3600

Biochemistry 2009, 48, 3600-3609
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ABSTRACT: Abnormal expression of constitutively active anaplastic lymphoma kinase (ALK) chimeric
proteins in the pathogenesis of anaplastic large-cell lymphoma (ALCL) is well established. Recent studies
with small molecule kinase inhibitors have provided solid proof-of-concept validation that inhibition of
ALK is sufficient to attenuate the growth and proliferation of ALK (+) ALCL cells. In this study, several
missense mutants of ALK in the phosphate anchor and gatekeeper regions were generated and their kinase
activity was measured. NPM-ALK L182M, L182V, and L256M mutants displayed kinase activity in
cells comparable to or higher than that of NPM-ALK wild type (WT) and rendered BaF3 cells into IL-
3-independent growth, while NPM-ALK L182R, L256R, L.256V, L256P, and L256Q displayed much
weaker or little kinase activity in cells. Similar kinase activities were obtained with corresponding GST-
ALK mutants with in vitro kinase assays. With regard to inhibitor response, NPM-ALK L182M and
L182V exhibited sensitivity to a fused pyrrolocarbazole (FP)-derived ALK inhibitor comparable to that
of NPM-ALK WT but were dramatically less sensitive to a diaminopyrimidine (DAP)-derived ALK
inhibitor. On the other hand, NPM-ALK L256M exhibited >30-fold lower sensitivity to both FP-derived
and DAP-derived ALK inhibitors. The growth inhibition and cytotoxicity of BaF3/NPM-ALK mutant
cells induced by ALK inhibitors were consistent with inhibition of cellular NPM-ALK autophosphorylation.
In a mouse survival model, treatment with the orally bioavailable DAP-ALK inhibitor substantially extended
the survival of the mice inoculated with BaF3/NPM-ALK WT cells but not those inoculated with BaF3/
NPM-ALK L256M cells. Binding of ALK inhibitors to ALK WT and mutants was analyzed using ALK
homology models. In summary, several potential active ALK mutants were identified, and our data indicate
that some of these mutants are resistant to select small molecule ALK inhibitors. Further characterization
of these mutants may help to identify and develop potent ALK inhibitors active against both WT and

resistant mutants of ALK.

Targeted protein tyrosine kinase (PTK)' inhibitors repre-
sent a major advance in cancer treatment, and eight PTK
inhibitors have been approved for the treatment of various
cancer types (/—7). Although kinase inhibitors have been
extremely effective in specific patient populations with
tumors containing mutated, oncogenic forms of PTK, clinical
studies thus far have indicated that most patients eventually
develop resistance to these drugs. Resistance can be caused
by various mechanisms, such as amplification of the targeted
oncogenic PTK gene or other oncogenic protein kinases. In
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a majority of cases, however, resistance results from the
selection of cancer cells with mutations in the targeted PTK,
often in the kinase catalytic domain, leading to impairment
of its interaction with the inhibitor (8§—170). Resistant
mutations have been observed in the kinase domain of BCR-
ABL, Kit, and the platelet-derived growth factor receptor
(PDGFR) in patients treated with imatinib, and in the
epidermal growth factor receptor (EGFR) in patients treated
with gefitinib or erlotinib (8§—14).

Anaplastic lymphoma kinase (ALK) is a receptor tyrosine
kinase that was first identified as part of the NPM-ALK
fusion protein derived from a chromosomal translocation
detected in the majority of anaplastic large cell lymphoma
(ALCL) patients (/15—17). Recently, it has been implicated
as an oncogene in a subset of non-small cell lung cancers
(NSCLC) harboring EML4—ALK fusion genes (18, 19) and
in neuroblastoma due to mutation and amplification of the
full-length ALK receptor (20—24). Although the precise
physiological function and regulation of ALK have not been
well defined, ALK fusion genes, such as NPM-ALK in ALCL
or EML4—ALK in NSCLC, encode chimeric oncoproteins
with constitutively active ALK tyrosine kinase activity, which
play a key role in tumorigenesis by the aberrant phospho-
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Phosphate anchor region

NPM-ALK I TLIRGLGHGATFG
ABL1 I TMKEHKLGGGQYG
PDGFRB ¥ VLGEGRTLGSGAFG
KIT I SFGKTLGAGATFG
EGFR F? KK IXKVLGSGATFG
Gatekeeper region
NPM-ALK I®*°PRFILLELMAGG
ABL1 PP PFYIITEFMTYG
PDGFRB G PIYIITEYCRYG
KIT G**PTLVITEYCCYG
EGFR S TVQLITQLMPTEFG

FIGURE 1: Alignment of sequences around the phosphate anchor
and gatekeeper regions of NPM-ALK and select protein tyrosine
kinases. The amino acid sequences around the phosphate anchor
region and gatekeeper region of NPM-ALK, ABL1, PDGFRB, Kit,
and EGFR were aligned and compared.

rylation of multiple intracellular downstream substrates (15— 17).
Several small molecule ALK inhibitors have been reported
recently, and studies with these inhibitors have provided solid
proof-of-concept validation that inhibition of ALK is suf-
ficient to attenuate the growth and proliferation of ALK (+)
ALCLcellsand EMI4-ALK (+)NSCLCcells (16, 19,25—28).

