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Abstract
Anaplastic lymphoma kinase (ALK) is constitutively activated in a number of human cancer types due to

chromosomal translocations, point mutations, and gene amplification and has emerged as an excellent

molecular target for cancer therapy. Here we report the identification and preclinical characterization of

CEP-28122, a highly potent and selective orally active ALK inhibitor. CEP-28122 is a potent inhibitor of

recombinant ALK activity and cellular ALK tyrosine phosphorylation. It induced concentration-dependent

growth inhibition/cytotoxicity of ALK-positive anaplastic large-cell lymphoma (ALCL), non-small cell

lung cancer (NSCLC), and neuroblastoma cells, and displayed dose-dependent inhibition of ALK tyrosine

phosphorylation in tumor xenografts in mice, with substantial target inhibition (>90%) for more than

12 hours following single oral dosing at 30 mg/kg. Dose-dependent antitumor activity was observed in

ALK-positive ALCL, NSCLC, and neuroblastoma tumor xenografts in mice administered CEP-28122

orally, with complete/near complete tumor regressions observed following treatment at doses of 30

mg/kg twice daily or higher. Treatment of mice bearing Sup-M2 tumor xenografts for 4 weeks and primary

human ALCL tumor grafts for 2 weeks at 55 or 100 mg/kg twice daily led to sustained tumor regression in

all mice, with no tumor reemergence for more than 60 days postcessation of treatment. Conversely, CEP-

28122 displayed marginal antitumor activity against ALK-negative human tumor xenografts under the

same dosing regimens. Administration of CEP-28122 was well tolerated in mice and rats. In summary,

CEP-28122 is a highly potent and selective orally active ALK inhibitor with a favorable pharmaceutical and

pharmacokinetic profile and robust and selective pharmacologic efficacy against ALK-positive human

cancer cells and tumor xenograft models in mice. Mol Cancer Ther; 11(3); 670–9. �2011 AACR.

Introduction
Anaplastic lymphomakinase (ALK) is an orphan recep-

tor tyrosine kinase originally identified as part of the
nucleophosmin (NPM)-ALK fusion gene in anaplastic
large-cell lymphoma (ALCL) with a t(2;5) chromosomal
translocation. ALK belongs to the insulin receptor tyro-
sine kinase superfamily and its expression is mainly

restricted to the central and peripheral nervous systems,
implicating a potential role in the physiologic develop-
ment and function of the nervous system (1, 2). Although
ALK knockout mice possess a full life span and have no
overt abnormalities, behavioral andneurochemical altera-
tionswere observed, suggesting thatALKmay function in
the adult brain to regulate the function of the frontal cortex
and hippocampus and may be a target for psychiatric
indications, such as schizophrenia and depression (3).

Although the physiologic role of the ALK receptor has
not been well defined, involvement of ALK in the onco-
genesis of various human cancers has been well docu-
mented and characterized. Besides NPM-ALK, various
other ALK fusion genes have been detected in ALCL,
inflammatory myofibroblastic tumor, diffuse large B-cell
lymphoma, systemic histiocytosis, and most notably, in
non-small cell lung cancer (NSCLC), resulting in the
generation of oncogenic ALK fusion proteins with con-
stitutive phosphorylation/activation of ALK (1, 4, 5).
Recently, it has also been reported that germline muta-
tions in ALK are the cause of most hereditary neuroblas-
toma cases, and ALK activation bymutation and/or gene
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amplification is functionally relevant in high-risk sporad-
ic neuroblastoma (6–10). Collectively, these findings indi-
cate that ALK is a potential major therapeutic target for
specific human cancers.
Pharmacologic studies using small molecule ALK inhi-

bitors have provided preclinical validation of inhibiting
ALK kinase activity for the treatment of ALCL, NSCLC,
andneuroblastoma (11–15). The recently reportedmarked
clinical activity of the ALK and c-Met inhibitor, Xalkori
(crizotinib), in clinical trials of EML4-ALK–positive
NSCLC patients and ALK-positive ALCL and IMT
patients has validated ALK as a therapeutic target for
various ALK-positive human cancers (16–19).
Xalkori was recently granted accelerated approval by

U.S. Food and Drug Administration (FDA) for the treat-
ment of patients with locally advanced or metastatic
NSCLC that is ALK-positive as detected by an FDA-
approved companion diagnostic test, on the basis of
positive results from 2 single-arm trials (20). Because
Xalkori was originally developed as a c-Met inhibitor, its
in vitro and in vivo activity against ALK ismodest (11), and
several resistant mutations have recently been reported
(21–23). Therefore, the development of more potent and
selective ALK inhibitors is needed.

Here we report the identification and preclinical char-
acterization of CEP-28122, a potent and selective orally
active ALK inhibitor showing a favorable pharmaceutical
and pharmacokinetic profile and robust and selective
pharmacologic efficacy against ALK-positive versus
ALK-negative human cancer cells in culture and tumor
xenografts in mice.

Materials and Methods
Compound synthesis

CEP-28122 was synthesized in the department of
Chemistry at Cephalon, Inc. The synthesis routes for
CEP-28122 have been described elsewhere (Gingrich and
colleagues; submitted manuscript). For all in vivo experi-
ments with CEP-28122, either the free base or the mesy-
late-HCl salt with 97% or more purity was used.

