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Large-cell anaplastic lymphoma is a subtype of non-Hodgkin’s lymphoma characterized by the expression of
CD30. More than half of these lymphomas have a chromosomal translocation, t(2;5), that leads to the
expression of a hybrid protein comprised of the nucleolar phosphoprotein nucleophosmin (NPM) and the
anaplastic lymphoma kinase (ALK). Here we show that transfection of the constitutively active tyrosine kinase
NPM-ALK into Ba/F3 and Rat-1 cells leads to a transformed phenotype. Oncogenic tyrosine kinases transform
cells by activating the mitogenic signal transduction pathways, e.g., by binding and activating SH2-containing
signaling molecules. We found that NPM-ALK binds most specifically to the SH2 domains of phospholipase
C-y (PLC-y) in vitro. Furthermore, we showed complex formation of NPM-ALK and PLC-y in vive by
coimmunoprecipitation experiments in large-cell anaplastic lymphoma cells. This complex formation leads to
the tyrosine phosphorylation and activation of PLC-vy, which can be corroborated by enhanced production of
inositol phosphates (IPs) in NPM-ALK-expressing cells. By phosphopeptide competition experiments, we were
able to identify the tyrosine residue on NPM-ALK responsible for interaction with PLC-y as Y664. Using
site-directed mutagenesis, we constructed a comprehensive panel of tyrosine-to-phenylalanine NPM-ALK
mutants, including NPM-ALK(Y664F). NPM-ALK(Y664F), when transfected into Ba/F3 cells, no longer forms
complexes with PLC-vy or leads to PLC-y phosphorylation and activation, as confirmed by low IP levels in these
cells. Most interestingly, Ba/F3 and Rat-1 cells expressing NPM-ALK(Y664F) also show a biological phenotype
in that they are not stably transformed. Overexpression of PLC-y can partially rescue the proliferative
response of Ba/F3 cells to the NPM-ALK(Y664F) mutant. Thus, PLC-y is an important downstream target of
NPM-ALK that contributes to its mitogenic activity and is likely to be important in the molecular pathogenesis

of large-cell anaplastic lymphomas.

Receptor tyrosine kinases (RTKs) play an important role in
the control of cell proliferation, differentiation, and malignant
transformation. It has been shown that ligand stimulation of
RTKSs leads to their dimerization and activation, with resultant
auto- and cross-phosphorylation (48). Tyrosine autophosphor-
ylation sites on RTKs serve as binding motifs for SH2-contain-
ing signaling molecules such as Grb2, SHC, and phospholipase
C-y (PLC-y) (35). Different signal transducer molecules bind
to specific autophosphorylation sites in the cytoplasmic domain
of the RTKs via their SH2 domains, thereby undergoing phos-
phorylation and activation. By recruiting a specific set of signal
transducer molecules, a given growth factor receptor is capable
of inducing individual, specific cellular responses (35).

In contrast, constitutive activation of an RTK can lead to
aberrant stimulation of signal transducing pathways, resulting
in cellular transformation and neoplasia (39). It has been
shown for several neoplasms, including some lymphomas and
leukemias, that specific chromosomal translocations lead to
the expression of abnormal fusion proteins that possess unreg-
ulated, constitutive tyrosine kinase activity, thus mimicking
activated RTKs (37). The best-studied example is the Ber-Abl
fusion protein of chronic myelogenous leukemia, in which the
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normally nucleus-localized Abl nonreceptor kinase is constitu-
tively activated (3, 15, 26). By mimicking an activated RTK, the
cytoplasmic Ber-Abl protein is able to constitutively activate a
whole array of mitogenic signals, thereby inducing cell trans-
formation and leukemia (7, 13, 36, 40). Nucleophosmin
(NPM)-anaplastic lymphoma kinase (ALK) is an oncogenic
fusion tyrosine kinase which is associated with a specific type of
non-Hodgkin’s lymphoma (27, 42). These large-cell anaplastic
lymphomas express the membrane antigen CD30, and over
half of them display a typical chromosomal translocation, t(2;
5), that fuses NPM-encoding sequences on chromosome 5 to
ALK-encoding sequences on chromosome 2 (17, 24, 27, 42, 45,
46). NPM is an ubiquitously expressed nucleolar protein re-
sponsible for protein shuttling between the cytoplasm and the
nucleus (5, 6, 10, 41). ALK is an RTK whose expression is
normally restricted to neural tissues (16, 28). The t(2;5) trans-
location fuses the amino-terminal portion of the NPM protein
to the cytoplasmic domain of the ALK RTK (27). It has been
shown recently that this fusion protein possesses constitutive
tyrosine kinase activity and is able to transform rodent fibro-
blasts (4, 12). It was further demonstrated that the NPM portion
of the molecule is responsible only for dimerization and the re-
sultant activation of the ALK, with no apparent further function
for the delivery of a mitogenic signal (4). Although it has been
shown that NPM-ALK can associate with and phosphorylate the
adapter proteins SHC, Grb2, and insulin receptor substrate 1
(IRS-1), mutational analysis of NPM-ALK that produced mu-
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tants unable to activate SHC and IRS-1 could not reveal essential
biological functions of these two signal transducers for the onco-
genicity of the fusion kinase. The oncogenic importance of Grb2
association and activation has not yet been assessed.

In this paper we show that NPM-ALK is a deregulated and
constitutively activated tyrosine kinase that can lead not only to
the transformation of fibroblasts but also to growth factor-
independent proliferation of lymphocytes, the biological target
cells of the lymphoma-associated oncogene. Further, we dem-
onstrate that expression of NPM-ALK in lymphocytes leads to
the association of the fusion protein with the signal transducer
PLC-y. PLC-y has an important function in signal transduc-
tion, given that it leads to the generation of diacylglycerol and
inositol triphosphate (IP3), which in turn activate protein ki-
nase C and mobilize calcium stores from the endoplasmic
reticulum (19, 29). Several investigators have shown that acti-
vation of PLC-y by polypeptide growth factors like epidermal
growth factors, platelet-derived growth factor (PDGF), or
nerve growth factor is mediated by the interaction of the
PLC-y SH2 domains with one or more autophosphorylation
sites on the cytoplasmic tail of the activated RTK (18, 21, 38).
This complex formation leads to phosphorylation of PLC-vy on
Tyr residues 783 and 1254, which in turn activates the catalytic
activity of PLC-v, leading to hydrolysis of the PLC-y substrate
phosphatidylinositol 4,5-bisphosphate (PIP2) (20). Although
the data obtained by different investigators are not completely
consistent, PLC-y activity seems to be important for DNA
synthesis and, at least for some RTKs (e.g., the PDGF recep-
tor), for the delivery of a mitogenic signal. By constructing
add-back mutants of the autophosphorylation sites of the
PDGEF receptor, it could be shown that activation of the PLC-y
pathway is sufficient to trigger a mitogenic response (1, 49).

