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Abstract. - OBJECTIVE: We have previous-
ly reported the novel off-target microtubules de-
stabilizing activity of SB225002, a compound that
was originally designed as a selective and potent
IL-8 receptor B antagonist. In the present study
we investigated the reversibility of SB225002 an-
timitotic effect and provided additional mecha-
nistic insights underlying cell death induction in
SW480 human colorectal adenocarcinoma cells.

MATERIALS AND METHODS: Mitotically arrest-
ed cells by SB225002 treatment were isolated by
shake-off, and their identity was verified by both flow
cytometry and immunoblotting. The reversibility of
SB225002 antimitotic effects was investigated by
flow cytometry and immunoblotting. Prometaphase
arrested cells were imaged via indirect immunofiu-
orescence and confocal microscopy. Activation of
CHK1 in mitotically arrested cells was assessed by
immunoblotting, and the relationship between CHK1
and mitotic arrest was examined via siRNA-mediat-
ed knockdown of CHK1. JNK signaling was evaluat-
ed via immunoblotting as well as pharmacological
inhibition, followed by flow cytometry. The role of
reactive oxygen species (ROS) in cytotoxicity was
evaluated by ROS scavenging and flow cytometry.

RESULTS: Following SB225002 washout, the mi-
totic checkpoint was abrogated, and cell cycle per-
turbations were gradually restored with induction of
cell death. Mechanistically, CHK1 checkpoint was
activated by SB225002 and occurred downstream of
the mitotic checkpoint. In addition, SB225002 acti-
vated JNK signaling which contributed to cell death
and restrained polyploidy. Furthermore, SB225002
increased intracellular ROS which played a role in
mediating SB225002 cytotoxicity.

CONCLUSIONS: Findings of the present study
warrants further development of SB225002 as a
lead compound that uniquely targets microtu-
bules dynamics and IL-8 signaling.
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SB225002, Mitotic arrest, CHK1, JNK, Cell death, Poly-
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Introduction

Targeting the progression of cancer cells during
mitosis is an interesting approach for cancer ther-
apy'?. Different classes of compounds have been
developed to arrest cancer cells in mitosis, but only
tubulin targeting has demonstrated a proven thera-
peutic feasibility in the clinic’. Clinically approved
agents, which interfere with microtubules dynamics
(either stabilizers or destabilizers), not only directly
target cancer cells, but also disrupt their supplying
vasculature, which may explain the efficacy of these
drugs against a wide range of cancers’. Despite that,
resistance to antitubulin agents either intrinsic or ac-
quired is a major obstacle that complicates treatment
outcomes. Moreover, dose-limiting side effects and/
or toxicities may result in poor quality of life or even
in treatment discontinuation®*. Therefore, the devel-
opment of novel antibulin agents is highly valued in
the clinic.

We were the first to report the novel and
broad-spectrum antitubulin activity of SB225002
against several human cancer cells of different ori-
gin, that was mediated via interaction with colchi-
cine binding site on the B-tubulin subunit, which
ultimately induced cytotoxicity through different
mechanisms that are cancer cell type-dependent’.
Originally, SB225002 was developed as a potent
and selective IL8-receptor B antagonist that has
the potential to inhibit IL-8-mediated angiogenesis,
growth, metastasis and chemoresistance of cancer®.
Further, we previously showed that the antitumor
activity of SB225002 was unaffected by cancer
cell overexpression of p-glycoprotein, which is the
product of MDR1 gene that frequently imparts drug
resistance to the clinically available microtubules
inhibitors®*>. Moreover, SB225002 was previously
reported to exert anti-inflammatory and anti-no-
ciceptive actions in vivo through inhibiting the ex-
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pression of iNOS and COX2, along with attenuating
pro-inflammatory cytokines, such as IL-1B, TNFa
and keratinocyte-derived chemokines”®.

Given this promising antitubulin potential of
SB225002, the present study was undertaken to shed
lights onto the characteristics of SB225002-induced
mitotic arrest and to investigate additional mecha-
nisms underlying its cytotoxicity.