Although a robust clinical response of ALCL patients to
an ALK inhibitor is expected, some of those patients are
also anticipated to develop resistance to the ALK inhibitor,
most likely associated with single-point mutations in the
kinase domain of ALK. Identification of the active mutants
that are resistant to the first line ALK inhibitors will be useful
in the rational design of more effective inhibitors.

In this study, several mutants of a leucine in the phosphate
anchor region or of the gatekeeper leucine of ALK were
generated and evaluated for their kinase activity in vitro as
well as in cells and their responses to small molecule ALK
inhibitors. These positions were chosen because they are in
the conserved regions where most of the active mutants
reported in BCR-ABL and EGFR have been found. ALK
homology models were generated to illustrate the modes of
binding of the ALK inhibitors to ALK WT and mutants.

MATERIALS AND METHODS

Cell Lines, Compounds, and Antibodies. The Sup-M2 cells
(catalog no. ACC 509) and BaF3 cells (catalog no. ACC
300), both purchased from DSMZ (Heidelberg, Germany),
were cultured in RPMI with 10% fetal bovine serum (FBS)
and in RPMI with 10% FBS and 5—10 ng/mL murine
interleukin-3 (IL-3; catalog no. 403-ML, R&D Systems,
Minneapolis, MN), respectively. Chinese hamster ovary
(CHO) cells were purchased from ATCC (CHO-K1; catalog
no. CCL-61) and cultured in DMEM with 10% FBS.

The small molecule ALK inhibitor compound 1 (cmpd
1), 2-methyl-11-(2-methylpropyl)-4-oxo-4,5,6,11,12,13-hexahy-
dro-2H-indazolo[5,4-a]pyrrolo[3,4-c]carbazol-8-yl [4-(dim-
ethylamino)benzyl]carbamate, was described previously (25).
Compound 13 (cmpd 13), (15,25,3R,4R)-3-({5-chloro-2-[(1-
ethyl-2,3,4,5-tetrahydro-6-methoxy-2-oxo-1H-1-benzazepin-
7-yl)amino]-4-pyrimidinyl }amino)bicyclo[2.2.1]hept-5-ene-
2-carboxamide, was synthesized according to the procedures
detailed previously (29).
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Table 1: Relative Kinase Activities of NPM-ALK Mutants in Cells”

relative kinase
activity in CHO cells
with transient

relative kinase
activity in stable

NPM-ALK transfection BaF3 cell lines
WT 100 100

L182M 30+9 58 £ 10
L182V 35+ 12 61 £+ 16
L182R 20+9 NA®
L256M 175+ 23 317 + 58
L256V 10£8 NA®

L256R <5 NA®

L256P <5 NA®
L256Q <5 NA?

“CHO cells were transfected with pPCMV-Tag2B-NPM-ALK WT or
mutants, and 48 h later, the cells were collected and phospho- and total
NPM-ALK were detected by immunoblot analysis. The bands were
quantitated, and the level of relative NPM-ALK phosphorylation
(phospho-NPM-ALK/NPM-ALK ratio) was calculated. BaF3 cells were
transfected with pCMV-Tag2B-NPM-ALK WT and mutants, and 48 h
post-transfection, the cells were selected in culture medium with 800
uM G418 for 2—3 weeks without IL-3. The relative NPM-ALK
phosphorylation was detected and calculated as described for CHO cells.
The activity of each mutant relative to WT was reported as the average
+ standard deviation from two or three individual experiments. * Not
available since stable cell lines could not be generated.

The rabbit phospho-NPM-ALK (Y664) (catalog no. 3341)
and ALK antibodies (catalog no. 3342) were purchased from
Cell Signaling Technology (Beverly, MA). The actin anti-
body (catalog no. SC-1616) was supplied by Santa Cruz
Biotechnology (Santa Cruz, CA).

The DNA oligos were synthesized and purified by Operon
Biotechnologies Inc. (Huntsville, AL).

Mutagenesis and Cell Transfection. The NPM-ALK
mutants were generated with the QuikChange site-directed
mutagenesis kit (catalog no. 200523, Stratagene, La Jolla,
CA) according to the manufacturer’s instructions, with
pCMV-Tag2B-NPM-ALK WT as the template. Each indi-
vidual mutation was confirmed by DNA sequencing.

CHO cells were transfected with Lipofectamine 2000
transfection reagent (catalog no. 11668027, Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol.

BaF3/NPM-ALK mutant cell lines were generated by
transfecting BaF3 cells with pCMV-Tag2B-NPM-ALK
mutant DNA by the NuceloFector device, and the transfec-
tants were then selected with G418 for 2—3 weeks in RPMI
and 10% FBS without IL-3.