Cell lines, antibodies, and reagents
The NPM-ALK–positive ALCL cell lines, Karpas-299

and Sup-M2, were purchased from Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH. The
ALK-negative human leukemia Toledo, lymphoma
HuT-102, colon carcinoma HCT-116, neuroblastoma NB-

Figure 1. A, chemical structure of
CEP-28122. B, Sup-M2 and Karpas-
299 cells were treated with CEP-
28122 at the indicated
concentrations for 2 hours and
phospho (Y664)- and total NPM-ALK
were detected by immunoblot
analysis as described in Materials
andMethods. The relative NPM-ALK
tyrosine phosphorylation of each
sample is presented as the mean �
SEM from 2 to 3 independent
experiments. C, NSCLC NCI-H2228
and NCI-H3122 cells and
neuroblastoma NB-1 cells were
treated with CEP-28122 at the
indicated concentrations for 2 hours
and phospho- and total EML4-ALK
or ALK receptor were detected by
immunoblot analysis as described in
Materials and Methods. The relative
EML4-ALK or ALK receptor tyrosine
phosphorylation of each sample is
presented as themean�SEM from2
to 3 independent experiments. D,
Sup-M2 cells were treated with CEP-
28122 at the indicated
concentrations for 2 hours and
phospho- and total ALK, Stat3, Akt,
and ERK1/2 were detected by
immunoblot analysis as described in
Materials and Methods.
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1691 (containing amplifiedMYCN), the EML4-ALK–posi-
tive NSCLC cell line NCI-H2228, and negative NSCLC
NCI-H1650were purchased fromAmerican TypeCulture
Collections. NCI-H3122 cells were provided by Dr.
Roberto Polakiewcz of Cell Signaling Technology. NB-1
cells (with wild type ALK gene amplification) were pur-
chased from Japan Health Sciences Foundation, Osaka,
Japan. SH-SY5Y (containing the ALK activating mutation
F1174L) and NB-1643 (containing the ALK-activating
mutation R1275Q) cells were kindly provided by Dr.
Moss�e of Children Hospital of Philadelphia. All cell lines
were cultured in RPMImedium (catalog no. 10-040; Med-
iatech Inc.) supplemented with 10% FBS (catalog no.
SH3007003; Hyclone Laboratory Inc.). Upon arrival, each
cell line was expanded and the cells were frozen down in
multiple vials at earliest passage as possible. Each cell line
was never continuously passaged in culture formore than
2 to 3months, and after that, a new vial of frozen cells was
thawed. The ALK gene status in each cell line (chromo-
somal translocation, point mutations, gene amplification,
or wild type) was evaluated by reverse transcriptase PCR
and sequencing, and ALK expression and phosphoryla-
tion in each cell line were tested by immunoblotting. No
other authentication was done for these cell lines.

The rabbit phospho-NPM-ALK (Y664; catalogno. 3341),
ALK antibody (catalog no. 3342), and the STAT3 and
phospho-STAT3 (Y705) antibodies (catalog no. 9132 and
catalog no. 9145) were purchased from Cell Signaling
Technology, and the mouse ALK antibody (catalog no.
35-4300) was obtained from Invitrogen. ERK1/2 and
phospho-ERK1/2 antibodies (catalog nos. SC-94 and
SC-7383), andAKTandphospho-AKT antibodies (catalog
nos. SC-8312 and SC-7985-R) were purchased from Santa
Cruz Biotech.

The CellTiter 96 AQueous Non-Radioactive Cell Prolif-
eration Assay Kit (catalog no. G5430) and the Apo-ONE
Homogenous Caspase 3/7 Assay Kit (catalog no. G7791)
were purchased from Promega.

Animals
Severe combined immunodeficient (SCID)/beige or

nu/nu mice (6- to 8-week-old female) were maintained
5 per cage in microisolator units on a standard laboratory
diet (Teklad Labchow). For primary human lymphoma
studies, NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG, Jackson
Laboratories) mice were used. Animals were housed
under humidity- and temperature-controlled conditions
and the light/dark cycle was set at 12-hour intervals,
maintained under specified and opportunistic patho-
gen-free conditions.Micewerequarantinedat least 1week
before experimental manipulation. All animal studies
were conducted under protocol approved by the Institu-
tional Animal Care and Use Committee of Cephalon,
Inc. or by University of Turin Ethical Committee.

Recombinant ALK kinase assay
An in vitro recombinant ALK kinase assay was carried

out using a modification of the ELISA described for trkA

(24). Briefly, 96-well microtiter plates were coated with 10
mg/mL of substrate (recombinant human PLC-g/GST).
The kinase reaction mixture consisting of 20 mmol/L
HEPES, pH 7.2, 1 mmol/L ATP, 5 mmol/L MnCl2, 0.1%
bovine serum albumin (BSA), 2.5% dimethyl sulfoxide,
and test compound (various concentrations)was added to
the plate. Recombinant GST-ALK (30 ng/mL) was added
and the reaction was allowed to proceed for 15 minutes at
37�C. Detection of the phosphorylated product was done
by adding Eu-N1–labeled PT66 antibody (catalog no.
AD0041; PerkinElmer). Incubation at 37�C proceeded for
1 hour, followed by addition of enhancement solution
(catalog no. 1244-105; PerkinElmer). Fluorescence was
measured using the time-resolved fluorescence (TRF)
protocol on the EnVision 2102 (or 2104) Multilabel Plate
Reader (PerkinElmer). Data analysis was done using
ActivityBase (IDBS). IC50 values were calculated by plot-
ting percent inhibition versus log10 of the concentration of
compound and fitting to the nonlinear regression

Table 1. Enzyme inhibitory activity of CEP-
28122 on select protein kinases

Tyr kinases IC50 (nmol/L)
Ser/Thr
kinases IC50 (nmol/L)

ALKa 1.9 � 0.5 Rsk3 7.0 � 1.2
Flt4 46 � 10 Rsk2 12 � 4
Fer 84 � 4 Rsk4 17 � 8
Fes 97 � 35 ARK5 25 � 2
Flt3 87 � 35 CHK2 28 � 7
FAK 130 � 15 ACK1 40 � 5
TNK2a 138 � 53 GCK 58 � 8
IGF-1Ra 255 � 61 Rsk1 59 � 10
PYK2a 414 � 163 BRK 71 � 5
IRa 1,257 � 492 JNK1a1 109 � 17
TYK2a 1,486 � 503
JAK2a 2,037 � 539
ABLa >3,000
JAK1a >3,000
JAK3a >3,000
SRCa >3,000
c-Meta >10,000

NOTE: The kinase selectivity of CEP-28122 was evaluated
using the Millipore Kinase Profiler, a radiometric assay for-
mat in which peptide substrates are phosphorylated with
[g-33P]ATP by the test kinase and the product and substrate
are separated by filtration. The inhibitory activity of CEP-
28122 against 259 kinases was measured at 1 mmol/L (see
Supplementary Table S1). For those kinases inhibited by
90% or more, the IC50 values were determined and reported
in the table.
aThe IC50 values for additional protein kinases were gener-
ated in house using TRF-based assays similar to that used
for ALK (described in Materials and Methods).
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sigmoidal dose–response (variable slope) equation in
XLFit (IDBS).

