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Background: This investigation clearly clarified the synthesized and antimitotic compound, 2-(3′-methoxyphenyl)-
6-pyrrolidinyl-4-quinazolinone (HMJ-38), addressing its target andprecisemechanismof action.Wehypothesized
that HMJ-38 might sensitize apoptotic death of human oral carcinoma CAL 27 cells in vitro and inhibit xenograft
tumor growth in vivo.
Methods: Cell viability was assessed utilizing MTT assay. HMJ-38-treated cells represented DNA fragmentation
using agarose gel electrophoresis as further evidenced using TUNEL staining. Flow cytometric analyses, immuno-
blotting and quantitative RT-PCR were applied for protein and gene expression. Antitumor xenograft study was
employed.
Results: HMJ-38 concentration- and time-dependently reduced viability of CAL 27 cells. The effect of intrinsic
molecules was signalized during HMJ-38 exposure with disruption of ΔΨm, MPT pore opening and the release
of various events from mitochondria undergoing cell apoptosis. HMJ-38 also markedly facilitated G2/M phase

arrest. HMJ-38 stimulated the activation of CDK1 activity that modulated phosphorylation on Ser70 of Bcl-2-
mediated mitotic arrest and apoptosis. HMJ-38 triggered intracellular Ca2+ release and activated related pivotal
hallmarks of ER stress. HMJ-38 in nude mice bearing CAL 27 tumor xenografts decreased tumor growth. Further-
more, HMJ-38 enhanced caspase-3 gene expression and protein level in xenotransplanted tumors.
Conclusions: Early roles of mitotic arrest, unfolded protein response and mitochondria-dependent signaling
contributed to apoptotic CAL 27 cell demise induced by HMJ-38. In in vivo experiments, HMJ-38 also efficaciously
suppressed tumor volume in a xenotransplantation model.
General significance: This finding might fully support a critical event for HMJ-38 via induction of apoptotic ma-
chinery and ER stress against human oral cancer cells.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Head and neck squamous cell carcinoma (HNSCC), including oral
squamous cell carcinoma (OSCC), is ranked as the sixth most prevalent
malignancy worldwide [1,2]. In Taiwan, betel quid chewing is a vital
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prognostic factor related to oral cancer [3,4]. Over 90% of oral cancer
cases are classified as OSCC and associated with a poor prognosis [5,6].
In the clinical treatment options, there are multiple-modality therapies
with surgical resection, radiation technique andmulti-drug chemother-
apy for HNSCC patients [7]. However, the long-term survival has no
dramatic increase over the past several years [8]. The clinical outcome
(side effect) and poor prognostic factor of OSCC occur, and the thera-
peutic actions in the end-stage are still unsatisfactory [9,10]. Thus, the
discovery of potential and novel chemotherapeutic agents to trigger
apoptotic death for HNSCC not only is becoming essential but also has
received the increasingly important approach.

Apoptosis or programmed cell death type I (an ability to provoke the
physiological suicide program) is a central process of antitumor effects
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to eliminate tumor cells [4,11]. Apoptotic signaling refers to responding
to a variety of stressful stimuli or drug treatments, and its related bimo-
lecular switches are defined for the modes of extrinsic signaling (death
receptor engagement), intrinsic network (mitochondria-dependent
pathway) and endoplasmic reticulum (ER) stress (unfolded protein re-
sponse, UPR) [12–14]. The accumulation of unfolded and/or misfolded
proteins undergoing various stress conditions elicits Ca2+ overload
and failure of protein synthesis or folding, finally leading to disturb ER
function. ER stress triggers several essential hallmarks to be a potential
target [13–15]. In addition, UPR-regulated cell apoptosis might get
involved in intrinsic mitochondrial signaling by proceeding through
the caspase-9/-3-dependent pathway [16–18]. Bcl-2 family proteins
have been found to implicate mitochondrial depolarization, and subse-
quently apoptotic factors emanating from mitochondria are released,
following initiator and effector caspases can be eventually activated
when the cell dies [19,20].

A class of quinazolinone derivatives was designed and synthesized
as a novel antineoplastic agent by our colleagues [21,22]. This synthetic
compound, HMJ-38, as shown in Fig. 1A exerts excellent efficacy and
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Fig. 1. Correlations of HMJ-38-induced cytotoxic effect and induction of caspase-mediated apop
prior to preincubation with or without 15 μM Z-VAD-FMK were incubated in the presence of d
(B) Cytotoxic effect on HMJ-38-treated cells was analyzed using MTT method. (C) Cells in resp
fragmentation was analyzed by agarose gel electrophoresis. (E) TUNEL-positive cells were me
the values obtained by Dunnett's test. *p b 0.05 versus control; #p b 0.05 versus HMJ-38 alone.
therapeutic effect on numerous tumor cell lines after the screening
tests for cytotoxic function, indicating themost potent to inhibit tubulin
polymerization in vitro [22]. We previously demonstrated that intrinsic
apoptosis triggered by HMJ-38 appeared in human promyelocytic leu-
kemia HL-60 cells [23]. HMJ-38 was also found to exhibit potential
angiogenetic effects and induction of human umbilical vein endothelial
cell apoptosis [24]. Presently, neither the cytotoxic influence of HMJ-38
nor the molecular interactions underlying its antitumor activity on
HNSCC cells in vitro and in vivo have been well established. The aim of
this study was to elucidate the anticancer mechanism of HMJ-38-
induced apoptotic machinery and to investigate ER stress and intrinsic
associated signal transduction in human OSCC CAL 27 cells as well as
against implanted human oral tumor xenografts in nude mice. Our
pilot study hypothesized that HMJ-38 might affect CAL 27 cells, and
its cytotoxic response could be attributable to apoptotic cell death. The
cell culture and animal models were developed to explore the oral
anticancer effects. Therefore, we strongly suggest that HMJ-38 has a
therapeutic potential to enhance apoptotic death in human OSCC cells
in vitro and in vivo.
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2. Materials and methods