Recombinant GST—ALK Protein Production. Mutations
corresponding to some of those in NPM-ALK were also
introduced into a GST—ALK(1073—1458) fusion protein
produced in insect cells. The mutations were created in the
pFastBac-GST-ALK (1073—1458) transfer vector, generated
from pFastBac-GST-ALK(1058—1620) (25), using the
QuikChange multisite directed mutagenesis kit (Stratagene),
with a second silent mutation added to give each construct
a unique restriction map. Mutations and the entire cDNA
sequence were confirmed by DNA sequencing. Recombinant
baculoviruses were generated from the pFastBac vector using
the Bac-to-Backit (Invitrogen) as directed. The GST—ALK(1073—
1458) fusion proteins were expressed in Sf21 insect cells
(obtained from the Boyce Thompson Institute, Ithaca, NY)
grown in shake flasks containing EX-CELL 420 medium
(Sigma-Aldrich, St. Louis, MO) at 27 °C and purified by
glutathione affinity chromatography (25).
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FIGURE 2: Tyrosine phosphorylation inhibition of NPM-ALK WT and mutants by ALK inhibitors in BaF3 cells. (A) Phospho-NPM-ALK
and NPM-ALK levels of WT and mutants in BaF3 cells. The BaF3/NPM-ALK WT and mutant cells were lysed, and the lysates were
resolved by SDS—PAGE. After being transferred, proteins were detected with either phospho-ALK or ALK antibody as described in Materials
and Methods. (B) Structures of cmpd 1 and cmpd 13. (C and D) Tyrosine phosphorylation inhibition of NPM-ALK WT and mutants by
ALK inhibitors. The BaF3/NPM-ALK WT and the mutant cells seeded in 12-well plates were treated with comp 1 or comp 13 at indicated
concentrations for 2 h; the cells were then lysed, and the lysates were resolved via SDS—PAGE. After being transferred, proteins were
detected with either phospho-ALK or total ALK antibody as described in Materials and Methods.

Recombinant GST—ALK Kinase Assay. The in vitro kinase
assay for recombinant GST—ALK utilized a protein substrate,
recombinant GST/human PLC-y(541—852), in a time-resolved
fluorescence (TRF)-based detection system as previously de-
scribed (25). Comparison of the kinase activity of GST—ALK
WT and mutants was carried out at 37 °C for 15 min in 100
uL of a reaction mixture consisting of 20 mM HEPES (pH
7.2), saturating ATP (200 uM), 5 mM MnCl,, 0.1% BSA, and
enzyme (GST—ALK WT or mutant). The phosphorylated
product was then detected with Eu-N1-labeled PT66 antibody
(catalog no. AD0041, PerkinElmer Life Sciences, Boston, MA).
Following 1 h incubation at 37 °C, enhancement solution

(catalog no. 1244-105, PerkinElmer Life Sciences, Boston, MA)
was added. The plate was gently agitated, and after 10 min,
the fluorescence of the resulting solution was measured using
the PerkinElmer EnVision 2100 (or 2102) multilabel plate
reader.

Immunoblot Analysis and MTS Assays. Immunoblot analy-
sis of phospho-NPM-ALK and NPM-ALK was carried out
according to the protocols provided by the antibody suppliers.
In brief, the cells were lysed in Frak lysis buffer [10 mM
Tris (pH 7.5), 1% Triton X-100, 50 mM sodium chloride,
20 mM sodium fluoride, 2 mM sodium pyrophosphate, 0.1%
BSA, freshly prepared 1 mM activated sodium vanadate, 1
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FIGURE 3: Growth inhibition of BaF3/NPM-ALK WT and mutant cells by cmpd 1 and cmpd 13. The BaF3/NPM-ALK WT and mutant cell
lines were seeded on 96-well plates and treated with cmpd 1 (A) or cmpd 13 (B) at the indicated concentrations for 48 h. An equal volume
of reagents from the CellTiter 96 Aqueous MTS kit was added to the culture medium, and the absorbance at 490 nm was measured with
a plate reader. The number of living cells was calculated on the basis of the standard curve of each cell line. The values presented are the
average of relative living cell numbers from two to three independent experiments with the standard error.

mM DTT, 1 mM PMSF, and protease inhibitor cocktail set
III (1:100 dilution; catalog no. 539134 L; EMD Chemicals,
Gibbstown, NJ)]. Following a brief sonication, the lysates
were cleared by centrifugation, and the resulting supernatants
were transferred to fresh tubes containing 4x LDS sample
buffer (catalog no. NP00O7, Invitrogen). The samples were
heat-inactivated, and each sample was resolved by NuPAGE
7% Tris-acetate gels (catalog no. EA03552Box, Invitrogen).
The gels were transferred to nitrocellulose membranes
(catalog no. LC2000, Invitrogen), and after being blocked
in Tris-buffered saline containing 0.2% Tween 20 (TBST)
and 3% nonfat milk for 1 h, the membranes were incubated
with anti-phospho-ALK antibody and, subsequently, the
corresponding HRP-conjugated secondary antibody. After
being washed, the membranes were incubated with ECL-
Western blotting detection reagents (catalog no. RPN2106,
GE Healthcare UK, Buckinghamshire, U.K.) and exposed
to Kodak chemiluminescence BioMax films (catalog no.

