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Constitutive overexpression and activation of NPM-ALK fusion
protein [t(2:5)(p23;q35)] is a key oncogenic event that drives the
survival and proliferation of anaplastic large-cell lymphomas
(ALCLs). We have identified a highly potent and selective small-
molecule ALK inhibitor, NVP-TAE684, which blocked the growth of
ALCL-derived and ALK-dependent cell lines with IC50 values be-
tween 2 and 10 nM. NVP-TAE684 treatment resulted in a rapid and
sustained inhibition of phosphorylation of NPM-ALK and its down-
stream effectors and subsequent induction of apoptosis and cell
cycle arrest. In vivo, NVP-TAE684 suppressed lymphomagenesis in
two independent models of ALK-positive ALCL and induced re-
gression of established Karpas-299 lymphomas. NVP-TAE684 also
induced down-regulation of CD30 expression, suggesting that
CD30 may be used as a biomarker of therapeutic NPM-ALK kinase
activity inhibition.

anaplastic large-cell lymphoma � CD30 � kinase inhibitor

Anaplastic large-cell lymphomas (ALCLs) are a subtype of the
high-grade non-Hodgkin’s family of lymphomas with distinct

morphology, immunophenotype, and prognosis (1, 2). ALCLs are
postulated to arise from T cells and, in rare cases, can also exhibit
a B cell phenotype. In addition, there are �40% of cases for which
the cell of origin remains unknown and that are classified as ‘‘null.’’
First described as a histological entity by Stein et al. (3, 4) based on
the expression of CD30 (Ki-1), ALCL presents as a systemic disease
afflicting skin, bone, soft tissues, and other organs, with or without
the involvement of lymph nodes. ALCL can be subdivided into at
least two subtypes, characterized by the presence or absence of
chromosomal rearrangements between the anaplastic lymphoma
kinase (ALK) gene locus and various fusion partners such as
nucleophosmin (NPM) (5). Approximately 50–60% of cases of
ALCL are associated with the t(2;5;)(p23;q35) chromosomal trans-
location, which generates a hybrid gene consisting of the intracel-
lular domain of the ALK tyrosine kinase receptor juxtaposed with
NPM. The resulting fusion protein, NPM-ALK has constitutive
tyrosine kinase activity and has been shown to transform various
hematopoietic cell types in vitro and support tumor formation in
vivo (1, 6). Other less frequent ALK fusion partners, e.g., tropo-
myosin-3 and clathrin heavy chain, have also been identified in
ALCL as well as in CD30-negative diffuse large-cell lymphoma (1,
2, 7, 8). Despite subtle differences in signaling and some biological
functions, all fusions appear to be transforming to fibroblasts and
hematopoietic cells (9). ALK fusion proteins have also been
detected in a rare form of malignancy called inflammatory myofi-
broblastic tumor (10). Extensive analysis of the leukemogenic
potential of NPM-ALK in animal models has further corroborated
the importance of NPM-ALK and other ALK rearrangements in
the development of ALK-positive ALCL and other diseases (11).

In this work, we developed a cell proliferation assay using
NPM-ALK-transformed murine pre-B cell line (Ba/F3) to identify
a highly potent and selective inhibitor of ALK kinase activity,
NVP-TAE684. TAE684 blocked proliferation and survival of
Ba/F3 NPM-ALK, SU-DHL-1 and Karpas-299 cells with 50%

inhibitory concentrations (IC50) between 2 and 5 nM. This inhibi-
tion was accompanied by a rapid and sustained reduction in ALK
autophosphorylation, inactivation of NPM-ALK downstream sig-
naling proteins, and the down-regulation of CD30 expression, a
hallmark of ALCL. Finally, TAE684 inhibited lymphomagenesis in
vivo in two independent models of ALK-positive ALCL.

Results
TAE684 Selectively Inhibits Proliferation of NPM-ALK Fusion Kinase-
Dependent Cell Lines in Vitro. To identify a selective small-
molecule kinase inhibitor of ALK, a cellular screen was used to
search for compounds that were selectively cytotoxic to Ba/F3
NPM-ALK, but not to nontransformed parental Ba/F3 cells.
This effort led to the identification of TAE684, a 5-chloro-2,4-
diaminophenylpyrimidine (Fig. 1A) from a kinase-directed
small-molecule library assembled from several different medic-
inal chemistry programs. TAE684 inhibited the proliferation of
Ba/F3 NPM-ALK cells with an IC50 of 3 nM, without affecting
the survival of parental Ba/F3 cells at concentrations up to 1 �M
[see supporting information (SI) Fig. 7].

