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ARTICLE INFO ABSTRACT

Keywords: Crizotinib is used in the clinic for treating patients with ALK- or ROS1-positive non-small-cell lung carcinoma.
Crizotinib The objective of the present study was to determine if crizotinib enantiomers could induce changes to the
Morphology properties of cancer and cancer stem cell (CSC)-like cells at a high concentration (~ 3 pM). While (R)-crizotinib
éﬁifr induced changes in morphologies or sizes of cells, (S)-crizotinib did not. Pretreatment with (R)-crizotinib sup-
Enantiomer pressed the proliferation of cancer or CSC-like cells in vitro and tumor growth in vivo. In vivo administration of

(R)-crizotinib inhibited the growth of tumors formed from CSC-like cells by 72%. %. Along with the morpho-
logical changes induced by (R)-crizotinib, the expression levels of CD44 (NCI-H23 and HCT-15), ALDH1 (NCI-
H460), nanog (PC-3), and Oct-4A (CSC-like cells), which appear to be specific marker proteins, were greatly
changed, suggesting that changes in cellular properties accompanied the morphological changes in the cells. The
expression levels of Snail, Slug, and E-cadherin were also greatly altered by (R)-crizotinib. Among several signal
transduction molecules examined, AMPK phosphorylation appeared to be selectively inhibited by (R)-crizotinib.
BML-275 (an AMPK inhibitor) and AMPKa2 siRNA efficiently induced morphological changes to all types of cells
examined, suggesting that (R)-crizotinib might cause losses of characteristics of cancer or CSCs via inhibition of
AMPK. These results indicate that (R)-crizotinib might be an effective anticancer agent that can cause alteration
in cancer cell properties.

1. Introduction

Although many new therapies have been introduced, cancer is still a
leading cause of death. Crizotinib has been developed for treating pa-
tients with non-small-cell lung carcinoma (NSCLC). It works by inhib-
iting anaplastic lymphoma kinase (ALK) (Christensen et al., 2007) and
c-ros oncogene 1 (ROS1) (Bergethon et al., 2012). Recently, many
clinical studies are being conducted to determine additional activities of
crizotinib against various kinds of cancer, including prostate cancer,
large cell lung cancer, breast cancer, and neuroblastoma (more infor-
mation can be obtained from the ClinicalTrial.gov database). Clinical
trials for proving its effects in combination with other anticancer agents
having different modes of action have also been reported (Patel et al.,
2020; Tripathi et al., 2020; Wang et al., 2020).

While the (R)-enantiomer of crizotinib is being currently used for
patients in the clinic, the (S)-enantiomer of crizotinib is not. However, it
has been reported that the (S)-enantiomer of crizotinib has anticancer
activity by inhibiting human MTH1 enzyme that hydrolyzes oxidized
purine deoxyribonucleodides (Huber et al., 2014).

Many previous studies have investigated known molecular targets of
(R)-crizotinib such as ALK and ROS1, but anticancer activities of (R)-
crizotinib through its off-target effects have also been investigated.
Recent studies on its mechanism of action have shown that (R)-crizoti-
nib could induce immunogenic cell death (ICD) of cancer (Liu et al.,
2019a, 2019b). While (R)-crizotinib at submicromolar concentrations is
effective against NSCLC cells with a genetic change in the ALK gene
(Zhang et al., 2011), a high concentration (10 pM) of (R)-crizotinib
could induce hallmarks of ICD in cancer cell lines (Liu et al., 2019b). In
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contrast, (S)-crizotinib failed to show such ICD-inducing activity.

Among many tumor therapeutic approaches including anti-
angiogenesis, induction of apoptosis, targeting signaling molecules,
and inhibition of drug efflux transporters, differentiation induction is a
strategy to make cancer cells or cancer stem cells (CSCs) lose their
intrinsic properties such as proliferation and self-renewal (Enane et al.,
2018). To understand the mechanism of action of crizotinib further, it is
necessary to expand study areas for crizotinib to other activities such as
differentiation induction that might be caused by off-target effects of
(R)- or (S)-crizotinib.

The effects of (R)- or (S)-crizotinib enantiomers on cancer cell
properties have not been previously studied. In the present study,
several cancer cell lines, including lung, colon, and prostate cancer cell
lines and a CSC-like cell line, were used to compare the effects of the
crizotinib enantiomers on cancer cell properties, such as proliferation,
tumorigenicity, and morphology. Results demonstrated that the ability
of (R)-crizotinib to induce morphological changes to the cancer cell lines
was much greater than that of (S)-crizotinib. In addition, the tumor-
forming ability of cancer or CSC cells was greatly inhibited by (R)-cri-
zotinib but not by (S)-crizotinib. An important signal transduction event
involved in the induction of cancer cell differentiation appeared to be
the inhibition of AMPK phosphorylation. These results suggest that (R)-
crizotinib might be useful in the treatment of solid tumors by altering the
properties of cancer cells via AMPK inhibition.

