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NPM/ALK is an oncogenic fusion protein expressed in �50%
of anaplastic large cell lymphoma cases. It derives from the t(2;
5)(p23;q35) chromosomal translocation that fuses the catalytic
domain of the tyrosine kinase, anaplastic lymphoma kinase
(ALK), with the dimerization domain of the ubiquitously
expressed nucleophosmin (NPM) protein. Dimerization of the
ALK kinase domain leads to its autophosphorylation and con-
stitutive activation. Activated NPM/ALK stimulates down-
stream survival and proliferation signaling pathways leading to
malignant transformation. Herein, we investigated the molecu-
lar mechanisms of autoactivation of the catalytic domain of
ALK. Because kinases are typically regulated by autophospho-
rylation of their activation loops, we systematically mutated
(Tyr 3 Phe) three potential autophosphorylation sites con-
tained in the “YXXXYY” motif of the ALK activation loop, and
determined the effect of thesemutations on the catalytic activity
and biological function of NPM/ALK. We observed that muta-
tion of both the second and third tyrosine residues (YFFmutant)
did not affect the kinase activity or transforming ability of
NPM/ALK. In contrast, mutation of the first and second
(FFY), first and third (FYF), or all three (FFF) tyrosine resi-
dues impaired both kinase activity and transforming ability of
NPM/ALK. Furthermore, a DFFmutant, in which the aspartic
residue introduces a negative charge similar to a phosphoryl-
ated tyrosine, possessed catalytic activity similar to the YFF
mutant. Together, our findings indicate that phosphorylation
of the first tyrosine of the YXXXYY motif is necessary for the
autoactivation of the ALK kinase domain and the transform-
ing activity of NPM/ALK.

The anaplastic lymphoma kinase (ALK)2 is a receptor tyro-
sine kinase that belongs to the insulin receptor (IR) kinase sub-
family of receptor tyrosine kinases (1). ALK is normally
expressed in both the central and peripheral nervous systems
during embryogenesis (2, 3). Expression of ALK is down-regu-
lated before birth and in the adult ALK expression is restricted
to specific cells in the central and peripheral nervous system (4).
However, ALK is also aberrantly expressed in cancer as a result
of chromosomal rearrangements involving the alk gene located
on the 2p23 chromosome. ALK fusion proteins have been
detected in anaplastic large cell lymphoma, diffuse large B-cell
lymphoma, and in inflammatorymyofibroblastic tumors (5–7).
The most commonly expressed ALK fusion protein in ana-

plastic large cell lymphoma is NPM/ALK, which derives from
the t(2;5)(p23;q35) chromosomal translocation that fuses the
kinase domain of ALK to the dimerization domain of nucleo-
phosmin (NPM) (5). Dimerization of NPM/ALK stimulates
autophosphorylation and activation of the ALK kinase domain
(8, 9) and, subsequently, phosphorylation of other tyrosine res-
idues within NPM/ALK that are important for the activation of
oncogenic signaling pathways. Phosphorylated tyrosine resi-
dues act as docking sites for SH2 and PTB domains contained
within signaling molecules or adaptor proteins (5, 6, 10–12).
Several docking sites in NPM/ALK have already been
described: pY156 for IRS-1, pY567 for SHC, and pY664 for
phospholipase C-� (13). The docking sites for other important
downstream targets of NPM/ALK, the Janus tyrosine kinases
and STATs, remain to be identified (14–16).
ALK, as amember of the IR kinase subfamily, is characterized

by the “YXXXYY” motif contained in the activation loop
(A-loop). The IR kinase has been extensively studied and pro-
vides a model for the autoregulation of the kinase domain by
autoinhibition (17). In the inactive conformation, the A-loop
traverses the cleft between the N- and C-terminal lobes of the
kinase domain occupying both the substrate and ATP binding
sites. The second tyrosine in the YXXXYY motif (Tyr-1162)
interacts with the catalytic loop (Asp-1132) by H-bonds and
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competes with peptide substrate for binding. Because Tyr-
1162 is crucial for stabilizing the inactive conformation, it is
not surprising that this second tyrosine is the preferred sub-
strate of the IR kinase and is autophosphorylated first when
the kinase undergoes autoactivation. Autophosphorylation
of the A-loop tyrosines occurs in the order, second (Tyr-
1162), first (Tyr-1158), and then third (Tyr-1163) (18).
Sequential phosphorylation of the A-loop is accompanied by
partial and then full activation of the kinase domain, when
the A-loop is in the trisphosphorylated state. Conforma-
tional changes induced by phosphorylation leads to the
opening of the A-loop, allowing access of ATP and substrates
to the active site.
As ALK contains the YXXXYYmotif in its A-loop (Tyr-1278,

