CD30 and/or NPM-ALK exprussion were classified as anaplastic large cell
iymphomas (ALCLs); conversely cases without anaplastlc morphology were
found to express NPM-ALK (Downing and Morris, 1994). Waggot and co-
workers found the 1(2;8) in all Ki-1-positive cases of ALCLs, while Pulford
and colleagues documented NPM?ALK expression In about half of their CD30-
positive lymphoma cases (Pulford st al,, 1996; Waggott et al., 1995).
Herbst and associates ldentified NPM-ALK expressed predominantly In the
ALCLs of young patients, with Eimberger and colleagues reporting that
1(2;5) Is unigue to ALCLs (Elmberger et al., 1995; Herbst et al., 1995). NPM-
ALK Is also expressed In some patients WIt'h Hodgkin's lymphoma {Bullrich et
al.,, 1894; Orscheschek et al., 1995). To resclve these conflicting
vbservations, Sandlund and co-workers devised a model to explain the
apparent ovetlap of ALZL.s, Ki-1 positive large-cell non-Hodgkin's lymphomas

and NPM-ALK contalning lymphomas (Sandlund et al., 1994) {figure 1.3).
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CcD30+ |
LC NHL

H{2B)
LG NHL

Figure 1.3. Schematlc diagram illustrating the overlapping features of
ALCLs, £D30" large cell non-Hodgkin's lymphomas (LG NHLs} and NPM-ALK
2 pregewig LG NHLs {from Sandiund st al., 1994).

27



The NPM-ALK oncoprotain has 118 amino aclds from NPM on lts amino
terminus and 562 residues from ALK on its carboxy! end {figure 1.2). Since
the NPM amino terminus is retalned In the chimaeric construct, and is
necessary for NPM homo-oligomerisation, It is plausible to stggest that
NPM-ALK may exist as either a homo-ollgomer or In association with wiid-
type NPM (Liu and Chan, 1891), Indeed, homo-oligomerisation of NPM-ALK
may constitutively activate the NPM-ALK kinase domain (figure 1.4). The
two nuciear localisation signals found in NPM are deleted in the fusion
protein, predicting » cytoplasmic localisation for the latter protein, Potential
phosphorylation sites for protein kinase C and a putative metal-binding
domaln reside within the NPM portlon of the chimaera, while possible binding
sites for Pi3-kinase, IRS-1 and SHC are present in the ALK-derived
sequences (Mortis et al.,, 1994) (figure 1.5). The amino acid residues at
positions 564 to 567 (NPTY®") are suggssted to be a SHC binding site,
wheraas the reslduss at amino acld positlons 153 1o 156 {(NPNY'™®) are

predicted to be bind IRS-1 (Fulimoto et al., 1996).

NPM sequences have been found with fusion partners other than ALK,
including the retinolc acid receptor o (RARm) in & patlent with acute
promyelocytic leukasmia and the t(5;17)(q82;q12) transtocation. Two

alternatively spliced forms of NPM-RARe, NPMg-RARa and NPM,-RARq were
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ALK - NPM-ALK

: INACTIVE
MONOMEMS
; ACTIVE
DIMERS

TRANS AUTO-
PHOSPHORYLATION

R

SUBSTRATE
PHOSPHORYLATION

Figure 1.4. Model for the constitutive activation of NPM-ALK. Receptor
tyrosine kinases are activated by ligar- mediated dimerisation which rasuits
in the trans-phosphorylation of receptor subunits, and the binding of the
tyrosine phosphotylated receptor to intracellular substrates. NPM-ALK [s
thought to be a cytoplasmic protein that oligomerises through domains
present in the amino terminus of NPM. This oligomerisation would be
predicted to result in the constliutive activation of the of tha ALK kinase
domalin and its interaction with and phosphorylation of downstraam
substrates (from Downing and Morris, 1994},
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*
MEDSMDMDMSPLRPONYLFGCELKADKDYHFKVDNDENEHQLSLRTVSLG 50
AGAKDELHxVEAEAMNYEGSPIK?TLATLKHSVQPTVSLGGFEITPPVVL 100

RLHCGSLPVH jtj:sjaj:@LWYRRKHQELQAMQMEL SPEYKLSKLRTSTIMT 150
e >
DYUPNVCFAGKTSS 1SDLKEVPRENI TLIRGLUHCAFGEVYEGOVSGNPN 200
DPSPLOVAVKTLPEVCSEQDELDFLMEALLISKFNHONIVRCIGVSLOSL 250
PRFILLELMAGEDLKSFLRETRPRPSOPSSLAMLILLEVARDIACGCOYL 300
*»
BENHFIHRDIAARNCLLTCPGPGRVARIGDPGMARDIYRASYYRKGACAM 350
LPVEWMPPEAFNEG LFTSKTDTWSFOVLLWEIFSLGYMPYPSKSNQEVLE 400
FVTSGGRMDPPKRC AGPVYRIMTOCWOROPEDRPNFAT ILERIEYOTODE 450

DVINTALPIEYGPLVEEEEKVFVRPKDPEGVPPLLVESQQAKREEERSPAL 500
PPPLPTTSSGKAAKKPTAAEVSVRVPRGPAVEGGHVNMAFSQSNPPSELH.550
KVHGSRNKPTSLWNRTYGSWF TEKPTRKNNPIAKKEPHDRGNLGLEGSCT 600
VPPNVATGRLPGASLLLEPSSLTANMKEVPLFRLRHFPCGHNVNYGYQQQE 650
LPLEAATAPGACGHYEDTILRSKNSMNQPGE 680

Figure 1.5. Daduced amino acid sequence of human NPM-ALK. Asterlsks
(* ) deplct putative protein kKinase C phosphorylation sites, 4> reprasents
the NPM-ALK junction. f**1  indicates the boundaties of the kinase domain,
+ ¢+ shows the palred tyrosine autophosphorylation sita typleal of receptor
tyrosine kinases in the Insulln receptor subfamily. The boxed area is a
putatlve metal binding domain. Underiined motifs represent possible IRS-1
and SHC binding sites, respectively. The double underlined amino aclds
indicaie a putative Pl3-kinase binding region.
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ldentified. Both proteins were expressed In the patlent’s leukaemic celis
together with wild-type RARw (Redner et al., 1998). In cases of
myelodysplastic syndiome and acute myelold leukaemia with the
(3;5)(425.1;934) translocation, NPM s fused to myelodysplasla/myelold
leukaemia factor 1 (MLF1), a protein of unknown fuhction. NPM-MLF1 is
expressed in 1(3,5)-positive leukaemia cells but wild-type MLF1 is riot

(Yoneda-Kato et al., 1996).

1.3 Objectives

Chromosomal rearrangements resulting In the constitutive activation of
receptor tyrosine kinases hava been shown to be oncogenic. A 1{2;5)
translocation found In about 10% of pasdlatric nori-Hodgkin's lymphomas
results in the expresslon of the nuclecphosmin-anaplastic fymphoma kinase
(NPM-ALK) fusion protein. This chimaeta consists of the amino terminal 40%
of the nucleclar phosphoprotein, NPM, fused to the intracsllular portfon of
ALK, a tyrosine kinase receptor. Despite some knowledge of structural
featuras of NPM-ALK, very little Is known about the manner *)\ which this
chimaerlc protein transforms cells. Native NPM exists as an ollgomer, so
that oligomerisation of the NPM portion of the chimaera might be expected

to activate ALK, thereby leading to mallgnant transtormation. The work
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cutiined in this thesls is Imaendad to test this hypothesls, deletion mutants of
NPM-ALK were constructed and tested for ollgomerisation, phosphorylation

and cellular localisation In relation to transformatior..
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2. MATERIALS AND METHODS

2.1 Materials

Specific reagents used In this study were obtained from the sources

indicated In the text. Ail other reagents were of analytical grads.

2.2 Cell culture

Six cell lines were used in this study: (1) Flsher rat 3T3 (Fr3T3), an
immontalised but non-tumorigenic rat fibroblast line (provided by Morag
Park, McGill University, Montreal, Canada), (2) NIH8T3, a mouse fibroblast
line {provided by Martine Roussel, St. Jude Chlldren’s Research Hospltal,
Memphis, TN, USA), (3} 203T, an SV-40 transformed human kidney ceil {ine
{(provided by Martine Roussel) (4) COS-7, an SV-40 transformed monkey
kidhey cell line (provided by David Shapiro, St. Jude Chiidren’s Research
Hospital, Memphis, TN, USA), (5) SUP-M2, a human lymphoma cell line
contalning the 1(2;5) (provided by Stephen Smith, University of Chicago
Medlca! School, IL, USA), and (68) K562, a human leukaenils, cell line (source
unknown) (Lozzlo and Lozzlo, 1977 Morgan ét al., 1989). Fr3T8, NIH3T3,
293T and COS-7 cells were maintained In Dulbecco’s Modifled Eagle’s Medlum
(Mediatech, Herndon, VA, USA} supplementad with 10% fostal calf serum

(FCS; BloWhittaker, Walkersville, MD, US/:, whereas SUP-M2 and K582 tells
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were grown in RPMI 1640 (BioWhittaker, Walkersville, MD, USA)
suppiemented with 20% FCS and 10% FCS, respectively. All cell ines were
incubated at 37°C in a humidifled incubator with 5% carbon dioxide. For
expetiments, adherent cells were trysinizad with trypsin-athyienediarning-
tetraacetic acid (trypsin-EDTA; Life Technologles, Gaithersburg, MD, USA),
quenchad with compiete medium and collected by centrifugation, Cells were
then resuspended in fresh medium, counted on a hasmocytometer using the
frypan-blue exclusion test for viability, and plated onto tissue culture dishes
as required (Patterson, 1979). Unless otherwlse indicated, all experiments

were carried out undei the above-mentioned conditions.

2.3 DNA transfections

CO8-7 celis were transiently transfected using the diethylamincethyl-dextiran
{DEAE-dextran) method (Mammalian Trarsfection Kit; Stratagene, La Jolia,
CA, USA} Briefly, 5X10° cells were plated onto a 100mm cuiture dish one
day prior to transfection. For transfection, 2ug of plasmid DNA was diluted
with phosphate-buffered saline (PBS8), and DEAE-dextran added to this. Cells
were washed with PBS and the transfection mix added dropwise to the
centre of the culture dish, which was gently switled to distribute the solution

evenly. Following a 15 minute incubation at room temperature, the seiution
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was removsd, tha cells washed with PBS, and fresh medium added. For

experiments cells were harvested 72 hours post-transfection,

For immunoflucressence COS-7 cells wera electroporated with the indicated
DNA constructs. Approximately 107 cells were resuspendsd in 300ul of RPMI
1640 sugplemented with 10% FCS and put into 0.4cm gap Gene Puiser
cuveltes (Blo-Rad, Hercules, CA, USA). To this 5py of DNA was added and
allowed to rock at room temperature for 10 minutes. Cells were
electroporated with a Blo-Rad Gene Pulser at 250V and 960uF. The celis
wore rocked for a further 10 minutes, after which they were plated onto
coversllps In 35mm culture dishes at various dilutlons, and incubated at

B37°C tor 24 to 36 hours,

2.4 Production of retroviral stoclts

T optimise the efficlency of transformation, several batches of 2X BES-
buffereu sallne (BBS) (80mM {N, N-bis |2-hydroxyethyl)-2-
aminoethanesulfonic acid (BES); Calblochem, La Jolla, CA, USA), 260mM
NaCf, 1.5mM Ma,HPO,) rang'ng in pH from 6.92 fo 7,00 were prepared and
{osted as previously descilbed (Roussel et al., 1988). In brief, 3X10° NIH3T3

colis In 85mm culturs dishes were transfected uaing the calclum phosphate
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technique, with 0.1ug of pSM feline sarcoma virus {(FeSV) and 5ug of
pBluescript catrier DNA, One day post-transfection each dish of celis was
thim. 2d out and maintalned in Dulbecco's Modified Eagle's Medlum
supplementad with 5% FCS. The focl of transformed celis were scored !9 to
14 days after transfection. Only tha buffer ylelding the highest
transformation efficlency, that Is the nivst foel, was used in subsequent

axperiments.

Helper-frae retrovirug was generated by transfecting 2987 cells with both
¥ packaging DNA {provided by Owen Witte, HHM!, University of California,
Los Angeles, CA, USA) and construct DNA in retroviral vector, using the
cal¢lum phosphate precipitation method {Graham and Van der Eb, 1973,
Pear et al,, 1983) (pers. commun. Martine Roussel, St. Jude Children’s
Regearch Hospltal, Memptis, TN, USA), A day prior to transfection, 293T
cells were seeded out at 2x10° cells per 100mm plate in 10mi of medium.
For transfection, 20pg of each of W2 and construct DNA were made up to
a final volume of 450u! with deinolsed water. To this 501 of 2.5M calcium
chletlde was added, followed by the addition of 500ui of 2X BBS. Thls
solution was vortexad and Incubated at room temperature for 20 to 30
minutes, aftst which tha calcluin phosphate-DNA nilx was added dropwise

to the medium In the plates containing the 293T celis. The transfected cells
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were incubated for approximately 18 hours in the presence of 8% carbon
dioxide, after whick they were rinsed with PBS and fresh medium was
added. After a further 6 hours Incubation, a mitdmal amount of fresh
medium was added (usually 3 to 4mi). Coliection of retroviral stocks was
commenced 30 hours post-transfection and continued every 6-12 nours for
a total of 36 hours. Viral supernatants whioh wers kept on ice at all times,
were pooled, fiitered through 0.45um pore size filters and used to Infect
Fr3T3 cells. All solutions used for transfections, excluding the DNA, were

fliter stetilised through 0.2um pore size filters.

2.5 Retroviral infectlons

FraT3 cells were seeded at a density of 2X10° cells per 100mm plate 24
hours ptlor to infection. For Infection the mediurm was removed from celis,
and 2m! of virus supematant containing 8iig/ml polybrene (Sigma, St. Louis,
MO, USA) was added and allowed to Incub:ate In the presernice of 8%
carbon dloxide for 8 {6 4 hours. Growth madium was then added and cells
incubatad for a further 72 hours. At this time Fr3T3 cells were used for
transformation assayvs, focus formation, G418 selection and for the

derlvation of clonal cell lines (see sections 2.6 and 2.7).
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2.6 Transformation assays

One day prior to soft agar cloning, 2ml of botiom agar was poured into
35mm culture dishes. Noble agar (Difco Laboratories, Detrolt, Mi, USA} was
made to 1.2% In delnonised water, autoclaved and allowed to cool to 45°C,
This was diluted 1:1 with prewarmed 2X complete Iscove's Modified
Dulbeceo's Medium (BloWhittaker, Walkersvilie, MD, USA) yleiding a 0.6%
bottom agar in 1X Iscove's Modifled Dulbecco’s Medium supplemented with
15% FCS. Fr3T3 colony formation In soft agar was measurad by plating
5X10° or 2X10* cells in 0.3% noble agar in Iscove's Modifled Dulbecco’s
Madium contalning 15% FCS, onto the 0.6% bottom agar. Colony formation

was assessed 10 to 14 days eiter plating.