Immunoblot analysis
Immunoblotting of phospho- and total ALK as well as

the downstream targets was carried out according to
the protocols provided by the antibody suppliers. In
brief, after treatment, cells were lysed in FRAK lysis
buffer [10 mmol/L Tris, pH 7.5, 1% Triton X-100,
50 mmol/L sodium chloride, 20 mmol/L sodium fluo-
ride, 2 mmol/L sodium pyrophosphate, 0.1% BSA, plus
freshly prepared 1 mmol/L activated sodium vanadate,
1 mmol/L DTT, and 1 mmol/L phenylmethylsulfonyl-
fluoride, protease inhibitors cocktail III (1:100 dilution,
catalog no. 539134; Calbiochem)]. After brief sonication,
the lysates were cleared by centrifugation, mixed with
sample buffer, and subjected to SDS-PAGE. Following
transfer to membranes, the membranes were blotted
with individual primary and secondary antibodies,
washed in TBS/0.2% Tween, and protein bands visu-
alized with Enhanced Chemiluminescence. The individ-

ual bands of phospho- and total NPM-ALK were
scanned and quantified with the Gel-Pro Analyzer
software (Media Cybernetics, Inc.).

Cell growth inhibition and caspase activation 3/7
assay

Living cells were measured with the CellTiter 96
nonradioactive cell proliferation assay (MTS assay) kit.
In brief, the cells were seeded on 96-well plates and 48 to
72 hours after compound treatment, equal volume of
reagents from the kit was added to the culture medium.
After incubation for 1 to 4hours, the platesweremeasured
with a plate reader and the relative cell numbers were
calculated on the basis of the standard curve.

Caspase 3/7 activity was measured with an Apo-one
homogenous caspase 3/7 assay kit. Briefly, the cells seed-
ed on 96-well plates were treated with compounds for 16
hours. The reaction reagents from the kit were added to
the culture medium and after incubation, the plates were
measured with a florescence plate reader for the relative
caspase 3/7 activity.
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Figure 2. A,MTSassays:NPM-ALK–positiveALCL (Karpas-299andSup-M2) cells andALK-negative lymphomaHuT-102 and leukemia Toledo cells in 96-well
cell culture plates were treated with CEP-28122 for 48 hours and the living cells were measured with CellTiter 96 AQueous Non-Radioactive Cell Proliferation
Assay as described in Materials and Methods. Relative living cell numbers of each sample as compared with vehicle-treated samples were then
calculated and reported as the average�SEM from2 to 3 individual experiments; caspase 3/7 assays: the cells in 96-well cell culture plates were treatedwith
CEP-28122 for 16 hours and the caspase 3/7 activity was measured with the Apo-ONE Homogeneous Caspase 3/7 Assay kit as described in Materials
and Methods. The net caspase 3/7 activity of each sample was calculated by subtracting the values of vehicle-treated samples and reported as the
average�SEM from2 to 3 individual experiments. B andC, EML4-ALK–positive (NCI-H2228 andH3122) and EML4-ALK–negative (NCI-H1650) NSCLC cells
(B) and neuroblastoma cell lines (C) seeded in 96-well cell culture plates were treated with CEP-28122 for 72 hours and the living cells were measured
with CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay as described in Materials and Methods. Relative living cell numbers of each sample as
compared with vehicle-treated samples were then calculated and reported as the average � SEM from 2 to 3 individual experiments.
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Pharmacodynamic studies
Exponentially growing cells were implanted subcu-

taneously to the left flank of each mouse. The mice
were monitored and when the tumor xenograft
volumes reached approximately 300 to 500 mm3, mice
received a single oral administration of either vehicle
PEG-400 or CEP-28122 formulated in vehicle. At indi-
cated time points postdosing, the mice were sacrificed,
the blood was collected and centrifuged, and the plas-
ma was collected. The tumors were excised and dis-
rupted with a hand-held tissue blender in completed
FRAK lysis buffer without Triton X-100. After brief
sonication, the lysates were cleared by centrifugation,
mixed with sample buffer, and subjected to SDS-PAGE
for ALK immunoblotting as described above. The indi-
vidual bands of phospho-and total NPM-ALK were
scanned and quantified with the Gel Pro Analyzer
software (Media Cybernetics, Inc.). The relative
NPM-ALK tyrosine phosphorylation (phospho-NPM-
ALK/NPM-ALK ratio) of each sample at indicated
time points was then calculated, with the average value
of vehicle-treated sample(s) as 100. The compound
levels in plasma and tumor lysates were measured by
liquid chromatography/tandem mass spectrometry
(LC/MS-MS).

Antitumor efficacy studies
Tumor-bearing mice were randomized into different

treatment groups (8–10mice per group) and administered
orally either vehicle (PEG-400, or dH2O) or CEP-28122
formulated in vehicle at indicated doses (expressed as
mg/kg equivalents of free base) and with indicated dos-
ing frequency, with 100 mL per dosing volume. The length
(L) and width (W) of each tumor was measured with a
Vernier caliper and the mouse body weight was deter-
mined every 2 to 3 days. The tumor volumes were then
calculated with the formula of 0.5236�L�W�(L þ W)/2.
Statistical analyses of tumor volumes and mouse body
weight were carried out using the Mann–Whitney rank
sum test. Plasma and tumor samples were obtained at 2
hours post-final dose, and the compound levels in plasma
and tumor lysates were measured by LC/MS-MS.