Here we show that association of PLC-y with NPM-ALK
leads to the phosphorylation and activation of PLC-y, as mea-
sured by enhanced PIP2 turnover. In addition, we map the
PLC-v binding site in NPM-ALK to Tyr664, which is located in
the C-terminal region of the fusion protein, and we demon-
strate by two-dimensional peptide maps that this is an auto-
phosphorylation site in vivo. Site-directed mutagenesis of this
single tyrosine residue results in loss of NPM-ALK-mediated
stable transformation of lymphocytes and in the return of PIP2
turnover to inositol phosphate (IP) levels observed in parental
cells. Thus, NPM-ALK requires the PLC-y signal transduction
pathway to mediate its mitogenicity. Importantly, in contrast to
other oncogenic tyrosine kinases, e.g., Ber-Abl, knockout of
this single pathway seems to be sufficient to significantly impair
NPM-ALK-mediated oncogenicity in lymphocytes.

MATERIALS AND METHODS

Construction of expression plasmids and site-directed mutagenesis. The
NPM-ALK cDNA (27) was cloned into pCDNA3 (Invitrogen, Leek, The Neth-
erlands) between the HindIII and Xbal sites. Site-directed mutagenesis was
performed with the QuickChange site-directed mutagenesis kit with Pfu DNA
polymerase (Stratagene, Heidelberg, Germany). All mutated DNAs were se-
quenced with the ABI PRISM dye terminator cycle sequencing ready reaction kit
(Perkin-Elmer, Weiterstadt, Germany). Human PLC-y2 cDNA was kindly pro-
vided by H. Hug, University of Ulm, Ulm, Germany, and S. Ohta, Jichi Med-
ical School, Tochigiken, Japan (31). The cDNA was subcloned into plasmid
pCDNAZ3.1 Zeo(—) (Invitrogen) to select for zeocin resistance.

Cell culture and DNA transfection. The murine pro-B lymphoid cell line Ba/F3
was maintained in RPMI 1640 with 10% fetal calf serum (FCS) (Seromed,
Berlin, Germany) and 1.5 ng of murine recombinant interleukin 3 (IL-3) (R&D
Systems, DPC Bierman GmbH, Wiesbaden, Germany) per ml. The human lym-
phoma cell lines HDLM?2 and Karpas299 were grown in RPMI 1640 with 10%
FCS. DNA transfections were done by electroporation with the geneZAPPER
(IBL, Madison, Wis.) at 250 mV and 950 wF with 25 pg of DNA and 5 X 10°
Ba/F3 cells in cold phosphate-buffered saline (PBS). After 48 h, the transfected
cells were selected with 1 mg of G418 (Serva, Heidelberg, Germany) per ml for
14 days, and single clones were obtained by limiting dilution in 96-well plates. Rat-1
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cells were maintained in Dulbecco modified Eagle medium containing 5% FCS
in 10-cm dishes. The transfections of Rat-1 cells with pCDNA3 empty vector,
wild-type (wt) NPM-ALK, and the NPM-ALK(Y664F) mutant were performed with
N-[1-(2,3-dioleoyloxy)propyl]-N,N,N,-trimethylammonium methylsulfate (DOTAP)
transfection reagent (Boehringer, Mannheim, Germany). After undergoing selec-
tion with G418 (0.75 mg/ml), the cells were used for Rat-1 soft agar assays.

Rat-1 soft agar assays. Rat-1 soft agar assays were performed as described
previously (25). Rat-1 cells were plated on 6-cm dishes (2 X 10%dish) and then
were photographed after 14 days.

Antibodies. The preparation of the rabbit polyclonal anti-ALK antibody has been
previously described (28). Mouse monoclonal antiphosphotyrosine 4G10 antibody
was purchased from Upstate Biotechnology, Lake Placid, N.Y.; PY20 was from
Transduction Laboratories, Lexington, Ky. Rabbit polyclonal anti-PLC-y1 and anti-
PLC-y2 antibody were from Santa Cruz Biotechnology, Santa Cruz, Calif.

Expression and purification of GST fusion proteins. The different SH2-glu-
tathione S-transferase (GST) fusion proteins used in this study were a kind gift
of Jean Y. J. Wang, University of California, San Diego, Calif. PLC-y N- and
C-terminal SH2-GST fusion proteins (PLC-y GST-NSH2 and PLC-y
GST-CSH2) contained amino acids 550 to 669 and 673 to 769 of bovine PLC-vy,
respectively. All of the SH2-GST fusion proteins were expressed in Escherichia
coli HB101 and affinity purified as described previously (43), with glutathione-
Sepharose (Pharmacia Biotech, Freiburg, Germany).

Immunoprecipitation and immunoblotting. Cells were suspended in lysis
buffer (10 mM Tris-HCI [pH 7.5], 130 mM NaCl, 5 mM EDTA, 0.5% Triton
X-100, 1 mg of bovine serum albumin per ml, 20 mM sodium phosphate [pH 7.5],
10 mM sodium pyrophosphate [pH 7.0], 50 mM NaF, 1 mM sodium orthovana-
date, 1 mM phenylmethylsulfonyl fluoride, and 1X protease inhibitor cocktail [10
wM benzamidine-HCI and 10 pg each of phenanthroline, aprotinin, leupeptin,
and pepstatin per ml]) and kept on ice for 30 min. Lysates were precleared by
centrifugation and subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). Alternatively, the lysates were incubated for 2 to 12 h
with 1 to 2 pg of antibody as indicated at 4°C. Immuno complexes were precip-
itated with 30 pl of protein A-Sepharose (Pharmacia Biotech) for 1 h, washed
three times with lysis buffer, and then boiled in 2% SDS sample buffer, followed
by separation on SDS-polyacrylamide gels. Immunoblotting was done with ni-
trocellulose membranes, and proteins were visualized by chemiluminescence as
recommended by the manufacturer (Amersham Life Science, Little Chalfont,
United Kingdom).