2.1. Reagents and chemicals

HMJ-38 was supplied by Dr. Mann-Jen Hour (School of Pharmacy,
China Medical University). Dulbecco's Modified Eagle Medium (DMEM),
DMEM: Nutrient Mixture F-12 (DMEM/F-12), Minimum Essential
Medium (MEM), fetal bovine serum (FBS), penicillin/streptomycin and
trypsin-EDTA were purchased from Gibco/Life Technologies (Carlsbad,
CA, USA). DiOC6(3), Fluo-3/AMandBAPTAwere obtained fromMolecular
Probes/Life Technologies (Eugene, OR, USA). The source of antibodies
as follows: caspase-9, caspase-3, phospho-CDK1 (Thr161), phospho-
Bcl-2 (Ser70), eIF2α and phospho-eIF2α (Ser51) as well as calpain 1
were bought fromCell Signaling Technology Inc. (Beverly,MA, USA). Spe-
cific caspase inhibitors (Z-VAD-FMK, Z-LEHD-FMK and Z-DEVD-FMK),
calpeptin and antibodies of anti-Bax, anti-CDK1 and anti-Bcl-2 were
obtained from Merck Millipore (Billerica, MA, USA). The other primary
antibodies used in this study and salubrinal were purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). All chemicals and reagents
were obtained from Sigma-Aldrich Corp. (St. Louis, MO, USA) unless
otherwise specified.
2.2. Cell lines and culture conditions

Human OSCC cell line CAL 27 was purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA). Human tongue
oral cancer cell line SCC-4, human fetal skin fibroblast cell line WS1
and human embryonic skin fibroblast cell line Detroit 551 were pur-
chased from the Bioresource Collection and Research Centre (BCRC)
(Hsinchu, Taiwan). CAL 27 cells were cultured with DMEM, SCC-4
cells were grown in DMEM/F-12, and WS1 and Detroit 551 cells were
seeded in MEM. All cell lines were plated into T75 tissue culture flasks
(TPP Techno Plastic Products AG, Trasadingen, Switzerland) and indi-
vidually cultured in different media supplemented with 10% (v/v) FBS,
2mM L-glutamine, 100 Units/ml penicillin and 100 μg/ml streptomycin
in a humidified atmosphere containing 5% (v/v) CO2 and 95% (v/v) air at
37 °C. All cell death assays were performed using the same culture
media mentioned above. Cells were detached by 0.25% (w/v) trypsin/
0.02% (w/v) EDTA and split every 2–3 days to maintain cell growth
[25–27].
2.3. Methyl thiazolyl tetrazolium (MTT) assay

Cell viability was determined utilizing the MTT-based in vitro toxi-
cology assay as previously described [28]. In brief, four types of cell
lines (CAL 27, SCC-4, WS1 and Detroit 551) were individually plated
at a density of 1 × 104 cells/well into 96-well plates and treated with
various concentrations (0.5, 1.0, 2.0 and 4.0 μM) of HMJ-38 for 24, 48
and 72 h or dimethyl sulfoxide (DMSO) alone [0.5% (v/v) in media
served as a vehicle control]. After treatments, the medium was
discarded before a 100-μl solution of MTT (500 μg/ml) was added to
each well for 4 h at 37 °C. The supernatant was then replaced by the ad-
dition of 200 μl DMSO to solubilize the violet formazan crystal produced
fromMTT. The absorbance of the dissolved formazan grainedwithin the
cells wasmeasured at 570 nmby amicroplate reader (Anthos Labtec In-
struments GmbH, Salzburg, Austria) to calculate viability (% of control).
2.4. Observation for morphological aspects of apoptosis

CAL 27 cells (2 × 105 cells/well) into 12-well plates were treated in
the absence and presence of different concentrations (1, 2 and 4 μM)
of HMJ-38. After 48 h, cells were visualized and photographed under a
phase-contrast microscope to check apoptotic features before being
harvested as described elsewhere [29].
2.5. Terminal deoxynucleotidyl transferase-mediated d-UTPnick end labeling
(TUNEL) evaluation by flow cytometry

CAL 27 cells (2 × 105 cells/well) into 12-well plates were individu-
ally preincubated in the presence and absence of 20 μM roscovitine (a
CDK inhibitor) or 15 μM Z-VAD-FMK (a cell-permeable pan-caspase
inhibitor) for 2 h prior to 2 μM HMJ-38 exposure for 24 or 48 h. After
incubation, TUNEL assay was employed to detect apoptotic DNA breaks
utilizing the In Situ Cell Death Detection Kit, Fluorescein (Roche
Diagnostics GmbH, Roche Applied Science, Mannheim, Germany), fol-
lowing the protocol provided by the manufacturer. TUNEL-positive
cells were analyzed using a BD FACSCalibur Flow Cytometry System
(BD Biosciences, San Jose, CA, USA) and BD CellQuest Pro Software.