2. Materials and methods
2.1. Reagents and antibodies

(R)- crizotinib and (S)-crizotinib were purchased from APExBIO
(Houston, TX, USA). BML275 and BML257 were purchased from Enzo
Life Sciences (Farmingdale, NY, USA). SU11274 and SP600125 were
purchased form APExBIO (Houston, TX, USA). Antibody against ALK
was purchased from Invitrogen (Carlsbad, CA, USA). Antibodies against
B-actin, ALDH1, E-cadherin, Snail, Slug, phospho-ALK, AMPK, phospho-
AMPK, Akt, phospho-Akt, CD44, FAK, phospho-FAK, nanog, c-Met,
phospho-c-Met, Oct-4A, SAPK/JNK, phospho-SAPK/JNK, mTOR,
phospho-mTOR, STAT3, phospho-STAT3, Erkl/2, phospho-Erkl/2,
phospho-acetyl-CoA (Ser79), caspase-3, p21 Wafl/Cip, and p27 Kipl
were purchased from Cell Signaling Technology (Danvers, MA, USA). All
other reagents were obtained from Sigma Aldrich (St. Louis, MO, USA).
Catalog numbers for antibodies can be found in Table S1.

2.2. Cell culture and preparation of PC-3 derived CSC-like cells

Human PC-3 (prostate), LNCaP (prostate), HCT-15 (colon), DLD-1
(colon), NCI-H23 (lung), and NCI-H460 (lung) cancer cells were ob-
tained from American Type Culture Collection (ATCC) (Manassas, VA,
USA) and cultured in RPMI 1640 (Corning Inc., Corning, NY, USA)
supplemented with 10% fetal bovine serum (Corning Inc., Corning, NY,
USA), 100 units/ml penicillin G, and 100 mg/ml streptomycin and
incubated at 37 °C in a humidified atmosphere containing 5% CO,. CSC-
like cells were derived from PC-3 cells as described previously (Lee et al.,
2019). Briefly, single cells of PC-3 were cultured in serum-free
DMEM/F12 medium (R&D systems, Minneapolis, MN, USA) supple-
mented with 10 ng/ml human recombinant epidermal growth factor
(hrEGF, R&D systems, Minneapolis, MN, USA), 10 ng/ml human re-
combinant basic fibroblast growth factor (hrbFGF, R&D systems, Min-
neapolis, MN, USA), and 2% B27 supplement. They were cultured in
ultra-low attachment culture dishes (100 x 20 mm, Corning Inc.,
Corning, NY, USA) for 7 days until sufficient amounts of spheroids were
formed. Singles cells were prepared from spheroids again. This process
was repeated four more times. Singles cells prepared from spheroids
were cultured in the above-mentioned serum-free medium using a reg-
ular animal cell culture ware. These cells were named PC-3 derived
CSC-like cells. CSC-like cells with passage numbers between 2 and 4
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were used for experiments.
2.3. Cell growth inhibition assay

Inhibition of cell growth by (R)- or (S)-crizotinib was determined
using sulforhodamine B (SRB) assay as described previously (Skehan
etal., 1990). Briefly, cells were seeded into a 96-well plate at a density of
1 x 10 cells/ml to 4 x 10* cells/ml depending on the experiment and
incubated at 37 °C in a humidified atmosphere containing 5% CO, for
24 h. Cells were treated with crizotinib at 0-10 pM for 48-72 h
depending on the experiment, fixed with 50% trichloroacetic acid, and
stained with 0.4% SRB in 0.1% acetic acid for 30 min. Excess stain was
removed by washing with 1% acetic acid. Stain precipitated in cells was
dissolved with 10 mM Tris base (pH 10.5). Absorbance was then
measured at 565 nm.

2.4. Staining of cells for observing cell morphology

Cells incubated for 6-7 days in the presence or absence of com-
pounds were fixed with 50% trichloroacetic acid and stained with 0.4%
SRB in 0.1% acetic acid. Excess stain was removed by washing with 1%
acetic acid. Morphology of cells was observed under an inverted mi-
croscope and photographed.

2.5. Determination of cell sizes

Cells were seeded into 60 x 15 mm culture dishes at a density of 8 x
10 cells/ml and incubated at 37 °C in a humidified atmosphere con-
taining 5% CO; for 72 h in the presence of (R)- or (S)-crizotinib at
different concentrations (0, 1, or 3 pM). Cells were then trypsinized to
prepare single cell suspensions. Suspended cells were placed into slits of
a hemocytometer, observed using a microscope, and photographed.
Sizes and numbers of cells were determined using ImageJ2 program
(NIH, USA).

2.6. Flow cytometry analysis of apoptosis

Single cells were plated at a density of 1 x 10° cells/ml in 60 mm? for
24 h and treated with 3 uM of (R)- or (S)-crizotinib for 24 h. Cells were
then collected, washed with ice-cold PBS (pH 7.4) and incubated in the
presence of Annexin V and propidium iodide (PI) in the dark for 15 min
at room temperature. The samples were analyzed with an LSRFortessa
flow cytometer (BD Bioscience, San Jose, CA, USA).

