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Sensitivity of eight types of ALK fusion variant to alectinib in 
ALK-transformed cells
Koh Furugaki, Naoki Harada and Yasushi Yoshimura

Tyrosine kinase inhibitors of anaplastic lymphoma kinase 
(ALK-TKIs) including alectinib have been the standard 
therapy against ALK fusion gene-positive non–small cell 
lung cancers (NSCLCs). Many ALK fusion variants have 
been identified in NSCLCs, and the predominant variants 
are echinoderm microtubule-associated protein-like 4-ALK 
(EML4-ALK) variant 1 (V1), V2 and V3a/b. However, there 
have been conflicting reports on the clinical responses 
of these variants to ALK-TKIs, and there are few reports 
on other less common ALK variants. To examine the 
influence of ALK variants on the efficacy of ALK-TKIs, we 
analyzed the sensitivity to alectinib of eight types of ALK 
variant: three major variants (V1, V2 and V3a) and five 
less common variants (V4; kinesin family member 5-ALK; 
kinesin light chain 1-ALK; striatin, calmodulin-binding 
protein-ALK; and tropomyosin-receptor kinase fused gene-
ALK). Analysis was done by cell-free kinase assays using 
the recombinant proteins and by cell, growth assays using 
murine Ba/F3 cells expressing ALK variants. The kinase 
activity of each recombinant protein was significantly 
inhibited by alectinib. Intracellular ALK phosphorylation 
levels and its downstream signaling mediators, STAT3 and 

ERK, were suppressed by alectinib in each ALK variant-
expressing Ba/F3 cell. Each cellular proliferation was 
markedly inhibited by alectinib treatment. There was no 
significant difference in the IC

50
 values between cells, with 

a <3.6-fold difference in responsiveness. In conclusion, 
these eight ALK variants had similar sensitivity to alectinib 
in vitro, indicating that it may not be possible to predict 
the response to alectinib just by determination of the ALK 
variant type in ALK fusion-positive NSCLCs. Anti-Cancer 
Drugs 33: 124–131 Copyright © 2021 The Author(s). 
Published by Wolters Kluwer Health, Inc.
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Introduction
Genetic rearrangement in the anaplastic lymphoma 
kinase (ALK) gene occurs in approximately 8% of non–
small cell lung cancers (NSCLCs) [1]. Patients with 
ALK-fusion-positive (ALK+) NSCLC have been found 
to have improved clinical outcomes when treated with 
ALK tyrosine kinase inhibitors (ALK-TKIs), which has 
led to the approval of agents such as crizotinib, ceritinib, 
alectinib, brigatinib and lorlatinib [2]. More than 90 dis-
tinct ALK fusion variants have been identified in ALK+ 
NSCLC [3]. The most common variants are echinoderm 
microtubule-associated protein-like 4 (EML4)-ALK var-
iant 1 (V1), variant 2 (V2) and variants 3a and 3b (V3a/b), 
resulting from inversion at different breakpoints of 
EML4 fused to ALK on chromosome 2; these occur with 
frequencies of 42.7, 10.5 and 37.1%, respectively [4,5].

In previous clinical studies with crizotinib or lorlatinib, 
patients with V3a/b seem to have had significantly shorter 
progression-free survival (PFS) than did patients with V1 

[6,7]. However, these results conflict with those of other 
studies with crizotinib or alectinib that report insignifi-
cant differences in PFS among patients with V1, V2 and 
V3a/b [5,8,9]. In addition, there is a very limited amount 
of clinical data available with which to examine whether 
or not minor uncommon ALK variants (accounting for 
about 10% of all variants other than V1, V2 and V3a/b) 
affect the response to ALK-TKIs.