In vitro translation and protein binding assays. In vitro translation of NPM-
ALK and the various mutants in pPCDNA3 was performed with the TNT coupled
reticulocyte lysate system with T7 RNA polymerase (Promega, Madison, Wis.)
and [**S]methionine (Amersham Life Science). In vitro translated NPM-ALK
was diluted in lysis buffer and incubated with various GST fusion proteins for 1 h
at 4°C as described previously (11). After being washed four times with lysis
buffer, the complexes were boiled with SDS sample buffer and separated on an
SDS-7.5% polyacrylamide gel. The gel was dried at 80°C for 2 h, and signals were
detected by autoradiography.

Phosphopeptide competition assay. The following tyrosine-phosphorylated
peptides corresponding to the potential autophosphorylation sites of NPM-ALK
were synthesized by BioTez GmbH, Berlin, Germany: LRPONpY,LFGCE,
KADKDpY,,HFKVD, AEAMNpY,,EGSPI, QHLVVpY,;,RRKHQ, TIMT
DpY,5,NPNYC, DYNPNpY,5,CFAGK, AFGEVpY,,,EGQVS, DIACGC
QpY,9oLEENH, MARDIpY;33RASYY, IYRASpPY34, YRKGG, IYRASYpYays3
RKG, IFSLGpY33;MPYPS, LGYMPpY 35,PSKSN, PGPVpY,;3sRIMTQ, IILE
RIEpY ,,sCTQDP, LPIEpY ,,,GPLVE, LWNPTpY;.,GSWFT, NVNYGpY6
QQQGL, and PGAGHpY 4¢,EDTIL. PLC-y GST-NSH2 or PLC-y GST-CSH2
bound on glutathione-Sepharose was first preincubated with 200 M phos-
phopeptide in 100 pl of lysis buffer at 4°C for 1 h, and lysates of 10° Karpas299
cells were then added for incubation for another 1 h. Complexes were washed
three times, and the binding of NPM-ALK was detected by immunoblotting as
described above.

Analysis of IPs. Ba/F3 cells (prepared for 48 h in RPMI 1640 with 10% FCS
and 1.5 ng of murine IL-3 per ml) were incubated for 24 h in RPMI medium
(without unlabeled inositol) containing 10% FCS and 2 wCi of myo-[*H]inositol
(Amersham Life Science). The media were then removed, and the cells were
washed thoroughly and incubated in 0.5 ml of PBS solution containing 10 mM
LiCl. After 1 h, the incubation was stopped by adding 250 wl of 3.5% HCI, and
the cell lysates were frozen at —80°C. IPs formed were determined by the method
described previously (9). Briefly, cell lysates were loaded on an anion-exchange
column containing AG 1-X8 (Bio-Rad, Munich, Germany). After the lysates
were washed with aqua bidest, inositol and glycerophosphoinositides were re-
moved by eluting with 1.25 mM Na,B;0, and 15 mM formic acid. Ins(4)P,
Ins(1,4)P,, and Ins(1,4,5)P; were eluted sequentially by the stepwise addition of
10-ml solutions containing 0.1 M formic acid and 0.15 M NH, formate, 0.4 M
NH, formate, and 2 M NH, formate, respectively. Fractions of 3 ml were
collected and counted for radioactivity.

Two-dimensional peptide mapping. Ba/F3 cells expressing wt NPM-ALK and
the NPM-ALK(Y664F) mutant were maintained in Dulbecco modified Eagle
medium without phosphate (Sigma, Deisenhofen, Germany) supplemented with
0.5% FCS for 1 h. [**P]Orthophosphate (Amersham) was added into the cell
culture to a final concentration of 0.2 mCi/ml for 4 h. Anti-ALK immunopre-
cipitation and SDS-PAGE were performed as described above. The gel was
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FIG. 1. Growth factor-independent autophosphorylation of NPM-ALK in large-cell anaplastic lymphoma cells. (A) HDLM?2 and Karpas299 cells were cultured with
0.5% (—) or 10% (+) FCS for 24 h. Lysates from 10 cells were prepared as described in Materials and Methods and subjected to SDS-PAGE, and immunoblotting
was performed with the antiphosphotyrosine antibody PY20. (B) HDLM2 and Karpas299 cells (107 each) were lysed and immunoprecipitated with anti-ALK antibody.
Immunoblotting was performed with the antiphosphotyrosine antibody 4G10. GF, growth factor; IP, immunoprecipitation; WB, Western blotting; IgG, immunoglobulin G.

stained with Coomassie blue and then destained with buffer containing 10%
methanol, 10% acetic acid, and water. An autoradiograph was obtained after 5 h
to determine the position of the labeled NPM-ALK proteins. The protein bands
were cut out of the gel, cut into small fragments, and washed twice in 50 pl of
water and twice in 50 mM NH,HCO; at 4°C for 30 min. The gel fragments were
incubated with 150 ng of trypsin (Promega) in 60 pl of 50 mM NH,HCO; for
24 h at 37°C. The liquid was first removed into a fresh tube, and the gel fragments
were extracted twice with 60 pl of 50 mM NH,HCO;-acetonitrile (50:50). The
liquid was dried in a vacuum centrifuge and washed twice with water. The lyophilized
pellets were dissolved in 10 pl of electrophoresis running buffer (23 ml of formic acid
and 78 ml of acetic acid in 899 ml of water, pH 1.9) and loaded on a thin-layer
chromatography (TLC) cellulose plate (Merck, Darmstadt, Germany) which was
pretreated with the same buffer. The electrophoresis was performed with a Hunter
thin-layer peptide mapping system, model HTLE-7000 (C.B.S. Scientific Co., Del
Mar, Calif.), at 1,240 V for 15 min. Ascending chromatography with the buffer
(1-butanol-pyridine—acetic acid-water, 375:250:75:300) followed overnight. Radio-
labeled phosphopeptides were visualized by autoradiography.

RESULTS

NPM-ALK is a constitutively activated tyrosine kinase. The
large-cell anaplastic lymphoma cell line Karpas299 expresses a
highly tyrosine-phosphorylated 80-kDa protein (Fig. 1A) which
is not expressed in other lymphoma cell lines, like the
Hodgkin’s lymphoma line HDLM2. This protein is constitu-
tively activated and autophosphorylated and is not regulated by
growth factor stimulation or withdrawal (Fig. 1A). Immuno-
precipitation with an ALK-specific antibody identifies this 80-
kDa protein as NPM-ALK (Fig. 1B).

