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Introduction

ABSTRACT

The objective was to investigate the upstream apoptotic mechanisms that were triggered by a styrylpyrone
derivative, goniothalamin (GTN), in tumor protein p53 (TP53)-positive and -negative hepatocellular
carcinoma (HCC)-derived cells. Effects of GTN were evaluated by the flow cytometry, alkaline comet assay,
immunocytochemistry, small-hairpin RNA interference, mitochondria/cytosol fractionation, quantitative
reverse transcription-polymerase chain reaction, immunoblotting analysis and caspase 3 activity assays in
two HCC-derived cell lines. Results indicated that GTN triggered phorbol-12-myristate-13-acetate-induced
protein 1 (PMAIP1, also known as NOXA)-mediated apoptosis via TP53-dependent and -independent
pathways. In TP53-positive SK-Hep1 cells, GTN furthermore induced TP53 transcription-dependent and
-independent apoptosis. After GTN treatment, accumulation of reactive oxygen species, formation of DNA
double-strand breaks, transactivation of TP53 and/or PMAIP1 gene, translocation of TP53 and/or PMAIP1
proteins to mitochondria, release of cytochrome ¢ from mitochondria, cleavage of caspases and induction of
apoptosis in both cell lines were sustained. GTN might represent a novel class of anticancer drug that induces
apoptosis in HCC-derived cells through PMAIP1 transactivation regardless of the status of TP53 gene.

© 2011 Elsevier Inc. All rights reserved.

2005). In Jurkat T-lymphocytes and HL-60 leukemia cells, mitochondria
and caspases (CASPs) are evidently involved in GTN-induced apoptosis

Studies performed over the past two decades by us and other
researchers have shown that, goniothalamin (GTN), a natural com-
pound, is cytotoxic to a variety of tumor cell lines including those from
the breast, blood, ovary, lung, kidney, prostate, hepatoblast, and colon
(Fatima et al.,, 2006; Inayat-Hussain et al., 1999; Inayat-Hussain et al.,
2003; Inayat-Hussain et al.,, 2010; Lan et al,, 2003; Lan et al., 2005; Lan
et al., 2006; Wu et al., 1991; Zhou et al., 2005). Besides, GTN is more
cytotoxic to cancer cells than to normal cells (Wattanapiromsakul et al.,
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(Inayat-Hussain et al., 1999; Inayat-Hussain et al., 2003; Inayat-Hussain
et al, 2010). However, the mechanism of GTN-induced apoptosis
upstream of the mitochondria is not clearly understood, except for DNA
damage and apoptosis via oxidative stress. Recently, GTN-induced
apoptosis of Jurkat T-lymphocytes through the CASP2- and B-cell
leukemia/lymphoma 2 (BCL2)-independent pathways has been de-
scribed (Inayat-Hussain et al., 2010).

Hepatocellular carcinoma (HCC) is the most common primary
malignant neoplasm of the liver worldwide, accounting for approx-
imately 6% of all human cancers annually (Nowak et al., 2004).
Although substantial advances have been made in chemotherapy
regimens for HCC, the efficacy of drugs is often hampered by a range of
adverse side effects (Worns et al, 2009). Clinical and genetic
heterogeneity observed in HCC patients further complicates the use
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of general therapies (Hoshida et al., 2010). Accordingly, it is essential
to explore new approaches for the development of effective therapies
against HCC. Insufficient apoptosis has been associated with the
development and progression of HCCs. Therefore, modulation of
apoptosis by targeting the components and regulators of the apoptotic
machinery to restore apoptotic function or repress prosurvival signals
is a rational approach for HCC treatment (Fabregat, 2009).

Apoptosis is regulated by adversarial interactions between BCL2
family proteins, including the antiapoptotic proteins, BCL2 itself, BCL2-
related myeloid cell leukemia sequence 1 (MCL1), BLC2-associated X
protein (BAX), and BCL2-antagonist/killer 1(BAK1) (Adams and Cory,
2007). These proteins have emerged as the major regulators of HCC
apoptosis. Moreover, the proapoptotic BH3-only protein like BCL2
binding component 3 (BBC3, also known as PUMA), phorbol-12-
myristate-13-acetate-induced protein 1 (PMAIP1, also known as
NOXA) and BCL2-like 11 (BCL2L11, also known as BIM) play key roles
in coupling the specific death stimuli to the core apoptotic machinery.
The direct activation model of apoptosis suggests that BH3-only
proteins can either function as sensitizers or activators. This model
postulates that activator BH3-only proteins are sequestered by binding
to antiapoptotic proteins. Increase in the cellular levels of sensitizer
proteins, including BBC3 and PMAIP1, results in the displacement of
activator proteins such as BCL2L11. The displaced BCL2L11 then
interacts with BAX or BAK1, resulting in change in their conformation
and insertion into the outer mitochondrial membrane. The subsequent
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release of cytochrome c, somatic (CYCS) from the mitochondria
activates the CASPs, which are required for the initiation of apoptosis
(Ghiotto et al., 2010).

Therefore, the mitochondrion plays a critical role in apoptosis (Moll
and Zaika, 2001). Tumor protein p53 (TP53) controls apoptosis, in part,
via positive or negative transcriptional regulation of various BCL2 family
proteins such as BCL2, BBC3, BAX and PMAIP1 (Yu and Zhang, 2005). In
addition, two other members of the TP53 family, tumor protein 63
(TP63) and tumor protein (TP73) were classified in relation to TP53
based on their structural similarity (Kaghad et al., 1997; Yang et al.,
1998). The TP63 and TP73 bound PMAIP1 DNA probe after ionizing
radiation or ultraviolet B treatment, correlating with PMAIPT mRNA
induction and with cell cycle arrest and apoptosis (Kulesz-Martin et al.,
2005).

