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Abstract

Introduction

Receptor-type tyrosine kinases are the most prevalent therapeutic targets in anti-cancer
drug development as they are aberrantly activated in a wide range of cancers. The receptor-type
tyrosine kinase, anaplastic lymphoma kinase (ALK) is a member of the insulin receptor
superfamily and is especially highly expressed in neonates and in the developing central and
peripheral nervous system. Genetic alterations of ALK, such as gene amplification, fusion, and
mutation, have been found in different cancers and ALK inhibitors have been approved for the
treatment of non-small-cell lung carcinoma. Although these inhibitors suppress proliferation and
induce apoptosis of cancer cells via the inhibition of the MEK/ERK and the PI3K/AKT pathways,
resistance to these treatments is generally developed. Understanding the precise mechanism for
suppressing the proliferation will enable an improved polytherapy to overcome the resistance.
Therefore, novel mechanisms that suppress cell proliferation were explored. In this study, the
effects of ALK inhibition by various inhibitors as well as ALK-targeted siRNAs (siALKs) on cell
division were evaluated and the mechanism of action in neuroblastoma and lung cancer cells was

investigated.

Chapter 1: ALK inhibition by inhibitors and knockdown causes delay in the early M
phase

The ALK inhibitors, crizotinib, ceritinib, and TAE684 showed a concentration-dependent
reduction in the proliferation of the neuroblastoma SH-SYS5Y cells. To examine the effect on M-
phase progression, cells were treated with inhibitors at around ICso concentration for 1 h after
release from arrest at the G2/M border caused by the CDK1 inhibitor RO-3306. The M phase is
a process in which duplicated chromosomes are divided equally into two progeny cells and
comprises 5 subphases: prophase (P), prometaphase (PM), metaphase (M), anaphase (A),
and telophase (T), and followed by cytokinesis (Cyto) that splits cytoplasm. Based on microtubule
and chromosome morphologies, the cells were classified into four groups: P/PM, M, A/T, and
Cyto. Most control cells progressed to cytokinesis in an hour after release from the arrest at the
G2/M border whereas the M-phase progression of ALK inhibitors-treated cells was largely
delayed in P/PM. Interestingly, a significant percentage of cells showed the misalignment of
chromosomes upon inhibitor treatment, indicating the involvement of ALK in chromosome
alignment. The western blotting analysis revealed that the autophosphorylation of ALK was
almost completely abolished by inhibitors, indicating an inhibition of the kinase activity. Three
different siALKs were used to knockdown ALK expression and caused delay in P/PM/M,
excluding the off-target effects of inhibitors. Furthermore, the ALK knockdown-induced delay



was suppressed via the re-expression of siALK-resistant ALK. Taken together, these results
suggest that ALK is involved in the chromosome alignment in M phase and that ALK inhibition-

induced delay in the early M phase may partly contribute to the suppression of cell proliferation.

Chapter 2: Delays in the early M phase and anaphase onset are accompanied by SAC
activation

Proper chromosome segregation is achieved through several critical processes, such as the
duplication of sister chromatids, spindle formation, kinetochore-microtubule attachment, and
alignment of chromosomes at the mitotic equator. To find out the mechanism of ALK
knockdown-induced delay in the early M phase, inhibitor- or siALK-treated cells were
synchronized with RO-3306 and subsequently observed every 3 min for 5 h under time-lapse
imaging. Hoechst 33342 was used to stain DNA for monitoring chromosome movement. The M-
phase cells were classified into three stages based on chromosome morphology: P/PM, M, and
A/T. In the control cells, the average duration of P/PM and M were 31 and 26 min, respectively.
In sharp contrast, crizotinib treatment extended the duration of P/PM and M to 74 and 83 min,
respectively. Likewise, it took siALK-treated cells 63 and 40 min to complete P/PM and M,
respectively. 16% of siALK-treated cells failed to complete the M phase within 5 h. These results
suggest that ALK downregulation hampers the chromosome alignment and thereby delays the
onset of anaphase. Moreover, abnormal M-phase characteristics, such as spindle misorientation
and chromosome misalignment were observed. Chromosome misalignment can be caused bt a
defect in spindle formation and can activate the spindle assembly checkpoint (SAC). To confirm
whether the delay in the early M phase was accompanied by SAC activation, the SAC components,
the Mps1 kinase and the MAD2, were inhibited by an inhibitor and siRNA, respectively, and then
cells were treated with crizotinib. In both conditions, crizotinib-induced delay in the anaphase
onset was not observed and most of the cells progressed to cytokinesis within 1 h after release
from the G2/M arrest. These findings indicate that SAC is responsible for the delay in the
anaphase onset in ALK-inhibited cells.

Chapter 3: Inhibition of the EML4-ALK fusion protein causes delay in the M phase

The EML4-ALK fusion protein is one of the major oncoprotein identified in non-small-
cell lung cancer. The non-small-cell lung cancer H2228 cells express the EML4-ALK fusion and
have been used in preclinical cancer research. These cells are relatively resistant to crizotinib
compared to EML4-ALK-expressing H3122 cells. In general, EML4-ALK triggers both the
PI3K-AKT and MEK/ERK pathway and sustains this survival and proliferative signaling.
However, the MEK/ERK pathway is activated independently of EML4-ALK in H2228 cells.



Therefore, as a model of drug-resistant cancer cells, H2228 cells were used to examine whether
ALK inhibitor affected the M-phase progression.

H2228 cells were treated with TAE684 at around ICsyp and observed under time-lapse
imaging for 12 h. The average duration of P/PM in control cells was 30 min, whereas this was
prolonged to 130 min in TAE684-treated cells. Furthermore, the M phase was completed by only
40% of the cells, while the remaining cells either continued the M phase during the observation,
prematurely exited, or died in the M phase. Western blotting analysis showed that the
phosphorylation of EML4-ALK was suppressed. These results suggest that inhibition of EML4-
ALK causes the defect of the M-phase that may partly contribute to the suppression of the H2228

cell proliferation.

Conclusion

The inhibition of ALK or EML4-ALK disrupts cell division through delays in the early
M phase and anaphase onset. The latter is caused by SAC activation to which defects in
chromosome alignment and spindle orientation lead. These results conclude that ALK is a novel
regulator of the M phase and the delay in the M-phase progression is a novel mechanism that
underlies the ALK inhibitor-caused suppression of cell proliferation. Understanding the
mechanism of action of ALK inhibitors will undoubtedly support to the develop new therapeutic

approaches.



Introduction

Anaplastic lymphoma kinase (ALK) contributes to the oncogenesis

Anaplastic lymphoma kinase (ALK), a receptor-type tyrosine kinase (RTK), belongs to
the insulin receptor (IR) superfamily. It possesses a typical RTK structure that consists of an
extracellular ligand-binding domain, a transmembrane domain (TM), and an intracellular kinase
domain [1,2]. The tyrosine kinase domain of ALK shows a high level of similarity with that of
the IR, whereas ALK extracellular domain is unique among the RTK family as it consists of a
glycine-rich region (G-rich), a low-density lipoprotein receptor domain (LDL), as well as two
receptor protein tyrosine phosphatase mu (MAM) domains (Fig. 1) [2,3]. The human ALK gene
is located at chromosome 2p and encodes a 180-kDa polypeptide. The polypeptide undergoes
post-translational modification, such as N-glycosylation, generating approximately 220-kDa

ALK containing 1620 amino acids [2,4-6].
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Figure 1. Structure of full-length ALK. Full-length ALK consists of 1620 amino acid
residues. The extracellular domain of ALK consists of an N-terminal signal peptide (1-18
amino acids), two MAM domain (264427, 480-626 a.a), an LDL domain (453471 a.a), and
a glycine-rich region (816-940 a.a). The intracellular domain is composed of a tyrosine kinase
domain (1116-1392 a.a) and the juxtamembrane region (1060—1115 a.a.).

ALK is expressed in neonates during the development of the nervous system [4]. It is
found in discrete areas of the developing central and peripheral nervous systems [1]. Conversely,
in an adult mammal, ALK expression is found at a relatively low level in a certain region of few
organs such as the hippocampus within the brain [4,7]. Consistent with its expression profile,
mammalian ALK plays a regulatory role in the function of the nervous system during the
development [4,8]. ALK may also regulate mammalian behavior [8]; however, it’s direct
biological role is still not completely clarified. Like other RTKSs, the activation of ALK is
presumed to occur through ligand binding and receptor dimerization. Several proteins have been
reported as a ligand of ALK such as pleiotrophin, midkine, augmentor-o, and  [9-11]. As the
expression of ALK is predominant in the nervous system, it was suggested by researchers that

ALK can serve as a receptor for neurotrophic factors [12].



In 1994, ALK was first discovered as an NPM1-ALK fusion protein in the anaplastic
large-cell lymphoma (ALCL) cell line [13]. Chromosomal translocation between nucleophosmin
1 (NPM1) and the ALK gene generates oncogenic ALK fusion proteins. Although the ALK
expression cannot be found in normal lymphoid cells, the vast majority of pediatric ALCL patients
are ALK-positive [13,14]. Later in 2007, EML4-ALK, another prominent ALK fusion was
discovered in non-small-cell lung carcinoma (NSCLC) by a group of Japanese researchers[15].
Expressions of aberrant ALK in the form of amplification, gene fusion, and mutation with gain
of function have been identified in different cancers. Activating mutations in the kinase domain
at R1275, F1174, and F1245 positions, and gene amplification have been reported in pediatric
cancer neuroblastoma (NB) [16,17]. Other than NSCLC, ALK gene fusion is also identified
widely in inflammatory myofibroblastic tumors, diffuse large B-cell lymphoma, and esophageal
squamous cell, colorectal, breast carcinomas [14,18]. Moreover, alternative ALK transcript
(ALK"™) is found in melanomas [19].

Though the exact mechanism of activation of full-length ALK is still not completely
understood, genetically altered ALK remains constitutively active via activating mutations or the
dimerization of their fusion partners. There are similarities and differences in ALK-triggered
signaling among different forms of ALK where the signaling depends on subcellular localization,
protein stability, the difference in fusion partners, and tumor cell types [20,21]. In general, ALK
activates multiple signaling pathways, such as the RAS/MEK/ERK [22], PI3K-AKT [23], CRKL-
C3G [24], JAK-STAT [25], and the MEKK?2/3-MEKS5-ERKS pathways (Fig. 2).

Moreover, activation of adaptor proteins and other cellular proteins, such as PTPN11, Src,
FRS2, Shc-GRB2, IRS2, GSK-3a, and FAK, has been observed as downstream signals of ALK,
suggesting that ALK may play roles in alternative pathways [26]. ALK regulates several cellular
functions, such as cell proliferation [27], survival [28], migration [29], cytoskeletal rearrangement
[30], and so on. In neuroblastoma, activating ALK mutations lead to greater cell proliferation,
resistance to apoptosis, and the enhancement of DNA synthesis [17,31], thereby contributing to

oncogenesis.
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Figure 2. ALK-mediated cellular signaling pathways. Activated ALK stimulates several
downstream signaling pathways and thereby regulates different cellular processes such as cell
proliferation, survival, migration, cytoskeletal rearrangement, and so on.

Targeting ALK with inhibitors to treat cancer and the development of resistance
against inhibitors

Over the last decade, ALK has become an attractive target for the development of small-
molecule inhibitor-based anticancer drugs. The discovery of oncogenic EML4-ALK in
NSCLC brought a new possibility of an effective clinical therapy through targeting ALK with
inhibitors. Recently, ALK inhibitors showed a great breakthrough in the treatment of NSCLC.
Gene profiling in the ALK inhibitor-treated NSCLC xenograft model identified modulation of
gene expression involved in several critical cellular processes. The downregulation of genes
regulating different aspects of cell cycle such as the CDC2, CDC7, and CDK4 (involved in
promoting the G1 to S phase transition), 7OP24 (chromosome condensation), PT7G (chromatid
separation), BUBs (spindle checkpoint functions) was observed, while the upregulation of the
expression of proapoptotic proteins was also identified [32]. In preclinical studies, ALK kinase
inhibitors showed downregulation of survival signaling pathways and apoptosis in EML4-ALK
expressing NSCLC [33,34]. Crizotinib, an ATP analog inhibitor of ALK was the first inhibitor
approved by the U.S. Food and Drug Administrator (FDA) for the treatment of ALK-positive
NSCLC in 2011 [35]. It was reported that crizotinib was superior to the standard first-line

chemotherapy using pemetrexed and cisplatin. Crizotinib significantly improved the overall
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response rate (ORR) and progression-free survival (PFS) [36,37]. Although crizotinib shows
excellent activity in NSCLC patients, a resistance that leads to disease progression is developed
within a year after crizotinib treatment. In these patients, mutations that lead to the development
of resistance in EML4-ALK are frequently observed. Approximately 30% of crizotinib-resistant
NSCLC patients possess a mutation in the tyrosine kinase domain [38]. Most crizotinib-resistant
tumors still depend on ALK-triggered signaling and are sensitive to more potent, second-
generation ALK inhibitors having distinct structures [14]. The second-generation ALK inhibitors,
ceritinib, alectinib, brigatinib were developed to be effective against tumors having resistance to
crizotinib. These ALK inhibitors show potent and durable activity in NSCLC. Ceritinib showed
20 times more potency to inhibit ALK compared to crizotinib. In preclinical studies, ceritinib
efficiently inhibits ALK having mutations developed by crizotinib treatment [39]. Despite that,
the development of resistance against second-generation inhibitors promoted the invention of the
third-generation inhibitors having a more potent ability to inhibit mutants generated in response
to second- generation inhibitors. One such inhibitor is Loratinib that is capable of overcoming all
existing ALK mutants resistant against ALK inhibitors [40].