Tyr-1282, and Tyr-1283, respectively) it can be expected that
ALKmay be autoregulated in a similar fashion to the IR kinase.
However, we have previously demonstrated that the amino acid
sequence of the ALK A-loop differs significantly from the con-
sensus sequence for the IR kinase family (19). In addition, we
observed that purified ALK kinase domain preferentially phos-
phorylates the first tyrosine residue of the YXXXYY motif in
synthetic peptides reproducing the ALK A-loop (19). These in
vitro results suggest that the mechanism of autoregulation of
ALK might differ from that of the IR kinase and that the first
tyrosine in the A-loop may play a central role in its autoactiva-
tion. To test this hypothesis we assessed the role of the three
tyrosine residues in the activation of full-length NPM/ALK
(Tyr-338, Tyr-342, and Tyr-343). We generated mutants of
NPM/ALK (Fig. 1) in which the A-loop tyrosine residues were
replaced by either the neutral and non-phosphorylatable amino
acid, phenylalanine, or by a negatively charged, acidic amino
acid, aspartate. NPM/ALK mutants were stably expressed in
BaF3 cells and the effect of these mutations on the NPM/ALK
kinase activity and in vitro/in vivo transforming abilities was
determined.

EXPERIMENTAL PROCEDURES

Mutagenesis and Generation of
Stable BaF3 Cell Transfectants—
Full-length human NPM/ALK
cDNA, subcloned in the expression
vector pcDNA3, was kindly pro-
vided by Dr. S. W. Morris (Dept. of
Pathology and Hematology-Oncol-
ogy, St. Jude Children’s Research
Hospital, Memphis, TE). Mutations
in the NPM/ALK A-loop were gen-
erated using the QuikChangeXL
site-directedmutagenesis kit (Strat-
agene, La Jolla, CA) according to the
manufacturer’s instructions. The
kinase-dead mutant was generated
by mutating the residue Lys-210 to
Arg (K210R) (9). The IL-3-depend-
ent murine pro-B BaF3 cell line was
transfected by electroporation of
5� 106 cells with 10�g of linearized
plasmid DNA at 260 V and 960

microfarads using the Gene Pulser Electroporator (Bio-Rad,
Hercules, CA). Transfected cells were selected by culturing in
the presence of G418 (Sigma) at 800 �g/ml for 2 weeks. The
expression of NPM/ALK protein was verified by immuno-
blotting. Single cell clones were obtained for each mutant by
limiting dilution in 96-well plates, and clones with comparable
expression levels of NPM/ALK were selected. Mutations were
verified by reverse transcription-PCR on total RNA extracted
from 10,000 cells and DNA sequencing as previously described
(20). BaF3 cells transfected with empty vector or mutated
NPM/ALK were maintained in RPMI 1640 (BioWhittaker,
Walkersville, MD) supplemented with 10% fetal bovine serum,
100 units/ml penicillin, 100 �g/ml streptomycin, 2 mM L-gluta-
mine, and 0.2% supernatant from Chinese hamster ovary cells
expressing IL-3 growth factor. BaF3 cells expressing wild-type
NPM/ALK were grown in the absence of IL-3. All cells were
cultured in a humidified atmosphere at 37 °C and 5% CO2.
Immunoblotting Analysis—Cells (2 � 106) were collected by