2.7. Western blotting analysis

Protein extracts of cell lysates were resolved on 8-10% sodium
dodecyl sulfate (SDS) polyacrylamide gels and transferred to
Immobilon-P transfer membranes as described previously (Kang et al.,
2012). Transferred membranes were blocked with Tris-buffered saline
containing 0.1% Tween-20 (TBST) added with 1% bovine serum albu-
min and probed with primary antibodies. After washing with TBST,
membranes were probed with species-specific horseradish peroxidase
(HRP)-conjugated secondary antibodies and developed using an
Immobilon western chemiluminescent HRP substrate (Merck Millipore,
Burlington, MA, USA).

2.8. In vivo nude mouse xenograft model

Animal study protocol was reviewed and approved by Institutional
Animal Care & Use Committee (IACUC) of Korea University, Seoul,
Korea (protocol number: KUIACUC-2015-28). Six-week-old female
Balb/c nude mice (Charles River Laboratories, Yokohama, Japan) were
maintained as previously described (Jung et al., 2017). Cancer cells
were suspended in 200 pl of phosphate-buffered saline (pH 7.4) and
injected subcutaneously at a concentration of 6 x 10° cells/mouse.
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Fig. 1. Growth inhibition of human cancer cells by enantiomers of crizotinib. (A) NCI-H23, NCI-H460, HCT-15, PC-3, and PC-3 derived CSC-like cells were incubated

with (R)- or (S)-crizotinib at various concentrations (0, 0.01, 0.03, 0.1, 0.3, 1, 3, and 10 uM) for 48 h. At the end of the incubation, cells were subjected to sul-
forhodamine B assay (n = 4) as described in Materials and methods.

Tumor volumes were measured 2 or 3 times a week using a Vernier

humidified atmosphere containing 5% COs for 24 h or 36 h. Images were
caliper and calculated using a formula of 0.5 x height x length x width.

captured using a Nikon TS100-F Inverted Phase Contrast Microscope.

2.9. Wound healing assay 2.10. Measurement of reactive oxygen species (ROS) production by

cancer cells
Cells were grown to 100% confluency in 24-well plates. Monolayer

of cells was then scratched once in the center with a 200 pl pipette tip.
Cells were washed with fresh medium, treated with 3 pM of (R)- or (S)-
crizotinib, and allowed to migrate into the wound area at 37 °C in a

Cells were grown in clear bottom 96-well black plates (Corning,
Corning, NY, USA), incubated in the presence or absence of test com-
pound for 48 h at 37 °C, washed with PBS (pH 7.4), and further
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Fig. 2. (R)-crizotinib induces morphology changes of human cancer cells and inhibits phosphorylation of ALK. (A) NCI-H23, NCI-H460, HCT-15, PC-3, and PC-3
derived CSC-like cells were incubated with or without 3 pM of (R)- or (S)-crizotinib for 7 days and then stained with SRB according to the protocol described in
Materials and methods. C: control; (R): (R)-crizotinib; (S): (S)-crizotinib. Representative images (n = 3) are shown. Black arrows indicate cells whose morphologies
are changed. Scale bar: 100 pm. (B) Cells were treated with 3 uM of (R)- or (S)-crizotinib for 1.5 h, harvested, and subjected to western blotting analysis. (C) Band

densities of Western blot images (n = 3) were measured using ImageJ2 program. Data are presented as mean + SD. *, p < 0.05; **, p < 0.01; ***, p < 0.001. ctrl:
control, (R): (R)-crizotinib, (S): (S)-crizotinib.
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Fig. 3. (R)-crizotinib increases sizes of cancer and CSC-like cells. (A) NCI-H23, NCI-H460, HCT-15, PC-3, and PC-3 derived CSC-like cells were incubated with or
without 3 pM of (R)- or (S)-crizotinib for 72 h. They were then trypsinized, suspended in PBS (pH 7.4), and observed under an inverted microscope. White arrows
indicate cells increased in sizes. Scale bar: 100 pm. (B) Sizes of cells incubated with (R)- or (S)-crizotinib at various concentrations (0, 1, and 3 uM) for 72 h were
measured (n = 3) using Image J2 program. Data are presented as mean + SD. **, p < 0.01; ***, p < 0.001.

incubated in the presence of H2DCFDA (2',7'-dichlorofluorescin diac-
etate) for 18 h at 37 °C. At the end of the incubation, cells were washed
twice with PBS (pH 7.4). Fluorescence of DCF (2',7'-dichlorofluorescin)
was then read at Excitation/Emission wavelengths of 485/530 nm.

2.11. Transfection of AMPKa2 siRNA

Cells were seeded into 6-well plates at density of 3 x 10* cells/ml
using antibiotic-free DMEM/F12 medium. To silence the expression of
AMPKa2, cells were transfected with 45 pmoles of control siRNA or
AMPKo2 siRNA using SignalSience AMPKa2 siRNA II (Cell Signaling
Technology, Danvers, MA, USA) according to the manufacturer’s in-
struction. They were then further incubated for 5 days with medium
exchange once at day 3.