2.7 Focus formation, G418 selection and derivation of clonal
cell lines

Infected Fr3T3 cells wers plated out in duplicate at 2X10* cells par 100mm
cutture dish. On the following day complete medium supplemented with
800ug/ml of G418 (Geneticln; Life Technologies, Galthersburg, MD, USA) was
added to one of the dishes containing cells. Both sets of celis were
maintalnad in culture for 0 to 14 days. At this stage the unselected piates
were stained with Glemsa (see sectlon 2.8), whille the G418 selected plates

were used for the detivation of single-cell clones. Brlefly, stetile glass cloning
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rings were placed onto plagues of celis originating from a single cell, with
stetile petroleum jelly. The cells within the cylinder were trypsinised and
further propagated. Alternatively, where ciones had formed in soft agar,
these were plucked with a plpette, trypsinlsed and alse Mowed to multiply

further.

2.8 Glemsa staining

Cells were tinsed with PBS and stalned with Glemsa (CMS Staln Pack;
Blochemica! Sciences, Swedesboro, NJ, USA). The stain was left on the celis
for 1.6 minutes, after which an aqual volume of buffer 2 was added and left
for an additional 1.5 m’inutes.. Coells were rinsed with PBS and allowed to dry

In an Invertad position,

2.9 Polymerase chain reaction (PCR)

TPR-ALK and NPM-MET were genetated using a three-oligonucieotide PCR
method (Davis et al,, 1994). A®NPM-ALK and A®'SNPM-ALK were
constructed using the thermal cycled fusion method (Kahn et al,, 19980).
MSTRLNPM-ALK and ®""NPM-ALK were generated by PCR using
vligonucieotitle primers contalning engirieered nucleotide substltutions

designed to alter selected codons, Other constructs were generated by
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PCR-based mutagenesis, Reaction mixtures for thres-cligonucieotide PCRs
contained 0.5ng of each of the two templates, 100ng of both the sense and
antisense primers, 20 to 300ng of the hybrid primer, 400uM of each of the
four deoxynucleotide triphosphates (Pharmacia, Pianataway, NJ, USA), 1X
Pfu polymerase buffer and 2.51) of recombinant Pfu polymerase
(Stratagene, La Joila, CA, USA} in 50ul reactions. The reaction mixtures for
all other PCRs contained 200ng to 1pg of template, 0.5uM of each primer,
200uM of each of the four deoxynucleotide triphosphates, 1X Pfu
polymerase buffer and 2.6U recombinant Pfu polymerase in 50ul reactions.
Templates were denatured at 95°C for 5 minutes, and thirty cycles, each
consisting of 1 minute danaturation at 95°C, 1 minute of annealing at 50°C

and 1.5 minutes extenslon ai 72°C were conducted.

2.10 Llgations and transformations

Ligations were periormed using a DNA ligation kit (Stratagane, La Joila, CA,
USA). Reactlons were set up contalning an equimolar ratio of vector to
tnsent, 1mM rATP, 1X ligase huifer and 4U of T4 DNA ligase in a total
volume of 10ul. Ligation was allowed to proceed overnight at 12°C,
Subsequently, the iligation mix was made up to 25ui with water and the DNA

precipitated with 10 volumes of n-butano!l. The speedvac dried peilet was
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redlssolved in 104! of water. EleciroMAX DH10B bacteria (20ul) (Life
Tachnologies, Galthersburg, MD, USA) were pipetted into a chiiled 0.2cm gap
Gene Pulser/E. coll pulser cuvette {Blo-Rad, Hercuies, CA, USA; and half of
the ligation mix added. Electroporations were performe:d -+ €500V, 2000
and 25uF. Immediately after electroporation 0.5ml of SOC (20g/i tryptone,
59/l yeast extract, 0.5g/t sodium chloride, 2.8mM potassium chlotids,
20mM magnesium chlorlde and 20mM glucose) was added, and the bacteria
allowed to recover at 37°C for one hour. Since all the ve: - ,léad In this
study contain the ampicillin resistance gene the DH10B cells were plated out
on LB agar plates (10g/l tryptone, 8¢/l ysast extract, 10g/l sodium

chlorlde and 15g/l agar) coniaining 50ug/ml of amplelllin,

To facllitate cloning Into the EcoRl or Hindlll site of the retroviral vactor
pSRaMSVtknao (section 2.14), linkers were ligated to blunted cDNAs. All
cDNAs with §' overhangs were filled In using Kienow enzyme {Randoim
Primad DNA Labeling Kit; Boehringer Mannheim, Indlanapoiis, IN, USA).
Subsequently EcoRI or Hindlil linkers ware added by Incubating 500ng of
DNA Ingert, 2ug of phosphorylated linkers, 1mM rATP, 1X ligase buffer arid
12U of T4 DNA ligase in a tolal volume of 30ul at 12°C overnight. The DNA
in the iinker mix was precipitated by the addition of 300mM sodium acstate,

pH 8.2, and two volumes of ethanol. This was centrifuged and the pellet
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redissolved in 1X TE (10mM Trls-HC!, pH 8 and 1mM EDTA). The ¢DNA insert
with added linkers was digested with the appropriate restriction enzyme
and purified using the Geneciean li Kit (Bic 101, Vista, CA, USA), and utillsed

for subsequent ligations,

2.11 Plasmid mreparations

Bacterla expressing construct DNAs were grown in LB (10g/ ttyptone, 5¢/l
yeast extract and 10g/l sodium chioride} containing 50ug/ml of ampictitin,
All plasmids were isolated from bacterla using Qiagen Plasiid Kits (Qlagen,

Chatsworth, CA, USA).

2,12 DNA sequencing

Reading frames of the sDNA constiucts were confirmed by in vitro
transeription and translation (s#e section 2.17) followed by SDS-PAGE to
demonstrate a peptide of predicted size. The possibillty of errors
Introduced by PCR was excluded by sequencing. The dideoxy ¢haln
termination method {Sanger et al., 1877) using the Segusnase Version 2.0
kit {USB, Cieveland, OH, USA) was employed. Five pg of plasmid DNA in a
volume of 8ul was denatured by the addition of 21 of 2M NaOH and heating

to 85°C for 5 minutes. The DNA was put oh ice and neutralised by adding
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1.4 of 3M sodium acetate, pH 5.2. To this 0.5 _:of single-stranded DNA
binding protein (Stratagene, La Jolla, CA, USA), 50ng primer and 40pl of
ethanol were added. Following the placement at -20°C for at least 15
minutes, the denatured DNA-~ptimer mix was centrifuged, and the peilet
resuspended in 7ui of water. Annealing of primer to DNA was performed at
37°C for 20 to 30 minutes. The labeliing reaction was commenced by the
addlition of 2pl of 5X Sequenase buffer, 1ul of 0.1M dithiothreltol, 2pt of 1X
dGTP labeliing mix, 1wl of [a-**S]dATP (1000Ci/mmol; Amersham, Atlington
Heights, I, USA) and 2ul of Sequenase diluted 1:8 In enzyme dilution buifer,
and incubated at rcom temperature for 5§ minutes. Termination reactions
wers Initiated when 3.5 of the labelling reaction was added to each of four
tubes contalning 2.5u of one of the four dideoxynuclectide triphophates
(ddATP, dtCTP, ddGTP or ddTTR), and incubated at 37°C for 3 minutes.
Four pl of stop solution was added to each reaction. Prior to ioading,

samples were heated to 100°C and placed on lce.
Gel-Mix 8 (Life Technologles, Gaithersburg, MD, USA) was used to prepare

sequencing gels, Gels were run at 80W In 0.6X TBE (45mM Tris-boraie and

1mM EDTA, pH8).
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2.13 Primers

All primers were synthesised by the Centre of BloTechnology at 8t. Jude
Childven’s Research Hospital, Memphis, TN, USA. Nucleotides that were
altered trom the origiral 's,e'quence, 80 as to Introduce a restriction site,
mutation ¢r premature stop codon, are Indicated in lower case letters. A
short explaniation of each primer Is included to make its orlgin clear, The
sequences of clones 7-8, 20A-1, 6-250A-1 and TPR-MET in pGEM-8Z{(-) are
ilustrated In figures 2.1, 2.2, 2.3 and 2.4, respectively, and their derivation is

explained under plasmid construction ( see section 2.14).

2,13.1 PCR primers

3'-A38 The reverse complement of the sequence found at positions 645 669
in clone 7-8 (5’ GTTGTAGTCGGTCATGATGGTCGEAGAT '),

3-AC154 The reverse complement of sequences at posltions 1777-1818 In
clone 7-8 (5’ CATATTCACGTGTCaagCTTCCACGGCCGGCCCTOAAGGGAC 3). A
Hindlll site and a stop codon were engineerad.

8-AC42MOD Reverse cotriplement of nucleotides at positions 2118-2157 In
7-8 In pBS (8' CAAGCCCTGTTGCTGATAGCCaagcTTGACATTCCCICAAGGGAA

3. A Hindill slte and s stop codon were engineered.
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S'END RV-1 Corresponds to nuclectides at poélt!ons 1943-1969 in clone 7-8
(5’ ATCCTATAGCAAAGAAGGAGCCACACG 31,

S'END RV-2 Reverse complement of sequences at positions 2227-2261 In
clone 7-8 (5’ GTGTGCGACCQAIRTCAGGGCCCAGACTACTTCAT 3'). An EcoRV
site was engineered.

FLYS-24 Reverse complemant of nuclectldes at positions 1267-1290 in
clone 7-8 (5' CATGAAGGCCTCTGGGGACATCOA 8).

S'METH-33 Reverse complement of sequences at positlons 487-519 in clone
7-8 (8' ACCACACTTCAACCTTAAGAGCACTGATGGTGT 3%,

5!~A88 Polylinker of pBluescript and 5' untranslated sequences at positions
99-124 In clone 5-250A-1 (5' TAGTGGATCCCCCEG.. 3CACCTTCTCT 3Y).
§'-AC42 Nucleotides at positions 18851920 In clons 7-8 (' AGCTTGTGG
AACCCAACGTACGGCTCCTGGTTTACA 3).

5'-AC154(.+} Sequences at positions 1438-1460Q in clone 7-8 (5
AAGAACTGCCCTGGRCCTGTATA B),

SEND RV-1 Nucleotides at positiols 159-194 In clone 7-8 (5'
TATCCeCGYgCGCCTTCTCTCCTACCTAAGTGCGTG 3. A Smal site was
englineered.

B'END RV-2 Reverse complement of sequences at positions 531-554 in clone

7-8 (5' ACTAAGTGCTGTCCACTAATATGE 3').
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5'LYS-80 Nuoleotides at positions 784-843 In clone 7-8 (8’
CAGGTATCOGGAATGCCCAACGACCCAAGCCCCCTGCAAGTEGCTETGAGBACGCTG
CCT ). The lysine at amino acld position 210 was mutated to an arginine.
B'METH-60 Nucleotides at positions 181-240 in clone 7-8 (5’ -
TACCgAATECETGCCCOCACCCOATARAAGATTCGETGRACCTRRACHTRAGCCCCC
TG 8'). In addiilon to engingeting an EcoRl site, the methionines at amiho
acid positions 5, 7 and 9 were mutated o leucines.

AS-3ALK Reverse complement of setjuences at posltlons 763-789 in clone
7-8 (5 CACCTQQCCTTCATACACCTCCCCAAA 31,

AS-3'MET-APA| Reverse compiement of nucleotides at positions 925-958 In
TPR-MET in pGEM-9Zi(+) (6 CCTCTTCCTATGACTTCATTGAAATGACACAAT ),
AS-3UT-MET-H3-SALI Reverse complement of untransiated sequences at
positions 1863-1905 in TRPR-MET In pGEM-9Zf(-} (5’ CAAAGTGTCGRACTGAA
GOCTTTGACATAGTACTAGCACTATGAT 3'). Both a Saft and a Mindlli site were
Introduced into the primer.

AS-BKPTNPM-MET The reverse complement of nucleotides from the portion
of NPM Immaedlately &' of the breakpoint, and the reglon of MET Immediately
3 of the fusion junction. The italisised nucleotides are derlved from NPAT at
positions 536-556 (clona 7-8) while the othet nucledtides are from MET at
positions 725-745 (TPR-MET In pGEM-9Z1(-)) (5'
GAGATGAATTAGUAAACTGAT CTACTAAGTGCTGTCCACTAA D).
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A38-AS The reverse complement of A38-8 (§' ATGCACTAGGCCCTGAACC
ACATGCCTCTGCTTCAACAATGTG 3).

éﬁ_—ﬁ_ The nucleotldes at posltions 376-306 and 514-534 In clore 7-8
(5'CACATTGTTGAAGCAGAGGECATGTGGTTCAGGGCCAGTGCAT 3). .
AMB-B The reverse complement of AMB-C {5 CTTCCGGCGETACACTACT
AACTTCAACCTTAAGACCACTGG 3)

AMB:-C Sequonces &t positions 483-513 and §50-670 . sione 7-8 (5'
CCAGTGETCTTAAGGTTGAAGTTAGTAGTGTACCGCCGGAAG 3).

S-IMET-RV Nucleotides at positions 1688-i717 in TPF-MET in pGEM-8Zf(-)
(5’ CTGAACTGGTGTCCCGRATATCAGCGATUT 3).

S-8UT-NPM-H3 Untranslated sequences at positioris 163-189 In clone 7-8
(5’ TCCQATCaagC I TCTCTCCTACCTAAGT ). A Hindlli slfe was engineered,
8-5'UT-TPR-SMA] Untranslated ssyuences at positions 254-285 in TPR-MET
in pGEM-0Z1(+) (5" CTACCCCGE~GGSCGECTGCCACTAGRATCCOT 3), A Smal site
was engineersad,

S-BKPT-TPR-ALK Nucleotides from the portich of TPR immediataly 8’ of wie
breakpoint, and the reglon of ALK immaediately 3' of the fusion junction. The
ltalisised sequences are derived from TPA &t positions 704724 {(T"R-MET In
pGEM-9Zi(-}), whereas the other nucleotides are from Aun at positions
557-577 {slone 7-8) (5' AAGAACTTGAATACTTAACAG

TGTACCGCCGOAAGCACCAGEH 8),
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$-D64-NPM Sequences from positions 175-204 in clone 7-8 (5' CTCTCOTAC
CTAcceGgGTGCCCCCACCCOATGAATTACGAAGGCAGTCNAATTAAAGTA S). A

Smal slte was engineered,

2.13.2 Sequencing primers

AS-ALK-E# Reverse complement of sequences at positions 855-878 in clone
7-8 (6' AGGAAATCCAGTTCGTCCTGTTCA 8.

AS-KR-21 Reverse complement of nuclsctldes at positions 995-1015 In clone
7-8 (5' TCTCTCGGAGGAAGGACTTGA 8).