Next, we assessed the potency of TAE684 against established
human ALCL cell lines expressing NPM-ALK. TAE684 inhib-
ited proliferation of Karpas-299 and SU-DHL-1 cell lines with an
IC50 range of 2–5 nM (Fig. 1B). Growth inhibition of NPM-
ALK-dependent cell lines correlated with a dose-dependent
reduction of NPM-ALK (Y664; equivalent to Y1604 of full-
length ALK) autophosphorylation in both Karpas-299 and SU-
DHL-1 cells (Fig. 1C and data not shown) as well as Ba/F3
NPM-ALK cells (Fig. 1 C and D). A significant reduction of
ALK phosphorylation was observed with an IC50 lower than 10
nM after treatment of cells with the inhibitor for 4 h.

To further evaluate the selectivity of TAE684, we tested the
compound against a panel of 35 Ba/F3 cells transformed by
various tyrosine kinases constitutively activated by fusion to TEL
(12). As shown in SI Fig. 7, the inhibitory activity of TAE684 is
highly selective for ALK-driven cell proliferation, requiring a
100- to 1,000-fold higher concentration to inhibit other tyrosine
kinases included in the panel. IC50 values between 0.5 and 3 �M
were observed for the various cell lines tested.

TAE684 Is Selective for ALK over InsR. ALK shares high sequence
homology with the insulin receptor kinase (InsR) and the insulin-
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like growth factor receptor (IGF1R). To evaluate the potential of
TAE684 to inhibit InsR kinase activity and signaling, the activity of
TAE684 was assessed against both recombinant InsR enzyme and
full-length InsR in a cellular assay. Indeed, when TAE684 was
tested against recombinant InsR in an in vitro kinase assay an IC50
of �10–20 nM was obtained in various independent experiments.
Similar results where obtained for IGF1R. To assess the potency of
TAE684 against InsR in a cellular assay, H-4-II-E rat hepatoma
cells were stimulated with purified bovine insulin after preincuba-
tion of cells with either DMSO or increasing concentrations of
TAE684. As shown in Fig. 1D, stimulation of H-4-II-E cells with
insulin led to a several-fold increase in phosphorylation of InsR
(Y1146) as well as of both Akt (S473) and FKHR (T24), two key
downstream molecules of InsR signal transduction. In marked
contrast to the enzymatic data, a concentration of �1 �M TAE684
was required to block insulin-induced phosphorylation of InsR,
Akt, and FKHR, which is �100-fold higher than the concentration
required to inhibit cellular NPM-ALK activity (Fig. 1D). The IC50
for blocking InsR phosphorylation was determined to be 1.2 �M,
based on protein band intensity. IC50 data for reduction of Akt and
FKHR phosphorylation could not be determined because of in-
sufficient curve fitting but were between 1.1 and 3.3 �M. This
discrepancy between the cellular and in vitro biochemical assay is
reminiscent of data recently published by Garcia-Echeverria et al.
(13), demonstrating selectivity of a small-molecule inhibitor of
IGF1R, NVP-AEW564, over InsR in cellular assays, but not in
biochemical assays. To examine whether this phenomenon was
observed for more recombinant kinases in addition to InsR, we
determined the IC50 of TAE684 against a variety of other kinases
in biochemical assays. As shown in SI Fig. 7, IC50 values as low as

3 and 12 nM were found for Flt3 and Tie2, respectively, in
biochemical assays. As was observed for InsR, the cellular potency
of TAE684 against Ba/F3 Tel-Flt3 (IC50 � 554 nM) and Ba/F3
Tel-Tie2 (IC50 �1 �M) were much higher than those observed in
biochemical assays.

These results indicate that, at least in cellular systems at its
therapeutic IC50, TAE684 is a potent and selective NPM-ALK
kinase inhibitor, without exhibiting significant cross-reactivity
against other kinases tested in this study, including the highly
homologous InsR.