178,8207, Carestream Health Inc., Rochester, NY), which
were developed. The membranes were then stripped by
incubation with stripping buffer [62.5 mM Tris HCI (pH 6.8),
2% SDS, and 100 mM 2-mercaptoethanol] for 30 min at
56 °C and reblotted with an anti-ALK antibody as described
above for the phospho-ALK antibody. The films were
scanned with a scanner, and the individual band of phospho-
and total NPM-ALK was quantitated with Gel-Pro Analyzer
(Media Cybernetics, Inc., Bethesda, MD).

Living cells were measured with the CellTiter 96 AQycous
nonradioactive cell proliferation assay kit (MTS kit) (catalog
no. G5430, Promega, Madison, WI). In brief, the cells were
seeded on 96-well plates, and 48 h after compound treatment,
an equal volume of reagents from the kit was added to the
culture medium. Absorbance at 490 nm was measured with
a plate reader, and the relative number of living cells was
calculated on the basis of the standard curve for the individual
cell line.
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FIGURE 4: Survival rate of mice inoculated intraperitoneally with BaF3/NPM-ALK WT and mutant cells and the survival rate of tumor-
bearing mice treated with cmpd 13. (A) Scid-Beige mice were inoculated intraperitoneally with 2 x 10% BaF3/NPM-ALK WT or mutant
cells. The mice were then observed daily, and the survival rate was recorded. (B) Four days after being inoculated intraperitoneally with
BaF3/NPM-ALK WT or L256M cells, the mice were inoculated orally with cmpd 13 at 55 mg/kg, bid for 10 days (V). The mice were then
monitored daily until all the mice in vehicle-treated group died, and the survival rate was recorded for each group.

RNA Preparation, PCR, and Sequencing. For RNA
preparation, 5 x 10° cells were collected and the total RNA
was obtained by using the RNeasy Mini Kit (catalog no.
74104, Qiagen, Valencia, CA) and quantitated by measuring
its absorbance at 260 nm. Single-stranded cDNA was
synthesized from total RNA using a QuantiTect reverse
transcription kit (catalog no. 205311, Qiagen) according to
the manufacturer’s protocol. Polymerase chain reaction
(PCR) amplifications were carried out by using the GeneAmp
High Fidelity PCR System (catalog no. 4328216, Applied
Biosystems, Foster City, CA) with 2 ng of cDNA and a 5’
primer (GGTTCAGGGCCAGTGCATATTAGTG) and a 3’
primer (CCTCCAAATACTGACAGCCACAGGC). The
PCR products were purified with the QIAquick PCR
purification kit (catalog no. 28104, Qiagen), and the se-
quences were determined by NAPCORE at the Children’s
Hospital of Philadelphia. The sequencing results were
visualized with the sequence scanner software from Applied
Biosystems.

Survival Study in Mice. Scid-Beige mice (Taconic, Hud-
son, NY) were inoculated intraperitoneally with 2 x 10°
BaF3/NPM-ALK WT or mutant cells. The mice were then
observed daily, and the survival rate was recorded. For
compound treatment, the mice were inoculated intraperito-
neally with BaF3/NPM-ALK WT or L256M cells, and 4 days
after inoculation, the mice were dosed orally with cmpd 13
at 55 mg/kg, bid for 10 days. The mice were then monitored
daily until all the mice in the vehicle-treated group died, and
the survival rate was recorded for each group.

ALK Homology Modeling. Several ALK homology models
were built using Schrodinger-Prime (Prime: Structure Predic-
tion, Schrodinger Inc., New York, NY) and Tripos-Orchestrar
(Orchestrar, Tripos, St. Louis, MO). The knowledge-based
approach (30) suggested that cmpd 1 had a better chance of
binding to a DFG-out form of the kinase while cmpd 13

would bind to a DFG-in form. The DFG-in structure was
built primarily from the insulin-like growth factor-1 receptor
(IGF-1R) [Protein Data Bank (PDB) entry 20j9], and the
DFG-out structure was built primarily from leukocyte cell-
specific kinase (LCK) (PDB entry 2ofv). The missing loops
were built from other protein homologues as identified in
Orchestrar. The Orchestrar run was initiated from the results
of Tripos-Fugue software on the ALK kinase domain
sequence.

ALK Inhibitor Docking. Initially, Schrodinger-Induced_Fit
workflows (https://www.schrodinger.com/SolutionDescription.
php?mID=15&sID=18&cID=0) were used to generate 20 top
scoring binding poses. Induced_Fit-generated binding poses
were screened using the PDB knowledge base to focus
further studies of the binding. For structures like cmpd 1,
where Induced_Fit could not come up with any reasonable
binding pose, the PDB knowledge base was used to generate
the initial binding pose. The initial binding poses were sub-
jected to MacroModel/Embrace minimization to generate the
protein—inhibitor complex structure to be used for the
mutation studies.

