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Abstract

Anaplastic lymphoma kinase (ALK) is a tyrosine kinase receptor involved in

both solid and hematological tumors. About 80% of ALK-positive anaplastic

large-cell lymphoma (ALCL) cases are characterized by the t(2;5)(p23;q35)

translocation, encoding for the aberrant fusion protein nucleophosmin (NPM)-

ALK, whereas 5% of non-small-cell lung cancer (NSCLC) patients carry the inv

(2)(p21;p23) rearrangement, encoding for the echinoderm microtubule-associ-

ated protein-like 4 (EML4)-ALK fusion. The ALK/c-MET/ROS inhibitor crizoti-

nib successfully improved the treatment of ALK-driven diseases. However,

several cases of resistance appeared in NSCLC patients, and ALK amino acid

substitutions were identified as a leading cause of resistance to crizotinib. Sec-

ond-generation ALK inhibitors have been developed in order to overcome criz-

otinib resistance. In this work, we profiled in vitro the activity of crizotinib,

AP26113, ASP3026, alectinib, and ceritinib against six mutated forms of ALK

associated with clinical resistance to crizotinib (C1156Y, L1196M, L1152R,

G1202R, G1269A, and S1206Y) and provide a classification of mutants accord-

ing to their level of sensitivity/resistance to the drugs. Since the biological activ-

ity of ALK mutations extends beyond the specific type of fusion, both NPM-

ALK- and EML4-ALK-positive cellular models were used. Our data revealed

that most mutants may be targeted by using different inhibitors. One relevant

exception is represented by the G1202R substitution, which was highly resistant

to all drugs (>10-fold increased IC50 compared to wild type) and may represent

the most challenging mutation to overcome. These results provide a prediction

of cross-resistance of known crizotinib-resistant mutations against all second-

generation tyrosine kinase inhibitors (TKIs) clinically available, and therefore

could be a useful tool to help clinicians in the management of crizotinib-resis-

tance cases.

Introduction

Anaplastic lymphoma kinase (ALK) belongs to the insulin

receptor protein-tyrosine kinase superfamily [1]. ALK

plays an important role in the nervous system develop-

ment; indeed its expression is prominent in the brain and

peripheral nervous system of developing embryos, but

decreases rapidly after birth [2]. The first evidence of

ALK oncogenic properties emerged in 1994, when the

fusion protein nucleophosmin (NPM)-ALK originated by

the chromosomal translocation t(2;5)(p23;q35) was iden-

tified and associated with an aggressive form of non-

Hodgkin T-cell lymphoma, known as anaplastic large-cell

lymphoma (ALCL) [3]. Several dysregulated or aberrant

ALK forms have since been discovered as the cause of

hematopoietic and non-hematopoietic malignancies, such

as diffuse large B-cell lymphoma (DLBCL) [4], inflamma-

tory myofibroblastic tumor (IMT) [5], neuroblastoma

[6], anaplastic thyroid cancer [7], rhabdomyosarcoma [8],

non-small-cell lung cancer (NSCLC) [9], and other
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diseases [10–17]. In particular, about 5% of NSCLC cases

carry the echinoderm microtubule-associated protein-like

4 (EML4)-ALK fusion protein resulting from inv(2)(p21;

p23) [9].

Recently, the treatment of ALK-driven diseases was suc-

cessfully improved by the development of crizotinib, an

ALK/c-MET/ROS inhibitor approved in 2011 for the

treatment of locally advanced or metastatic ALK-positive

NSCLC [18], and currently in clinical trials for a variety

of other ALK-related diseases including ALCL. Unfortu-

nately, as expected from previous clinical experience with

tyrosine kinase inhibitors (TKI), cases of resistance to

crizotinib soon appeared in NSCLC patients. ALK point

mutations, including C1156Y, L1196M [19], L1152R [20],

G1269A [21], G1202R, and S1206Y amino acid substitu-

tions and a 1151Tins insertion [22] were identified as the

leading cause of crizotinib resistance. Additional muta-

tions were found in specimens collected from patients

affected by ALCL who developed resistance to crizotinib

[23, 24].

In order to overcome crizotinib resistance, second-gen-

eration small-molecule ALK inhibitors have been devel-

oped [25]. AP26113, whose structure to date is

unavailable, is currently undergoing phase I/II clinical tri-

als, whereas ASP3026 is in phase I trials. Alectinib is in

advanced phases of development and was recently

approved in Japan for the treatment of ALK-positive

NSCLC. Moreover, it has received breakthrough therapy

designation by Food and Drug Administration (FDA) for

patients with ALK-positive NSCLC who progressed on

crizotinib. Ceritinib was approved in April 2014 for

patients affected by metastatic ALK-positive NSCLC fol-

lowing treatment with crizotinib.

