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Anaplastic lymphoma kinase (ALK) is a receptor tyrosine Kinase, initially discovered as part of the NPM-
ALK fusion protein, resulting from the t(2;5) translocation that is frequently associated with anaplastic
large-cell lymphomas. The native ALK protein is normally expressed in the developing and, at a weaker level,
adult nervous system. We recently demonstrated that the oncogenic, constitutively kinase-activated NPM-ALK
protein was antiapoptotic when expressed in Jurkat lymphoblastic cells treated with cytotoxic drugs. In
contrast, we now show that Jurkat cells overexpressing the wild-type ALK receptor are more sensitive to
doxorubicin-induced apoptosis than parental cells. Moreover, the ALK protein is cleaved during apoptosis in
a caspase-dependent manner. Mutation of aspartic residues to asparagine allowed us to map the caspase
cleavage site in the juxtamembrane region of ALK. In order to assess the role of ALK in neural cell-derived
tissue, we transiently expressed ALK in the 13.S.1.24 rat neuroblast immortalized cell line. ALK expression led
to apoptotic cell death of the neuroblasts. ALK ligation by specific activating antibodies decreased ALK-
facilitated apoptosis in both lymphoid and neuronal cell lines. Moreover, ALK transfection reduced the
survival of primary cultures of cortical neurons. Thus, ALK has a proapoptotic activity in the absence of ligand,
whereas it is antiapoptotic in the presence of its ligand and when the kinase is intrinsically activated. These

properties place ALK in the growing family of dependence receptors.

Anaplastic lymphoma kinase (ALK) is a 200-kDa receptor
tyrosine kinase (RTK) encoded by the ALK gene on chromo-
some 2p23. ALK was first identified as part of the NPM-ALK
oncogenic fusion protein, resulting from the (2;5)(p23;q35)
translocation that is frequently associated with anaplastic
large-cell lymphoma (ALCL) (30). This translocation produces
a fusion gene that encodes a soluble chimeric transforming
protein comprising the N-terminal portion of the phosphopro-
tein nucleophosmin (NPM) linked to the cytoplasmic portion
of ALK. It has been demonstrated that the NPM portion is
responsible for the dimerization of the fusion protein, leading
to constitutive activation of the kinase and to oncogenicity (5).
Phospholipase C-y, PI3K, STATS, and Src appear to be im-
portant downstream targets of NPM-ALK that contribute to its
mitogenic and antiapoptotic activities (2, 3, 10, 33, 46). ALK is
also involved in different variant chromosomal translocations
(see reference 35 for a review), all leading to the expression of
fusion proteins with a constitutively active kinase.

Full-length ALK has the typical structure of an RTK, with a
large extracellular domain, a lipophilic transmembrane seg-
ment, and a cytoplasmic tyrosine kinase domain (21, 31). ALK
is highly homologous to leukocyte tyrosine kinase and belongs
to the insulin receptor superfamily. Expression of the normal
ALK gene in hematopoietic tissues has never been detected. It
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is, however, dominantly expressed in the neural system. In situ
hybridization analysis performed with rodents showed that the
ALK mRNA is essentially and transiently expressed in specific
regions of the central and peripheral nervous systems, such as
the thalamus, mid-brain, olfactory bulb, and peripheral gan-
glia, and that it is mainly localized in neuronal cells (21, 31).
Since ALK expression is maintained, albeit at a lower level, in
the adult brain, it might play an important role in both the
normal development and function of the nervous system. Ex-
pression of the ALK protein has also been detected in tumors
derived from the nervous system, such as neuroblastomas (23).
Yet the function of ALK in adult normal tissue or in carcino-
genesis is largely unknown. Several studies have recently indi-
cated that pleiotrophin (PTN) and midkine, two heparin-bind-
ing growth factors with pleiotrophic activities involved in
normal development and tumor growth (27, 45), may serve as
possible ligands for ALK in mammals (38, 39). Although they
appeared to induce the functional activation of ALK, it is still
unclear whether these molecules are indeed the physiological
ligands of ALK (11, 12, 28, 32).

Recent developments in cancer therapy are aimed at inac-
tivating a key molecule in the mechanism of tumorigenesis, as
demonstrated for Gleevec. This tyrosine kinase inhibitor is
used in the treatment of chronic myeloid leukemia carrying
t(9;22), responsible for the constitutive activation of another
oncogenic chimeric tyrosine kinase, BCR-ABL (41). We have
previously shown that ALK, expressed under its chimeric form
NPM-ALK, has antiapoptotic effects in Jurkat human T-lym-
phoblastic leukemia cells treated with the chemotherapeutic
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drugs doxorubicin and etoposide. Moreover, the ALK kinase
activity is essential for this antiapoptotic effect, as kinase-dead
NPM-ALK-expressing cells were not protected against doxo-
rubicin-induced apoptosis (19). One approach to treat ALK-
positive tumors similarly aims at inactivating the kinase. It
therefore seemed important to investigate the effect of ALK
expression on apoptosis in the presence or absence of ALK
kinase activation.

In this paper we used two cell lines of either lymphoid or
neuronal origin as models to express the wild-type ALK recep-
tor. Apoptosis was induced by doxorubicin in Jurkat T-lym-
phoblastic cells stably expressing ALK or triggered by serum
deprivation in transiently ALK-transfected 13.S.1.24 murine
immortalized olfactory neuronal cells. Our results show for the
first time that ALK expression enhances apoptosis in both
lymphoid and neuronal cells. In addition, we found that the
ALK protein was cleaved intracellularly by caspases during
apoptosis, exposing a potentially proapoptotic region within
the juxtamembrane intracytoplasmic segment of ALK. Point
mutation of the aspartic acid residue in position 1160, which
appears to be the caspase cleavage site, reversed the proapop-
totic effect of ALK. Activating ALK-specific antibodies, used
as ALK ligands, also counteracted the proapoptotic effect of
ALK. Finally, ALK expression also reduced the survival of
primary cortical neurons.

MATERIALS AND METHODS

Reagents and antibodies. Doxorubicin (Dakota Pharm) was obtained from
Sanofi Winthrop (Gentilly, France), Geneticin (G418 sulfate) from GIBCO BRL
(Life Technologies, Grand Island, NY), [**P-y]ATP from Amersham (Les Ulis,
France), and zZVAD-fmk from R & D (Minneapolis, MN), and purified activated
caspase-3 was a kind gift of G. S. Salvesen (The Burnham Institute, La Jolla,
CA). All other chemicals were from Sigma Chemical Co. (St. Louis, MO).

Several anti-ALK antibodies were used: the ALK1 (34) and ALKc (15) mouse
monoclonal antibodies (MADbs) recognize the intracellular, kinase-containing
region of ALK. The REAB polyclonal rabbit antiserum, mouse MAbs 46 and 48
(28), and rat MAb 16-39 (32) are directed against the extracellular domain of
ALK. The antiphosphotyrosine (clone 4G10) MADb was purchased from Upstate
Biotechnology (Lake Placid, NY), and antiactin MAb (clone AC-10) from
Sigma. Peroxidase-conjugated goat antimouse and goat antirabbit immunoglob-
ulin (Ig) antisera were from Bio-Rad (Hercules, CA). Alexa Fluor 594 goat
antimouse IgG was obtained from Molecular Probes (Eugene, Ore.).