Materials and Methods

Chemicals

Both SB225002 and JNK inhibitor SP600125
(Selleckchem, Houston, TX, USA) were dissolved
in anhydrous dimethyl sulfoxide (DMSO, Sig-
ma-Aldrich, St. Louis, MO, USA), aliquoted and
stored at -80°C. SB225002 aliquots were stored at
-80°C for no more than 2 months. Repeated freeze-
thaw cycles of aliquots were avoided. N-acetylcys-
teine was purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Cell Line and Culture Conditions

Human colorectal adenocarcinoma cell line
SW480 (ATCC, Mannassas, VA, USA) was main-
tained in DMEM (Gibco, Grand Island, NY, USA)
and were supplemented with 10% fetal bovine se-
rum (FBS, Hyclone, Logan, UT, USA), L-glutamine
(4 mmol/L for DMEM), 100 units/mL penicillin,
and 100 pg/mL streptomycin (Gibco, Grand Island,
NY, USA). Cell cultures were incubated at 37°C in a
humidified atmosphere of 5% CO,.

Immunoblotting

Protein isolation and immunoblotting were
carried out as previously described’. The primary
antibodies used were anti-p-JNK, anti-c-Jun, an-
ti-p-CHK1 ser345, anti-CHKI1, anti-Cyclin Bl,
anti-p-Histone H3, anti-Cdc25c, anti-Securin, an-
ti-B-actin (Cell Signaling Technologies, Beverly,
MA, USA); anti-BubR1, (BD Biosciences, San
Jose, CA, USA); anti-BcL.2 (Dako, Glostrup, Den-
mark). Secondary antibodies used were HRP-an-
ti-rabbit IgG and HRP-anti-mouse IgG (Cell Sig-
naling Technologies, Beverly, MA, USA).

Analysis of Cell Cycle via Fluorescence-
Activated Cell Sorting (FACS)

Cell cycle perturbations were analyzed as previ-
ously described’ using FACSCalibur flow cytometer
and CellQuest software package (BD Biosciences,
San Jose, CA, USA), with exclusion of cell aggre-
gates via FL2ZW-FL2A gating. A representative data

of 3 independent experiments (with triplicate in
each) is depicted as the mean+=SEM.

Indirect Immunofiluorescence and Confocal
Microscopy

Immunocytochemistry of o-tubulin was per-
formed as previously described’, using anti-o-tubu-
lin primary antibody, FITC-conjugated secondary
antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and DNA counterstaining with propid-
ium iodide (Sigma-Aldrich, St. Louis, MO, USA).
Olympus FluoView FV1000 confocal microscope
(Olympus, Tokyo, Japan) was used for image acqui-
sition and analysis.

Knockdown of Gene Expression via Small
Interfering RNA (siRNA)

Knockdown of CHEKI gene (encoding CHK1)
and scramble siRNA (LacZ) were carried out using
previously reported siRNA sequences!®!! that were
synthesized by Qiagen (Hilden, Germany). Cells
were transfected using HiPerFect transfection reagent
(Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions. Knockdown efficiency was as-
sessed by immunoblotting, and the impact of CHK1
knockdown on cell cycle was assessed by FACS.

Intracellular ROS Assessment

SW480 cells were pretreated with 10 mM N-ace-
tylcysteine for 1 hr, then co-treated with varying con-
centrations of SB225002 for 12 hours, then cells were
processed for loading of CM-H2DCFDA (Invitrogen,
Waltham, MA USA) and intracellular ROS were as-
sessed as previously described’ using FACSCalibur
flow cytometer and CellQuest software package (BD
Biosciences, San Jose, CA, USA). A representative
data of 3 independent experiments (with triplicate in
each) is depicted as the mean+=SEM.

Statistical Analysis

One-way analysis of variance (ANOVA), fol-
lowed by Tukey-Kramer post-hoc test, were car-
ried out using SPSS 22.0 Statistics software pack-
age (IBM Corp., Armonk, NY, USA). Differences
were considered statistically significant at p <0.05.

Results

Mitotic Arrest Induction by SB225002
in SW480 Cells is Reversible
and is Associated with Cell Death
To characterize the reversibility of the anti-
mitotic activity of SB225002, SW480 cells were
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Table I. Flow cytometry-based verification of the identity of SB225002-incued mitotic SW480 cells isolated by shake-off pro-
cedures relative to SB225002-treated cells without mitotic shake-off application.