centrifugation, washed once with ice-cold phosphate-buffered
saline, and lysed for 30 min in lysis buffer (25 mM Tris-HCl, pH
7.4, 150 mMNaCl, 1% Triton X-100, 5 mM EDTA, 5 mM EGTA,
1 mMNaVO4, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, 10 �g/ml of Pepstatin-A, leupeptin, and aprotinin).
Lysates were clarified by centrifugation at 13,000� g for 15min
at 4 °C. Protein concentration was determined in the superna-
tant using the Bio-Rad Protein Assay (Bio-Rad). Proteins (150
�g) were resolved by SDS-PAGE and transferred to a nitrocel-
lulose membrane. NPM/ALK expression was detected using
the anti-ALK#1monoclonal antibody, kindly supplied byDr. K.
Pulford (Nuffield Department of Clinical Laboratory Sciences,
John Radcliff Hospital, Oxford, UK). Tyrosine-phosphorylated
proteins were detected using themousemonoclonal anti-phos-
photyrosine 4G10 antibody (anti-PY) fromUpstate Biotechnol-
ogy (Lake Placid, NY). Signaling molecules were detected using
anti-STAT3, anti-phospho-STAT3, anti-p70S6K, anti-phospho-

FIGURE 1. NPM/ALK activation loop mutants. NPM/ALK schematic representation compared with ALK full-
length protein is shown. The position of the Lys residue, the mutation of which causes catalytically inactive
kinase (K210R), is also indicated. Details of the YXXXYY motif of the ALK A-loop are shown as well as the A-loop
sequence of mutants generated by site-directed mutagenesis of pcDNA3-NPM/ALK-WT.
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p70S6K, anti-MAPK, anti-phospho-MAPK, anti-Akt, anti-phos-
pho-Akt, and anti-Bcl-xL antibodies fromCell Signaling Technol-
ogy (Danvers, MA), and the anti-p27 antibody from Santa Cruz
Biotechnology (Santa Cruz, CA). Protein loading was controlled
using the anti-actin antibody (Sigma). The horseradish peroxi-
dase-conjugated anti-mouse or anti-rabbit secondary antibodies
were obtained fromGEHealthcare (Princeton, NJ). Proteins were
visualized by enhanced chemiluminescence (ECL) as recom-
mended by themanufacturer (GEHealthcare).
Radioactive Kinase Assay—NPM/ALK was immunoprecipi-

tated from 2 mg of protein from total cell lysate using the anti-
ALKc antibody, kindly supplied by Dr. B. Falini (University of
Perugia, Italy), and GammabindTM G-Sepharose (GE Health-
care). Immunocomplexes were washed five times in lysis buffer
and once in kinase buffer (25mMHepes, pH 7.0, 5mMMgCl2, 5
mM MnCl2).
Phosphorylation of exogenous peptide substrate was meas-

ured by incubating immunocomplexeswith kinase buffer, 1mM
dithiothreitol, 30 �M ATP, 1 �Ci of [�-32P]ATP, and 200 �M
peptide substrate (ARDIYRASFFRKGGCAMLPVK) (19) at
30 °C for 15 min. The reaction was stopped by spotting the
reaction mix onto P81 phosphocellulose paper (2 � 2 cm). Fil-
ters were washed three times for 10min with 0.75% phosphoric
acid and once with acetone for 5 min. After drying cpm values
were measured by scintillation using the Wallac Betacounter
System (PerkinElmer Life Sciences). Autophosphorylation of
NPM/ALK was measured by incubating immunocomplexes
with kinase buffer, 1 mM dithiothreitol, 30 �MATP, and 10 �Ci
of [�-32P]ATP at 30 °C for 15min. The reaction was stopped by
the addition of SDS-gel loading buffer and heating at 95 °C for
10min. Samples were resolved by SDS-PAGE and visualized by
autoradiography.
Proliferation Assay—Cells were washed twice in IL-3-free

medium and plated (10,000 cells/well) in 96-well plates. At 24,
48, 72, and 96 h after IL-3 withdrawal, cells were labeled with 1
�Ci/well [3H]thymidine (GE Healthcare) for 8 h. Cells were
harvested onto glass fiber filters (Printed Filtermat,
PerkinElmer Life Sciences) and [3H]thymidine incorporation
was measured using a filter scintillation counter (1430 Micro-
Beta, PerkinElmer Life Sciences).
AnnexinVApoptosis Assay—Apoptosis in BaF3 cell transfec-