Cell lines. The Jurkat (clone E6.1; TIB 152) human T-lymphoblastic leukemia
cell line was purchased from the ATCC (Rockville, MD). Cells were maintained
in RPMI 1640 (GIBCO BRL) containing 10% fetal calf serum (FCS) (GIBCO
BRL), 2 mM glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin, and 1 mM
sodium pyruvate (GIBCO BRL). Transfected Jurkat cells were cultured in the
continuous presence of 2 mg/ml G418. The t(2;5)-positive ALCL cell line SU-
DHLL1 (29) was cultured in Iscove’s medium supplemented with 15% FCS, 2 mM
glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin, and 1 mM sodium
pyruvate. The 13.S.1.24 immortalized olfactory neuronal rat cell line (9) was
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum and 0.3 mg/ml gentamicin.

Culture and transfection of primary cortical neurons. Primary cortical neu-
rons were prepared from 18-day-old Sprague-Dawley rat embryos (Janvier).
Briefly, cerebral cortices were dissected and dissociated by mechanical trituration
and digestion in phosphate-buffered saline (PBS) with 0.3% Aspergillus protease
(Sigma) for 10 min at room temperature. After addition of 35% FCS to stop the
digestion, the suspension was filtered through a 70-um cell strainer and centri-
fuged at 1,000 rpm for 10 min. After resuspension in neurone medium (Neuro-
basal medium supplemented with 0.5 mM glutamine and 2% B-27 supplement
[Gibco]), the cell suspension was centrifuged at 1,000 rpm through a 4% bovine
serum albumin cushion for 10 min. Neurons were used immediately for trans-
fection. Transfections were performed with the rat Neuron Nucleofector kit
(Amaxa), according to the manufacturer’s protocol. We used 3 pg of ALK
plasmid and 0.5 pg of a green fluorescent protein (GFP) expression vector per
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5 X 10° cells in Dulbecco’s modified Eagle’s medium containing 10% FCS.
Thereafter, cells were seeded on poly-p,L-ornithine (Sigma), laminin (Roche)-
coated glass coverslips, or plastic petri dishes. The medium was replaced by
neurone medium 4 h after transfection and plating. Culture medium was re-
newed (one-half of the volume) every other day, and transfected neurons were
analyzed after 3 to 8 days. Neuronal cultures contained >80% neurons, as
assessed by staining with neuron-specific markers (data not shown).

Site-directed mutag is and plasmid construction. The pcDNA3 expression
vector (Invitrogen, Groningen, The Netherlands), containing the cDNA for
wild-type ALK (ALK-wt) and NPM-ALK, as well as the kinase-dead NPM-ALK
(named K210R, corresponding to K1150R in the ALK complete protein se-
quence) mutant, have been previously described (5, 30, 31). Point mutations
resulting from the substitution of asparagine to aspartic residues were done using
the QuickChange site-directed mutagenesis system (Stratagene, Amsterdam,
The Netherlands). The following mutants were constructed and inserted into the
pcDNA3 vector using the following primers: D114IN (5'-CCGGAATGCCCA
ACAACCCAAGCCCCCTGC-3' and 5'-GCAGGGGGCTTGGGTTGTTGGG
CATTCCGG-3'), DI160N (5'-GTGCTCTGAACAGAACGAACTGGATT
TCCTC-3" and 5'-GAGGAAATCCAGTTCGTTCTGTTCAGAGCAC-3"),
DI1163N (5'-GAACAGGACGAACTGAATTTCCTCATGGAAG-3" and 5'-CT
TCCATGAGGAAATTCAGTTCGTCCTGTTC-3"), DI225N (5'-CTCCCTGG
CCATGCTGAACCTTCTGCACGTG-3" and 5'-CACGTGCAGAAGGTTCA
GCATGGCCAGGGAG-3'), and the D1160-1163N double mutant (5'-GAAC
AGAACGAACTGAATTTCCTCATGGAAG-3" and5'CTTCCATGAGGAAA
TTCAGTTCGTTCTGTTC-3").

In addition, a stop codon was inserted to replace codon 1160 in order to
generate a C-terminally truncated ALK protein (ALK-stop1160) using the fol-
lowing primers: 5'-TGCTCTGAACAGTAAGAACTGGATTTC-3' and 5'-GA
AATCCAGTTCTTACTGTTCAGAGCA-3'. Deletion of the 33 juxtamem-
brane amino acids 1057 to 1089 was further introduced into the ALK-stop1160
construct by digestion with BspHI to create the ALK-delta33-stop1160 construct.
Another truncated form of ALK was generated by the insertion of a stop codon
to replace the codon 1126 (ALK-stop1126) using the following primers: 5'-CTG
GGCCATGGCTGATTTGGGGAGGTG-3' and 5'-CACCTCCCCAAATCAG
CCATGGCCCAG-3'. The cDNA coding for the ALK C-terminal fragment
comprised between amino acids 1161 and 1620 (ALK-Cter) was inserted into the
pcDNA3.1D/V5-His-TOPO vector (Invitrogen) using the following PCR prim-
ers: 5'-CACCATGGAACTGGATTTCCTCATGGAA-3" and 5'-TCAGGGCC
CAGGCTGGTTCAT-3'.

Inducible expression vectors were constructed by subcloning the full-length
ALK-wt coding sequence or ALK-Cter (using HindIIT and Xbal sites) from the
pcDNA3 vectors into the pMTCB6+-derived expression vector (pMT) (8). Gene
expression was under the control of the zinc-inducible sheep metallothionein
promoter, resulting in the pMT-ALK and pMT-ALK-Cter vectors, respectively.
All the mutant constructions were verified by sequencing.

DNA transfection of cell lines. Stable transfection of ALK ¢cDNA into Jurkat
cells was performed by electroporation with a Bio-Rad (Ivry-sur-Seine, France)
Gene Pulser apparatus at 270 V and 950 pF. After 48 h of culture, transfected
cells were selected and further cultured with 2 mg/ml G418. Cells expressing the
transgene were cloned by limiting dilution. Cells transfected with control vector
(Jurkat/neo) or with NPM-ALK cDNA have been previously described (19).
Transient transfection of ALK constructs into 13.S.1.24 cells was performed using
the Fugene 6 reagent (Roche Diagnostics, Meylan, France) according to the
manufacturer’s instructions.

Immunodetection by immunocytochemistry and immunofluorescence. Trans-
fected Jurkat cells were cytospun onto glass slides coated with silane, fixed in acetone
for 10 min, and stained using ALK1 MAb with a three-stage immunoperoxidase
technique (4). For the detection of ALK at the cell surface, exponentially growing
cells were centrifuged at 400 X g for 5 min, washed in PBS, and incubated for 30 min
at 4°C with the REAB antibody. After two washes in PBS containing 1% bovine
serum albumin and 0.1% sodium azide, fluorescein isothiocyanate (FITC)-coupled
goat antirabbit Ig (Jackson Immunoresearch, West Grove, Pa) antiserum was added
for 30 min at 4°C as the secondary reagent. Cells were then washed twice and fixed
in 0.5% formaldehyde. For intracellular ALK detection, cells were fixed and per-
meabilized using the Intra-Prep reagent (Immunotech, Marseille, France) according
to the manufacturer’s protocol and then labeled with ALK1 MAD, followed by
FITC-coupled goat antimouse Ig (Jackson). Detection of active caspase-3-expressing
cells after apoptosis induction was performed with an FITC-coupled caspase-3-
specific MAb from BD Pharmingen (BD Biosciences, San Jose, CA). Fluorescence
was analyzed on an XIL4C Coulter (Beckman Coulter, Hialeah, FL) flow cytometer
(excitation wavelength at 488 nm and emission at 525 nm for FITC).