&gzmmm;ggg Reverse complerﬁant of sequences at positions 986-1007
in TPR-MET In pGEM-9Z{(-) (5’ TTCTTGCCATCATTGTCCAACA 3').

AS-ML-23 Reverse complement of sequences at positions 607-829 I clone
7-8 (5' TTGCTCAGCTTGTACTCAGGGOT 8).

pB&-TPR Reverse complement of nucleotides at positions 232-257 in TPH-
MET In pGEM-9Zf(-) (' GTAGAAGCGGAGAAGAAAGGCGAAGA 8).

pGEX-NPM Reverse compiement of sequences at positions 376-896 by slone
7-8 (5' TGRCOTCTGCTTCAACAATGTG 3').

RQE-NPM-3' Saquences dt positions 405-432 In clone 7-8 (5' CGAAGGCAG

TCCAATTAAAGTAACACTQ 3'),
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pUC M ].3 REVERSE In the polylinker of pBluescript at positlons 8-21 In clone
7-8 (5’ GGAAACAGCTATGACCATG 3').

S-3'MET Nuoleotides at positions 1586-1616 In TPR-MET in pGEM-021(-) (5'
TGCAAGGGAGAAGACTCCTACAACCCGAATA 3), |
5-AC~-24 Nucleotides at posltion 13?8-1-401 In clone 7-8 (5' AGCAAAAGC
AACCAGBAAGTTCTG 3)

S-KR-22 Saquentl\'.e at posltions 668-689 in clons 7-8 {§' ACTACTGCTTTGCT
GGCAAGAC 3).

S-MB-23 Sequence at positions 892-414 in clone 7-8 (8" AGGCAATGAATT
ACGAAGGCAGT 33,

sPg S’equeﬁce at positions 23-41 In TPR-MET In pGEM-3Zf(-) (6’ GATTTAGG
TGACACTATAG 3.

T7 The reverse complement of nuclectides at posltions £u@6-2115 In TPAR-
MET In pGEM-9Zf(-) and positions 2638-2657 in clone 7-8 In (5’
TAATACGACTCACTATAGGG 3).

TPR-3 Nuclestides at positions 519-641 in TPR-MET In L. GEM-8Z1(-) (5

GCCATTCAGAGCTAATTTACAAG 37
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2.14 Plasmld construction

NPM-ALIGC  Clono 7-8 Is the NPM-ALK cDNA with its 5" and 8' untranslated
{UT) ends cloned Into the""EcoFil site of pBluescript SK(+) (Stratagene, La
Jolla, CA, USA) (flgure 2.1). Since one of the EcoRl sites was d.éstroyad
during cloning, the 2.4kb NPM-ALK cDNA was excised from clone 7-8 using
Smal/EcoRV to yield template for PCRs. The §'UT and 8'JT ends of clone 7-
8 were {rimmed prior to cloning into the retroviral vector pPSRaMSVtkneo
(provided by Owen Witte, HIHMI, University of California, Los Angesies, CA,
USA) (Mulier et al,, 1991), All of the 3'UT end was trimmed, by engineering
an EcoRV site, using PCR primers $END RV-1 and 83'END RV-2, and the
2.4kb NPM-ALK cDNA as template, The resulting 318bp PCR product which
corresponds 1o the nuclestides encoding amino acids 589-680 of NPM-ALK
and 16bp of 3'UT sequance, was digested with BstEI/EcoRV 1o yield a
273bp fragment. Siridlarly, ¢lone-7-8 was digested with BsiEIl/EcoRV to
release a 610bp insett, which was replaced with the 273bp fragment. The
resulting construct was designated 20A-1 (figure 2.2). The 8'UT end was
pruned by engineering a Smal site immediataly 5' of the Kozak sequence
using PCR primers 5END RV-1 and ’END RV-2, and the 2.4kb NPM-ALK
cDNA as template. The 396bp PCR fragment which corresponds to the

36bp immedlately upstream of the start codon and the nucleotfides
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BNGEARACABCTATGRACCLTGATTACGE q,MGCTCGMATM CICACTAAAGGGAAG 60

CACCHEOGE BACTAGTAG CoCCGGACTAC 120
&__AATTCCGGCGGTTGTTCTGTGGAGLAGcGTTCTTTTATCTCCGTCOGCCTTCWCTCC 180
gaggzaagzgggggggggggirqgamaGAAGATTcdhmGencawceacnwenscccccmal 240
AGGCCCCAGRACTATCT M T W B TTATCAACTARAGGCCOACAAAGATTATCACTITARG] 300
GTGCATAATGATGAAARTCAGCACCACTTATC T ITAAGAACGUTCAGTITAGEGGCTERT] 160
GCAARGEATOAGTTGCACATTCTTEARICAGAGCCAATEAATTACGAAGGCAGTOCAATT| 420
ARAGTAACACTGGCAACTTTCAAMATATCTETACAGECARCEETTTCCOTIGAGEELTY] 4RO
GAAATAKCACCACCAGTGGTOTTARCOT TGAAGTCTCETTCAGGGCCAGTCCATATIAGTE| 540
|ecacascALTTACTACTETACOL DCOGARGCACCAGGAGE TGCARGCOATGCAGATEG™ 3] 600
CTGCAGAGLOCTGAGTACARGCTOACCAAGCTCCUCACCTCOACCATCATGACCCGACTAL| 660
ARCCROAACTACTGCT MCTCRCAAGACCTCCTCOATCAGTGACCTUARGEAGETECCE| 720
CGEAAAAACATCACCCTCATTCGERETCPGRUCTATCRCACCITTCRARAGITETATGAA| 780
GECCAGETATCCCEARTGCCCARCGACCCAAGCCCCOTECAARIARCTCTCAAGACGCTG| 840
CCTCAAGTATGOTCTGARCAGGACCAACTCOATTTOCTCATGEANGCCOTGATCATCANC| 900
ARATTCARCCACCAGARCAT TG ICGCTECATIGGGUTGAGCCTIGCANTCCOTECCCCHG| 860
PHATCCTECTARAGCTCATGECEEAGUEAGALCTCAAGTCOTTCOTCCRATAGACCEGT| 1020
GO CCGARCOAGTEOIOCTCCCTEGCCATGOTUGACCITCTACARGTRE, TeGaaac| 1080
ATELCTRTEECTCTCAGTATTPGEAGGAAMACCACTTCAT ¢ CACCAAGACAT Juoraee| 1140
ACAAACTGCOTCTTCACCTGTCCAGEECOTEGARGACTGCCCANGATTGGAGANTITCGGE| 1200
ATGGCCCCAGACATCTACAGIGCGAGCTACTATAGARAGGCACGCTETACCATGTGCCA| 1260
CTTAASTGGATCCCCPCAGAGGCCTICAT. LAGGAATATTCACTTCTAAAACAGACKCAL 1320
PEETCCTTTOGAGTCATGCTATGGEARATCI P ITOTCTIGUATATATACCATACOCCA:C] 1380
AAAAGCAACCAGEARCTTCIGEACT T TGTCACCAGTEEALGHCEGATGEACCCACCOAN| 1440
AR CTGCCCTGEGUCTOTATACCCGATAATGACTCAGTCUTEGCAACATCASCOTGAAGAL| 1500
AGGCCCAACI IO ATCATT I TGCAGAGGATTCAATAC TGCACCCAGBACCCEOATGTA 1560
ATCAACACCOCTTIGOCCATAGAATATGETCIACTTETCEALGAGGARGAGAAAGTGCCT| 1620
GTEAGECCCAAGRACCCTGAGEEGATTCCT U TCTCCTGETCTCTCAACAGGCARAACGG| 1680
BAGGAGUAGUGCAGCCOAGETGCCCOACCACCTCTGCOTACCACCTCOTCTOGCAACHOT| 1740
GOAAAGAAACCCACAGCTGCAGAGRTOTOTG T TCOARTCECTACAGEECCAECOGTAGAN] 1800
PABGEACACETEAATATUGCATICTCTCACTCCAACCOTCCTTCRCAGTTRCACARGRTC! 1860
CACGRATCCACARACAAGCCCACCAGCTTGTGEAACCOAACETACGECTCOTGETIPACA| 1920
GAGAAACCCACCAAARAGARTANPCCTATAGCAAAGARGCAGCCACACGACAGAGGTARC| 1980
CIGCGECTOAAGGOAAGCTGTACTETCCCACCTARCGTTOCAACTUGGAGACTICCEGGE] 2040
BCCTCACTGUTCOTAGAGCCCTICTTCACTOACTGCCAATAT GAAGGAGETACCITCTGTTC] 2100
 AGECTACETCACTIGCOITUPEGEARTGTCA AT TACGECTACCAGCAACAGRGUTTACCC| 2160
PIAGAAGCCGCTALTRCCCT o ACGAGGATACUATPOTGAARAGOARG] 2220
AATAGCATGAACCAGECTEAECAUTOAGCCTCGCTCGCACACTCACTTOTC TTCOTIGGGA 2280
TCCCTARGACCGTGOAGGAGAGAGAGGCAATGECTCCTICACAAACCAGAGACCAAATET 2340
CACGTTT ST I TGTGCCAACCTATTTTCAAGTACCACCAAAAAAGOTGTATTITGARAA 2400
TGCTTTAGAAAGGTTTTGAGCATCGETTCATCOTATTCTITCGAAAGAAGAAAATATCAT 2460
ARAAATGAGTGATAAATACAAGGCCCAGATETAGTTECATAAGGTTTI TATGCATGTTIG 2520
TIGTATACTICCT ATCCT T T I TAAAT TGTGTETGCTC: TCPTCAATCTAGCCGGRAT 2580
TOGATATCA GO AT CAATACCETCGACTCGAGGEREGHCCCGETACCCARTTCROCE 2640

TATAGTGAGTCGTATTAC 2658

Figure 2.1. Qlone 7-8. This clone is the N M-ALK ¢cDNA with its 5' and 3'
untranslated ends cloned into the EcoRl site of pBluescript SK{+). The
shaded area represents he coding sequence; underlined sequences
correspond with pBlueseript polylinker; and remaining sequences are the 5°
and 3 untranslated ends. (Genbank accession number HSU04946),
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WggcGc%mscmccccwcm@&cznggm&gcgggg_c_%cgeg 120
AGGAATTCCCECERTIETTCTOTGGAGCAGCATTCTTTTATCTCCATCCGCCTTCTCTCS 180
TACCTAAGTGCGTGUCCCCACCUGATCGAACATTCEATGGACATGAACATAAGCCICCTG] 240
AGGCCOCAGAACTATCT T MICEETTATEAACTAARGECCEACAAAGATTATCACTTEAAG| 300
| GTAGATAATGATGARAATCAGCACCAGTTATCTTTARGAACGRTCAGTITAGGGECTGRT] 160
acnaAGGATGAGTmGcacawmamTGAAGcasnaGcxnmﬂanwmacGAAGG&AGwccmamﬁj 420
ABACTAACACTGGCAACTITGAAAATCTCTGTACAGCCAACGATITCCOTYGREGECTTY| 480
GARAPAACALCACCAGTGETCT TAAGATTGAAGTGTCATTCANCGCCAGTACATAITAGT| 540
ggcngcaqTTAGmncjﬁbhccacceGAAGcnccAGaaacmecaaeccawsca&amaaae 600

CAGA. =JCTEAGTACAAGCTEAGCAAGCTCCRCACCTCOACCATCATAACCEACTAC] 660

CCCAACTACTECT I TACTECCAASACCTCCTOCATCAGTCACCTGAAGGAGGYGCUe] 720
COGAAARACATCACCCTCATTCOGGGTCTHIGOCATARCACCTTTCEUGAGGTETATEAR] 780
GGCCAGGTATCCEEANTACUCAACTACCCARGCCCCCTGCARGTGACTCIGRAGACECTG| 840
COTCARGTETGCTCTGAACAGOACOARCTGOATTTCCTCATCEAAUCCCTGATCATCAGY] 900
AAATTC 1bcaccacnacawmemmcecTscawwaeeswaaeccchanmcccweccccea; 960
TTﬂAEQCTGCTGGAGCTCATGGCGGGGGGAGACCTCAAGTCCTTCCTCCGAGAGACCUGC-1020
COTNECCOANCCAGCOCT T TCTAECCATECTGEACE TTCTGCACOIGRCTCORGAC] 1080
ATTGECTETGECTETICACTAT T TGGAGGAAAACICACTTICATCGACCRAGAATTGLTECC| 1140
AGAAACTGCCTCTPGACCTRTCCAGGCUCTGEAAGAGTCACCAAGATTGGAGACTICGAR] 1200
ATGGCGCOAGACATCTACAGGECCAGL TACTATAGARAGOGAGECTGICCLATECTGORA| 1260
GTPAAGYCGATGCCCCCAGAGECTICATOOAAGGAATATTCACTACTAALACAGRCACA] 1320
TRGTCCHTTCEAGTGOTCOTATAGCARATC I TTTCTCTY AGATATATGHCATACTRCAGE] 1380
AABAGCLACCAGRAAGTICTCERGTITGTCACCAGTORABGCCEGATAOACUUACCCAAG] 1440
ARCTGCOCTECGCCTETATACCOUATAATGACTCAGTECTEOCAACATCAGTCTCAAGAL] 1500
AGGCCCARCTTTGCCATCAT I TTGSAGAGGATECAATACTGCACCCAGEACCOEGATETAl 1560
ATCAAGACCOCTTOCCEATAGRATATGRICCACT TG TGGAAGAGCAAGAGAAAGTGLET] 1620
GIBAGHCCCAABGACCOTCAGGREAETTCOTCCTCTCOTGETCTCNCAACAGECARAACGG] 1680
GAGGAGEAGCGUAGCCCAGLTGOCCCACCACCTC TGO TACCACCTECTCTAGCARGACT] 1740
GUAAAGAAACCCACAGCTGCARABGTCICTRTTCOAGTCCCTAGAGRRCCEGECeTAGAA! 1800
GECGCACACETGAAIATGCCA T CTCIGAGTCCAACCOTCOTICCEACTIGCACAAGHTC] 1860
CACGGATCCAGARACAACCCOACCAGCTTATECAKCCCAACOTACGGUTCUTGETTTACA] 1920
GAGAAACCCACCAAAAAGAATAATCCTATAGCAAAGAAGEAGUCACACRACAGEIGTAAC] 1980
CPEGEECTAGAGERANGCTETACTOTCCCACCTANCATIGCAACTAGCAGACTICCGEGA] 2040
QCCTCACTROTCQIARAGCCOTOTTCAOTGACTGCCAATATGARGGABETACCTCTGTTC! 2100
AGGLIACGTICACTTCCOTTRTEEEAATGTCANT TACGHCTACTAGCAACAGRACTIGCCC| 2160
TrAGAGCCACTACTECCCCTAOACCTEGTCATTACGAGEATACCATTE GAAS AT NG| 2220

ANPAGCATGARCCAGCCTGECCC GA'I'gTCQ_A_GCETAECG&EACCGECG&CCECGAGG 2280
GOEGEGCOCHETACCCAATTOGCCO cQTATTAC 2341

Figure 2.2. Clone 20A-1. The 8’ untranslated sequence from clone 7-8 was
timmed, The shaded area represents the coding sequence; underlined
sequences correspond with pBluescript polylinker; and remalning sequences
ara the &' and 8' untranslated ends.
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encoding the first 117 amino &cids of NPM-ALK, was digested with
Smal{Affl to produce a 334bp Tﬁagment. Clone 20A-1 was also digested
with Smal/Afll to [tberate a 388bp Insert, which was substituted with the
334bp fragment. This construct which was termed 5'-250A-1 (figure 2.3),
was digested with Smal/EcoRV, and Hindiil linkers (New England Blol.abs,
Beverly, MA, USA) were added. This 2088bp insert was subsequently cloned
into the Hindlll site of pSRaMSVtkneo (prepared by Mark Kirstein in the
laboratory of S.W. Morris).