tants after 24, 48, and 72 h IL-3 withdrawal was detected using
the Annexin V-FITC Assay kit (Bender Med System, Vienna,
Austria) according to the manufacturer’s instructions. Briefly,
BaF3 cells (1 � 104) were incubated with Annexin V-FITC and
propidium iodide for 10 min at room temperature. Samples
were analyzed using Q-Cell software and FACSCalibur (BD
Biosciences, Mountain View, CA).
Animal Studies—Female CD-1 nu/nu mice (7–9 weeks old)

were supplied by Charles River (Calco, Lecco, Italy) and kept
under standard laboratory conditions according to the local eth-
ical guidelines. Mice were subcutaneously injected with BaF3-
transfected cells (10 � 106 cells/mouse) expressing different
NPM/ALKmutants. Mice that developed tumors were sacrificed
and tumor tissue was extracted and homogenized in 15 ml of
RPMImedium. Cells were collected and lysed, and the expression
ofNPM/ALKproteinwasassessedby immunoblotting.Mutations
were verified by reverse transcription-PCR andDNA sequencing.

RESULTS

In Vitro Kinase Activity of NPM/ALK Activation Loop
Mutants—We systematicallymutated tyrosine residues to phe-
nylalanine in the YXXXYY motif of the NPM/ALK A-loop
(summarized in Fig. 1) and determined the effect of thesemuta-
tions on ALK activity. The level of NPM/ALK tyrosine phos-
phorylation in BaF3-stable transfectants was assessed by
anti-PY immunoblotting (Fig. 2A). The YFF mutant (Fig. 2A,
lane 6) displayed a tyrosine phosphorylation level similar to
WT NPM/ALK (Fig. 2A, lane 1). The FFY, FYF, and FFF
mutants (Fig. 2A, lanes 7, 8, and 9, respectively) displayed a very
low level of tyrosine phosphorylation that was only visible in an
overexposed film (data not shown). The singlemutants (Fig. 2A,
lanes 3–5) were not tyrosine-phosphorylated, similar to the
kinase-dead mutant, K210R (Fig. 2A, lane 2).

FIGURE 2. Catalytic activity of NPM/ALK activation loop mutants. WT and
mutated NPM/ALK, stably expressed in BaF3 cells, were immunoprecipitated
using the anti-ALKc antibody. A, the level of tyrosine phosphorylation inside
cells was assessed by SDS-PAGE and anti-phosphotyrosine immunoblotting
(upper panel). NPM/ALK loading was controlled by immunoblotting with the
anti-ALK#1 antibody (lower panel). The gel was loaded as follows: WT NPM/
ALK (lane 1); kinase-dead NPM/ALK (K210R, lane 2); FYY (lane 3); YFY (lane 4);
YYF (lane 5); YFF (lane 6); FFY (lane 7); FYF (lane 8); and FFF (lane 9). The arrow-
head indicates NPM/ALK protein. B, the activity of immunoprecipitated NPM/
ALK mutants against exogenous substrate was assessed in the in vitro radio-
active peptide kinase assay. The 32P-labeled peptide was quantified by
scintillation. The graph shows the normalized versus WT cpm values (mean �
S.D.; n � 3) of a single experiment, representative of three independent
repeats. C, autophosphorylation of immunoprecipitated NPM/ALK was stim-
ulated in presence of [�-32P]ATP. Proteins were resolved by SDS-PAGE and
visualized by autoradiography (upper panel). NPM/ALK loading was con-
trolled by immunoblotting with the anti-ALK#1 antibody (lower panel). Gel
was loaded as in A. Arrowheads indicate NPM/ALK protein.
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We assessed the ability of the NPM/ALK mutants to phos-
phorylate an exogenous peptide substrate (Fig. 2B). The YFF
mutant displayed a phosphorylation activity comparable toWT
NPM/ALK, whereas the FFY, FYF, and FFFmutants showed an
impaired activity (35–50% of WT). The single mutants (FYY,
YFY, and YYF) as well as the kinase-dead mutant were inac-
tive. Similar results were also obtained in an in vitro radio-
active autophosphorylation assay (Fig. 2C). In this semi-quanti-
tative assay we observed that the activity of YFF mutant (Fig. 2C,
lane 6) was comparable to WT NPM/ALK (Fig. 2C, lane 1),
whereas the single mutants (FYY, YFY, and YYF) were inactive
(Fig. 2C, lanes 3–5). The FFY and FYFmutants displayed reduced
autophosphorylation activity (Fig. 2C, lanes 7 and 8, respectively).
Interestingly, the autophosphorylation of FFF mutant appeared
equivalent toWTNPM/ALK in this assay. This reflects autophos-
phorylation occurring outside the A-loop and is symptomatic of
an active conformation of this mutant.
Together these data suggest that the presence of the first