Transfected neurons grown on glass coverslips were fixed for 20 min at room
temperature with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100




VoL. 26, 2006 DUAL EFFECTS OF ALK ON APOPTOSIS 6211

"ol B y J
o "De : _
» &S¢0 8t £
a e o 2| & &
L a4 = 1
o)
’ Ol =% 107 107 ¢ “100 10" 10% 10°
FL1LOG FL1 LOG

Log Fluorescence intensity

surface cytoplasmic

C D E

| ALK-wt

vector

NPM-ALK

kDa

[a—y
(39 ]

z
N
=
kDa
150 ‘ <+ ALK» — 220

100 NPM- > |—97
75 ALK — 66

vector
ALK-wt
SU-DHL1

250

|1

| |
A

50 — K — 46
actin E
IP : ALK IP : ALK
WB : ALK Kinase assay WB : PTyr

FIG. 1. Characterization of ALK expressed in stably transfected Jurkat cells. (A) Jurkat cells, transfected with ALK ¢cDNA or with control
vector (Jurkat/neo cells), were selected with Geneticin for stable gene expression and cloned by limiting dilution. Jurkat/neo cells (top) or an
ALK-transfected Jurkat clone (bottom) were cytospun onto glass slides. Immunohistochemical analysis of the ALK protein was done using the
ALK1 MADb with a three-stage immunoperoxidase technique. Magnification, X800. (B) Intact (left panel) or permeabilized (right panel)
Jurkat/ALK cells were stained with the REAB or ALK1 antibodies, followed, respectively, by FITC-coupled goat anti-rabbit or anti-mouse Ig.
Immunofluorescence analysis of surface (left) and intracellular (right) ALK staining was analyzed by flow cytometry (colored histograms).
Background cell fluorescence with an isotypic control antibody is shown as a black line histogram. (C) Fifty micrograms of protein from total cell
lysates of Jurkat/neo (vector) or Jurkat/ALK (ALK-wt) cells was separated by 7.5% SDS-PAGE and analyzed by Western blotting using the ALKc
MADb. ALK is detected as a 200-kDa band. Molecular mass markers are indicated on the left. The filter was stripped and reprobed using an
antiactin MADb to assess comparable loading. (D) In vitro kinase assay of anti-ALK immunoprecipitates from total cell extracts of two ALK-
expressing (labeled 1 and 2, ALK-wt) and one NPM-ALK-expressing clone, showing autophosphorylation of the proteins. (E) Cell lysates from
vector- or ALK-wt-transfected Jurkat cells and from the NPM-ALK-expressing ALCL cell line SU-DHL1 were immunoprecipitated using the
ALK1 MADb and then analyzed through Western blotting using the antiphosphotyrosine MAb 4G10. Tyrosine phosphorylation was detected in
NPM-ALK-expressing but not in ALK-expressing cells. Molecular mass markers are indicated.

in PBS for 5 min at room temperature, rinsed with PBS, and blocked overnight Fluor 594-goat anti-mouse IgG. After extensive washing, coverslips were
at 4°C in PBS with 2.5% normal goat serum. Incubation with ALKc MAD diluted mounted using 4',6’-diamidino-2-phenylindole-containing Prolong Gold (In-
in PBS with 1% bovine serum albumin for 1 h at room temperature was followed, vitrogen). Cells were examined using an LSM 510 confocal microscope (Zeiss

after several washes in PBS, by a 1-h incubation at room temperature with Alexa axiovert 100) equipped with a X63 immersion objective.
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FIG. 2. Doxorubicin-induced apoptosis is enhanced in ALK-expressing Jurkat cells. (A) Jurkat cells stably transfected with vector or cDNA for
NPM-ALK or ALK were seeded at 4 X 10° cells/ml and incubated for 16 h with culture medium (white bars) or 2 uM doxorubicin (black bars)
as apoptosis inducer. The caspase inhibitor zZVAD-fmk (10 pM) was added in the absence (gray bars) or presence (hatched bars) of doxorubicin.
Apoptosis was measured using the annexin V-FITC labeling technique. The percentage of annexin-positive cells was significantly enhanced for
Jurkat/ALK cells and decreased for Jurkat/NPM-ALK cells, respectively, compared to results for control vector-transfected cells (P < 0.001).
Doxorubicin-induced apoptosis was also significantly inhibited by zZVAD-fmk in all cases (P < 0.001). Histograms represent the means = standard
errors of the means for three to six independent experiments. (B) Correlation of apoptosis detection by two methods within a representative
experiment. Cells were treated for 16 h with doxorubicin (2 uM) as in panel A, and the percentage of annexin-positive cells was determined (black
histograms). Moreover, at the end of apoptosis induction, an aliquot of the culture was assayed for caspase-3/7 activity using the “Caspase glo 3/7”
luminescence assay (Promega) according to the manufacturer’s instructions. Caspase activation is shown as the ratio between the caspase activity
of the treated sample and that of the corresponding untreated cells (relative caspase activity index; gray histograms, right side scale). (C) Dose-
response curve and (D) time course analysis of doxorubicin-induced apoptosis in Jurkat/neo (black square symbols) and Jurkat/ALK (black
triangles) cells. One representative experiment of two (C) and the means * standard errors of the means for three independent experiments

(D) are displayed.

Western blot analysis. Cells were washed once with PBS, pelleted, and ex-
tracted in passive lysis buffer (Promega, Madison, WI) containing 10 pg/ml
leupeptin, 2 pg/ml aprotinin, 1 mM 4-2-aminoethyl-benzenesulfonyl fluoride, 1
mM sodium orthovanadate, and 4 mM sodium fluoride for 30 min on ice. Cell
extracts were centrifuged at 10,000 X g for 20 min at 4°C. The supernatant was
recovered, and its protein content was quantified using the Bio-Rad protein
assay. For Western blotting, 50 to 150 pg of total cell proteins were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in a
7.5% or 10% gel under reducing (most cases) or nonreducing (for detection with
the anti-ALK MADb 48) conditions and transferred for 1 h at 100 V onto a
nitrocellulose membrane.

The ALK protein was detected using alternatively ALKc (1/50), ALK1 (1/200),
and “48” (1/1,000) mouse MADbs, followed by horseradish peroxidase (HRP)-cou-
pled goat anti-mouse Ig antiserum (1/6,000) or REAB rabbit antibody (1/4,000),
followed by HRP-coupled goat anti-rabbit Ig antiserum (1/6,000). Tyrosine-phosphor-
ylated proteins were detected using the 4G10 (1/1,000) mouse MAb and HRP-
coupled anti-mouse Ig antiserum. Signal detection was performed with an enhanced
chemoluminescence kit (ECL; Amersham).

Immunoprecipitation. Cell pellets were suspended in lysis buffer (50 mM Tris
HCI, 150 mM NaCl, 1% Triton X-100) containing 1 mM sodium orthovanadate,

4 mM sodium fluoride, 10 pg/ml leupeptin, 2 pg/ml aprotinin, 2 pg/ml pepstatin
A, and 1 mM aminoethyl-benzenesulfonyl fluoride at 4°C for 30 min. Samples
were precleared at 4°C for 1 h using prewashed protein G-Sepharose beads. The
supernatant was then incubated with ALKI-precoated protein G-Sepharose
beads at 4°C for 1 h. After 5 washes in lysis buffer, the beads were heated at 95°C
for 4 min. Protein separation was performed by SDS-PAGE, followed by West-
ern blot analysis with the antiphosphotyrosine or ALKc MAb.