2.12. Statistical analysis

GraphPad Prism 5.03 (GraphPad Software, Inc.) was used for all
statistical analyses. One-way analysis of variance (ANOVA) was used for
multiple comparisons. Statistical significance was set at p < 0.05, p <
0.01, and p < 0.001.

3. Results
3.1. (R)-crizotinib induces morphology changes of cancer cells

Crizotinib has a chiral carbon. Thus, it has two enantiomers: (R)- and
(S)-crizotinib. To determine ranges of concentrations of crizotinib en-
antiomers for treating cancer cells and CSC-like cells, SRB assays were
conducted (Fig. 1 and Fig. S1). Since growth-inhibiting effects of (S)-
crizotinib on these cells were not strong at concentration of ~10 pM, its
Glsp (growth inhibition of 50%) values could not be obtained. Glsg
values of (R)-crizotinib for EML4-ALK positive H3122 and H2228
human non-small lung cancer cells known to be sensitive to crizotinib
have been reported to be 62 nM and 121 nM, respectively (Zhang et al.,
2011). However, Glsg values of (R)-crizotinib for NCI-H23, NCI-H460,
HCT-15, DLD-1, PC-3, LNCaP, and CSC-like cells were 1.076 + 0.1607
uM, 2.367 + 0.2178 pM, 2.938 + 0.1862 pM, 3.221 + 0.2718, 2.861 +
0.2216 pM, 2.937 + 0.1737 and 5.758 + 0.6166 pM, respectively. Based
on these results, the following in vitro assays were conducted using cri-
zotinib at concentrations between 1 and 10 pM.

Morphological changes in cancer cells induced by anticancer agents
are often accompanied by alterations to cellular function (Brandhagen
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Fig. 4. Pretreatment of cancer and CSC-like cells with (R)-crizotinib suppresses their ability to grow in vitro and their ability to form tumors in vivo. (A) NCI-H23, NCI-
H460, HCT-15, PC-3, and PC-3 derived CSC-like cells were incubated with or without 3 pM of (R)- or (S)-crizotinib for three days. Cells were further incubated in the
absence of crizotinib enantiomers for two more days. They were then trypsinized, seeded into a 96-well plate at a density of 2 x 10* cells/ml, allowed to grow, and
subjected to sulforhodamine B assay at indicated time points. Data are presented as mean + SD. **, p < 0.01; ***, p < 0.001. (B) NCI-H460 cells were incubated with
or without crizotinib stereoisomers for 24 h, harvested, and then transplanted to nude mice according to the protocol described in Materials and methods. The growth

of tumor was measured at indicated time points. Results are shown as a line graph.
0.05; *** p < 0.001. (C) Tumors were collected at the end of the experiment.
et al., 2013; Suzuki et al., 1998; Wang et al., 2016). Fig. 2A shows
morphologies of NCI-H23, NCI-H460, HCT-15, PC-3, and CSC-like cells
incubated with or without 3 uM of crizotinib enantiomers for 7 days (see
Fig. S3 for DLD-1 and LNCaP morphology changes). (S)-Crizotinib
appeared to induce slight changes in morphologies of these cells.
However, obvious changes in morphologies were observed for these
cells after treatment with (R)-crizotinib. All types of cells treated with
(R)-crizotinib showed more flattened, enlarged, and spread shapes. To
examine if the selectivity of (R)- and (S)-crizotinib on phosphorylation
of ALK inhibition was maintained at a concentration of 3 pM, cells
harvested at 1.5 h after treatment with a crizotinib enantiomer were
subjected to western blotting analysis. As shown in Fig. 2B and C, the
phosphorylation of ALK was strongly inhibited by 3 pM (R)-crizotinib,
but not by (S)-crizotinib at the same concentration. To examine if the
effects of 3 pM (R)-crizotinib was simply due to cell death, flow cyto-
metric analysis using Annexin V/PI double staining was performed. No
significant change in early apoptotic and late apoptotic/secondary
necrotic cell death was observed in all examined cell types (Fig. S2).

3.2. (R)-crizotinib increases sizes of cancer and CSC-like cells

To see if the enlarged and spread shape of cells seen in Fig. 2A and
Fig. S3 was accompanied by an increase in the volume of cells, single cell
suspensions were prepared after cells were incubated with or without
crizotinib enantiomers for 72 h. These cells were then observed under an
inverted microscope and photographed (Fig. 3A and S4A). Sizes of these
cells increased with increasing concentrations of (R)-crizotinib (Fig. 3B
and S4B).

(R), (R)-crizotinib; (S), (S)-crizotinib. Data are presented as mean + SD. *, p <

3.3. Pretreatment of cancer and CSC-like cells with (R)-crizotinib
suppresses their ability to grow in vitro and in vivo

To see if morphological changes of cells observed in Figs. 2 and S3
affect the growth of the cells, NCI-H23, NCI-H460, HCT-15, PC-3, and
CSC-like cells were treated with 3 pM of (R)- or (S)-crizotinib for three
days and then allowed to grow in the absence of crizotinib enantiomers
for two more days. Cells were then trypsinized and equal numbers of
cells were seeded into a 96-well plate. Growths of these cells were then
observed (Fig. 4A). Growth of PC-3 cells pretreated with (S)-crizotinib
was slightly slowed, whereas growths of the other four types of cells
were not affected by pretreatment with (S)-crizotinib. However, growths
of all five types of cells pretreated with (R)-crizotinib were very strongly
inhibited, suggesting that pretreatment with (R)-crizotinib caused most
cells to lose their ability to proliferate. Fig. S5 shows that the morpho-
logical changes induced by pretreatment with 3 pM (R)-crizotinib are
not reversible.