TP53 can additionally induce apoptosis in a transcription-
independent manner by directly targeting the mitochondria (Moll
et al, 2005). It has been shown that TP53 translocates to the
mitochondria within 1 h after y-irradiation in various cancer cell lines.
This translocation promotes changes in the mitochondrial membrane
potential and subsequent release of CYCS (Marchenko et al., 2000). In
contrast, TP53-independent apoptosis mediated by BBC3 in isogenic
colon cancer cells (Watson et al., 2010) and PMAIP1 in chronic
lymphocytic leukemia cells (Steele et al, 2009) have also been
reported. In the present study, we evaluated the apoptotic effects of
GTN on TP53-positive and TP53-negative HCC-derived cells. We
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Fig. 1. GTN induced early and late apoptosis but not neurosis in TP53-positive SK-Hep1 (A), and TP53-negative Hep-3B (B) cells in a dose-dependent manner. Statistical significance
between the treated group (10, 20 or 40 uM) and its corresponding control (0 pM): *P<0.05; **P<0.01 and ***P<0.001.
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identified that GTN induces the accumulation of reactive oxygen Materials and methods

species (ROS), causes DNA double-strand breaks, directs TP53-

dependent and -independent PMAIP1 transactivation, translocates Cell culture. Two HCC-derived cell lines, SK-Hep1 and Hep-3B, were
TP53 and/or PMAIP1 proteins to the mitochondria, and finally initiates maintained in a humidified incubator with 5% CO, atmosphere at
CASP-mediated apoptosis. 37 °C and supplemented with the following nutrients and antibiotics:
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Fig. 2. GTN induced caspase-mediated apoptosis in TP53-positive SK-Hep1 and TP53-negative Hep-3B cells. GTN induced the cleavages of CASP8, CASP9, CASP3 and PARP1 proteins
in SK-Hep1 cells (A), and the cleavages of CASP8 and CASP3 in Hep-3B cells (B) in a dose-dependent manner. Treatment with z-VAD-FMK alone suppressed endogenous and GTN-
induced percentages of apoptotic cells (C, D); and CASP3 activities in SK-Hep1 (E) and Hep-3B (F) cells. Treatments with z-VAD-FMK decreased GTN-induced PARP1 protein cleavage
in both cell lines (G, H). All experiments were triplicated and results are expressed as mean SEM. One representative image is shown for the immunoblotting analysis and -actin
served as the loading control. Statistical significance: *P<0.05; **P<0.01 and ***P<0.001.
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Fig. 2 (continued).

Dulbecco's Modified Eagle's Medium containing 10% fetal bovine
serum, 1% L-glutamine (2 mM), 1% nonessential amino acids, 1 mM
sodium pyruvate, 50 [U/mL penicillin, and 50 pg/mL streptomycin
(Gibco Invitrogen Corporation, Carlsbad, CA, USA). These two cell lines
were known to have distinctly different genetic backgrounds. The SK-
Hep1 is characterized by expression of TP53, cyclin-dependent kinase
inhibitor 1A (also known as p21P!), retinoblastoma 1 proteins, and
absence of hepatitis B virus protein, while pertinent features of these
markers are completely opposite in Hep-3B cells (Bressac et al., 1990).

Chemicals. GTN (see Supplementary Fig. S1A in the online version of
this article) was isolated from the leaves and stems of Goniothalamus
amuyon in our previous study (Lan et al., 2005); dissolved in dimethyl

sulfoxide (DMSO). The maximum amount of DMSO in culture
medium was 1/1000. All chemicals unless otherwise stated were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Apoptosis assays. Cells were plated at a cell density of 10° per 60 mm
Petri dish for 24 h. Apoptosis was detected after GTN [0 (DMSO,
control), 10, 20 or 40 uM] treatments for 24 h and quantified by
phosphatidylserine exposure. After GTN treatment cells were cen-
trifuged for 5 min at 700 xg and resuspended in Annexin V Binding
Buffer (#BMS306F1, Bender MedSystems, Burlingame, CA, USA).
Annexin V with fluorescein isothiocynate (FITC)-labeled nucleotides
as well as propidium iodide (PI) staining was carried out following the
manufacturer's instructions. Subsequent to an incubation of 10 min,
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Fig. 3. GTN treatment for 12 to 48 h perturbed the mitochondrial membrane integrity in
TP53-positive SK-Hep1 (A), and TP53-negative Hep-3B (B) cells. Cells were treated
with 0 (DMSO, control), 10 (SK-Hep1) or 25 (Hep-3B) uM GTN for indicated time
periods. Percentage of cells displaying negative DiOCg(3) fluorescence is shown in the
y-axis. All experiments were triplicated and results are expressed as mean 4+ SEM.
Statistical significance between the treated group and its corresponding control:
**P<0.01 and ***P<0.001.

the analysis was performed by using an IPICS® XL-MCL™ flow
cytometer (Beckman Coulter, Fullerton, CA, USA). All experiments
were triplicated and results are expressed as mean + SEM.

CASP3 activity assay. The Caspase 3 Colorimetric Assay Kit (#1008-200,
BioVision Inc., Mountain View, CA, USA) was used to determine the
CASP3 activity, according to the standard procedure. A total of 10° cells
were treated with carbobenzoxy-valyl-alanyl-aspartyl-(O-methyl)-
fluoromethylketone (z-VAD-FMK; 50 uM) for 1 h or GTN for another
24 h, and then subjected to assay by spectrophotometry. Concisely, cells
were centrifuged (700xg, 4°C) for 5min and the pellet was
resuspended in 50 pL of chilled Cell Lysis Buffer and incubated on ice
for 30 min. The supernatant (cytosolic extract) was transferred to a
fresh tube on ice. Protein concentrations were quantified using the
Quick Start™ Bradford Protein Assay Kit (#500-0203, Bio-Rad Labora-
tories, Inc., Foster City, CA, USA). Literally 100 g protein was diluted into
50 pL Cell Lysis Buffer, and 50 pL of 2x Reaction Buffer containing 10 mM
dithiothreitol (DTT) was next added to each sample. A final concentra-
tion of 200 UM of CASP3 substrate, Asp-Glu-Val-Asp-p-nitroanilide, was
applied and further incubated at 37 °C for 2 h in the dark. Samples were
read at 405nm in a microtiter plate reader (Thermo Labsystems
Multiskan Ascent 354, Lab Recyclers Inc., Gaithersburg, MD, USA). All
experiments were triplicated and results are expressed as mean of the
relative CASP3 activity + SEM, after normalization to the control.