NPM-ALK binds to the SH2 domains of Grb2 and PLC-y.
Oncogenic tyrosine kinases exert their transforming capacity
through the binding and activation of SH2-containing signaling
molecules. To evaluate which SH2-containing signal transduc-
ers might bind to NPM-ALK, 14 different GST-SH2 fusion
proteins were purified (data not shown). Pull-down assays with
these GST-SH2 fusion proteins and cell lysates from large-cell
anaplastic lymphoma cells identified the SH2 domains of
PLC-y and Grb2 as binding partners for NPM-ALK (Fig. 2). In
our assay, the strongest binding was observed with the N-
terminal SH2 domain of PLC-y, followed by the C-terminal
SH2 domain of PLC-y and the SH2 domain of Grb2 (Fig. 2).
Low-level binding was also observed with the C-terminal SH2
domain of p85, whereas no binding was observed with the
N-terminal SH2 domain of p85 or the SH2 domains of vav,
BTK, p91, SHPTP2, and NCK (data not shown). Grb2 has
previously been shown to bind to NPM-ALK in vitro and in
vivo (12), but the significance of Grb2 interaction for the bio-
logical properties of NPM-ALK and its transforming potential
have not yet been assessed and will be described in a forth-

coming study. In this report, we have chosen to focus our
analysis on the biological importance of PLC-y interaction
with NPM-ALK.

PLC-y and NPM-ALK form complexes in vivo. To demon-
strate in vivo association of NPM-ALK and PLC-y coimmu-
noprecipitation experiments were performed in the human
large-cell anaplastic lymphoma cell line Karpas299. These cells
express the NPM-ALK fusion protein and PLC-y (Fig. 3A).
Coimmunoprecipitation of NPM-ALK with a PLC-y-specific
antibody, as well as communioprecipitation of PLC-y with an
anti-ALK antibody, demonstrated an in vivo association of the
two proteins in Karpas299 cells (Fig. 3A). It has been shown
that PLC-y associates through its SH2 domains with activated

PLCy--CSH2 PLCy-NSH2
NPMALK o] e . — | [y TP <
B FT B FT B FT B FT
Na;VO, - + - +
Grb2-SH2 Shb-SH2
NPM-ALK =] - T T Q -
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Na,VO, - + N +
Nck-SH2 Syk-CSH2
NPM-ALK =} — ca— = -
B FI B FT B FT B FT
Na,VO, - + i +
Syp-SH2
NPM-ALK = — -— -
B FT B FT
Na;VO, . +

FIG. 2. The SH2 domains of PLC-y and Grb2 bind to NPM-ALK from
large-cell anaplastic lymphoma cells. For each binding assay, 107 Karpas299 cells
were cultured without (=) or with (+) 100 .M Na3;VO, overnight. Cells were
washed briefly with ice-cold PBS, lysed in 0.5% Triton X-100-containing lysis buffer,
and incubated with different GST-SH2 fusion proteins for 1 h at 4°C. The bound (B)
and the flowthrough (FT) fractions were collected with glutathione-Sepharose, sub-
jected to SDS-7.5% PAGE, and analyzed by anti-ALK immunoblotting.
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FIG. 3. NPM-ALK association with PLC-y in vivo leads to tyrosine phosphorylation of PLC-y in NPM-ALK-expressing cells. (A) Karpas299 cells (5 X 10° [two
left panels] or 2 X 107 [two right panels]) were subjected to immunoprecipitations and immunoblotting with the antibodies indicated. Association of NPM-ALK with
PLC-y was demonstrated by coprecipitation of NPM-ALK with an anti-PLC-y antibody (second panel from right) and by coprecipitation of PLC-y with anti-ALK
antibody (right panel). (B) The lymphocyte cell line Ba/F3 was transformed with wt NPM-ALK in pCDNAZ3 by electroporation, and stable clones were established by
selection in G418 for 2 weeks, as described in Materials and Methods. Parental Ba/F3 cells and Ba/F3 cells expressing NPM-ALK (Ba/F3NA) (107 each) were analyzed
by immunoprecipitation and immunoblotting with anti-ALK antibody to demonstrate the expression of wt NPM-ALK in Ba/F3NA cells (left panel) or with anti-PLC-y
antibody to examine endogenous PLC-y expression (middle panel). Ba/F3 and Ba/F3NA cells (4 X 107 each) were lysed and immunoprecipitated with anti-PLC-y
antibody, followed by immunoblotting with antiphosphotyrosine antibody (PY20 and 4G10) (right panel). Tyrosine phosphorylation and coprecipitation of PLC-y with
NPM-ALK were detected only in NPM-ALK-expressing cells (Ba/F3NA). IP, immunoprecipitation; WB, Western blotting; IgG, immunoglobulin G.

growth factor RTKSs and that this association leads to tyrosine
phosphorylation of PLC-y at several sites including Tyr771,
Tyr783, and Tyr1254. Mutational analysis has demonstrated
that phosphorylation of PLC-y at Tyr783 by activated tyrosine
kinase receptors leads to the enzymatic activation of the cata-
lytic domain of PLC-y (19, 20). To determine whether complex
formation of PLC-y and NPM-ALK in vivo leads to the ty-
rosine phosphorylation of PLC-y, NPM-ALK was stably over-
expressed in the lymphocyte cell line Ba/F3 (Ba/F3NA) (Fig.
3B). A PLC-y antibody precipitated PLC-y from both parental
Ba/F3 and Ba/F3NA cells; however, antiphosphotyrosine im-
munoblotting analysis revealed constitutive tyrosine phosphor-
ylation of PLC-y only in the NPM-ALK-expressing Ba/F3 cells
and not in parental Ba/F3 cells (Fig. 3B). Furthermore, copre-
cipitation of the tyrosine-phosphorylated PLC-y with autophos-
phorylated NPM-ALK was confirmed (Fig. 3B). Thus, complex
formation of PLC-y with the constitutively activated NPM-ALK
leads to tyrosine phosphorylation of PLC-y and, presumably, to
activation of the catalytic domain of the protein.