Although an increasing amount of data are available

on clinical resistance to crizotinib and activity of new

inhibitors in relapsed cases, a thorough direct compari-

son of the relative activity profiles of new drugs on criz-

otinib-resistant ALK mutants is still lacking. In this

study, we focused on C1156Y, L1196M, L1152R,

G1202R, G1269A, and S1206Y amino acid substitutions

that have been identified in NSCLC patients progressing

on crizotinib [19–22]. Since EML4-ALK and NPM-ALK

fusion proteins share the same functional ALK region,

and given that the number of NSCLC patients treated

with crizotinib is much higher than those affected by

ALK-positive ALCL, it is possible that the same muta-

tions conferring resistance to crizotinib identified in

NSCLC patients, might also occur in ALCL cases and

that the spectrum of mutations causing resistance to

ALK inhibitors in NSCLC and lymphomas may at least

in part overlap. Therefore, we decided to investigate

the activity of all clinically relevant second-generation

ALK inhibitors on a panel of 6 mutated forms of ALK,

associated with crizotinib resistance in EML4-ALK-posi-

tive NSCLC patients, in an NPM-ALK-positive model.

To further confirm the reliability of our model, we

reproduced the same mutations in EML4-ALK, where

they were originally detected. We used the Ba/F3 murine

interleukin-3 (IL-3)-dependent pro-B-cell line to express

either the wild type (WT) or the mutated forms of

NPM-ALK and EML4-ALK, and we tested their sensitiv-

ity to crizotinib and all available second-generation ALK

inhibitors.

Our study aims to profile the differences in the activ-

ity spectra of four ALK inhibitors against six crizotinib-

resistant ALK mutations. Our data suggest that, for all

tested mutants except G1202R, there is at least one valid

therapeutic option, alternative to the standard second-

line chemotherapy regimens. In fact, according to our

data, G1202R may become a major obstacle to ALK

inhibitor therapy, similar to the BCR-ABL T315I-mutant

in Philadelphia-positive leukemia [26]. With the purpose

of pushing cancer treatment toward a more personalized

therapy, the activity pattern presented in this study

could help clinicians in the management of crizotinib-

resistant cases in which relapse is due to the presence of

known point mutation, and could drive medicinal

chemistry efforts toward a focused research of new com-

pounds able to overcome the most challenging resistance

cases.

Materials and Methods

Chemicals and cell lines

Crizotinib (PF-2341066, Pfizer, New York, NY), AP26113

(Ariad Pharmaceuticals, Cambridge, MA), ASP3026 (As-

tellas Pharma, Tokyo, Japan), and ceritinib (LDK378,

Novartis, Basel, Switzerland) were kindly provided by the

companies. Alectinib (CH5424802, Chugai, Tokyo, Japan)

was purchased by Selleck Chemicals (Houston, TX). All

compounds were dissolved in dimethyl sulfoxide (DMSO;

Sigma Chemical Co., St. Louis, MO) at 10 or 1 mmol/L

concentration, according to solubility, aliquoted, and

stored at �20°C.
Murine pro-B-cell line Ba/F3 was purchased from Leib-

niz-Institut DSMZ (Braunschweig, Germany), where they

are routinely verified using polyphasic (genotypic and

phenotypic) testing, and maintained in RPMI 1640

(Euroclone, Milano, Italy) supplemented with 9% Fetal

Bovine Serum (Euroclone), 2 mmol/L L-glutamine (Euro-

clone), 100 U/mL penicillin (FBS, Euroclone), 100 lg/mL

streptomycin (Euroclone), 20 mmol/L 4-(2-hydro-

xyethyl)-1-piperazineethanesulfonic acid (HEPES, Euro-

clone), incubated in a humidified atmosphere at 37°C
with 5% CO2. Ba/F3 cells’ medium was supplemented
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with Chinese hamster ovary cells’ supernatant (1:2000) as

a source of IL-3. Cell number and viability were assessed

by Trypan Blue (Sigma) count every 48 or 72 h.

Site-directed mutagenesis, competent cells
transformation, and Ba/F3 cell stable
transfection

Ba/F3 EML4-ALK cells were obtained by transfecting

Ba/F3 cell line with pCDH-CMV-MCS-EF1-Puro vector

containing wild-type EML4-ALK (variant E6;A20) [21].

This vector was kindly provided by Dr. R. C. Doebele

(University of Colorado Anschutz Medical Campus,

Aurora, CO). Ba/F3 EML4-ALK cell lines were main-

tained in the absence of IL-3, and kept under selection

by adding 0.5 lg/mL puromycin (Sigma), dissolved in

water.

To establish Ba/F3 cells expressing mutated EML4-

ALK, the pCDH-CMV-MCS-EF1-Puro vector-EML4-

ALK plasmid was used as a template for in vitro

site-directed mutagenesis. Plasmids coding for substitu-

tions at positions C1156Y, L1196M, L1152R, G1202R,

and S1206Y were generated. Site-directed mutagene-

sis was conducted using QuikChange II XL Site-

Directed Mutagenesis Kit (Stratagene, La Jolla, CA)

according to manufacturer’s instructions. For site-direc-

ted mutagenesis the following oligonucleotide sequences

were used (mutated bases in bold):

C1156Y (FW): 50-GAAGACGCTGCCTGAAGTGTACTCT
GAACAGGACGAACT-30;
C1156Y (REV): 50-AGTTCGTCCTGTTCAGAGTACACTT
CAGGCAGCGTCTTC-30;
L1196M (FW): 50-CTGCCCCGGTTCATCCTGATGGAGC
TCATGGCG-30;
L1196M (REV):50-CGCCATGAGCTCCATCAGGATGAA
CCGGGGCAG-30;
L1152R (FW): 50-CTGTGAAGACGCGGCCTGAAGTGTG
CTCTGAACAGG-30;
L1152R (REV): 50-CCTGTTCAGAGCACACTTCAGGCC
GCGTCTTCACAG-30;
G1202R (FW): 50-GCTCATGGCGGGGAGAGACCTCAA
GTCCTTC-30;
G1202R (REV): 50-GAAGGACTTGAGGTCTCTCCCCGC-
CATGAGC-30;
S1206Y (FW): 50-AGACCTCAAGTACTTCCTCCGAGAG
ACCCGCC-30;
S1206Y (REV): 50-GGCGGGTCTCTCGGAGGAAGTACT-
TGAGGTCT-30.