tyrosine alone in the YXXXYY motif of the A-loop is necessary
for theALKkinase domain to adopt a fully active conformation.
Furthermore, the activity data of YFY and YYFmutants on one
side (inactive despite the presence of the first tyrosine) as
opposed to those of FFY, FYF, and FFF mutants on the other
(active despite their lack of the first tyrosine) (Fig. 2, B and C)
suggest that the second and third tyrosines may play a role in

stabilizing an inactive conforma-
tion. The absence of all three tyro-
sine residues in the A-loop appears
to cause the destabilization of the
inactive conformation leading to
a partially active conformation,
whose activity does not require
the phosphorylation of the first
tyrosine.
Stimulation of Downstream Sig-

naling Pathways and Cellular
Transformation by NPM/ALK Acti-
vation Loop Mutants—To deter-
mine if the YFF mutant, in addition
to possessing a fully activable kinase
domain, was capable of activating
downstream effectors of NPM/ALK
in cells, we analyzed the phospho-
rylation of STAT3, p70S6K, MAPK,
Akt, andp27 in total cell lysates after
overnight IL-3 withdrawal. STAT3
phosphorylation has been associ-
ated with NPM/ALK activation in
numerous studies and is crucial for
NPM/ALK-mediated transforma-
tion (21–27). The p70S6K is a
downstream target of the phospha-
tidylinositol 3-kinase/Akt pathway,
which is also a key mediator of
NPM/ALK transformation (28, 29).
In addition the MAPK pathway has
been implicated in NPM/ALK sig-
naling (13, 30). Recent studies have

shown that, at least in part, NPM/ALK mediates oncogenesis
through phosphorylation/activation of Akt (12, 31). We
observed that the YFF mutant was able to promote the phos-
phorylation of both STAT3 and p70S6K to an extent compara-
ble toWT (Fig. 3A, panel i, lanes 5 and 1). Furthermore, theYFF
mutant was able to induce phosphorylation of Akt and to
reduce the expression of p27, similarly to NPM/ALKWT (Fig.
3A, panel ii, lanes 5 and 1). In contrast, other NPM/ALK
mutants (including FFF) were defective in the activation of
these pathways. Consistent with these data, only the YFF
mutant promoted growth and survival of BaF3 cells in the
absence of IL-3, an indication of cellular transformation (Fig. 3,
B and C).
To determine if the A-loop mutants possessed in vivo trans-

forming activity, nude mice were subcutaneously injected with
BaF3 cells stably expressing similar levels of different NPM/
ALK A-loop mutants. All mice injected with YFF-BaF3 cells
developed tumors, although with a 7-day delay with respect to
WT (Fig. 4A). Mice injected with FFY-BaF3 cells, FYF-BaF3
cells or FFF-BaF3 cells also developed tumors, albeit with a long
delay (Fig. 4A) compared with WT. The FFF-positive tumors
appeared after �30–35 days, whereas the FFY- and FYF-posi-
tive tumors appeared after 50–70 days. All growing tumors
were examined by Western blotting for the presence of NPM/
ALK (Fig. 4B) and found to be positive. The kinetics of tumor