Structural Basis for the Selectivity of TAE684. Inhibitors that bind to
the ‘‘DFG-out’’ conformation of kinases, by filling a hydrophobic
cavity adjacent to the ATP-binding site, may more readily achieve
higher kinase selectivity than compounds that simply bind to the
ATP pocket (14, 15). Access to this hydrophobic pocket seems to
be regulated by multiple factors including the identity of the
‘‘gatekeeper’’ amino acid, amino acid sequence upstream of the
activation loop preceding the highly conserved DFG motive, and
the phosphorylation state of the kinase. For example, imatinib
(STI571), a specific inhibitor of Abl, c-kit, and PDGFR binds to the
inactive conformation of Abl by using the ‘‘DFG-out’’ conforma-
tion, thereby giving the piperazinylbenzamide functionality access
to the allosteric pocket (14, 15). To investigate the structural basis
for the high selectivity of TAE684 in cellular assays, a model of
ALK in complex with TAE684 was built based on the published
crystal structure of InsR in an ‘‘active’’ or ‘‘DFG-in’’ conformation
(16, 17). As shown in Fig. 2, TAE684 is expected to bind to the
ATP-binding site by using the ubiquitously observed bidentate
hydrogen-bonding pair to the kinase ‘‘hinge’’ region of ALK but
should not extend into the hydrophobic binding pockets. This result
is consistent with the fact that TAE684 does not possess any of the
pharmacophoric features characteristic of compounds that bind to
the DFG-out kinase conformation. Interestingly, the orthomethoxy
group attached to the 2-aniline substitutent projects into a small
groove located between the side chains of residues L258 and M259.
Sequence alignments of kinases available in the Ba/F3 panel
revealed that most kinases have bulkier residues at this position (SI
Fig. 7). Molecular modeling revealed that bulkier amino acids at
this position would lead to a steric clash with TAE684, suggesting
that L258 may be one of the major kinase-selectivity determinants
for TAE684. InsR, like ALK, also possesses a leucine at position
258; however, a 100-fold difference in the IC50 between ALK and
InsR has been observed in cellular assays, suggesting that additional
unknown structural features, above all differences in the three-

Fig. 1. Effects of TAE684 on NPM-ALK-dependent cell proliferation in vitro.
(A) Structure of TAE684. (B) TAE684 inhibits cell proliferation of Karpas-299
and SU-DHL-1 cell lines. Cell proliferation was assayed by using the Bright-Glo
Luciferase Assay System after 72 h of treatment with serial dilutions of TAE684.
Obtained relative luminescence values were normalized to values from cor-
responding DMSO-treated wells and displayed as percent survival � SE. (C)
TAE684 blocks NPM-ALK autophosphorylation in Karpas-299 and Ba/F3 NPM-
ALK cells after 4 h of treatment. (D) Effect of TAE684 on InsR signaling in
H-4-II-E rat hepatoma cells. H-4-II-E cells were preincubated for 30 min with
TAE684 at concentrations indicated before stimulation with recombinant
insulin. Treatment of Ba/F3 NPM-ALK cells with TAE684 was performed in
parallel. IC50 concentrations for InsR and ALK signaling inhibition were deter-
mined through the quantification of bands by using Bio-Rad’s QuantityOne
software package.

Fig. 2. Structural basis for ALK kinase inhibition selectivity by TAE684. (A)
Model of ALK in complex with TAE684, developed based on the published
crystal structure of InsR in an ‘‘active’’ conformation by using homology
modeling (MOE). TAE684 is expected to bind to the ATP-binding site by using
a bidentate hydrogen bonding pair to the kinase ‘‘hinge’’ region of ALK. The
orthomethoxy group attached to the 2-aniline substitutent is anticipated to
project into a small groove located between the side chains of residues L258
and M259. (B) Position L258 is one of the major determinants for ALK selec-
tivity of TAE684. Substitution of leucine with a bulkier amino acid such as
phenylalanine (F258) induces a conformational change that leads to a steric
clash of the hinge region with TAE684.
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dimensional structure, rather than the amino acid sequence may
contribute to the selectivity of TAE684. Analysis of cocrystal
structures of ALK and InsR with TAE684 could resolve this
question.