To see if cancer cells pretreated with (R)-crizotinib might also lose
their capability to form tumors in vivo, NCI-H460 cells were incubated
with or without (R)- or (S)-crizotinib at 1 uM or 3 uM for 24 h and then
transplanted into flanks of Balb/c nude mice (Fig. 4B and C). While
pretreatment of NCI-H460 cells with (S)-crizotinib did not suppress
tumor formation, pretreatment of these cells with (R)-crizotinib
concentration-dependently inhibited tumor formation, suggesting that
pretreatment with (R)-crizotinib could alter the ability of NCI-H460 cells
to form tumors in vivo.



T.H. Kim et al.

A

% > 8004 —e Control _
= - ®)
~ 6001
0}
£
Q 400+
o
€ 200- i
S
|_
O 1 1 1 )
0 5 10 15

w

&

Fig. 5. (R)-crizotinib inhibits growth of tumors formed from CSC-like cells. (A)
PC-3 derived CSC-like cells were transplanted subcutaneously into nude mice
according to the protocol described in Materials and methods. When average
volumes of tumors reached about 75 mm3, (R)- or (S)-crizotinib was adminis-
tered intraperitoneally at a dose of 40 mg/kg once a day. (R), (R)-crizotinib.
Data are presented as mean + SD. *, p < 0.05; ***, p < 0.001. (B) Tumors were
collected at the end of the experiment. In case of (S)-crizotinib administration
group, the experiment was stopped after 6 doses due to severe weight
loss (>15%).

3.4. (R)-crizotinib inhibits growths of tumors formed by PC-3 derived
CSC-like cells

To determine if growths of tumors formed by CSC-like cells could be
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transplanted subcutaneously in Balb/c nude mice (Fig. 5). When average
volumes of tumors reached at about 75 mm®, 40 mg/kg of (R)- or (S)-
crizotinib was administered intraperitoneally to mice for 2 weeks.
However, the experiment for (S)-crizotinib was stopped due to severe
body weight decrease (greater than 15%). At day 14, (R)-crizotinib
showed an inhibition of tumor growth of approximately 72% compared
to the control.

3.5. (R)-crizotinib increases ROS production in four types of cancer cells,
but not in CSC-like cells

Previous studies suggest that ROS production is associated with
changes in cellular morphology (Alexandrova et al., 2006; Chang et al.,
2017). To examine if ROS was involved in the induction of morpho-
logical changes in cancer and CSC-like cells, levels of ROS produced by
cancer and CSC-like cells treated with (R)- or (S)-crizotinib were
measured (Fig. 6). While (R)-crizotinib increased the production of ROS
in NCI-H23, NCI-H460, HCT-15, and PC-3 «cells in a
concentration-dependent manner, it did not increase the production of
ROS in CSC-like cells. (R)-crizotinib at 10 puM rather decreased the
production of ROS in CSC-like cells. These results indicate that ROS is
not a common denominator involved in the induction of morphology
changes of cancer and CSC-like cells by (R)-crizotinib. (S)-crizotinib did
not cause clear changes in the production of ROS in all five types of cells
except PC-3 cells treated with 10 pM.

3.6. (R)-crizotinib induces changes in the expression of characteristic
marker proteins of cancer and CSC-like cells

NCI-H23 and HCT-15 express CD44; NCI-H460 expresses ALDHI;
PC-3 expresses nanog; and CSC-like cells express Oct-4A as characteristic
protein markers (Ju et al., 2014; Lee et al., 2019; Leung et al., 2010;
Srinual et al., 2017). The expression of CD44, ALDH1, nanog and Oct-4A
highly decreased in NCI-H23, NCI-H460, PC-3, and CSC-like cells treated
with 3 pM (R)-crizotinib for 5 days, respectively, while the expression of
CD44 greatly increased in HCT-15 (Fig. 7).