JPRMET: A 1.99kb EcoRt TPR-MET insert with Its 5'UT and 3'UT ends
{provided by Morag Park, McGili University, Montreai, Canada) was cloned
Into the EcoRl site of pSRaMSVikneo. The 1.96kb Insert was used as
template for PCRs,

TPR-ALK: This chimaera was generaied using both the 2.4kb NPM-ALK and
1.99kb TPR-MET cDNAs as templates, and PCR primers S-5'UT-TPR-SMAI, S-
BKPT-TPR-ALK and AS-3'-ALK. The 708bp FOR product which encompasses
44bp of 5'UT sequence and the nucleotides encoding the entire coding
reglon of the TPR portion inTPR-MET and the nucleotides encoding amino
aclds 118-195 of NPM-ALK, was digested with Smal/Nar to yield a 665bp
fragment. The Smal/Nar digestion of clone 20A1 released a 645bp insert
which was replaced with the 665bp fragment, This construct was

sequenced using ptimers pUC M13 REVERSE, pBS-TPR, TPR-3' and
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mcgaa&acwce CGCGGTGGCGGC‘CGCTCT GAAC'I‘AG'I‘GG 'I‘CC.' GG’JCGCC'I"I‘ 120
cmmecmncc‘aAGTGcaTGcccccacccaawdbiﬁﬁnmTCGATGGAQA%%EAQK&GAG@ 180
O TOAGGCLCCAGARCTATC TT I CGE T TG TAAACTARAGGCCGACARAGATTATCAC| 240
'z-frTmaGmﬁmmmammmmmcaccmmmrcmmaamcmm@rp*rimc;a 300
ecmGewaaaanaaawaaawwacacamwGTTGAAGcaaasecnaweaammacaAaéecaaw 360
CCARNTAAAGTAACACTGECAACTTTGAAAATETCTGTACAGCCAACGRTTTCOOTTGRE] 420
GECTTTOAAATARNACCACCAGTGGT CTTAAGETTGARGTGTACTTCAGGECCAGTACAT| 480
ATTAGTICACAGCACTTAGTAGIETACCGCCGGANGCACCAGGAGCTGCAAGCIATGUAGE 540
APEOAGCTECABANCCCTEAGTACAACCTGAGUARGCTCOT 2ZACCTCRACCATCATEACT] 600
GACTACARCCCCAACTACTECTITGCTEOCARGACCTCCTCCATCACTAACCTOARGEAG] 660
GTOCCECEERARARCATCACRCTCATTCRECRTCTERGCCATERCGCOTTTGRG AGETE]| 720
TATEAAGGCCAGGTUTCCGRAATGRCCARCGACCCAAGCCCCOTGCAAGTGUCTETCARG] 780
ACGETGCCTOAGTGIGCTCTCAACAUGACCAACTGEATITCCTCATCRAAGCCCTGATS] 840
ATCAGCAAMY naccaccAsAAcAwwsmwcscmucnwwcaecmsa@bcwecaawccrmc 900
CCCCGEETTCATCCTRCTGGAGOTCATGRCGEEGHCAGACCTCAASTCCTICCTCOMAGAG] 960
ACCCECOC T CEC OO GAGCCAGC LI COTOCCTRECCATGRTERACCTTCTACACEHTERCT| 1020
CGGGACAT T ECOTaTECCTOTCAGTAITICGABGAARACCACTTCATCCACCGAGACATT| 1080
GCTECCAGAAACTECCTCTTRACCTCTCCAGECCOTACAAGAGTGECCAAGATTGAAGAC] 1140
TPCGEGATEGCCEAGACATCTACAGGESUAGCTACTATAGAALGGGAGECGTGCCATG] 1200
CRGCCAGTTAAGTGEATGCOOCCAGAGECCTTCATGGAAGGAATATICACT TCTAARACK] 1260
GACACATOUTUCI TEGAGTGCTECTATGGEAAATCTTTTC TCTIRGATATATGCCATAC] 1320
COCAGCAARARCAACOAGOAAGTTCTGEAGT T TGTCACC AGTUAAGECCGBATEGACCCA] 1380
CCCAAGAACTECCCTGEHCCTETATACCEGATAATGACTCAGTRCIGECARCATCAGECT| 1440
GAAGAUAGRONCAACT M TGECATCAT I TGGAGAGGATTGAATA TGCACCCAGGACCCG] 1500
GATGTAATCAACACCGCTTIGCCOATAGAATATGETCCAC TTCTECAAGAGUAAGAGANA| 1560
GTEUCTEICAGECOCAAUGACCCTOAGEEEETTCCTCCTCTCCTAGTCTCTOAACAGGCA| 1620
BARCEAGAGEAGEAGCHCAGLOCAGCTGCCCCACCACCTOTACCTACCACCTCTTETCGS| 1680
AAGGCTGCARAGAAACCOACAGDTOCAGAGETCTCTETICEAGTOCCTAGAGGACCAare] 1740
GTGEANGGEASACACHTEAATATGECATTEICICAGTCCAACCCTCCITCEERGTTIGCAL] 1800
AAGGTCOACBEATOCAGAAACAAGCCCACCAGOIMTGTEEALCCCARCGTACGGRTCMTGE] 1860
DTPACAGAGAAACCCACCAMAAAGAATARTCCTATAGCAAAGAAGCAGCCACACGACAGE] 1920
a@QhaccmsaaGcmaaaeaenaGcmawacmumcccAccwaacemmecaacmeesaeacmw 1980
CCGGEGGCTTCACTOOTCCTIAGAGCCOTCITCGCTOACTGCCAATATGAAGGAGMTACCT] 2040
CTG T T AGECTACG AT O OO T TG TGGEAA TG TCAATTACGSCIACCAGLALCABCRC] 2100
PrGCCCTIAGAAGUCECTACTGCOCCIGGAGCTEETCATTACGAGGATACCATIOTGALAL 2160

_&ggmgz&ggmg}mgmgamgr' GATA m&ccwagcegmgcegcagccz 2220
i CEETA : AGTG! TATITA 2267

Figure 2.3. Clone & 250A-1. Most of the 5 uniranslated end was removed
from clono 20A-1, The shaded area represents the coding sequence;
underlined sequences correspond witn pBiuescript polylinker; and remaliiting
sequencas are the §' and 3' untranslated ends.
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AS-ALK-24. The 2155bp TPR-ALK was exclsed with Smal/EcoRV, EcoRl
lIinkers (New England BioLabs, Bevetly, MA, USA) were axded, and the
chimaeric construct ligated into the EcoRl site of pSRaMSVikneo.

NPMMET: The 1.99kb Ecaﬁi TPR-MET cDNA insert was cloned Into the EcoRl
slte of plasmid vector pGEM-9Zi(-) (Promega, Madison, Wi, USA) (figure
2.4). To generate an NPM-MET chimaera with the 5'UT end trimmed, the
same DNA templates were utlised as for the construction of TPR-ALK,
together with PCR primers 8-5'UT-NPM-H3, AS-BKPT-NPM-MET and AS-3'-
MET-APAI. The 628bp PCR iragment which corresponds to 42bp of 5'UT
sequence and the nucleotides encoding the entlre coding region of the NPM
portion in NPM-ALK and the nucleotides encoding amino acids 143-220 of
TPR-MET, was cut with Hindili/Apal to yield a 557bp fragment. TPR-MET In
pGEM-8Zf(-} was digested with Hindlll/Apal to iiberate an 856bp Insert
which was replaced with the 557bp fragment (designated clone 626), Clone
626 was sequenced using primers SP6, pGEX-NPM, pQE-NPM-3' and AS-MET-
801-922, To trim the 8'UT end, the 1.99kb TPR-MET cDNA fzmplate and
PCR primers S-3'MET-RV and AS-3'UT-MET-H3-SALI were used. The resﬁltlng
218bp PCR product which encompasses the nucleotides encoding amino
aclds 464-523 of TPR-MET énd 39 nucleotides of 3’'UT sequence, was
digested with EcoRV/Sall to yleld a 188bp fragment. Clone 626 was

digested with EcoRV/Salt 1o release 379bp, which was substituted with the
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NTCOACTTGGTCAGCGECCGCAGATTTAGGTCACACTATAGAATATGCATCACTAGTANG 60
CTTTGCTCTAGACTGGAATTCCEECOGCEECCETECAGETECTETTECTGARACTGRCCECT 120
GAGGETAGACTCAATTITCOCAGRETCORCCGCGEEAGTCTCCGOCEERCEEECATETECGA 18D
GQUCACCUARCEAQGTRATAGAGGUHGUGECOCAGRLGTOTAGTOCTCLTGETCMCGECT 240

CTPCPCCa cocaT CCGC_'I‘GCC CTPREEATCOCTAECO0 caadard| 300
eccqcsawswrecaadaaawcc&gGascGcanGeaecweaaaaaecmecccnaewcwerc 360
CAGAACARACTTEAARAGTICCTIGHTGATCGGCALTCCRRGATCEANGGCCTGARGGEG] - 20
CGECATGAGAAATTTAAGGTGGAGAGUGALCARCAGTATITTIGAAAIAGAARAGACATTG| 480
PCCCACAGTCAGGAGAGACTTOTCAATGAAACCOOAGAGTORCARAGCTTGCCGUTTOAG| 540
CTAGCAGAAACTCAACAATCAACTGAAGICACTARCTGAGAAAAACAAAGAACTTGAAATT]| 600
GRTCAGEATCECAATATTGCCATTCAGAGCCAATTTACARCAACARAGGAAGAATTAGAA| 660
BOTGAGCAAAAGAGACTTARTTAGAACC AATGACAGACTATCTCAAGAACTTGARTACTTA| 720
A AT CAGT T ICC T AN TCATCTCAGA AL GETTCATGCCOACAAGTACARTATCOTC S 780
ACAGACATGICCCCCATCCTAACTAGTEOGGACTCTGATATATCCAGTICATTACTGCAA] 840
anwacmamc;ncamwsaccwcasmecmcmaaamccasaacmasmceanecnemccaecnm 900
GTAGTGATTGCECCCAGTAGCCTGATTGTGCATITCAATGAAGTCATAGGAAGAGENCAT| 960
GG T GG TATAY CATGEEACT TG T TGGACAATG I GECAAGAAA AN CACTE T 1020
GYGADATCC T CAACACAATCACYGACATAGGAGARGTIICCrAATITCPEACCGAGEEA| 1080
ATCATGATGAAAGATTITAGTCATCCCAATETCCTCTCECTCUTCUGAMTCTGCCTGAGA] 1140
AGTGARGGGTCICCECTGETGGTCOTACCATACATGAAACATIGAGATCTTCGARATITC] 1200
ADTCGAAATUAGACTCATAATCCARCTGIABAAGATC AT TGGCTTTGETCTTCARGTA| 1260
O CARAGCCATGARATATCTRECAAGCAAAARGTTTGTCCACAGAGACTIOCCTGCAAGA] 1320
AACTGTATGCTEGATEARAAATTCACAGTCAAGHTTECTOAT I ITGRTCTTUCCAGAGAC] 1380
ATGTATCATAAAGAATACTATAGT ZTACACAACARMACAGGTGCANAGCIGCCAGTGANG] 1440
TGGATGHCTITCEAAAGTCTECAAACTCAAAAGTTTACCACCAAGTCAGATETGTGETCC] 1500
TGGRGTCETCCTCIGUGAGCTCATGACAAGAGEAGCCCCACCTTATCCTGACGTAAAC] 1560
ACCTPTUAPATAACTETTTIACT TCTTGCAAGCEAGAAGACTCCTACAACCCEAATACTEC] 1620
CCAGACCOCTTATATGAAGTAATGCTAAAATGCTGECACCCTAAAGCCGARATGCGCCCA] 1680
TECTTTTCIGAACTGETGTCCCGRATATCAGCGATCTTCTCTACTTTCATTGAGGAGTAC] 1740
TATGICCATEICAACGCTACTTATCTGAACCTAAAATC TG TCECTCGTATCCT CTCTE]| 1800
PIGTCATCAGARGATAACGCTGA TGATGAGE TEEACACACEACCAGCCTCOTTOTGARAG| 1860
ACATC dﬁi&mGciadﬁacinﬁemﬁiiaeﬁigbAemccacaémmwsmc&anmc&wmﬁbiﬁb 1920
ACTGCCTEACCTI I AARAGUCCATCGATATTCTTIGCTCCPTGCCATAGRACTTATAITE 1980
PIATTTAAATTACTCCATTCTAAGCAAT T ICTTATCTEACAGAGCATCAGAACCAGAGAEE 2040
TTGGTCCCACAGGCCAGGGACCM‘I‘GCGCTGCRGGCCGGMTTOGQCGACGAGCTC CCTA 2300

TAGTGAGTCGTATTAGAGSCOCOACTIGACOALD, 2133

i

Figure 2.4, TPR-MET in pGEM-9Zi(-). The TPR-MET cDNA with its 5’ and 3'
untranslated ends intact was ciohed Into the EcoRl site of pGEM-9Z(-).The
shaded area raprasents the coding sequance; underlined sequences
correspond with pBlusescript polylinker; and remaining sequences are the &'
and @' untranslated ends. (Genbank acsession number HSU19343).
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188bp fragment. This construct was sequenced utillsing primers S-3'MET
and T7, This 1848bp chirmaeric construct was digested with Hindlll and
subcloned into pSRaMSVikneo.

MelTISNPM-ALIG.  Methlonines &t positions 6, 7 and 9 were mutatad to
lsucines. The NHM-ALK ¢DNA was excised from pSRoMSVikneo/NPM-ALK
with Hindill and cloned Into pBiuescript SK(+) (cione pBS/NPM-ALK). PCR
was performed using the 2.4kb NPM-ALK ¢DNA as teraplate with primer
pair 5"METH-60 and 3-METH-33. The 338bp PCR fragment which
corresponds to 24bp of 5'UT sequence and the nucleotides encoding the
first 105 amino acids of NPM-ALK, was digested with EcoRi/Afll to produce
a 316bp fragment. Similarly, clone pBS/NPM-ALK was digested with
EcoRVAf to iberate a 356by Insert which was replaced with the 316bp
fragment. The construct was sequenced using the pUC M13 REVERSE and
AS-ML-23 primers. This 2057bp mutant construct was cloned into the
EcoRl/Hindll sites of pSRaMSVikneo.