Immunoblotting analysis. Cell lysates were prepared with Radio-
ImmunoPrecipitation Assay Buffer (#20-188, Millipore Corporation,
Temecula, CA, USA). Lysates containing equal amounts of protein were

separated by 12 or 15% SDS-polyacrylamide gel electrophoresis and
electroblotted onto the polyvinylidene fluoride membrane
(Immobilon™-P Transfer Membrane; Millipore). The filters were
individually probed with the primary anti-human antibodies, including
anti-poly (ADP-ribose) polymerase 1 (anti-PARP1; 1:1000, #9542, Cell
Signaling Technology, Irvine, CA, USA), anti-phospho(Ser139)-H2A
histone family, member X [anti-pH2AFX(Ser139); 1:500, #07-164,
Upstate Biotechnology Inc. Lake Placid, NY, USA], anti-BAX (1:400, #sc-
493, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), anti-BBC3
(1:1000, #ab9543, Abcam, Cambridge, UK), anti-BH3 interacting
domain death agonist (anti-BID; 1:200, #sc-11423, Santa Cruz), anti-
CASP8 (1:1000, #9746, Cell Signaling), anti-CASP9 (1:1500, #9508, Cell
Signaling), anti-CASP3 (1:500, #9602, Cell Signaling), anti-TP53 (1:200,
#sc-162, Santa Cruz), anti-phospho(Ser15)-TP53 [anti-pTP53(Ser15);
1:1000, #9286, Cell Signaling), anti-TP63 (1:500, #sc-8344, Santa Cruz),
anti-TP73 (1:1000, #1636-1, Epitomics Inc., Burlingame, CA, USA), anti-
BCL2 (1:100, #sc-509, Santa Cruz), anti-PMAIP1 (1:250, #IMG-349A,
Imgenex Corporation, San Diego, CA, USA), anti-cytochrome c oxidase
subunit [V isoform 1 (anti-COX4I1; 1:2000, #A21347, Molecular Probes
Inc., Eugene, OR, USA), anti-CYCS (1:500, #556433, BD BioSciences, San
Jose, CA, USA) and anti-p-actin (1:3000, #MAB1501, Chemicon,
Temecula, CA, USA; loading control). Protein bands were detected by
Western Lightning™ Chemiluminescent Reagent Plus Kit (Perkin-Elmer
Life Sciences, Boston, MA, USA) with horseradish-peroxidase-labeled
secondary antibody [anti-mouse (#11503062) or anti-rabbit
(#11503045), Jackson ImmunoResearch, West Grove, PA, USA] and
visualized on a VersaDoc Image System (Bio-Rad). Conditions were
optimized for each primary and secondary antibody. The intensity of
bands inimmunoblotting assays was quantified by densitometry in each
lane and normalized to p-actin.

Measurement of the mitochondrial membrane potential. Cells were
treated with 0 (DMSO, control), 10 (SK-Hep1) or 25 (Hep-3B) uM GTN
for 4, 12, 24, 36 and 48 h, and incubated with 40 nM 3,3'-
dihexyloxacarbocyanine iodide [DiOCg(3)] for 30 min at 37 °C, followed
by washing with ice-cold phosphate buffered saline (PBS). Cell pellets
were thereafter collected and suspended in 500 pL of Ca%*/Mg?*-free
PBS; fluorescent intensities of cells were analyzed by flow cytometry, as
respective wavelengths for excitation and emission of 484 and 500 nm.

Detection on the accumulation of intracellular ROS. Intracellular ROS
generation was measured by flow cytometry, followed by staining with
2,7-dichlorodihydrofluorescein diacetate (H,DCFDA), which is specific
for H,0, (Narayanan et al., 1997). In brief, 5x 10* cells were seeded in
12-well plates, allowed to attach overnight, and exposed to 0 (DMSO,
control), 10 (SK-Hep1) or 25 (Hep-3B) uM GIN for different time
periods (2 to 36 h). Cells were next stained with 5 uM H,DCFDA for
30 min at 37 °C in the dark, and obtained for the fluorescence analyzed
using an IPICS® XL-MCL™ flow cytometer (Beckman Coulter).

Alkaline comet assay and N-acetylcysteine treatments. Alkaline comet
assay was carried out as previously described (Tice et al., 2000). Briefly,
cells were seeded in six-well plates and treated with 0 (DMSO, control),
10 (SK-Hep1) or 25 (Hep-3B) uM GTN for 4 h. In order to determine the
order between ROS formation and DNA damage in cells after GTN
treatment, one ROS inhibitor, N-acetylcysteine (NAC; 2 mM) was
pretreated for 1 h and then treated with GTN for another 4 h. Following
incubation, detached cells in the medium were collected as well as the
trypsinized cells (700 x g, 5 min at 4 °C). The supernatant was removed,
the pellet was washed with Ca®*/Mg? " -free PBS and recentrifuged. The
pellets were mixed thoroughly with 200 pL of 1.5% NuSieve® GTC® low
melting point agarose (LMPA; FMC BioProducts, Rockland, ME, USA)
and the mixture was pipetted onto hardened 1.5% Vegonia normal
melting point agarose (Bertec Enterprise, Taipei, Taiwan) as the first
layer of gel on the slide. A coverslip was placed to spread the mixture
and the slide was left on ice to allow the LMPA to solidify. After removal
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Fig. 4. GTN induced intracellular ROS formation and DNA damage in TP53-positive SK-Hep1 and TP53-negative Hep-3B cells. Cells were treated with 0 (DMSO, control), 10 (SK-Hep1) or 25
(Hep-3B) uM GTN for indicated time periods. GTN treatment for 4 h and 18 h induced ROS formationin (A) SK-Hep1, and (C) Hep-3B cells, respectively. (B, D) After treatment with GTN for
4 h, DNA damage in both cell lines was triggered, however, ROS was only induced in SK-Hep1 cells. Pretreatment with NAC inhibited GTN-induced ROS formation as well as DNA damage in
SK-Hep1 cells, nevertheless, did not inhibit GTN-induced DNA damage in Hep-3B. All experiments were triplicated and results are expressed as mean 4 SEM. Statistical significance

between the treated group and its corresponding control: *P<0.05; **P<0.01 and ***P<0.001.

of the coverslip, embedded cells were lysed in the buffer containing
2.5 M NaCl, 100 mM Na,EDTA, 10 mM Tris and 1% Triton X-100 (pH 10)
at4 °Covernight. Slides were soaked in electrophoresis buffer (300 mM
NaOH, 1 mM EDTA, pH 13) for 20 min to unwind DNA before
electrophoresis at 300 mA, 25 V for 20 min. Subsequently, slides were
rinsed with neutralizing buffer (0.4 M Tris-HCl, pH 7.5) for 5 min and
stained with 50 pL 4’,6-diamidino-2-phenylindole (DAPI; 1 pg/mL)
solution. Slides were left overnight at 4 °C before analyzing under the
DM IRB fluorescent microscope equipped with a 590-nm filter (Leica
Microsystems, Wetzlar, Germany) and representative images were
photographed.