In general, cancer cells develop resistance against ALK inhibitors through several
mechanisms. The mutation and amplification of ALK are most frequently observed in ALK
resistant cancer cells [41,42] . Activation of other signaling pathways, such as the activation of
other tyrosine kinases including EGFR [43] and IGF1R, bypasses the requirement of ALK.
Besides, focal amplification of KRAS and reduced levels of MAPK phosphatase DUSP6 [22]
have been reported to impart resistance against ALK inhibitors (Fig. 3). Overcoming resistance
is a critical challenge to ALK-targeted therapies and most studies have focused on the
development of next-generation ALK inhibitors. However, understanding the regulatory role of
ALK in critical cellular processes, such as cell proliferation will enable the development of novel

strategies of ALK-targeted therapy.
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resistance against ALK inhibitors through one or more resistance mechanisms including
aberration in ALK (amplification or additional mutation), activation of other receptor tyrosine
kinases (EGFR, IGFR, PDGFR, etc.), focal amplification of KRAS. Cancer cells achieving

such resistance can proliferate over inhibitor treatment.

Purpose of this study

As ALK is expressed exclusively in the nervous system during development but not
abundantly in adults, it becomes a promising molecular target for targeted-therapy in cancers
expressing oncogenic ALK. To date, several small molecule inhibitors of ALK have been
developed and used for cancer therapy, especially in the treatment of NSCLC. These inhibitors
mainly suppress cell proliferation and/or induce apoptosis. However, resistance is developed
against ALK-targeting inhibitors due to the heterogeneous nature of the cancer cells. Though
several approaches have been taken into account to eliminate resistance; achieving potential
therapeutic outcomes is still far behind. In this context, understanding the molecular mechanisms
of ALK regulating cellular processes such as cell proliferation is required to improve the treatment
of these cancers, for instance, to develop effective polytherapy against cancers.

In our laboratory, a wide screening of active compounds including small molecule
inhibitors of RTKs has been performed to find out compounds affecting M-phase progression.
This screening shows that crizotinib, a small molecule inhibitor of ALK, delays the M-phase
progression. The M phase is the most crucial event of the cell cycle and is required for cell
proliferation. Based on the effect of ALK inhibitor on the M phase, it was assumed that ALK may
regulate cell proliferation by regulating M phase. Therefore, the purpose of this study is to
demonstrate the effect of ALK inhibition on M phase and the underlying mechanisms for
understanding the precise mechanisms underlying the ALK-induced suppression of cell

proliferation.



Chapter 1: ALK inhibition by inhibitors and knockdown causes delay
in the early M phase

1-1. Introduction

SH-SYSY is a type of human neuroblastoma (NB) cell line. NB is a malignancy of the
sympathetic nervous system accounting for about 9—10% of pediatric cancer mortality [44]. A
genome-wide analysis of primary NB revealed a high level of amplification and mutation of the
ALK gene, which may contribute to oncogenicity [16]. Mutation in the tyrosine kinase domain of
ALK accounts for 8—10% of NB [44]. SH-SYS5Y cells harbor both wild-type (WT) ALK and ALK
F1174L mutation activating the kinase [16,45]. These cells are sensitive to ALK inhibitors and
suppression of ALK expression results in apoptosis and impaired cell proliferation [16].

Our screening of active compounds showed that crizotinib affects M-phase progression.
Crizotinib is a multi-targeted RTK inhibitor and able to inhibit ALK, c-Met, and ROSI1 tyrosine
kinases. However, crizotinib showed 20 times more selectivity toward ALK compared to c-Met
and other RTKSs [46]. The role of ALK in the pathophysiology of many cancers is well recognized.
Inhibition of ALK kinase activity using small molecule inhibitors has been found to have potent
antitumor efficiency [39,47,48]. Until now, the efficacy of ALK inhibitors has been widely
investigated through targeting fusion ALK such as NPM-ALK and EML4-ALK. However, the
effect of ALK inhibitors on mutants having oncogenic gain-of-function mutation and amplified
ALK has not been sufficiently investigated yet. We hypothesized that crizotinib caused M-phase
delay through the inhibition of ALK. To investigate this, the effects of ALK inhibition using
inhibitors and siRNAs on M-phase progression were evaluated in SH-SYS5Y cells.

Cell division is a process in which a parent cell divides into two genetically identical
daughter cells. It comprises the division of replicated chromosomes, cytoplasm, and organelles
through a series of regulated events. Among the cell cycle phases (G1, S, G2, and M), the M phase
is the most dramatic period consisting of 5 subphases: prophase, prometaphase, metaphase,
anaphase, and telophase, followed by cytokinesis. Each subphase has distinguishing features
regarding the chromosome and microtubule morphologies. A representative illustration of each

subphase is shown in Figure 4.
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Figure 4. Morphological changes of chromosomes and microtubules in different
subphases from mitotic entry to the division of cytoplasm. Illustration of cells in 5 subphases
and cytokinesis.

Prophase can be defined by condensed and visible chromosomes. In prometaphase,
kinetochore is formed around the centromere and spindle formation begins. Chromosomes are
moving to the equatorial region of cells by motor proteins and microtubule dynamics. Metaphase
is characterized by that all chromatids are lined up at the cell equator and attached to the
microtubules emanated from both poles. Then, the sister chromatids are separated and pulled to
the opposite sides of the cell in anaphase. Telophase is characterized by the de-condensation of
chromosomes, the formation of two nuclei in opposite sides of the cell, and broken spindle. The
cell begins to split into two at cytokinesis where cytoplasmic components are divided into two
daughter cells.

To analyze the M phase, cells can be synchronized by inhibiting CDK1 that is essential
for mitotic entry and progression through the M phase [49]. RO-3306 is a reversible inhibitor of
CDK1. When cells are treated with RO-3306, cells are arrested in the G2/M border. After release
from the arrest by washing RO-3306 out, cells can synchronously enter the M phase.
Approximately 30% of cells can be synchronized in the M phase through this method. After the
release, fixation of cells at different times allows the evaluation of the M-phase progression and
the visualization of cells in different subphases [50]. For instance, at 30, 45, and 60 min after the
release from RO-3306 treatment, the M phase mainly progresses to metaphase, anaphase, and
cytokinesis, respectively, as shown in the following illustration in Figure 5. Several advantages
are taken into account for RO-3306 synchronization over other synchronization methods, such as
simple single-step protocol, efficient synchronization, immediate entry into mitosis after release,

and no effect on the microtubule dynamics [51].
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Figure 5. Synchronization of cells with the CDK1 inhibitor RO-3306. Cells are treated with
RO-3306 to synchronize cells at G2 to M phase border. At different times, such as 30, 45, and
60 min after release, the majority of the M-phase cells are found in metaphase, anaphase, and
cytokinesis, respectively.
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1-2. Materials and methods

1-2-1. Cell culture

SH-SY5Y human neuroblastoma cells were obtained from the European Collection of
Cell Cultures (Salisbury, UK). IMR-32 human neuroblastoma cells, HeLa S3 cervical carcinoma
cells, and MCF7 breast cancer cells were purchased from the Japanese Collection of Research
Bioresources (JCRB, Osaka, Japan). Lenti-X 293T cells were obtained from Clontech
Laboratories (Mountain View, CA, USA). All cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 20 mM HEPES-NaOH (pH 7.4) and 5% fetal bovine serum
(FBS) (AusGeneX, CA, USA) in a humidified 5% CO; incubator at 37°C.

1-2-2. Chemicals

The inhibitors of ALK, crizotinib was obtained from LC Laboratories (Woburn, MA,
USA), ceritinib and TAE684 were purchased from Selleck Chemicals (Houston, TX, USA). The
reversible inhibitor of CDK1 RO-3306 was purchased from Selleck Chemicals. All these
inhibitors were dissolved in dimethyl sulfoxide (DMSO, Nacalai Tesque, Kyoto, Japan). DMSO

was used as a solvent control in the experiments.

1-2-3. The primary and secondary antibodies
The primary antibodies were used for Western blotting analyses (WB) and

immunofluorescence (IF) listed as follow:

Rabbit monoclonal antibody

anti-ALK (WB, 1:500-1000; IF, 1:200; #3333S, Cell Signaling Technology, Danvers, MA, USA)
anti-pALK-Y 1507 (WB, 1:1000; #14678, Cell Signaling Technology)

anti-c-Met (WB, 1:1000; #8198, Cell Signaling Technology)

Rat monoclonal antibody
anti-o-tubulin (WB, 1:1000; IF, 1:800; MCA78G, Bio-Rad Laboratories, Hercules, CA, USA)
anti-HA (WB, 1:1000; IF, 1:400; 3F10, Roche, Basel, Switzerland)

Goat polyclonal antibody
anti-Lamin B (WB, 1:200-500; sc-6216, Santa Cruz Biotechnology, Dallas, TX, USA)

Mouse monoclonal antibody

Anti-Actin (WB, 1:2000; A3853, MilliporeSigma, Burlington, MA, USA)

16



Secondary antibodies used for IF

Alexa Fluor 555-labeled goat anti-rat IgG (1:1000; Cat. No. A21434, Life Technologies,
Waltham, MA, USA)

Alexa Fluor 488-labeled donkey anti-rat IgG (1:800; Cat. No. A21208, Life Technologies)

Secondary antibodies conjugated with horseradish peroxidase (HRP) were used for WB
Donkey anti-rabbit IgG antibody (1:4000; 711-035-152, Jackson Immuno Research, West
Grove, PA, USA)

Donkey anti-rat [gG antibody (1:4000; 712-035-153, Jackson Immuno Research)

Donkey anti-mouse IgG antibody (1:4000; 715-305-151, Jackson Immuno Research)

Bovine anti-goat antibody (1:4000; sc-2350, Santa Cruz Biotechnology)

1-2-4. siRNA transfection

Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) was used for the transfection of
small interfering RNA (siRNA) diluted with Opti-MEM (Gibco, Thrermofisher). For ALK
knockdown, 20 pmol of the following siRNAs were used. Commercially available siALKs,
Hs ALK 6329 s (5’-GUCAUUACGAGGAUACCAUTT-3’, siALK #1), and Hs ALK 6330 s
(5’-GAAGUGAAUAUUAAGCAUUTT-3’, siALK #2) were purchased from MilliporeSigma
(Burlington, MA, USA). Another siALK (5’-GUGAUAAAUACAAGGCCCATT-3’, siALK #3)
targeting the 3’-UTR of ALK was synthesized by MilliporeSigma. Seventy-two hours after
transfection, protein levels were examined by Western blotting analysis, and M-phase progression
was analyzed by immunofluorescence analysis.

Similarly, to knockdown c-Met, two commercially available siMet were purchased from
MilliporeSigma. These were Hs MET 9694 s (5’-CACCUUUGAUAUAACUGUUTT-3’,
siMet #1) and Hs MET 9695 s (5’-CGGAUAUCAGCGAUCUUCUTT-3’, siMet #2). siMet #3
(5’-AAGCCAAUUUAUCAGGAGGTT-3’) was customized by MilliporeSigma. Suppression of
c-Met expression in HeLa S3 cells was obtained after 48 h of siRNA transfection and examined

by Western blotting analysis.

1-2-5. Evaluation of the effect on M-phase progression

To synchronize in the M phase, both SH-SY5Y and HeLa S3 cells were arrested at the
G2/M border with the CDK1 inhibitor RO-3306. SH-SY5Y and HeLa S3 cells were treated with
4 and 8 uM RO-3306, respectively, for 20 h. The cells were then washed with pre-warmed (37°C)
PBS containing Ca*" (CaCly) and Mg*" (MgCly) [PBS(+)] four times and released into pre-
warmed DMEM. At different times after release from the RO-3306 arrest, cells were fixed and
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stained for DNA and a-tubulin. M-phase cells were classified into subphases. More than 190 cells

were examined in each experiment.