Cells treated with SB225002 or control

vehicle — FACS analysis WITHOUT mitotic shake-off

SB225002-treated cells — Mitotic shake-off
— FACS analysis of detached and adherent cells

DMSO SB225002 Detached cells Adherent cells
Gl 46.1+4.15 21.2+1.87 2.6+0.23 31.6+2.62
S 34.6+2.77 18.8+1.67 3.6+£0.3 28.9+2.25
G2M 19.42+1.84 60.1+5.89 93.4+7.38 39.3+3.03

Results are presented as the mean+SEM. DMSO: Dimethylsulfoxide control vehicle.

treated with SB225002 (650 nM) for 12 hours.
The reason why this concentration of SB225002
and the exposure time were adopted is that in
our previous work the IC, of SB225002 was ap-
proximately 650 nM and mitotic arrest peaked
after 12 hours using the same cell line’. Then,
mitotic shake-off was carried out to separate mi-
totic cells from interphase cells, and the identity
of the isolated cells vs. adherent cells was ver-
ified by both flow cytometry and immunoblot-
ting. Cell cycle analysis by fluorescence-activat-
ed cell sorting (FACS) showed that, following
SB225002 treatment, approximately 93% of the
separated cells were G2/M arrested (Table 1),
while the remaining adherent cells were distrib-
uted in G1, S and G2/M phases (Table I). These
results when compared to those obtained with
FACS analysis of SB225002-treated cells with-
out shake-off, clearly revealed the enrichment
of G2/M population of the isolated cells (Table
I). Moreover, immunoblotting of different mi-
totic markers showed that the substrates of the
anaphase promoting complex cyclin B1 and hy-
perphosphorylated securin were evidently accu-
mulated in the isolated cells relative to the ad-
herent cells (Figure 1A). Similarly, BubR1 (the
mitotic checkpoint kinase), Cdc25¢ (the mitotic
trigger), histone H3 and BcL2 were all strong-
ly hyperphosphorylated in the isolated cells in
contrast to adherent cells (Figure 1A), indicating
that the isolated cells were mitotically arrested.
Collectively, these results confirmed the efficien-
cy of the applied shake-off procedures in isolat-
ing mitotic cells following SB225002 treatment.

Next, we assessed the reversibility of
SB225002-induced mitotic arrest using the mitot-
ic cells isolated by shake-off procedures. To this
end, SB225002 treatment was performed for 12
hours, followed by mitotic cells separation and
re-plating into a fresh culture medium (without
SB225002), at various time points (2, 4, 8, 16,
24 hours), then cells were harvested for cell cy-
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cle analysis by flow cytometry, as well as for the
assessment of mitotic markers expression by im-
munoblotting. Results showed that 2 hours after
release, about 80% of the cells were in the Gl
phase, 4% appeared as SubGl population, and
the remaining were in S and G2/M phases (Fig-
ure 1B). At the subsequent time points, there were
time-dependent increments in SubG1 population
along with a gradual redistribution of cells among
different phases of the cell cycle (Figure 1B). Im-
munoblotting further supported flow cytometry
results where all the examined mitotic markers
were normalized 2 hours after release suggestive
of a mitotic exit (Figure 1C), and the expression
pattern of the assessed mitotic markers at subse-
quent time points coincided with the correspond-
ing changes in cell cycle distribution in a timely
manner (Figure 1B, 1C). Taken together, these
findings suggested that after a brief (12 hours)
exposure to SB225002 followed by a washout,
the mitotically arrested cells can re-enter the cell
cycle and undergo cell death, which indicated the
reversibility of SB225002-induced mitotic arrest
in SW480 cells.

$B225002 Activated CHK1 DNA Damage
Checkpoint which Occurred Downstream
of the Mitotic Checkpoint in SW480 Cells

We have previously shown that SB225002
triggered a prometaphase arrest and activated the
spindle assembly checkpoint (SAC), as a result
of microtubules depolymerization and the resul-
tant chromosomal misalignment’. Accordingly,
we investigated whether SB225002 may activate
DNA damage checkpoint in mitotically arrested
cells. Confocal microscopy showed the existence
of a fragmented chromosomal DNA in prometa-
phase arrested SW480 cells, following 12 hours
of SB225002 treatment (Figure 2A). Time-course
immunoblot analysis of DNA damage check-
points revealed that CHK1 was phosphorylated
at serine 345 residue by SB225002 (650 nM) as
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Figure 1. SB225002-triggered mitotic arrest is reversible with induction of cell death in SW480 cells. A, Immunoblotting
of mitotic markers in SW480 cells treated with SB225002 (650 nM) for 12 hrs, then subjected to mitotic shake-off. Loading
control: B-Actin. B, Time-course FACS analysis, and C, Time-course immunoblotting of mitotic markers. Both B and C were
carried out on the isolated mitotic SW480 cells after being treated with SB225002 (650 nM) for 12 hrs, then released into fresh
culture medium for 2, 4, 8, 16, 24 hrs. The small letters a, b, c, d in panel B indicate statistically significant differences from the
corresponding cell cycle population of the 2 hrs time point at p < 0.05.