Immunocytochemistry. Cells were grown on coverslips, which were
precoated with 1% gelatin for 30 min before seeding. After treatment
with DMSO (control) or GTN for 24 h, cells were washed with PBS, fixed
in 3.7% formaldehyde (in PBS) for 5 min, and 0.3% triton X-100 for
15 min at room temperature. With each step forward, cells were washed
with PBS three times, next blocked with PBS containing 1% bovine serum
albumin and kept overnight at 4 °C. The primary anti-pH2AFX
(Ser139) antibody (1:100) was applied for 1 h at room temperature.
Unbounded antibodies were washed with PBS, and FITC-labeled
secondary antibody (1:200; #115-095-003, Jackson Laboratory, Bar
Harbor, ME, USA) was applied for another 1 h at room temperature,
rinsed with PBS and stained with DAPI (1 pg/mL) for 5 min. Following
a series of washes, cells were mounted, viewed with appropriate

filters and photographed by an Axioskop 2 plus microscope (Carl
Zeiss, Goettingen, Germany).

Plasmid-based small-hairpin RNA interference targeting PMAIP1 and
TP53 genes. Clones of small-hairpin RNA (shRNA) interference
plasmids, purchased from the National RNAi Core Facility (Institute
of Molecular Biology, Academia Sinica, Taipei, Taiwan) have been
inserted into the pLKO0.1 vector downstream of the U6 promoter. Five
shPMAIP1 and another five shTP53 clones targeting PMAIP1 and TP53
genes, respectively, were preliminarily screened. For each target
transcript, the mRNA level could be effectively downregulated by only
two and one clones, which were designed as the shPMAIP1 #1 and
PMAIP1 #4; and shTP53 #1 in further experiments. The sense strand
sequences of RNA duplexes were as follows: shPMAIP1 #1
(TRCN0000150555: 5'-GCATTGTTGTTGTTGCTGTTT-3’), shPMAIP #4
(TRCN0000155570: 5'-CTTCCGGCAGAAACTTCTGAA-3’), shTP53 #1
(TRCNO000010814: 5’-GAGGGATGTTTGGGAGATGTA-3’), and the
negative control, shLuc (TRCN0000072243: 5’-CTTCGAAATGTCC-
GTTCGGTT-3'). Cells at a density of 10° were seeded in six-well
plates and transfected with 2 pg of shPMAIP1 #1, shPMAIP1 #4 or
shTP53 #1 plasmid in 6 pL TransFast™ Transfection Reagent (Promega
Corporation, Madison, MI, USA). After transfection, cells were
incubated at room temperature for 20 min and further maintained
in a 37 °C, 5% CO, incubator with culture medium to 4d for the
shPMAIP1 and 9 d for the shTP53 plasmid, correspondingly, before
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Fig. 5. GTN induced double-strand breaks in TP53-positive SK-Hep1 and TP53-negative Hep-3B cells. (A, C) GTN induced the formation of pH2AFX(Ser139) foci, and (B, D) pH2AFX
(Ser139) protein levels in a dose-dependent manner in both SK-Hep1 (A, B) and Hep-3B (C, D) cell lines. All experiments were triplicated and immunoblotting quantifications are
expressed as mean 4 SEM. For immunoblotting analysis, the B-actin was also examined for the loading control. One representative immunocytochemical image (A, C) and

immunoblotting image is shown (B, D).

analyses. The alterations in expression levels of PMAIP1 and TP53
transcripts and protein abundances of PMAIP1, TP53, pTP53(Ser15)
and PARP1, as well as the percentage of apoptotic cells were analyzed
for shPMAIP1- or shTP53-transfected versus shLuc-transfected cells
(control) in the absence or presence of GTN, by quantitative reverse
transcription-polymerase chain reaction (RT-PCR), immunoblotting
and flow cytometric assays.

Preparation of cDNA and quantitative RT-PCR. Total RNA from cells
was isolated using Trizol reagent (Gibco Invitrogen). The cDNA
was synthesized with oligo(dT),5 primers, Moloney Murine Leukemia
Virus reverse transcriptase (Promega), and quantified at OD,0/OD3g0.
The iCycler thermal cycler (Bio-Rad) was used to quantify the
relative [to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)]
expression levels of PMAIP1 (5-CATGAGGGGACTCCTTCAAA-3’, 5'-
TTCCATCTTCCGTTTCCAAG-3'; 4 uM; 129 bp; NM_021127) and TP53 (5'-
CGTACTCCCCTGCCCTCAAC-3’, 5'-GTGCTGTGACTGCTTGTAGATGG-3’;
1uM; 131 bp; NM_000546), and the internal control GAPDH (5'-
ACCCAGAAGACTGTGGATGG-3’, 5'-TTCTAGACGGCAGGTCAGGT-3';
4 uM; 201 bp; NM_002046) transcripts in the cells with SYBR Green |
labeling (Absolute QPCR SYBR Green Mix; ABgene, Epsom, UK). The
efficiency of each primer set was validated to be equivalent as in our
previous study (Shiue et al., 2006) (see also Supplementary Fig. S2 in the

online version of this article). Equal amount from an aliquot of each
sample was pooled to be a common reference cDNA for further calculation
of relative expression levels of each transcript. Quantitative RT-PCRs were
performed in a total volume of 15 pL [7.5 pL SYBR Green Mix and 0.75 pL
(concentration was optimized by specific transcript) of forward and
reverse primers, and 6 pL (12.5 ng/uL) cDNA]. The reaction was performed
at 95 °Cfor 10 s, annealing at 58 °C (PMAIP1 vs. GAPDH) or 60 °C (TP53 vs.
GAPDH) for 5 s, and elongation at 72 °C for 12 s in 96-well plates. The
starting copy number of unknown cDNA samples was determined relative
to the copy number of the calibrator sample (common reference cDNA)
using the following formula: AACt = ACt[(target, unknown sample) —
(GAPDH, unknown sample)] — ACt[(target, common reference cDNA) —
(GAPDH, common reference cDNA)]. The relative mRNA expression fold
was calculated by the expression 2~ 24, All reactions were triplicated
and results are expressed as mean -+ SEM.