KRIRNPM-ALK:  The lysine residue at pasition 210 was mutated to an
arglnine. PCR ptimers §'.LYS-60 and 3'-LY§-24, and the 2.4kb NPM-ALK
cDNA template were used to generate a 507bp product. This PCR product
which corresponds to the nucleotidas ehcoding amino aclds 194-362 of
NPM-ALK, was digested with BspEl/Siul to yield a 492bp fragment. At the

same time clone 5-250A~1 was diqested with BspEl/Stul to liberate an
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insert of 482bp, which was substituted with the mutated 492bp fragment.
This construct was sequencad utllising primers S-KR-22 and AS-KR-21. The
2083bp mutant construct was subsequently cioned into pSRoeMSVitkneo
using the same procedure as for pSRaMSVikneo/NPM-ALK,

ABNPM-ALK: Amino acids 104 to 115 of NPM-ALK were delsted. Two PCR
reactlons using the 2.4kb NPM-ALK cDNA as template were set up in parailel
using primer palrs (1) 5’END RV-1 and AMB-B, and {2) AMB-C and AS-3-
ALK. The products of these reactions were used as templates for further
PCR using primer pair 8'END RV-1 and AS-3-ALK. The resulting 595bp
product which encompasses 36 nucleotides of 5'UT sequence ant the
nucleotides encoding arnino acida 1-195 of NPM-ALK, excluding the
nucleotides encoding the putative metal-binding reglon, was digested with
SmaliNan to give a 657bp fragment. This fragment was cloned into |
Smal/Nan-digested clone 20A-1 and sequenced using the pUC M13
REVERSE, S-MB-28, pGEX-NPM and AS-ALK-24 primers. The 2C 47bp mutant
construct was cloned into pSRaMSVtkneo using the same procedure as for
pSRaMSVikneo/ TPR-ALK.

AYMNPMALIC Amino aclds *-64 were delated from NPM-ALK, Utllizing the
2.4kb NPM-ALK ¢DNA as template and PCR primers §-D64-NPM and AS-3'-
ALK, ylelded a 423bp fragment. This PCR fragment which encompasses

30bp of §'UT sequence and the nucleotides encoding amino acids 65-195 of
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NPM-ALK was digested with Smal/Nar! to yield & frag.ment of 377bp. The
377bp fragment was cloned inio Smal/Nar-digested clone 20A-1 and
sequenced utiilsing primers pUC M13 REVERSE and AS-ALK-=24. The 1887bp
construct was subcloned Into pSRaMSVtkneo In the same manner as for
pSRaMSVikneo/ TPR-ALK.

ASVOINPMALK. NPM amine acids 65 io 103 were deleted, In the first round
of PCR, two seis of reactions were performed using the 2.1kb Xbal/EcoRV
NPM-ALK c¢DNA insert from clone 5-250A-1, and primer palrs (1) 5'-A38
and A38-A8, and (2) A38-S and 3'-A88. The above PCR reactions setved as
templates for a second round of PCR using primers 5-A38 and 3'-A38. The
resulting 894bp product which correéponds to 52 nucleotides of 5'UT
sequence and the nucleotides sncoding amino acids 1-64 and 104-155 of
NBM-ALK, was digested with Smal/Bipl to yielc a 340bp product. Clone 5'-
250A-1 was also digested with Smal/Bipl to liberate a 457bp Insert, which
was replaced with the 340bp fragment. This mutant was sequenced using
the pUC Mia REVERSE and AS-3"-ALK primers. The 1866bp deletion mutant
was ligated Into pSRaMSVtkneo as davotibed for pSRaMSVEkneo! TPR-ALK.
ASTENPMAALIC The 154 carboxy-terminal amine aclds were deleted, and a
stop codon Inserted, PCR was performed with the 2.4kb NPM-ALK cDNA
template and PCR primer palr §-AC154(+) and 3'-AC154 to yleld a 381bp

product, The PCR product which corresponds to the nucleotides ancoding
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amino acids 412-538 of NPM-ALK, was digested with Bst?1071/Hindlll to
yleld a 341bp product. Clone 5"250A-1 was aiso digested with
Bst1107V/HIndIll to release a 794hp inssrt, which was replaced with the
341bp product. The construct was sequenced utllising primers S-AC-24 and
T7. The 1634bp mutant construct was exclsed with Smal/Hinall, Hindi|

linke!s were added and the insert was subcioned into pSRaMSVikneo.

2.158 Antisera

Anti-ALK #11 is a rabbif polyclonal antiserum directed against amino acid
residues 419-520 #. NPM-ALK (Mortls et al., 1996). The murlne manoclonal
antibody ALK-1 was also prepared using NPM-ALK residues 419-520 as an
immunogen (Pulford et al., 1996). Anti-MET rabbit polycional Ab143
(proviced by Morag Park, McGill University, Montreal, Canada) recognises
amino acids 514-523 of TPR-MET, whereas the h-MET (C-28) antibody
{Santa Cruz Blotechnology, Santa Cruz, CA, USA) is a rabbit polyclonal (gG
which recognlses the 23 carboxy-terminal amino acids of the human c~MET
p140 B chaln (Rodrigues et al., 1991), The antl-phosphotyrosine PY-20 s a
mouse 1gG2b monocional antlbody; the two SHC antibodles used ave a
mouse monoclonal Ig@1 antibody, and a rabbit affinity purified polycional

antibody, both directed against amino aclds 359-473 of the Intact human
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protein (Transduction Laboratories, Lexington, KY, USA). Antl-B23 is a
murine polycional antibody directed against the entire 38kD NPM (provided

by P.K. Chan, Baylot College of Medicine, Houston, TX, USA).

2.16 Immunofluorescence

COS-7 celis were electroporated with the indicated DNA constructs and
grown on coverslips 24 to 36 hours prior to immunostaining, SUP-M2 and
K562 cells were cytospun onto glass silides, Cells were fixed with 4%
paraformaldehyde In PBS for 16 minutes, washed twice with PBS and
parmeabilised with 0,2% Triton X-100 In PBS for 10 minutes, The fixed cells
wera biocked in 5% dty milk in PBS for 80 minutes and subsequently
incubated with elther monocional ALK-1 (neat) or h-MET (C28) (diluted
1:600) In PBS for 30 minutes. The cells were washed six times with PBS anu
then incubated for 30 minutes with fluorescein (FITC)-conjugated donkey
anti-rabbit or antl-mouse lgG (dlluted 1:100) (Jackson Immung-Research,
Waest Grove, PA, USA). Following another six washes with PBS, the DNA was
counterstained with 1.5ug/m! of 4', 8-diamidine-2'-phenylindole
dihydrochloride (DAPI; Boehringer Mannneim, indlanapolis, IN, USA) in PBS for

5 minutes. The coverslips were mounied onio slides with Vectashield
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(Vector Laboratorles, Burlinganie, CA, USA) and examined under an

Qlympus BX50 fluorescent microscope (Olympus, Japan).

2.17 In vitro transcriptlon and transiation

In viiro transcription and translation was performed utillsing the TNT
Coupled Reticulocyte Lysate Systemns (Promega, Madison, W, USA) as per
package Instructions, The isotope utliised was L-[*S)methionine

(1000CKmmol; Amersham, Arlington Helghts, 1L, USA).

2.18 Immunoprecipitation

Cells were washed with PBS and lysed with Nonidet P-40 {NP-40) lysis buffer
{25mM Tris-HCI, pH 7.5, 150mM NaCl, 1% NP-40, 44ng/ml aprotinin, 1.4xM
phenylmethylsylfony! fluoride, 2mM ethylenediamine-tetraacetic acid and
1mM sodium orthovanadate). Cell lysatas were centrifuged and the
supernatants were incubated with the appropriate antlserum for 2 hours at
4°C, and immune complexas were collacted on proteir A-Sepharose CL-4B
beads (Pharmac'~. Plscataway, NJ, USA) by incubation at 4°C for one hour,
The beads were washed four times with NP-40 lysis buffer and resuspended
In éx Laemmll sample buffer (62.5mM Tris-HCI, pH 6.8, 2% sodium dodecyl

sulphate, 10% glycerol, 5% B-mercaptosthanol and a pinch of bromophenot

B2



blua), bolled and subjected to reducing sodium dodecyl sulphate «

polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmili, 1970},

2.19 Immunoblotiing

Immunoprecipitates were prepared as described (see section 2.18),
resolved by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF)
membranes (Immobllon-p; Millipore, Bedford, MA, USA) using a TE70
SemiPhor Transifer Unit (Hoefer Sclentiflc Instruments, San Fransisco, CA,
USA) | . transfer buffer containing 48mM Trls, 329mM glycine, 0.037% sodium
dodecyl sulphate and 20% meathanol. Membranes were blocked in 3% dry
milk Ih PBS for one hour at room temperature and incubated for a further
two hours with the appropriate antlbody in blocking buffer, Following three
times 5 minute washes with PBS containing 0.1% Tween-20, membranes
wers incubated with either :_antl-rabbit lgG conjugated with horseradish
peroxldase {1:2000) or gamma chain spacific ant-mouse Ig& conjugated
with horseradish peroxidase (1:3000) (Zymed, 8. San Fransicc. CA, USA))
for ona hour at room temperature, Metnbranes were washed as stated
above, and immunoreactive proteins were detected by enhanced

chemiluminescence {ECL; Amersham, Arlington Heights, IL, USA),
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2.20 In vitro protein kinase assays

Immunoprecipitations were carried out as described (see section 2.18),
immune complexes were washed three times with NP-40 lysis buffer and
twice with kinase bufier (26mM Hepss, pH 7.5, 6.25mM MgCl, and 12.5mM
MnCl,}. Following the addition of 20nCi of [v-*PJATP (60U0CHmmol, Duponi
NEN, Boston, MA, USA) in 10l of kinase buffer contalning 100uM sodium
orthovanadate, samples wers incubated at 37°C for 30 minutes. An squal
volume of 2X Laemmli sample buffer was added and phosphorviated

protelns were analysed by SDS-PAGE.

2.21 Sucrose gradlent sedimentatlon

Stable transfectants and SUP-M2 cells were lysed In elther NP-40 lysls huffer
or GSK buffer (10mM Pipes, pH 7, 100mM KCI, 0.5% NP-40, 300mM sucross
and 3mM MgCl,). LySatés were layersd over 4.5-ml gradients of 5 to 20%
sucrc..e in oither NP-40 lysls buffer or 20mM Tris-HCI, pH 7.5, 100mM NaCl
and 0.1% NP-40, Gradients were centrifuged at 4°C for 6 to 8 hours In &
Beckman SWE0.1 rotor at 456 000rpm, Fractions of 250p! were collected
from the top of the gradient, Immunoprecipitated with eiiher antl-ALK #11
or antl-MET Ab1483, and assayed /n vitro for kinase activity or subjected to

Waestern blotting following SDS-FAGE. Native molecular weight markers
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(horse apoferritin (443kD), Bramylase (200kD), alcotivl dehydrogenase

(150kD), bovine serum albumin (66kD) and carbsiic anhydrase (29kDj)

'fSigma_,*'St. Louls, MO, USA)) were analysed In parallel gradients. These

fractions were mixed with an equal voiume of 2X Laemmli sample buffer,
rasolved by SDS-PAGE, and detected by stalning the gel with Coomassie

blus.

2.22 In vivo tumorigenicity assay

Clonal stably transfected Fr3T3 or parental cells (5X10%) were washad with
PBS and resuspended in 200ii PBS. The cells were injected subcutaneously

into the back of NOD/L{Sz-scid mice (Jackson Laboratories, Bar Harbor,
7
ME, USA) (Shultz et ai,, 1985). Tumouq.f;"formatlon was monitored for 10

weoks.
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3. RESULTS

8.1 Translent expression of NPM-ALK, TPR-MET and mutant
proteins In COS-7 cells

Followlng the cloning of the DNA constructs into the retroviral vector
pSRuMSVikneo (section 2,14), the consiructs were tested for expression In
COS-7 cells. Lysates from transfgcinq COS8-7 celis (section 2.3) were
immunoprecipitated with the app:rd'pt;iate anttbedy, and expression was
assessed by elther /n vitro kinase assay or by immunoblotting (sectlons
2.18, 2,19 and 2.20). Consistent with the calculated molecular mass, each
Immunoprecipitated protein migrated at the expected slze: NPM-ALK,
75kDa; TPR-MET, 80-65kDa; TPR-ALK, 78KDa; NPM-MET, 55kDa; M*NPM-
ALK, 75kDa; "'""INPM-ALK, 75kDa; AM*NPM-ALK, 74kDa; A*NPM-ALK, 68kDa;
ARNPM-ALK, 71kDa and AS™NPM-ALK, 58kDa (figure 3.1 A and B). For
reasons unknown, A*NPM-ALK and A¥NPM-ALK did not exhiblt in vitro kinase
activity In transfected COS-7 cells, and thus the immuneprecipitates from /n
vitro transerlbed and translated protein (section 2.17) were tested for In
vitro kinase activity. Both AM*NPM-ALK and ANPM-ALK expressed In this

way exhibited catalytic astivity /n vitro (figure 3.1 C),
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Figure 3.1, See figure legend on the following page.
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Figure 3.1. NPM-ALK, TPR-MET and enginesred mutants are efficlently
expressed In COS-7 cells. (A), (B) COS-7 cells were translently transfected
with the indicated DNA constructs In the retrovirat vector pSRaMSVtkneo,
and tesied for expresslon. (A} Cataiytic activity of NPM-ALK mutanis was
tested by in vitro kinase assays, as desctibed in section 2.20 of Materiais
anhd Methods. Lysates from COS-7 transfected with empty vector (lans 1),
NPM-ALK, TPR-ALK, V"™ NEM-ALK, A*'SNPM-ALK or A“*NPM-ALK, and
from the SUP-M2 cell line were Immunoprecipitated using anti-ALK #11
(14100). Lysates from COS-7 transfected with empty vector (lane 2}, TPR-
MET and NPM-MET were Immuncprecipitated with anti-MET Ab143 (1:1000).
(B} Lysates from COS-7 transfected with the indicated DNA construgts
wera immunoprecipitated with anti-ALK #11 and immunoblotted with ALK-1
(1:500). (C) Because the /n viiro autokinase activity of the A™NPM-ALK and
A¥NPM-ALK proteins expressed In COS-7 cells was difficult to demonstrate
for reasons unknown, in vifro transcribed and translated protelns were
immunopracipltated with antl-ALK #11 and ested for in vitro kinase
activity, Ali proteins were resolved by 7.5% SDS-PAGE. Each protein Is
indlcated by an arrowhead: NPM-ALK, 76kDa; TPR-MET, 60-65kDa; TPR-
ALK, 78kDa; NPM-MET, 58kDa; ““"*‘NPM-ALK, 75kDa; *""NPM-ALK, 75kDa;
AMNPM-ALK, 74kDa; A¥NPM-ALK, 68kDa; A*"NPM-ALK, 71kDa and
APNPM-ALK, 58kDa. The high molecular mass bands seen in (A) lanes 3, 7,
and 8, and (B) lanes 2 and 5, probably represent oligomeric complexes of
the Indicated proteln that are too large to be resolved In these gels.
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3.2 Transformatlon of Fr3T3 fibroblasts by NPM-ALK