2.6. DNA fragmentation detection

CAL 27 cells (5 × 106 cells/flask) were pretreated with or without
15 μM Z-VAD-FMK for 2 h and exposed to 2 μM HMJ-38 for 48 h. Cells
were thereafter harvested, washed and lysed in 500 μl lysis buffer
[20 mM Tris (pH 8.0), 10 mM EDTA and 0.2% (v/v) Triton X-100] at 4 °C
for 20min. These lysed cellswere digested overnightwith 100 μg/ml pro-
teinase K (AMRESCO Inc., Solon, OH, USA) at 50 °C, following by incuba-
tion with 50 μg/ml RNase A at 37 °C for 1 h. DNA fragments were
extracted with phenol/chloroform/isopropanol (24:25:1; v/v/v) and pre-
cipitated with 50% (v/v) isopropanol with 20 μg/ml glycogen before
being re-suspended in 100 μl Tris-EDTA (TE) buffer (AMRESCO Inc.) as
the previous reported methods [11,30]. Samples were electrophoresed
on 1.8% (w/v) agarose gel in 0.5× Tris-Borate-EDTA (TBE) buffer
(AMRESCO Inc.), and DNA was stained with 1 μg/ml ethidium bromide
(EtBr). The gel was photographed under a UV lamp.

2.7. Measurements of mitochondrial transmembrane potential (ΔΨm) and
mitochondrial permeability transition (MPT) pore with calcein by flow
cytometry

CAL 27 cells (2 × 105 cells/ml) into 12-well plates were exposed to
2 μM HMJ-38 for 0, 6, 12 and 24 h. At the end of treatments, cells
were collected and incubated with 500 μl DiOC6(3) (a cell-permeant,
lipophilic and green-fluorescent dye, 50 nM) at 37 °C for 30 min as
described elsewhere [31,32]. To evaluate the opening of MPT pore, the
commercially available MitoProbe Transition Pore Assay Kit (Molecular
Probes) was applied according to the procedures recommended by
the manufacturer. Mean fluorescence intensity (MFI) of confined
calcein was monitored after cytosolic fluorescence was quenched by
cobalt(II) chloride (CoCl2), and the data are shown as 100% of control
for calcein MFI.

2.8. Immunoblot assay

The enhanced chemiluminescence (ECL) immunoblotting was per-
formed to identify the protein levels. Briefly, CAL 27 cells (5 × 106

cells per flask) were treated with 2 μM HMJ-38 for indicated intervals
of time (see figure legends), harvested and then lysed in the PRO-PREP
Protein Extraction Solution (iNtRON Biotechnology, Seongnam-si,
Gyeonggi-do, Korea). Equal loading was verified by determining pro-
tein concentration as previously described [29,30], and the samples
of cell lysates (40 μg protein) were separated by 10–12% (w/v) sodium
dodecyl sulfate (SDS)-PAGE. After being electrophoresed, proteins
from the gels were transferred to the Immobilon-P Transfer Mem-
brane (Merck Millipore). The membrane was then hybridized with
specific primary antibody at 4 °C overnight after being blocked with
PBS containing 0.1% (v/v) Tween 20 and 5% (w/v) nonfat dry milk
for 1 h at room temperature. The blots were developed using appro-
priate horseradish peroxidase (HRP)-conjugated secondary antibodies
against rabbit or mouse immunoglobulin (Santa Cruz Biotechnology,
Inc.) and visualized utilizing Immobilon Western Chemiluminescent



2313C.-C. Lu et al. / Biochimica et Biophysica Acta 1840 (2014) 2310–2320
HRP Substrate (Merck Millipore) and Amersham Hyperfilm ECL (GE
Healthcare, Piscataway, NJ, USA). All bands in the blots were normal-
ized to the level of GAPDH or β-actin for each lane. The density of
the immunoreactive band was quantified by ImageJ 1.47 program
for Windows from the National Institute of Health (NIH) (Bethesda,
MD, USA).
2.9. Immunofluorescence staining for cytochrome c trafficking by confocal
microscopy

CAL 27 cells (5 × 104 cells/well) were plated into 4-well chamber
slides and incubated with vehicle alone (control) and 2 μM HMJ-38 for
24 h. Cells were rinsed, fixed and permeabilized described by Chiang
et al. [30]. Subsequently, cells were incubated with anti-cytochrome c
antibody diluted to 1:100 at 4 °C overnight after being blocked with
2.5% bovine serum albumin (BSA) for 1 h at room temperature, followed
labeling with a fluorescein isothiocyanate (FITC)-conjugated anti-
mouse-IgG secondary antibody (green fluorescence, Molecular Probes)
at 1:200 dilution for 1 h. Afterwards, cells were counterstained with
CellTracker Red CMTPX (Molecular Probes) for cytosol. The slides were
mounted with coverslips to be visualized, and photomicrographs were
then analyzed using a Leica TCS SP2 Confocal Spectral Microscope
(Leica Microsystems, Heidelberg, Mannheim, Germany).
2.10. Assessments for caspase-3 and -9 activities