early as 1.5 hour, and this phosphorylation peaked
after 12 hours, but declined thereafter (Figure 2B)
coinciding with the kinetics of hyperphosphoryla-
tion of a prominent mitotic marker securin (Figure
2B). On the other hand, CHK2 phosphorylation
could not be detected (data not shown). Further,
CHKI1 serine 345 phosphorylation occurred in
a dose-dependent manner following SB225002
treatment for 12 hours (Figure 2C). Importantly,
mitotic shake-off that was carried out on SW480
cells — treated with SB225002 for 12 hours — and
was followed by immunoblotting, showed that
CHK1 serine 345 phosphorylation was confined
to the isolated mitotic cells, but was undetectable
in the adherent interphase cells (Figure 2D). These
findings suggested that the activation of CHKI
DNA damage checkpoint exclusively occurred in
the mitotically arrested SW480 cells, following
SB225002 treatment.

Furthermore, we investigated whether CHK1
knockdown may influence mitotic markers ex-
pression by immunoblotting. Results showed
that an efficient CHK1 depletion was unable to
abrogate SB225002-induced accumulation of cy-
clin B1 and hyperphosphorylated securin (Figure
3A). Similarly, Cdc25c, histone H3 and BcL2 re-
tained their mitotic hyperphosphorylation upon

SB225002 treatment and CHKI1 knockdown
(Figure 3A). Moreover, flow cytometry revealed
that CHK1 knockdown failed to abrogate mitot-
ic arrest, triggered by SB225002 (Figure 3B).
Collectively, these findings suggested that the
activation of CHK1 DNA damage checkpoint oc-
curred downstream of the mitotic arrest induced
by SB225002.

5$B225002 Activated JNK Signaling
in SW480 Cells

Given that microtubules inhibitors can acti-
vate p38MAPK and/or JNK'?, and that our previ-
ous findings showed the activation of p38MAPK
signaling by SB225002°, we investigated whether
SB225002 may increase the phosphorylation of
JNK in SW480 cells. Immunoblotting revealed
that SB225002 dose-dependently upregulat-
ed JNK phosphorylation, following 12 hours of
treatment (Figure 4A). Further, treatment with
SB225002 brought about a dose-dependent up-
regulation of JNK downstream target c-Jun (Fig-
ure 4A). These findings indicated that JNK signal-
ing was activated by SB225002 in SW480 cells.

To gain insights into the functional conse-
quences of JNK activation by SB225002, we
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Figure 2. Activation of CHK1 DNA damage checkpoint by SB225002 in SW480 cells. A, Confocal microscopy of tubulin
immunocytochemistry in SW480 cells treated with SB225002 (650 nM for 12 hrs). Green: tubulin, Red: DNA. Arrows indi-
cate fragmented misaligned DNA. Scale bar=10 pm. B, Time-course immunoblotting of phosphorylated CHK1 and securin in
SW480 cells treated with SB225002 (650 nM). C, Immunoblotting of phosphorylated CHK 1 in SW480 cells treated with differ-
ent concentrations of SB225002 for 12 hrs. Loading control: B-Actin. D, Immunoblotting of phosphorylated CHK1 in isolated
mitotic vs. adherent SW480 cells treated with SB225002 (650 nM) for 12 hrs. Loading control: B-Actin.

challenged SW480 cells with a well-known JNK cy of JNK signaling inhibition. Results revealed
inhibitor, prior to SB225002 treatment and im- a marked abrogation of c-Jun upregulation by
munoblotting was used to validate the efficien- SB225002 (Figure 4B). Next, FACS analysis of
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Figure 3. SB225002-induced CHK1 DNA damage checkpoint occurred downstream of the mitotic checkpoint in SW480 cells.
A, Immunoblotting of the expression of mitotic markers in SW480 cells upon knockdown of CHK1 followed by treatment with
SB225002 (650 nM) for 12 hrs. Loading control: B-Actin. B, FACS analysis of SW480 cells following CHK1 knockdown and

SB225002 treatment (650 nM, 12 hrs).
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Figure 4. SB225002 activated JNK signaling in SW480 cells. A, Immunoblotting of phosphorylated JNK and its downstream
target c-Jun in SW480 cells treated with different concentrations of SB225002 for 12 hrs. Loading control: B-Actin. B, Immuno-
blotting of c-Jun in SW480 cells pre-treated with JNK inhibitor SP600125 (10 uM) for 1 hr then co-treated with SB225002 (650

nM) for 12 hrs. Loading control: B-Actin.