TAE684 Inhibits Signaling Downstream of NPM-ALK. STAT transcrip-
tion factor signaling has been shown to play an essential role in
transformation and lymphomagenesis mediated by the NPM-
ALK fusion. Several investigators have independently shown
that STAT3 and/or STAT5 are activated by NPM-ALK (18–20).
Using either a Cre/Lox system or antisense knockdown, Chiarle
et al. (20) could show that loss of STAT3 in NPM-ALK trans-
formed T cells isolated from transgenic mice induces apoptosis
and blocks growth in s.c. tumor models. To further corroborate
the involvement of STAT3 and/or STAT5 in signaling down-
stream of NPM-ALK, we performed Western blot analysis on
lysates of NPM-ALK-positive cells treated with either DMSO or
increasing concentrations of TAE684. As demonstrated in Fig.
3A, TAE684 inhibited STAT3 and STAT5 phosphorylation in a
dose-dependent manner in both Ba/F3 NPM-ALK and Karpas-
299 cells. Similar results were obtained by using SU-DHL-1 cells
(data not shown). After 4 h of treatment with TAE684, STAT3
and STAT5 phosphorylation levels decreased significantly at
concentrations as low as 10 nM and were completely inhibited at
concentrations �50 nM. We also performed kinetic experiments
with TAE684 at a concentration of 50 nM to determine the time
required to achieve full inhibition of NPM-ALK and STAT3. A
significant reduction in the phosphorylation of NPM-ALK and
STAT3 (Fig. 3B) was seen as early as 15 min after incubation and
was sustained up to 48 h (data not shown). A direct correlation
between time and concentration was seen for inhibition of both
NPM-ALK and STAT3. The impact of NPM-ALK inhibition on
both RAS/RAF/MAPK and PI3K/Akt signaling was investigated
by using p-ERK and p-Akt as surrogate markers for these
pathways. As shown in Fig. 3C, inhibition of NPM-ALK by
TAE684 led to a dose-dependent reduction in phosphorylation
of both ERK and Akt in Karpas-299 cells. These results recon-
firm that NPM-ALK is an activator of STAT, RAS/RAF/
MAPK, and PI3K/Akt in both transformed Ba/F3 NPM-ALK
cells and NPM-ALK-positive ALCL cell lines. Although the

analysis of the signaling pathways downstream of NPM-ALK is
by far not exhaustive, these data demonstrate that TAE684 is not
only a potent inhibitor of NPM-ALK, but also a physiological
modulator of its crucial downstream signaling intermediates.

TAE684 Induces Cell Cycle Arrest and Apoptosis in ALCL and Ba/F3
NPM-ALK Cell Lines. To further study the biological effects of
inhibition of NPM-ALK on the growth and survival of ALCL
cell lines, we performed cell cycle and apoptosis analyses on cells
treated with either TAE684 or DMSO. Ba/F3, Ba/F3 NPM-
ALK, SU-DHL-1, and Karpas-299 cells were treated with var-
ious concentrations of TAE684 for 72 h and were assessed for
induction of apoptosis and growth arrest by flow cytometry every
24 h. Treatment with TAE684 increased the number of Annexin
V-positive Ba/F3 NPM-ALK cells in a dose- and time-dependent
manner, without affecting the survival of the parental Ba/F3 cell
line. At 48 h after incubation with TAE684, 85–95% of cells
stained Annexin V-positive in several independent experiments.
In contrast, no increase in the number of Annexin V-positive
cells was seen for parental Ba/F3 cells grown in the presence of
IL-3 (Fig. 4 A and B). Similar to our results obtained by using
Ba/F3 NPM-ALK cells, SU-DHL-1 cells appeared to be sensitive
to TAE684-mediated apoptosis induction, with 70–80% of cells
staining positive for Annexin V after 48 h of treatment (Fig. 4
A and B). Intriguingly, Karpas-299 did not undergo apoptosis to
a similar degree as did SU-DHL-1 and Ba/F3 NPM-ALK cells
despite Karpas-299 cell growth being inhibited by TAE684 with
an IC50 of 3 nM (Fig. 1B). After 72 h of treatment with a 50 nM
concentration of TAE684, only 20–30% of Karpas-299 cells
stained positive for Annexin V (data not shown).

The lack of apoptosis in �70% of cells suggested a profound
effect of TAE684 on cell cycle progression in Karpas-299 cells.
To investigate the impact of TAE684 on cell cycle in more detail,
TAE684-treated Karpas-299 cells were stained with propidium
iodide (PI) and analyzed for cell cycle distribution. As shown in
Fig. 4 C and D, TAE684 induced G1 phase arrest in a time-
dependent manner. After 72 h of treatment with TAE684 (25
nM), 72% of Karpas-299 cells were arrested in G1 phase
compared with 26% of cells in G1 phase in DMSO-treated
controls. The number of cells in S phase was reduced from 60%
to 14% (Fig. 4 C and D). Collectively, these data suggest that
TAE684 inhibits the growth of ALCL cells by both inhibiting the
progression of cell cycle and induction of apoptosis. These data
also suggest that NPM-ALK-positive cell lines respond differ-
ently to NPM-ALK inhibition. Differences in the behavior of
SU-DHL-1 and Karpas-299 cells had been described previously
and have been suggested to correlate with acquired secondary
mutations. These differences are also apparent in the different
potential of these cell lines to induce lymphoma in mice.
Although Karpas-299 cells readily give rise to a lymphoma-like
disease in immunocompromised mice, no engraftment was seen
with SU-DHL-1 cells after both s.c. and i.v. implantation of up
to five million cells (data not shown). A more detailed and global
analysis of signaling downstream of NPM-ALK as well as
investigation of additional cell lines is warranted and may be
useful in predicting clinical outcomes to ALK inhibition.