Protein Mutation and Analysis of the Protein—Inhibitor
Complex. The mutation of the amino acid residues and
scanning of the side chain conformations with the rotamer
library were conducted using various protein modeling tools
available in the Tripos-Biopolymer (http://www.tripos.com/
index.php?family=modules,SimplePage,sybyl_biopolymer)
module. Each WT protein—inhibitor complex was subjected
to MacroModel/Embrace minimization before the mutation
study.

RESULTS

ALK Mutants Display Different Kinase Activity in Enzy-
matic and Cellular Assays. Several NPM-ALK mutations at
Leul82 (L182M, L182V, and L182R) in the phosphate
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Table 2: Relative Kinase Activities of Recombinant GST-ALK Mutants
in Vitro®

relative kinase

GST-ALK (enzyme) activity of GST-ALK mutants

WT 100
L182M 49 + 14
L182V 334+7
L182R 17+3
L256M 236 & 15
L256V 59£17
L256R 03+£0.1

“ A comparison of the kinase activity of GST-ALK WT and mutants
was performed as described in Materials and Methods. The activity of
each mutant relative to WT was reported as the average =+ standard
deviation of at least three determinations.

anchor region and at Leu256 (L256M, L256V, L256R,
L256P, and L256Q) in the gatekeeper region of NPM-ALK
were introduced since these are the two regions conserved
among most protein tyrosine kinases and mutations at these
two positions are likely to retain kinase activity. For example,
Leul82 of NPM-ALK corresponds to Leu230 in ABL and
Leu718 in EGFR, and Leu256 of NPM-ALK corresponds
to Thr315 in ABL and Thr790 in EGFR (Figure 1). Various
active mutants have been reported in those two regions of
BCR-ABL in chronic myelogeneous leukemia patients who
became resistant to imatinib (8, /0). To reflect likely drug-
resistant mutants, all the NPM-ALK mutants were generated
by a single nucleotide change. As shown in Table 1, when
transiently transfected into CHO cells, these NPM-ALK
mutants exhibited different kinase activity based on relative
autophosphorylation levels on the docking site Y664 residue
of NPM-ALK. While NPM-ALK L256M exhibited increased
activity over that of the wild type, NPM-ALK L182M,
L182V, L182R, and L256V exhibited weaker but measurable
ALK phosphorylation in cells. On the other hand, NPM-
ALK L256R, L256P, and L256Q presented almost nonde-
tectable kinase activity in CHO cells (see Figure S1 of the
Supporting Information). When expressed in BaF3 cells, only
NPM-ALK L182M, L182V, and L256M could render BaF3
cells independent of IL-3 for their proliferation and generate
stable cell lines, consistent with the transient transfection
results in CHO cells. In BaF3 cells, NPM-ALK L256M
exhibited a more than 2-fold increase in kinase activity
relative to WT, while NPM-ALK L182M and NPM-ALK
L182V displayed kinase activity slightly lower but compa-
rable (a less than 2-fold difference) to that of WT (Figure
2A and Table 1). Interestingly, the total NPM-ALK levels
of the WT and mutants detected in the BaF3 cells are
inversely related to their relative kinase activity, with the
total NPM-ALK level for L182M and L182V being ~2—3-
fold greater than the WT level and that of L256M being ~/,
to /5 of the WT level. This fact resulted in comparable total
phospho-NPM-ALK levels among these BaF3 cell lines
(Figure 2A), suggesting the total levels of active NPM-ALK
expressed in BaF3 cells may be self-limited.

Recombinant GST-ALK enzymes corresponding to the
mutations in the NPM-ALK proteins described above were
also generated. The same amino acid numbering from the
NPM-ALK chimera is used for clarity. The kinase activity
of each mutant was evaluated using a protein substrate,
recombinant GST/human PLC-y(541—852), in a TRF-based
assay (25). As shown in Table 2, the Leu182 mutants in the
phosphate anchor (GST-ALK L182M, GST-ALK L182V,
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and GST-ALK L182R) all displayed weaker activity than
WT, consistent with the NPM-ALK data for the Leul82
mutants (Table 1). In the gatekeeper region, GST-ALK
L256M exhibited a kinase activity 2.4-fold of that of WT
while both GST-ALK L256V and GST-ALK L256R exhib-
ited much weaker activity (Table 2). These results cor-
roborated the data obtained with the NPM-ALK L256
mutants in cells (Table 1).