Polymerase chain reaction (PCR) products were

digested with DpnI (NEB, Ipswich, MA) for at least 1 h

at 37°C, then 2 lL of DpnI-treated PCR product were

used for transformation of Stbl3 competent cells (Life

Technologies, Carlsbad, CA) by heat shock according to

manufacturer’s instructions. Transformed cells were pla-

ted on Luria-Bertani (LB)-ampicillin (50 lg/mL) agar

plates and incubated overnight at 37°C. Bacterial colonies
picked from plates were grown overnight at 37° in LB

with 50 lg/mL ampicillin (Euroclone).

pCDH-CMV-MCS-EF1-Puro vector containing G1269A

mutated EML4-ALK was provided by Dr. R. C. Doebele

(University of Colorado).

Plasmids were recovered from 10 clones per cell line

using Zyppy plasmid Miniprep Kit (Zymo Research,

Irvine, CA), and mutations were confirmed by standard

sequencing (Eurofins MWG Operon, Ebersberg, Ger-

many), using the following primers:

C1156Y: 50-CAGGAGCTGCAAGCCATGCAG-30;
L1196M: 50-CGACTACAACCCCAACTACTG-30;
L1152R: 50-CGACTACAACCCCAACTACTG-30;
G1202R: 50-GGAATGCCCAACGACCCAAG-30;
G1269A: 50-AGACCTCAAGTCCTTCCTCCG-30;
S1206Y: 50-GGAATGCCCAACGACCCAAG-30.

Clones carrying the desired mutations were amplified

and plasmids were extracted using NucleoBond Xtra Maxi

EF (Macherey-Nagel, Bethlehem, PA).

Ten million Ba/F3 cells were electroporated with

30 lg plasmid (270 V, 0.975 lF) using a GenePulser

XCell (Bio-Rad, Hercules, CA). Cells were initially

maintained in complete medium supplemented by IL-3,

and selected first with puromycin, followed by IL-3

withdrawal.

Ba/F3 NPM-ALK cells were obtained by Ba/F3 cell line

electroporation as described earlier, with pcDNA3.0 vector

containing wild-type NPM-ALK (the reference sequence

for ALK sequence comparison used was NM_004304.4).

This vector was kindly provided by Dr. S. W. Morris (St.

Jude Children’s Research Hospital, Memphis, TN).

Ba/F3 NPM-ALK cell lines were maintained in the

absence of IL-3, and grown under G418 selection (1 or

2 mg/mL, Euroclone). G418 was dissolved in DMSO

(Sigma). The plasmid containing WT NPM-ALK was

used as a template for in vitro site-directed mutagenesis,

as described above.

Plasmids carrying the same point mutations described

above were generated by using the same couples of prim-

ers, and amplified into TOP10 competent cells (Life Tech-

nologies).

In order to obtain G1269A mutation the following

primers were used:

G1269A (FW): 50-GAAGAGTGGCCAAGATTGCAGACT
TCGGGATG-30;
G1269A (REV): 50-CATCCCGAAGTCTGCAATCTTGGC
CACTCTTC-30
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Ba/F3 cells were transfected using the electroporation

protocol described above and selected with G418, fol-

lowed by IL-3 withdrawal.

PCR

Five million cells were lysed in EuroGold TriFast (Euro-

clone) and total RNA was extracted according to manu-

facturer’s instructions. After DNase I treatment (Life

Technologies), RNA was retrotranscribed using TaqMan

Reverse Transcription reagents (Roche). cDNA obtained

by retrotranscription was used to confirm the presence

of mutations in each cell line. To this aim, standard

PCR was conducted using FastStart High Fidelity PCR

System (Roche), according to the manufacturer’s

instructions.

EML4-ALK fragments were amplified using forward 50-
CACAACCTCTCCAAATACACA-30 and reverse 50-CAGA-
GATCTCTGTTCGAGTC-30 primers.

NPM-ALK fragments were amplified using forward 50-
TGCATATTAGTGGACAGCAC-30 and reverse 50-CTGTA
AACCAGGAGCCGTAC-30 primers.

The purity of PCR fragments was checked by agarose

gel electrophoresis. Single bands were purified on column

using the QIAquick PCR Purification Kit (Qiagen, Hil-

den, Germany). Otherwise the fragment was isolated from

gel using the QIAquick Gel Extraction Kit (Qiagen). Puri-

fied PCR products were sequenced by standard methods

at Eurofins MWG Operon.