In vitro kinase assay. Inmunoprecipitation with ALK1 MAD was carried out
as described above. Sepharose-bound immune complexes in lysis buffer were
washed and resuspended in kinase buffer (20 mM HEPES, pH 7.4, 10 mM
MnCl,, 10 mM sodium fluoride, 1 mM sodium orthovanadate) before incubation
with 5 uCi [y**-P]ATP (Redivue; Amersham) at 25°C for 15 min. Samples were
boiled at 95°C for 4 min and separated on a 10% gel by SDS-PAGE prior to
autoradiography.

Induction of apoptosis. Exponentially growing cells were seeded at 4 X 10°
cells/ml and incubated for various periods of time (up to 24 h) with doxorubicin
(0.8 to 2.4 pM) as an inducer of apoptosis or with culture medium for controls.

Measure of cell viability. Cell viability was determined by three methods,
trypan blue dye exclusion, the “CellTiter 96 Aqueous one solution cell prolifer-
ation” colorimetric assay (Promega), based on enzyme conversion of the 3-(4,5-
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FIG. 3. Caspase-dependent ALK degradation during drug-induced apoptosis. (A) Jurkat/ALK cells were treated with 2 wM doxorubicin for
24 h in the presence or absence of 10 pM zVAD-fmk or incubated with culture medium alone. Cells were lysed, and 50 pg of protein from total
cell extracts were separated by 7.5% SDS-PAGE and analyzed on replicate gels through Western blotting using antibodies directed against the
extracellular (REAB), or intracellular (ALK1 and ALKc) domain of ALK. The filters were stripped and reprobed using an antiactin MAD to assess
comparable loading. The intensity of the 200-kDa ALK band (seen as a doublet) decreases in doxorubicin-treated cells, a decrease partially
inhibited by the caspase inhibitor zZVAD-fmk. (B) Western blot analysis of time-dependent degradation of ALK using the ALKc MADb, showing
the appearance of a 60-kDa band (arrowhead). The decrease of the 200-kDa band is not visible because of a longer exposure of the blot, necessary
to visualize the 60-kDa band. Molecular mass markers are shown. (C) Jurkat/ALK cells were treated as in panel A, and ALK degradation was
analyzed by Western blotting using the ALKc MAb. Appearance of the 60-kDa ALK fragment (arrowhead) is inhibited by zVAD-fmk. (D) Total
protein cell lysates from untreated Jurkat/ALK cells were incubated in vitro with purified activated caspase-3 for 30 min at 37°C and analyzed by
Western blotting using the ALKc MAD. The arrowhead indicates the 60-kDa ALK fragment. Lysates from equivalent numbers of cells were loaded

onto a 10% SDS-PAGE gel.

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium(MTS) dye by mitochondria of living cells, or the “CellTiter Glo”
luminescence assay (Promega), to measure the ATP content in living cells.

Quantification of apoptosis by annexin V-FITC labeling and caspase activity.
Annexin V-FITC binding to phosphatidylserine, a membrane phospholipid ex-
posed at the surface of apoptotic cells (22), was measured at the end of apoptosis
induction. Cells were washed twice in PBS and resuspended in 100 pl annexin
buffer (10 mM HEPES-NaOH, pH 7.4, 140 mM NaCl, 5 mM CaCl,) containing
annexin V-FITC (1/100) (Roche Diagnostics, Meylan, France) and 1 pg/ml
propidium iodide, a DNA-intercalating agent. Propidium iodide is used to dis-
criminate between apoptotic and necrotic cells, which bind annexin due to loss of
membrane integrity. After incubation for 15 min at room temperature, annexin
buffer (400 wl) was added to samples and cell fluorescence was immediately
analyzed on an XL4C Coulter (Beckman Coulter, Hialeah, FL) flow cytometer
(excitation wavelength at 488 nm and emission at 525 and 640 nm for FITC and
propidium iodide, respectively). Cells labeled with annexin V-FITC and negative
for propidium iodide were scored as apoptotic cells.

Caspase-3 activity was determined using the “Caspase glo 3/7” luminescence
assay (Promega) according to the manufacturer’s instructions. Caspase activation
is shown as the ratio between the caspase activity of the treated sample and the
activity of the corresponding untreated cells (relative caspase activity index).

Statistical analysis. A paired Student ¢ test was used to compare apoptosis
values in different cell populations. A P value of <0.05 was considered
significant.

RESULTS

Characterization of ALK expression in transfected Jurkat
cells. Jurkat T-lymphoid cells, transfected with ALK cDNA or
with control vector (Jurkat/neo cells), were selected with Gene-
ticin for stable gene expression and cloned by limiting dilution.
Immunohistochemical and immunofluorescence analysis with
ALK-specific antibodies directed against the intracytoplasmic
(ALK1) and extracellular (REAB) portions of ALK revealed
both cytoplasmic and membrane staining, respectively (Fig. 1A
and B), confirming that ALK was expressed as a transmem-
brane receptor. To further characterize the protein expressed
in Jurkat/ALK cells, Western blot analysis using the ALKc
MAD, directed against the C-terminal domain of ALK, re-
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FIG. 4. The caspase cleavage site of ALK is D1160. (A) Portion of the ALK intracellular sequence showing the caspase-3 consensus-like
cleavage site (DELD) and the position of aspartic acids chosen for experimental D_N mutation, as well as the ATP-binding site (K1150). (B) Jurkat
cells were permanently transfected with cDNAs coding for ALK mutants displaying a D_N mutation at position 1141, 1160, 1163, or 1225 and
cloned by limiting dilution. One representative cell clone is shown for each mutant. Cells were treated with 2 uM doxorubicin for 24 h in the
presence or absence of 10 uM zVAD-fmk or left untreated. The arrowhead indicates the 60-kDa ALK fragment, absent from the ALK D1160N
mutant-expressing cells. The filters were stripped and reprobed using an antiactin MAbD to assess comparable loading. (C) Total protein cell lysates
from untreated Jurkat cells expressing the 1160 and 1163 D_N ALK mutants were incubated in vitro with purified activated caspase-3 for 30 min
at 37°C and analyzed by Western blotting using the ALKc MADb. The arrowhead indicates the 60-kDa ALK fragment. Lysates from equivalent

numbers of cells were loaded onto a 7.5% SDS-PAGE gel.

vealed a major protein band (sometimes seen as a doublet; see
below) at approximately 200 kDa (Fig. 1C). Neither Jurkat
(not shown) nor Jurkat/neo (Fig. 1C) cells expressed the ALK
protein. In addition, immunoprecipitation of ALK followed by
an in vitro kinase assay showed that ALK (200 kDa) expressed
in Jurkat cells was capable of autophosphorylation (Fig. 1D),
similarly to the NPM-ALK fusion protein (80 kDa), shown
here as a positive control. Thus, Jurkat/ALK cells stably ex-
pressed a potentially functional full-size ALK protein. How-
ever, ALK immunoprecipitation followed by Western blotting
with the 4G10 MAD revealed that in contrast to NPM-ALK
(19), the ALK protein expressed in Jurkat was not phosphor-
ylated on tyrosine (Fig. 1E).