In this preclinical study, we analyzed the effects of 
alectinib on major ALK variants as well as on minor 
variants. With reference to the Catalogue of Somatic 
Mutations in Cancer database version 81 released in 2017 
(https://cancer.sanger.ac.uk/cosmic) and to the reports 
of Shaw et al. and Sasaki et al. [10,11], we selected eight 
different ALK fusion variants in ALK+ NSCLC: V1; V2; 
V3a; EML4-ALK variant 4 (V4); kinesin family member 
5 (KIF5B)-ALK; kinesin light chain 1 (KLC1)-ALK; stri-
atin, calmodulin-binding protein (STRN)-ALK; and tro-
pomyosin-receptor kinase fused gene (TFG)-ALK.

Materials and methods
Reagents and cell line
Alectinib was synthesized in Chugai Pharmaceutical Co., 
Ltd. (Tokyo, Japan), and crizotinib was obtained from 
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Selleck Chemicals (Houston, Texas, USA) [12]. They 
were dissolved in DMSO. The murine bone marrow-de-
rived pro B cell line Ba/F3 was purchased from the Riken 
Bioresource Center (Ibaraki, Japan), and maintained in 
RPMI1640 (Sigma-Aldrich Co., Ltd., St. Louis, Missouri, 
USA) supplemented with 10% FBS (Sigma-Aldrich Co., 
Ltd.), 1  ng/mL mouse IL-3 protein (R&D Systems, 
Minneapolis, Minnesota, USA) at 37°C in 5 % CO

2
.

Expression constructs
Human cDNAs for the eight variants (V1, V2, V3a, V4, 
KIF5B-ALK, KLC1-ALK, STRN-ALK and TFG-ALK) 
were synthesized by GenScript (Tokyo, Japan), and were 
each cloned into the cloning site located downstream of 
the cytomegalovirus constitutive promoter in the pIRES 
plasmid vector (Takara Bio, Shiga, Japan). This vector 
also contains a neomycin resistance gene to select for sta-
ble integration of the ALK variant gene in Ba/F3 cells.

In vitro cell-free kinase assay
N-terminal glutathione S-transferase-tagged human 
recombinant proteins of all eight ALK variants expressed 
by baculovirus in Sf9 insect cells were obtained from 
Signalchem (Richmond, BC, Canada) (Table 1). Kinase 
activity following treatment with or without 1000  nM 
alectinib for 1 h was measured with an ADPsensor uni-
versal kinase activity assay kit (BioVision, Milpitas, 
California, USA) according to the manufacturer’s 
instructions.

Establishment of ALK variant-expressing cells
Each of the vectors coding ALK fusion variants was 
individually transfected into Ba/F3 cells by NEPA21 
electroporation (Nepa Gene, Chiba, Japan). After 2 
days of transfection, the culture medium was replaced 
with medium containing 500  µg/ml G418 (Nacalai 
Tesque, Kyoto, Japan) for 13 days to select ALK-variant-
expressing cells. An empty control vector was also trans-
fected into Ba/F3 cells as described above.

Cell proliferation assay
Cells were seeded in 96-well plates in a culture medium 
without G418 and mouse IL-3, and the following day, 

alectinib was added at the indicated concentrations. After 
4 days, viability was determined by quantitation of ATP 
present in the cell, which signals the presence of meta-
bolically active cells, using CellTiter-Glo 3D cell viability 
assay (Promega, Madison, Wisconsin, USA).

RT-PCR assay
RNA was obtained from the cells by using a SuperPrep 
II Cell Lysis & RT kit for qPCR (Toyobo, Osaka, Japan), 
and the cDNA was synthesized using a PrimeScript 
RT reagent kit (Takara Bio). Real time-PCR was per-
formed using the LightCycler 480 Instrument II (Roche 
Diagnostics, Basel, Switzerland) and Taqman probes 
for the neomycin resistance gene and mouse GAPDH 
(Thermo Fisher Scientific, Waltham, Massachusetts, 
USA). The expression levels of the neomycin resistance 
gene normalized to mouse GAPDH were calculated using 
the LightCycler 480 software (Roche Diagnostics).