Western blot and antibodies

One million cells were seeded in 12-well plate and

drugs were added at indicated concentrations. After 4-h

treatment, cells were harvested, washed once in

phosphate buffered saline (PBS) at 4°C, and resus-

pended in Laemmli buffer supplemented with 10%

b-mercaptoethanol (Sigma), 100 lL/106 cells. Lysates

were denatured at 99°C for 20 min and then used for

electrophoresis. Equal volumes (30 lL) were loaded on

10% sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE), transferred to nitrocellulose

membrane Hybond ECL (GE Healthcare Life Science,

Milano, Italy), and incubated overnight at 4°C with

primary antibody (1:1000 dilution in bovine serum

albumin [BSA] 2.5%, Roche). Secondary horseradish

peroxidase-conjugated anti-mouse or anti-rabbit

antibodies (1:2000) were incubated for 1 h at room

temperature and then bands were visualized by chemi-

luminescence ECL (Thermo Scientific, Rockford, IL) as

recommended by the manufacturer. Monoclonal anti-

phospho-ALK (Y-1604) and monoclonal anti-ALK

(31F12) antibodies were from Cell Signaling Technology

(Danvers, MA), anti-ACTIN antibody was purchased

from Sigma, anti-mouse and anti-rabbit antibodies were

from Bio-Rad.

Proliferation assay

Cells were seeded in 96-well plates (5000/well) and

exposed to serial dilutions (1:3) of the indicated com-

pounds, starting from 10 or 1 lmol/L concentration.

Vehicle alone was used as a control. After 72 h incubation

at 37°C, methyl-3H-thymidine (Perkin Elmer, Waltham,

MA) was added to the wells (1 lCi/well) and incubated

for 8 h at 37°C. Cells were then harvested onto glass fiber

filters (Perkin Elmer) using a Tomtec automated cell har-

vester and [methyl-3H]-thymidine incorporation was

measured using a filter scintillation counter (1430

MicroBeta Wallac Trilux, Perkin Elmer). Each test was

performed in triplicate and repeated at least twice.

Software and data analysis

The detection of the desired point mutations in the estab-

lished Ba/F3 cell lines and the sequence of primers used

for mutagenesis and sequencing were obtained using Vec-

tor NTI (Life Technologies). Chromatograms were visual-

ized using Chromas 2 (Technelysium, South Brisbane

Queensland, Australia).

Western blot bands were visualized using Image Station

440 (Kodak, Rochester, NY), and protein expression levels

were quantified using Carestream MI SE (Carestream

Health, Inc., Rochester, NY).

Dose–response curves were analyzed using Graph-Pad

Prism4 (GraphPad Software, Inc., La Jolla, CA). The IC50

value indicates the concentration of inhibitor that gives half

maximal inhibition. Relative resistance (RR) index was cal-

culated as the ratio between mutant and WT IC50 values.

RR values were categorized in four resistance levels: sensi-

tive (RR ≤ 2), moderately resistant (2 < RR ≤ 4), resistant

(4 < RR ≤ 10), or highly resistant (RR > 10) [26].

Results

Establishment and characterization of Ba/F3
NPM-ALK cell lines

In order to obtain a reliable model to study the biological

effects of clinically relevant ALK mutations, we expressed

the WT and six mutated forms of human NPM-ALK in

the pro-B murine Ba/F3 cell line. We obtained seven new

cell lines: Ba/F3 NPM-ALK WT, and Ba/F3 NPM-ALK

mutated cells carrying C1156Y, L1196M, L1152R,

G1202R, G1269A, and S1206Y amino acid substitutions.

For simplicity, we renamed the established Ba/F3 cell lines
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NA WT, NA C1156Y, NA L1196M, NA L1152R, NA

G1202R, NA G1269A, and NA S1206Y, respectively. As

expected, as a consequence of the oncogene expression,

all of them were able to survive and proliferate in the

absence of IL-3. In order to verify the presence of the

desired mutation, the ALK region corresponding to the

mutations was sequenced (Fig. S1A).

Resistance to crizotinib was verified by evaluating cell

proliferation rates in the presence of increasing crizotinib

doses for each cell line, using parental Ba/F3 cells as a

negative control (Fig. S2). We defined for each mutant a

RR index as the IC50 increase over NA WT, and classified

mutants accordingly [26]. The IC50 and RR values are

shown in Table 1. As expected, all mutated cell lines were

resistant to crizotinib. Indeed, the observed IC50 value for

NA WT cell lines was 42 nmol/L, while the corresponding

values for mutated cells are in a range comprised between

121 and 902 nmol/L. All of the six mutants showed a RR

value >2, confirming crizotinib resistance. As expected,

parental Ba/F3 showed extremely high RR index (55.1),

indicating that they are insensitive to the drug.

To confirm the data obtained with proliferation assays,

we analyzed ALK phosphorylation status after treatment

with increasing drug doses (Fig. 1). Resistance to crizoti-

nib was confirmed for all cell lines. Indeed, ALK phos-

phorylation in NA WT cells decreased starting from

0.1 lmol/L, while it was comparable to the untreated

sample in all mutated cell lines at this concentration. On

the other hand, ALK phosphorylation was still present at

1 lmol/L in NA L1196M, NA L1152R, NA G1202R, and

NA G1269A mutants, while it was completely suppressed

in NA WT cells.

Cross-resistance of Ba/F3 NPM-ALK cell lines
to other ALK inhibitors

The activity of AP26113, ASP3026, alectinib, and ceritinib

against the six NA mutants was assessed by proliferation

assay. Dose–response curves are shown in Figure S2.