Results and Discussion
Potent and selective ALK inhibitory activity of CEP-
28122

CEP-28122, a diaminopyrimidine derivative (Fig. 1A),
is a potent, selective, and oral bioavailable ALK inhibitor.
In an enzyme-based TRF assay, the IC50 of CEP-28122 for
recombinant ALK kinase activity was 1.9 � 0.5 nmol/L
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Figure 3. A, SCID mice bearing
Sup-M2 subcutaneous tumor
xenografts were administered
CEP-28122 at 3, 10, or 30 mg/kg,
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NPM-ALK in tumor samples were
detected by immunoblotting and
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Materials and Methods and
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compound levels in plasma and
tumor lysates were measured by
LC-MS/MS and presented as the
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(Table 1). The kinase selectivity of CEP-28122 was eval-
uated using the Millipore Kinase Profiler in which the
inhibitory activity of CEP-28122 against a panel of 259
protein kinases was measured at 1 mmol/L. CEP-28122
exhibited no- to-weak inhibition against the majority of
the kinases tested at 1mmol/L andonly 15 kinases showed
more than 90% inhibition at 1 mmol/L (See Supplemen-
tary Table S1). Except for Rsk2, 3, and 4 (IC50 values range
7–19nmol/L), the IC50 value for anyother kinase is at least
10-fold higher than the IC50 value forALK (Table 1). These
results suggested that CEP-28122 is a highly potent and
selective ALK inhibitor.
In a cellular phosphorylation assay, treatment of NPM-

ALK–positive ALCL cells, Sup-M2 and Karpas-299, with
CEP-28122 led to concentration-related inhibition of
NPM-ALK tyrosine (664) phosphorylation, with calculat-
ed cellular IC50 values of 20 to 30 nmol/L (Fig. 1B).
Phosphorylated Tyr664 of NPM-ALK (equivalent to
Tyr1604 of full-length ALK) is required for the inter-
action with PLCg and activation of PLCg by NPM-ALK

is a crucial step for its mitogenic activity and is impor-
tant in the pathogenesis of anaplastic lymphomas (1).
Similarly, CEP-28122 inhibited EML4-ALK tyrosine
phosphorylation in NSCLC NCI-H2228 and NCI-
H3122 cells and inhibited full-length ALK receptor
tyrosine phosphorylation in neuroblastoma cell line
NB-1 cells, in a concentration-dependent manner with
similar potency (Fig. 1C). ALK inhibition in human
cancer cells resulted in substantial suppression of phos-
phorylation of putative downstream effectors of ALK,
including Stat-3, Akt, and ERK1/2 in Sup-M2 cells
(Fig. 1D), and AKT and ERK1/2 but not Stat-3 in
NB-1 cells (Supplementary Fig. S1), indicating that the
downstream signaling pathways mediated by individ-
ual ALK fusion protein or ALK receptor could vary
among different types of cancers. In contrast, no such
effects were observed in ALK-negative human cancer
cell lines treated with CEP-28122 (data not shown).
These data further supported the conclusion that
CEP-28122 is a selective ALK inhibitor.
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twice a day for 24 days, and the mice were monitored for additional 60 days. Tumor sizes were measured and recorded every 2 to 3 days, and the tumor
volumes were calculated as described in Materials and Methods. The tumor volumes are presented as mean � SEM. b.i.d., twice daily dose.
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ALK inhibition-dependent cytotoxicity in vitro
Treatment with CEP-28122 led to concentration-

dependent (3–3,000 nmol/L) growth inhibition of
NPM-ALK–positive Karpas-299 and Sup-M2 cells in
culture, associated with concentration-related caspase
3/7 activation (Fig. 2A). The activity of growth inhibi-
tion and caspase activation are consistent with the
cellular inhibition of NPM-ALK phosphorylation. In
contrast, CEP-28122 had no-to-marginal growth inhibi-
tion and did not induce significant caspase 3/7 activa-
tion in ALK-negative leukemia Toledo and lymphoma
HuT-102 cells at concentrations up to 3,000 nmol/L
(Fig. 2A).

Similarly, treatment with CEP-28122 resulted in a con-
centration-dependent (3–3,000 nmol/L) growth inhibi-
tion of EML4-ALK–positive NCI-H2228 and NCI-H3122
cells in culture, whereas over the same concentration
range tested, CEP-28122 displayed no or minimal cyto-
toxicity against EML4-ALK–negative NCI-H1650 cells
(Fig. 2B).

CEP-28122 induced significant growth inhibition of
human neuroblastoma cell lines with detectable activated
ALK receptor, such asNB-1 cells with gene-amplifiedWT
ALK receptor, SH-SY5Y, and NB-1643 cells with the acti-
vating mutations of ALK receptor, L1174L and R1275Q,
respectively. In contrast, CEEP-28122 had no significant
effects on the growth and survival of NB-1691 cells, a
MYCN-amplified chemoresistant neuroblastoma cell line
with WT ALK receptor gene (25), in which no ALK
expression and phosphorylation can be detected (there-
fore defined as an ALK-negative neuroblastoma cell line).

These data suggested that at the concentrations tested,
CEP-28122 exerts growth inhibition and cytotoxicity on
ALK-positive human cancer cells mainly through inhibit-
ing ALK kinase activity.

Phamacodynamics and antitumor efficacy in vivo
Dose-dependent inhibition (in terms of both the degree

and duration of inhibition) of NPM-ALK tyrosine (664)
phosphorylation in NPM-ALK–positive ALCL subcuta-
neous tumor xenografts in SCID mice was detected fol-
lowing oral administration of CEP-28122. A single oral
dose ofCEP-28122 at 3mg/kg led to approximately 75% to
80% inhibition of NPM-ALK phosphorylation extending
to 12 hours postadministration and 10 mg/kg led to near
complete inhibition ofNPM-ALKphosphorylationup to 6
hours, with 75% to 80% inhibition observed at 12 hours
postdose. Complete target inhibition was observed
extending up to 12 hours post single oral dose adminis-
tration at 30 mg/kg (Fig. 3A). The degree of NPM-ALK
phosphorylation inhibition was consistent with CEP-
28122 levels in tumor xenografts based on the calculated
cellular activity of CEP-28122 in murine plasma, suggest-
ing that the target inhibition in tumor xenografts was
likely due to direct inhibitory effects exerted by CEP-
28122.

Consistent with the above pharmacodynamic data,
oral administration of CEP-28122 twice daily produced

dose-dependent antitumor activity in Sup-M2 subcuta-
neous tumor xenografts, with minimal antitumor activ-
ity at 3 mg/kg, tumor stasis observed following 12-day
treatment with 10 mg/kg CEP-28122, and complete/
near complete tumor regression (defined as the tumor
volume at the end of treatment less than 5% of the
original tumor volume) following 12 days of treatment
with 30 mg/kg CEP-28122 (Fig. 3B). CEP-28122 was
well tolerated with no overt toxicity and no significant
compound-related body weight loss of mice (data not
shown).