Doxorubicin-induced apoptosis is enhanced in ALK-ex-
pressing Jurkat cells. In a previous paper, we demonstrated
that NPM-ALK expression in Jurkat cells led to a significant
inhibition of doxorubicin-induced apoptosis, compared to the
case with Jurkat/neo cells (19). In order to compare the re-
spective effects of full-size¢ ALK and NPM-ALK on apoptosis,
we treated Jurkat/neo (vector), Jurkat/NPM-ALK, and Jurkat/
ALK cells with 2 uM doxorubicin for 16 h. Apoptosis was

measured using the annexin V-FITC labeling technique. Sur-
prisingly, we found that the percentage of annexin-positive
Jurkat/ALK cells was enhanced almost twofold compared to
that for control Jurkat/neo cells and four- to fivefold compared
to that for Jurkat/NPM-ALK cells (Fig. 2A). For each cell line,
caspase-3 activity in doxorubicin-treated versus untreated cells
closely paralleled the corresponding variations observed in an-
nexin labeling (Fig. 2B). Thus, in the following experiments, we
used the annexin technique to measure apoptosis unless oth-
erwise indicated. Figure 2C and D show that the enhancement
of doxorubicin-induced apoptosis in ALK-expressing cells was
clearly dose and time dependent. Note that spontaneous apop-
tosis in untreated cells (incubated with culture medium alone)
did not exceed 3% annexin-positive cells in all experiments
(Fig. 2A).

We and others have previously shown that doxorubicin-in-
duced apoptosis in Jurkat cells is a caspase-dependent process
that involves the mitochondrial apoptosis signaling pathway
(19). We show here that the pan-caspase inhibitor zVAD-fmk
is able to inhibit approximately 85% of doxorubicin-induced
apoptosis in Jurkat/ALK cells, indicating that it is a caspase-
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dependent process, as in Jurkat/neo and Jurkat/NPM-ALK
cells (Fig. 2A).

Caspase-dependent ALK degradation during drug-induced
apoptosis. As many critical proteins are degraded in the course
of caspase-dependent apoptosis, we followed ALK expression
by Western blotting with different ALK-specific antibodies di-
rected against the extracellular (REAB) or intracellular
(ALKI1 and ALKc) portion of ALK. The intensity of the 200-
to 220-kDa doublet corresponding to full-size ALK decreased
significantly after doxorubicin treatment of Jurkat/ALK cells
when examined with all three antibodies (Fig. 3A), indicating
that ALK was degraded. Moreover, ALK degradation was
caspase dependent, as it was inhibited by the addition of the
broad caspase inhibitor zZVAD-fmk in association with doxo-
rubicin (Fig. 3A). The ALKc MAb was used to study the
kinetics of ALK degradation in drug-treated cells and to iden-
tify ALK-specific bands of lower molecular mass than the wild-
type protein that could correspond to fragments resulting from
caspase cleavage. As shown in Fig. 3B, a band of approximately
60 kDa appeared in a time-dependent manner and was maxi-
mal at 24 h of treatment with doxorubicin. A longer blot
exposure was necessary to visualize this band, we were there-
fore unable to see on the same image the decrease in the
full-size 200-kDa ALK protein. The 60-kDa product disap-
peared in the presence of 10 uM zVAD-fmk (Fig. 3C, lane
“dox + zVAD”). Another ALK-specific band of 140 kDa was
also frequently detected in untreated cells (Fig. 3B and C).
This band most probably results from an extracellular cleavage
or processing of ALK, as indicated by other groups (28, 32). A
distinct band of 50 kDa (Fig. 3B) was inconsistently detected,
did not vary in intensity, and was probably not specific, as it
could sometimes be seen in overexposed blots of control Jur-
kat/neo cells (not shown).

We hypothesized that the 60-kDa fragment could result
from a caspase cleavage within the intracellular domain of
ALK. In order to see whether ALK cleavage could be due to
the major effector caspase, caspase-3, we incubated protein
extracts from Jurkat/ALK cells with purified activated
caspase-3 for 30 min at 37°C. Western blotting with the ALKc
MAD revealed that ALK was indeed cleaved in vitro by active
caspase-3, giving rise to two major bands of 150 kDa and 60
kDa, respectively (Fig. 3D). As ALKc recognizes an epitope in
the C-terminal region of ALK, it appears that the larger band
results from a cleavage within the extracellular domain of ALK
(irrelevant in vivo, as caspases are intracellular enzymes),
whereas the smaller fragment of 60 kDa appears to be identical
to the one detected after in vivo cell treatment with doxorubi-
cin (seen in Fig. 3B and C, arrowhead).

The caspase cleavage site of ALK is D1160. We then exam-
ined the intracellular protein sequence of ALK in search of a
potential caspase cleavage site. Amino acids 1160 to 1163 of
ALK are “DELD,” a motif similar to the “DEVD” caspase-3
consensus cleavage site (Fig. 4A). Moreover, potential cleav-
age of ALK at this site would yield a protein fragment of 60
kDa, which matches our previous findings. In order to map the
caspase cleavage site, we replaced aspartic acid residues with
asparagine (D_N mutations) in positions 1141, 1160, 1163, and
1225 and also made a double mutant (1160-1163). Jurkat cells
were stably transfected with these constructs and cloned by
limiting dilution as described above. The pattern of ALK deg-
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FIG. 5. Kinase activation impairs NPM-ALK cleavage by caspase-3.
(A) Jurkat cells expressing the wild-type or kinase-dead NPM-ALK mu-
tant were treated for the indicated times (hours) with 2 WM doxorubicin.
Cells were lysed, and 50 ug of protein from total cell extracts was sepa-
rated by 10% SDS-PAGE and analyzed by Western blotting using ALKc.
The filters were stripped and reprobed using an antiactin MAD to assess
protein loading. The arrow indicates the 60-kDa ALK fragment. (B) To-
tal protein cell lysates from untreated Jurkat/NPM-ALK cells and
from the ALCL line SU-DHLI1 were incubated in vitro with purified
activated caspase-3 for 30 min at 37°C and analyzed by Western
blotting using the ALKc MADb. The arrow indicates the 60-kDa ALK
fragment. Lysates from equivalent numbers of cells were loaded
onto a 10% SDS-PAGE gel.

radation after doxorubicin treatment in cells expressing the
1141, 1163, and 1225 D_N ALK mutant was the same as in the
wild-type ALK-expressing cells, giving rise to the 60-kDa frag-
ment (Fig. 4B). In contrast, this fragment was undetectable in
cells expressing the D1160N ALK mutant (Fig. 4B), indicating
that the 1,160-aspartic-acid residue is the site of ALK cleavage
by caspase-3. In agreement with these findings, in vitro treat-
ment of protein extracts from ALK-D1160N-expressing cells
with active caspase-3 failed to release the 60-kDa fragment,
whereas the D1163N ALK mutant was still cleaved (Fig. 4C).
The 1160-1163 D_N double mutant responded like the
D1160N mutant in vivo and in vitro (data not shown).
Kinase activation impairs NPM-ALK cleavage by caspase-3.
Since the DELD motif belongs to the intracellular region of
ALK, which is conserved in the NPM-ALK hybrid protein, we
expected NPM-ALK to undergo caspase cleavage after doxo-
rubicin treatment of Jurkat/NPM-ALK cells. Indeed, Western
blot analysis revealed a weak 60-kDa band after 16 h of cell
incubation with the drug (Fig. 5A, left panel), instead of 3 h for
Jurkat/ALK cells (Fig. 3B). Therefore, the generation of the
60-kDa fragment was both impaired and delayed in Jurkat/
NPM-ALK versus Jurkat/ALK cells. In contrast, the kinase-
dead (K210R) NPM-ALK, mutated on the ATP fixation site
(lysine [K] 1150 of the full-length ALK sequence [Fig. 4A]),
was cleaved as early as 6 h after the onset of treatment (Fig.
SA, right panel). Moreover, our published (19) and present
(Fig. 5A) results show that the kinase-dead mutant was ex-
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FIG. 6. The D1160N mutation abrogates ALK-mediated enhance-
ment of apoptosis. Jurkat cells expressing wild-type or mutant ALK
displaying a D_N mutation at position 1141, 1160, 1163, or 1225 and
wild-type or kinase-dead NPM-ALK were treated with 2 pM doxoru-
bicin for 16 h. Apoptosis was measured using the annexin V-FITC
labeling technique. One representative cell clone is shown for each cell
line. The percentage of annexin-positive cells in all groups was statis-
tically different (P < 0.05) from that in control vector-transfected cells
(white bar). Apoptosis was increased in all groups (with no significant
difference between them) except for the ALK D1160N mutant and the
NPM-ALK-wt-expressing cells, in which apoptosis was inhibited in
comparison to results with control vector-transfected cells. Bars rep-
resent the means * standard errors of the means for three indepen-
dent experiments.