Again, the absolute IC50 and RR values were calculated

and mutants classified in the same four categories

(Tables 2 and 3). With AP26113, four of six mutants

(C1156Y, L1152R, G1269A, and S1206Y) were labeled as

sensitive with RR values comprised between 0.4 and 1.9,

whereas NA G1202R was highly resistant (RR = 13.3).

The NA L1196M mutation was moderately resistant (RR

value of 2.7). In contrast, only one of the mutants was

fully sensitive to ASP3026 (NA S1206Y) while there were

two resistant (L1196M and G1269A) and two highly resis-

tant (L1152R and G1202R) mutants. NA C1156Y showed

moderate resistance to ASP3026 (RR = 3.4). In the activ-

ity profile of alectinib, we found three sensitive mutations

(C1156Y, L1196M, and S1206Y), and three with varying

degrees of resistance (Tables 2 and 3). In particular,

G1202R was highly refractory to alectinib (RR = 27.9).

Finally, two mutants were sensitive to ceritinib (G1269A

and S1206Y), but the remaining four mutations were

moderately resistant or highly resistant.

Interestingly, none of the considered second-generation

drugs was able to inhibit the NA G1202R mutant that

scored as highly resistant to all compounds. On the other

hand, all second-generation inhibitors were able to target

the S1206Y substitution.

To confirm these data, we checked ALK phosphoryla-

tion status in all cell lines against all the drugs described

(Figs. 2–5). Upon treatment with AP26113 (Fig. 2), ALK

phosphorylation is completely abrogated or strongly

inhibited at 0.1 lmol/L, except for NA G1202R. ALK

phosphorylation data obtained for this mutant are con-

sistent with the IC50 values obtained by proliferation

assay (0.149 lmol/L), as weak phosphorylation signal is

still observed at 0.3 lmol/L while it is completely abro-

gated at 1 lmol/L. In the presence of ASP3026 (Fig. 3),

phosphorylated ALK was still present at 1 lmol/L in all

mutants except S1206Y, thus confirming proliferation

assay data. NA S1206Y phospho-ALK pattern is similar

to the WT, indeed this mutant was sensitive to

ASP3026.

Table 1. IC50 values for crizotinib against parental Ba/F3, NPM-ALK

WT, EML4-ALK WT, and mutated cells are reported.
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Analysis of ALK phosphorylation signal after alectinib

administration (Fig. 4) revealed a stark decrease in phos-

phorylation already at 0.1 lmol/L, except for NA G1202R

and NA G1269A mutants. The former resulted highly

resistant to this drug: indeed ALK phosphorylation is still

present at 1 lmol/L; the latter showed no ALK phosphor-

ylation starting from 0.3 lmol/L, confirming proliferation

Figure 1. Resistance to crizotinib was investigated by western blot in Ba/F3 NPM-ALK cell lines. ALK phosphorylation status (Tyr1604) and total

ALK expression levels were assessed after 4-h incubation with the indicated crizotinib concentrations. Actin was used as a loading control. ALK,

anaplastic lymphoma kinase; NPM, nucleophosmin.

Table 2. IC50 values obtained by proliferation assay for AP26113,

ASP3026, alectinib and ceritinib against parental, Ba/F3 NPM-ALK WT,

EML4-ALK WT, and mutated cells are reported.

Cell lines

IC50 (lmol/L)

AP26113 ASP3026 Alectinib Ceritinib

Ba/F3 >1 5.964 >10 >1

Ba/F3 NA WT 0.011 0.084 0.020 0.020

Ba/F3 NA C1156Y 0.016 0.284 0.038 0.071

Ba/F3 NA L1196M 0.030 0.682 0.032 0.042

Ba/F3 NA L1152R 0.004 2.763 0.047 0.288

Ba/F3 NA G1202R 0.149 1.177 0.549 0.277

Ba/F3 NA G1269A 0.011 0.364 0.104 0.019

Ba/F3 NA S1206Y 0.022 0.110 0.025 0.037

Ba/F3 >1 5.964 >10 >1

Ba/F3 EA WT 0.006 0.056 0.013 0.021

Ba/F3 EA C1156Y 0.005 0.090 0.010 0.026

Ba/F3 EA L1196M 0.008 0.141 0.022 0.019

Ba/F3 EA L1152R 0.001 0.514 0.017 0.099

Ba/F3 EA G1202R 0.325 1.210 0.868 0.467

Ba/F3 EA G1269A 0.009 0.118 0.084 0.033

Ba/F3 EA S1206Y 0.021 0.118 0.037 0.038

IC50, half maximal inhibitory concentration; NPM, nucleophosmin;

ALK, anaplastic lymphoma kinase; EML4, echinoderm microtubule-

associated protein-like 4; WT, wild type.

Table 3. For each mutant the relative IC50 increases over WT was

calculated.
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data. Western blot also confirmed cell growth results for

ceritinib (Fig. 5). Indeed, whereas in NA WT and sensi-

tive mutants phosphorylated ALK already decreases at

0.1 lmol/L, persistent ALK phosphorylation is observed

at 0.3 lmol/L in NA L1152R and NA G1202R mutants.

Western data were consistent with calculated RR indexes

also for the remaining mutants.