Tyr664 in NPM-ALK is the binding site for PLC-y. To
determine the autophosphorylated tyrosine residue in NPM-
ALK responsible for complex formation with PLC-y, phos-
phopeptide competition experiments were performed. A series
of 11-residue peptides encompassing putative autophosphory-
lation sites in NPM-ALK were synthesized with 9-fluorenyl-
methoxycarbonyl-protected phosphotyrosine. Binding studies
of the N- and C-terminal SH2 domains of PLC-y were per-

formed in the presence of 200 nM peptide. As shown in Fig.
4A and B, two peptides (Tyr299 and Tyr664) completely
blocked the binding of NPM-ALK to the C- and N-terminal
PLC-y SH2 domains. To more closely examine these results,
each of these tyrosine residues was mutated to phenylalanine
by site-directed mutagenesis to produce single-point-mutant
NPM-ALK cDNAs [encoding NPM-ALK(Y299F) and NPM-
ALK(Y664F)]. In vitro binding experiments revealed that the
mutant NPM-ALK(Y299F) still formed complexes with the N-
and C-terminal SH2 domains of PLC-y, whereas the mutant
NPM-ALK(Y664F) failed to form complexes with the N-ter-
minal SH2 domain (Fig. 4C) and the C-terminal domain of
PLC-y (data not shown). This mutant, however, was still able
to form complexes with other SH2 domains, e.g., the SH2
domain of Grb2 (Fig. 4C), indicating that mutation of Tyr664
does not interfere with the autophosphorylation of other ty-
rosine residues within NPM-ALK.

To determine the specificity of Tyr664 for the in vivo asso-
ciation of NPM-ALK and PLC-y, NPM-ALK(Y664F) was sta-
bly transfected into the lymphocyte cell line Ba/F3. Neither the
N- nor the C-terminal SH2 domain of PLC-y precipitated
NPM-ALK(Y664F) from lysates of these cells (Fig. 4D). Thus,
the PLC-y binding site in NPM-ALK is tyrosine 664. To verify
that Tyr664 is indeed an autophosphorylation site in vivo, two-
dimensional tryptic phosphopeptide maps were run on the in
vivo-labeled wt NPM-ALK and the NPM-ALK(Y664F) mu-
tant (Fig. 5). These maps show clear differences in the phos-
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FIG. 4. Phosphopeptide competition identifies Tyr664 in NPM-ALK as the binding site for PLC-vy. (A and B) Tyrosine-phosphorylated peptides corresponding to
the putative autophosphorylation sites in NPM-ALK were synthesized with an SMPS 350 (Zinsser Analytik, Frankfurt, Germany) according to the method of Atherton
and Sheppard (2). Tyrosine-phosphorylated peptides (200 uM) were incubated with ~3 pg of GST fusion proteins of the PLC-y N-terminal (A) or C-terminal (B) SH2
domain in lysis buffer for 1 h at 4°C. Cell lysates of 10° Karpas299 cells were then added to each binding reaction mixture, and mixtures were incubated for a further
hour. Complexes were finally precipitated with glutathione-Sepharose, and samples were subjected to SDS-7.5% PAGE and analyzed by anti-ALK immunoblotting.
Peptides Y299 and Y664 completely blocked in vitro association of NPM-ALK and the N-terminal and C-terminal SH2 domains of PLC-y. (C) wt NPM-ALK (WT)
and NPM-ALK mutants Y299F and Y664F were translated in vitro and labeled with [>>S]methionine by the TNT coupled reticulocyte lysate system with T7 RNA
polymerase. In vitro binding with the GST-SH2 domains of PLC-y and Grb2 was performed as described in Material and Methods with ~3 g of GST fusion protein.
Samples were resolved by SDS-7.5% PAGE and visualized by autoradiography. Y664, but not Y299, is essential for the binding of PLC-y to NPM-ALK. (D) wt
NPM-ALK (WT) and NPM-ALK(Y664F) sequences in pCDNA3 were stably transfected into Ba/F3 cells. Cell lysates were incubated with PLC-y GST-NSH2 and
PLC-y GST-CSH2 and precipitated with glutathione-Sepharose, and samples were subjected to SDS-7.5% PAGE and analysis by anti-ALK immunoblotting.

phorylation sites with the absence of one phosphorylation site
in the digest of NPM-ALK(Y664F) (Fig. 5).

Single clones of NPM-ALK(Y664F)-expressing cells were
obtained by serial dilution. As shown by anti-ALK immuno-
precipitation, one of these clones expressed the Y664F mutant
at levels similar to those in the wt NPM-ALK-expressing Ba/F3
cells (Fig. 6A, lanes 1 and 2). As expected, coimmunoprecipita-
tion of NPM-ALK and PLC-y could be demonstrated with the wt

fusion protein but not with the Y664F mutant (Fig. 6A, lanes 4
and 5). Both cell lines did express PLC-y at similar levels and
exhibited comparable NPM-ALK autophosphorylation activities
(Fig. 6B). However, tyrosine phosphorylation of PLC-y in cells
expressing the Y664F mutant seemed to be reduced, compared to
that in the wt NPM-ALK-expressing cells (Fig. 6B).

wt NPM-ALK but not NPM-ALK(Y664F) induces enhanced
IP production in Ba/F3 cells. To assess further the functional
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FIG. 5. Two-dimensional tryptic phosphopeptide maps of wt NPM-ALK and NPM-ALK(Y664F). In vivo-labeled wt NPM-ALK- and NPM-ALK(Y664F)-
expressing Ba/F3 cells were prepared as described in Materials and Methods. NPM-ALK proteins were immunoprecipitated and separated by SDS-PAGE. The gel
fragments containing NPM-ALK were then extensively digested with trypsin. The resulting digests were washed three times with water and then separated on a TLC
cellulose plate electrophoretically at pH 1.9, followed by ascending chromatography (1-butanol-pyridine—-acetic acid—water, 375:250:75:300). Radiolabeled phosphopep-
tides were visualized by autoradiography. The phosphopeptides of wt NPM-ALK and NPM-ALK(Y664F) were loaded on the same TLC plate and separated by a
distance of 10 cm. Arrows indicate the position of the phosphopeptide spot missing in the map of the NPM-ALK(Y664F) mutant.

significance of the interaction of NPM-ALK with PLC-y, we
investigated production of IPs in parental Ba/F3 cells, com-
pared to that in NPM-ALK-expressing Ba/F3 cells and NPM-
ALK(Y664F) mutant-expressing cells. As shown in Fig. 7,
NPM-ALK expression in Ba/F3 cells led to a twofold increase
in IP production compared to that in parental cells. However,
cells expressing the NPM-ALK(Y664F) mutant, which is not

able to associate with PLC-vy, showed IP levels comparable to
those in parental Ba/F3 cells. Thus, complex formation of
NPM-ALK and PLC-y leads to the phosphorylation and enzy-
matic activation of PLC-y.