Western blotting assay
Cells were treated with or without 100 nM alectinib for 
3 h. The same amount of protein lysate was loaded for each 
Western blotting assay using the Sally Sue capillary elec-
trophoresis–based protein analysis system (ProteinSimple, 
Santa Clara, California, USA). Antibodies against ALK, 
phospho-ALK (Y1282/1283), ERK, phospho-ERK 
(T202/Y204), AKT, phospho-AKT (T450), STAT3, phos-
pho-STAT3 (Y705) and β-actin (Cell Signaling Technology, 
Danvers, Massachusetts, USA) were used.

Statistical analysis
Analysis of statistical significance was performed using 
JMP version 15.0.0 software (SAS Institute, Tokyo, Japan). 
Significance of treatment with alectinib as compared with 
vehicle control in in vitro kinase assays was determined by 
Student’s t-test. Significant difference in all pairwise com-
parisons of neomycin resistance gene expression among 
all eight ALK-variant-expressing cells was determined by 
Tukey–Kramer’s HSD test. P < 0.05 indicates a statisti-
cally significant result and was labeled with asterisks.

Results
Inhibition of cell-free kinase activity of recombinant 
ALK variants by alectinib
To examine the effect of alectinib on ALK variants iden-
tified in ALK+ NSCLC, we selected eight types of ALK 
variants (V1, V2, V3a, V4, KIF5B-ALK, KLC1-ALK, 
STRN-ALK and TFG-ALK). In cell-free kinase assay 
using recombinant proteins, none of the eight recombi-
nant variants showed any significant difference in kinase 
activity (Fig. 1a), and the kinase activity of each was sig-
nificantly inhibited by alectinib (Fig. 1b).

Inhibition of kinase activity of intracellular ALK variants 
by alectinib
Next, to assess the effect of alectinib on the intracellu-
lar kinase activity of the ALK variants, we established 

Table 1  ALK fusion variants in this study

ALK variants CDS reference Catalog number of recombinantsc

V1 AB274722.1a A19-19G
V2 AB275889.1a A19-19HG
V3a AB374361.1a A19-19FG
V4 AB374363.1a A19-19GG
KIF5B-ALK AB462413.1a A19-19MG
KLC1-ALK 22347464b A19-19IG
STRN-ALK 24475247b A19-19JG
TFG-ALK 18083107b A19-19KG

CDS of eight ALK variants in this study were referenced from RefSeq databasea 
and COSMIC databaseb. Recombinant ALK variant proteins were obtained from 
Signalchemc.
CDS, coding sequence.
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eight types of stable cells, each expressing one of the 
eight types of ALK variant, by individually transfecting a 
vector containing each variant into the murine Ba/F3 cell 
line. We also established stable control cells by transfect-
ing an empty vector. Since a neomycin resistance gene in 
the vector is also consistently transcribed by a constitu-
tive promoter in the cell, the mRNA expression level of 
the neomycin resistance gene was thought to be a good 
marker with which to estimate the copy number of the 
vector as well as the ALK variant gene in each Ba/F3 cell 
after transfection. There was an insignificant difference 

in the mRNA level of the neomycin resistance gene 
between each of the nine cells (Fig. 2a), suggesting that 
the level of mRNA expression of each of the ALK vari-
ants would also be almost the same. Phosphorylation lev-
els of the intracellular ALK variant and its downstream 
signaling mediators, STAT3 and ERK, were suppressed 
by alectinib in all eight ALK variant cells (Fig.  2b). In 
addition, the phosphorylation of Ser757 of ULK1 was 
suppressed, and the MCL-1 protein level was downregu-
lated by alectinib in all variant cells (Fig. 3a,b). Decrease 
of ULK1 Ser757 phosphorylation promotes autophagy 

(a)

(b)