pressed at a lower level than wild-type NPM-ALK. Therefore,
the relative ratio between the 60-kDa cleavage fragment and
the full-size 80-kDa protein appears more important in the
kinase-dead mutant than in the wild-type NPM-ALK. Active
caspase-3 in vitro treatment of protein extracts from Jurkat/
NPM-ALK cells and the SU-DHL1 ALCL cell line, confirmed
that NPM-ALK was cleavable, generating a 60-kDa fragment,
as expected (Fig. 5B). Taken together, our results suggest that
activation/phosphorylation of the ALK kinase protects the pro-
tein from caspase-dependent degradation. It should be noted
that ALK cleavage on residue 1160 disrupts the kinase domain
of ALK, which spans between residues 1122 and 1376, but
preserves lysine 1150, the ATP-binding site (but not necessarily
the secondary structure). Thus, caspase cleavage of ALK prob-
ably inactivates the kinase.

The D1160N mutation abrogates ALK-mediated enhance-
ment of apoptosis. We next examined the effect of the various
D_N mutations of ALK on doxorubicin-induced apoptosis to
see whether a relationship existed between caspase-dependent
ALK cleavage and the extent of cell death. The 1141, 1163, and
1225 ALK mutants transfected into Jurkat cells responded like
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FIG. 7. Mapping of a proapoptotic segment of ALK to the jux-
tamembrane region. Upper panel: schematic representation of wild-
type and C-terminally truncated ALK proteins; the extracellular (EC),
transmembrane (TM), tyrosine kinase (TK), and intracellular (IC)
domains are indicated. Middle panel: Jurkat cells, stably transfected
with pcDNA3 vector (white bar) or cDNA coding for the wild-type
(A) or C-terminally truncated ALK protein (black bars) ALK-
stop1160 (B), ALK-delta33-stop1160 (C), or ALK-stop1126 (D), were
treated with 2 M doxorubicin for 16 h. Apoptosis was measured using
the annexin V-FITC labeling technique. Results are represented as an
index of the percentage of annexin-positive control vector-transfected
cells (mean * standard error of the mean for three independent
experiments). Lower panel: Western blot detection of wt and trun-
cated ALK proteins (indicated by arrowheads) using MAb 48 directed
against the extracellular domain of ALK. SDS-PAGE (7.5%) was run
under nonreducing conditions.

wild-type ALK, i.e., enhanced doxorubicin-induced apoptosis
by 1.5- to twofold compared to that for Jurkat/neo cells (Fig. 6).
In contrast, the D1160N mutant conferred resistance to apop-
tosis similarly to NPM-ALK, reducing the percentage of an-
nexin-positive cells to half that observed in Jurkat/neo cells
(Fig. 6). In addition, the 1160-1163 double mutant also pro-
tected cells from drug-induced apoptosis (not shown). As ob-
served in ALK-wt-expressing cells, we could not detect tyrosine
phosphorylation in the noncleavable D1160N ALK mutant,
either before or after cell treatment with doxorubicin (data not
shown), suggesting that the abrogation of the proapoptotic



VoL. 26, 2006

0- L 1

apoptosis inhibition (%)
th
=

0.601 O.Illl 0‘.1 1 10
Dose ( pg/ml)

DUAL EFFECTS OF ALK ON APOPTOSIS 6217

+ anti-ALK mAb IgG
0 5 45 45

o m—

Ptyr
ALKc

REAB

- o

To0  actin M

FIG. 8. ALK ligation by activating antibodies inhibits ALK-mediated enhancement of apoptosis. (A) Jurkat/ALK cells were treated with 2 uM
doxorubicin for 16 h in the presence of increasing doses of the ALK-specific activating MAb 46 (black square symbols) or 16-39 (black triangles).
Apoptosis was measured using the annexin V-FITC labeling technique. Each results is expressed as the percentage of apoptosis inhibition in
Jurkat/ALK cells relative to that for the control Jurkat/neo (vector) cells treated under the same conditions. One representative experiment of
three is shown. (B) Jurkat/ALK cells were serum starved for 24 h and incubated for various times with 10 wg/ml MAb 46 or control isotypic mouse
IgG. Lysates from equivalent numbers of cells were loaded onto a 7.5% SDS-PAGE gel. ALK phosphorylation was analyzed by Western blotting
with the 4G10 antiphosphotyrosine MADb (Ptyr). The blot was stripped and sequentially reprobed with ALKc and REAB antibodies to visualize
total ALK expression and with antiactin to assess comparable protein loading.

activity of this mutant was not due to kinase activation. Nota-
bly, doxorubicin-induced apoptosis was enhanced in kinase-
dead NPM-ALK-expressing cells (Fig. 6) to the same extent as
in Jurkat/ALK cells, and we have shown that this mutant was
relatively sensitive to caspase cleavage (Fig. 5A, right panel).
Altogether these data strongly suggest that ALK cleavage by
caspase at D1160 confers an active signal for enhancement of
drug-induced apoptosis.

Mapping of a proapoptotic segment of ALK to the jux-
tamembrane region. We have found that ALK-mediated facil-
itation of drug-induced apoptosis depended on its intracellular
cleavage by caspase-3 at D1160. These data suggest that either
the 60-kDa fragment released is proapoptotic or the intracel-
lular segment upstream of D1160 contains a structure or se-
quence with proapoptotic properties. In a first approach, we
constructed a pcDNA3 vector containing the coding sequence
of the 1161-to-1620 ALK C-terminal fragment. However, we
repeatedly failed to obtain clones in permanent transfection of
Jurkat cells or to detect the peptide in transient transfections
(data not shown). At this point in the study, this result could be
due either to a potent proapoptotic effect of the fragment or to
unresolved technical problems. To investigate the presence of
a potential proapoptotic sequence within the N-terminal jux-
tamembrane part of the ALK intracellular region, we con-
structed a mutant with a stop codon in position 1160 (ALK-
stop1160). Doxorubicin-induced apoptosis in these cells was
enhanced to the same extent as in Jurkat/ALK cells (Fig. 7,
middle panel). These data indicate that ALK might contain a
proapoptotic domain in its intracytoplasmic juxtamembrane
region between amino acids 1058 and 1160. In order to map
this putative domain, we generated two additional ALK mu-
tants, deleting the N- or C-terminal third of this 103-amino-
acid peptide segment: ALK delta33_stop1160 (deleting amino
acids 1057 to 1089) and ALK-stop1126, respectively. All the
C-terminally truncated ALK proteins expressed in Jurkat cells
were detected through Western blotting using the MAb 48
directed against the extracellular domain of ALK (Fig. 7, lower

panel). Doxorubicin-induced apoptosis was also increased in
cells expressing these mutant ALK proteins (Fig. 7), strongly
suggesting that a proapoptotic region lies between amino acids
1090 and 1125 of the ALK intracellular domain.