Approximately 5 × 106 CAL 27 cells in T75 flasks were exposed
to 2 μM HMJ-38 for 0, 24 and 48 h after pretreatment with or with-
out 15 μM of the selective inhibitors (Z-DEVE-FMK for caspase-3 and
Z-LEHD-FMK for caspase-9) for 2 h. Cell lysates were collected and
then determined in accordance with the manufacturer's procedures
provided in the Caspase-3 and Caspase-9 Colorimetric Assay Kits
(R&D System Inc., Minneapolis, MN, USA).
2.11. RNA isolation and quantitative RT-PCR method

CAL 27 cells at a density of 5 × 106 in T75 flasks were incubatedwith
or without 2 μM HMJ-38 for 12 and 24 h. Cells were washed and
trypsinized before cell pellets were collected by centrifugation, and
total RNA from each treatment was extracted by QIAGEN RNeasy Mini
Kit (QIAGEN Inc., Valencia, CA, USA). RNA purity was assessed as previ-
ously described [30], and RNA samples were then individually reverse-
transcribed using the High Capacity cDNA Reverse Transcription Kits
(Applied Biosystems, Foster City, CA, USA). Quantitative PCR from
each sample was exploited for amplifications with 2× SYBR Green
PCR Master Mix (Applied Biosystems) and 200 nM of forward and re-
verse primers for each gene as listed in Table S1 as previously reported
[30,33,34]. Each assay was measured in triplicate using an Applied
Biosystems 7300 Real-Time PCR System, and the value was expressed
in the comparative threshold cycles (CT) method for the housekeeping
gene GAPDH.
2.12. DNA content by flow cytometric analysis

CAL 27 cells at a density of 2 × 105 cells/well were subcultured into
12-well plates and treatedwith 2 μMHMJ-38 for 0, 12, 24 and48 h. After
challenge, cells were harvested by trypsinization, washed twice with
PBS and fixed in 70% (v/v) ethanol at −20 °C overnight. Afterwards,
cells were incubated in the presence of 500 μl PBSwith 0.1% (v/v) Triton
X-100, 100 μg/ml RNase A and 40 μg/ml PI for 30min in constant dark-
ness as previously described [29,33]. Cell cycle distribution and sub-G1

population containing apoptotic cells were subjected to flow cytometric
analysis.
2.13. Cyclin-dependent kinase 1 (CDK1) activity assay

CAL 27 cells at a density of 5 × 106 per T75 flaskwere incubatedwith
2 μM HMJ-38 for 0, 3, 6, 12 and 24 h. Cells were harvested, and the
ability of CDK1 kinase activity from cell extracts prepared from each
treatment was thereby measured according to the instructions of
themanufacturer (CycLex Cdc2-Cyclin B Kinase Assay Kit, MBL Interna-
tional Corp., Woburn, MA, USA).

2.14. Determination of intracellular Ca2+ level

Approximately 2 × 105 CAL 27 cells perwell into 12-well plateswere
exposed to 2 μMHMJ-38 for various time periods (0, 6, 12 and 24 h) be-
fore being harvested, washed twice and re-suspended in 500 μl Fluo-3/
AM (a Ca2+ indicator, 2.5 μg/ml) at 37 °C for a 40-min incubation as de-
scribed elsewhere [7,30]. The loaded cells were then immediately de-
tected the influence of fluorescence intensity on intracellular Ca2+

release and analyzed by flow cytometry.

2.15. Assay for calpain activity

CAL 27 cells (5 × 106 cells/flask) plated into T75 flasks were treated
with 2 μM HMJ-38 for 0, 12, 24 and 48 h, and calpain activity was
assayed using a fluorogenic calpain substrate (Suc-Leu-Leu-Val-Tyr-
AMC, proteasome substrate) (Enzo Life Sciences, Farmingdale, NY,
USA) as previously described [35–37]. After that, proteolytic hydrolysis
of cellular fluorescence was monitored and quantified by the Perkin-
Elmer HTS 7000 Series BioAssay Reader (Boston, MA, USA) with filter
settings with 360-nm excitation and 460-nm emission.

2.16. Implications of inhibitors for CDK1 and ER stress-related signaling on
cell viability and alterations of protein levels triggered by HMJ-38

CAL 27 cells were exposed to 2 μM HMJ-38 for indicated time after
preincubation in the presence and absence of 20 μM roscovitine, 5 μM
BAPTA (a Ca2+ chelator), 10 μM calpeptin (a cell permeable calpain
inhibitor) or 10 μM salubrinal (an eIF2α dephosphorylation inhibitor)
for 2 h, respectively, followed by determination for viability utilizing
MTT assay as detailed above. For measuring relative protein levels,
cells were individually pretreated with 20 μM roscovitine or 10 μM
calpeptin for 2 h and thereafter incubated with 2 μM HMJ-38 for 24 h.
After treatment, cells were harvested to detect protein levels utilizing
immunoblot assay as stated above.

2.17. Animals' experimentation

All animal experiments complied with institutional guidelines
(Affidavit of Approval of Animal Use Protocol, No. 100-212-C) approved
by the Institutional Animal Care and Use Committee (IACUC) of China
Medical University (Taichung, Taiwan). All pathogen-free five-week-
old male BALB/c athymic nude mice were purchased from the National
Laboratory Animal Center (Taipei, Taiwan). The animals were housed at
a constant room temperature with a regular 12-h light/12-h dark cycle
and hereafter fed a standard rodent diet and water ad libitum.