Tyr664 is essential for NPM-ALK-induced mitogenicity. It
has been shown previously that NPM-ALK is capable of trans-
forming NIH 3T3 (12) and Fr3T3 (4) rodent fibroblasts. Ex-

A. WT  Y664F WT  Y664F
118kD _
BOKD -~ | <= NPM-ALK
S1kD _
1 T
IP:a-ALK Con. IP:a-PLC-y
WB: a-ALK
B WT Y664F WT Y664F
203kD -
S <= PLCy
115kD _ |
il <= NPM-ALK
IP: a-PLC-y IP: a-ALK
WB: a-PLC-y WB: a-pTyr

FIG. 6. In vivo association and tyrosine phosphorylation of PLC-y by NPM-ALK require Tyr664. (A) Coprecipitation of PLC-y with NPM-ALK was examined in
lysates of 5 X 107 Ba/F3 cells stably transfected with wt NPM-ALK (WT) and NPM-ALK(Y664F). Immunoprecipitation was performed with anti-ALK antibody, rabbit
anti-mouse antibody (Con.), or anti-PLC-y antibody. Samples were resolved by SDS-7.5% PAGE and analyzed by immunoblotting with anti-ALK antibody. (B)
Expression levels of PLC-y (left panel) and tyrosine phosphorylation of NPM-ALK and PLC-y (right panel) in Ba/F3 cells transfected with wt NPM-ALK and
NPM-ALK(Y664F) were determined by immunoprecipitation and immunoblotting with the antibodies indicated. IP, immunoprecipitation; WB, Western blotting.
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FIG. 7. TP levels in Ba/F3 cells transfected with wt NPM-ALK and mutant
Y664F. Ba/F3 cells (5 X 10°) stably expressing wt NPM-ALK or NPM-
ALK(Y664F) were incubated for 24 h in RPMI medium containing 10% FCS
and 2 pCi of myo-[*HJinositol. The media were then removed, and the cells were
washed thoroughly and incubated in 0.5 ml of PBS solution containing 10 mM
LiCl. After 1 h the incubation was stopped by adding 250 pl of 3.5% HCI, and
the cell lysates were frozen at —80°C. The IPs formed were determined as
described in Materials and Methods. Data represent means *+ standard devia-
tions from three independent experiments.

pression of wt NPM-ALK in Rat-1 fibroblasts also led to trans-
formation and the outgrowth of soft-agar colonies (Fig. 8). In
contrast, expression of the NPM-ALK(Y664F) mutant in
Rat-1 fibroblasts produced only a few, barely visible colonies
(Fig. 8). Thus, the autophosphorylation site Tyr664 is required
for the efficient transformation of Rat-1 fibroblasts. However,
because NPM-ALK is an oncogene associated with large-cell
anaplastic lymphoma, lymphocytes represent the in vivo target
of this fusion protein. We therefore chose Ba/F3 cells as a
model system to investigate NPM-ALK’s oncogenicity. Ba/F3
is a nontumorigenic murine pro-B lymphocyte cell line depen-
dent on IL-3 for growth (33). wt NPM-ALK expression in these
cells was shown to lead to a growth factor-independent phe-
notype, which is a marker for the transformation of Ba/F3 cells
(Fig. 9A). This growth factor independence required an active
NPM-ALK tyrosine kinase, since cells expressing a kinase-
defective NPM-ALK mutant [NPM-ALK(K210R)] still relied
on IL-3 for their growth (Fig. 9A). Of several Tyr-to-Phe mu-
tants tested, only the NPM-ALK(Y664F) mutant lost the abil-

Rat-1/NPM-ALK

PLC-y MEDIATES NPM-ALK MITOGENICITY 6957

ity to induce a growth factor-independent phenotype in Ba/F3
lymphocytes. This result was confirmed by testing three inde-
pendent single-cell-derived clones of NPM-ALK(Y664F)-ex-
pressing Ba/F3 cells [NPM-ALK(Y664F) clones 1, 2, and 3]
(Fig. 9A). Neither a mutant which had previously been shown
to lack the ability to bind to IRS-1 [NPM-ALK(Y156F)] (12)
nor a mutant which lacked the ability to bind to SHC [NPM-
ALK(Y567F)] (12) showed any phenotype in Ba/F3 lympho-
cytes (Fig. 9A).

In addition we constructed Tyr-to-Phe mutants of all possi-
ble autophosphorylation sites in NPM-ALK (Fig. 9C). Expres-
sion and autokinase activity of all constructs were confirmed by
immunoblotting. Three Tyr-to-Phe mutants lost their kinase
activity probably because the mutated tyrosine residues were
located within the conserved kinase domain (Y338, Y342, and
Y343) of NPM-ALK (Fig. 9C). All other mutants showed no
phenotype in Ba/F3 cells (Fig. 9C), underscoring the impor-
tance of the single residue tyrosine 664. Thus, in lymphocytes,
the association of NPM-ALK and PLC-y seemed to be indis-
pensable for NPM-ALK-induced mitogenicity. Figure 9D
shows the time kinetics of IL-3-independent growth of the
different cell clones. Although unable to grow without IL-3 for
a prolonged period, the NPM-ALK(Y664F)-expressing cells
survived somewhat longer without IL-3 than the NPM-
ALK(K210R) kinase-defective cells (Fig. 9D). Interestingly,
readdition of IL-3 within the first 2 weeks after IL-3 withdrawal
rescued the NPM-ALK(Y664F)-expressing cells but not the
NPM-ALK kinase-defective cells (data not shown), suggesting
that PLC-vy is important for a mitogenic signal, as opposed to
an antiapoptotic signal, delivered by NPM-ALK.

To obtain additional data demonstrating the role of PLC-y
in NPM-ALK-mediated transformation, a rescue experiment
for the NPM-ALK(Y664F) mutant in Ba/F3 cells was per-
formed. As shown in Fig. 10, overexpression of wt PLC-y was
able to partially rescue the Y664F mutant for IL-3-indepen-
dent growth. Expression of wt PLC-y in parental Ba/F3 cells
had no effect on IL-3-independent growth (Fig. 10). Thus,
Tyr664 is an important autophosphorylation site in NPM-
ALK, allowing its association with and activation of PLC-y and
maintaining a promitogenic signal which is required for the
efficient transformation of Rat-1 fibroblasts and the IL-3-inde-
pendent growth of Ba/F3 lymphocytes.