1-2-6. Western blot analysis

Cells were lysed in an SDS-sample buffer. The SDS-sample buffer was prepared
containing the following chemicals: leupeptin (2 pg/mL, Nacalai Tesque), aprotinin (2 pg/mL,
Seikagaku Kogyo, Tokyo, Japan), pepstatin A (0.8 pg/ml, Wako Pure Chemicals, Osaka, Japan),
B-glycerophosphate (20 mM, MilliporeSigma), PMSF (2 mM, Nacalai Tesque), NaF (50 mM,
Wako) and NazVO4 (10 mM, Wako). Cells were then denatured at 40°C for 20 min and at 100°C
for 5 min in the block incubator for detection of ALK and c-Met kinases, respectively. Equal
amounts of cell lysates were run in the polyacrylamide gel (7-9%). The proteins were then
transferred onto the polyvinylidene difluoride (PVDF) membranes (Pall Corporation, Port
Washington, NY, USA). Blocking One (Nacalai Tesque) was used to block the membranes for 1
h at room temperature. Membranes were then incubated with the primary antibody diluted in tris-
buffered saline containing Tween20 (0.1%) and Blocking One (5%) for 1 h at room temperature
or overnight at 4°C. Secondary antibodies were diluted similarly and exposed to the membrane
for 1-3 h at room temperature. After incubation with each antibody, the membrane was washed
with tris-buffered saline containing Tween20. Chemiluminescence by using either Chemi-Lumi
One L (07880-70, Nacalai Tesque) or Clarity (#1705061, Bio-Rad, Hercules, CA, USA) was
detected for 1-5 min using an image analyzer ChemiDoc XRS+(Bio-Rad).

1-2-7. Immunofluorescence microscopy

For immunofluorescence staining, cells were seeded in either a 35-mm dish or 24-well
plate. Cells on the glass cover slip were fixed using 4% formaldehyde (HCHO) in PBS(-) at room
temperature for 20 min. For permeabilization and blocking, PBS containing saponin (0.1%) and
bovine serum albumin (BSA 3%) was added to the cells for 30 min. Cells were then exposed to
the primary antibody diluted in 3% BSA-0.1% saponin in PBS at room temperature for 1 h.
Similarly, cells were treated with secondary antibody and Hoechst 33342 (Merck-Millipore,
Darmstadt, Germany) for 1 h in dark. Cell images were captured through fluorescence microscope
(Olympus). Different optical systems were used to observe Hoechst 33342, Alexa Fluor 488, and
Alexa Fluor 555 fluorescence such as a U-FUNA filter cube (excitation and emission, 360—370
and 420-460 nm, respectively), a U-FBNA filter cube (excitation and emission, 470-495 and
510-550 nm, respectively), and a U-FRFP filter cube (excitation and emission, 535-555 and 570—
625 nm, respectively. Software such as ImageJ (National Institutes of Health, Bethesda, MD,
USA), Adobe Illustrator CC, and Photoshop CC (San Jose, CA, USA) were used to edit the

captured images.
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1-2-8. Cell viability assay

Cell viability of SH-SYSY cells was assessed using Cell Counting Kit-8 (Dojindo, Kumamoto,
Japan) according to the manufacturer’s instructions. Ten thousand cells were seeded with 100 puL
of media in each well of 96-well plates and were cultured for 48 h after treating with crizotinib
(0.01, 0.1, 1, and 10 uM), ceritinib (0.001, 0.01, 0.1, and 1 uM), and TAE684 (0.0001, 0.001,
0.01, 0.1, and 1 uM). As a solvent control, DMSO (0.1%) was used. WST-8 (10 pL) was added
to each well and after 1 h absorbance at 450 nm was taken using a microplate reader (Bio-Rad).
The number of viable cells was estimated based on the absorbance of reduced 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt (WST-8)

at 450 nm. I1Csq values were estimated from the website https://mycurvefit.com/

1-2-9. Plasmids

The plasmid R777-E008 Hs.ALK-nostop was a gift from Dominic Esposito (plasmid
70292; Addgene, Watertown, MA, USA) and the lentiviral plasmid pLIX 402 was a gift from
David Root (plasmid 41394; Addgene) [52]. Through Gateway LR reaction, R777-E008
Hs.ALK-nostop was recombined with pLIX 402 according to the manufacturer’s instructions
(Invitrogen, CA, USA). When expressed from the pLIX 402 vector, ALK was tagged with
hemagglutinin at the C-terminus (HA) (ALK-HA). pCAG-HIVgp and pCMV-VSV-G-RSV-Rev,
lentiviral packaging plasmids were a gift from Dr. Hiroyuki Miyoshi [Rikagau Kenkyusho
Foundation (RIKEN) BioResource Center, Ibaraki, Japan].

1-2-10. Establishment of stable cell lines by lentiviral transduction

A stable cell line, which is capable of inducible overexpression of wild-type ALK, was
established by lentiviral transduction. Lenti-X 293T cells were seeded in a 60 mm dish. For co-
transfection PEI Max (Polysciences, Warrington, PA, USA) was used. A mixture of PEI Max,
pLIX 402 vector (1.2 pg) harboring the ALK-HA construct, pPCAG-HIVgp (0.8 pug), and pPCMV-
VSV-G-RSV-Rev (0.8 ug) was made in Opti-MEM and kept for 30 min at room temperature.
Forskolin (10 uM) (Wako) was added to the mixture. Cells were incubated with this Opti-MEM
solution for approximately 16 h to generate lentivirus harboring wild-type ALK. The virus-
containing media was filtered through a 0.45 um filter.

Mag4C LV magnetic kit (OZ Biosciences, San Diego, CA, USA) was added to the
microtube containing virus and kept for 20 min at room temperature. The microtube was placed
in a magnetic separation rack for approximately 15 min to collect the virus bound to the magnet.
After removing the supernatant, precipitate was washed with PBS. Viruses from more than one
tube were gathered through diluting with Opti-MEM. Polybrene (8 pg/mL) (MilliporeSigma) was
added to the virus before infecting SH-SYSY cells that were seeded in a 35 mm dish. After
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incubation at 37°C for approximately 12 h, SH-SYS5Y cells were translocated into a 60 mm dish.
Infected cells were selected 1.5 pg/mL puromycin (StressMarq Biosciences, Victoria, BC,

Canada) for 7 days.

1-2-11. Statistics

The results obtained from more than three independent experiments were statistically
analyzed with the Statcel add-in program for Microsoft Excel (OMS Publishing, Tokorozawa,
Japan). For evaluation of the homogeneity of variance, the Bartlett test was used. One-way
ANOVA was used to analyze among groups with equal variance, followed by the Tukey Kramer
multiple comparisons test. When two groups were compared, the Student's #-test was used. The

results were considered as significant when the p value was lower than 0.05.
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1-3. Results

1-3-1. Detection of the ALK expression in cancer cells

ALK is predominantly found to be expressed in neuroblastoma cell lines, such as SH-
SYSY (WT/F1174L-ALK) and IMR-32 (WT-ALK). The breast cancer MCF7 cells were reported
as ALK-negative cells [10], and some studies report very low or no expression of ALK in HelLa
S3. In this study, at first, the expression of ALK was evaluated in these cell lines. Western blotting
analysis using anti-ALK antibody showed several bands (Fig. 6A) in these cell lines. The bands
at around 220 kDa and 140 kDa represent glycosylated full-length ALK and truncated ALK
generated by extracellular cleavage, respectively. This finding is consistent with other studies
showing that a doublet 220 kDa bands corresponding to full-length ALK and a band at 140 kDa
representing the cleaved form are detected in both SH-SY5Y and IMR3-32 cells [53,54]. However,
the anti-p-ALK antibody was detected only two bands in SH-SY5Y and IMR-32 cells but not in
MCF7 and HeLa S3 (Fig. 6B). This result indicates that ALK is expressed in SH-SY5Y and IMR-
32 but not MCF7 and HeLa S3 cells. For further confirmation, MCF7 and SH-SYS5Y cells were
treated with siALKSs as a mixture of three different siALKs targeting the different ALK region for
complete knockdown (Fig. 6C). In MCF7 cells, siALK did not affect the appearance of any bands,
indicating that they are non-specific bands. In SH-SYS5Y cells, the 220 kDa ALK was completely
abolished; but, the reduction of the 140 kDa band was partial (Fig. 6C), indicating that the non-
specific band is overlapped with the 140 kDa band. As the overall expression of ALK is higher
in SH-SYS5Y than that in IMR-32 cells, SH-SYS5Y cells were further investigated.
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Figure 6. Detection of the ALK expression in different cancer cell lines. Whole-cell lysates
were obtained from MCF7, SH-SY5Y, IMR-32, and HeLa S3 cells and analyzed by Western
blotting using anti-ALK, anti-p-ALK, and anti-Lamin B antibodies (A, B). An asterisk indicates
non-specific bands. (C) MCF7 and SH-SYS5Y cells were transfected with a mixture of three
siALK (#1, #2, #3, total 60 pmol) or non-targeting siCtrl (60 pmol). At 70 h after transfection,
whole-cell lysates were prepared and Western blotting analysis is performed with anti-ALK
and anti-Lamin B (loading control) antibodies.
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1-3-2. Determination of ICs values of ALK inhibitors in SH-SYSY cells

To determine the ICso values of ALK inhibitors, WST-8 assay was performed. SH-SY5Y
cells were seeded in 96-well plates (1x 10* cells/well) and the next day treated with crizotinib,
ceritinib, and TAE684 in different concentrations. After 2 days, WST-8 was added (10 pL/well)
and incubated for 1 h. The absorbance of reduced 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt was measured at 450 nm.
Data are plotted as concentration vs absorbance ratio to solvent control. The result shows that the
ratio of absorbance is decreased in a concentration-dependent manner for all three inhibitors (Fig.
7), suggesting the reduction of viable cells upon treatment with a high concentration of inhibitors.
The ICso values were calculated from three independent experiments as described in the Materials

and methods section 1-2-8 and showed as mean + SD.
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Figure 7. Evaluating ICso values of ALK inhibitors. SH-SY5Y cells were treated with
crizotinib (0.01, 0.1, 1, and 10 uM), ceritinib (0.001, 0.01, 0.1, and 1 pM), and TAE684 (0.0001,
0.001, 0.01, 0.1, and 1 uM) in different concentrations. After 48 h viable cells were determined
by WST-8 assay. Relative values of absorbance to solvent control (DMSO) are shown as mean
+ SD, calculated from three independent experiments.
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1-3-3. Delay in the early M phase in ALK inhibitor-treated cells

To determine the effect of ALK inhibitors on cell division, SH-SY5Y cells were first
synchronized with the CDK1 inhibitor RO-3306. RO-3306 treatment arrests cells at the G2/M
border and approximately 30% of cells can synchronously enter the M phase after release from
the arrest. Fixation at different times after release allows evaluation of M phase progression [51].
After 20-h RO-3306 treatment, cells were released for 1 h in a medium containing either DMSO,
1 uM crizotinib, 0.5 uM ceritinib, or 0.3 uM TAE684. The experimental protocol is shown in
Figure 8A. Cells were fixed by 4% formaldehyde and permeabilized with PBS containing 3%
BSA and 0.1% saponin. Anti-a-tubulin and Hoechst 33342 were used to stain a-tubulin and DNA.
Based on microtubule and chromosome morphologies observed under the fluorescence
microscope, M-phase cells were classified into four groups: prophase/prometaphase (P/PM),
metaphase (M), anaphase/telophase (A/T), and cytokinesis (Cyto). Such classification showed
that most solvent control cells (Fig. 8B, DMSO) progressed to cytokinesis in 1 hour after the
release. On the other hand, in ALK inhibitors-treated cells, accumulation of P/PM cells was
observed, indicating that M-phase progression was largely delayed in P/PM. The percentage of
M phase cells, which is represented as the mitotic index, showed no significant change by
inhibitor treatment (Fig. 8C). These results suggest that inhibition of ALK delays M-phase

progression without affecting mitotic entry.
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Figure 8. Inhibition of ALK with small-molecule inhibitors causes delay in the M phase.
SH-SYSY cells were synchronized with 4 pM RO-3306 for 20 h. After release, cells were
treated with 1 uM crizotinib, 0.5 uM ceritinib, and 0.3 uM TAE684 for 1 h and stained for a-
tubulin and DNA. (A) Schematic representation of the experimental protocol. (B) M-phase cells
were classified into four groups: prophase/prometaphase (P/PM), metaphase (M),
anaphase/telophase (A/T), and cytokinesis (Cyto). The percentages of cells of each group (n >
246 in each experiment) are plotted as the mean + SD, calculated from three independent
experiments. (C) Mitotic indices (n > 453 in each experiment) are plotted as the mean = SD,
calculated from three independent experiments. The Tukey—Kramer multiple comparison test

was used to calculate p values. **p < 0.01; NS, non-significant.
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1-3-4. ALK inhibitors cause the misalignment of chromosomes

Chromosome alignment at the cell equator is the predominant event of metaphase, which
is required for proper chromosome segregation in anaphase. Microscopic observation of cells
showed that metaphase chromosomes were completely aligned at the cell equator in control cells
(Fig. 9A). However, in crizotinib- and TAE684-treated cells at around ICso concentration for 1 h,
few chromosomes remain scattered although most of the chromosomes were aligned, and these
misaligned chromosomes were frequently observed (Fig. 9A). In control cells (DMSO), less than
10% of cells had misaligned chromosomes (Fig. 9B). On the other hand, crizotinib- and TAE684-
treatment increased this percentage to 18% and 21%, respectively (Fig. 9B). These results suggest
that defects in chromosome alignment may be one of the mechanisms of the M-phase delay in