Td test the oncogenic potential of NPM-ALK, the entire coding sequence was
cloned Into the retroviral vector pSRaMSVikneo (section 2.14) (Muller et al,,
1991). Helper-iree retrdv!ral stock, prepared by translent hyperexpression
in 2037 cells co-transfected with this NPM-ALK construct together with the
y2 packaging construct, was used 1o Infect low-passage-number Fr3T3
fibroblasts (sectlons 2.3, 2.4, 4,6 and 2.6) (Pear et al., 1993). Fibroblasts
infected with retroviral stock prepared using “empty” pSRaMSVikneo as a
control did not yield arichorage-independent clones in numbers greatsr than
obsarved as spontaneous background with the parental Fr3T3 cells (figure
3.2 A and B). By contrast, cells infected with NPM-ALK retroviral stock
formed multiple anchorage-independent clonas of densely packed cells which -
were visible 5 to 14 days after plating In soft agar (figure 3.2 C), Fr3T3
ceils infected with retroviral stock prepared using the TPR-MET construct
were used as a positive control (Fixman et al., 1895; Rodrigues and Park,
1993) {figure 3.2 D}, Anchorage-independent colonies were photogtaphed
at & magnification of 10X to lllustrate the morphology of the individual

clones (figure 3.3 A-D).
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Figure 3.2. Anchorage-independent growth of Fr3T3 cells expressing the
indicated protein. Equivalent numbers of cells (6X10°%) were seeded in soft
agar 72 hours after infection. (A) Uninfected parental Fr3718, (B) “empty”
pSRuMSVtkneo retroviral vector, (C) NPM-ALK, (D) TPR-MET, (E) TPR-ALK,
{F) NPM-MET, (G) ™™ -NPM-ALK, (H) "'"*NPM-ALK, (I) A*NPM-ALK, (J)
A¥NPM-ALK, (K) A%'*NPM-ALK, (L) A®*™NPM-ALK. The soft agar plates
ware photographed after iwo weeks in culture,
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Figure 3.3. Anchorage-independent growth of Fr3T3 cells expressing the
indicated protein {magnifled), The soft agar cloning dishes In flgure 3.2 were
photographed at & 10X magnification to show individual clones. (A)
Uninfected parental Fr3T3, (B) “empty” pSRaM8Vtkneo retroviral vector,
(C) NPM-ALK, (D) TPR-MET, {E} TPR-ALK, (F) NPM-MET, {G) ""'NPM-ALK,
(H) """ NPM-ALK, () A™NPM-ALK, (J} A*NPM-ALK, (K} A*™°NPM-ALK, (L)
APENPM-ALK,
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Further evidence of NPM-ALK-induced transformation was provided by focus
formatlon assays {section 2.7). Infected Fr3T3 celis were cultured In
100mm tissue culture dishes for 10 to 14 days and then stained with
Glemsa. Fr3T3 cells Infected with NPM-ALK retroviral stock formed
numerous foci (figure 3.4 C). Fibroblasts Infected with viral stock prepared
using TPAR-MET served as a positive control (figure 3.4 D). Fr3T3 cells
infected with retrovirus using “empty” retroviral vactor exhiblted & low
background of focus formatlon which was comparable to that of parental
Fr3T3 cells (figure 3.4 A and B), Fibroblasts infected with NPM-ALK viral
stodk were densely packed, motphologically transformed cells that
coalesced upon further growth to form sheets of abnormal cells, whereas
parental cells and those exprésslng "empty” vector exhibited a normal

untransformed morphology {flgure 3.5 A-D).

In vivo tumorigenicity of one Fr3T3 clone expressing high levels of NFM-AlLLK
(designated NPM-ALK clone #1) was assessed by subcutaneous Injection of
5X10° cells into the back of each NOD/LISz-scld mouse (section 2.22).
Tumours with an average dlameter of approximately 2om formed in & to 14
days at the slte of injection (figure 3.6 A and B), No tumours formed in the
mice injected with either parental Ft3T3 cells or Fr3T3 cells 8xpressing

“empty” pSRaMSViknec, even after 10 weeks,
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Figure 3.4. See figure l-gend on the following pags.
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Figure 3.4, Focus formation of NPM-ALK, TPR-MET and enginserad mutant
proteins, FraT8 fibroblasts were infected with retroviral stock preparsd
using the Indicated construct, seeded Into 100mm tissue culture dishes, then
stalned with Glemsa after 10 to 14 days In culture, (A) Uninfected parentai
FraTs, (B) "emply" pSRaMSVtkneo retroviral vector, (C) NPM-ALK, (D) TPR-
MET, (E) TPR-ALK, (F) NPM-MET, (G) ™™ NPM-ALK, (H) “'RNPM-ALK, (i}
AMINPM-ALK, (J) A¥NPM-ALK, (K) A"®NPM-ALK, (L) A*“NPM-ALK.
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Flgure 3.5. Morphology of Fr3T3 cells expressing NPM-ALK, TPR-MET and
engineered protelns. (A) Uninfected parental FY3T3, (B) “empty”
pSRaMSVtkneo retroviral vector, (C} NPM-ALK, (D) TPR-MET, (E) TPR-ALK,
(F) NPM-MET, (G) "™ NPM-ALK, (H) "*"NPM-ALK, (1) A™*NPM-ALK, (J)
A¥NPM-ALK, {K) A®¥*ENPM-ALK, (L) A"™NPM-ALK.
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Figure 3.8. in vivo tumorigenicity of NPM-ALK. NOD/LtSz-scid mice were
subcutaneously Injected with 5X10° clonally-clerived parental Fr3T3 cells or
clonal fibroblasts expressing elther “empty” pSRaMSVikneo or NPM-ALK,
Tumours with an average diameter of approximately 2cm formed In § to 14
days at the slte of injectlon in both the male and female mice. (A) Female
mice injected with elther parental Fi3T3 cells or clonal Fr3T3 cells expressing
NPM-ALK, (B) Male mice Injected with clohal Fr3T3 cells expressing eliher
"empty” vector or NPM-ALK.
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Figure 3.8. /n vivo tumorigenicity of NPM-ALK, NOD/LiSz-scld mice were
subcutaneously Injected with 5X10%clonally-derived parental Fr3T3 cells or
clonal fibroblasts exprassing elther “empty” pSRuMSVtkneo or NPM-ALK.
Tumours with an average diameter of approximately Z¢m formed ih 5 to 14
days at the site of Injectlon in both the male and female mice. {A) Female
mice injectad with elther parental Fr3T83 celis or clonal Fr3T3 cells expressing
NPM-ALK. (B) Male mice Injected with clonal Fr3T3 cells expressing either
"empty" vector or NPM-ALK.
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3.3 Transformatlon of tibroblasts by NPM-ALK requires the
kinase activity of the truncated ALK proteln

The characterisation of other truncated, fused receptor tyrosine kinases
such as TPM3-TRK and TPR-MET has Indicated that thelr oncogenicity Is
dependent upen the abllity of the respective kinase to phosphorylate cellulgr
subsirates, some of which relay mitogenic signals to the ¢ell nucleus
(Rodrigues and Park, 1824). To conflrm that the Intrinsic kinase activity of
ALK Is reguired for NPM-ALK-medlated transiormatlon, a kinase-defective
mutant, “1NPM-ALK, was prepared in which the invarlant lysine residue in
the ATP-binding reglon of the catalytic domaln of protein kinases was
changed to an arginine {section 2.14}) (Hanks et al., 1988). As expected,
the “UINPM-ALK mutant falled to transform fibroblasts (flgures 5.2 H, 3.3

H, 8.4 H and 3.5 H).

Another mutant, AS*NPM-ALK, was analysed in which the ALK pottion of
the chimasra was altered by deletion of the carboxy-terminal 184 amino
acids {section 2.14). Thls muiant was prepared to determine if these
carboxy-terminal residues, which Include the potentlal SHC and IRS«1 binding
site NPTY®, are required for transformation (van der Geer and Pawson,
1985). Fr3T3 fibroblasts were infected with retroviral stock prepared using

APMNPM-ALK. Dsletion, of this latge portion of the carboxy-terminal tall of
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ALK only slightly reduced the transforming activity as compared to wild-
type NPM-ALK (figures 3.2 L, 3.3 L, 3.4 L, 8,5 L and 3.7). Lysates from SUP-
M2 cells or from 293T cells transfacted with A“'*NPM-ALK were
iramunoprecipltated using elther anti-SHC or anti-ALK antibodies (sectlon 2.3
end 2.18). These results tevealed that wild-type NPM-ALK assoclated
physically with SHC, whereas A"®NPM-ALK failed to do so (figure 3.8),

Indicating that NPTY®” s a SHC binding site.

3.4 An intact NFM segment is required for transformation by
NPM-ALK

The absence of any sequence differences between the peition of ALK
present in NPM-ALK and the corresponding region of the full-length normnal
receptor suggested that the NPM resldues of the chimaera function to
activate Its transforming abllity (Moreis et al,, 1994; Morris et al,, 19886). To
examine this possibitity, three deletlon mutants of NPM-ALK were prepared
in witich non-overlapping portions of the 118 amino acid NPM were removed:
ANPM-ALK, In which the amino-terminal 64 residues are deletad; A*1*NPM-
ALK, In which amino acids 65 to 103 are absent; and ANPM-ALK, In which
residues 104 to 115 that comprise a C-X;-H-X,-H motif of unknown function
and referred fo as a putative metal-binding domain are removed {section

2.14) (Chan et al,, 1989) (figure 3.7). Each of these NPM delstion muiants
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Figure 3.7. Schematlc of NPM-ALK mutants. Dlagrammatic representation
of wild-type NPM-ALK, the NPM-ALK mutant protelns analysed in this study,
and the wild-type TPR-MET protein are illuztrated (Rodrigues and Park,
1993). Indicated motiis include the putative metal-binding (MB) domain on
NPM-ALK and the leucine zipper (LZ) regions of TPR-MET. The transforming
capability (as indicated by the average number of focl per 100mm dish),
abllity to oligomerise, and subceliular (scation of each proteln are indicated
to the right.
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Flgure 3.8, Assoclation of NPM-ALK and *“**NPM-ALK with SHC. Lysates
from 293T cells transfected with AS™NPM-ALK, or from SUP-M2 cells, which
express wlld-type NPM-ALK, were Immunoprecipltated with either anti-ALK
#11 (1:100) or polyclonal anti-8HC (1:80). To examine co-
Immunoprecipitation of SHC with either NPM-ALK and/or A®'NPM-ALK,
PVDF membranes were Immunoblotted, as indicated, with either ALK-1

{1:50) or monoclonal anti-SHC (1:250). IP: immunoprecipitation; Pl: pre-
immune,
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falled to transform Fr3T3 flbroblasts as judged by either soft agar colony
formation (figures 3.2 I-K and 3.3 I-K) or focus formation {figures 3.4 I-K
and 3.5 I-K). Importantly, although all of the three mutants could be
demonstrated to possess autokinase activity /n vitro (figure 3.1 A and C),

nohe exhibited kinase activity /n vivo {figure 3.9).

3.5 Stable expression of NPM-ALK, TPR-MET and engineered
mutants In Fr3T3 cells

A number of clonal cell lines were derived from each of the Infected Fr3T3
fibroblast Hnes (section 2.7). Infected Fr3T3 were elther selected In G418-
containing growth medlum and Indlvlduél clones were isolated utitising cloning
rings, or anchorage-independent clones were ploked from soft agar. These
cell lines were tested for expression by either in vifro kinase assay or by
immunoblotting (section 2.19 and 2,20). Eabh protein was efficlently

expressed in the Fr3T3 cells (figure 3.10 A and B).

3.6 NPM-ALK exlists In vivo as an cligomeric complex

Ligand-mediated activation of the catalytic funstion of receptor tyrosine
kinases Is thought to be generated by receptor dimerisation, resulting In

intermolecular cross-phosphorylation and the ability to phosphorylate
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Flgure 3.9. /n vivo tyrosine phosphorylation of NPM-ALK and selected NPM-
ALK mutants. Lysates from clonal Fr373 cells expressing the indicated
protelns, and from SUP-M2 cells were Immunoprecipltated using elther antl-
ALK #11 (1:100) or antl-phosphotyrosine (antl-P-Tyr) (1:250). After
transfer to PYDF membranes, proteins were immunoblotted with antl-ALK
#11 (1:500).
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Figure 3.10. See figure legend on the following page.
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Flgure 3.10. Representative clonal Fr3T3 cell lines showing the expression
of NPM-ALK, TPR-MET and mutants. (A} The catalyiic actlvity of NPM-ALK
mutants was tested by In vilro kinase ascays. Lysates from parental Fr3T3
cells (Jane 1) and from those cells expressing empty vector {lane 2), NPM-
ALK, TPR-ALK, ¥ONPM-ALK, and A%“NPM-ALK were immunoprecipitated
using ant: "LK #11 (1:100). Lysates from parental Fr3T3 (lane 8) and
those e.pivssing empty vector (lane 4), TPR-MET and NPM-MET were
Immunopiacipitated with anti-MET Ab143 (1:1000). (B) Lysates from Fr3T3
oells uxpressing e Indlcated protein were sequentially immunoprecipitated
and Immunoblotted with antl-ALK #11 (1:500).
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cellular substrates (Ulirich and Schiecsinger, 1980), The fact that the NPM-
ALK oncogene product has constitutive kinase actlvity /in vivo (figure 3.9)
suygests that the chimaera has the abillty to form dimers or higher-order

oligomers independant of ligand stimulation.

To determine If ligand-Indevendant dimerisation of NPM-ALK ccours, the
formation of NPM-ALK complexes /n vivo was examined. SUP-m2 cell lysates
were layered on 5 to 20% sucrose gradients, and the sedimentation profile
NPM-ALK was determined afier centrlifugation. Fractlons collected from
the gradients were assayved for the presence of NPM-ALK proteins by in
vitro kinase assay (=actlons 2.20 and 2.21). NPM-ALK-assoclated kinase
actlvity was found distributed over several gradient fractions, with a peak
slightly greatar than 200kDa (figure 3,11 A} - larger than the appreximately
150kDa s'ze predictsd for NPM-ALK homodimers. In addition to forming
homo-oligomets In vitro {figure 8.11 C} and /n vivo (figure 8,11 A), NPM-ALK
was found to form hetero-oligomers with normal NPM /n vivo (figure 3.11

D).