TAE684 Inhibits the Development of NPM-ALK-Driven Lymphomas in
Vivo. We validated the potential of TAE684 to inhibit the growth
of ALCL in a newly established, clinically relevant lymphoma
model. To develop a model that would allow us to follow systemic
ALCL development and would resemble clinical disease pro-
gression as closely as possible, we engineered a luciferized
Karpas-299 cell line, which could be monitored in vivo with the
highly sensitive Xenogen bioluminescence imaging system. Six-
to 8-week-old SCIDbeige mice were injected i.v. with one million
Karpas-299-luc cells and were monitored for disease progression
by measuring bioluminescence and palpable lymphoma devel-

Fig. 3. Effects of TAE684 on NPM-ALK downstream signaling events. (A and
B) TAE684 inhibits NPM-ALK and STAT3 activation in Ba/F3 NPM-ALK and
Karpas-299 cells in a concentration- and time-dependent manner (A and B,
respectively). (C) Effects of TAE684 on ERK and Akt phosphorylation in Karpas-
299 cells after 4 h of treatment.
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opment. Seven days after inoculation, a strong bioluminescence
signal was detected in the nasal-associated lymphoid tissue,
which then spread to the lymph nodes after 2 weeks. Lymph node
infiltration was most prominent but not limited to nuchal and
peritoneal lymph nodes. Histological analysis of the enlarged
excised lymph nodes revealed strong infiltration of CD246-
(ALK) and CD30-positive Karpas-299 cells (Fig. 5A). TAE684
displayed appreciable bioavailability and half-life in vivo (data
not shown). Seven hours after an oral dose of 20 mg/kg of
TAE684 (formulated as a solution in 10% 1-methyl-2-
pyrrolidinone/90% PEG 300) a maximum plasma level (Cmax)
of 800–1,000 nM was measured, with a bioavailability (BAV)
ranging between 60% and 70% and an elimination half-life
(T1/2) of �12 h. To demonstrate the feasibility of targeting
NPM-ALK in vivo without causing toxicity, TAE684 was ad-
ministered at 1, 3, and 10 mg/kg once daily by oral gavage to mice
starting 72 h after Karpas-299 i.v. injection. After 2 weeks of
treatment, we observed a 100-fold reduction in bioluminescence
signal in the 3- and 10-mg/kg treatment groups. Although the
compound was not efficacious at 1 mg/kg, after 4 weeks of
treatment with TAE684 at 3 and 10 mg/kg, there was a significant
(P � 0.005) delay in lymphoma development and 100- to
1,000-fold reduction in luminescence signal (Fig. 5 B–D). The
TAE684- (10 mg/kg) treated group appeared healthy and did not
display any signs of compound- or disease-related toxicity.

To further validate that the observed in vivo effects of ALCL
inhibition were not the consequence of unanticipated off-target
effects, we examined the response of Ba/F3 NPM-ALK- and
Ba/F3 BCR-ABL-induced lymphoid disease to TAE684 (10
mg/kg) treatment. Although no difference in light emission was
observed in mice transplanted with Ba/F3 BCR-ABL cells after
2 weeks of treatment, we found a �99% difference between
vehicle- and TAE684-treated mice allografted with Ba/F3 NPM-
ALK cells (SI Fig. 8). Ba/F3 NPM-ALK-induced disease did not
affect spleen weights to the same extent as Ba/F3 BCR-ABL
disease burden; nevertheless, we observed a significant 80%
reduction of spleen weight with TAE684 treatment (P � 0.005)
in Ba/F3 NPM-ALK-injected mice. These data demonstrate the

specificity of TAE684 therapeutic effects, further corroborating
the selectivity of this compound at the therapeutic doses chosen.