ALK inhibitor-treated cells.
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Figure 9. The inhibition of ALK affects chromosome alignment. SH-SY5Y cells were

synchronized and treated with crizotinib and TAE684 as described in the section 1-3-3. Cells
were fixed with 4% HCHO and stained for a-tubulin and DNA. Cells were observed under a
fluorescence microscope and representative images of cells with misaligned chromosomes are
shown in (A). Scale bar = 5 pm. (B) The number of cells with misaligned chromosomes was
counted and plotted as a percentage to metaphase cells. The Tukey—Kramer multiple

comparison test was used to calculate p values. **p < 0.01.
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1-3-5. Inhibition of ALK Kkinase activity

To check the effect of ALK inhibitors on the kinase activity, auto-phosphorylation of ALK
at Tyr1507 was analyzed by WB analysis. The tyrosine residue at 1507 is localized in the c-
terminal tail of ALK and its phosphorylation depends on the kinase activity. After 1-h treatment
of inhibitors, whole-cell lysates were probed with indicated antibodies. Inhibitor treatment caused
suppression of ALK phosphorylation, while total ALK expression did not change (Fig. 10). Lamin
B was detected as loading control. Based on this result, it could be proposed that the kinase

activity of ALK might be responsible for regulating the M phase.
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Figure 10. The auto-phosphorylation of ALK is suppressed by inhibitor treatment. SH-
SYSY cells were treated with inhibitors in the same concentration as described in the section
1-3-3 for 1 h, and whole-cell lysates were analyzed by Western blotting using anti-pALK-

Y1507 and anti-ALK antibodies. Lamin B was analyzed as a loading control.
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1-3-6. Delay in the early M phase upon ALK knockdown

One of the drawbacks of small molecule inhibitors is the variable specificity. Although
ceritinib and TAE684 show much higher specificity to ALK compared to crizotinib, however,
ceritinib shows very little specificity to other RTKs. To exclude the off-target effects of inhibitors
specific small interfering RNAs (siRNAs) were used to knockdown ALK. The knockdown
efficiency of siALKs was determined by Western blotting analysis (Fig. 11A, B). Three different
siALKs, which include siALK #1 and 2 targeting within the open reading frame (ORF) and siALK
#3 targeting 3° UTR of ALK, were used for ALK knockdown. The efficiency of siALKs can vary
depending on the targeted region or sequence of a protein. Knockdown efficiency was determined
in SH-SYS5Y cells after 24, 48, and 72 h of transfection using Lipofectamine 2000. Partial
knockdown of ALK was observed after 24 and 48 h of transfection (data not shown) while 72 h
transfection caused significant knockdown of full-length ALK compared to non-targeting siCtrl
(Fig. 11B). Although 140 kDa band showed slight or no change due to siALK treatment. It was
speculated that the overlapping non-specific band at 140 kDa position, as described in the section
1-3-1, hindered the observation of downregulation of 140 kDa ALK.

To examine the effect of ALK knockdown on M-phase progression, synchronization
experiments were performed in ALK-knockdown cells. SH-SYSY cells were seeded in a 24-well
dish on a coverslip and transfected with siALK (# 1 and #2) for 52 h. Cells were then treated with
RO-3306 for 20 h to synchronize at the G2/M phase border. Cells were released through washing
with PBS (+) and incubated for 90 min at 37°C. Cells were then fixed and stained for a-tubulin
and DNA (Fig. 11A, IF). Based on chromosome and microtubule morphologies, the M-phase
cells were divided into two groups: before and after anaphase onset. In siCtrl-treated cells, 67%
of cells progressed to or through anaphase (Fig.11C). Whereas in the siALK-treated condition, a
significant percentage of cells failed in chromosome segregation and thereby remained before
anaphase onset. This result suggests that ALK knockdown causes a delay in the early M phase.
Moreover, the mitotic index was also decreased by ALK knockdown (Fig. 11D). This result can
be supported by previous findings [55], which shows that the downregulation of ALK causes

prolongation of cell cycle through altering the expression of genes involved in G1 phase.
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Figure 11. siALK-mediated ALK knockdown delays anaphase onset. SH-SYS5Y cells were
transfected with 20 pmol of ALK-targeting siRNAs (siALK #1, #2, and #3) or nontargeting
siCtrl using Lipofectamine 2000. (A) Schematic representation of the experimental protocol.
(B) At 72 h after transfection, whole-cell lysates were prepared and analyzed by Western
blotting using anti-ALK and anti-Lamin B (loading control) antibodies. (C and D) SH-SY5Y
cells were transfected, incubated for 52 h, and then treated with 4 uM RO-3306 for 20 h. After
release from RO-3306 treatment, cells were incubated in fresh media for 90 min.
Immunofluorescence staining was performed to stain with anti-a-tubulin antibody and Hoechst
33342. Based on microtubule and chromosome morphologies, M-phase cells were classified
into two groups: before and after anaphase onset. Percentages of cells (n > 243 in each
experiment) and mitotic indices (n > 503 in each experiment) are plotted as mean + SD,
calculated from three independent experiments. The Tukey—Kramer multiple comparison test

was used to calculate p values. **p < 0.01.
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1-3-7. siALK-induced M-phase delay was rescued by inducible expression of exogenous
ALK

To further prove the involvement of ALK in M-phase progression, stable cells, capable of
expressing HA-tagged wild-type ALK (ALK-HA) in response to Dox treatment, were established
from SH-SYS5Y cells (SH-SYSY/ALK-HA). At first, the expression of endogenous ALK-HA and
total ALK were detected by Western blotting analysis (Fig. 12A, B). SH-SYS5Y cells were
transfected with siALK #3 targeting the 3’-UTR of ALK and incubated for 72 h, resulting in
knockdown of both endogenous and exogenous ALK. One group of siALK -transfected cells were
exposed to Dox to induce exogenous ALK expression. Whole-cell lysates were obtained and
analyzed with anti-HA, anti-ALK, and anti-Lamin B antibodies. ALK-HA was detected only in
Dox-treated cells while total ALK expression in Dox-treated cells was comparable to Dox-
negative siALK #3-treated cells (Fig. 12B, See 220 kDa band).

To determine the role of endogenous ALK in M-phase progression, SH-SYSY/ALK-HA
cells were transfected with siALK #3 and non-targeting siCtrl for 52 h. Cells were synchronized
with RO-3306 and released for 90 min (Fig. 12A, IF). Dox was exposed for 72 h in one group of
siALK #3-treated cells. Based on chromosome and microtubule morphologies, M-phase cells
were divided into two groups as described in the section 1-3-6. Compared to control cells ALK
knockdown caused an increase in the number of cells before anaphase onset (Fig. 12C). On the
contrary, re-expression of ALK-HA rescued the ALK knockdown-induced M-phase delay; cells
progressed to anaphase or later stages. This result further proves the notion that ALK is involved
in M-phase regulation. Although a decrease in the mitotic index was found by ALK knockdown,
the re-expression of ALK-HA was unable to rescue the decreased mitotic index (Fig. 12D). It was
speculated that ALK may also regulate mitotic entry through a different mechanism involving
different downstream signaling molecules. Moderate ALK re-expression may be unable to rescue
the target involved in regulating mitotic entry, in spite that re-expression rescued the knockdown-

induced M-phase delay. Further investigations are required to prove this phenomenon.
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Figure 12. Inducible expression of endogenous ALK rescues the M-phase delay. SH-
SYS5Y/ALK-HA cells were transfected with 20 pmol of siALK #3 and non-targeting siCtrl
using Lipofectamine 2000 and were simultaneously treated with 5 pg/mL Dox. (A) Schematic
representation of the experimental protocol. (B) Whole-cell lysates were prepared after 72 h of
transfection and analyzed by Western blotting with anti-HA, anti-ALK, and anti-Lamin B
antibodies. (C and D) After 52 h of transfection cells were synchronized with 4 uM RO-3306.
M-phase cells were classified into two groups: before and after anaphase onset. Percentages of
cells (n > 193 in each experiment) and mitotic indices (n > 413 in each experiment) are plotted
as mean + SD, calculated from three independent experiments. The Tukey—Kramer multiple
comparison test was used to calculate p values. **p < 0.01.
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1-3-8. Detection of c-Met expression in several cell lines

The mesenchymal-epithelial transition factor, c-Met tyrosine kinase is a hepatocyte
growth factor receptor and participates in tumorigenesis and malignant progression. c-Met is
synthesized as a precursor (pro-Met) and matures through proteolytic cleavage. The mature c-Met
is a heterodimeric receptor composed of an extracellular o subunit (50 kDa), which is linked via
a disulfide bond to the transmembrane 3 subunit (145 kDa) [56]. c-MET is one of the prominent
targets of crizotinib [57,58]. Crizotinib can bind to the ATP-binding pocket of both ALK and c-
Met and inhibit both RTKs. To evaluate that crizotinib inhibited another RTK other than ALK in
SH-SYS5Y cells, c-Met expression was examined in SH-SY5Y together with HeLa S3, IME-32,
and MCF7 cells. Whole-cell lysates were obtained from these cells and subjected to Western
blotting using anti-c-Met and anti-Actin antibodies (Fig. 13). c-Met expression is observed in
HeLa S3 cells but not in other cell lines. This result is inconsistent with another study showing
that c-Met is expressed in HeLa S3 cells and leads to oncogenicity in this cell line [59]. One study
reports that, HGF/c-Met signaling promotes the progression of neuroblastoma [60]. However,
SH-SYS5Y cells did not express c-Met. This result suggests that the target of crizotinib in SH-
SYS5Y cells is not c-Met and could be solely ALK.
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Figure 13. c-Met expression is examined in cancer cells. HeLa S3, SH-SY5Y, IME-32 and
MCF7 cells were seeded in a 35-mm dish. The whole-cell lysate was prepared using an SDS-
sample buffer. SDS-PAGE was performed using 9% gel. Anti-c-Met antibody was used to
detect total c-Met. Actin was detected as the loading control.
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1-3-9. Crizotinib delays M-phase progression in HeLa S3 cells

To evaluate whether inhibition of c-Met affected M-phase progression, HelLa S3 cells
were treated with crizotinib. Cells were seeded in a 35-mm dish and synchronized with RO-3306
for 20 h. After release form the RO-3306 treatment, cells were incubated with fresh medium
containing DMSO (solvent control) or crizotinib for 1 h at 37°C (Fig. 14A). The cells were fixed
using 4% HCHO, permeabilized with PBS containing 3% BSA and 0.1% saponin and stained for
o-tubulin and DNA using anti-a—tubulin antibody and Hoechst 33342, respectively. M-phase
cells were divided into 4 groups and the percentage of cells in each group was calculated (Fig.
14B). In control cells, around 55% of cells were progressed to cytokinesis after 1 h of release
from RO-3306 arrest (Fig. 14B, DMSO). On the other hand, crizotinib-treatment largely delayed
M-phase progression approximately 66% of cells remained in prophase/prometaphase (P/PM).
This result raises the possibility that c-Met may have a role in the regulation of the M-phase
progression. The mitotic index indicating the percentage of total mitotic cells showed no

significant changes upon crizotinib-treatment (Fig. 14C).
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Figure 14. Crizotinib delays M-phase progression in HeLa S3 cells. HeLa S3 cells were
seeded in a 35-mm dish on a cover slip and incubated for 24 h. Cells were treated with 6 uM
RO-3306 for 20 h. Then cells were released from RO-arrest through washing with PBS (+) 4
times on 37°C and incubated with DMEM containing DMSO or 1 uM crizotinib for 1 h. (A)
Schematic representation of experimental protocol. (B and C) Cells were fixed using 4%
HCHO, permeabilized with PBA containing 3% BSA and 0.1% saponin. and stained with anti-
a-tubulin and Hoechst 33342. Based on chromosome and microtubule morphological, M-phase
cells were divided into four groups: prophase/prometaphase (P/PM), metaphase (M),
anaphase/telophase (A/T) and cytokinesis (cyto). The percentage of cells of each group (n >
253 in each experiment) and mitotic index (n > 476 in each experiment) are plotted as the mean
+ SD, calculated from three independent experiments. The Tukey—Kramer multiple comparison

test was used to calculate p values. **p < 0.01; NS, non-significant.
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1-3-10. Knockdown of c-Met by siRNA showed inconsistent effects on M phase

To confirm the role of c-Met on the M phase, specific knockdown of c-Met is required.
Three different siRNAs (siMet, #1, #2 and #3) targeting different regions of c-Met were used to
knockdown c-Met. The optimum concentration of siMet (5, 10 and 20 pmol) and transfection
time (24, 48 and 72 h) were evaluated, and an efficient knockdown was observed using 20 pmol
of siMet for 48 h. After 48 h incubation whole-cell lysates were obtained and subjected to Western
blotting using anti-c-Met and anti-Actin (loading control) antibodies (Fig. 15A, B). Compared to
siCtrl all three siMet significantly suppress c-Met expression.