SW480 cells treated with SB225002 in the pres-
ence or absence of the JNK inhibitor showed
that SB225002-induced SubG1 population was
significantly inhibited by JNK inhibitor pretreat-
ment, while polyploid cells were remarkably and
dose-dependently increased by SB225002/JNK
inhibitor co-treatment (Table 1I). These findings
suggested that following SB225002 treatment,
JNK activation contributed to cell death and re-
strained polyploid cell formation.

Intracellular ROS Contributed
to SB225002-Induced Cell Death

Given that mitotically arrested cells were
shown to generate excessive intracellular ROS
which could mediate cell death!®, we investigated
their potential role in SB225002 cytotoxicity. Flow
cytometry analysis of intracellular ROS revealed
that their levels were dose-dependently elevated
by SB225002 treatment (Table III). Moreover,
pretreatment with N-acetylcysteine efficiently

scavenged SB225002-induced intracellular ROS
accumulation (Table III). Next, we investigated
the effect of N-acetylcysteine pretreatment on
SB225002-induced cell death by FACS analysis.
Results showed that ROS scavenging significant-
ly abrogated SB225002-induced SubG1 popula-
tion and largely normalized different phases of the
cell cycle (Table IV). These findings suggested
that ROS contributed, at least in part, to the cyto-
toxicity induction by SB225002.

Discussion

Microtubules have been established as a valid
target in cancer treatment, driving the continual
interest in the introduction of novel antitubulin
agents with enhanced efficacies and/or reduced
side effects*.

The reversibility of tubulin targeting is usual-
ly associated with a better tolerability and lower

Table Il. Flow cytometry analysis of the influence of JNK inhibitor pre-treatment on SB225002-induced cell cycle perturbations

and cell death of SW480 cells.

SubGl1 G1 S G2/M Polyploid

+JNKi +JNKi +JNKi +JNKi +JNKi
DMSO | 1.540.14 | 1.8+0.16 | 57.2+5.15 | 54.244.72 | 19.7£1.77 | 209£1.88 | 18.2+1.44 | 19.8+1.8 | 2.7+0.24 | 3.2+0.27
SB350 | 5.1+0.18 | 1.7+0.35* | 53.144.78 | 45.6+3.71* | 16.541.66 | 14.8+1.2 | 21.1+1.79 | 24.8+2.1* | 3.8+0.33 | 11.9+1.01*
SB500 | 14.9+0.63 | 5.8+0.46* | 39.843.54 | 19.1+1.53* | 12.141.29 | 10.6+1.1 | 24.6+2.21 | 30.5£2.4* | 7.8+0.68 | 33.1+2.65*
SB650 | 19.3+1.01 | 8.1+0.62* | 25.3+2.13 | 15.2+1.16% | 13.1£1.3 | 8.840.67* | 26.542.74 | 25.2+1.92 | 154+1.17 | 42.243.63*
SB800 | 21.4+1.52 |11.1+0.79%| 15.7+1.22 | 11.120.79* | 11.1£0.87 | 8.2+0.58* | 23.742.32 | 20.9+1.48 | 27.4£1.95 | 47.9+4.55%
SBI50 | 24.542.33 [16.4+1.45%| 11.140.96 | 82+0.7* | 8.5+0.81 | 5.8+0.65 | 20.1+1.71 | 18.8£1.79 | 34.8+2.69 | 49.9+3.24*

Results are presented as the mean+SEM. Asterisk indicates a statistically significant difference at p < 0.5 of JNK inhibitor/SB225002
co-treated cells versus SB225002-only treatment. SB: SB225002; JNKi: JNK inhibitor; DMSO: Dimethylsulfoxide control vehicle.
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Table Ill. Investigating the effect of SB225002 on intracel-
lular ROS generation by flow cytometry in SW480 cells (in
the presence or absence of N-acetylcysteine pre-treatment).

Intracellular ROS
[Median Fluorescence Intensity]

+ NAC
DMSO 7.5+0.75 7.2+0.71
SB350 9.5+0.69 7.5+£0.62
SB500 14.2+1.4 8.4+0.81*
SB650 16.341.2 9.8+0.79*
SB800 18.4+1.3 10.6+0.92*
SB950 19.9+1.4 11.4+1.1*