Mitochondria/cytosol fractionation. Mitochondria and cytosol were
isolated by using Mitochondria/Cytosol Fractionation Kit (#K256-
25; BioVision) according to the manufacture's protocols. Briefly, 10°
cells were centrifuged and washed with PBS (700x g, 5 min) at 4 °C,
the supernatants were removed. Cells were resuspended with 200 pL
1x Cytosol Extraction Buffer Mix containing DTT and protease
inhibitor cocktail, and incubated for 30 min on ice. Cells were next
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Fig. 6. GTN induced apoptosis via PMAIP1 upregulation in TP53-positive SK-Hep1 and TP53-negative Hep-3B cells. Treatments with GTN for 4 to 12 h in SK-Hep1 cells (A), and for 2 to
12 hin Hep-3B cells (D), induced PMAIPT mRNA levels. (B, C) In SK-Hep1 cells, treatments with GTN for 2 to 12 h induced TP53 and pTP53(Ser15) protein levels; for 4 to 6 h induced
PMAIP1 protein levels. Treatments with GTN for 4 to 12 h suppressed TP73; for 4 to 6 h induced TP63 protein levels; for 2 to 12 h induced PMAIP1 protein levels in Hep-3B cells (E).
Transfection of shRNA plasmids (shPMAIP1 #1 and #4) targeting the PMAIP1 gene suppressed PMAIPT mRNA levels (G, H), PMAIP1 protein abundance (1, ]), as well as GTN-induced
(24 h) percentages of apoptotic cells (K, L) in both cell lines. All experiments were triplicated and results are expressed as mean SEM. For immunoblotting analysis, the -actin was
also examined as the loading control and one representative image is shown (C, F, I and ]). Statistical significance: *P<0.05; **P<0.01; ***P<0.001; **within an experiment, values
without a common superscript differed (P<0.05).
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homogenized (60 strokes) in an ice-cold Dounce Tissue Grinder
(#1998-1, BioVision), transferred to a 1.5-mL microcentrifuge tube
and centrifuged (10,000xg, 30 min) at 4 °C. The supernatant was
collected as cytosolic fraction and stored at —80 °C before analysis.
The mitochondrial faction in the pellet was vortexed with 200 pL of
the Mitochondrial Extraction Buffer Mix containing DTT and protease
inhibitor cocktail and stored at — 80 °C before analysis.

Statistics. The Student's t-test or Fisher's least significant difference
was used to examine the statistical significance of alternations on the
apoptotic cell percentage, relative CASP3 activity, mitochondrial
transmembrane potential, ROS formation, the relative mRNA and
protein levels, between or among different groups. All calculations
were performed by SPSS 14.0 software (SPSS Inc., Chicago, IL, USA).

Results
GTN induced apoptosis in HCC-derived cells
Half maximal inhibitory concentrations (ICsg) of GTN in TP53-

posivive SK-Hep1 and TP53-negative Hep-3B cells were determined
as 10 and 25uM (48 h) by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-
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diphenyltetrazolium bromide assay (see Supplementary Fig. S1B, S1C
in the online version of this article). In order to analyze GTN-induced
apoptosis as early as possible, these concentrations were used for
subsequent experiments, except for dose-response experiments.
After treatment of 0 (DMSO, control), 10, 20 or 40 uM GTN for 24 h,
dose-dependent early apoptosis was induced in SK-Hep1 (P<0.01;
Fig. 1A) and Hep-3B (P<0.05; Fig. 1B) cells. Late apoptosis was also
induced by GTN in a dose-dependent manner in both cell lines (10 or
20 to 40 puM, P<0.05; Fig. 1).

GTN induced CASP-mediated apoptosis in HCC-derived cells

In SK-Hep1, GTN treatments for 24 h induced the cleavages of
CASP8, CASP9, CASP3 and PARP1 proteins in a dose-dependent manner
(Fig. 2A). However, only cleaved-CASP8 and -CASP3 were induced by
GTN in Hep-3B cells (Fig. 2B). GTN treatment for 24 h further increased
the percentage of apoptotic cells (P<0.01 and P<0.001; Fig. 2C, D) and
CASP3 activities (P<0.01; P<0.001; Fig. 2E, F) in both cell lines,
compared to those of controls. Pretreatment with a pan CASP inhibitor,
z-VAD-FMK (50 uM), in SK-Hep1 and Hep-3B cells for 1 h, repressed
endogenous (P<0.05; P<0.001) and GTN-induced (10 and 25 uM GTN
for SK-Hep1 and Hep-3B cells, respectively, for 24 h) percentages of
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apoptotic cells (P<0.001; P<0.001; Fig. 2C, D); endogenous (P<0.05;
P<0.05) and GTN-induced CASP3 activities (P<0.01; P<0.001; Fig. 2E,
F). In addition, z-VAD-FMK noticeably reduced GTN-induced PARP1
cleavages in both cell lines (P<0.01; Fig. 2G, H).

GTN impaired the integrity of mitochondrial membranes in HCC-derived
cells

Time-course experiment (GTN treatments) and flow cytometric
assay were performed to determine the DiOCg(3) fluorescence
intensities in HCC-derived cell lines. Results reflected the collapse of
mitochondrial membrane potentials and integrities as early as 12 h
after GTN treatments in TP53-positive SK-Hep1 (P<0.001; Fig. 3A)

and TP53-negative Hep-3B (P<0.01; Fig. 3B) cells. After treatment
with GTN for 48 h, the percentages of cells with impaired mitochon-
drial membrane integrity attained 13.25% (P<0.001; Fig. 3A) and
12.20% (P<0.001; Fig. 3B) in SK-Hep1 and Hep-3B cells, respectively.