FIGURE 3. Stimulation of downstream signaling pathways and cellular transformation by NPM/ALK
mutants. A, BaF3 cells stably expressing WT NPM/ALK, K210R NPM/ALK, FFY, FYF, YFF, or FFF A-loop mutants
were lysed after overnight IL-3 withdrawal, and proteins were resolved by SDS-PAGE. Monoclonal anti-ALK#1
(NPM/ALK), anti-phospho-p70S6 kinase (p-p70S6K), anti-phospho-STAT3 (p-STAT3) (A, panel i), anti-phospho-
MAPK (p-MAPK), anti-phospho-Akt (p-Akt), and anti-p27 immunoblots with respective controls (A, panel ii), and
anti-actin as a loading control were performed. B, the in vitro transforming ability of different NPM/ALK A-loop
mutants was assessed by the [3H]thymidine uptake proliferation assay after 24, 48, 72, and 96 h of IL-3 with-
drawal. Results are presented as the mean � S.D. (n � 6) of a single experiment, representative of three
independent repeats. C, annexin V apoptosis assay was performed on different A-loop mutants after 24, 48, and
72 h of IL-3 withdrawal. The graph shows the percentage of non-apoptotic (annexin-negative) cells (mean �
S.E.; n � 3) and is representative of three independent repeats. p value (24 h) YFF versus WT � 0.125; p value
(48 –72 h) YFF versus WT � 0.05.
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development for these mutants reflects well their catalytic
activity measured in the radioactive kinase assays. In contrast,
all mice injected with BaF3 cells expressing single mutants or
kinase dead NPM/ALK did not develop tumors (Fig. 4A).
These data suggest that the YFF mutant is fully capable of

oncogenic transformation, although with slower kinetics com-
pared with theWT. This may be attributable to a lack of signal-
ing directed by the second and third tyrosines, which, although
not essential for tumor development, may contribute to onco-
genic signaling.
Function of the First Tyrosine of the NPM/ALK Activation

Loop—Wehypothesized that the first tyrosine can represent an
important autophosphorylation site for the regulation of ALK
activity. To test this hypothesis, we generated anA-loopmutant
in which the first tyrosine was replaced by aspartic acid. Aspar-
tate has a negatively charged side chain and therefore has been
used to mimic phosphotyrosine (18). We generated a DFF
mutant that mimics the NPM/ALK A-loop phosphorylated on
the first tyrosine residue. As judged from in vitro autophospho-
rylation, theDFFmutant proved active (Fig. 5A, panel i, lane 3).
In contrast, the FYY mutant, which has the potential to be
phosphorylated on both the second and third tyrosines, was not
(Fig. 2C, lane 3). These findings suggest that the conformation
of the A-loop induced by the introduced negative charge in
DFF, can allow the in vitro autophosphorylation of ALK. Simi-
larly, whenwe analyzed the level of tyrosine phosphorylation in
cells, DFFwas phosphorylated to similar extent to YFF (Fig. 5A,
panel ii, lanes 3 and 4, respectively). In addition, the DFF
mutant was able to phosphorylate substrate (63% of WT) in a
radioactive peptide kinase assay as the YFF mutant (Fig. 5A,

panel iii). These results suggest that in cells theDFFmutant can
mimic the YFFmutant resulting in phosphorylatedNPM/ALK.
Therefore, the negative charge of the aspartic residue can cor-
rectly mimic a phosphorylated tyrosine, causing the A-loop to
adopt an open/active conformation as seen in the YFF mutant
and WT NPM/ALK.
The ability of the DFF mutant to activate anti-apoptotic

pathways (Fig. 5, B and C) was also assessed. The annexin V
assay was performed on different mutants after IL-3 with-
drawal. Interestingly, the DFFmutant displayed a significant (p
value � 0.027) level of protection from apoptosis at 48 h com-
pared with the kinase-dead mutant (Fig. 5B). A key mediator of
NPM/ALK induced survival is the anti-apoptotic protein,
Bcl-xL (32). After 48 h of IL-3 withdrawal we performed an
immunoblotting analysis with the anti-Bcl-xL antibody. The
DFF mutant (Fig. 5C, lane 2) displayed Bcl-xL expression levels
comparable to YFF andWTNPM/ALK (Fig. 5C, lanes 3 and 1,
respectively), in agreement with the annexin V results (Fig. 5B).
The FFF mutant was also used as a control of the DFF one.