ALK ligation by activating antibodies inhibits ALK-medi-
ated enhancement of apoptosis. The activation of RTKs typi-
cally requires ligand-induced receptor oligomerization, which
results in tyrosine autophosphorylation of the receptors (37).
Since our in vivo and in vitro experiments suggest that activa-
tion/phosphorylation of the ALK kinase protects the protein
from caspase-dependent degradation and the cells from doxo-
rubicin-induced apoptosis, we tried to induce ALK receptor
activation using a specific ligand. In our hands, commercially
available recombinant PTN (Sigma) failed to activate the re-
ceptor. In addition, although cotransfection of Jurkat cells with
ALK and PTN decreased drug-induced apoptosis, this effect
was not ALK specific, since it was also observed in PTN-only-
expressing cells (unpublished results). The use of ALK-specific
activating MAbs, recently developed by two independent re-
search groups (28, 32), was therefore a potent tool to activate
the ALK receptor. Coincubation of Jurkat/ALK cells with
doxorubicin and either the 16-39 or 46 MAD reversed the
proapoptotic effect of ALK in a dose-dependent manner, with
a maximal effect at 1 to 2 wg/ml of purified antibody (Fig. 8A).
Note that MAb 16-39 decreased the level of apoptosis (mea-
sured by annexin labeling) of Jurkat/ALK cells to that of con-
trol Jurkat/neo cells (100% apoptosis inhibition) (Fig. 8A). In
addition, the activating effect of MAb 46 on ALK kinase was
confirmed, since cell incubation with this antibody induced
tyrosine phosphorylation of ALK (Fig. 8B).

ALK induces cell death in a neuroblast cell line. The ALK
receptor is expressed during the development of the nervous
system (21, 31). In order to determine whether ALK could
have a proapoptotic effect in a more physiological context, we
transiently expressed ALK in an immortalized murine neuro-
blast cell line, 13.S.1.24, which does not express endogenous
ALK (not shown). Twenty-four hours after transfection, cells



6218 MOURALI ET AL. MoL. CELL. BIOL.

A
D 1007 [
=
& s =
pcDNA § % 5
vector R
S
§ 75
2
ALK =
cDNA =
>
50

pcDNA ALK- ALK-

B ~150] vector wt stop1160
o
|
125 E
S WB : ALKc¢
o 100 kDa
< 250 —
§ 75 - ol
= 100 —
Q 501
2 251
< .
', 50 — P
C 1001 j
1507 %

-y
(s
L7/

2
viability (% of control)
N
(—

apoptosis (% of control)
~]

507
251 0
pMT ALK- ALK-
0 vector wt Cter
ALK ¢cDNA -+ - 4+ Zinc-induced

anti-ALK mAb - - + +



VoL. 26, 2006

were deprived of serum (a stimulus which per se does not
induce cell death in this cell line) and further incubated for
24 h in the absence or presence of 20 pg/ml anti-ALK MAb
16-39. The transfection efficiency was approximately 50% in all
experiments (evaluated by transfection with a green fluores-
cent protein expression vector and flow cytometry analysis of
cell fluorescence). As shown in Fig. 9A, ALK transfection
(determined by Western blotting; not shown) induced signifi-
cant cell death (lower left panel) compared to control vector-
transfected cells (upper left panel). In contrast, incubation of
ALK-transfected cells with MAb 16-39 rescued the cells from
apoptosis triggered by serum deprivation (Fig. 9A, lower right
panel). A normal rat IgG, used as a negative control for MAb
16-39, had no effect. Cell viability was measured using an MTS
assay (Fig. 9B), and apoptosis was measured by assessing the
percentage of active caspase-3-positive cells in the different
culture conditions (Fig. 9C), confirming that the activating
anti-ALK MAD 16-39 decreased apoptosis triggered by ALK in
serum-deprived neuroblasts.

Since the ALK-stop1160 mutant was proapoptotic in Jurkat
cells, it was important to assess that it had the same effect in
13.S5.1.24 neuroblasts. Indeed, cell viability was decreased to
the same extent after ALK-stop1160 and ALK-wt transfection
in neuroblasts (Fig. 9D). Protein expression was checked by
Western blotting (not shown).

As in the Jurkat cell model, transfection of 13.S.1.24 neuro-
blasts with a pcDNA3-ALK-Cter vector did not lead to detect-
able expression of the C-terminal ALK 60-kDa fragment (data
not shown). We then tried another strategy and inserted the
coding sequence for ALK-Cter (1161 to 1620) or for ALK-wt
into a pMTCB6+-derived expression vector (8) under the con-
trol of the zinc-inducible sheep metallothionein promoter.
Cells were transfected with pMT vector, pMT-ALK-wt, or
pMT-ALK-Cter in the absence of serum, induced or not with
100 uM ZnSO, (an optimal dose to minimize toxicity for cells
and obtain gene expression) 5 h later. Both proteins were
detected in transfected neuroblasts by Western blotting in the
presence (Fig. 9E, top), but not in the absence (not shown) of
zinc induction. Cell viability was measured by trypan blue ex-
clusion 48 h postinduction. Zinc-induced ALK-wt expression
significantly decreased the number of viable cells in the culture
(P < 0.05) compared to results with the control pMT vector.
The slight decrease of cell viability observed with ALK-Cter
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did not appear to be statistically significant (Fig. 9E, lower
part).

ALK induces cell death in primary cortical neurons. We
finally addressed the issue of the potential proapoptotic effect
of ALK on primary cortical neurons, which do not express
endogenous ALK ((31) and unpublished results). Primary cor-
tical neurons were prepared from 18-day-old rat embryos (note
that these cells are postmitotic and do not proliferate in cul-
ture) and were transfected with ALK-wt inserted either in the
pcDNA3 or the zinc-inducible pMT vector. In both cases, ALK
transfection decreased the number of viable cells observed
after 6 to 8 days of culture, compared to the corresponding
empty vectors (Fig. 10A and 10B). The expression of ALK was
determined by indirect immunofluorescence on permeabilized
neurons using the ALKc MADb (Fig. 10C).

DISCUSSION

We present here data supporting that in the absence of a
ligand, the ALK receptor kinase is not tyrosine phosphorylated
and actively enhances or triggers apoptosis, whereas kinase
activation, induced by a ligand or constitutive as with NPM-
ALK, decreases apoptosis. Unligated/nonactivated ALK re-
ceptor facilitates apoptosis via its own cleavage by caspases at
D1160, a phenomenon allowing the exposure of a proapoptotic
juxtamembrane intracellular domain (located between resi-
dues 1058 and 1160), most likely through the association with
proapoptotic effectors. Caspases have been shown to associate
with death receptors, such as Fas/CD95, TNFR1, or TRAIL,
via intracellular adaptor proteins through different motifs
within the death-like domain superfamily: death domain,
death-effector domain, or caspase recruitment domain (18,
36). We searched databases but were unable to find any such
domain within the juxtamembrane intracytoplasmic sequence
(1058 to 1160) of ALK. Finer mapping allowed us to restrict
the proapoptotic domain to a sequence lying between amino
acids 1090 and 1125 of ALK. The direct or indirect interaction
of ALK with proapoptotic effector molecules will be the object
of further studies. Yet preliminary data show that expression of
several Bcl-2 family members is modulated in ALK-expressing
Jurkat cells (data not shown).