Fig. 1

Effect of alectinib on recombinant ALK fusion variants in vitro. (a) The kinase activities of eight recombinant ALK variants were measured and their 
activities relative to that of V1 were calculated. NS means no significant difference in any pairwise comparison between each variant by Tukey–
Kramer’s HSD test. (b) The kinase activity was measured with alectinib (+) or without alectinib (−), and the relative activity (percentage) in the 
presence of alectinib with respect to activities in the presence of vehicle alone was calculated. Asterisks indicate a significant difference between 
them at P<0.05 by Student’s t test. Each point represents the mean + SD of triplicates.
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[13,14], and MCL-1 is one of the antiapoptotic Bcl-2 
family members, indicating that alectinib could induce 
autophagy initiation as well as apoptosis in each variant 
cell regardless of ALK variant types. Therefore, not only 
major ALK variants V1, V2, and V3a but also minor var-
iants V4, KIF5B-ALK, KLC1-ALK, STRN-ALK and 
TFG-ALK had constitutive kinase activity, which acti-
vates downstream oncogenic signaling via STAT3, ERK 
or ULK1. However, alectinib could inhibit these signal-
ing pathways through suppression of ALK phosphoryla-
tion regardless of ALK variant types.

Inhibition of cell proliferation of ALK variant cells by 
alectinib
Finally, we examined the effect of alectinib on the growth 
of Ba/F3 cells expressing ALK variants. Proliferation of 
these ALK-variant-expressing cells was markedly sup-
pressed by alectinib treatment for 4 days in a dose-de-
pendent manner (Fig. 4a), and the IC

50
 values were not 

significantly different among them, with a <3.6-fold dif-
ference in responsiveness (Fig. 4b and Table 2). The sup-
pression of proliferation of control cells was less than 40% 
at the maximum dose of 1000 nM alectinib (Fig. 4a). We 
investigated cell death by directly counting the numbers 
of viable and nonviable cells with double-fluorescent 
dye staining acridine orange and DAPI. The cell death 
ratio was not significantly different among all variant cells 

after treatment with alectinib at 10 nM for 4 days (Fig. 5). 
As was the case with alectinib, crizotinib treatment for 
4 days also markedly suppressed cell proliferation of 
each ALK variant in a dose-dependent manner (Fig. 6a), 
and the IC

50
 values among them were not significantly 

different (Fig. 6b). Next, we investigated the effects of 
pretreatment of alectinib for 24  h on colony formation 
in semisolid agar media in a 6 day culture. Each colony 
of V1, V2, V4, KLC1-ALK, STRN-ALK variant cells 
was completely blocked by pretreatment with alectinib 
(Fig. 7). There was no colony in V3a, KIF5B-ALK, TFG-
ALK variant cells with or without alectinib pretreatment. 
These results indicate that cell growth of all eight ALK-
variant-expressing cells is immediately and similarly sup-
pressed by treatment with ALK-TKIs regardless of ALK 
variant type.

Discussion
We found that the type of ALK fusion variant – V1, 
V2, V3a, V4, KIF5B-ALK, KLC1-ALK, STRN-ALK 
or TFG-ALK – did not affect the alectinib sensitivity 
of ALK-variant-transformed Ba/F3 cells, with the IC

50
 

values indicting an insignificant <3.6-fold difference in 
responsiveness among all variants.

Two prior studies using a cellular proliferation assay for 
the same Ba/F3 cells as in our study; however, showed 
inconsistent results. Heuckmann et al. reported that 

(a) (b)

Fig. 2

Effect of alectinib on intracellular ALK fusion variants. (a) RNA was extracted from stable Ba/F3 cells, and mRNA expression level of the neomycin 
resistance gene relative to that of GAPDH was measured by RT-PCR analysis. NS means no significant difference in any pairwise comparison 
between each ALK variant cell by Tukey–Kramer’s HSD test. Each point represents the mean + SD of quadruplicates. (b) Immunoblots of cell 
lysates from the ALK variant cells treated with (+) or without (−) alectinib.
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(a) (b)

Fig. 3

Effect of alectinib on various signaling molecules of ALK variant cells. Immunoblots of cell lysates from the ALK variant cells treated with (+) or 
without (−) 100 nM alectinib for 3 h (a) or 24 h (b). Antibodies against phospho-JNK, phospho-P38, phospho-STAT5, phospho-eIF2A, phos-
pho-4E-BP1, phospho-AKT (473), phospho-ULK1 (555 or 757), MCL-1, BCL-XL, BAK, Beclin-1, BIM (Cell Signaling Technology), BAX (SIGMA) 
and phospho-AKT (308) (Thermo Fisher Scientific) were used.