DISCUSSION

NPM-ALK is an oncogenic tyrosine kinase associated with
large-cell anaplastic lymphomas (27). Earlier studies have
shown that NPM-ALK is able to transform fibroblasts (4, 12)

Rat-1/NPM-ALKY664F

FIG. 8. Rat-1 soft-agar assay of wt NPM-ALK and NPM-ALK(Y664F). The transfections of Rat-1 cells with pCDNA3 empty vector, wt NPM-ALK, and
NPM-ALK(Y664F) mutant were performed with the DOTAP transfection reagent. After undergoing selection with G418 (0.75 mg/ml), the cells were used for Rat-1
soft-agar assays. On each 6-cm dish 2 X 10 cells were plated, and representative soft-agar plates were photographed after 14 days.
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FIG. 9. The transforming potential of wt NPM-ALK and Tyr-to-Phe NPM-ALK mutants in Ba/F3 cells. (A) Ba/F3 cells were stably transfected with the pPCDNA3
empty vector (—) or with vector expressing wt or mutant NPM-ALK by electroporation and selection in RPMI medium containing 1 mg of G418 per ml, 10% FCS,
and 1.5 ng of murine IL-3 per ml. Three single-cell-derived clones of Ba/F3 cells transfected with NPM-ALK(Y664F) (Y664F 1, 2, and 3) were obtained by limiting
dilution. Growth with or without IL-3 was monitored over a period of 3 weeks, with viable cells determined by using trypan blue staining and a hemacytometer. (B)
Expression levels of the different NPM-ALK constructs were determined by SDS-7.5% PAGE and anti-ALK immunoblotting. WB, Western blotting. (C) Tyr-to-Phe
mutants were stably expressed in Ba/F3 cells. Protein expression and kinase activity of the mutants were verified by immunoblotting (data not shown). Growth with or
without IL-3 was monitored over a period of 3 weeks, with viable cells determined by using trypan blue staining and a hemacytometer. (D) After IL-3 withdrawal, cell
numbers in each culture were determined by using trypan blue staining and a hemacytometer. Cell culture media were renewed every 6 days.

and can also induce a lymphoma-like disease when expressed
in mice (23). Structural homologies place NPM-ALK in the
family of insulin RTKs, with the highest homology to leukocyte
tyrosine kinase (LTK) (e.g., 64% amino acid identity in the
kinase catalytic domain) (12, 16, 28). LTK has been shown to
bind to IRS-1, SHC, PLC-y, GAP, phosphatidylinositol 3-ki-
nase, and RAF (22, 47). While the importance of the PLC-y

pathway for the biological effects of LTK has not been studied,
both IRS-1 and SHC seem to be required for the biological
function of LTK. Both of these pathways have been shown to
be important for the mitogenic and cell survival signals induced
by the activation of LTK (47). Thus, in earlier studies, the
importance of these pathways for NPM-ALK-mediated onco-
genicity was also investigated. NPM-ALK was shown to bind
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FIG. 10. Overexpression of a PLC-y cDNA rescues Ba/F3 NPM-ALK(Y664F) cells for IL-3-independent growth. The PLC-y2 sequence in pPCDNA3.1 Zeo(—) was
transfected into parental Ba/F3 and NPM-ALK(Y664F) 2-expressing Ba/F3 cells, followed by selection in RPMI medium containing 0.25 mg of zeocin per ml, 10%
FCS, and 1.5 ng of murine IL-3 per ml. Growth without IL-3 was monitored by determining viable cells by using trypan blue staining and a hemacytometer. The
experiment was performed four times with two independent PLC-vy transfections, and results of a representative experiment are shown. The expression level of PLC-y
in the cell lysates was determined by SDS-PAGE and immunoblotting with anti-PLC-y2 antibody.

and phosphorylate both SHC and IRS-1 through their phos-
photyrosine-binding domains; however, activation of these sig-
nal transducers was demonstrated to be nonessential for the
transformation of NIH 3T3 fibroblasts by NPM-ALK (12). In
this paper we have demonstrated that NPM-ALK mutants
defective in the activation of IRS-1(Y156F) or SHC(YS567F)
also do not display any biological phenotypes in lymphocytes
(Fig. 9). Thus, although it is highly homologous to LTK, NPM-
ALK seems to utilize different signal transduction pathways for
its oncogenicity.

Of an array of proteins used for SH2-GST fusions, PLC-y
was found to be the strongest SH2 binding partner for NPM-
ALK in vitro. PLC-y contains both C-terminal and N-terminal
SH2 domains. According to binding affinity tests with a random
phosphopeptide library (44) and structural analysis conducted
with high-affinity peptides (34), the specific phosphopeptide
sequences recognized by the PLC-y SH2 domains are pY VIP
for the C-terminal and pYLEL for the N-terminal SH2 domain

NPM-ALKTyro64
NPM-ALKTyr299

(Fig. 11). In addition, the motif (V/L)XXXXEpY(L/I) may
constitute a high-affinity binding site for the SH2 domains of
PLC-vy (38). Among the 21 tyrosine residues of NPM-ALK, the
sequence surrounding Tyr299 (IACGCQpYLEE) best matches
the binding motifs suggested for PLC-y SH2 domains (Fig. 11).
Indeed, in a phosphopeptide competition experiment, phos-
phopeptides surrounding Tyr299 and Tyr664 totally competed
for binding to the PLC-y SH2 domains (Fig. 4A and B). How-
ever, mutational analysis revealed that only Tyr664, which does
not match any previous binding motif prediction (Fig. 11), was
important for binding to both the N- and C-terminal SH2
domains of PLC-vy in vivo (Fig. 4D). This suggests that Tyr299
may not be an autophosphorylation site in vivo or that this
residue is not accessible for binding to the PLC-y SH2 do-
mains. We were able to show that Tyr664 is an autophosphor-
ylation site in vivo and that complex formation of NPM-ALK
and PLC-y is mediated by this single tyrosine residue. This
interaction leads to tyrosine phosphorylation and activation of

TAPGAGHPYEDT
DIACGCQPYLEE

Predicted binding motifs

V/LXXXXEPpYL/I

PYLEL
pYIDI
pPYVXV
pYVIP
pPYILI
PYXXV

PLC-y N-SH2; Songyang et al (44)

PLC-y C-SH2: Songyang et al (44)

PLC-y: Rotin et al. (38)

FIG. 11. Amino acid sequences surrounding Tyr664 and Tyr299 of NPM-ALK and the predicted binding motifs for PLC-y SH2 domains.
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PLC-y in vivo, evident by the elevated IP levels observed in wt
NPM-ALK-expressing cells.