TAE684 Inhibits NPM-ALK Fusion Kinase-Mediated Signaling and In-
duces Regression of Established Lymphomas in Vivo. To determine
whether TAE684 treatment would induce regression of estab-
lished lymphomas, in a separate experiment dosing was initiated
12 days after injection of Karpas-299 cells. Before the start of
treatment, disease progression was confirmed by biolumines-
cence imaging, as evidenced by strong signal in the nasal-
associated lymphoid tissue as well as nuchal, inguinal, and
peritoneal lymph nodes (Fig. 6A). Mice with validated early
stages of lymphoma were assigned to three treatment groups and
one control group. The control group continued to develop signs
of disease progression and had to be killed on day 19 because of
disease burden and signs of premorbidity. In contrast, TAE684-
(3, 5, and 10 mg/kg p.o. daily) treated mice responded to
treatment in a dose-dependent manner, displayed significant
signs of improvement, and had a 1,000-fold reduction in biolu-
minescence signal after 2 weeks of dosing (Fig. 6A).

As a follow-up study, we examined the immediate molecular
effects of short-term TAE684 treatment on established lympho-
mas. Treatment was delayed until 3.5 weeks after Karpas-299 cell
injection, at which point mice had displayed signs of established
disease and had developed palpable lymphomas. The mice were
then treated with either TAE684 (10 mg/kg) or vehicle solution
for 3 days. Immunoblotting analysis of protein from extracted
inguinal lymph nodes revealed a reduction in the phosphoryla-
tion levels of NPM-ALK and its downstream target, STAT3 (Fig.
6B). Histological examination confirmed high infiltration of the
lymph node tissue by the anaplastic, CD246-positive Karpas-299
cells (data not shown). CD30 receptor expression appeared to
vary between lymph node sections from vehicle- and TAE684-
treated groups. Vehicle-treated groups displayed high levels of
CD30, as previously observed during model development; how-
ever, CD30 expression was significantly reduced in lymph nodes
from TAE684-treated mice (Fig. 6C). We were able to replicate
these results in vitro, where an �80% reduction in the expression
of CD30 receptor was observed on the cell surface of Karpas-299

Fig. 4. TAE684 induces apoptosis and G1 phase arrest in NPM-ALK-expressing Ba/F3 cells and ALCL patient cell lines. (A) Ba/F3, Ba/F3 NPM-ALK, and SU-DHL-1
cells were treated with either DMSO or TAE684 50 nM for 48 h. Induction of apoptosis was assayed with Annexin V and 7-AAD staining. (B) Total percent of
Annexin V-positive cells was determined after 48-h treatment with DMSO or increasing concentrations of TAE684. (C) Karpas-299 cells were pretreated with
DMSO or 50 nM TAE684 for 48 h, fixed, and stained with PI for cell cycle analysis. (D) Cell cycle distribution of Karpas-299 cells after 48-h treatment with TAE684.
Representative graph from one of three separate experiments is shown.
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24 h after the addition of TAE684 to the culture media (SI Fig.
9). It is currently unknown whether high CD30 expression on
ALCL cells reflects the phenotype of the cell of origin trans-
formed by NPM-ALK or whether it is directly induced as a
consequence of NPM-ALK’s kinase activity. Watanabe et al.
(21) have recently demonstrated that CD30 promoter activity is
controlled by JunB, expression of which is regulated by the
CD30-ERK1/2 MAPK signaling axis. NPM-ALK expression by
itself can also induce strong activation of the MEK/ERK signal-
ing pathway independently of c-RAF in NPM-ALK-transformed
Ba/F3 cells. TAE684-mediated NPM-ALK inhibition leads to a
significant reduction of ERK phosphorylation in Karpas-299
cells (Fig. 3C), which may, in turn, affect CD30 promoter
activation. These data indicate that the down-regulation of CD30
expression through the inhibition of NPM-ALK kinase activity
is a clinically relevant event and correlates with disease regres-
sion. CD30 receptor expression can be easily assayed for in the
clinic and could be used as a pharmacodynamic marker of
therapeutic NPM-ALK inhibition.

Conclusions
NPM-ALK and related ALK fusion proteins possess transform-
ing and lymphomagenic potential, likely to be mediated by
constitutive kinase activity. Although NPM-ALK-positive lym-
phomas have a rather benign prognosis, �40–45% of patients do
not respond or relapse after standard therapy. In addition,
standard therapy is associated with considerable toxicity, a
problem specifically bothersome in pediatric patients. There-
fore, a highly effective and targeted therapy would be beneficial
and highly warranted not only for relapsed patients but also as
first-line therapy if well tolerated and efficacious.