GTN induced intracellular ROS formation and DNA damage in HCC-
derived cells

Treatment with GTN (ICso) induced intracellular ROS formation
after 4 and 18 h in TP53-positive SK-Hepl (P<0.01) and TP53-
negative Hep-3B (P<0.05) cells (Fig. 4A, C). 24h induced DNA
damage response in both cell lines (see Supplementary Fig. S3 in the
online version of this article). In addition, NAC suppressed GTN-
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Fig. 7. GTN induced mitochondrial CYCS release in TP53-positive SK-Hep1 and TP53-negative Hep-3B cells via upregulation of mitochondrial TP53 and/or PMAIP1 proteins. (A) In SK-Hep1
cells, mitochondrial TP53 and PMAIP1 protein levels were upregulated after GTN treatments for 12 to 24 h and 12 to 16 h, respectively. Mitochondrial CYCS decreased after treatment with
GTN for 16 to 24 h. (B) In Hep-3B cells, mitochondrial PMAIP1 protein levels were increased after GTN treatments for 12 to 24 h. Mitochondrial CYCS decreased after treatment with GTN for
12 to 24 h. All experiments were triplicated and one representative immunoblotting image is shown. Immunoblotting quantifications are expressed as mean+ SEM. The [>-actin
(cytosol-specific) and COX4I1 (mitochondrion-specific) were detected as controls.
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induced (4 h) ROS formation, as well as DNA damage in SK-Hep1
(P<0.05; Fig. 4B). However, it was not able to suppress GTN-induced
(4h) DNA damage in Hep-3B cells (Fig. 4D). In both cell lines,
immunocytochemistry and immunoblotting analysis further demon-
strated that GTN treatments for 24 h induced the formation of
pH2AFX(Ser139) foci (Fig. 5A, C) and pH2AFX(Ser139) protein
abundance (Fig. 5B, D) in a dose-dependent manner.

GTN induced apoptosis via transactivation of the PMAIP1 gene in HCC-
derived cells

In SK-Hep1 cells, semi-quantitative RT-PCR identified that GTN
treatment induced PMAIP1 transcription among a series of BCL-family
genes in a dose-dependent manner (see Supplementary Fig. S4 in the
online version of this article). Quantitative RT-PCR further demon-
strated that after GTN treatment for 4 h, the PMAIP1 mRNA level
reached the climax in Hep-3B cells (P<0.001; Fig. 6D), earlier than
that of SK-Hep1 cells (6 h, P<0.01; Fig. 6A). Expression levels of
several proapoptotic and antiapoptotic proteins were afterward
examined by the immunoblotting analysis to determine whether
GTN-induced apoptosis was mitochondria-mediated. In SK-Hep1
cells, protein levels of TP53 (P<0.001), pTP53(Ser15) (P<0.01) and
PMAIP1 (P<0.05) were considerably upregulated after GTN treat-
ments for 2, 2 and 4h, respectively. In the meanwhile, most
upregulated TP53 proteins was the pTP53(Ser15) (Fig. 6B, C). In
TP53-negative Hep-3B cells, PMAIP1 was induced after GTN treatment
for 2 to 12 h (P<0.05). On the other hand, TP73 was suppressed in a
dose-dependent manner (P<0.01) but TP63 protein abundance was
slightly induced after GTN treatments for 4 to 6 h (P<0.05; Fig. 6E, F).
Neither E2F transcription factor 1 (E2F1) nor v-myc
myelocytomatosis viral oncogene homolog (avian) (MYC) protein
was stimulated by GTN in the dose-response experiment in both cell
lines (see Supplementary Fig. S5 in the online version of this article).

Two shPMAIP1 clones (shPMAIP1 #1 and #4) able to effectively
knockdown the PMAIP1 gene were further used to suppress the
endogenous PMAIPT mRNA levels in both cell lines. After PMAIP1
knockdown, quantitative RT-PCR and immunoblotting analysis demon-
strated that the PMAIPT mRNA (P<0.05; Fig. 6G, H) and protein (Fig. 61, ])
levels were downregulated in TP53-positive SK-Hep1 and TP53-negative
Hep-3B cells. Additionally, knockdown of the PMAIP1 gene suppressed
GTN-induced percentages of apoptotic cells, compared to those of the
shLuc-transfected control groups in both cell lines (P<0.05; Fig. 6K, L).

GTN upregulated mitochondrial TP53 and/or PMAIP1 protein level, and
induced the release of mitochondrial CYCS in HCC-derived cells

Mitochondria/cytosol fractionation and immunoblotting analysis
were performed to examine the effects of GTN treatment on the
subcellular localization of CYCS, TP53 and/or PMAIP1 proteins in
TP53-positive SK-Hep1 and TP53-negative Hep-3B cells. In a time-
dependent manner, GTN notably upregulated mitochondrial TP53 and
PMAIP1 protein levels in SK-Hep1 cells (Fig. 7A), and PMAIP1 protein
abundance in Hep-3B cells (Fig. 7B). In both cell lines, GTN treatment
also induced mitochondrial CYCS release into the cytosol in a time-
dependent manner (Fig. 7A, B). However, GTN could not induce the
mitochondrial TP63 levels in TP53-negative Hep-3B cells (see
Supplementary Fig. S6 in the online version of this article).

Knockdown of TP53 gene suppressed GTN-induced pTP53, pTP53(Ser15),
PMAIP, cleaved PARP1 protein levels and the percentage of apoptotic
cells in SK-Hep1 cells

As shown in Fig. 8A, TP53 mRNA levels were upregulated after the
GTN treatment for 2 to 12h (P<0.05); reached the apex after
treatment for 4 h (P<0.01). On the other hand, treatment with a
specific inhibitor (PFT-at) of TP53 transcriptional activity (Murphy
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et al,, 2004) in SK-Hep1 cells, markedly downregulated endogenous
pTP53(Ser15) (P<0.05) and PMAIP1 (P<0.05), as well as GTN-
induced TP53 (P<0.01), pTP53(Ser15) (P<0.001), PMAIP1
(P<0.001), and cleaved-PARP1 (P<0.001) protein levels (Fig. 8B, C).
In the absence of GTN, PFT-a treatment increased the endogenous
percentage of apoptotic cells (P<0.05); slightly but not significantly
enhanced GTN-induced percentage of apoptotic cells (P=0.07;
Fig. 8D).