In contrast, CEP-28122 had no antitumor activity on the
growth of ALK-negative HCT-116 human colon carcino-
ma xenografts in mice at 10 and 30 mg/kg, per oral dose
twice daily (Fig. 3C), suggesting that at these doses, the
antitumor activity of CEP-28122 in NPM-ALK–positive
Sup-M2 tumor models is due to sustained NPM-ALK
inhibition in tumors.

However, it was not clear from the short-term (12-day)
studies whether the tumor regression was permanent or
the tumors would reemerge upon cessation of CEP-28122
administration. To address this question, longer duration
of treatment and follow-up observations were carried out
in Sup-M2 subcutaneous tumor xenograftmodels in SCID
mice. Mice bearing Sup-M2 subcutaneous tumor xeno-
grafts were treated with 55 or 100 mg/kg twice daily per
oral CEP-28122 for 4 weeks. By the end of the dosing,
complete tumor regression was observed in 100% of
mice. Except for the vehicle-treated group, the mice
were observed for 60 more days after the cessation of
CEP-28122 treatment. In both the 55 and 100 mg/kg CEP-
28122–treated groups, sustained tumor regression was
observed in 100% of themice, with no tumor reemergence
in any mouse up to 60 days postcessation of CEP-28122
(Fig. 3D), suggesting that the Sup-M2 subcutaneous
tumor xenografts in mice were completely eradicated
after 4 weeks of treatment with CEP-28122 at 55 or 100
mg/kg.

CEP-28122 displayed dose-related antitumor ac-
tivity in mice bearing EML4-ALK-positive NSCLC
NCI-H2228 and NCI-H3122 subcutaneous tumor xeno-
grafts when administered orally at 30 and 55 mg/kg,
twice daily (Fig. 4A). For NCI-H2228 tumor xenograft
models, treatment of CEP-28122 at 30 and 55 mg/kg
per oral, twice daily for 12 days resulted in tumor
regression. For NCI-H3122 tumor xenograft models,
treatment of CEP-28122 per oral, twice daily for 12
days at 30 mg/kg resulted in significant tumor growth
inhibition and at 55 mg/kg led to tumor stasis and
partial tumor regression. The superior antitumor activ-
ity observed in NCI-H2228 tumor xenografts was like-
ly due to the higher tumor distribution of CEP-28122
(data not shown). In contrast, no antitumor activity
was observed on the growth of the EML4-ALK–nega-
tive NSCLC, NCI-H1650, tumor xenografts in mice
with the same dosing regimens (Fig. 4A).

Administration of CEP-28122 at 30 and 55 mg/kg
twice daily orally for 14 days led to significant
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antitumor activity with tumor stasis and partial tumor
regressions observed in NB-1 subcutaneous tumor
xenografts in mice (Fig. 4B). There was 75% tumor
growth inhibition in the 30 mg/kg CEP-28122–treated
group and 90% tumor growth inhibition in the 55 mg/
kg CEP-28122–treated group at the end of study. In
contrast, treatment of CEP-28122 had no effect on the
growth of ALK-negative NB-1691 subcutaneous tumor
xenografts in mice with the same dosing regimens (Fig.
4B). These data showed the pharmacologically selective
efficacy of CEP-28122 against specifically defined
tumors with constitutively activated ALK.

Sustained complete tumor regression of human
primary tumor grafts
The antitumor efficacy of CEP-28122 on human pri-

mary NPM-ALK–positive ALCL tumor grafts were also
evaluated and compared with that of conventional
chemotherapeutical agents. The transplanted primary
tumor grafts partially responded to doxorubicin
(10 mg/kg, i.v.), resulting in partial tumor regression.
However, the treatment of doxorubicin was associated
with overt toxicity (Fig. 5A). Treatment of primary
tumor grafts with CEP-28122, 100 mg/kg, led to tumor
regression with 1 to 2 days and complete tumor regres-

sions in all mice after 2 weeks of treatment, regardless
of the original tumor size (Fig. 5B). No reemerging
tumor was observed in any mouse up to 30 days
(Fig. 5B) and even 60 days (not shown) postcessation
of CEP-28122 dosing, suggesting that the transplanted
human primary ALCL tumor grafts in mice were
completely eradicated after only 2 weeks of treatment
with CEP-28122. Of note, the tumor grafts were equally
sensitive to CEP-28122 treatment after initial treatment
of doxorubicin (Fig. 5A). In contrast to doxorubicin,
CEP-28122 treatment was well tolerated with no overt
toxicity.

Xalkori is the most advanced small molecule ALK
inhibitor recently being granted accelerated approval by
FDA for the treatment of patientswith locally advanced or
metastatic ALK-positiveNSCLC.Althoughmarked activ-
ity of Xalkori has been observed in clinical trials of various
ALK-positive human cancers, some patients do develop
resistance and several drug-resistantmutations have been
reported (21–23).

Currently, most efforts to combat resistance to crizo-
tinib have been focused on targeting the gatekeeper
mutation, because it is one of the most frequently
reported mutants commonly associated with kinase
inhibitor resistance, including Xalkori (23, 26–28). For

Days in treatment

NCI-H2228 (EML4-ALK+) tumor xenografts

NB-1 (ALK amplification) tumor xenografts NB-1691 (ALK WT) tumor xenografts

NCI-H3122 (EML4-ALK+) tumor xenografts NCI-H1650 (EML4-ALK–) tumor xenografts

T
u

m
o

r 
v
o

lu
m

e
 (

m
m

3
)

A

B

300

200

100

0

T
u

m
o

r 
v
o

lu
m

e
 (

m
m

3
)

T
u

m
o

r 
v
o

lu
m

e
 (

m
m

3
)

1,500

1,250

1,000

750

500

250

0

2,400

2,000

1,600

1,200

800

400

0

T
u

m
o

r 
v
o

lu
m

e
 (

m
m

3
)

T
u

m
o

r 
v
o

lu
m

e
 (

m
m

3
)

1,000

750

500

250

0

1,750

1,500

1,250

1,000

750

500

250
0 3 6 9 12

Days in treatment
0 3 6 9 12

Days in treatment
0 3 6 9 1215

Days in treatment
0 3 6 9 12

Days in treatment
0 3 6 9 12

* Initiation of treatment
+: P < 0.05; ++: P < 0.01

* Initiation of treatment
+: P < 0.05; ++: P < 0.01

* Initiation of treatment * Initiation of treatment

* Initiation of treatment

+: P < 0.05; ++: P < 0.01

Vehicle, b.i.d.