NPM-ALK-positive cells show activation of signaling path-
ways, such as PI3K/Akt (22, 23), JAK/STAT (18–20), and Src
kinases (24), which are reminiscent of, but not completely
overlapping with, those activated in BCR-ABL-transformed
cells (25). Several studies have suggested that signaling mole-
cules within these pathways could serve as therapeutic targets in
the absence of a specific small-molecule inhibitor targeting
NPM-ALK (20, 24, 26–30). However, given the enormous
redundancy in signal transduction, it has become clear that no
single pathway downstream of an activated kinase is as suitable
a target as the activated oncogene itself. Given the homology
between the oncogenic transformation induced by BCR-ABL
and NPM-ALK and the success of ABL targeting small-
molecule inhibitors such as imatinib in the clinic, we endeavored
to develop a selective small-molecule inhibitor of ALK kinase
activity, which would inhibit the proliferation and survival of
NPM-ALK-positive cells both in vitro and in vivo. Two recent
studies have described small-molecule inhibitors of NPM-ALK
that are capable of blocking both ALK kinase activity and signal
transduction, demonstrating the feasibility of this approach (31,
32). It was shown that these inhibitors blocked the proliferation
of NPM-ALK-transformed cells in a concentration-dependent
manner and that an ALK-specific inhibitor would have the
potential to become a therapeutic agent for the treatment of
ALK-positive ALCL and other conditions associated with the
expression of activating ALK gene rearrangements. However,
neither kinase selectivity nor in vivo data have been published for
these compounds, suggesting that further optimization may be
necessary before these compounds can be used to specifically
target ALK in vivo.

In this study, we have identified and characterized TAE684, a
highly potent and specific inhibitor of NPM-ALK. TAE684
inhibited the growth of NPM-ALK-transformed cells with an
IC50 of �3 nM and was highly selective against several other
tyrosine kinases tested. Although potent on the highly homol-
ogous InsR kinase in vitro, we demonstrated that in cellular
assays TAE684 is �100-fold more potent against ALK when
compared with InsR. This finding might be explained by differ-
ences in the three-dimensional structure of the truncated en-

Fig. 5. Effects of orally administered TAE684 on disease progression in an in
vivo Karpas-299 lymphoma model. (A) Histopathology of an excised enlarged
lymphnodefromaFoxChaseSCIDBeige mouse4weeksafterani.v. injectionofone
million Karpas-299 cells. Representative sections stained with H&E and against
CD246 (ALK) or CD30 antigens are shown (magnification �60). Images demon-
strate strong infiltration of anaplastic, CD30- and ALK-positive Karpas-299 into
the lymph node architecture. (B) Dose–response of the Karpas-299 lymphomas to
1,3,and10mg/kgTAE684orvehiclesolutionadministeredoncedaily.Dosingwas
initiated 3 days after mice received an i.v. injection of luciferase-expressing
Karpas-299 cells. Representative low- and high-sensitivity bioluminescence im-
ages after 4 weeks of dosing are shown (n � 8 mice per group). (C) Effects of
TAE684 or vehicle treatment on disease progression, estimated by weekly in-
creases in bioluminescence signal with the Xenogen Imaging System (�SD). (D)
Bioluminescence signal readout � SD for mice shown in B after 4 weeks of
treatment with either TAE684 or vehicle solution.

Fig. 6. TAE684 treatment induced disease regression in established Karpas-
299 lymphomas. (A) Treatment with 3, 5, and 10 mg/kg (mpk) TAE684 was
initiated 12 days after Karpas-299 inoculation and disease establishment as
evidenced by bioluminescent imaging, obtained before (day 12) and after 2
weeks (day 26) of dosing. (B and C) Mice (m1–m6) with established palpable
Karpas-299 lymphomas were treated for 3 days with either 10 mg/kg TAE684
(m4–m6) or vehicle solution (m1–m3). Four hours after the third dose, mice
were killed, and excised lymph nodes were analyzed for in vivo effects of
TAE684 treatment on NPM-ALK and Stat3 phosphorylation by immunoblot-
ting (B) or for CD30 expression by immunohistochemistry (C).
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zyme compared with the full-length receptor in a cellular system
or by differences in the activity of the compound at the ATP
concentration used in the enzyme assays versus the physiological
cellular ATP concentration. It will be interesting to see whether
a similar difference can be found for IGF1R, a potential target
for anticancer therapeutics, and future effort will need to be
focused on elucidating the potency of TAE684 against IGF1R-
dependent cell lines and tumor models. It will also be important
to study in more detail the activity of TAE684 against the native
full-length ALK receptor. Although ALK knockout mice have
been reported to show no significant phenotype (1), several lines
of evidence have suggested a role of full-length ALK in different
tumor types including glioblastoma (2). TAE684 could be a
valuable tool to study the role of ALK in various tumors in vivo,
if the activity observed for NPM-ALK could be confirmed
against the full-length receptor.