To datarmine if the loss of {ransforming abllity and in vivo kinase acfivity of
the NPM deletion mutants A¥NPM-ALK, A*'SNPR-ALK, and AMNPM-ALK

correlated with the Inabillity of these proteins to oligomerise, simllar sucrose
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Figure 3,11. Oligomerization of NPM-ALK and selected NPM-ALK mutants.
(A), (B) Cells from the t(2;5)-positive lymphoma cell line SUP-M2 (for NPM-
ALK) or clonal Fr3T3 cells expressing alther A*'®NPM-ALK, NPM-MET,

A" NPM-ALK or A¥NPM-ALK were iysed in NP-40 lysis buffer, while Fr3T3 cells
expressing TPR-ALK were lysed In CSK buifer. Lysates from SUP-M2 cells and
from Fr3T3 cells expressing either A*'®NPM-ALK, NPM-MET, A*™NPM-ALK or
A¥NPM-ALK were layered over 5 to 20% sucrose gradients containing NF-
40 iyals buffer, whereas lysates from Fr3T3 cells expressing TPR-ALK wars
layered over a 6 to 20% gradietit containing 20mM THs, pH 7.5, 100mM
NaCl and 0.1% NP-40, The number above each lane corresponds to the
fraction number from the lightest fraction to the heaviest. Protelia were
separated by SDS-PAGE under reducing conditions. Fractions wera
Immunoprecipitated using either anti-ALK #11 (1:100) {for NPM-ALK, A%
NPM-ALK, TPR-ALK, A**NPM-ALK and A¥NPM-ALK) or ant-MET Ab143
{1:1000) {for NPM-MET) and then assayed for activity by in vitro kinase
assay (A) or by Waestern blotting (B). The moriomeric forms of NPM-ALK
(76kDa), A®™'NPM-ALK (71kDa), TPR-ALK (78kDa), NPM-MET (55kDa),
AM®*NPM-ALK (74kDa) and A*NPM-ALK (68kDa) are shown. (C) NPM-ALK, the
indicated mutants of NPM-ALK and NPM were transcribed and translated /n
vitro. Unbeiled samples were resolved by 6% SDS-PAGE under reducing
conditions, as previously dascribed (Liu and Chan, 1991). The monomeric
form of each protein Is shown by an arrowhead: NPM-ALK, 75kDa;

ML PM-ALK, 75kDa; AMNPM-ALK, 74kDa; AYNPM-ALK, 68kDa; A% NPM-
ALK, 71kDa; NPM-MET, 55kDa; and NPM, 38kDa. (D) NPM-ALK Is physlcally
assoclatsd with normal NPM In {2;5)-positive lymphama celis. Gradient
fractlons of SUP-M2 lysales wete Immunoprecipitated with ant-ALK #11
and Immunoblotied with eithsr anti-ALK #11 or anti-B28.
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gradient fractionations using lysates from FraT3 celis stably expressing
exch mutant were performed. Although each of ths. 2 proteins distributed
within the gradlents at somewhat diiferent relative molecular masses, all
three sedimented with a peak slgnificantly smaller than that of the wlld-type
chimaeric proteln (figure 3.11 A and B). The results obtalned from the
sucrose gradient fractionations for A”NPM-ALK and A*NPM-ALK were
inconclusiva, and as such further experimants were performed. To determine
whether or not the NPM deletion mutants could homo-oligomerise, /n vitro
transctibed and translated proteins that had not been bolled were resolved
by SDS-PAGE (figure 3,11 C). Whereas NPM-ALK was able to homo-
oligomerige In vitro, none of the NPM deletion mutants were able to do s0,
indlcating that complex formation was Indeed inhlbited by these alterations
of the NPM molety. Furthermore, AMNPM-ALK was uhable to associate with
normal NPM (data not shown). That complex formation Is medlated by the
NPM portion of the fusion is consistent with data Indicating that normal NPM
exists /n vivo as a homo-oligomer (LIU and Chan, 1991; Yung and Chan,

1087).

Structure-function study of hormal NPM has suggested that, within the
amino-terminal region that mediates homo-oligometisation, methlohine

residues at positions 5, 7 and @ are essentlal for cligomer formation (LIu
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and Chan, 1981}, Therefore an sngineered NPM-ALK mutant prot~in,
MITELNPM-ALK, In which these residues were changed to leucines,
recapitulating mutations reported to Inhibl normal NPM hexamer formation.
Interestingly, ""™NPM-ALK sedimented in sucrose gradients as a complex
identical In mass to the wild-type NPM-ALK {data not shown), and was able
to homo-oligomerisa in vitro in a similar fashion to NPM-ALK (figure 3.11 C).
This mutant protein was efficiently phosphotylated /n vivo (data not shown),
and transformed Fi3T3 with the same potency as the wild-type chimsara
(flgures 3.2 G, 8.3 G, 3.4 (3, 8.5 G and 3.7). These results suggest that the
axact rasldi as required for NPM homo-ollgomerisation versus NPM and [«PM-

ALK heterodimerisation may differ somewhai.

Although providing evidence that the NPM portion of NPM-ALK serves as an
oligomerisation motli, the above expetiments do nrot rule out the possibility
%41 this segment could perform other functions critlcal for fransformation.
To better address this issue an ALK mutant proteln , TPR-ALK, was
prepared, In which NPM was replaced with the residues of the TPR protein
that are present In the TPR-MET oncogene {sectlon 2.14) {Park et al,,
1986). This portlon of TPR, a nhuclear pore proteln, contalns two leucine
zlpper motifs that have besn showri to mediate dimerisation of TPR-MET

and produce Its constitutive kinase activation (Byrd et al,, 1994). No other
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functions in TPR-MET have been demonstrated for these TPR activating
sequences. The activation of ALK transforming activity by a fusion partner
with no homolcgy to NPM, such as TPR, would suppott a singular function
for NPM In NPM-ALK oligomerisation. Determination of the ollgomerisation
state of TPR-ALK Isolated from stably-expressing Fr3T3 using sucrose
gradlents showed the protein fo exist /n vivo as a multimeric complex

greater than 200kDa (flgure 3.11 A). Transformation of Fr3T3 fibroblasts

by TPR-ALK was efficient, being only slightly less potent than NPM-ALK itself

(figures 3.2 E, 3.3 E, 4.4 E, 3.5 E and 3.7). The reciprocal mutant, NPM-MET,

was generated t~ ascerialn whether NPM sequences could activate a
heterologous truiicated receptor tyrosine kinase (sectlon 2.14). In addition
to baing autophosphotylated in vivo (data hot shown) and sedimenting In
sucrose gradients as a compiex of roughly 100-200kDa (figure 3.11 A),
NPM-MET was shdwn to homo-oligomerise in vitro (flgure 3.11 C),
Furthermore, this NPM-MET mutant pretein transformed Fr3T3, although
with only approximately one-fifth the efficlency of TPR-MET (figures 3.2 F,
3.3 F, 8.4 F and 3.5 F and 8.7). The reason(s) for the low transforming
ability of NPM-MET in comparison with aither NPM-ALK or TPR-MET are
unciear. TPR-MET is locailsed to the cytoplasm, whereas NFM-MET Is found in
the nucleus {figure 3.12 E and 3.12 G). The unusual location of this MET
fusion protein may alter Its ablfilty to transfrom fibroblasts In that the levels
of NPM-MET found In the cytoplasm may be just below that required for
transformation. An alternate explanation would be that NPM-MET s
expressed at lower levels than TPR-MET and NPM-ALK, however, this is

improbable (see figure 3.10 A),
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3.7 Transformation by NPM-ALK does not require localisation
to the nuclear compartment

Cell fractionation (performed by S.W. Mortis) and immunofluorescent
staining (section 2.16) demonstrated that the NPM-ALK in the t(2;5)-
positive cell line SUP-M2, was found In both the cytoplasm and the nucleus
(figure 8.12 A). K562, a t(2;5)-negative cell line, was used as a negatlve
contro! {figure 3.12 B). The normal shuttling function of NPM together with
the observation that NPM and NPM-ALK heterodimerise, suggests that the
nuclear location of the chimaera results from NPM-mediated protein
translocation since the nuclear localisation signals of NPM are not present in
NPM-ALK (Borer st al., 1989; Chan et al,, 1989; Dumbar et af., 1989;
Schmidt-zachmann end Franke, 1988; Schmidt-Zachmann et al,, 1987).
Thersfore, if this hypothesls Is correct, the mutant proteins A*NPM-ALK, A%
NPM-ALK, and AMNPM-ALK that fall to heterodimerise with NPM wouid be
predlctéd to he cumpletely cyloplasmic. To determine the subcellular
focation of these proteins immunosiaining experiments were performed with
the monocional anti-ALK-~1 antiborlv using GOS-7 cells transiently transfected
with each mutant construct (Pulford et al., 1998), Simultaneous DAP!
stalning was performed to clearly identify cell nuciel. None of these thiee
mutant NPM-ALK proteins were present within the cell nucieus {figure 3.12 G-

1. To provide additional evidence that shuttling by NPM can produce nuclear
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Flgure 3.12. See figure legend on the following page.
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Figure 3.12. Suhcellular logalisation of NPM-ALK, TPR-MET, and engineersd
mutant proteins. Cells were Immunostained using either the ALK-gpecific
monoclohal antibody ALK-1 {neat) (all panels except D, D', F and F) or the
h-MET (C28) anttbody (1:500). Simultaneous staining with DAP| was
performed te visualize the nuclel of the cells (panels A' to J'). (A, A") t(2;5)-
positive lymphoma cell line SUP-M2, (B, B') {{2;5)-negative chronic
myelogenous leukemia cell line K882, (C, C') NPM-ALK, (D, D) TPR-MET, (E,
E') TPR-ALK, {F, F') NPM-MET, (G, G") A™NPM-ALK, (H, H') A*NPM-ALK, (I, ')
APINPM-ALK, (J, J') MPNEM-ALK, All cDNA construots were expressed I
COS-7 cells (panels C, C' to J, J').
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locailsatlon, the subcellular location of thé NPM-MET protein was determinad.
Because TPR-MET Is completely cytoplasmic (figure 3.12 D), locallsation of
NPM-MET to the nuclenss would have to be dependent upon the NPM portion
of this fuslon. Immunofiuorescent stalning of COS-7 cells expressing NPM-
MET revealed a paitern of both cytoplasmic and nuciear staining (flgure
3.12 F) qualitatively identical to that observed with wild-type NPM-ALK
(flgure 3.12 C). Lastly, desplte its abllity io transform fibroblasts as
efficlently as NPM-ALK, the TPP-ALK mutant protein was localised within the

cytoplasm (figure 3.12 E).
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4. DISCUSSION

The fusion of a nucleolar protein, NPM, to a.ltyroslne kinase, ALK, ralses
novel questions about how such & chimaeric protein might funotlon
(Sawyers and Denny, 1994). Becauae the normal ALK re&eptor Is ‘expressed
oniy In neural tissues, clearly one resuit of this gene fusion Is the ectopic
expression of ALK in lymphoid cells, driven by the strong NPM promotor
(Morls et al.,, 1996). It was demonstrated that the NPM-ALK protein
possessas constitutive phosphotransferase aciivity in the absence of any
mutatlons within the ALK segment and this indicates that the NPM molety
serves as an actlvating sequence, Lastly, although the nuclear locallsation
signals of NPM are not Ingorporated Into the chimaera, the prlor
demaonstration that the normal NPM protein exists as a homo-ollgomer
shuttling proteins betwesn the nucleus and the cytoplasm suggests that
NPM-meadiat.d nuclear localisation of NPM-ALK could expose the fusion
protein to & new range of kinase substrates required for cellular
transformation (Adachi et al,, 1993; Borer et al,, 1989; Chan et al., 1989;
Dumbar et al., 1989; Fankhauser et al,, 1981; Schmidt-Zachmann and
Franke, 1988; Schildi-Zachmann et al., 1987). The presence of NPM-ALK
within the nucleus could potentially also alter normal cell growth by

interfaring with other functions of 1. *mal NPM, which are reported to Include
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roles In the enhancement of chain elongation durlng DNA replicition,
ribonuclease activity, and regulation of the activity of certain transcription
factors such as the YY1 proteln and an incompletely characterised factor
that controls the expresslon of the p120 prolifération-associated nucleolar
protein (Chatterjes et al,, 1991; Feuersteln et al,, 1990; Herrera et al.,
1995, inouye and Seto, 1994; Po.ar et al,, 1990). These potential functions
for the NPM portion of NPM-ALK have been addrassed In this thesls by
assessing the eifect on the transformation potential of the chimasera of

various NPM delstions or substifutions,

Previous analyses of truncated oncogenic proteln tyrosine kinasss have
Identlfled two apparent types of fuslon pariners. Fusion parthers liks the
non-muscle tropomyosin {TPM3) or translocated promotor reglon (7PR)
genes found Initlally in the TPM3-TRK and TPR-MET oncogenes, respectively,
appear to mediate dimerisation of the fuslon proteins, resulting in
constitutive tyrosine kinase actlvity of their protein tyrosine %inase moleties
{Martin-Zanca et al., 1586; Park et al., 1986; Ullrich and Schlessinger, 1990).
Ailthough essential for transformir g activity, these segmenis can be
interchanged with other mutils that vesult in protein-protein Interacticn
without loss of transforming activity of the resulting chimaeras, For

axample, recomblnation of TRK kinase domaln sequences during NIH3T3
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transfectlon experimants with at least 14 different unrelated 5' end DNA
sequences produces transforming chimaeras (Kozma et al., 1988; Oskam
et al., 1888). Oncogenic fusion protein tyrosine kinases in haturally occurting
human tumours can Hikewise be comprised of unrelated aminc-terminal
residues fused to a common kinase partner, an exampie being the AET
paplilary thyrold carcinoma oncogenes that can be formed by fuslon with
dimerisation motifs encoded by sither the D105170 or Rlx genes
(Bongarzone et al., 1998; Grieco et al., 1894, Minolett et ai,, 1894).
Furthermore, these various actlvating sequences ars not hecessatrily specific
to a partleular kinase partner but may generate the biojogic function of
multiple effector genes. For example, In addition to TPR-MET, TPR sequences
are fused to the TRK kinase domain In human paplilary thyroid tumours and
form the amine teénminus of an oncogenlc RAF serine/threonine kinase in
experimentaily<induced rat tumours (Greco et al., 1992; King et al., 1988),
Ag' e from dimerisation, thevs is no evitence that these sequances setve
addit'onal functions Important for oncogenesis, The amino-terminal fusion of
BCR residues to the truncated ABL proteln tyrosine kinase stands in
contrast to the fuslons that occur with partners like TPM3 or TPR. In
addition to medlating homo-oligomerisation of BCR-ABL and hetero-
oligomerisation with normal BCH, the BCR residues In these chimaoras