Differential Sensitivity of NPM-ALK WT and Mutants to
ALK Inhibitors. Two potent ALK inhibitors from two
different chemical series were used in this study (Figure 2B).
cmpd 1 is a fused pyrrolocarbazole (FP) derivative with a
cellular ICsy of 10—30 nM for NPM-ALK phosphorylation
in ALCL cells (25), and cmpd 13 is a diaminopyrimidine
derivative with a cellular ICsy of 45 nM for NPM-ALK
phosphorylation in ALCL cells (29, 31). As shown in Figure
2C, while NPM-ALK L182M and L.282V mutants were still
sensitive to the inhibition of tyrosine phosphorylation by
cmpd 1 in cells, with ICsy values comparable to that of WT
(10—30 nM), the NPM-ALK L256M mutant conferred at
least 30-fold lower sensitivity to the inhibition of tyrosine
phosphorylation by cmpd 1 with an ICs, value of >1000 nM.
On the other hand, all three NPM-ALK mutants, L182M,
L182V, and L256M, were much less sensitive or resistant
to the inhibition of tyrosine phosphorylation by cmpd 13 in
cells, with ICsy values of >1000 nM (Figure 2D).

Consistent with ALK target inhibition in cells, treatment
with cmpd 1 led to dose-dependent cytotoxicity and growth
inhibition of BaF3 cells harboring NPM-ALK L182M and
L182V in culture, similar to BaF3/NPM-ALK WT cells, and
displayed much less cytotoxicity toward BaF3/NPM-ALK
L256M cells in culture (Figure 3A). On the other hand,
treatment with cmpd 13 at the concentrations that induced
significant cytotoxicity and growth inhibition against BaF3/
NPM-ALK WT cells did not have much effect on the growth
and survival of BaF3/NPM-ALK L182M, L182V, and
L256M cells (Figure 3B). These data indicate that certain
NPM-ALK mutants may become less sensitive or resistant
to an ALK inhibitor in a chemical scaffold-dependent
fashion.

Differential Sensitivity of NPM-ALK WT and L256M
Tumors to the DAP-ALK Inhibitor in Mice. It was reported
that certain kinase domain mutants of BCR-ABL exhibited
increased transformation potency, possibly due to altered
substrate specificity and pathway activation in cells (32). To
compare the tumor growth rate of BaF3/NPM-ALK WT and
mutants in mice, equal numbers of BaF3/NPM-ALK WT or
mutant cells were inoculated into Scid mice intraperitoneally.
The mice inoculated with BaF3/NPM-ALK WT cells all
developed tumors in the peritoneal cavity and died around
the fourth week post injection. The mice inoculated with the
BaF3/NPM-ALK mutant cells, L182M, L182V, or L256M,
also developed tumors in the peritoneal cavity and died at
approximately the same time as mice implanted with the WT
cells (Figure 4A), indicating the tumors harboring NPM-
ALK mutants had a comparable growth rate in Scid mice as
the tumors bearing NPM-ALK WT.

Cmpd 13 is an orally bioavailable ALK inhibitor and is
able to completely inhibit NPM-ALK tyrosine phosphory-
lation in subcutaneous ALCL tumor xenografts in Scid mice
with an oral dose of 55 mg/kg (37). To compare the effect
of treatment with cmpd 13 on the survival of mice inoculated
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FIGURE 5: Basic mode of binding of cmpd 1 to DFG-out ALK WT (A) and mutants [(B) L182M and (C) L256M]. The ALK DFG-out
model was derived from LCK (20fv, 42.3% identical with ALK). The large carbamate substituent in cmpd 1 does not allow a binding mode
with a DFG-in structure. It, however, fits nicely with a DFG-out structure with the known DFG-out hydrogen bonds and hydrophobic
occupancy. (A) Mode of binding of cmpd 1 to ALK-WT without any steric clash. The locations of several critical residues for binding,
including Leul82, Leu256, and the DFG motif, are shown. (B) Mode of binding of cmpd 1 to the ALK L182M mutant without any steric
clash. (C) Mode of binding of cmpd 1 to the ALK L256M mutant, with one rotamer having direct clash with cmpd 1 shown here. The

clashing region is shown with a CPK model.

with BaF3/NPM-ALK WT and L256M cells, 4 days after
cell inoculation, the mice were treated with cmpd 13 at 55
mg/kg orally, bid for 10 days. Treatment of cmpd 13
significantly prolonged the survival of mice inoculated with
BaF3/NPM-ALK WT cells, with 70% mice still alive when
all the mice in the vehicle-treated group had died (Figure
4B). In contrast, treatment with cmpd 13 had no effect on
the survival of mice inoculated with BaF3/NPM-ALK
L256M cells and both vehicle- and cmpd 13-treated mice
exhibited similar survival rates (Figure 4B). These data
indicate that cmpd 13 effectively inhibits the growth and
progression of tumors bearing NPM-ALK WT but not NPM-
ALK L256M and substantiate the cellular data which show
that NPM-ALK L256M is resistant to the inhibition by cmpd
13.