CEP-28122, 30 mg/kg, b.i.d.

CEP-28122, 55 mg/kg, b.i.d.

Vehicle, b.i.d.

CEP-28122, 30 mg/kg, b.i.d.

CEP-28122, 55 mg/kg, b.i.d.

Vehicle, b.i.d.

CEP-28122, 30 mg/kg, b.i.d.

CEP-28122, 55 mg/kg, b.i.d.

Vehicle, b.i.d.

CEP-28122, 30 mg/kg, b.i.d.

CEP-28122, 55 mg/kg, b.i.d.

Vehicle, b.i.d.

CEP-28122, 30 mg/kg, b.i.d.

CEP-28122, 55 mg/kg, b.i.d.

*

* *

*
*

+

+ ++

++
++

++++

++++
++

++

++

++
++ ++

++
+++++++

+

++

Figure 4. SCID mice bearing NCI-H2228, NCI-H3122, and NCI-1650 (A) or NB-1 and NB-1691 (B) subcutaneous tumor xenografts were administered either
vehicle or CEP-28122 orally at indicated doses, twice a day (b.i.d.). Tumor sizes weremeasured and recorded every 2 to 3 days, and the tumor volumes were
calculated as described in Materials and Methods. Tumor volumes are presented as mean � SEM. Statistical analyses of tumor volumes and mouse body
weight were carried out with the Mann–Whitney rank sum test and P values less than 0.05 or 0.01 were considered significant and labeled on graphs.
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example, CH5424802 was reported to be a potent, selec-
tive, and orally available ALK inhibitor with potent
activity against ALK gatekeeper mutation L1196M and
blocking EML4-ALKL1196M–driven cell growth and
recently entered phase I clinical trials (26). At this
moment, the clinical efficacy of newly developed ALK
inhibitors targeting the gatekeeper mutant L1196M of
ALK still remains to be determined. Moreover, preclin-
ical activity may not always translate into clinical effi-
cacy. For example, irreversible epidermal growth factor
receptor (EGFR) kinase inhibitors, such as neratinib
(HKI-272), display potent activity against the gatekeep-
er mutations of EGFR; but to date, limited clinical
efficacy has been achieved with these inhibitors (29).
The poor clinical result could be due to dose-limiting
toxicities associated with wild-type EGFR inhibition,
but also reflect the fact that most resistant tumors are
heterogeneous and other factors, besides the gatekeeper
mutation, could coexist and contribute to the resistance
phenotype (30). Indeed, other ALK secondary muta-
tions and alternative pathway activation have been

reported for lung cancer cells resistant to crizotinib
(22, 23, 31). In these cases, an inhibitor specifically
targeting the gatekeeper mutant may not be sufficient
to overcome kinase inhibitor resistance. The in vitro and
in vivo activity of Xalkori against ALK is modest (11, 32).
In our own experiments, a single oral dose of Xalkori at
30 mg/kg achieved only 65% to 70% target inhibition in
Karpas-299 tumor xenografts, despite 5 to 6 mmol/L
(2,737 ng/g) compound levels detected in tumor xeno-
grafts (Supplementary Fig. S2). Therefore, it is expected
that high dose and extremely high tissue levels of
Xalkori are required to achieve substantial target inhi-
bition leading to clinical efficacy. Indeed, administra-
tion of Xalkori at 25 mg/kg had no significant antitumor
efficacy and at 50 mg/kg led to only partial regression of
Karpas-299 tumor xenografts in mice. Although Xalkori
dosed at 100 mg/kg led to complete tumor regression,
some of the tumors did reemerge after cessation of
treatment (11). We have observed in experimental
tumor models that constant maintenance of a high
degree of target inhibition in tumors is critical to main-
tain efficacy and suppress the development of resis-
tance. Therefore, in addition to developing new ALK
inhibitors active against the resistant mutants, another
strategy may be to develop highly potent and selective
ALK inhibitors, with more favorable pharmaceutical
properties capable of providing a wider therapeutic
window. These types of ALK inhibitors may not only
provide greater efficacy in the clinic but also likely
decrease the incidence of development of resistance by
tumors. CEP-28122 dosed at 3 mg/kg resulted in 75% to
80% inhibition of NPM-ALK phosphorylation in tumor
xenografts, with compounds levels in tumors of about
0.5 mmol/L (257 ng/g; see Fig. 3A), suggesting CEP-
28122 is at least 10 times more potent in term of inhi-
bition of ALK phosphorylation in tumors than Xalkori.
More importantly, CEP-28122 dosed at 55 mg/kg or
higher orally led to sustained complete tumor regres-
sion with no reemerging tumor observed after cessation
of treatment.

In conclusion, CEP-28122 is a potent and selective orally
active ALK inhibitor showing a favorable pharmaceutical
and pharmacokinetic profile and robust and selective
pharmacologic efficacy against ALK-positive human can-
cer cells in culture and tumor xenografts in mice, without
significant effect on ALK-negative cells and tumors in
those assays. CEP-28122 is highly selective for ALK
amongvarious types of tyrosinekinases, including insulin
receptor (IR), insulin-like growth factor I-receptor (IGF-
1R) and c-Met. Because ALK expression in normal adult
tissues is very limited, a selective ALK inhibitor such as
CEP-28122would be expected to exhibit a wide therapeu-
tic window in patients with ALK-activated cancers by
providing a much higher exposure than that of the effi-
cacious dose.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Human primary ALK-positive ALCL tumorgrafts

Primary ALK-positive ALCL tumorgrafts

T
u

m
o

r 
d

ia
m

e
te

rs
 (

m
m

)