In addition, among many other candidate marker molecules tested,
Snail (SNAI1), Slug (SNAI2), and E-cadherin provided meaningful re-
sults (Fig. S6). Incubation with 3 pM (R)-crizotinib greatly increased the

inhibited by (R)-crizotinib, PC-3 derived CSC-like cells were expression of Snail but decreased the expression of Slug in NCI-H23,
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Fig. 6. Crizotinib increases production of ROS in cancer cells, but not in CSC-like cells. NCI-H23, NCI-H460, HCT-15, PC-3, and PC-3 derived CSC-like cells were
incubated with (R)- or (S)-crizotinib at 0, 1, 3, or 10 pM for 48 h and then subjected to ROS assay (n = 4) as described in Materials and methods. White bar, (R)-
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NCI-H460, HCT-15, DLD-1, PC-3, LNCaP, and PC-3 derived CSC-like
cells. Expression levels of E-cadherin were decreased in NCI-H23, NCI-
H460, HCT-15, PC-3 and LNCaP cells, but increased in DLD-1 and PC-3
derived CSC-like cells. On the other hand, expression levels of Snail,
Slug, and E-cadherin were less affected by treatment with (S)-crizotinib.
These results demonstrated that the expression of Snail was increased
while that of Slug was decreased in the process of morphology changes
induced by (R)-crizotinib. However, these changes in the expression of
Snail and Slug were not correlated with changes in the expression of E-
cadherin after treatment with (R)-crizotinib.

3.7. (R)-crizotinib inhibits phosphorylation of AMPK, Akt, and SAPK/
JNK better than (S)-crizotinib

Since results obtained so far showed that changes in the morphology
and properties of cancer and CSC-like cells appeared to be induced
mainly by (R)-crizotinib rather than by (S)-crizotinib, it was necessary to
find signal transduction molecules involved in the process of
morphology of these cells. Western blot analysis was conducted to see if
there were any differences in phosphorylation of signal transduction
molecules such as AMPK, Akt, c-Met, SAPK/JNK, ERK1/2, FAK, mTOR,
and STATS3 in cancer and CSC-like cells treated with 3 pM of (R)- or (S)-
crizotinib for 1.5 h (Figs. 8 and S8). Phosphorylation levels of ERK1/2
(Fig. 8), FAK (Fig. S8), and mTOR (Fig. S8) were not changed by (R)-
crizotinib or (S)-crizotinib. Thus, ERK1/2, FAK, mTOR, and STAT3 were
not key signal transduction molecules involved in the differentiation
induced by (R)-crizotinib. Phosphorylation levels of c-Met (Fig. 8) and
STAT3 (Fig. S8) in cancer cells such as NCI-H23, NCI-H23, HCT-15, and
PC-3 cells were decreased more after treatment with (R)-crizotinib than
those after treatment with (S)-crizotinib. However, c-Met and STAT3
were not candidate signaling molecules because their phosphorylation
levels in CSC-like cells decreased by (R)-crizotinib were almost equal to
those by (S)-crizotinib. In contrast with these results, phosphorylation
levels of AMPK, Akt, and SAPK/JNK were decreased more strongly by
(R)-crizotinib than by (S)-crizotinib, suggesting that inhibition of

phosphorylation of AMPK, Akt, and SAPK/JNK might mediate the
changes in the morphology and properties of these cells.

3.8. Inhibition of AMPK induces obvious changes in morphologies of
cancer and CSC-like cells

Since phosphorylation levels of AMPK, Akt, and SAPK/JNK were
more strongly inhibited by (R)-crizotinib than by (S)-crizotinib (Fig. 8),
we next examined whether inhibitors of these signal transduction mol-
ecules could mimic the effect of (R)-crizotinib on morphology changes.
BML-275, BML-257, or SP600125 as an inhibitor of AMPK, Akt, or
SAPK/JNK phosphorylation, respectively, was used to treat NCI-H23,
NCI-H460, HCT-15, PC-3, and PC-3 derived CSC-like cells for 7 days.
Morphologies of these cells were then observed (Fig. 9A). The inhibitor
of c-Met (SU11274), whose phosphorylation was not inhibited differ-
entially by enantiomers of crizotinib in CSC-like cells, was also included
in this experiment for comparison. Among these inhibitors, BML-275
induced dramatic changes in cell morphologies. All five types of cells
treated with 3 pM BML-275 were changed to show flattened, enlarged,
and spread shapes, similar to those observed after treatment with 3 pM
(R)-crizotinib. However, BML-257, SP600125, and SU11274 failed to
induce clear changes of these cells.

To further confirm that inhibition of AMPK can induce cell
morphology changes, NCI-H23, NCI-H460, HCT-15, PC-3, and PC-3
derived CSC-like cells were transfected with AMPKa2 siRNA for the
purpose of silencing the expression of AMPK a2. As is shown in Fig. 9B,
morphologies of these cells transfected with AMPKoa2 siRNA were
greatly changed. These results suggest that inhibition of AMPK activa-
tion might be a main regulator involved in morphology changes induced
by (R)-crizotinib.