Results are presented as the mean+SEM. Asterisk indicates a
statistically significant difference at p<0.5 of N-acetylcysteine/
SB225002 co-treated cells versus SB225002-only treatment. SB:
SB225002; NAC: N-acetylcysteine; DMSO: Dimethylsulfoxide
control vehicle

grade dose-limiting side effects such as myelo-
suppression or peripheral neuropathy which are
commonly observed with the clinically available
microtubules inhibitors*!*. In the present study,
we demonstrated that the antimitotic activity of
SB225002 is reversible, which may be seen as a
potential therapeutic merit for this compound.
Pharmacologic induction of a prolonged mitot-
ic arrest has been shown to result in DNA breaks
in mitotic chromosomes and activation of DNA
damage checkpoints which preceded cells
death'®. Our results demonstrated the existence
of chromosomal DNA breaks in prometaphase
arrested SW480 cells, and the increased serine
345 phosphorylation of CHK1 DNA damage
checkpoint specifically in mitotic cells follow-
ing SB225002 treatment. Similarly, phosphor-
ylation of CHK1 at serine 345 was previously
shown to occur at DNA damage foci in stressed

cells undergoing mitosis, and phosphorylation
at this residue is a critical regulator of CHK1
kinase activity'®'8.

Previous reports have suggested that modula-
tion of CHK1 expression and/or phosphorylation
can either trigger the spindle assembly check-
point (SAC) or may occur as a downstream event
of SAC activation'*?°. Further, the role of CHK1
during mitotic arrest varies depending on the type
of the antitubulin agent where CHK1 activity was
required for SAC activation and mitotic arrest in-
duction by microtubules stabilizers®*. Conversely
CHK1 was dispensable for the antimitotic activi-
ty of microtubules depolymerizes®. Our findings
have shown that CHK1 activation by SB225002
is a downstream event of mitotic arrest induc-
tion. Importantly, the knockdown of CHK1 did
not affect the accumulation of mitotic markers
or cell cycle arrest at the M-phase, which further
supported our previously reported mechanism of
SB225002 as a microtubule depolymerizer®.

Microtubules inhibiting agents have been shown
to robustly induce JNK phosphorylation in human
cancer cells?'??, and JNK activation has been shown
to link prolonged mitotic arrest to cell death®. Fur-
thermore, the contributions of JNK toward mitotic
progression through anaphase and protection against
aneuploidy have previously been suggested where
the inhibition of JNK activity could inhibit chro-
mosome segregation during anaphase and induced
polyploidy**®. Polyploid cancer cells, which are
commonly formed due to the prolonged activa-
tion of mitotic checkpoint, have a number of cri-
teria such as: expression of cancer stem-like cell
markers, resistance to treatment, protection against
host immune system, and the capacity to undergo
de-polyploidization to re-initiate tumor growth'26%",
Therefore, it may be concluded that the activation

Table IV. Flow cytometry analysis of the impact of SB225002-induced ROS generation on cell cycle perturbations and cell

death of SW480 cells.
SubG1 G1 S G2/M Polyploid

+NAC +NAC +NAC +NAC +NAC
DMSO | 1.840.15 1.940.11 | 58.8+5.77 | 58.9+5.3 | 17.9+1.8 | 182£1.5| 17.7£1.9 | 183+1.6 | 2.9+025 | 234021
SB350 | 6.7+0.6 444033 | 5424488 | 56.9+5.54 | 14.1+1.3 | 159+1.6| 20.2+1.8 | 18.6+1.7 | 424038 | 3.2+0.26
SB500 | 16.3+1.74 | 8240.66* | 40.6+3.95 | 53.244.3* | 11.2+1.1 [14.241.2%| 25.1£1.9 | 20.3+1.5% | 6.4+0.58 | 3.6+.032*
SB650 | 21.842.14 | 11.8+1.06* | 24.1+2.1 | 46.1+4.2* | 12.3+0.93 | 13.9+1.3 | 27.8£1.7 | 23.1+1.6* | 13.540.94 | 4.2+0.42*
SB800 | 23.4+2.28 | 12.8+£1.11* | 17.5+1.85 | 40.9£3.6* | 9.1+0.82 [11.8+1.1%| 26.1+1.8 | 22.5£1.7* | 23.4+1.47 | 8.2+0.71*
SB950 | 25.7+£1.52 | 12.6£1.31%* | 15.1x1.1 | 38.3+£2.9*% | 6.7£0.26 [9.2+0.65*| 21.8+1.5 | 22.9+1.5 | 30.9£1.88 | 12.3+0.93*

Results are presented as the mean+SEM. Asterisk indicates a statistically significant difference at p < 0.5 of N-acetylcysteine/SB225002
co-treated cells versus SB225002-only treatment. SB: SB225002; NAC: N-acetylcysteine; DMSO: Dimethylsulfoxide control vehicle.
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of JNK signaling by SB225002 in the current study
may have two important consequences: contributing
to cell death induction and curbing polyploidy, since
co-treatment of SW480 with a selective JNK inhib-
itor, followed by SB225002, significantly promoted
polyploidy and abrogated cell death.