A

B

25

20

15

10

5

0

T
u

m
o

r 
d

ia
m

e
te

rs
 (

m
m

)

25

20

15

10

5

0

CEP-28122, 100 mg/kg, PO, b.i.d. (day 1–14)

CEP-28122, 100 mg/kg, PO, b.i.d. (day 1–14)

*: Mice died, likely due to doxorubicin associated toxicity

#: Mice died, or associated due to doxorubicin associated toxicity

1

2

3

4

5

6

7

8

9

Doxorubicin, 10 mg/kg, IV, single dose (SD) on day1

Doxorubicin (on day1,SD) + CEP-28122 (started on day 4)

1 8 15 22 29 36 43

#

*

Days in and after treatment

1 8 15 22 29 36 43

Days in and after treatment

Figure 5. NSGmice transplanted with human primary ALK-positive ALCL
tumor grafts were administered either doxorubicin, 10 mg/kg i.v. or
CEP-28122 orally, 100 mg/kg, twice daily, or doxorubicin following by
CEP-28122. Tumor diameters were measured and recorded every day,
presented as mean � SEM (A) or individual value (B). b.i.d., twice daily
dose.

Cheng et al.

Mol Cancer Ther; 11(3) March 2012 Molecular Cancer Therapeutics678

on May 11, 2016. © 2012 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

Published OnlineFirst December 27, 2011; DOI: 10.1158/1535-7163.MCT-11-0776 

http://mct.aacrjournals.org/


Acknowledgments
The authors thank Rebecca A. Brown for mass spectrometry analysis of

plasma and tumor lysates, Seetha Murthy for c-Met enzymatic assay, and
Robert J. Bendesky for cellular Rsk phosphorylation assay and also thank
Dr. Yael Moss�e of Children Hospital of Philadelphia for providing SH-
SY5Y and NB-1643 neuroblastoma cell lines.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received September 26, 2011; revised November 23, 2011; accepted
December 2, 2011; published OnlineFirst December 27, 2011.

References
1. Webb TR, Slavish J, George RE, Look AT, Xue L, Jiang Q, et al.

Anaplastic lymphoma kinase: role in cancer pathogenesis and
small-molecule inhibitor development for therapy. Expert Rev Anti-
cancer Ther 2009;9:331–56.

2. PalmerRH, VernerssonE,GrabbeC,HallbergB. Anaplastic lymphoma
kinase: signaling in development and disease. Biochem J 2009;420:
345–61.

3. Bilsland JG, Wheeldon A, Mead A, Znamenskiy P, Almond S, Waters
KA, et al. Behavioral and neurochemical alterations in mice deficient in
anaplastic lymphoma kinase suggest therapeutic potential for psychi-
atric indications. Neuropsychopharmacology 2008;33:685–700.

4. Chiarle R, Gong JZ, Guasparri I, Pesci A, Cai J, Liu J, et al. NPM-ALK
transgenicmice spontaneously developT-cell lymphomas andplasma
cell tumors. Blood 2003;101:1919–27.

5. Soda M, Choi YL, Enomoto M, Takada S, Yamashita Y, Ishikawa S,
et al. Identification of the transforming EML4-ALK fusion gene in non-
small-cell lung cancer. Nature 2007;448:561–6.

6. Moss�e YP, Laudenslager M, Longo L, Cole KA, Wood A, Attiyeh EF,
et al. Identification of ALK as a major familial neuroblastoma predis-
position gene. Nature 2008;455:930–6.

7. Chen Y, Takita J, Choi YL, Kato M, Ohira M, Sanada M, et al.
Oncogenic mutations of ALK kinase in neuroblastoma. Nature 2008;
455:971–4.

8. George RE, Sanda T, Hanna M, Fr€ohling S, Luther W, Zhang J, et al.
Activating mutations in ALK provide a therapeutic target in neuroblas-
toma, Nature 2008;455:975–8.

9. Janoueix-Lerosey I, Lequin D, Brugi�eres L, Ribeiro A, de Pontual L,
Combaret V, et al. Somatic and germline activating mutations of the
ALK kinase receptor in neuroblastoma. Nature 2008;455:967–70.

10. Passoni L, Longo L, Collini P, Coluccia AM, Bozzi F, Podda M, et al.
Mutation-independent anaplastic lymphoma kinase overexpression in
poor prognosis neuroblastoma patients. Cancer Res 2009;69:7338–46.

11. Christensen JG, Zou H, Arango M, Li Q, Lee JH, McDonnell SR, et al.
Cytoreductive antitumor activity of PF-2341066, a novel inhibitor of
anaplastic lymphoma kinase and c-Met, in experimental models of
anaplastic large-cell lymphoma. Mol Cancer Ther 2007:6:3389–95.

12. Galkin AV, Melnick JS, Kim S, Hood TL, Li N, Li L, et al. Identification of
NVP-TAE684, a potent, selective and efficacious inhibitor of NPM-
ALK. Proc Natl Acad Sci U S A 2007;104:270–5.

13. Koivunen JP,MermelC, ZejnullahuK,MurphyC, Lifshits E,HolmesAJ,
et al. EML4-ALK fusion gene and efficacy of an ALK kinase inhibitor in
lung cancer. Clin Cancer Res 2008;14:4275–83.

14. Wan W, Albom MS, Lu L, Quail MR, Becknell NC, Weinberg LR, et al.
Anaplastic lymphoma kinase activity is essential for the proliferation
and survival of anaplastic large-cell lymphoma cells. Blood
2006;107:1617–23.

15. McDermott U, Iafrate AJ, Gray NS, Shioda T, Classon M, Maheswaran
S, et al. Genomic alterations of anaplastic lymphoma kinase may
sensitize tumors to anaplastic lymphoma kinase inhibitors. Cancer
Res 2008;68:3389–95.

16. Kwak EL, Bang YJ, Camidge DR, ShawAT, Solomon B,Maki RG, et al.
Anaplastic lymphoma kinase inhibition in non-small-cell lung cancer. N
Engl J Med 2010;363:1693–703.

17. Ou SH, Bazhenova L, Camidge DR, Solomon BJ, Herman J, Kain T,
et al. Rapid and dramatic radiographic and clinical response to an ALK

inhibitor (crizotinib, PF02341066) in an ALK translocation-positive
patient with non-small cell lung cancer. J Thorac Oncol 2010;5:
2044–6.