3.9. Phosphorylation of acetyl CoA carboxylase is inhibited by (R)-
crizotinib in all five types of cells

To find a downstream effector molecule affected by inhibition of
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Fig. 8. (R)-Crizotinib selectively inhibits phosphorylation of AMPK, Akt, and SAPK/JNK. (A-B) NCI-H23, NCI-H460, HCT-15, PC-3, and PC-3 derived CSC-like cells
were incubated with or without 3 pM of (R)- or (S)-crizotinib for 1.5 h, harvested, and subjected to western blotting analysis. Results of band densitometry analysis (n

= 3) are shown as bar graphs. Data are presented as mean + SD. *

AMPK phosphorylation by (R)-crizotinib, some signal transduction
molecules known as downstream effector molecules, such as acetyl CoA
carboxylase (ACC), p21 and p27, were selected to see if (R)-crizotinib
might lead to any changes in their expression or phosphorylation. The
effect of (R)-crizotinib on the expression of CDK inhibitors p21 and p27
was variable in five types of cell lines examined. However, levels of
phosphorylated ACC (pACC) were significantly decreased by (R)-crizo-
tinib in all five types of cell lines examined (Fig. 10), suggesting that
suppression of ACC phosphorylation might be a signal transduction

*, p < 0.05; **, p < 0.01; ***, p < 0.001. ctrl: control; (R): (R)-crizotinib; (S): (S)-crizotinib.

event that mediates the morphological changes in these cancer cell lines.
4. Discussion

(R)-Crizotinib was originally synthesized as a c-Met and ALK dual
inhibitor through a structure-based drug design (Cui et al., 2011). It was
approved to treat patients with ALK or ROS1 positive NSCLC. However,
efforts to expand its use for various types of cancer have been actively
undertaken (Ayoub et al., 2021; Khalil et al., 2020). It is believed that
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Fig. 9. BML-275 as an AMPK inhibitor and silencing of AMPKa2 expression induce morphology changes of cancer and CSC-like cells. (A) Cells were incubated with
or without 3 uM of BML-275, BML-257, SU11274, and SP600125 for 7 days and then stained with 0.4% SRB solution. (B) Cells were transfected with AMPK2u siRNA
according to the protocol described in Materials and methods, incubated for 5 days, and then stained with 0.4% SRB solution. Representative images (n = 3) are
shown. Black arrows indicate cells whose morphologies are changed. Scale bar: 50 pm.

further studies to identify its mechanisms of action that may not be
directly related to ALK or ROS1 will help us understand its anticancer
activity in more details. Among various efforts for discovering its new
mode of action, ICD induced by a high concentration (~10 pM) of cri-
zotinib is a good example (Liu et al., 2019a, 2019b).

Differentiation therapy for cancer has long been proposed as an
attempt to induce differentiation such that CSCs lose their key proper-
ties. (de The, 2018). The purpose of the present study, which is similar to
that of differentiation therapy, was to observe and investigate whether
either crizotinib enantiomer induces the loss of key properties of cancer
and CSC-like cells. Interestingly, when two NSCLC cell lines (NCI-H23
and NCI-H460), two colon cancer cell line (HCT-15, DLD-1), two pros-
tate cancer cell line (PC-3, LNCaP), and one PC-3 derived CSC-like cell
line were treated with each enantiomer at 3 pM, a concentration that
was much higher than GIs( values (62-121 nM) of (R)-crizitinib against
EML4-ALK-positive H3122 and H2228 human non-small lung cancer
cells, only (R)-crizotinib greatly induced morphology and size changes
for all seven types of cells examined. As mentioned in the results section,
the effects of (R)-crizotinib on cellular morphology raise the possibility
of altering the functions and characteristics of cancer cells.

The phosphorylation of ALK was strongly inhibited by a high con-
centration (3 pM) of (R)-crizotinib, but not by (S)-crizotinib at the same
concentration (Fig. 2B and C). These results indicate that ALK is
expressed in all cancer cells examined and that the pattern of ALK in-
hibition by (R)- or (S)-crizotinib at a high concentration can also be

maintained. Contrary to our results, previous studies have reported that
NCI-H23 cells are ALK negative (Noh et al., 2018; Zhang et al., 2011).
Such discrepancy might be due to difference in experimental design
between laboratories. In fact, a recent report has shown that ALK is
expressed at a low level in NCI-H23 cells (Koh et al., 2016).

In addition to cell morphology change, changes in cell size (Figs. 3
and S4) further strengthen the possibility that these phenotypical
changes might accompany permanent changes in the expression or
structures of cellular components. As shown in Figs. 4A and S5, the
proliferation of cells pretreated with 3 pM (R)-crizotinib almost stopped,
and the morphological changes were maintained even in the absence of
(R)-crizotinib, further supporting the idea of permanent change of the
intracellular environment of these cells. Results of nude mouse xeno-
graft experiments suggest that (R)-crizotinib could suppress CSC cells as
well as normal cancer cells in vivo (Fig. 4B and C, and 5). In Fig. 5, (R)-
and (S)-crizotinib were administered at the same dose of 40 mg/kg for
comparison. However, the experiment for (S)-crizotinib had to be
stopped due to severe body weight loss. It appeared that the toxicity of
(S)-crizotinib was greater than that of (R)-crizotinib. Previous studies
have used a dose of (S)-crizotinib at 10 or 15 mg/kg and 50 mg/kg of
(R)-crizotinib for in vivo tumor xenograft (Dai et al., 2017; Fang et al.,
2014; Ji et al., 2018). The reason that low doses of (S)-crizotinib were
used in their studies might be because high doses of (S)-crizotinib were
toxic to nude mice.