2.18. Xenograft antitumor study

CAL 27 cells (1× 107 cells/mouse) in 0.2ml at 1:1mixture of cultural
medium and BDMatrigel Basement Membrane Matrix (BD Biosciences,
Bedford, MA, USA) were subcutaneously injected into the flank of nude
mice to form a solid tumor as described elsewhere [4,7,25].When xeno-
graft tumors reached approximately 200 mm3 (at day 22 after cell
inoculation), twenty-four mice were randomly divided into three
groups with eight ones in each group. The experimental treatments by
intraperitoneal (i.p.) injection included HMJ-38 at the dosages of 1
and 2.5 mg/kg body weight, respectively, every other day ten times



Table 1
Summary of HMJ-38 for in vitro cytotoxicity of human oral cancer and non-cancer
fibroblast cell lines.a

Cell lines IC50 (μM)

CAL 27 (human oral squamous cell carcinoma cells) 2.50 ± 0.60
SCC-4 (human tongue cancer cells) 4.68 ± 0.28
WS1 (human fetal skin fibroblast cells) N100
Detroit 551 (human embryonic skin fibroblast cells) N100

a Cells were exposed to various concentrations of HMJ-38 for 48 h. After incubation,
cells were determined for viability by MTT assay as described in Materials and methods.
The IC50 value of HMJ-38 at a 48-h exposure was shown from a concentration–response
curve of each cell line and expressed as mean ± S.E.M. of triplicate determinations from
at least three independent experiments.
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(dosing regimen: Q2D × 10, i.p.), whereas control mice were intraperi-
toneally receivedwith 30 μl DMSO throughout the experimental period.
The tumor size (mm3) from each mouse was calculated utilizing a cali-
per by the following formula: 0.5 × length × (width)2. At the end of
treatment, all animals were anesthetized by carbon dioxide (CO2) and
sacrificed on the 40th day. The tumor tissues from each mouse were
measured and individually weighed after being removed. The tumors
were processed according to the previous stated methods [33,38] and
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2.19. Statistical analysis

The results are expressed as mean ± standard error of the mean
(S.E.M.) in triplicate. Each analysis was exploited on the data using
one-way analysis of variance (ANOVA) followed by Dunnett's test be-
tween the treated and untreated group(s). The level of statistical signif-
icance was considered as a probability (p) value b 0.05.

3. Results

3.1. HMJ-38 is cytotoxic to human oral carcinoma cells and provokes the
caspase-mediated apoptotic characteristic in CAL 27 cells

The cytotoxic potential represented different types of cell lines (oral
cancer and non-cancer cells) cultured in the presence of HMJ-38 as
summarized in Table 1. HMJ-38 exhibited an excellent and more toxic
effect on CAL 27 cells than that on SCC-4 cells (CAL 27 N SCC-4). HMJ-
38 had less sensitive (IC50 N 100 μM) to the non-cancer cell lines
(human fetal skin fibroblast WS1 cells and embryonic skin fibroblast
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Detroit 551 cells). Trypan blue exclusion assay was exploited to confirm
the viability in these multiple cell lines. Consistent with our earlier
study, HMJ-38 exerts less cytotoxicity in normal human peripheral
blood mononuclear cells (PBMC) [23]. Hence, the cytotoxic effect
of HMJ-38 was further investigated. HMJ-38 decreased the percentage
of viable CAL 27 cells in a concentration- and time-dependent man-
ner (Fig. 1B), and the half maximal inhibitory concentration (IC50)
value after a 48-h treatment was 2.50 ± 0.60 μM. Hence, we chose
HMJ-38 at the concentration of 2 μM for further examinations in
this study.

We further questioned whether the cytotoxic response of HMJ-38
causes apoptotic death on CAL 27 cells. Cells after HMJ-38 treatment
were subjected to concentration-dependent morphological changes,
like cell shrinkage, rounding and membrane blebbing as well as
substantial apoptotic cell death (Fig. 1C). DNA ladder pattern (a typi-
cal pattern of internucleosomal fragmentation for apoptosis) was visu-
alized in HMJ-38-treated cells (Fig. 1D). In support of the apoptotic
response in vitro, we next examined DNA breaks in vitro. HMJ-38 ex-
posure for 24 and 48 h stimulated the appearance of TUNEL-positive
cells in a time-course pattern (Fig. 1E). We also used Z-VAD-FMK to
test the caspase dependence of HMJ-38-induced killing of CAL 27
cells. Preincubation with Z-VAD-FMK could protect against HMJ-38-
fragmented DNA (Fig. 1D) and reduce the number of TUNEL-positive
population (Fig. 1E). Based on our findings, HMJ-38-induced cell death
was mediated by way of the caspase-dependent apoptotic pathway in
CAL 27 cells in vitro.