To study the importance of PLC-y for the mitogenic poten-
tial of NPM-ALK we selected Rat-1 fibroblasts and the lym-
phocyte cell line Ba/F3 as model systems. Since NPM-ALK is
associated with lymphomas, this lymphocyte cell line rather
than fibroblasts might better represent the in vivo target of this
oncogene. In Rat-1 fibroblasts NPM-ALK-induced soft-agar
growth was severely impaired by mutation of the PLC-y bind-
ing site. Ba/F3 cells depend on IL-3 for their growth, and this
growth factor dependence could be overcome by the expres-
sion of the kinase-active wt NPM-ALK. As mentioned above,
mutation of the IRS-1(Tyr156) or SHC(Tyr567) binding sites
in NPM-ALK did not lead to the loss of growth factor-inde-
pendent growth by these lymphocytes. Most importantly,
however, mutation of the PLC-y binding site in NPM-ALK-
(Tyr664) was sufficient to block factor-independent prolifera-
tion of these lymphocytes. We obtained mass clones expressing
NPM-ALK(Y664F) and three independent single clones by
limiting dilution. None of these cell clones retained the ability
to grow without IL-3 over a period of more than 2 weeks.
Interestingly, the PLC-y pathway seems to be more significant
for the mitogenic signal delivered by NPM-ALK than for a cell
survival signal. This suggestion comes from the observation
that, although the NPM-ALK(Y664F)-expressing cells did not
actively proliferate without IL-3, apoptotic cell death seemed
to have been minimized. For example, in contrast to parental
Ba/F3 cells, all three single clones could be rescued by the
readdition of IL-3 within the first 2 weeks (data not shown).
Thus, activation of PLC-y by NPM-ALK appears to be crucial
for the delivery of a mitogenic signal by this lymphoma-asso-
ciated oncogenic tyrosine kinase.

A question not addressed by our experiments is whether the
mutation of Y664F leads to an inability of NPM-ALK to as-
sociate with other, unidentified SH2-domain-containing mole-
cules which may be important for mitogenic signaling. Because
the family of SH2-containing proteins continues to grow, we
cannot rule out the possibility that there are other such sub-
strates that may bind to Tyr664. Indeed, we have found that the
recently identified adapter proteins Grb7 and Grb10 seemed to
bind Tyr664 in vitro as well (data not shown). The function of
these adapter proteins is not established (8, 32). However,
neither of these proteins could be detected in large-cell ana-
plastic lymphoma cell lines by immunoblotting (data not
shown); therefore, a role for these two adapters in NPM-ALK-
mediated oncogenicity seems unlikely. By contrast, our dem-
onstration that the overexpression of wt PLC-y is capable of
rescuing Ba/F3 cells containing the NPM-ALK(Y664F) mutant
for IL-3-independent growth argues strongly for an important
role of PLC-y in NPM-ALK-mediated mitogenic signaling.

By using a truncated NPM-ALK retroviral construct,
Bischof et al. showed that, in contrast to Rat-1 fibroblasts and
Ba/F3 lymphocytes, the C-terminal 154 amino acids of NPM-
ALK, including Tyr664, are dispensable for NPM-ALK-medi-
ated transforming activity in Fr3T3 fibroblasts (4). These data
suggest either that PLC-y activation is cell-type specific and
not required for the transformation of Fr3T3 fibroblasts by
NPM-ALK or that by deleting the entire C terminus of NPM-
ALK, both growth-promoting and -suppressing signals that
equalize each other to result in a fully transforming mutant
might be lost. In addition, retroviral infection of fibroblasts
might lead to a very high level of protein expression, overriding
the possible biological defects of the mutant.

The Y664F mutant is the only single tyrosine mutant among
19 tested so far in our laboratory that shows a biological phe-
notype in lymphocytes. This strongly supports the specific role
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and indispensability of PLC-y for the biological function of
NPM-ALK. PLC-y activation leads to IP3 and diacylglycerol
production in the cell, which in turn can activate protein kinase
C. This pathway has been shown to have a whole array of
biological functions, and its essential role for mitogenesis in
other cellular systems is well established (29).

The PLC-y binding tyrosine residue 664 is located in the
C-terminal region of NPM-ALK, which is also present in the
normal ALK RTK. Therefore, it is reasonable to anticipate
that the ALK RTK also utilizes PLC-y to mediate its biological
signals. ALK expression is restricted to central and peripheral
nervous tissues (16, 28). Both PLC-y and SHC have been
shown to play an important role in neuronal differentiation
signals from other RTKs. For example, mutational analysis of
TRK, an RTK activated by nerve growth factor, showed a
major function for these signal transducers in neuronal differ-
entiation (30). In PC12 cells, mutational analysis revealed a
major function of SHC and a cooperative function of PLC-y in
neuronal outgrowth (30). Although SHC appears not to be
crucial for the transformation potential of NPM-ALK, SHC
and PLC-y may be important for unidentified biological func-
tions of the ALK RTK in the nervous system.

The fact that the single phosphotyrosine residue 664 is re-
quired to mediate a mitogenic signal by NPM-ALK in lympho-
cytes opens the possibility of clinical therapeutic interventions
at the molecular level. It has been shown for the fibroblast
growth factor receptor that fibroblast growth factor-mediated
activation of PLC-y can be completely blocked by cell-perme-
ative peptides representing the PLC-y-SH2 binding site (14).
The peptide sequence surrounding Tyr664 in NPM-ALK is not
present on other growth factor receptors. Thus, it might be
important to investigate the possibility of treating large-cell
anaplastic lymphomas with cell-permeative peptides that spe-
cifically block the PLC-y pathway of NPM-ALK. In vitro stud-
ies with NPM-ALK-expressing cell lines have been initiated in
our laboratory as a first stage to address this issue.
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