Kinase assay showed that FFF displayed in vitro kinase activity
(Fig. 5A, panel i, lane 5 and panel iii). This is likely the result of
a structural destabilization of the A-loop resulting in an open/
active conformation. However, the FFF mutant was not able to
be phosphorylated in cells (Fig. 5A, panel ii), did not induce
Bcl-xL, and could not protect cells from apoptosis (Fig. 5, B
and C).
We also assessed the ability of the DFF mutant to promote

growth of BaF3 cells in the absence of IL-3 (Fig. 6A). In contrast
to the YFF mutant, the DFF mutant did not support IL-3-inde-
pendent growth of BaF3 cells as the FFF mutant. We observed
that the DFF mutant (Fig. 6B, lane 4) was unable to phospho-
rylate the downstream effectors STAT3 and p70S6K similarly
to the FFF and K210R mutants (Fig. 6B lanes 5 and 2, respec-
tively). In addition, p27 was down-regulated in cells expressing
NPM/ALKWT and YFF (Fig. 6B, lanes 1 and 3) but not in cells
expressing DFF or FFF mutants (Fig. 6B, lanes 4 and 5, respec-
tively). Together, these results suggest that introducing a neg-
ative charge to activate the kinase is sufficient for inducing
some downstream signaling such as induction of Bcl-xL, and
protection from apoptosis, but not others such as STAT3 phos-
phorylation, which may require direct phosphorylation of this
residue.
To assess if the first tyrosine is a docking site for signaling

molecules involved in proliferative pathways a co-immunopre-
cipitation with the anti-ALKc antibody was performed (Fig.
6C). Interestingly, the DFF mutant did not co-immunoprecipi-
tate with STAT3 (Fig. 6C, lane 3) in contrast toWTNPM/ALK
and the YFF mutant, suggesting that the first tyrosine might
play an important role in the interaction of NPM/ALK and
STAT3.

DISCUSSION

The human genome contains 90 tyrosine kinase genes
encoding 58 receptor tyrosine kinases grouped into 20 subfam-
ilies and 32 non-receptor tyrosine kinases divided into 10 sub-
families (1, 33). Tyrosine phosphorylation is essential for the
autoactivation of the majority of these kinases and the stimula-
tion of their downstream signaling pathways. The activation of

FIGURE 4. In vivo transforming ability of NPM/ALK activation loop
mutants. The in vivo transforming ability of A-loop mutants was assessed by
subcutaneous injection of 10 � 106 stably transfected BaF3 cells in nude
mice. A, the table summarizes tumor development. B, tumors were analyzed
for NPM/ALK protein expression by anti-ALK#1 immunoblotting on total cell
lysates, and anti-actin was used as the loading control.
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downstream pathways is important for cellular processes in
both normal and pathological conditions (34–37).
Here, we assessed the role of potential autophosphorylation

sites in the NPM/ALK A-loop in the autoactivation of the
kinase domain. We demonstrated that the first tyrosine is nec-
essary for triggering the kinase activity of NPM/ALK and for
stimulating its downstream signaling pathways, as demon-
strated by the YFF mutant. This function of the first tyrosine is
likely to be mediated by its phosphorylation, considering its
unique susceptibility to ALK-catalyzed phosphorylation in
vitro (19) and the cellular phosphorylation of the YFF mutant
(Fig. 2A), at variance with all other mutants. In addition, the
introduction of a negative charge at the position of the first
tyrosine in the DFF mutant led to autophosphorylation in vitro
and tyrosine phosphorylation in cells similar to that of the YFF
mutant (Fig. 5A). This finding suggests that the aspartic acid
residue is able to mimic a phosphorylated tyrosine residue and
induce conformational changes in the A-loop that stabilize an
open/active conformation. In accordance with our results,
phosphopeptidemapping of NPM/ALK derived from SUDHL1
and Karpas cell lines has identified four ALK phosphopeptides
containing the YXXXYY motif of the A-loop: all four peptides
displayed phosphorylation of the first tyrosine in the YXXXYY

motif, while only one peptide was
phosphorylated on the second tyro-
sine, and none were phosphorylated
of the third tyrosine residue (38).
These results suggest that for the
ALK kinase the order of tyrosine
phosphorylation inside the A-loop
could be first, second, and third.
The presence of the first tyrosine

is not a sufficient condition for
activity, however, as disclosed by
the failure of the mutants YFY and
YYF to undergo autophosphoryla-
tion as well as phosphorylate the
specific peptide substrate in vitro
(Fig. 2, B and C). These findings
indicate that the fully open/active
conformation of the A-loop cannot
be stabilized in these mutants. It is
possible that the conformation of
the A-loop in these mutants does
not render the first tyrosine suscep-
tible to autophosphorylation, sug-
gesting a negative effect of the sec-
ond and third residues on ALK
activation. Alternatively, the inac-
tivity of these mutants might reflect
the inability of the first tyrosine,
once phosphorylated in YFY and
YYF contexts, to sustain an active
conformation.
The FFY, FYF, and FFF mutants,