The activation of both JNK and p38MAPK by
SB225002 treatment in the current study and in our
previous work® suggested the stressful nature of the
mitotic arrest triggered by SB225002, which was
further supported by its potential to induce ROS
generation demonstrated in the present study. Like-
wise, prolonged mitotic arrest induction has previ-
ously been shown to exacerbate ROS generation'’.
Recently, mitochondrial dysfunction was shown to
occur during mitotic arrest caused by microtubules
inhibiting agents, resulting in oxidative stress that
contributed to the antitumor activity of chemother-
apeutics that target the mitotic phase®.

Conclusions

In summary, the molecular mechanisms, and the
distinctive properties of SB225002 described thus far
provided a strong rationale for further development of
SB225002 as a lead antitumor agent that uniquely tar-
gets microtubules dynamics and IL-8 signaling.

Authors’ Contribution

Goda AE: Project conceptualization. Methodology, data
curation, and analysis. Writing- draft and editing. Writing-
final review and approval. Sakai T: Methodology, data cura-
tion, and analysis. Writing- final review and approval.

Conflict of Interest

The authors declare no known competing financial interests
or personal relationships that may have influenced this pa-
per in whole or in part.

Funding received
None.

References

1) Dalton WB, Yang VW. Role of prolonged mitotic
checkpoint activation in the formation and treat-
ment of cancer. Future Oncol 2009; 5: 1363-1370.

2) Henriques AC, Ribeiro D, Pedrosa J, Sarmento B,
Silva PMA, Bousbaa H. Mitosis inhibitors in anti-
cancer therapy: When blocking the exit becomes a
solution. Cancer Lett 2019; 440-441: 64-81.

3) Bates D, Eastman A. Microtubule destabilising
agents: far more than just antimitotic anticancer
drugs. Br J Clin Pharmacol 2017; 83: 255-268.

4) McLoughlin EC, O’Boyle NM. Colchicine-Binding
Site Inhibitors from Chemistry to Clinic: A Review.
Pharmaceuticals (Basel) 2020; 13: 8.

5) Goda AE, Koyama M, Sowa Y, Elokely KM, Yoshida
T, Kim BY, Sakai T. Molecular mechanisms of the
antitumor activity of SB225002: a novel microtubule
inhibitor. Biochem Pharmacol 2013; 85: 1741-1752.

6) Alfaro C, Sanmamed MF, Rodriguez-Ruiz ME, Tei-
jeira A, Onate C, Gonzalez A, Ponz M, Schalp-
er KA, Pérez-Gracia JL, Melero |. Interleukin-8
in cancer pathogenesis, treatment and follow-up.
Cancer Treat Rev 2017; 60: 24-31.

7) Bento AF, Leite DF, Claudino RF, Hara DB, Leal PC,
Calixto JB. The selective nonpeptide CXCR2 an-
tagonist SB225002 ameliorates acute experimental
colitis in mice. J Leukoc Biol 2008; 84: 1213-1221.

8) Manjavachi MN, Quintdo NL, Campos MM, Des-
champs IK, Yunes RA, Nunes RJ, Leal PC, Calixto
JB. The effects of the selective and non-peptide
CXCR2 receptor antagonist SB225002 on acute
and long-lasting models of nociception in mice.
Eur J Pain 2010; 14: 23-31.

9) Goda AE, Erikson RL, Sakai T, Ahn JS, Kim BY.
Preclinical evaluation of bortezomib/dipyridamole
novel combination as a potential therapeutic mo-
dality for hematologic malignancies. Mol Oncol
2015; 9: 309-322.

10) Ye F, Yang Z, Liu Y, Gong D, Ji T, Wang J, Xi B,
Zhou J, Ma D, Gao Q. Co-abrogation of Chk1 and
Chk2 by potent oncolytic adenovirus potentiates
the antitumor efficacy of cisplatin or irradiation.
Cancer Gene Ther 2014; 21: 209-217.

11) Rousseau J, Gioia R, Layrolle P, Lieubeau B, Hey-
mann D, Rossi A, Marini JC, Trichet V, Forlino A.
Allele-specific Col1al silencing reduces mutant
collagen in fibroblasts from Brtl mouse, a model
for classical osteogenesis imperfecta. Eur J Hum
Genet 2014; 22: 667-674.