ALK Homology Modeling. ALK homology models were
generated to illustrate the binding modes of the ALK
inhibitors to ALK WT and mutants. It has been reported that
compounds are able to bind to a protein kinase, such as p38a
MAP kinase, in either the DGF-in or DGF-out conformation,
depending on the substituents (33). Our earlier analysis of
the DFG-out structures in the PDB suggested that two kinase
residues might favor the formation of the DFG-out structure
of the kinase, namely, (i) a small gatekeeper residue, usually

a Thr, and (ii) Gly or Ala for X in XDFG (30). The
gatekeeper in ALK is Leu, and X in ALK is Gly. c-MET is
the only kinase with a Leu gatekeeper residue that has a
DFG-out structure in the PDB. The X residue in c-MET is
Ala. These observations supported the postulation of a DFG-
out structure for ALK. Therefore, both ALK DFG-out and
DFG-in homology models were generated. The ALK DFG-
out model was derived from LCK (2ofv, 42.3% identical
with ALK), while the ALK DFG-in model was derived from
IGF-1R (20j9, 47% identical with ALK). Even though the
FP and DAP analogues are both known to bind to the DFG-
in form of the kinases, the large p-NN-dimethylaminobenzyl-
carbamate substituent in cmpd 1 did not allow any reasonable
docking pose in the ALK DFG-in model. In contrast, the
carbamate can form hydrogen bonds with the DFG-Asp
backbone NH group in the DFG-out structure and the benzyl
group can occupy the hydrophobic pocket previously oc-
cupied by the Phe of DFG in the DFG-in structure.
Inhibitor Docking and Mutation Analyses. The mode of
binding of cmpd 1 to the ALK DFG-out model and the
locations of a few important residues of ALK are shown in
Figure 5A. There are a large number of FP-like inhibitors
bound to different kinases in the PDB. Those inhibitors bind
with the same binding mode to all kinases. In the current
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Leu-182

FIGURE 6: Mode of binding of cmpd 13 to the DFG-in ALK WT
model. The ALK DFG-in model was derived from IGF-1R (20j9,
47% identical with ALK). The binding mode was generated by
the Schrodinger/Induced_Fit automated docking program, and the
binding mode is consistent with the binding poses for DAP
derivatives in the Protein Data Bank.

proposed binding mode, the X-ray crystallographically
observed binding mode was preserved. However, the kinase
was made DFG-out to accommodate the extra carbamate
substituent. None of the FP-like inhibitors in the PDB had
any substituent as in cmpd 1 that can trigger a DFG-out
conformation for the kinases. To study the effect of individual
ALK mutation on the binding mode, it was assumed that
the basic binding mode of cmpd 1 and cmpd 13 would
remain the same in these mutants. This is consistent with
the recent analysis of the inhibitor-bound kinase structures
in the PDB (30). Most kinase inhibitors, except for a few
like imatinib, bind the same way with all kinases. The minor
changes in the binding mode, such as the small movement
of the inhibitor relative to different kinase residues, were
studied by the constrained minimization of the kinase—inhibitor
complexes. Ideally, one should expect that the computation
of the interaction between the kinase (wild type or mutants)
and an inhibitor will quantitatively predict the relative
activities of the inhibitor. In reality, the current state of the
discipline (34) is far from this ideal situation. Therefore, a
qualitative approach, in which the mutated residue side chain
conformation was scanned using Lovell’s rotamer library
(35), was used in this study. Identification of a rotamer
without any steric clash or with a small steric clash might
ensure that the protein would accommodate the ligand
without any major change in structure. The torsional scanning
of the library of rotamers showed that for cmpd 1, the L182M
and L182V mutants had common side chain rotamers that
did not have any steric congestion and were similar to the
WT (Figure 5B and data not shown). In contrast, all side
chain rotamers of the L256M mutant resulted in significant
steric clash interfering with the binding of cmpd 1 (Figure
5C). This is consistent with the biochemical data in which
cmpd 1 inhibited NPM-ALK L182M and L182V mutants,
but not the NPM-ALK L256M mutant (Figure 2B). This
result clearly suggested that the existence of a nonclashing
low-energy rotamer of the mutant residue might be important
for inhibitor binding.

From the initial Induced_Fit docking of cmpd 13 to the
ALK DFG-in model, one docking pose, as shown in Figure
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6, was chosen for further analysis. This binding mode is
consistent with those proposed for other kinase-bound DAP
analogues available in the PDB (1h0O1 and 1h0S8). Relative
to cmpd 1, cmpd 13 is a more flexible compound and fits
nicely in the DGF-in model but more loosely (Figure 6).
For the L182M mutant, only a very small percentage (3%)
of rotamers were found not to produce any steric clash, and
such a small population is consistent with much lower target
inhibition activity in the biochemical assay. Because of its
more loose-fitting binding mode, the L182V mutant would
tend to decrease the critical hydrogen bond strength as well
as the hydrophobic interactions at the hinge region with cmpd
13, likely resulting in the less potent activity observed in
the biochemical assay. The change to a fairly large residue,
Met, in place of the gatekeeper Leu256 was also expected
to result in rotamers with steric clash that adversely affected
the binding of cmpd 13 (data not shown).