18. Butrynski JE, D'Adamo DR, Hornick JL, Dal Cin P, Antonescu CR,
Jhanwar SC, et al. Crizotinib in ALK-rearranged inflammatory myofi-
broblastic tumor. N Engl J Med 2010;363:1727–33.

19. Gambacorti-Passerini C, Messa C, Pogliani EM. Crizotinib in anaplas-
tic large-cell lymphoma. N Engl J Med 2011;364:775–6.

20. Shaw AT, Yeap BY, Solomon BJ, Riely GJ, Gainor J, Engelman JA ,
et al. Effect of crizotinib on overall survival in patients with
advanced non-small-cell lung cancer harbouring ALK gene rear-
rangement: a retrospective analysis. Lancet Oncol 2011;12:
1004–12.

21. Choi YL, SodaM,Yamashita Y,Ueno T, Takashima J,NakajimaT, et al.
EML4-ALK mutations in lung cancer that confer resistance to ALK
inhibitors. N Engl J Med 2010;363:1734–9.

22. Sasaki T, Okuda K, Zheng W, Butrynski J, Capelletti M, Wang L, et al.
The neuroblastoma-associated F1174L ALK mutation causes resis-
tance to an ALK kinase inhibitor in ALK-translocated cancers. Cancer
Res 2010;70:10038–43.

23. Katayama R, Khan TM, Benes C, Lifshits E, Ebi H, Rivera VM, et al.
Therapeutic strategies to overcome crizotinib resistance in non-small
cell lung cancers harboring the fusion oncogene EML4-ALK. Proc Natl
Acad Sci U S A 2011;108:7535–40.

24. Angeles TS, Steffler C, Bartlett BA, Hudkins RL, Stephens RM, Kaplan
DR, et al. Enzyme-linked immunosorbent assay for trkA tyrosine
kinase. Anal Biochem 1996;236:49–55.

25. Daniel RA, Rozanska AL, Thomas HD, Mulligan EA, Drew Y, Castel-
buonoDJ, et al. Inhibition of Poly(ADP-ribose) polymerase-1 enhances
temozolomide and topotecan activity against childhood neuroblasto-
ma. Clin Cancer Res 2009;15:1241–9.

26. Sakamoto H, Tsukaguchi T, Hiroshima S, Kodama T, Kobayashi T,
Fukami TA, et al. CH5424802, a selective ALK inhibitor capable of
blocking the resistant gatekeeper mutant. Cancer Cell 2011;19:
679–90.

27. LovlyCM,Heuckmann JM, deStanchina E,ChenH, ThomasRK, Liang
C, et al. Insights into ALK-driven cancers revealed through develop-
ment of novel ALK tyrosine kinase inhibitors. Cancer Res 2011;71:
4920–31.

28. Sasaki T, Janne PA. New strategies for treatment of ALK rearranged
non-small cell lung cancers. Clin Cancer Res 2011;17:7213–8.

29. Sequist LV, Besse B, Lynch TJ, Miller VA, Wong KK, Gitlitz B, et al.
Neratinib, an irreversible pan-ErbB receptor tyrosine kinase inhibitor:
results of a phase II trial in patients with advanced non-small-cell lung
cancer. J Clin Oncol 2010;28:3076–83.

30. Bean J, Brennan C, Shih JY, Riely G, Viale A, Wang L, et al. MET
amplification occurs with or without T790Mmutations in EGFRmutant
lung tumors with acquired resistance to gefitinib or erlotinib. Proc Natl
Acad Sci USA 2007;104:20932–7.

31. Sasaki T, Koivunen J,OginoA,YanagitaM,NikiforowS, ZhengW, et al.
A novel ALK secondarymutation andEGFR signaling cause resistance
to ALK kinase inhibitors. Cancer Res 2011;71:6051–60.

32. Li Y, YeX, Liu J, Zha J, Pei L. Evaluation of EML4-ALK fusion proteins in
non-small cell lung cancer using small molecule inhibitors. Neoplasia
2011;13:1–11.

CEP-28122, an Orally Active ALK Inhibitor

www.aacrjournals.org Mol Cancer Ther; 11(3) March 2012 679

on May 11, 2016. © 2012 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

Published OnlineFirst December 27, 2011; DOI: 10.1158/1535-7163.MCT-11-0776 

http://mct.aacrjournals.org/


2012;11:670-679. Published OnlineFirst December 27, 2011.Mol Cancer Ther 
  
Mangeng Cheng, Matthew R. Quail, Diane E. Gingrich, et al. 
  
Experimental Models of Human Cancers
Anaplastic Lymphoma Kinase with Antitumor Activity in 
CEP-28122, a Highly Potent and Selective Orally Active Inhibitor of

  
Updated version

  
 10.1158/1535-7163.MCT-11-0776doi:

Access the most recent version of this article at:

  
Material

Supplementary

  
 http://mct.aacrjournals.org/content/suppl/2011/12/22/1535-7163.MCT-11-0776.DC1.html

Access the most recent supplemental material at:

  
  

  
  

  
Cited articles

  
 http://mct.aacrjournals.org/content/11/3/670.full.html#ref-list-1

This article cites 32 articles, 15 of which you can access for free at:

  
Citing articles

  
 http://mct.aacrjournals.org/content/11/3/670.full.html#related-urls

This article has been cited by 6 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.org

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at

  
Permissions

  
.permissions@aacr.org

To request permission to re-use all or part of this article, contact the AACR Publications Department at

on May 11, 2016. © 2012 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

Published OnlineFirst December 27, 2011; DOI: 10.1158/1535-7163.MCT-11-0776 

http://mct.aacrjournals.org/lookup/doi/10.1158/1535-7163.MCT-11-0776
http://mct.aacrjournals.org/content/suppl/2011/12/22/1535-7163.MCT-11-0776.DC1.html
http://mct.aacrjournals.org/content/11/3/670.full.html#ref-list-1
http://mct.aacrjournals.org/content/11/3/670.full.html#related-urls
http://mct.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
mailto:permissions@aacr.org
http://mct.aacrjournals.org/