Transfection of the shTP53 plasmid into SK-Hepl cells to
knockdown the TP53 gene downregulated endogenous TP53
(P<0.01) as well as PMAIP1 (P<0.01) mRNA levels, compared to the
corresponding shLuc-transfected control group (Fig. 8E). Transfection
of the shTP53 plasmid in the absence of GTN, protein levels of TP53
(P<0.05), pTP53(Ser15) (P<0.05) and PMAIP1 (P<0.05); in the
presence of GTN, protein levels of TP53 (P<0.01), pTP53(Ser15)
(P<0.05), PMAIP1 (P<0.05) and cleaved-PARP1 (P<0.01) were
repressed, compared to the corresponding shLuc-transfected control
group (Fig. 8E, F). Without GTN treatment, the endogenous
percentage of apoptotic cells was inhibited by knockdown of the
TP53 gene (P<0.05); TP53 knockdown further reduced the GTN-
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induced percentage of apoptotic cells (P<0.05) (Fig. 8H). Molecular
mechanisms underlying GTN-induced apoptosis in TP53-positive SK-
Hep1 and TP53-negative Hep-3B cells is summarized in Fig. 9.

Discussion

We identified the involvement of PMAIP1 in GTN-induced
apoptosis via TP53-dependent and -independent pathways in HCC-
derived cells. GTN is a natural proapoptotic compound, that was found
to induce ROS formation; DNA double-strand breaks; TP53 and/or
PMAIP1 transactivation, translation, and translocation to mitochon-
dria; alterations in the mitochondrial membrane potential; release of
mitochondrial CYCS; cleavage of CASP8, CASP9, CASP3, and PARP1;
and consequential apoptosis in TP53-positive SK-Hep1 and TP53-
negative Hep-3B cells. This is followed by cleavage of PARP1 in vivo
due to CYCS release, formation of apoptosomes, and the activation of
CASP9 and CASP3. It has been suggested that PARP1 cleavage as a
result of CYCS release is an apoptosis-specific event and aims at
stopping the activity of high energy consuming PARP1, thereby
preventing energy depletion and uncontrolled cell death caused by
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Fig. 8. Knockdown of the TP53 gene suppressed GTN-induced TP53 and PMAIP1 mRNA levels; TP53, pTP53(Ser15), PMAIP1 and cleaved-PARP1 protein abundances and the
percentage of apoptotic cells in TP53-positive SK-Hep1 cells. (A) GTN treatment for 2 to 12 h induced TP53 mRNA levels. (B-D) Pretreatment with a TP53 inhibitor, PFT-c, for 1 h,
suppressed GTN-induced TP53, pTP53(Ser15), PMAIP1 and cleaved-PARP1 protein levels; slightly but not significantly enhanced the percentage of apoptotic cells. Knockdown of
TP53 gene suppressed TP53 and PMAIPT mRNA expression folds, compared to their corresponding shLuc-transfected control groups (E). (F-H) Cells were treated with 0 (DMSO,
control) or 10 uM GTN for 24 h, in conjunction with transfection of shLuc (control) or shTP53 plasmid. Knockdown of TP53 in the absence or presence of GTN repressed endogenous,
GTN-induced TP53, pTP53(Ser15) and PMAIP1 protein levels; additionally diminished GTN-induced cleavage of the PARP1 protein. Knockdown of TP53 gene also reduced
endogenous and GTN-induced percentage of apoptotic cells. All experiments were triplicated and results are expressed as mean 4 SEM. One representative immunoblotting image is
shown (C, G) and {3-actin served as the loading control. Statistical significance: *P<0.05; **P<0.01 and ***P<0.001.
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Fig. 8 (continued).

necrosis (D'Amours et al.,, 2001). We confirmed that GTN induces
mitochondrial apoptosis in HCC-derived cells via activation of the
TP53 and/or PMAIP1 genes.

Our results clearly indicate that GTN induced transactivation and
translation of the TP53 gene and subsequent transactivation of the
PMAIP1 gene in TP53-positive SK-Hep1 cells. This is because (1) the
TP53 protein level increased notably 2 h after the GTN treatment as
compared to the PMAIP1 level, which increased 4 h after the GTN
treatment; (2) the TP53 mRNA level reached the maximum (3.65-
fold) 4 h after GTN treatment, as compared to the mRNA level of
PMAIP1, which reached the maximum (5.56-fold) 6 h after GTN
treatment; (3) knockdown of the TP53 gene significantly suppressed
both TP53 and PMAIP1 mRNA levels when compared to their
corresponding controls; and (4) regardless of the absence or presence
of GTN, knockdown of TP53 notably suppressed TP53 and PMAIP1
protein expression when compared to the corresponding shLuc-
transfected control groups.

On the other hand, in TP53-deficient Hep-3B cells, GTN signifi-
cantly induced an increase in PMAIPT mRNA and protein expression,
as early as 2 h after the treatment. Because GTN increase in PMAIP1
mRNA and protein levels prior to that of another TP53 protein
member, TP63 protein, the potential regulatory role of TP63 in PMAIP1
was excluded. Either the TP53 or PMAIP1 gene has been reported as
potential drug target in several tumor types, including HCCs (Ploner et

al., 2008; Staib et al., 2003). Thus, activation of the TP53 or PMAIP1
gene product appears to be critical in the cellular responses to
anticancer treatments. Although the PMAIP1 gene can be also
transactivated by other transcriptional factors such as E2F1 (Hershko
and Ginsberg, 2004) or MYC (Nikiforov et al., 2007), these
transcription factors were not found to be induced by GTN in both
TP53-positive SK-Hep1l and TP53-negative cells in this study.
Therefore, their potential regulatory roles were ruled out.

Results obtained from the alkaline comet assay as well as the
pH2AFX(Ser139) protein level was upregulated soon after the GTN
treatment, reconfirming that GTN induces DNA damage in HCC-
derived cells. DNA double-stranded breaks present a serious challenge
for eukaryotic cells. The inability to repair breaks leads to genomic
instability, carcinogenesis and cell death. During the double-strand
break response, mammalian chromatin undergoes reorganization
demarcated by phosphorylation in Ser139 of H2AFX (Xiao et al.,
2009). Therefore, formation of pH2AFX nuclear foci further indicated
that GTN-induced DNA damage by creating double-strand breaks. The
GTN-induced DNA damage subsequently stimulated the DNA repair
proteins pTP53(Ser15) and/or proapoptotic protein PMAIP1 and
resulted in the initiation of downstream mitochondria-mediated
apoptosis, which was further supported by phosphatidylserine
externalization. In addition to the fact that both R-roscovitine (a
cyclin-dependent kinase inhibitor) and <y-irradiation are capable of
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Fig. 9. Summary on the GTN-induced apoptotic pathways in TP53-positive SK-Hep1 and TP53-negative Hep-3B cells.

downregulating MCL1 (an antiapoptotic protein), histone deacety-
lase, and proteasome, as well as triggering de novo synthesis of
PMAIP1 (Hallaert et al., 2007; Inoue et al., 2007), GTN-induced
PMAIP1 expression might enhance the efficiency of the current
treatment strategies against cancers.