perform muitiple funstions. required for BCR-ABL blologic aotivity, including
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transfection experiments with at least 14 diffarent unralated 5' end DNA
seque- ‘es produces transforming chimaeras (Kozma et al., 1988; Oskam
et al., 1988} Oncogenlc fusion protein tyrosine kinases In naturally occurting
human tumours can {ikewise be comprised of unrelated amino-terminal
residues fused to a common kinase parinsr, an example being the RET
papillary thyrold carcinoma oncogenes that can be formed by fusion with
dimerisation motifs encodea by elther the D108170 or Rl genes
{Bongarzone et al,, 1993; Grieco et al., 1994; Minoletti et al., 1994).
Furthermore, these vatlous activaiing sequences are not necessarily specific
to a particular kinase partner but may generate the blologic function of
multiple effector genes. For example, in addition to TPR-MET, TPR sequenv.s
are fused to the TRK kinase domain in human papillary thyrold tumouis and
form the amino termlinus of an oncogenic RAF serine/threcnine kinase in
experimentally-Induced rat tumours (Greco et al,, 1992; King et al., 1988).
Aside from dimerisation, there is no evidence that these sequences setve
additional functions impontant for ohcogenesis. The amino-terminal fusion of
BCR residues {0 the truncated ABL protein tyrogina kinase stands in
contrast to the fusions that ocour with pattners like TPM3 or TPR. In
addition to medlating homo-cligomerisation of BCR-ABL and hetero-
oligomerisation with normal BCR, the BCH reslduas in these chimaeras

parform multiple functlons required for BCR-ABL biologic activity, including
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(a) interaction with the SH2 domain of the substrate GRB-2 to activate the
RAS pathway, (b) intrinsic serine/threonine kinase activity, (c) binding to the
ABL SH2 domain In a phosphoserine/phosphothreonine-dependent manner,
and (d} relocalisation of ABL from its normal ptedominantly nuclear location
to the cytopinsm (Campbell et al.,, 1990; Maru and Witte, 1991; McWhirter
et al,, 1993; Pendergast et al., 1989; Pendergast ef al,, 1991; Pendergast et
al., 19983). In addition, differing portions of BCR present in p185°f& jn
acute lymphold leukaemla as compared to p210%**® in chronic
myslogenous lsukaemla result in five-fold higher kinase activity and greater
transforming abiiity of the p186 variant (Lugo et al,, 1980). Subsiltution of
BCR with unrelated sequences of compatable |length renders the resuiting
fusion rion-transforming, as does mutation of the sequences known to

medlate the above-mentioned functions of BCR (Muiler et al,, 1991).

The structure-~function st;idle‘s' that are detalled here Indlcate that NPM
sequences of NPM-ALK contain an oligomerisatlon domaln, the function of
which ls 2bsolutely requlred for the in vivo kinase activity of the chimaera.
The nature of the NPM ollgomerisation motif remaing to be determined; for
example, computer-assisted analysis (COILS 2.9 (Lupas et al., 1991)) of the
NPM amino acld sequence failed to Identify sequence similarity to other

oncogenic fusion partner proteins such as TPR, TPM3, BCR or TFG that
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contaln colled-coil domalins that mediate oligomerlisation (Greco et al., 1995;
McWhirter ot al., 1993; Rodrigues and Park, 1993). The demonstration that
any of three non-overlappihg deletions that together encompass the NPM
portion of the chimaera Inhiblt complex formatlion Indicates that this entire
segment Is necessary for oligomerisation to occur. Tha portion of NPM |
present in NPM-ALK shares 47% amino acid identity with the amino-terninus
of nucleopiasmirn, a pentameric protein that binds histones and transfers
“them to DNA during nucleosome assembly (Dingwall et &d., 1987; Dingwall et
al., 1982). This segment of nucieoplasmin is contained within an amino-
terminal core pepilde released after proteolytic digestion that retains its
abllity to form pentamers (Dingwall and Laskey, 1990). These structure-
function studles suggest that the 118 amino acld segment of NPM, and the
corresponding segment of nucleoplasmin, repreéent the minimal motif
required for the homo-vligometisation of these proteins. Thus, like other
kinase fuslon partners that have heen characterised previously, NPM is
ublquitously expressed and contains an oligomerisatiort domain (Rodrigues
and Park, 1994). Although it was not unequivocally excluded that other
potential functions of the NPM segment of NPM-ALK could be important for
transiormatlon, the fact that a corﬁplaialy unrelated segment from the TPR

protein that Is kriown to promote oligomerisation can efficiently activate the
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transforming ability of the truncated ALK protein argues that other NPM

functions ate unllkely.

The subcelluiar locallsation of NPM-ALK suggests that the proteln might
generate growth regulatory signals not only in the cytoplasm but aiso within
the nuciear/nucleclar compariment. Recent experimental data support a
rola for nuclear protein tyrosine kinases and thelr substrates In RNA
processing and traff!oking..transcrlptfonal control of gene axpression and
possibly other nucleat processes (Baskaran &t al,, 1993, Fumagalli et al,,
1984; Kipreos and Wang, 1592; Tayior and Shalloway, 1994). In addition,
several “cytoplasmic” protein tyrosing kinases including S8RC, FER, and FGR
are now known to locallse in part to the nuclesus in some cells or under
certain condltions (Wang, 19984). The subcsllulay locatlon of the engineered
NPM-MET protein to the nuclear compartment indicates that the NPM
molety of NPM-ALK can mediate nuclear/nucleolar trafficking (most
probably by allowing hetero-oligomerlsation with normal NPM), an
observation corroborated by the presence within the cytoplasm only of the
three NPM deletion mutants A¥NPM-ALK, A%'®NPM-ALK and A®NPM-ALK,
Whather the lack of nuclear localisation, independent of thslr failure to
homo-oligometise and acquire constitutive kinase activity, Is responsible in

part for the Inabllity of these three mutants to transform cells cannot be
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determined. However, the efficlent transformation of Fr3T3 fibroblasts by
the cytoplasmic TPR-ALK protein indicates that nuclear locallsation of an
act!vated ALK protein is not necassary for the malighant conversion of
fibroblasts. Furthermore, the recent identification In anaplastic large celi
lymphoma of a rare varlant 1(1;2)(q25;p23) translocation that joins
activating sequences cother than NPM to the ALK protein, producing a fuslon
kinase restricted to the cytoplasm, indicates that nuclear localisation is also

not requirad for lymphoid cell transformation (Pulford et al,, 1998).

The signalling substrates utiflsed by NPM-ALK In transformation are not yet
known, The presence in the chimaerle proteln of a potential
phosphotyrosine-binding (PTB) motif (NPTY®™) prompted the examination of
the interaction of the SHC proteln tyrosine kinase substrate with wild-type
NPM-ALK and with an enginsered mutant, A°"*NPM-ALX, lacking Its carboxy-
terminal 154 residues (including the NPTY motif) (Pelilel et al.. 1992; Sun et
al., 1981; van der Gear and Pawscn, 1895), Whereas wild-type NPM-ALK
physically assoclated with and phosphorylated SHC, AY*NPM-ALK was
unable to do so, suggesting that SHC binds the NPTY®™ motif of the
chimaera. Despite fte Inability to interact with SHC, the A¥“NPM-ALK protein
efficlently transformed flbrublasts, Indicating that SHC is not an easential

substrate for transformation and suggesting that another subsirate with
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overlapping function such as GRB-2 may stbstitute for SHC activity
(Lowenstein et al,, 1992). In a report published during the prep~ration of
this thesis, Fujimoto and co-workers independently described the cloning of
the NPM-ALK cDNA and addressed the role of SHC and IRS-7 i NPM-ALK-
mediated transformation using mutant constructs in which either or both
tyrosine residues 156 and 567 were changed to phenylalanine (Fulimoto et
al., 1986). In agreement wih cur data, SHC was found to bind to the
NPTY® motif. Interestingly, both of the single polnt mutatic-  .naeras, as
well as the double mutant, transformed cells exlclently, irdicating that
neither IRS-1 nor SHC are essential for NPM-ALK-induced transformation. In
addition, wild-type NPM-ALK and alf three point mutant chimaeras wete

shown to efficlently assoclate with GR3-2.

Recent studles Indicate that the role of NPM in malignancy is not restricted
to Its involvement In the t(2;5). Analysis of the rare 1(5;17) found In -acute
promyelocytle lsukaemia has recently shown that this rearrangement results
in the fusion of the 5’ end of NPM to the retinolc acld receptor alpha (RARa)
gene to produce & chimaeric gene (Redner et wt., 43.&%, The {(5;17)
generates two chimaeric NPM-RARa proteins <« NPM,~RARC, .which cuntalns
the same NPM residues that arg present in NFM-ALK, and NPM,~RARq, which

possesses an additional 50hp from the NPM coding sequance plus 79bp of
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coding sequence of unknown derlvation, Both of these fusions ¢ontaln the
same portlon of RARo that Is present in the more common promyelocytic
leukaemia (PML)-RARc. and promyslocytic leukaemia zinc finger (PLZF)-RAR«a
chimaeric proteins (Zelent, 1894). The functions of NPM in NPM-RAR« remain
to be determined, but it Is possible that the motlf mediates homo-
dimerisation (as doer the PML. segment of PML-RARw) resuiting In altered
transcriptional properties of RAR« {Doucas et al,, 1993; Kastrier et al.,
1992; Pandolit et al., 1991; Zelent, 1994), An altemative, but not mutually
exclusive, possibliity Is that NI*M and NPM-RAR«a heterodimers could locailse
to specific ragions within the nucleus, altering the subcsllular location of
RARe binding parinsrs and thus Indlrectly affecting normal RARa function
(Weis et al,, 1994). It was determined that the t(3;5)(q25.1;934;
rearrangement that ls found in approximately 0.6-1% of all myelodysplastic
syndromes and acute myelold leukaemias also involves NPM, producing an
in-frame fuslon of ' end NPM saquences to those of a novel gene, that was
hamed myelodysplasla/myelcia leukaemia factor (MLF1), whose deduced
amino acid sequence contains no regions of homology with previously
‘characterised proteins (Yoneda-Kato at al., 1985). NPM-MLF1 contains 58
more NPM amino aclds than do NPM-ALK and NPMg-RARa: tusion protelns,
including one of the iwo NPM nuclear localisation signals and most of the

glutamic and aspartic acld residues present in the twe acld amlno acld
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clusters of NPM, Immunostaining expetiments Indlcai'e; that MLF1 Is normally
located In the cytoplasm, wheteas NPM-MLF1 Is targeted to the nucleus,
with highest expression in the nucieol. Llke NPM-ALK, NPM-MLF1 can
heterodimerise with NPM (S.W. Morris unpublished), ptobably contributing to
this relocalisation of the MLF1 protein. Structure-function analysis of NPM-
RARo. and NPM-MLF1 similar to those performed here for NPM-ALK should
be of significant Interest; In light of the fuslon of NPM to three functionally
diverse proteins, it is likely that the functions of the NPM segment in each of

these three chimaeras will be found to be partially overlapping.
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5. CONCLUSIONS

Experiments were designed to investigate the transforming ability of NPM-
ALK, and the role of NPM fusion sequences in the oncogenic activation of

NPM-ALK,

The oncogenic potential of NPM-ALK was demonstrated in several ways.
Rodent fibroblasts stably expressing the chimaetic protein were able to
form anchorage-independent colonles In soft agar. In addition, fibrobiasts
infected with retrovirus prepared utillsing the NPM-ALK retroviral construct
wera able to form densely packed, morphologically transformed cells that
coalesced upon further growth to form sheets of abnormal cells.
Furthermore, mice injected with clonal rodent flbrablasts stably expressing
NPM-ALK developed tumours at the site of Injection as soon as five days
post-injection, Future studies could perhaps investigate the oncogenle
potenilal of this fusion protein in haematopoietic cells. The availability of
mutine haematopoietic cell lines that grow only in the presence of interléukin-
3 makes this possible, The cells expreasing NPM-ALK would be renderad

interlaukin-3-independent In the case of iransformation due to the chimaera.
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it was demonstrated that the Intrinslc kinase activity of ALK Is required for
NPM-ALK-mediated transformation by the construction of a kinase-defective
mutant in which the invariant lysine residue In the ATP-binding region of the
cataiytic domain of protein kinases was changed to an arglnine. As -
expected, this mutant failed to transform fibroblasts. In addition, It was
shown that transformation by NPM-ALK does not require the SHC binding
site located In the carboxy terminus of the ALK pertion in NPM-ALK, Further
Investigation Is required to determine which substrates may be required for
the transformation by NPM-ALK, This could be achleved vy mutating
potential “substrate” slies and subsequently testing the transforming abillity

of these mutant constructs,

An intact NPM segment Is absoluigly required for NPM-ALK-medilated
ongogenesls, as Indicated by the observation that three different NPM-ALK
mutant proteins lacking non-overlapplng portions of the NPM segment each
failed to form oligomeric complexes, lacked kinage activity /n vive, and falied
{o transfotm ceils. In contrast, NPM-ALK was shown to homo-oligomeatise in
vivo and heterodimerise with normal NPM-ALK in addition to exhibiling kinase
actlvity In vivo. Furthermore, it was found that the portion of NPM present
Iy the fusion protein, shares 47% amino acld ldentity with the amino-

terminus of nucleoplasmin, Thess structure-function studies supysst that the
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118 amino acid segment of NPM, and the cotresponding segment of
nucleoptasmin, represent the minimal motif requirad for the homo-
oligomerisation of these proteins. This aspect requires further
expetimeritation to determine more precisely the nature of this rn!nlma_l

motif,

Immunostaining expetiments of a 1(2;5)-containing lymphoma cell line
revealed NPM-ALK to be localised within both the cytoplasmic and
huclear/nucleciar compartments. The normal shuttling function of NPM,
togettier with the observations that NPM and NPM-ALK hetsrodimerise,
suggest that the nuclear location of the chimaera resuits from NPM-
mediated protein transiocation since the nuclear localisation signals of NPM
are not present In NPM-ALK, 1t was found that none of three different NPM-
ALK proteins lacking non-overlapping portions of the NPM segment was
present In the call nucleus. However, NPM could be replaced In the fusion
protein with the portion of the TPR protein that activates the TPR-MET
fuslon kinase by mediating dimarisation through its leucine zipper motif. This
engineered TPR-ALK hybrid protein, which transformed cells with essentially
aquivalent potarcy to NPM-ALK, was localised wlihin the oytoplasm o «xlis,
These data indicats that the nuclear/nucleolar localisation of NPJ.-ALK,

which probably ocours because of transpori via shuttling activity of NPM, Is
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not required for oncogenesls. Furthermore, the activation of the truncated
ALK proteln by a completely heterologous oligomerisation domain suggests
that the functionally important role of the NPM segment of NPM-ALK in
transformation Is resiricted to the formation of kinase-active oligomers ana
does not involve the alteration of normal NPM function. Since the presence
of NPM-ALK Inthe nucleus(nllcleoll does not appedr to Lo involved in
transformation, the tuncilon of the chimaeric protein It. .18 these cellular

compartments, if any, has yet to be determinsd.
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