DISCUSSION

Point mutations in the kinase domain of PTKs, such as
BCR-ABL, Kit, and EGFR, that impair drug binding have
been established as the major mechanism of acquired
resistance to these kinase inhibitor(s). Here we generated
several ALK mutants in the kinase domain and evaluated
their kinase activity and their sensitivity to the inhibition by
different classes of ALK inhibitors. Of the gatekeeper
mutants, only L256M had substantial kinase activity, ap-
proximately 3-fold of that of WT, both in cells and in the
recombinant GST-ALK. This is consistent with the work of
Azam et al. (36), in which introduction of the bulky
methionine into the gatekeeper position of c-ABL, c-Src,
PDGFRA/B, and EGFR resulted in the most active kinase.
In addition to L256M, L182M and LI182V displayed
comparable kinase activity in cells relative to NPM-ALK
WT, and all three NPM-ALK mutants were able to render
BaF3 cells independent of IL-3 for their proliferation. NPM-
ALK L182M and L182V exhibited sensitivity to an FP-
derived ALK inhibitor comparable to that of NPM-ALK WT
but were much less sensitive to a DAP-derived ALK
inhibitor. On the other hand, NPM-ALK L256M displayed
much less sensitivity or became resistant to both the FP-
derived and DAP-derived ALK inhibitors. Consistent with
inhibition of NPM-ALK autophosphorylation, the FP-ALK
inhibitor induced growth inhibition and cytotoxicity of BaF3/
NPM-ALK L182M and L182V cells but not L256M cells.
In contrast, the DAP ALK inhibitor failed to induce growth
inhibition and cytotoxicity of all three BaF3/NPM-ALK
mutant cell lines in culture. In a mouse survival model,
treatment with the orally bioavailable DAP-ALK inhibitor
substantially prolonged the survival of the mice bearing
BaF3/NPM-ALK WT tumors but not those with BaF3/NPM-
ALK L256M tumors.

It has been reported that certain mutations create more
potent BCR-ABL and may therefore accelerate disease
progression (37). Although L256M was found to be hyperac-
tive in the autophosphorylation of NPM-ALK kinase, BaF3
cells harboring this ALK mutant exhibited a growth rate
similar to that of the BaF3/NPM-ALK WT cells in regular
culture medium (Figure S3 of the Supporting Information).
Also, a similar survival curve was observed in the systemic
tumor models of BaF3 cells harboring NPM-ALK WT or
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mutants in mice. Therefore, these data indicate that the NPM-
ALK mutant cells may not present any growth advantage
under those conditions.

NPM-ALK L182M and L182V mutants were found to
remain sensitive to an ALK inhibitor derived from the FP
chemical series but became resistant to an ALK inhibitor
derived from a distinct DAP chemical series, suggesting that
the binding modes of the two inhibitors to ALK may differ.
The ALK homology modelings support that hypothesis, as
cmpd 1 was predicted to bind to the DFG-out form while
cmpd 13 was predicted to bind to a DFG-in form. These
data also suggest that if the mutants in this region become
resistant to the first line ALK inhibitor, it is likely that a
compound(s) active against those mutants can be identified
from a distinct chemical series. These results are consistent
with the BCR-ABL mutants in the phosphate anchor region,
which are found to be resistant to imatinib but sensitive to
most of the second-generation ABL inhibitors, such as
nilotinib and dasatinib. The ALK homology models suggest
that an inhibitor with a large, flat, and rigid hinge binding
moiety may be more likely to remain active against mutations
in the hinge region than an inhibitor with a flexible hinge
binding moiety. The fact that the NPM-ALK L256M mutant
is resistant to the two ALK inhibitors derived from two
distinct chemical classes suggests that it may be more
challenging to identify a compound active against ALK
mutants in the gatekeeper region. This observation reflects
the case with the BCR-ABL T315I gatekeeper mutant, which
is resistant to imatinib and almost all of the second-generation
ABL inhibitors.

Although no resistant mutants of NPM-ALK and other
ALK chimeras have been reported so far, with the influx of
several small molecule ALK inhibitors into preclinical
development and clinical trials for ALK (+) ALCL, NSCLC,
and possibly neuroblastoma, it is expected that kinase
inhibitor-resistant ALK mutants that would present excellent
targets for developing second-generation ALK inhibitors will
soon emerge. It will be interesting to determine whether any
of the active ALK mutants described here emerge from
primary tumor samples from patients treated clinically with
ALK inhibitor(s).

The results generated with the NPM-ALK mutants here
likely apply to other ALK chimeric proteins, such as EML4-
ALK, since all the ALK chimeras contain the identical entire
cytoplasmic domain of ALK. Recently, several ALK receptor
missense mutations were found in neuroblastomas, and the
mutations that were mapped to the critical region of the
kinase domain were predicted to be oncogenic drivers (21 —24).
Since ALK is likely a tractable therapeutic target for
neuroblastoma, it is imperative to test and compare the
sensitivity of these ALK receptor mutants to the first
generation of ALK inhibitors as well.
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