Establishment and characterization of Ba/F3
EML4-ALK cell lines

Thus far, drug resistance was profiled in the context of

NPM-ALK fusion. Although the catalytic domain of ALK

should be an independent structural and functional unit,

we cannot rule out fusion type-dependent variations in

Figure 2. AP26113 activity was investigated by western blot in Ba/F3 NPM-ALK cell lines. ALK phosphorylation status (Tyr1604), total ALK, and

the loading control actin were assessed by western blot analysis after 4-h incubation with the indicated concentrations of the drug. ALK,

anaplastic lymphoma kinase; NPM, nucleophosmin.

Figure 3. ASP3026 activity was investigated by western blot in Ba/F3 NPM-ALK cell lines. ALK phosphorylation status (Tyr1604), total ALK, and

the loading control actin were assessed by western blot analysis after 4-h incubation with the indicated concentrations of the drug. ALK,

anaplastic lymphoma kinase; NPM, nucleophosmin.
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drug sensitivity. In order to recapitulate the biological

role of the original crizotinib-resistant mutations, we

introduced them in the fusion protein where they were

detected for the first time. The WT and mutated EML4-

ALK forms were introduced in Ba/F3 cells, to obtain

seven new cell lines (referred to as EA WT, EA C1156Y,

EA L1196M, EA L1152R, EA G1202R, EA G1269A, and

EA S1206Y).

After verifying the presence of the desired mutation

(Fig. S1B), crizotinib resistance was evaluated (Fig. S2,

Table 1). As expected, all mutated cell lines were resistant

to crizotinib. The IC50 value for EA WT was 11 nmol/L,

Figure 4. Alectinib activity was investigated by western blot in Ba/F3 NPM-ALK cell lines. ALK phosphorylation status (Tyr1604), total ALK, and

the loading control actin were assessed by western blot analysis after 4-h incubation with the indicated concentrations of the drug. ALK,

anaplastic lymphoma kinase; NPM, nucleophosmin.

Figure 5. Ceritinib activity was investigated by western blot in Ba/F3 NPM-ALK cell lines. ALK phosphorylation status (Tyr1604), total ALK, and

the loading control actin were assessed by western blot analysis after 4-h incubation with the indicated concentrations of the drug. ALK,

anaplastic lymphoma kinase; NPM, nucleophosmin.
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while the corresponding values for mutated cells lie in a

range comprised between 36 and 785 nmol/L. Among the

six mutations considered, all showed a RR values >2, thus
confirming crizotinib resistance. To further confirm

the data, ALK phosphorylation was studied after treat-

ment with increasing crizotinib concentrations (Fig. 6).

Phospho-ALK signal in EA WT cells decreased starting

from 0.1 lmol/L and significantly from 0.3 lmol/L, while

it was comparable to the untreated sample in EA C1156Y,

EA L1196M, EA L1152R, EA G1202R, and EA G1269A

cell lines at the same dose. Surprisingly, ALK phosphory-

lation inhibition in EA S1206Y mutant was similar to

WT. Notably, this mutant showed limited resistance in

cell proliferation.

Cross-resistance of Ba/F3 EML4-ALK cell lines
to other ALK inhibitors

Having established that the Ba/F3 EML4-ALK cell lines

represent a reliable model, we sought to determine their

sensitivity to the second-generation ALK inhibitors by

proliferation assays (Fig. S2). The IC50 results are

reported in Table 2, whereas RR index values are listed

in Table 3. In the activity profile of AP26113, EA

C1156Y, EA L1196M, EA L1152R, and EA G1269A

mutants were classified as sensitive, whereas EA G1202R

was again highly resistant (RR index of 51.2). The EA

S1206Y mutation was classified as moderately resistant.

Regarding ASP3026, only EA C1156Y mutant was sensi-

tive, whereas the others were resistant. Three sensitive

(EA C1156Y, EA L1196M, and EA L1152R) and three

resistant (EA G1202R, EA G1269A, and EA S1206Y)

mutations were observed with alectinib, while ceritinib

targeted four of six mutants (EA L1152R was resistant,

whereas EA G1202R was highly resistant with RR value

of 21.9).

These data indicate that, even within the EML4-ALK

fusion, the G1202R substitution could not be inhibited by

any of the considered drugs. In contrast, all new ALK

inhibitors were able to target the C1156Y amino acid

change at very low doses (ranging from 5 nmol/L for

AP26113 to 90 nmol/L for ASP3026), well-tolerated in

patients [27].

Discussion

In the last few years, the treatment of ALK-driven diseases

changed significantly due to the development of crizoti-

nib. However, most patients acquired drug resistance and

relapsed. Therefore, second-generation ALK inhibitors

have been developed in order to overcome crizotinib

resistance. Most information currently available on the

clinical efficacy and causes of relapse on crizotinib treat-

ment are collected in the context of EML4-ALK-positive

non-small-cell lung cancer, which is the most common

ALK-related disease, whereas little is known about other

ALK-positive malignancies.