Of the several BCL2 family proteins that were examined,
mitochondrial TP53 and PMAIP1 protein levels and only PMAIP1
protein levels, were significantly upregulated in SK-Hep1 and Hep-3B
cells, respectively, for 12 h after the GTN treatment, corresponding to
the time point of significant reduction in the mitochondrial
membrane integrity. Undeniably, PMAIP1 is probably a proapoptotic
modifier rather than a tumor suppressor (Ploner et al., 2008).
Overexpression of mouse Pmaip1 in HeLa or other cancer cells results
in significant apoptosis, which is associated with preferential
localization of Pmaip1 to the mitochondria (Oda et al., 2000). Binding
of PMAIP1 to the proapoptotic BAX or BAK1 protein has not been
reported so far, indicating that PMAIP1 indirectly promotes BAX/
BAK1-mediated mitochondrial dysfunction by inhibiting expression
of the antiapoptotic members of the BCL2 family (Oda et al., 2000;
Shibue et al., 2003). This implies that the PMAIP1 gene in either TP53-
positive SK-Hep1 or TP53-negative Hep-3B cells might also play a
critical role in GTN-induced apoptosis.

Significant decrease in the percentage of GTN-induced apoptotic
cells due to PMAIP1 gene knockdown was consistent with the results
obtained from other cellular and animal models. The role of PMAIP1 in
the doxorubicin-induced neuroblastoma apoptosis was confirmed by
PMAIP1 knockdown experiments (Kurata et al., 2008). The PMAIP1 ~/~
mice showed resistance to X-ray irradiation-induced gastrointestinal
death, accompanied with impaired apoptosis of the epithelial cells of
small intestinal crypts (Shibue et al, 2003). The inhibition of

apoptosis was more profound in the TP53-knockdown SK-Hep1 cells
than in the PMAIP1-knockdown SK-Hep1 cells, suggesting that in
addition to PMAIP1 transactivation, GTN-induced TP53 expression
might trigger apoptosis via other potential mechanisms.

In SK-Hep1 cells, PFT-a inhibited the GTN-induced increase in
pTP53(Ser15), PMAIP1, and cleaved PARP1 protein levels, but there
was no significant reduction in the percentage of GTN-induced
apoptotic cells. Indeed, after GTN treatment, some amount of TP53
was still present in the cytosol and mitochondria, which might explain
the previously described transcription-independent apoptotic func-
tion of cytosolic and mitochondrial TP53 (Speidel, 2010). A number of
independent studies suggest that the tumor suppressor gene TP53
plays a pivotal role in several DNA damage and growth control
pathways (Kuerbitz et al., 1992; Livingstone et al., 1992). Generally, it
is suggested that TP53 is activated following genotoxic stress; this
triggers the DNA repair mechanism, leading to completion of the cell
cycle. Alternatively, TP53 may also induce apoptosis leading to exit
from the cell cycle. Several cellular models use DNA damaging agents
such as <y-irradiation and cisplatin, which bring about the pTP53
(Ser15) level. Although this results in the reduction of DNA repair
activity, there is a definite increase in the specific DNA binding activity
and induction of apoptosis (Offer et al, 2002). There was a
considerable increase in the levels of pTP53(Ser15) in SK-Hepl
cells, thereby strengthening the possibility that TP53 plays a
transcription-independent role in GTN-induced apoptosis.

Consistent with our observations in HCC-derived cells, several
studies using other tumor cells also suggested that GTN induces
apoptosis but not necrosis (Chen et al., 2005; Inayat-Hussain et al.,
1999; Inayat-Hussain et al., 2003; Inayat-Hussain et al., 2010). GTN is
known to induce cytotoxicity and apoptosis in many cell lines at low
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micromolar concentrations (Mereyala and Joe, 2001). The ICso (48 h)
of GTN identified in MCF-7, UACC-62, and HT-29 cells (Fatima et al.,
2006) were similar to this study, reinforcing its potential in inhibition
of cell growth in both TP53-positive or TP53-negative HCC-derived
cells. The pan-caspase inhibitor represses GTN-induced CASP3
activity, abundance of cleaved PARP1 protein, and the percentage of
apoptotic cells, supporting that the fact that GTN-induced apoptosis is
CASP-mediated.

GTN induced ROS formation and subsequent DNA damage in TP53-
positive SK-Hep1 cells, in the order opposite to that observed in TP53-
negative Hep-3B cells. Because of its ability to induce chromatid- and
chromosome-type aberrations in CHO cells, GTN is suggested to be a
potential genotoxic or clastogenic substance (Umar-Tsafe et al., 2004).
Recent studies reveal that ROS acts both as an upstream signal that
triggers TP53 activation and as a downstream factor that mediates
apoptosis (Liu et al,, 2008). Accordingly, GTN treatment of SK-Hep1 cells
for 24 h somewhat induced an extended stress response and irreparable
damage, followed by the transactivation of TP53-dependent prooxidant
genes for the removal of mutated cells via apoptosis. In contrast, GTN
triggered DNA damage-induced ROS formation and delayed the
apoptotic process in TP53-negative Hep-3B cells (with a higher ICsq
than that for TP53-positive SK-Hep1 cells), similar to that observed in
the epidermis of TP53-knockout mice (Ikehata et al., 2010).

In conclusion, GTN induces cytotoxicity, ROS accumulation, DNA
double-strand breaks, and mitochondria- and CASP-mediated apo-
ptosis in both TP53-positive SK-Hep1 and TP53-negative Hep-3B cells.
Both the TP53 and PMAIP1 proteins were translocated into the
mitochondria, where they triggered CYCS release and apoptosis after
GTN treatment. Transactivation of PMAIP1 by pTP53(Ser15) protein
after GTN treatment or by transcription factor(s) other rather than
TP53, E2F1, MYC, TP63 or TP73 might play a crucial role in GTN-
induced apoptosis in HCC-derived cells.

Supplementary materials related to this article can be found online
at doi:10.1016/j.taap.2011.07.002.
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