(b)(a)

Fig. 4

Effect of alectinib on cell proliferation of ALK variant cells. (a) ALK-variant-expressing Ba/F3 cells or control Ba/F3 cells were cultured with or 
without alectinib, and their viability with alectinib relative to their viability with vehicle alone was measured. Each point represents the mean + SD 
of triplicates. (b) IC

50
 values of alectinib were calculated as described previously [20]. NS means no significant difference in any pairwise compari-

son between each ALK variant cell by Tukey–Kramer’s HSD test. Horizontal bars indicate the mean ± SD of triplicates.
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cells expressing V3a showed >6.7-fold higher IC
50

 than 
did cells expressing V2 [15] and Woo et al. reported that 
cells expressing V3a showed >11.8-fold higher IC

50
 than 

did cells expressing V1 or V2 [16], suggesting that V3a-
expressing cells are more resistant to alectinib than V1- 
or V2-expressing cells. Although the exact reason for the 
contradiction is unknown, considering that the amplifica-
tion of ALK fusion genes has been reported to induce cri-
zotinib resistance in ALK+ H2228 cells [17], it is possible 
that the results may have been affected by differences in 
the expression level of each ALK variant gene. In addi-
tion, it is also possible that the turnover rate, as well as 
the instability of intracellular ALK fusion protein, may 
differ markedly among V1, V2 and V3a variants [15].

Thus, to clarify the difference in alectinib sensitivity 
more precisely, we considered it is essential to not only 
adjust the level of each ALK variant protein but also 
the level of gene expression among all eight ALK var-
iants-expressing cells. In this study, we electroporated 
each variant into Ba/F3 cells at the same time, and we 
succeeded in making eight ALK-variant-expressing 
cells with no significant difference between them in 
the amount of expression of each ALK variant gene, as 
estimated by measuring the expression of the neomycin 
resistance gene. If the expression level of each variant 
had been considerably unbalanced, it might have been 
possible to deduce that variants with high expression 
are less sensitive to alectinib than are variants with low 
expression, regardless of the type of ALK variant. This 
hypothesis may partly explain the discordance between 
their results and ours in the responses of V1, V2 and V3 
to alectinib. However, the results of our in vitro model 
showed no significant difference in alectinib sensitivity 
among the eight types of ALK variant, including V1, V2 
and V3a, which was consistent with the clinical response 
observed in a recent phase III trial of first-line treatment 
with alectinib that found that the objective response rate 
was not significantly different between patients with V1, 
V2 or V3a/b variants [5].

Nearly 90 types of ALK fusion variants have been iden-
tified in patients with ALK+ NSCLC, and the clinical 
responsiveness to alectinib of almost all variants other 
than the major V1, V2 and V3a/b variants are poorly 

understood. Approximately 17% of patients with ALK+ 
NSCLC do not respond to alectinib [5], and the causes 
of their poor response are also unknown. In the current 
preclinical study, not only did the three major variants not 
significantly affect alectinib or crizotinib sensitivity but 
neither did five uncommon variants (V4, KIF5B-ALK, 
KLC1-ALK, STRN-ALK and TFG-ALK). Therefore, 
these five variants at least might not contribute to any dif-
ferences observed in the clinical response to alectinib in 
ALK+ NSCLC patients, and further studies with various 
ALK-variant-expressing cells other than the eight types 
tested here are needed before we can speculate on any 
correlation between clinical responses and ALK variants.