We focused our attention on the oncogenic fusion pro-

tein NPM-ALK, originating from the reciprocal (2;5)

translocation, that is responsible for about 70–80% of

ALK-positive anaplastic large-cell lymphoma cases. Our

study investigated, in an NPM-ALK-positive cellular

Figure 6. Resistance to crizotinib was investigated by western blot in Ba/F3 EML4-ALK cell lines. ALK phosphorylation status (Tyr1604) and total

ALK expression levels were assessed after 4-h incubation with the indicated crizotinib concentrations. Actin was used as a loading control. ALK,

anaplastic lymphoma kinase; NPM, nucleophosmin; EML4, echinoderm microtubule-associated protein-like 4.
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model, the differences in activity within a panel of clini-

cally relevant second-generation ALK inhibitors

(AP26113, ASP3026, alectinib, and ceritinib) against six

mutated forms of ALK (NA C1156Y, NA L1196M, NA

L1152R, NA G1202R, NA G1269A, NA S1206Y) associ-

ated with crizotinib resistance in ALK-positive NSCLC

patients. We took advantage of the broadly used murine

pro-B-cell line Ba/F3. This simple, but efficient, model

allowed us to study the actual biological role of each sin-

gle mutation, since they are pulled out from the context

where they originated.

Resistance to crizotinib was confirmed in our Ba/F3

NPM-ALK model by proliferation assay and by ALK tyro-

sine 1604 phosphorylation status (Table 1, Figs. 1 and

S2). Some discrepancies between the two assays warrant a

comment: for example, ALK phosphorylation was still

present at 1 lmol/L in NA L1152R mutant, and this does

not fully correlate with cell growth data, which indicated

only moderate resistance to crizotinib (IC50 = 121 nmol/

L). However, western blot is known to be a semiquantita-

tive method and therefore unsuitable for precise quantifi-

cation. Overall, this mutation can be assigned a moderate

level of resistance, which can be anyway sufficient to

cause relapse in the clinical setting.

We then profiled the activity of four second-genera-

tion ALK inhibitors against six clinical ALK mutants, in

both NPM-ALK and EML4-ALK fusions (Fig. S2). Our

data highlight substantial differences among the consid-

ered drugs: cross-resistance experiments revealed that,

except for G1202R, all point mutations may be targeted

simply by changing inhibitors, already available in the

clinic. All IC50 values calculated by proliferation test

were confirmed by western blot to verify that resistance

was really due to a specific impairment in ALK target-

ing. Proliferation assay sensitivity is much higher than

western blot; however, we could in general establish a

direct correlation between IC50 values and ALK phos-

phorylation status. Crizotinib resistance was less evident

in the case of EA S1206Y where ALK phosphorylation

began to decrease at 0.1 lmol/L (Fig. 6), but this is

consistent with the IC50 value (Table 1) and with data

already published by others [22], and nevertheless

S1206Y was able to confer clinical as well as in vitro

crizotinib resistance. Notably, the resistance profile we

obtained for ceritinib and alectinib is consistent with

data recently published [28–30]. The NA G1202R

mutant was highly resistant to all new inhibitors tested,

even though AP26113 (Fig. 2) and ceritinib (Fig. 5) at

1 lmol/L suppressed ALK phosphorylation signal. These

results are consistent with the resistance profile

obtained by proliferation assays (Tables 2 and 3)

and are not in contrast with classification of this

mutant as “highly resistant,” if we consider this

definition as a RR index to be compared with WT.

Moreover, such a concentration (1 lmol/L) lies at the

upper limit of plasma levels for these drugs in patients,

suggesting that it may not be achieved in a majority of

individuals [27].

The comparison between NPM-ALK and the EML4-

ALK counterpart, where all mutations analyzed were

found, allowed us to determine if ALK fusion partner has

a biological role in drug resistance. By comparing the

activity profile of NPM-ALK and EML4-ALK, we con-

cluded that ALK fusion partner does not greatly affect

drug responses, consistent with the fact that all consid-

ered mutations are localized inside the ALK kinase

domain that is shared by both fusion proteins. However,

Heuckmann et al. reported a different drugs sensitivity of

various EML4-ALK variants [31], even though this phe-

nomenon has not been observed in clinical setting. In our

experiments, EA L1152R, EA G1202R, and EA G1269A

showed higher RR to crizotinib than the NPM-ALK

counterpart. Notably a difference in fusion protein

expression level is appreciable between EA and NA

L1152R and G1269A mutants, which may account for RR

variation. Moreover, the RR index difference observed

(Table 1) may in part be due to the IC50 values obtained

for the WT (11 vs. 42 nmol/L), used for RR normaliza-

tion. These values inevitably weigh on the final RR index,

but we do not consider this difference significant from a

biological point of view. Indeed, upon treatment with

1 lmol/L crizotinib, the level of residual ALK phosphory-

lation in NPM-ALK mutants (Fig. 1) appeared even

higher than in the corresponding EML4-ALK cells

(Fig. 6). Likely, these differences in ALK phosphorylation

can be attributed to the semiquantitative character of

western blot technique. Overall, by combining all the

data, we infer that the resistance profile is not grossly

altered by the different fusion partner, although we can-

not conclusively rule out the possibility that some of the

observed differences between the NPM-ALK model and

its EML4-ALK counterpart are due to the peculiar fusion

protein analyzed.