M-phase progression of HeLa S3 cells was examined after c-Met knockdown by using all
three siMet. Cells were seeded in a 24-well dish with coverslip, transfected with 20 pmol siMet
and incubated for 28 h Then, the cells were treated with RO-3306 for 20 h. After release from RO
arrest, cells were incubated in fresh medium for 1 h. Cells were then fixed and stained as described
in the section 1-3-9. M-phase cells were classified into two groups: before and after anaphase
onset (Fig. 15C). The bar graph showed that 58% of control cells were progressed to anaphase,
telophase or cytokinesis. On the contrary, siMet #2 delayed M-phase progression as a significant
percentage of cells failed in anaphase onset and remained in prophase, prometaphase or
metaphase. However, cells treated with siMet #1 and #3 did not exhibit M-phase delay; of siMet
#1-treated cells were progressed to anaphase or later phases. siMet #3-treated cells did not show
any significant changes compared to siCtrl. Form these results the effect of c-Met knockdown on
M-phase progression could not be concluded. Moreover, a vast difference in the mitotic index
was observed among siMets-treated cells (Fig. 15D). siMet #2 and #3-treated cells showed a
significant reduction in the mitotic index compared to control cells. A high number of dead cells
were observed in siMet #2 and #3-treated cells (data not shown). Therefore, it can be speculated
that siMet #2 and #3 may cause DNA damage, leading to mitotic cell death. Some studies reported
that c-Met is required for G1/S phase transition and also regulates the G2/M phase progression
through ERK1/2-dependent activation of key mitotic regulators including CDK1, PLK1, and
Aurora A and B [61]. However, based on the present finding the role of c-Met in the M phase

remained undermined.
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Figure 15. Effect of c-Met knockdown on M phase. HeLa S3 cells were seeded in a 24-well
dish. Using Lipofectamine 2000, cells were transfected with 20 pmol of c-Met-targeting
siRNAs (siMet #1, #2, and #3) or nontargeting siCtrl. (A) Schematic representation of
experimental protocol. (B) At 48 h after transfection, whole-cell lysates were prepared and
analyzed by Western blotting using anti-c-Met and anti-Actin (loading control) antibodies. (C
and D) HeLa S3 cells were transfected with siMet, incubated for 28 h and then treated with 6
puM RO-3306 for 20 h. Cells were released for 1 h in fresh medium. Cells were stained with
anti-a-tubulin antibody and Hoechst 33342. Based on microtubule and chromosome
morphologies, M-phase cells were classified into two groups: before and after anaphase onset.
Percentages of cells (n > 247 in each experiment) and mitotic indices (n > 507 in each
experiment) are plotted as mean + SD, calculated from three independent experiments. The
Tukey—Kramer multiple comparison test was used to calculate p values. **p < 0.01.
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1-4. Discussion

The effect of ALK inhibition was assessed using three different inhibitors and siRNAs.
These inhibitors are the ATP competitive inhibitors of ALK having different efficacy. All three
inhibitors crizotinib, ceritinib, and TAE684 caused a delay in the early M phase through affecting
chromosome alignment in the metaphase. Suppression of the auto-phosphorylation of ALK
suggests the possibility of the involvement of ALK kinase activity in M-phase delay. To exclude
the involvement of the off-target effect of inhibitors, specific siRNAs targeting ALK were used
to knockdown ALK. The knockdown of ALK also caused a similar delay in the M phase. Rescue
from siALK-induced M-phase delay was achieved through inducible expression of exogenous
ALK. These results confirm that ALK has a role in regulating the M phase, mainly chromosome
alignment in the early M phase.

Full-length ALK expression was found in 92% of primary neuroblastoma [5]. SH-SY5Y
harboring F1174L mutation showed high sensitivity against ALK inhibitors. Through WST-8
assay, suppression of proliferation of SH-SY5Y cells was observed upon inhibitor treatment (Fig.
7). Previously, it was reported that shRNA-mediated ALK knockdown causes a reduction in cell
growth and viability [16]. It had been also reported that ALK inhibitors including TAE684
resulted in a 3-12 fold increase in the percentage of apoptotic cells after 24 h in SH-SY5Y cells
[16]. The activation of the apoptotic pathway has not been broadly described yet. To determine
the involvement of M-phase defect on suppression of cell proliferation, ICsy concentrations of the
inhibitors were estimated. SH-SYSY cells showed high sensitivity to TAE684 compared to
crizotinib and ceritinib as the ICsy value of crizotinib was much higher in this cell line (Fig. 7).
When cells were treated with inhibitors at around 1Cso concentrations, delay in the M phase was
observed only after 1 h of treatment (Fig. 8B). This result suggests that delay in the M phase
contributes to the suppression of cell proliferation.

ALK shares structural and sequence homology of the catalytic domain and ATP-binding
site with other RTKs such as c-Met, ROS1, IGFIR etc. Therefore, ALK targeted inhibitors
showed off-target effects. For example, crizotinib can inhibit c-Met and ROS1 [4], while ceritinib
targets IGF1R and ROS1[4] in addition to ALK. The targets of inhibitors largely depend on the
abundancy of expression of RTK in a particular cell line. The expression of c-Met was examined
in several cell lines including SH-SYSY (Fig. 13); no expression of c-Met was observed in any
cell lines other than HelLa S3. This finding was supported by another study that showed that
expression of the c-Met protein was undetectable in SH-SYSY cells [60]. Thus, c-Met can not be
the target of crizotinib in SH-SY5Y cells. To eliminate the off-target effects of inhibitors siRNAs
were used to knockdown ALK. More than one siALK targeting different sites of ALK were used
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in this study. The knockdown of ALK caused delay in the early M phase (Figs. 11C and 12C)
similar to ALK inhibitors. This finding proves that ALK has a regulatory role in M phase.

Similar to other RTKs, ALK regulates various cellular processes via activating several
downstream pathways that depend on the tyrosine phosphorylation of the kinase domain of ALK
[62,63]. The three most important phosphorylation sites in the kinase domain are Tyr1278,
Tyr1282, and Tyr1283. Another important phosphorylation site, tyrosine-1507 is located in the
c-terminal tail of ALK. This phosphorylation depends on the ALK kinase activity and is critical
for the association of the adapter protein Shc [64]. ALK inhibitors at around ICso concentration
suppressed phosphorylation of Y1507 (Fig. 10). Therefore, it can be assumed that ALK kinase
activity might be responsible for the role in M-phase regulation.

Though the MAPK pathway triggered by ALK regulates cell proliferation by activating
several regulatory transcription factors, signaling cascade in M-phase regulation mediated by
ALK is yet to be revealed. A previous study reported the involvement of the MEK/ERK/RSK
pathway in regulating M-phase progression [65]. Moreover, B-Raf an upstream signaling
molecule of MEK/ERK is involved in spindle formation and regulation of mitotic checkpoints
[66]. Therefore, it can be assumed that the MAPK pathway may be involved in ALK-mediated
M-phase regulation.

One striking feature of full-length human ALK is the cleavage in the extracellular domain.
ALK is cleaved possibly through proteolysis, resulting in 140 kDa truncated ALK which remains
in membrane-bound form while the smaller fragment of ALK is shed into the extracellular space
[4]. Such cleavage phenomenon has been reported to be frequently found in neuroblastoma (NB)
cell lines and tissues [16,53,67]. One study reported that 140 kDa isoform of ALK is prominently
expressed and highly phosphorylated in tumors showing poor-prognosis [68]. In this study, both
220 and 140 kDa ALK were detected by anti-ALK and anti-phospho-ALK antibodies in NB cell
lines (Fig. 6A). It was speculated that siRNAs completely suppress both 220 and 140 kDa ALK
in SH-SYS5Y cells, though suppression of 140 kDa ALK was not clear due to the presence of
overlapping non-specific band (Figs. 6C and 11B). Exogenous expression of full-length ALK-
HA resulted in the expression of both 220 and 140 kDa ALK and rescued ALK knockdown-
induced M-phase delay (Fig. 12B, C). It can be proposed that both forms of ALK are involved in
M-phase regulation. Given that ALK has a role in M-phase regulation in its kinase activity-
dependent manner, ALK has to be activated. The full-length ALK is activated by binding its
ligands, such as pleiotrophin, midkine, augmentor-3, and augmentor-o.. Likewise, 140 kDa ALK
fragment also contains ligand-binding domain and is activated by ligand binding. However, it is
hard to assume that ALK requires ligand binding for every M-phase progression. It is of note that
140 kDa ALK is reportedly constitutively active [69]. If 140 kDa ALK fragment actually remains

in constitutively active form, 140 kDa ALK may play a role in M-phase progression in its ligand-

41



independent manner. If full-length ALK plays a role in M-phase regulation, how ALK is activated
in M phase has to be resolved.

Although the mitotic index did not change in inhibitor-treated cells (Fig. 8C), a significant
reduction in mitotic index was observed in siALK-treated cells (Figs. 11D and 12D). Several
possible effects of ALK downregulation may lead to a reduction in the mitotic index, such as the
impairment of the G, to M phase transition, an increase in premature mitotic exit, and extended
duration of cell cycle due to defect in cell cycle regulatory proteins. A previous study suggests
that the inhibition of ALK can arrest the G1 phase of the cell cycle by altering the expression of
genes involved in G1 to S phase transition [55]. ALK inhibition potentially suppresses expression
of Cyclin D1, D3, and E2F1 and up-regulates the expression of the p27 [55]. Also, proteins
involved in mitotic entry could be dysregulated at transcriptional and translational levels due to
ALK knockdown by siALKs for long period. Therefore, ALK knockdown-caused decrease in the
mitotic index might be a result of either prolongation of the cell cycle or defect in the mitotic
entry. We speculate that a very short exposure to ALK inhibitors can not affect such proteins in
transcriptional levels, resulting in no effect on the mitotic index.

In the investigation of the mechanism of M-phase delay caused by ALK downregulation,
defect in chromosome alignment was observed (Fig. 9A, B). The alignment of chromosomes at
the cell equator during metaphase ensures proper chromosome segregation, which is an important
regulatory event. Based on the above results, it can be concluded that inhibition of ALK causes
delay in the early the M phase, leading to the suppression of cell proliferation. The graphical

presentation of the summary is shown in the following Figure 16.
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Figure 16. Summary of chapter 1. Inhibition of full-length ALK either by inhibitors or
siALKs in SH-SYS5Y cells causes delay in the early M phase. Specifically, chromosome
alignment was failed. This phenomenon leads to the suppression of cell proliferation, which is
a novel mechanism for ALK inhibition-mediated suppression of cell proliferation.
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Chapter 2: Delays in the early M phase and anaphase onset are
accompanied by SAC activation

2-1. Introduction

M phase is a highly complex event regulated by different kinases and phosphatases to
ensure proper chromosome segregation and maintain the genetic fidelity. In the present study it
was found that inhibition of ALK delays M-phase progression. Moreover, inhibition of ALK
caused misalignment of chromosomes in metaphase. Chromosome misalignment can occur due
to various reasons such as defects in spindle formation, chromosome congression error, and defect
in kinetochore microtubule attachment [70,71]. Furthermore, defect in chromosome alignment
and/or spindle formation can trigger the spindle assembly checkpoint (SAC) activation. To
understand the mechanism beyond the ALK-inhibition induced delay in the early M phase, M-
phase progression was observed precisely by time-lapse imaging and involvement of SAC was
evaluated in this chapter.

The SAC also known as the mitotic checkpoint is the regulatory signal that ensures
accurate chromosome segregation between the two daughter cells and thereby maintains the
mitotic fidelity [72]. The SAC can prevent chromosome mis-segregation and aneuploidy that is
implicated in tumorigenesis. Proper chromosome segregation depends on the successful
attachment of chromosomes on its sister kinetochores to microtubules emanated from two
opposite poles [73]. The plus end of the microtubules binds to kinetochore through the KMN
protein network (consist of Knl1/Mis12/Ndc80 protein complex), a crucial constituent of the outer
kinetochore [72,74]. Only when sister kinetochores are attached to the microtubules from
opposite poles of the spindle and become bi-oriented, sister-chromatids can be accurately

segregated to daughter cells at anaphase (Fig. 17A).

Chromatids

\ Spindle microtubule

/ Centrosome

Kinetochore

Figure 17. Different forms of attachment between kinetochore and microtubules.
Kinetochore and microtubule attachment can occur in different ways depending on several
factors. The correct attachment is considered when both sister kinetochores bind microtubules
from both poles (A). However, when both sister kinetochores bind microtubules emanated from
the same spindle pole (B) or only one kinetochore binds microtubules and the other remains

unbound (C), these attachments are considered as an improper attachment.
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However, the position of the chromosome within the cell and the relative geometry of the
sister-kinetochores relative to the microtubules at the onset of the prometaphase can contribute to
the mis-attachment of the kinetochore and the microtubule [75]. Such mis-attachments include
the binding of one kinetochore to the microtubules from one spindle pole while its sister is
unattached or both sister kinetochores are attached to the microtubules from the same spindle pole
[76] (Fig. 17B, C). Incorrect attachment can cause unbalanced tension, the error of the
chromosome alignment and lagging chromosome during the anaphase.