3.2. HMJ-38-induced apoptosis of CAL 27 cells is mediated through the
mitochondrial death effectors and caspase cascade-dependent mechanism

Toaddress how cellular signals ofmitochondrialmodulation interact
with HMJ-38-induced apoptosis, we determined experimentally the
levels of apoptosis-related protein and mRNA expressions. Mitochon-
dria possess the death effectors when controlling cell apoptosis. The
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various pivotal elements (cytochrome c, Apaf-1, pro-caspase-9 and
AIF) are released from mitochondria during a loss of inner mitochon-
drial membrane permeability [12,39]. HMJ-38 time-dependently col-
lapsed ΔΨm (Fig. 2A) and enhanced opening of MPT pore (Fig. 2B)
within 24 h. The depolarized ΔΨm and mitochondrial dysfunction
are conducted through regulating Bcl-2 family signals and conveying
caspases in proteolytic cascade [40–42]. To verify further downstream
of dissipation for ΔΨm, we first examined the effects of HMJ-38 on
Bcl-2 family molecules, mitochondria-released proteins and intrinsic
caspase proteases. The protein levels of Bcl-xL, X-linked inhibitor of
apoptosis (XIAP), cellular inhibitor of apoptosis proteins 1 (cIAP1) and
survivin were decreased, while those of Bax and Bak were increased in
HMJ-38-treated cells in a time-dependent manner (Fig. 2C). The release
of cytochrome c, Apaf-1 and AIF protein levels frommitochondria were
enhanced after HMJ-38 treatment (Fig. 2D). The trafficking cytochrome
c was translocated from mitochondria to cytosol in HMJ-38-challenged
CAL 27 cells (Fig. 2E).

To check whether HMJ-38-provoked apoptosis is carried out via
the intrinsic pathway, cells were preincubated with or without indi-
vidual specific inhibitors of caspase-3 (Z-DEVD-FMK) and caspase-9
(Z-IETD-FMK) before incubation with HMJ-38. HMJ-38 at 24 and
48-h exposures stimulated caspase-3 and caspase-9 activities in a
time-effect plot, and both caspase protease inhibitors substantially
neutralized proapoptotic activity when compared to the HMJ-38-
treated only sample (Fig. 3A and B). Each protein level of caspase-9
and caspase-3 were cleaved into active form in HMJ-38-treated cells
(Fig. 3C). Alternatively, the levels of caspase-3, caspase-9 and AIF
gene expression were prompted after HMJ-38 treatment (Fig. 3D).
Altogether, these results seem to demonstrate that manifestation of
CAL 27 cell apoptosis occurred by way of the mitochondrial signaling
and activation of intrinsic caspases by HMJ-38. Herein, we summarize
the current understanding of the function in HMJ-38-treated CAL 27
cells that elicited apoptosis via the mitochondria-dependent caspase
cascade signals.
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3.3. CDK1-modulated Bcl-2 phosphorylation contributes to
HMJ-38-enhanced CAL 27 cell apoptosis and mitotic arrest

To examinewhether cell growth inhibition or viability in response to
HMJ-38 challenge is associated with cell cycle arrest, DNA content was
further assessed. Cell population in G2/M phase markedly stagnated in
HMJ-38-treated CAL 27 cells by 16.4, 39.6, 47.1 and 41.4% at 0, 12, 24
and 48 h, respectively (Fig. 4A and S1). G2/M phase arrest reached a
maximumat a 24-h challenge after HMJ-38 exposure. During incubation
for the longer periods, HMJ-38 increased the manifestation of sub-G1

population (apoptotic cells) in a time-dependent manner. We further
explored if destruction of the microtubule organization is caused. Since
our previous studies demonstrated that HMJ-38 can suppress tubulin
polymerization and is considered an antimitotic agent [21,22]. The
data in Fig. S2 indicated that treatments with HMJ-38 and colchicine
for 24 h exhibited disruption and breakage of microtubule polymeriza-
tion in the cytoplasm comparedwith that in control CAL 27 cells. In con-
trast, the maintenance of microtubule polymerization resulted from a
24-h paclitaxel exposure. Paclitaxel (a microtubule stabilization agent)
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the level of phospho-Bcl-2 (Ser70) by immunoblotting.
and colchicine (a microtubule depolymerizing agent) were applied as
reference compounds for the effect on mitotic spindle organization
[43,44]. Additionally, HMJ-38 dramatically promoted CDK1 kinase activ-
ity for 3- to 24-h exposure (Fig. 4B). It is well known that the activity of
CDK1/cyclin B1 kinase is tightly controlled when the cells enter mitotic
phase [45,46]. Moreover, themicrotubule-targeting agents (MTAs) pro-
voked phosphorylation at the Thr161 site of CDK1, causing antiapoptotic
response through Bcl-2 phosphorylated on Ser70 [43,44,47]. HMJ-38 in-
creased the protein expressions of phospho-CDK1 (Thr161), CDK1 and
phospho-Bcl-2 (Ser70) (Fig. 4C). We subsequently explored the role
of CDK1 activation after HMJ-38 challenge. To find evidence whether
CDK1 level alters the downstream signaling cascade, cells were preincu-
bated with roscovitine and thereby exposed to HMJ-38. Roscovitine sig-
nificantly abolished HMJ-38-reduced viability (Fig. 4D) and markedly
decreased the number of TUNEL-positive cells (Fig. 4E). HMJ-38-
triggered phospho-Bcl-2 (Ser70) protein expression was noticeably at-
tenuated by roscovitine (Fig. 4F). Therefore, CDK1-mediated Bcl-2 phos-
phorylation might act as a functional link between mitotic arrest and
apoptosis during in vitro cultivation of HMJ-38-incubated CAL 27 cells.
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3.4. HMJ-38 triggers proapoptotic ER stress response in CAL 27 cells