The loss of cancer cell properties is expected to be accompanied by
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changes in the expression patterns of characteristic proteins. To deter-
mine whether the alterations in morphology and size of cancer and CSC-
like cells induced the loss of cancer cell properties, changes in the
expression of characteristic protein markers, such as CD44, ALDH1,
nanog, and Oct-4A, in cancer and CSC-like cells were examined. As
shown in Fig. 7, significant changes in the expression levels of these
markers were induced by 3 pM (R)-crizotinib, suggesting that the
properties of these cells were altered. Significant changes were also
observed in the expression levels of E-cadherin, Snail, and Slug in the
cells treated with 3 pM (R)-crizotinib (Fig. S6). E-cadherin expression is
often, although not always, reduced during epithelial-mesenchymal
transition (EMT) (Canel et al., 2013). Snail and Slug are transcription
factors known to promote EMT and suppress the expression of E-cad-
herin (Wang et al., 2013). Interestingly, expression levels of Snail were
increased in all cell types examined whereas those of slug were
decreased. Expression levels of E-cadherin were decreased in some types
of cells (NCI-H23, NCI-H460, HCT-15, and PC-3), but increased in other
types of cells (DLD-1 and PC-3 derived CSC-like cells). The expression
pattern of E-cadherin was not correlated with that of Snail or Slug. Since
E-cadherin is linked to cytoskeletons such as actin fibers and microtu-
bules (Brieher and Yap, 2013), its increased or decreased expression
might be related to changes of morphology or behavior of cells (Al
Moustafa et al., 1999; Chen et al., 2014; Molina-Ortiz et al., 2009;
Padmanaban et al., 2019). Morphology changes and migration inhibi-
tion (Fig. S7) of cancer and CSC-like cells induced by (R)-crizotinib
occurred regardless of increase or decrease of E-cadherin expression,
suggesting that E-cadherin did not participate as a key player in the
process of differentiation induction by (R)-crizotinib.

A possible mechanism underlying the morphological changes in the
cancer and CSC-like cells is ROS, as changes in ROS production have
been linked to morphological changes in cells (Alexandrova et al., 2006;
Chang et al., 2017). (R)-crizotinib concentration-dependently increased
the production of ROS in NCI-H23, NCI-H460, HCT-15 and PC-3 cells.
However, ROS production in PC-3 derived CSC-like cells was not
increased by any enantiomer of crizotinib. This might be due to the
presence of machinery such as CD44 and xCT that confer ROS defense in
CSC-like cells (Ishimoto et al., 2011). These results suggested that ROS
was not a common factor that induced the changes in morphology and
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size of cells used in the present study.

The phosphorylation of AMPK, Akt, and SAPK/JNK among signal
transducing molecules examined was selectively inhibited by (R)-cri-
zotinib in all five types of cells (Fig. 8). The phosphorylation of c-Met
was inhibited to a similar extent by both crizotinib enantiomers in all
types of cells examined and SU11274, a c-Met inhibitor, did not induce
morphology changes in any type of cells. Thus, c-Met was not a key
cellular factor that played a major role in the (R)-crizotinib-induced
changes in morphology and properties in these cells.

Our results (Fig. 9) showed that an AMPK inhibitor and AMPKa2
siRNA induced morphology changes in cells, suggesting that inhibition
of AMPK might have mediated the activity of (R)-crizotinib in inducing
changes in morphology and properties of the cells used in this study. A
report that AMPK knockdown altered the morphology and function of
placental trophoblast cells (Carey et al., 2014) corroborates with our
results, where AMPK inhibition induced morphological changes in
cancer and CSC-like cells. AMPK can modulate many kinds of down-
stream regulators (Garcia and Shaw, 2017). CDK inhibitors p21 and p27
are reported to be involved in morphological changes of cancer cells
(Chen et al., 1999; Dirks et al., 1997). However, they were excluded
from candidates of downstream effector molecules of AMPK because the
expression of these two molecules was suppressed or enhanced irregu-
larly between cancer cell lines (Fig. 10). ACC is a fatty acid metabolism
key regulator and a downstream effector molecule of AMPK. ACC is
associated with metastatic potential of breast cancer cells. ACC sup-
presses breast cancer migration and invasion, which affect metastatic
potential of breast cancer cells and acute myeloid leukemia development
(Ito et al., 2021; Rios Garcia et al., 2017). Although further study is
needed, results of these previous studies and our study suggest that in-
hibition of ACC phosphorylation might be one of downstream pathways
that mediate signals for inducing changes in morphology and properties
of cancer cells.

In conclusion, results of the present study suggest that (R)-crizotinib
might have off-target effects such as changing the morphology and
properties of cancer cells at high concentrations. Further studies are
needed to elucidate the exact relations of AMPK with downstream ef-
fectors in the process of altering cancer cell properties and morphology.
The present discovery of the involvement of AMPK inhibition in the loss
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of malignant properties of cancer and CSC-like cells induced by (R)-
crizotinib is expected to widen ways for using crizotinib in the treatment
of patients suffering from various types of cancer.
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