The key signal for SAC activation is the presence of unattached or improperly attached
kinetochores, which produces an inhibitory signal to prevent the onset of the anaphase. The SAC
senses the occupancy of the microtubules at the surface of the kinetochores and the inter-
kinetochore tension when the sister-kinetochores are linked to opposite spindle poles [77]. A
single unattached kinetochore is capable of activating the SAC signaling cascade and sustaining
a mitotic arrest [78]. This signal triggers the formation of the mitotic checkpoint complex (MCC),
which is comprised of highly conserved proteins, such as the mitotic arrest defect 2 (MAD?2), the
budding uninhibited by benzimidazole related 1 (BubR1), Bub3, and cell division cycle 20
(Cdc20) [79] (Fig. 18).

Unattached kinetochore

Figure 18. Formation of the MCC complex in response to the signal from an unattached
kinetochore. In response to the SAC-on signal, MCC complex, which consists of ¢c-Mad2,
BubR1, Bub3 and Cdc20, is formed. All of these SAC components are recruited to the
unattached kinetochore in a sequentially.

All checkpoint proteins localize dynamically to unattached kinetochores. The Knll
protein act as a receptor for the Bub3-Bub1-BubR1 complex as the monopolar spindle 1 (Mps1)
phosphorylates the MELT (Met—Glu—Leu—Thr) repeat in Knll [80]. Both the Bub1 and BubR1
contain a short motif that plays a role in the localization of Cdc20. Moreover, a complex of Mad1-
C-Mad2 acts as a scaffold bound to kinetochore catalyzes conformational conversion of Mad2

protein from the open form (O-Mad2) to closed form (C-Mad2) [81,82]. The direct interaction

44



between Bub1 and Mad1 has also been reported [83]. Mad2 induces conformational changes of
Cdc20 and allow it to bind with the N terminus of BubR1 bound to Bub3 to generate the MCC
complex[84].

When MCC is formed, Cdc20 which serves as a co-activator of APC/C, is unable to
activate APC/C, resulting in inhibition of anaphase onset [85]. Inhibition of APC/C leads to
inhibition of ubiquitination of both securin and cyclin B1. Therefore, separase remains bound
with securin in an inactive form and is unable to cut cohesion connecting two sister chromatids.
As a result, the sister chromatids separation is failed. Once all chromosomes align at the equator
with proper attachment of the kinetochores to the microtubules, SAC becomes silenced and MCC
is disassembled [86]. The active APC/C catalyzes the ubiquitination of cyclin B1 and securin [87].
Degradation of securin, an inhibitor of the protease separase, leads to cohesin proteolysis, sister-
chromatid separation, and progression to anaphase. Degradation of cyclin Bl results in the
inactivation of the CDK 1, leading to the dephosphorylation of proteins that are phosphorylated at
the mitotic entry. This is required for the exit from M phase. In the Chapter 1, ALK inhibition
caused defect in chromosome alignment, which is enough to activate SAC and delay the anaphase
onset. In this Chapter 2, to explore the mechanisms underlying ALK inhibitor-caused M-phase
delay, M-phase progression was observed precisely by time-lapse imaging, and effects of

inhibition of SAC components on this M-phase delay was investigated.
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Figure 19. The Spindle assembly checkpoint halts M-phase progression until all

chromosomes are bound to the microtubules. Unattached kinetochore triggers MCC
formation, which inhibits the ubiquitin ligase APC/C. As a result, separase cannot be released
from securin and remains in an inactive form. Consequently, cohesin degradation by separase
is halted and sister chromatids are not separated. This phenomenon leads to delay in the
anaphase onset.
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2-2. Materials and methods

2-2-1. Cell culture

Cell culture was performed as described in Chapter 1, Section 1-2-1.

2-2-2. Chemicals
AZ3146, an Mpsl1 inhibitor was purchased from Adooq Bioscience (Irvine, CA, USA)
and dissolved in DMSO (Nacalai Tesque, Kyoto, Japan).

2-2-3. siRNA transfection

siMAD2 (Hs01 00042213, 5’-GUUGGAAGUUUCUUGUUCATT-3") was purchased
from MilliporeSigma (Burlington, MA, USA). To knockdown MAD2, 20 pmol of siMAD2 was
transfected into SH-SYSY cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).

2-2-4. Synchronization of cells using RO-3306
SH-SYS5Y cells were synchronized as described in Chapter 1, Section 1-2-5.

2-2-5. Time-lapse imaging

Time-lapse imaging was performed in both crizotinib- and siALK-treated conditions. SH-
SYSY cells were seeded in 24-well plates, and the cell cycle was synchronized with 4 pM RO-
3306 for 20 h. After cells were washed with pre-warmed PBS (+) four times at 37°C on a water
bath, cells were immediately cultured with DMEM containing 1 uM crizotinib or DMSO. Hoechst
33342 was also added to the cultures and the cells in 24-well plates were then set in the live cell
chamber of an Operetta imaging system (Perkin Elmer, Waltham, MA, USA), which was
maintained at 37°C under 5% CO, atmosphere. The live-cell images of brightfield and
fluorescence of Hoechst 33342 were captured every 3 min for 5 h. Likewise, SH-SYSY cells were
seeded in 24-well plates and transfected with 20 pmol of siCtrl and siALK #1 using Lipofectamine
2000. Cells were then synchronized with RO-3306 as mentioned above. Immediately after release
from RO-3306, cells were cultured in pre-warmed DMEM containing 5% FBS and 0.1 uM
Hoechst 33342 and live-cell images were obtained.

The duration of each phase was measured by observing individual cells until the end of
the imaging. The duration of prophase/prometaphase was defined as from mitotic entry
(chromosomes condensation/cell round up) to the timing just before metaphase (chromosomes
alignment at the cell equator). The time from chromosomes alignment to the beginning of their
separation and from chromosomes separation to cleavage furrow completion were defined as

metaphase and anaphase/telophase, respectively.
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The bar graph was prepared to show the duration of each phase of each individual cell
from mitotic entry to furrow completion. A line graph was prepared to clearly understand the
percentage of cells remained in each phase at a specific time. Captured images were processed
using the ImagelJ (National Institutes of Health, Bethesda, MD, USA), Adobe Illustrator CC (San
Jose, CA, USA) software.

2-2-6. Immunofluorescence microscopy

Immunofluorescence microscopy was performed as described in Chapter 1, Section 1-2-7.

2-2-7. Statistics

Statistical analysis was performed as described in Chapter 1, Section 1-2-11. For analysis
among more than three independent groups, the Bartlett test was used to determine the
homogeneity of variance. For groups with equal variance, data were analyzed by one-way analysis
of variance (ANOVA) and then by the Tukey—Kramer multiple comparisons test. A p value lower

than 0.05 was considered as significant.
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2-3. Results

2-3-1. Crizotinib treatment prolongs prophase/prometaphase and metaphase due to defect
in chromosome alignment

To clarify the mechanisms for the ALK inhibitor-induced M-phase delay, time-lapse
imaging was performed. SH-SY5Y cells were seeded in a 24-well dish without coverslip to
monitor live cell images. Cells were then treated with 4 uM RO-3306 for 20 h to synchronize in
the G2/M phase border. Immediately after release from RO-3306, fresh DMEM containing
DMSO or crizotinib was added to the cells. Also, Hoechst 33342 was added to the cells to observe
chromosome movement. Live-cell images were observed every 3 min for 5 h using an Operetta
imaging system. The M phase was divided into three stages: prophase/prometaphase (P/PM),
metaphase (M), and anaphase/telophase (A/T), which are indicated by green, red and blue colors,
respectively. Representative images of cells treated with DMSO or crizotinib are shown in Figure
20A. It took the DMSO-treated cell 60 min to complete the M phase (from mitotic entry to
cleavage furrow completion) while the duration of both P/PM and M were 18 min, and that of
A/T was 24 min. On the other hand, crizotinib-treated cells failed to complete the M phase and
showed a prolonged P/PM and M until 5 h of observation time. It took this crizotinib-treated cell
60 min to complete chromosome alignment, During the rest of the time, most chromosomes were
partly aligned; however, few chromosomes unaligned. Moreover, chromosomes scattering and
alignment were fluctuated within a very short time. Through the observation of the morphology
of chromosomes in brightfield and fluorescence images, it can be said that the spindle was
misoriented during prolonged metaphase.

The duration of each subphase of the individual cell was determined through observation
of chromosome morphology and cell shape as described in the materials and methods section 2-
2-5. The bar graphs were plotted as the duration of subphases over time (Fig. 20 B). Moreover,
cells showing abnormal M-phase characteristics, such as misalignment of chromosomes,
misorientation of the spindle, and cell death during mitosis were indicated in the graphs. Almost
all (36/37 cells) control cells (DMSO) completed the M phase, and the average duration was 60
min. The average duration of P/PM and M were 31 and 26 min, respectively. In contrast, 31% of
crizotinib-treated cells failed to complete the M phase due to prolonged P/PM and M, while few
cells were dead. On average, P/PM and M were 74 and 83 min, respectively. Additionally,
abnormal M-phase characteristics, including misoriented spindle (23/39 cells) and misaligned
chromosomes (20/39 cells), were frequently observed in crizotinib-treated cells. These results
suggest that crizotinib caused prolongation of the early M phase through chromosome

misalignment and spindle misorientation.
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Figure 20. Delay in prophase/prometaphase and metaphase is observed in crizotinib-
treated cells. SH-SYSY cells were seeded in a 24-well dish and incubated for 24 h. Then cells
were treated with 4 uM RO-3306 for 20 h. After release, DMEM containing DMSO or 1 uM
crizotinib was added together with 0.1 uM Hoechst 33342. The dish was then immediately set
in the live cell chamber of the Operetta imaging system. Live-cell images were observed every
3 min for 5 h. (A) Representative images of solvent control (DMSO) and crizotinib-treated cells
are shown. Scale bar = 10 um. Different subphases were indicated as follows: P/PM-green, M-
red and A/T-blue (B) Durations of prophase and prometaphase (P/PM), metaphase (M), and
anaphase and telophase (A/T) in 37 control and 39 crizotinib-treated cells are shown in the

graph. Cells exhibiting misoriented spindle (closed circle), misaligned chromosomes (open
circle), and cell death (asterisk) are indicated.
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2-3-2. ALK knockdown prolongs M phase

To precisely understand the mechanism for the ALK knockdown-induced M-phase delay,
time-lapse imaging was performed. SH-SYSY cells were transfected with 20 pmol of siALK #1
or nontargeting siCtrl using Lipofectamine 2000. After 52 h cells were treated with 4 uM RO-
3306. After release, cells were cultured in DMEM containing 5% FBS and Hoechst 33342 and
then observed in the Operetta imaging system every 3 min for 5 h. Representative brightfield
images of cells were shown in Figure 21A. The siCtrl-treated cells completed the M phase in only
63 min whereas it took the siALK #1-treated cells 135 min. Cell morphology observed in the
brightfield images showed that the duration of prophase/prometaphase and metaphase was
prolonged in siALK #1-treated cells.

The duration of each subphase of individual cells was monitored based on chromosome
morphology as described in the Materials and Methods. The M phase was divided into three stages,
as described in 2-3-1. Moreover, abnormal M-phase characteristics were monitored and indicated
similarly to Figure 20B. The duration of each subphase was plotted in the bar graph (Fig. 21B).
This graph clearly shows that it took ALK knockdown cells a longer time to complete the M phase
compared to control cells. On average the duration from mitotic entry to furrow completion in
control cells was 60 min, while those of P/PM and M were average 29 and 23 min, respectively.
On the other hand, the average duration of P/PM and M in siALK-transfected cells was far more
prolonged compared to control cells. It took these cells an average of 63 and 40 min to complete
P/PM and M, respectively. The abnormal M-phase characteristics were more prominent in ALK
knockdown cells exhibiting misalignment of chromosomes (9/31 cells) and misorientation of the
spindle (14/31 cells). A fraction of ALK knockdown cells (16%) failed to complete the M phase
until the observation time.