To explore the possibility that HMJ-38-induced apoptosis was
employed through ER stress-mediated signaling, we set out to deter-
mine the level of intracellular Ca2+ in HMJ-38-treated cells for different
intervals of time up to 24 h. HMJ-38 significantly promoted a time-
dependent increase of cytoplasmic Ca2+ level at 6, 12 and 24-h treat-
ments (Fig. 5A), indicating that HMJ-38 might stimulate UPR to trigger
intracellular Ca2+ release and the apoptotic events. We further gained
insight that HMJ-38-induced cytotoxic effect might be implicated in
ER stress-mediated apoptosis. We subsequently explored both impacts
on the biochemical upstream signals and Ca2+-modulated relative
mechanism. It has been reported that GADD153, an ER molecular chap-
erone, sensitizes ER stress process, and its upstream signal, like the
phosphorylation of eIF2α on Ser51, plays a positive role [48,49].
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Thereby, we also examined whether HMJ-38-induced UPR is correlated
with calpain and caspase-4 as key regulators of ER stress during cell
apoptosis [13,50]. HMJ-38 treatment resulted in up-regulation of associ-
ated protein levels, including GADD153, GRP78, ATF-6α, ATF-6β, eIF2α,
phospho-eIF2α (Ser51), calpain 1 and caspase-4 (Fig. 5B). Cells after
stimulationwithHMJ-38were observed to increasemRNA gene expres-
sion of GADD153 and GRP78 in a time-dependent response (Fig. 5C).

In addition, the accumulation of calpain activity was noticeably
found in HMJ-38-treated cells when compared with untreated control
cells (Fig. 5D). To confirm the role of ER stress-mediated apoptosis
by HMJ-38, we pretreated CAL 27 cells with or without BAPTA (a Ca2+

chelator), calpeptin (a calpain specific inhibitor) or salubrinal (a selec-
tive inhibitor of eIF2α dephosphorylation) before exposure to HMJ-38
to investigate both of calpain 1 and viability. Calpeptin was effective
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these compounds (BAPTA, calpeptin and salubrinal) significantly atten-
uated HMJ-38-reduced viability by up to 80% (Fig. 5F). Taken together,
we provide bimolecular evidence regarding the influence of ER stress
that contributed to HMJ-38-modulated cell death in CAL 27 cells.

3.5. HMJ-38 suppresses tumor growth of oral cancer xenografts

To further verify the possible anticancer mechanism of HMJ-38
in vivo, we performed a tumorigenicity assay in a murine xenograft
model by subcutaneous transplantation with CAL 27 cells. Tumor-
bearing mice were given HMJ-38 (1 and 2.5 mg/kg) by intraperitoneal
injection for Q2D × 10 schedule or vehicle control. Representative
picture of tumors with HMJ-38 administration to the mice revealed
that significant therapeutic effect showed against xenograft tumor
growth (Fig. 6A). HMJ-38 markedly decreased the tumor size (Fig. 6B)
and weight (Fig. 6C) in treated animals in comparison to the control
group. Moreover, there was a significant effect on the tumor inhibition
rate, demonstrated by the ratio of 41.65% and 51.16% in both groups
treated with HMJ-38 (1 and 2.5 mg/kg) as listed in Table S2. The
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xenograft tumors were also confirmed to probe the central apoptotic
element as there was a rise in caspase-3 gene expression (Fig. 6D)
and an up-regulation of cleaved caspase-3 (Fig. 6E) in the 2.5 mg/kg
HMJ-38 treatment group. Furthermore, no significant change was ob-
served in mouse body weight after treatment with HMJ-38 (data not
shown), indicating that there was no systemic toxicity. Importantly,
no hepatotoxicity and renal toxicity were induced by HMJ-38 under
the experimental conditions (Table S3). Collectively, we postulate that
these xenografted suppressive responses in vivo exerted by HMJ-38
correlated with caspase-3-dependent mechanism identified in vitro.

4. Discussion

The present study found emerging evidence that HMJ-38 caused an-
ticancer response against OSCC CAL 27 cells by the facilitation of mitotic
arrest, ER stress and mitochondria-modulated apoptosis. The in vivo
study also demonstrated that HMJ-38 attenuated tumor growth in
CAL 27 xenografted nude mice. Hence, understanding the signal trans-
duction of apoptotic death induced by HMJ-38 is vital to explore the
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novel strategy for targeting chemotherapy. HMJ-38 deserves further in-
vestigation for preclinical study or clinical trial as a potential oral anti-
cancer agent.

It has been reported that HMJ-38 possesses effective cytotoxic effect
on multiple human tumor cell lines [22]. Our preliminary study investi-
gated the cytotoxicity and in vitro antitumor effects on human oral
cancer (CAL 27 and SCC-4) (Table 1) and leukemia cell lines (data not
shown), respectively. In contrast, HMJ-38 exerts comparatively low effi-
cacy against non-cancer cells, for example, PBMC [23] and human fibro-
blast cell lines (Table 1). HMJ-38 represents a promising candidate and
exhibits anticancer property against neoplastic cells with low cytotoxic
response in non-cancer cells. In addition, the current study provides
novel information addressing the chemotherapy and an approach re-
garding HMJ-38 against human OSCC in vitro and in vivo. Our previous
studies demonstrated that HMJ-38 is the most potent to continue in-
terest in drug development [21–24]. Therefore, this study hypothe-
sized that HMJ-38 might exhibit potential for treating drug-refractory
cancers, such as HNSCC or OSCC.