The gatekeeper NA L1196M has been soon recognized

as highly resistant to crizotinib [19]. From a molecular

point of view, ALK L1196M corresponds to the highly

TKI resistant BCR-ABL T315I [32], c-KIT T670I [33],

and EGFR T790M [34, 35] mutations. Therefore, it was

believed to become the most difficult ALK mutant and

much effort has been put to overcome its effects. In fact,

in our cells, both NA L1196M and EA L1196M could be

targeted by one or more new ALK inhibitors. NA

L1196M could be treated administrating alectinib, and

probably also ceritinib, which showed a limited resistance

(RR = 2.1), still active at a low nanomolar dose. For EA

L1196M, there are even three new drugs (alectinib and
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ceritinib, but also AP26113) able to overcome crizotinib

resistance.

While the gatekeeper mutant may not be a major issue

with the new inhibitors, the G1202R substitution seems

to be highly resistant not only to crizotinib but also to all

second-generation inhibitors, suggesting that this may

represent the most challenging mutation to target. These

results are consistent with published data, in which EA

G1202R resulted highly resistant to the tested inhibitors,

both in vitro and in vivo. Indeed, G1202R exhibited a

high level of resistance to both ASP3026 and alectinib in

a Ba/F3-EML4-ALK model [22, 28]. Moreover, this

mutant conferred resistance to ceritinib both in vitro (Ba/

F3 cells) and in vivo (H2228 crizotinib-resistant xenograft

carrying the G1202R mutation) [29]. Furthermore,

G1202R was found in two patients’ biopsies who relapsed

after ceritinib administration and in these cancers this

mutant was selected by ceritinib [29]. Again, the same

mutation was identified in a patient who progressed on

crizotinib treatment and continued disease progression

upon alectinib administration [36]. While these anecdotal

clinical cases suggest that the G1202R mutant may be

refractory to multiple therapies, our work provides a sys-

tematic analysis of the relative potency of all drugs against

this mutation. G1202R mutation is located into ALK

active site, facing the drug binding pocket, and corre-

sponds to the BCR-ABL G321W [37] that was predicted

to confer imatinib resistance in a random mutagenesis

screening but never found in patients, and also corre-

sponds to the ROS1 G2032R mutation that was identified

in a crizotinib-resistant CD74-ROS1 metastatic lung ade-

nocarcinoma [38]. Substitution with an arginine causes a

drug rearrangement responsible for the stabilization of

the 1259-1264 loop and a consequent loss of conforma-

tional entropy [39], thus favoring an incorrect crizotinib

orientation and reducing drug affinity. Whether this shift

in drug positioning inside the pocket is also responsible

for the observed resistance of G1202R to the other com-

pounds is unknown.

On the other hand, all other mutants analyzed, for

which no activating mutations at these positions in other

oncogenic tyrosine kinases have been reported, were sen-

sitive to at least one second-generation TKI. C1156Y is

located nearby the alpha-C helix (1158-1173). Despite res-

idue 1156 is far from crizotinib binding site, this substitu-

tion is sufficient to induce a conformational change in

the binding cavity that globally weakens van der Waal

interactions between the drug and the protein, thus weak-

ening crizotinib binding activity [40]. Consistent with our

data, substitution with a phenylalanine, an amino acid

that is structurally close to tyrosine, was identified in a

NPM-ALK-positive in vitro model of ASP3026 resistance

(Mologni Luca, unpubl. ms.). In an EML4-ALK context,

C1156Y was sensitive to all drugs, while in NPM-ALK it

was slightly resistant to ASP3026 and ceritinib. Even

though the ALK fragment is maintained in both fusions,

we cannot exclude that the difference in drug sensitivity

is due to the different partner. The L1152R change causes

a repulsion and hence moving out of K1150, which in

turn blocks crizotinib binding [39]. Recently, a proline

substitution in the same residue has been shown to be

responsible for ceritinib resistance [29]. This can be con-

sistent with the resistance profile we found against the

same drug in both lymphoma and lung cancer context.

Residue S1206 lies close to the crizotinib binding site and

again its substitution with a tyrosine causes an incorrect

drug location that is pulled more outside the pocket [39].

Substitution with a cysteine was found to confer AP26113

resistance in a NPM-ALK-positive in vitro model [41].

Finally, the glycine positioned at 1269 is located into the

ATP binding pocket, therefore its replacement with a

bulkier amino acid such as an alanine could be sufficient

to disrupt the drug–protein interaction [21].

Recently a novel ALK F1174V mutation has been found

in an ALK-positive NSCLC patient who, after a first partial

response, progressed on crizotinib [36]. We found the same

substitution, in combination with L1198F, in an NPM-

ALK-positive in vitro model of AP26113 resistance [41].

Direct comparison between the activity of structurally

unrelated inhibitors against all recurrent crizotinib-resis-

tant mutations is an important knowledge for clinical

practice, since it is a useful tool to direct the oncologist

in the management of ALK-related malignancies. Indeed

the clinical availability of several compounds can be an

important plan of action to hit a tumor that is known to

be intrinsically heterogeneous.

Collectively, our results provide a reliable prediction

about the cross-resistance of known crizotinib-resistant

mutations across all second-generation TKIs clinically

available, with the purpose to direct clinicians toward a

more personalized therapy, thus enhancing the probability

of success.
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Figure S1. Chromatograms related to all mutations

inserted in Ba/F3 cell line (A) NA and (B) EA are shown

and compared to the WT. Asterisks highlight the mutated

base.

Figure S2. Dose–response curves obtained by prolifera-

tion assay after 72-h treatment with serial drugs dilutions.

The graphs are representative of three or more experi-

ments.
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