This dual effect on apoptosis has been described for several
receptors involved in development and tumorigenesis, compos-

FIG. 9. ALK induces cell death in neuroblasts. (A) ALK cDNA or empty pcDNA3 vector was transiently transfected into the 13.S.1.24 immortalized
murine neuroblast cell line. Twenty-four hours after transfection, cells were serum starved and incubated in the presence or absence of 20 pg/ml
ALK-specific activating MAb 16-39 for a further 24 h. Cell morphology was observed by phase-contrast microscopy under an inverted microscope.
ALK-transfected cells exhibited significant cell death (lower left panel) but could be rescued by the activating anti-ALK MADb (lower right panel).
(B) Cells from cultures shown in panel A were assessed for viability by using the MTS assay (CellTiter 96 Aqueous cell proliferation assay from Promega)
and apoptosis (C), measuring the percentage of active caspase-3-expressing cells by flow cytometry. The control (set arbitrarily at 100%) in both graphs
is the vector-transfected neuroblast cell line. Results represent the means of triplicate measures within one representative experiment of three. (D) In
addition to vector and ALK-wt, the truncated ALK-stop1160 mutant cDNA was transfected into 13.S.1.24 cells. Cell viability was measured as in panel
B. Bars represent the means * standard errors of the means for three independent experiments. The difference between ALK-wt or ALK-stop1160 and
the vector-transfected cells was statistically significant (*, P < 0.05, Student’s ¢ test). (E) The zinc-inducible metallothionein promoter-containing
pMTCB6+-derived vector (pMT vector) was used to express ALK-wt or the ALK C-terminal peptide 1161 to 1620 (ALK-Cter) in 13.S.1.24 neuroblasts,
respectively. Cells were transfected in the absence of serum and treated with 100 puM ZnSO, 5 h later. Both proteins were detected in transfected
neuroblasts by Western blotting (upper panel), and cell viability was measured by trypan blue exclusion 48 h postinduction (lower panel). Bars represent
the means * standard errors of the means for four independent experiments. Zinc-induced ALK-wt expression significantly decreased the number of
viable cells in the culture (¥, P < 0.05), compared to the control pMT vector, whereas the Cter peptide did not have a significant effect.
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FIG. 10. ALK induces cell death in primary cortical neurons. Primary cortical neurons prepared from 18-day-old embryonic Sprague-Dawley
rats were transfected with ALK cDNA inserted into the pcDNA3 or the zinc-inducible pMT vector, together with a GFP expression vector as a
control, as described in Material and Methods. Zinc (100 uM Zn SO,) was added at days 2, 3, and 6 posttransfection for pMT vectors. Transfected
neurons were analyzed after 6 to 8 days. (A) Phase-contrast microscopy of cultures at day 6, showing a lower density of neurons in ALK-transfected
cultures. (B) Cell viability was measured at day 7 posttransfection using the CellTiterGlo luminescence assay. Results represent the means *
standard deviations of quadruplicate measures within one representative experiment of 2. (C) Immunofluorescence analysis of transfected neurons
(day 8) grown on glass coverslips, permeabilized, stained with ALKc MAD followed by an Alexa Fluor 594 goat antimouse IgG (right panels). Left

panels show the analysis of GFP expression in transfected neurons.

ing the so-called functional family of “dependence receptors.”
Members include p75NTR, the low-affinity nerve growth factor
receptor (7), the DCC (deleted in colorectal cancer) and
UNCSH netrin receptors (16, 17, 24, 25), the integrin o,f5
(40), and the RET (rearranged during transfection) RTK, a
receptor for glial cell-derived neurotrophic factor (6). Such
receptors create states of dependence on their respective li-
gands by inducing apoptosis when the ligand is absent and
inhibiting apoptosis in the presence of the ligand. Moreover,
these receptors appear to be cleaved by caspases during apop-
tosis (7), as is the case for ALK. Recently, another RTK was
identified as a receptor displaying several common traits with
dependence receptors: MET is cleaved by caspases, this cleav-
age is inhibited by the presence of its ligand, hepatocyte growth
factor/scatter factor, and the cleaved fragment was shown to be
proapoptotic (43). However, the authors failed to detect a

proapoptotic activity of the full-length receptor, while both
RET and ALK are clearly proapoptotic in the absence of their
respective ligands. Whether this is related to the experimental
system or to the fact that MET is not a dependence receptor
remains to be determined. However, it is intriguing to see that
various kinase receptors could potentially be considered de-
pendence receptors. The physiological relevance of this phe-
nomenon has yet to be discovered.

Multiple oncogenes have the ability to trigger apoptosis
when expressed in an inappropriate manner, and this is
thought to restrict tumor formation by eliminating potentially
malignant cells that may have acquired a mutation that stim-
ulates proliferation. For example, deregulated expression of
c-myc promotes proliferation but can also either induce or
sensitize cells to apoptosis (14). A parallel could be made
between c-myc and ALK. Inappropriate expression of c-myc
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under conditions which inhibit growth and down-regulate en-
dogenous c-myc expression, including serum deprivation and
exposure to cytotoxic agents, usually results in programmed
cell death in many different cell types (reviewed in reference
13). We show here that inappropriate expression of ALK, in
the absence of a ligand and/or in the wrong cellular context,
also triggers or facilitates apoptosis. On the other hand, mech-
anisms that inhibit apoptosis should enhance or promote tu-
morigenesis. Indeed, when ALK is in its oncogenic form,
NPM-ALK, the propapoptotic effect of ALK due to its cleav-
age by caspases is counteracted by the proliferative and pro-
survival effect of the constitutively activated tyrosine kinase.
We propose that apoptosis associated with inappropriate ALK
expression could limit the tumorigenic effect of the ALK
proto-oncogene.

It is possible that ALK does not trigger apoptosis directly
but that it acts as a sensitizer to another existing trigger. Two
signals would thus be necessary to enhance apoptosis. In the
lymphoid Jurkat cells, we have observed that a certain degree
of caspase activation is present in both parental and trans-
fected cells (data not shown). Moreover, other authors have
shown that lymphocytes can survive limited caspase activation
(1) and that active caspase-3 was detected in ALK-positive
ALCL tumors (42). If the level of caspase activation reaches a
certain threshold, we propose a model, which may vary accord-
ing to the cell type and the cell environment, in which ALK is
cleaved by caspase-3 (or possibly a related subfamily caspase
member), exposing a proapoptotic region and creating a pos-
itive feedback loop for apoptosis enhancement. This model
could also apply to the neuronal cell, where serum deprivation,
a stimulus that per se does not induce cell death in the
13.5.1.24 immortalized neuroblasts, “pushes” ALK to induce
cell death.

Like several dependence receptors (26), ALK is involved in
neural development (21, 31) and possibly morphogenesis, in
spite of the lack of a lethal or abnormal phenotype in ALK-
knockout mice (12; S. W. Morris, personal communication).
Interestingly, two recent papers analyzed the temporal spatial
expression of the ALK receptor during the development of
mice (44) and chickens (20), showing that ALK is dynamically
expressed on subsets of neurons of both the central and pe-
ripheral nervous system. It is noteworthy that the expression of
the ALK transcript in spinal motoneurons overlaps temporally
with the period of programmed cell death (which affects 50%
of these neurons) in the chicken embryo, suggesting that ALK
could play a role in this phenomenon (20). Our results showing
a prodeath effect of ALK in both murine immortalized neuro-
blasts and ex vivo primary neurons support the potential pro-
apoptotic role of ALK under certain physiological conditions
that remain to be determined.

In conclusion, ALK is a receptor involved in both neural
development and oncogenesis, with dual effects on apoptosis
depending on the availability of the ligand. Therefore, this is
the first demonstration that ALK could be a new member of
the dependence receptor family.
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