There were several limitations to our study. First, the 
number of ALK variants was limited. Since it was exper-
imentally difficult to establish a large number of ALK 
variants-expressing Ba/F3 cells with nearly equivalent 
expression, we selected eight ALK variants in this study. 
Second, we did not directly measure ALK variant gene 
expression in the cells, because the stability of each ALK 
variant mRNA is unknown. However, a neomycin resist-
ance gene driven by the same constitutive promoter is 
present in each of the eight ALK variant vectors. Thus, 
we indirectly gauged the expression of each ALK vari-
ant gene by measuring the expression level of the com-
mon neomycin resistance gene. Third, our ALK variant 
expressing cells were constructed with not a human cell 
line but a mouse cell line, Ba/F3, although we believe 

Table 2 IC
50

 of ALK variant-expressing cells

ALK variant cells IC
50

 (nM)

V1 10.7 ± 1.4
V2 7.8 ± 3.3
V3a 11.1 ± 3.1
V4 11.3 ± 2.1
KIF5B-ALK 6.7 ± 6.2
KLC1-ALK 7.0 ± 5.9
STRN-ALK 9.5 ± 3.9
TFG-ALK 23.5 ± 19.0

IC
50

 values of alectinib in ALK variant-expressing cells were calculated as 
described previously [18]. Each data represents the mean + SD of triplicates.

Fig. 5

Effect of alectinib on cell death of ALK variant cells. ALK-variant-
expressing Ba/F3 cells or control Ba/F3 cells were cultured with or 
without 10 nM alectinib for 4 days. Then, the cell numbers of viable 
and nonviable cells were counted with double-fluorescent dye staining 
acridine orange and DAPI of cell count & viability assay kit using Image 
Cytometer NucleoCounter NC-3000. The cell death ratio was calcu-
lated as follows: Cell death ratio % = 100−100× (viable cell numbers 
with alectinib treatment/viable cell numbers without treatment). NS 
means no significant difference in any pairwise comparison between 
each ALK variant cell by Tukey–Kramer’s HSD test. Horizontal bars 
indicate the mean ± SD of quadruplicates.
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Ba/F3 cells are suitable for this study as they have been 
used in prior studies to examine fusion gene kinase activ-
ity such as with ALK or ROS1 or RET [15,16,18,19]. To 
overcome these limitations and make an entire map of 
sensitivity of all ALK fusion variants to alectinib in vitro, 
it will be useful to test as many ALK variants as possible 
using not only Ba/F3 cells but also human lung epithelial 
BEAS-2B cells.

In conclusion, the kinase activity of eight ALK variants 
(V1, V2, V3, V4, KIF5B-ALK, KLC1-ALK, STRN-ALK 
and TFG-ALK) was significantly inhibited by alectinib, 
and cells expressing each variant showed no significant 
difference in sensitivity to alectinib treatment. Our find-
ings indicate that NSCLC patients with any of these eight 
ALK fusion variants might also show a similar response to 
alectinib regardless of the type of ALK variant, and the 

(a) (b)

Fig. 6

Effect of crizotinib on cell proliferation of ALK variant cells. (a) ALK-variant-expressing Ba/F3 cells or control Ba/F3 cells were cultured with or 
without crizotinib, and their viability with crizotinib relative to their viability with vehicle alone was measured. Each point represents the mean + SD 
of triplicates. (b) IC

50
 values of crizotinib were calculated as described previously [20]. NS means no significant difference in any pairwise compar-

ison between each ALK variant cell by Tukey–Kramer’s HSD test. Horizontal bars indicate the mean ± SD of triplicates.

Fig. 7

Effect of transient alectinib treatment on colony formation of ALK variant cells. ALK-variant-expressing Ba/F3 cells or control Ba/F3 cells were 
cultured with or without 100 nM alectinib for 24 h. After washing the cells, they were cultured in semisolid agar media for 6 days using CytoSelect 
96-well in vitro tumor sensitivity assay kit (Cell Biolabs). Each point represents the mean + SD of triplicates.
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difference in these variants might have little impact on 
alectinib response in patients with ALK fusion-positive 
NSCLC. Furthermore, since only a very limited number of 
uncommon ALK fusion variants have been detected in the 
clinic, the preclinical models we constructed in this study 
may be useful tools with which to investigate the clinical 
responses of these minor variants to alectinib treatment.
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