In summary, TAE684 displayed favorable pharmacokinetic
properties in mice, including high bioavailability, decent half-life
and sufficient distribution into tissues. Using a murine model of
ALCL, we could demonstrate the feasibility of therapeutically
targeting NPM-ALK in vivo. TAE684 prevented the develop-
ment of Karpas-299-driven lymphoma if dosed early after injec-
tion of cells and led to the regression of established lymphoma,
which was associated with inhibition of phosphorylation of
NPM-ALK and STAT3 in infiltrated lymph nodes. Collectively,
these data greatly support efforts to pursue the clinical devel-
opment of small-molecule NPM-ALK inhibitors as a treatment
strategy for therapy of refractory and relapsed ALK-positive
lymphomas.

Materials and Methods
See SI Materials and Methods for a more detailed description of
assay methods.

Cell Lines. The murine pro-B cell line Ba/F3 and the human t(2,
5)-positive Karpas-299 and SU-DHL-1 ALCL cell lines (DSMZ,
Berlin, Germany) were maintained in RPMI medium 1640
supplemented with 10% FBS (Sigma–Aldrich, St. Louis, MO).
Ba/F3 cells were grown in the presence of IL-3 (10 ng/ml) (R &
D Systems, Minneapolis, MN). Cell lines expressing luciferase
alone or in combination with NPM-ALK, BCR-ABL, and
TEL-kinase fusion constructs were generated by retroviral trans-
duction of cells with pMSCV IRES puro/Luc vector.

Cell Proliferation Assays. Luciferase-expressing Karpas-299, SU-
DHL-1, and Ba/F3 cells and transformed Ba/F3 stably expressing

NPM-ALK, BCR-ABL, or TEL-kinase fusion constructs were
plated in 384-well plates (25,000 cells per well) and incubated
with serial dilutions of TAE684 or DMSO for 2–3 days. Lucif-
erase expression was used as a measure of cell proliferation/
survival and was evaluated with the Bright-Glo Luciferase Assay
System (Promega, Madison, WI). IC50 values were generated by
using XLFit software.

Flow Cytometry. Ba/F3 NPM-ALK, Karpas-299, and SU-DHL-1
cells were treated with DMSO or various concentrations of
TAE684 for 24, 48, and 72 h before analysis of cell cycle
distribution and apoptosis by flow cytometry. Samples were
analyzed on a Becton-Dickinson LSRII Flow Cytometer (BD
Biosciences, San Jose, CA).

In Vivo Experiments. For in vivo compound efficacy studies, treat-
ment was initiated 72 h after tail vein injection of 1 � 106

Karpas-299-, Ba/F3 NPM-ALK- or BCR-ABL-expressing cells into
female Fox Chase SCIDBeige mice. Mice (n � 10 per group) were
administered either TAE684 resuspended in 10% 1-methyl-2-
pyrrolidinone/90% PEG 300 (Sigma) solution at 1, 3, and 10 mg/kg
once daily for 3 weeks or the vehicle solution at the same dosing
schedule. Disease progression and compound efficacy was moni-
tored weekly with bioluminescence imaging. To determine the
efficacy of TAE684 on established disease, dosing was initiated on
day 12, at which time the disease confirmed to be widespread by
bioluminescence imaging. For analysis of downstream molecular
effects in vivo, mice with established lymphomas were administered
vehicle solution or TAE684 (10 mg/kg) for 3 days. At the end of
treatment, mice were killed, and lymph nodes were extracted for
immunoblotting and histological analysis.

Homology Modeling and Docking. The ALK model was developed
by using the homology modeling function in the Molecular
Operating Environment (MOE 2005.06) program (Chemical
Computing Group, Montreal, QC, Canada). The InsR kinase
[Protein Database (PDB) ID code: 1IR3] was used as the
template for ALK homology modeling, because of the 45%
sequence identity between the InsR and ALK kinase domains.
TAE684 was docked into the ALK model by using GOLD
[version 1.3 (Cambridge Crystallographic Data Center, Cam-
bridge, U.K.)] with the standard default settings. All atom types
and charges were assigned in GOLD. One hundred thousand
independent genetic algorithm (GA) runs were performed for
TAE684 flexible ligand docking. The radius of the search in the
docking was set to 10 Å.
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