The line graph (Fig. 21C) was prepared based on the bar graph and shows the percentage
of cells in each phase to clearly understand the progression of cells through the M phase. The
black dot line indicates the percentage of M-phase cells. In siCtrl-treated cells, each line graph
possesses a peak and declined to zero, indicating that cells entered each subphase after a particular
time and all cells completed M phase. Unlikely, the line graph for ALK-knockdown cells shows
that the red line (metaphase) starts at 30 min and possesses a lower peak, indicating prolongation
of P/PM compared to control cells. Moreover, as few siALK-treated cells failed to complete the

M phase, the line graph representing P/PM and M don't decline to zero.
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Figure 21. Prophase/prometaphase and metaphase are delayed in ALK-knockdown cells.
SH-SYS5Y cells were seeded in 24-well plate without cover glass and transfected with 20 pmol
of ALK-targeting siRNA (siALK #1) or nontargeting siCtrl using Lipofectamine 2000. After
52 h, cells were treated with 4 uM RO-3306 to synchronize cells at the G2/M border. After
release from the RO-3306 treatment, fresh DMEM containing Hoechst 33342 was added to the
cells and the dish was immediately set in the live cell chamber. Time-lapse imaging was
performed every 3 min for 5 h. (A) Representative brightfield images of cells transfected with
siCtrl or siALK are shown. Scale bar = 10 um. (B) The bar graph shows durations of prophase
and prometaphase (P/PM, green), metaphase (M, red), and anaphase and telophase (A/T, blue)
for 30 and 31 individual cells treated with siCtrl and siALK, respectively. Cells showing
misoriented spindle, misaligned chromosomes and dead cells are indicated by a closed circle,
open circle and asterisk, respectively. (C) Percentages of total mitotic cells (black), and cells in
P/PM (green), M (red), and A/T (blue) are shown in a line graph.
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2-3-3. SAC activation accompanies the ALK inhibition-induced M-phase delay

SAC is activated by the signal triggered by the unattached kinetochore and can halt M-
phase progression in metaphase to ensure proper chromosome segregation. Inhibition of ALK
delayed progression in the early M phase and increased the number of cells exhibiting abnormal
M-phase characteristics, including a defect in chromosome alignment. Hence, to investigate
whether ALK inhibition was accompanied by SAC activation, the SAC component Mps1 kinase
was inhibited by the inhibitor AZ3146 together with crizotinib. SH-SY5Y cells were seeded in a
35-mm dish with cover glass and incubated for 24 h. Cells were then synchronized with RO-3306,
and after release from the RO-3306 treatment, cells were exposed to 0.5 uM crizotinib alone or
in combination with the AZ3146 for 45 min (Fig. 22A). Cells were fixed with 4% HCHO and
permeabilized by PBS containing 3% BSA and 0.1% saponin. Cells were then stained with anti-
a-tubulin antibody and Hoechst 33342 to observe microtubule and chromosome morphologies
under a fluorescence microscope (Fig. 22B). M phase was divided into four groups:
prophase/prometaphase (P/PM), metaphase (M), anaphase/telophase (A/T), and cytokinesis
(Cyto) (Fig. 22C). In the solvent control (DMSO), 38% of cells were progressed to cytokinesis
after 45-min release. Upon AZ3146 treatment, most of the cells progressed to cytokinesis,
indicating inhibition of SAC by AZ3146 treatment. Inhibition of ALK by crizotinib-treatment
caused accumulation of 52% of cells in P/PM, indicating delay in the early M phase. On the
contrary, simultaneous AZ3146-treatment with crizotinib decreased the accumulation of cells in
P/PM, and most of the cells were found to progress in cytokinesis. The mitotic index representing
the percentage of M-phase cells showed no significant changes among different groups, indicating
no effects on mitotic entry (Fig. 22D). These results suggest that SAC is activated in ALK
inhibitor-treated cells and participates in M-phase delay.
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Figure 22. SAC contributes to the crizotinib-induced M-phase delay. SH-SYS5Y cells were
seeded in a 35-mm dish and then treated with 4 pM RO-3306 for synchronization. After release
from RO-arrest, DMEM was added to the cells containing DMSO, 0.5 uM crizotinib, 4 uM
AZ3146, or a combination of both for 45 min. (A) Schematic representation of experimental
protocol. (B) Representative images of cells were captured using a 20x objective, indicating
the abundance of cells in P/PM on crizotinib treatment and in Cyto under AZ3146 treatment
and its combination with crizotinib. Scale bar = 20 um. (C) M-phase cells were classified into
four groups: prophase/prometaphase (P/PM), metaphase (M), anaphase/telophase (A/T), and
cytokinesis (Cyto). The graph shows the percentages of cells in subphases (n > 256 in each
experiment) as mean = SD, calculated from three independent experiments. (D) The percentage
of mitotic cells was plotted (n > 464 in each experiment) as mean + SD, calculated from three
independent experiments. P value was calculated by using the Tukey—Kramer multiple

comparison test. **p < 0.01; NS, non-significant.
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2-3-4. Knockdown of MAD2 confirms SAC activation in ALK inhibitor-treated cells
MAD?2 is another core component of SAC and plays a critical role in MCC complex
formation, which inhibits APC/C-cdc20 complex and thereby delays the anaphase onset. To
support the inference of SAC activation upon ALK inhibition, MAD2 was knocked down using
siRNA. In this experiment, SH-SY5Y cells were seeded in a 24-well plate with cover glass. Cells
were then transfected with 20 pmol of siMAD2 using Lipofectamine 2000, and after 28 h cells
were synchronized with RO-3306. During release from RO-3306 treatment, cells were treated
with crizotinib for 45 min (Fig. 23A). Immunofluorescence staining was performed and based on
microtubule and chromosome morphologies; M-phase cells were divided into four groups as
described in section 2-3-3. Consistent with previous result, 42 % of solvent control DMSO-treated
cells progressed to cytokinesis (Fig. 23B). Upon MAD2 knockdown, 62% of cells were
progressed to cytokinesis, indicating SAC inactivation in MAD2-knockdown cells. ALK
inhibition by crizotinib treatment showed a similar delay in the M phase. However, 48% of cells
progressed to cytokinesis after 45-min of treatment upon MAD2 knockdown in crizotinib-treated
cells, confirming that SAC is activated in crizotinib-treated cells. These observations suggest that
SAC participates in ALK inhibitor-induced delay in the onset of anaphase. The mitotic index
showed no change among the different groups (Fig. 23C), indicating crizotinib treatment alone or

in combination with MAD2 knockdown did not affect the mitotic entry.
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Figure 23. MAD2 knockdown rescues crizotinib-induced M-phase delay. SH-SY5Y cells
were seeded in a 24-well plate with cover glass. Cells were transfected with siMAD2 using
Lipofectamine 2000. RO-3306 was added to the cells to be synchronized. After release, cells
were treated with DMSO or 0.5 uM crizotinib separately or in MAD2 knockdown cells for 45-
min. (A) Schematic representation of experimental protocol. (B and C) Immunofluorescence
staining was performed with anti-o-tubulin antibody and Hoechst33342. Cells were observed
under a fluorescence microscope and M-phase cells were divided into four groups:
prophase/prometaphase (P/PM), metaphase (M), anaphase/telophase (A/T), and cytokinesis
(Cyto). The percentage of cells in each subphase (n > 240 in each experiment) and mitotic
indices (n > 470 in each experiment) are plotted. The mean + SD was calculated from three
independent experiments. The Tukey—Kramer multiple comparison test was used to calculate
p values. **p <0.01; NS, non-significant.
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2-4. Discussion

In this chapter, detailed investigation of the M phase after ALK inhibition revealed the
underlying mechanism of M-phase delay. An abnormality in chromosome alignment and spindle
orientation was mainly observed upon ALK inhibition in cells exhibiting M-phase delay before
anaphase onset. Such abnormalities trigger SAC activation that halts cells in metaphase,
contributing to the delay of anaphase onset.

Chromosome alignment at the cell equator and spindle orientation during metaphase are
two fundamental events required for proper cell division. Chromosome alignment ensures equal
segregation of chromosomes, and proper spindle positioning determines the cleavage plane and
size of the daughter cells. Both of these events also determine cell fates, since errors in these
processes lead to aneuploidy or polyploidy progeny of cells through asymmetrical chromosome
segregation. In this study, it was found that almost all crizotinib- and siALK #1-treated cells
exhibited either chromosome misalignment and/or spindle misorientation (Figs. 20B and 21B).
These cells either resolved such defects by taking a long time and progressed to anaphase or
continuously tried to align all chromosomes until 5 h of observation time. Although the fate of
these cells was not determined, it is assumed that those cells may be unable to resolve mitotic
errors and may face cell death.

Error in chromosome alignment triggers spindle misorientation by dysregulating cortical
localization of motor protein LGN, a component of dynein—dynactin complex regulating spindle
positioning [88,89]. Moreover, chromosome misalignment resulted in improper segregation of
chromosomes [90,91]. Increased levels of chromosome mis-segregation can cause cell death and
suppression of cell proliferation via inducing chromosomal instability (CIN) [92]. In ALK-
inhibited cells only 10% of cells were found to be dead (Figs. 20B and 21B). Therefore, it can
suggest that ALK-inhibition may induce CIN lower than the threshold level, giving rise to the
generation of genetic diversification without causing cell death. Broad genetic diversity can
generate resistance to inhibitors in cells treated with inhibitors for a long period [93].

The kinetochore of each chromatid plays a key role in the binding with microtubules
through the KMN network [94]. Defect in kinetochore-microtubule attachment and/or spindle
orientation can lead to SAC activation [95] that inhibits APC/C-cdc20 complex and inhibit
chromosome segregation. SAC is an important regulator of M phase that plays a key role in
ensuring proper chromosome segregation. Inhibition of SAC components causes premature
mitotic exit with chromosome mis-segregation. In ALK inhibitor-treated cells, misalignment of
chromosome and/or spindle misorientation triggered SAC activation that accompanies the M-
phase delay (Figs. 22C and 23B). Therefore, a combination of crizotinib with SAC inhibitor

caused premature mitotic exit, leading to higher CIN and generation of aneuploid cells. These
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cells may either become senescence or undergo apoptosis depending on the degree of DNA
damages.

From these observations, it can be summarized that ALK-induced delay in the early M
phase is achieved due to defects in the chromosome alignment and spindle misorientation. These
defects stimulate SAC activation. Active SAC signal inhibits anaphase onset and hence hinders
chromosome segregation. Therefore, ALK-inhibition induced M-phase delay is accompanied by
SAC, resulting in suppression of cell proliferation. The summary of this observation is illustrated

in the following Figure 24.
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Figure 24. Summary of chapter 2. Inhibition of ALK either by inhibitors or siRNA causes
defects in chromosome alignment and spindle misorientation. Such defects can lead to SAC
activation. The SAC inhibits progression from metaphase to anaphase. Therefore, SAC
activation is one of the mechanisms that participate in ALK inhibition-induced M-phase delay
and suppression of cell proliferation.
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Chapter 3: Inhibition of the EML4-ALK fusion protein causes delay in
the M phase

3-1. Introduction

The echinoderm microtubule-associated protein-like 4 (EML4) is a microtubule-
associated protein expressed in most cell types and is essential for cell proliferation and
survival [96,97]. EML4 is a member of the EML-family proteins and is localized at the
mitotic spindle [98]. EML4 exhibits a regulatory role in mitotic progression as it is
required for the organization of mitotic spindle and for the attachment of microtubule to
kinetochore [97,98]. The fusion between EML4 and ALK was the first identified ALK
fusion in the solid tumor, non-small-cell lung carcinoma (NSCLC). NSCLC is the most
common type of lung cancer cases, accounting for 85% of all cases [99]. Studies reported
that around 3-7% of lung tumors harbor an EML4-ALK fusion [32]. The EML4-ALK
oncoprotein has been also identified in several other types of cancer, such as breast and
colorectal cancer [100]. Both the EML4 and ALK genes are located in chromosome 2p.
The paracentric inversion of the short arm of chromosome 2 leads to the formation of the
EML4-ALK fusion oncoprotein [101] (Fig. 25).

EML4 gene ALK gene

Chromosome 2 _ -

Chromosomal
inversion

[ - EML4- ALK

fusion gene

NI ¢

EMLA4- ALK protein

Figure 25. Inversion of chromosome 2p generates EML4-ALK fusion protein. The
chromosomal inversion occurs at the short arm of chromosome 2, leading to the formation of
the EML4-ALK fusion protein.
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The breakpoint in the ALK gene lies near to the 5’ end of exon 20. Therefore, the
cytoplasmic domain containing the tyrosine kinase domain is only incorporated in EML4-ALK
fusion [102]. While the amino-terminal part of EML4 is incorporated in the fusion. The amino-
terminal coiled-coil domain of EML4 is responsible for the dimerization of the fusion proteins,
which is necessary for the transforming activity of EML4-ALK [15]. The breakpoints of the
EML4 gene are more variable. The alternative breakpoint of the EML4 gene results in multiple
EMLA4-ALK variants, while all variants contain the intracellular tyrosine kinase domain of ALK
encoded by exon 20. To date, at least 15 variants of EML4-ALK has been identified [18,101].
The localization and stability of these variants are different because of their slightly varying
structural differences. Different EML4-ALK variants exhibit different responses against ALK
inhibitors as they may have varying biological and clinical significance in NSCLC [103]. Similar
to NPM-ALK fusion oncoprotein, EML4-ALK remains constitutively active and drives
downstream signaling pathways such as Ras/ERK, PI3K/Akt and JAK/STAT pathways, resulting
in enhanced proliferation and reduced apoptosis of transformed cells.

In clinical, cell proliferation is suppressed by inhibition of EML4-ALK in the ALK fusion-
expressing NSCLC. The first patient-based study that was carried out in 2010 showed an
approximately 57% of response ratio to crizotinib, which is extremely high compared to the
second-line chemotherapy (docetaxel and pemetrexed) by which response ratio was below 10%
[35]. Despite these encouraging results, development of the resistance, which is due to the
activation of bypass pathways to growth signals, limits the effectiveness of these inhibitors. Lung
cancer H3122 and H2228 cells have been widely used in preclinical cancer research. Treatment
of these cells with the ALK inhibitors results in a potent suppression of Akt and Erkl/2
phosphorylation and induces cytotoxic or cytostatic responses [34]. Compared to H3122 cells,
H2228 cells show resistance against inhibitors. This is due to that ERK phosphorylation is
triggered by another receptor-type tyrosine kinase and is not suppressed by ALK inhibitors alone
[104]. Indeed, a combination of ALK inhibitor with Met inhibitor suppresses ERK
phosphorylation and suppresses cell proliferation, indicating that the MEK/ERK pathway, whose
activation is independent of ALK, is responsible for the proliferation of H2228 cells [104,105].