12) Oren A, Herschkovitz A, Ben-Dror |, Holdengreber
V, Ben-Shaul Y, Seger R, Vardimon L. The cyto-
skeletal network controls c-Jun expression and
glucocorticoid receptor transcriptional activity in
an antagonistic and cell-type-specific manner. Mol
Cell Biol 1999; 19: 1742-1750.

13) Patterson JC, Joughin BA, van de Kooij B, Lim DC,
Lauffenburger DA, Yaffe MB. ROS and Oxidative
Stress Are Elevated in Mitosis during Asynchro-
nous Cell Cycle Progression and Are Exacerbated
by Mitotic Arrest. Cell Syst 2019; 8: 163-167.e2.

14) Niu L, Yang J, Yan W, Yu Y, Zheng Y, Ye H, Chen
Q, Chen L. Reversible binding of the anticancer
drug KXO1 (tirbanibulin) to the colchicine-binding
site of B-tubulin explains KXO1’s low clinical toxic-
ity. J Biol Chem 2019; 294: 18099-18108.



A.E. Goda, T. Sakai

15) Dalton WB, Nandan MO, Moore RT, Yang VW. Human
cancer cells commonly acquire DNA damage during
mitotic arrest. Cancer Res 2007; 67: 11487-11492.

16) Capasso H, Palermo C, Wan S, Rao H, John UP,
O’Connell MJ, Walworth NC. Phosphorylation ac-
tivates Chk1 and is required for checkpoint-medi-
ated cell cycle arrest. J Cell Sci 2002; 115: 4555-
4564.

17) Goto H, Kasahara K, Inagaki M. Novel insights
into Chk1 regulation by phosphorylation. Cell
Struct Funct 2015; 40: 43-50.

18) Wilsker D, Bunz F. Chk1 phosphorylation during
mitosis: a new role for a master regulator. Cell Cy-
cle 2009; 8: 1161-1163.

19) Tang J, Erikson RL, Liu X. Checkpoint kinase 1
(Chk1) is required for mitotic progression through
negative regulation of polo-like kinase 1 (Plk1).
Proc Natl Acad Sci U S A2006; 103: 11964-11969.

20) Zachos G, Black EJ, Walker M, Scott MT, Vagnarel-
li P, Earnshaw WC, Gillespie DA. Chk1 is required
for spindle checkpoint function. Dev Cell 2007; 12:
247-260.

21)Polak P, Oren A, Ben-Dror |, Steinberg D,
Sapoznik S, Arditi-Duvdevany A, Vardimon L.
The cytoskeletal network controls c-Jun trans-
lation in a UTR-dependent manner. Oncogene
2006; 25: 665-676.

22) Wang TH, Wang HS, Ichijo H, Giannakakou P,
Foster JS, Fojo T, Wimalasena J. Microtubule-in-

terfering agents activate c-Jun N-terminal kinase/
stress-activated protein kinase through both Ras
and apoptosis signal-regulating kinase pathways.
J Biol Chem 1998; 273: 4928-4936.

23) Kelkel M, Cerella C, Mack F, Schneider T, Ja-
cob C, Schumacher M, Dicato M, Diederich M.
ROS-independent JNK activation and multisite
phosphorylation of Bcl-2 link diallyl tetrasulfide-in-
duced mitotic arrest to apoptosis. Carcinogenesis
2012; 33: 2162-2171.

24) MacCorkle RA, Tan TH. Inhibition of JNK2 disrupts
anaphase and produces aneuploidy in mammali-
an cells. J Biol Chem 2004; 279: 40112-40121.

25) Hsu CT, Huang YF, Hsieh CP, Wu CC, Shen TS.
JNK Inactivation Induces Polyploidy and Drug-Re-
sistance in Coronarin D-Treated Osteosarcoma
Cells. Molecules 2018; 23: 2121.

26) Chen J, Niu N, Zhang J, Qi L, Shen W, Donkena
KV, Feng Z, Liu J. Polyploid Giant Cancer Cells
(PGCCs): The Evil Roots of Cancer. Curr Cancer
Drug Targets 2019; 19: 360-367.

27) Wang Q, Wu PC, Dong DZ, Ivanova |, Chu E, Zeli-
adt S, Vesselle H, Wu DY. Polyploidy Road to ther-
apy-induced cellular senescence and escape. Int
J Cancer 2013; 132: 1505-1515.

28) Hao X, Bu W, Lv G, Xu L, Hou D, Wang J, Liu X,
Yang T, Zhang X, Liu Q, Gong Y, Shao C. Disrupt-
ed mitochondrial homeostasis coupled with mitotic
arrest generates antineoplastic oxidative stress.
Oncogene 2022; 41: 427-443.