whose cellular phosphorylation lev-
els and biological function are
severely impaired (Fig. 2A), are nev-

ertheless catalytically active in vitro (Fig. 2, B and C). These
findings are consistent with a partially active conformation of
the A-loop in thesemutants, which under in vitro experimental
conditions can be pushed toward a more active conformation,
whereas in the cellular context a more inactive conformation is
adopted. The observation that these mutants are capable of
developing tumors in vivo, albeit with delayed kinetics (Fig. 4),
despite such low catalytic activity in cells, may reflect the
potency ofNPM/ALKas an oncogene ormay possibly be attrib-
uted to the accumulation of other oncogenic mutations.
Our results suggest that ALK is characterized by a different

mechanism of autoactivation from that of the IR kinase. In fact,
assuming that the starting point of trans-phosphorylation is the
existence for a short period of time of a non-phosphorylated
protein in the active conformation, then, based on the models
of ALK kinase domain and three-dimensional structure of IR
kinase, it is plausible that the first tyrosine is phosphorylated
and the most exposed one in the inactive conformation. The
second tyrosine is more prone to cis-phosphorylation. In the
active conformation, it is also conceivable, looking at the sur-
roundings of the first tyrosine, that it can stabilize the active
conformation by forming H-bonds with neighbor residues,
which differ from those present in the IR kinase.

FIGURE 5. The catalytic activity and anti-apoptotic activity of the DFF NPM/ALK activation loop mutant.
A, NPM/ALK immunoprecipitated from stably transfected BaF3 cells expressing WT (lane 1), kinase-dead
(K210R, lane 2), or the DFF, YFF, and FFF A-loop mutants (lanes 3–5, respectively) was assessed for kinase
activity. i, autophosphorylation was stimulated in presence of [�-32P]ATP. Proteins were resolved by SDS-PAGE
and visualized by autoradiography (first panel). NPM/ALK loading was controlled by immunoblotting with the
anti-ALK#1 antibody (second panel). ii, the level of tyrosine phosphorylation inside cells was also assessed
by anti-phosphotyrosine immunoblotting (first panel). NPM/ALK loading was controlled by immunoblotting
with the anti-ALK#1 antibody (second panel). Arrowheads indicate NPM/ALK protein. iii, the activity of immu-
noprecipitated NPM/ALK mutants against exogenous substrate was assessed in the in vitro radioactive peptide
kinase assay. The 32P-labeled peptide was quantified by scintillation. The graph shows the normalized versus
WT cpm values (mean � S.D.; n � 3) of a single experiment, representative of three independent repeats.
B, annexin V apoptosis assay was performed on different A-loop mutants after 24, 48, and 72 h of IL-3 with-
drawal. The graph shows the percentage of non-apoptotic (annexin negative) cells (mean � S.E.; n � 3) and is
representative of three independent repeats. C, activation of anti-apoptotic signaling pathways was assessed
in total cell lysates. Anti-Bcl-xL immunoblotting was performed after 48 h of IL-3 withdrawal. Protein loading
was controlled by anti-actin immunoblotting.
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In addition to its crucial role in the autoactivation of NPM/
ALK, the first tyrosine residue in the YXXXYY motif might
also be directly involved in the activation of downstream
signaling pathways. Our data demonstrate that cells express-
ing the DFF mutant were partially protected from apoptosis
(Fig. 5, B and C), although unable to proliferate in the
absence of IL-3 (Fig. 6A). Our results also show that the first
tyrosine, which remains exposed in the modeled ALK-active
conformation, may be involved in the docking and activation
of STAT3 (Fig. 6C).
Investigating the role of tyrosine residues of the NPM/ALK

A-loop has improved our knowledge of the mechanisms regu-
lating the autoactivation of ALK kinase domain.We have dem-
onstrated that phosphorylation of the first tyrosine plays a cru-

cial role during autoactivation of NPM/ALK and may also
mediate the activation of downstreampathways involved in cel-
lular proliferation.
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