Like other chemotherapies, resistance to ALK inhibitors is developed in clinical. To
combat the resistance, to identify a novel mechanism underlying the inhibitor-caused suppression
of cell proliferation remains in high demand. In the Chapter 1 and 2, the effects on M-phase
progression was investigated in full-length ALK-expressing SH-SY5Y cells. However, whether
inhibition of EML4-ALK affected M-phase progression was unknown. In the Chapter 3, the effect
of EML4-ALK inhibition by TAE684, an ALK-specific inhibitor, on the M-phase progression

was analyzed in H2228 cells, as a model for drug-resistant cancer cells.
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3-2. Materials and methods

3-2-1. Cell culture

Non-small lung cancer H2228 cells were obtained from ATCC (American Type Culture
Collection, Manassas, VA, USA) and were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM). This culture media was enriched with HEPES-NaOH (20 mM, pH 7.4) and fetal bovine
serum (5% FBS) at 37°C in a 5% CO, atmosphere.

3-2-2. Antibodies

The following antibodies were used for the Western blotting analysis, as mentioned in
Chapter 1: rabbit monoclonal anti-ALK and anti-pALK Y1507 antibodies, and goat anti-Lamin
B antibody. Moreover, HRP-conjugated donkey anti-rabbit IgG (1:4000; 711-035-152) and

bovine anti-goat (1:4000; sc-2350) secondary antibodies were also used.

3-2-3. Western blotting analysis

Western blotting was performed as described in Chapter 1, Section 1-2-6.

3-2-4. Cell viability assay

Viability assay was performed using Cell Counting Kit-8 as described in Chapter 1,
Section 1-2-8. H2228 cells (1.2 x 10* cells per well) were seeded in 96-well plates and
subsequently cultured with crizotinib, ceritinib and TAE684 (0.001, 0.01, 0.1, 1, and 10 uM
conc.) for 3 days. As a solvent control, 0.1% of DMSO was used. The number of viable cells was

estimated based on the absorbance of reduced WST-8 at 450 nm.

3-2-5. Time-lapse imaging

H2228 cells were seeded in 24-well plates without cover glass and were incubated for 24
h. Cells were subsequently treated with DMEM containing DMSO or 0.7 uM TAE684. Hoechst
33342 was added to the cell to observe chromosome movement. The plate was placed in the live
cell chamber of an Operetta imaging system (as mentioned in Chapter 2, Section 2-2-5). The live-
cell images of the brightfield and the fluorescence of Hoechst 33342 were captured every 5 min
for 12 h. The duration of each phase was determined based on the method as described in Chapter
2, Section 2-2-5. Cell death during mitosis was recognized by DNA fragmentation or the blebbing
of the plasma membrane. The mitotic exit was morphologically judged by the re-attachment of

M-phase cells to the dish.
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3-3. Results

3-3-1. Determination of the ICsy values of inhibitors in H2228 cells

To determine the ICso values of ALK inhibitors in H2228 cells, WST-8 assay was
performed. Cells were seeded in 96-well plates (12,000 cells/well). Cells were treated with
crizotinib, ceritinib, and TAE684 in different concentrations. After 3 days of incubation, 10 uL
of WST-8 was added to each well and cells were incubated for 1 h at 37°C. The absorbance of
the reduced 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium monosodium salt was measured at 450 nm using a microplate reader. Data are plotted
as a ratio to solvent control calculated for each inhibitor. All three inhibitors decreased the
absorbance ratio in a concentration-dependent manner (Fig. 26). The ICso values were calculated
from three independent experiments as described in the Materials and methods section 1-2-8 and
showed as mean + SD. Among the three inhibitors, crizotinib has a higher ICso value, while
TAE684 has the lowest one. This result indicates that H2228 cells were very sensitive to TAE684

but may be relatively resistant to crizotinib.
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Figure 26. Inhibitors suppress the proliferation of H2228 cells. H2228 cells were seeded in
a 96-well plate (1.2 x 10* cells per well) and then treated with crizotinib, ceritinib and TAE684
at different concentrations (0.001, 0.01, 0.1, 1, and 10 pM). After 3 days of incubation, WST-
8 was added to the cells and absorbance was measured to determine viable cells. Relative values
of absorbance to solvent control (DMSO) are shown as mean = SD and calculated from three

independent experiments. The ICso value was calculated from three independent experiments.
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3-3-2. Inhibitors suppress the phosphorylation of EML4-ALK

To examine whether ALK inhibitors suppressed autophosphorylation of EML4-ALK,
H2228 cells were treated with three inhibitors for 1 h at around ICso concentrations. Cells were
lysed using SDS-sample buffer and denatured at 40°C for 20 min. The same amount of cell lysates
was subjected to SDS-PAGE using 7% gel. The components of the lysates were transferred onto
the PVDF membrane and sequentially exposed to anti-pALK, anti-ALK and anti-Lamin B
antibodies. Inhibitor treatment completely decreased EML4-ALK phosphorylation but not total

EMLA4-ALK protein levels (Fig. 27). This result suggests that ALK inhibitors suppress the auto-
phosphorylation of EML4-ALK.
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Figure 27. Inhibition of phosphorylation of EML4-ALK by inhibitors. H2228 cells were
seeded in 35 mm dish and incubated for 24 h. Then, cells were treated with DMSO, 8.2 uM
crizotinib, 1.4 uM ceritinib, and 0.7 uM TAE684 for 1h at 37°C. Whole-cell lysates were
obtained and analyzed by Western blotting using anti-pEML4-ALK, anti-EML4-ALK, and

anti-Lamin B (loading control) antibodies. pEML4-ALK and total EML4-ALK were detected
at around 90 kDa position.
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3-3-3. The M phase was prolonged due to EML4-ALK inhibition

To evaluate the effects of ALK inhibitors on the M phase, time-lapse imaging was
performed. M-phase progression of H2228 cells was examined without synchronization of the
cell cycle, as we were not able to synchronize the cell cycle of H2228 cells. Several approaches
for synchronization, such as the double thymidine block, STLC- and RO-3306-treatment were
applied. However, all these approaches failed to synchronize the desirable number of H2228 cells
for examining the M-phase progression. H2228 cells were seeded in a 24-well plate and then
treated with 0.7 uM TAE684 or DMSO as a solvent control. Hoechst 33342 was added to the
culture medium to monitor chromosome movement. Live-cell images were obtained at 5-min
intervals for 12 h using the Operetta imaging system. Representative brightfield images of cells
treated with DMSO or TAE684 were shown in Figure 28A. The solvent control cells (DMSO)
completed the M phase in 60 min. It took TAE-treated cells 50 and 225 min to complete P/PM
and M, respectively, which is far longer than control cells.

M-phase cells were divided into three groups: prophase/prometaphase (P/PM), metaphase
(M), and anaphase/telophase (A/T) based on the cell shape and chromosome morphology as
described in Chapter 2. Moreover, cell death during M phase or mitotic exit without chromosome
segregation was indicated by asterisk and hash. Bar graphs show the duration of each phase of
individual cells (Fig. 28B). DMSO-treated cells took 30 min to complete P/PM. On the other hand,
the duration of P/PM was prolonged to 130 min in TAE684-treated cells. Only 40% of TAE684-
treated cells completed the M phase and 37% of cells failed to exit the M phase until the end of
the analysis. Additionally, 13% and 10% of cells undergo mitotic cell death and prematurely exit
upon TAE684 treatment. These results suggest that ALK inhibitors cause M-phase delay in
H2228 cells possessing ALK fusion protein.
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Figure 28. Inhibitor treatment prolongs the duration of P/PM and M. Asynchronous
H2228 cells were treated with DMSO (solvent control) or 0.7 uM TAE684 and time-lapse
imaging was performed for 12 h. (A) Representative images of DMSO- and TAE684-treated
cells were shown at 10- and 25-min intervals, respectively. (B) Duration of P/PM (green), M
(red), and A/T (blue) in individual cells were indicated (DMSO and TAE684, n=30) together
with abnormal fates of cells (*, cell death; #, mitotic exit).
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3-4. Discussion

Various studies showed that H2228 cells are sensitive to the ALK inhibitors crizotinib,
ceritinib, alectinib, TAE684, and so on [104,106]. Some studies also reported that TAE684 can
deplete EML4-ALK phosphorylation as well as downstream AKT phosphorylation in H2228 cells
[32,34]. However, resistance against these drugs is frequently generated. One study screened
12,800 human ORFs and identified around 54 genes that confer resistance to crizotinib or TAE684
in H3122 cells, and half of these proteins can activate ERK or AKT pathways [107]. To overcome
such inevitable resistance against these inhibitors is highly challenging. In this respect,
understanding the novel molecular mechanisms underlying EML4-ALK-induced cell
proliferation is required to combat the disease. The present study showed that inhibition of EML4-
ALK affected M-phase progression through the extended duration of prophase/prometaphase and
metaphase, leading to failure in anaphase onset and completion of M phase (Fig. 28B). While
many cells remained in prophase/prometaphase and metaphase until 12 h of observation, few cells
were dead or prematurely exited. This result suggests that EML4-ALK has a regulatory role in M
phase and inhibition of this protein results in suppression of cell proliferation via a defect in the
M phase, which is a novel mechanism underlying EML4-ALK inhibition-induced suppression of
cell proliferation.

Inhibition of ALK and EML4-ALK showed similar effects on M-phase progression,
although their mode of activation and localization are different. Activation of full-length ALK
requires ligand-binding, whereas 140 kDa ALK and EML4-ALK reportedly remain in
constitutively active form. The EML4 fragment of EML4-ALK fusion takes part in the
dimerization and activation of this fusion protein. But the mechanism of ligand-independent
activation of 140 kDa ALK is still unclear. However, it can be speculated that ALK may not
require the ligand-binding for M-phase regulation. Although the different modes of activation,
EML4-ALK fusion can activate many downstream signaling pathways via directly binding with
the signaling molecules, both ALK and EML4-ALK trigger several common downstream
signaling pathways such as RassMEK/ERK, PI3K/Akt and regulate cell proliferation and survival.
In H2228 cells, EML4-ALK fusion can multimerize and trigger Ras/MEK/ERK activation via
recruitment of RAS through the Grb2 adapter protein as well as full-length ALK. Thus,
investigating a common signaling pathway trigger by all three different forms of ALK will
provide the insight into the mechanism of M-phase regulation.

From these observations, it can be concluded that EML4-ALK has a role in M-phase
regulation. Although the mechanism of TAE684-induced M-phase delay in H2228 cells is yet to

be investigated, considering that SAC activation is involved in M-phase delay upon inhibition of
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full-length ALK, I speculate that SAC might be involved in M-phase delay in H2228 cells. The

summary of this chapter is illustrated in Figure 29.
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Figure 29. Summary of chapter 3. Inhibition of EML4-ALK with ATP-competitive
inhibitors delays M-phase progression, mainly progression from prophase/ prometaphase
to metaphase. Such M-phase delay contributes to the suppression of cell proliferation

upon inhibitor treatment.

Continuous treatment with ALK inhibitors such as crizotinib or ceritinib causes focal
amplification of the KRAS gene in EML4-ALK-positive lung cancer [22]. A clinical study also
confirmed the focal amplification of KRAS in 3 out of 15 patients, resulting in acquired resistance
against ALK inhibitors. ALK inhibition causes a defect in chromosome alignment that leads to
abnormal chromosome segregation and may generate lower CIN that fails to induce cell death.
This raises the possibility that resistance could be developed through generating genetically
diverse cancer cells, including cancers having focal amplification of genes capable of driving
cancer cell proliferation. It is of note that higher chromosome mis-segregation causes CIN beyond
the threshold level and leads to cell death without causing genetic diversification. Based on the
outcomes of this study, novel polytherapy approaches could be proposed. A combination of ALK
inhibitors with agents that increase chromosome mis-segregation may provide higher therapeutic
efficacy by causing severe errors in chromosome segregation and induce cell death. Such agents
include microtubule-stabilizing drugs, inhibitors of mitotic kinases (PLKI1, Aurora kinase
inhibitors). Further studies are necessary to develop such effective polytherapy to combat highly

heterogeneous cancers.
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Conclusion

The present study reveals that inhibition of both ALK and EML4-ALK fusion causes
delays in the early M phase, which leads to suppression of cell proliferation. Such delay in the M
phase is achieved due to defect in chromosome alignment and/or spindle misorientation. These
abnormalities trigger activation of the mitotic checkpoint SAC, which delays anaphase onset.
Therefore, it can be concluded that ALK is a novel regulator of M phase and ALK inhibition-
induced defect in chromosome alignment is a novel mechanism of suppression of cell
proliferation.

The following illustration represents the overall outcome of this study.
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Supplemental information

The followings are the full-length blots of the Western blotting analyses
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Figure 11B
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Figure 27
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