The interference with microtubule assembly or disassembly exerts
different dynamic aspects and represents crucial spectra formode of ac-
tion in antimitotic agents [51,52]. HMJ-38 and colchicine disrupted mi-
crotubule organization and displayed short microtubule fragments in
the cytoplasm of CAL 27 cells (Fig. S2). Evidence indicates that CDK1
phosphorylates Bcl-2 at the Ser70 residue to suppress its antiapoptotic
function [28,44]. In the present study, HMJ-38 dramatically promoted
CDK1 kinase activity and up-regulated both phosphorylation of CDK1
and Bcl-2 proteins. Roscovitine prevented against HMJ-38-provoked
apoptosis and abrogated phosphorylated Bcl-2 expression compared
to treated cells (Fig. 4). Hence, HMJ-38-stimulated CDK1 activation
might appear to be the action of phosphorylated Bcl-2 at the Ser70
site, resulting in the enhancement of mitotic arrest and apoptotic sig-
naling. This finding is consistent with previous reports that the phos-
phorylation at the Thr161 site of CDK1 is likely to be stimulated by
MTAs [43,47]. Consequently, HMJ-38-increased CDK1 activity might
result from CDK-activating kinase modulation in CAL 27 cells in vitro.
We previously demonstrated that the novel quinazolinone derivative,
MJ-29, has a similar finding regarding the effect of CDK1-mediated
Bcl-2 phosphorylation during cell apoptosis [28].

The current study further examined antitumor effect of HMJ-38 on
CAL 27 cells by investigating apoptotic machinery. HMJ-38-triggered
DNA fragmentation could be efficiently suppressed by Z-VAD-FMK
(Fig. 1D and E), indicating that caspase cascade-dependent apoptosis
occurred in HMJ-38-challenged cells. It is well documented that ER is
a major place for protein folding, protein synthesis and cellular Ca2+

storage as a third subcellular compartment [14,15]. The misfolded pro-
teins result in ER stress response to initiate imbalance in Ca2+ homeo-
stasis, leading to activation of caspase cascade and ultimately cell
apoptosis [17,53,54]. Particularly, the several reports have focused on
ER stress-induced apoptosis for anticancer drug discovery [13,15].
GADD153 (CHOP) is a transcription factor and a crucial marker of
ER stress; GRP78 also acts as an important ER chaperone in the occur-
rence of UPR [55–57]. HMJ-38 increased intracellular Ca2+ release and
promoted calpain 1 protein level and calpain activity, showing that
HMJ-38-provoked apoptotic effect was involved in Ca2+-dependent
regulation. Our finding also implied that an up-regulation of GADD153
and GRP78 at mRNA and protein levels appeared (Fig. 5B and C). Addi-
tionally, HMJ-38 prompted the levels of UPR-related protein expres-
sions. Phosphorylated eIF2α-mediated ER stress has been known to
implicate GADD153/CHOP signaling pathway [58,59]. Preincubation
with salubrinal after HMJ-38 exposure diminished HMJ-38-reduced
viability (Fig. 5F). Therefore, the event of ER stress response for apopto-
sis required the accumulation of unfolded or misfolded protein, and
Ca2+ signaling provided a plausible explanation in HMJ-38-treated
CAL 27 cells in vitro.

Mitochondrial dysfunction, one of the apoptotic targets, has been
considered as an enter mechanism in apoptotic cell fate [15,18]. The
previous study showed that reactive oxygen species (ROS) can causemi-
tochondrial depolarization and stimulate apoptotic caspase cascade sig-
naling [56]. HMJ-38 facilitated loss of ΔΨm and MPT pore opening
(Fig. 2A and B), and it thereafter stimulated the caspase-9 and caspase-
3 activities (Fig. 3A and B), following initial activation of intrinsic apopto-
tic behavior. The mitochondrial function and themembers of Bcl-2 fam-
ily were also required for HMJ-38-induced apoptosis in CAL 27 cells.
Furthermore, HMJ-38 enhanced ROS production in tested CAL 27 cells
(data not shown). Thus, HMJ-38 triggered CAL 27 cell apoptosis through
ROS generation andmitochondria-dependent effects. Specifically, this is
the first study to prove that HMJ-38 effectively reduced tumor growth in
CAL 27 xenografted mice with possibly exhibiting no adverse toxicity in
the animals (Table S3). Strikingly, HMJ-38 also increased caspase-3
mRNA and protein levels in xenograft tumors in vivo (Fig. 6).

Our findings herein underscore that HMJ-38-sensitized CAL 27
cellsmediating apoptotic death in vitro correlated to ER stress and intra-
cellular Ca2+ release. We also report that mitochondrial dysfunction
was triggered by HMJ-38 in an intrinsic pathway-mediated apoptotic
mechanism of CAL 27 cells. In conclusion, these data support our hy-
pothesis and clearly show that HMJ-38 inhibits the OSCC CAL 27 cells
on the basis of the antitumor activity profiles of treatments both
in vitro and in vivo. This study provides pharmacological evidence
for apoptosis induced byHMJ-38 in oral cancer CAL 27 cells and themo-
lecular root for cell-fate decision in vitro and in vivo.
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