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Abstract

Resveratrol (3,5,4"-trihydroxy-trans-stilbene) is a well-known polyphenol that is present in grapes, peanuts, pine seeds, and several
other plants. Resveratrol exerts deleterious effects on various types of human cancer cells. Here, we analyzed the cell death-inducing
mechanisms of resveratrol-006 (Res-006), a novel resveratrol derivative in human liver cancer cells in vitro. Res-006 suppressed the
viability of HepG2 human hepatoma cells more effectively than resveratrol (the I1Cs, values were 67.2 and 354.8 pmol/L, respectively).
Co-treatment with the ER stress regulator 4-phenylbutyrate (0.5 mmol/L) or the ROS inhibitor N-acetyl-L-cysteine (NAC, 1 mmol/L)
significantly attenuated Res-006-induced HepG2 cell death, suggesting that pro-apoptotic ER stress and/or ROS may govern the Res-
006-induced HepG2 cell death. We further revealed that treatment of HepG2 cells with Res-006 (65 pymol/L) immediately elicited the
dysregulation of mitochondrial dynamics and the accumulation of mitochondrial ROS. It also collapsed the mitochondrial membrane
potential and further induced ER stress and cell death. These events, except for the change in mitochondrial morphology, were
prevented by the exposure of the HepG2 cells to the mitochondrial ROS scavenger, Mito-TEMPO (300-1000 pumol/L). The results
suggest that Res-006 may kill HepG2 cells through cell death pathways, including the ER stress initiated by mitochondrial ROS
accumulation. The cell death induced by this novel resveratrol derivative involves crosstalk between the mitochondria and ER stress
mechanisms.
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Introduction [1-3]

Resveratrol (3,5,4'-trihydroxy-trans-stilbene; Res) is a nonfla-
vonoid polyphenol present in grapes, peanuts, berries, and
the constituents of several other plants'™. It possesses a wide
range of beneficial effects, including anti-cancer, anti-aging,
anti-atherogenic, anti-inflammatory and anti-oxidant activi-

ties" ™. However, its utilization and development in products
have been hampered by its poor solubility, poor chemical sta-
bility, and low bioavailability* . Many attempts have sought
to improve the bioactivity and bioavailability of Res!®”. For
example, trimethylated Res is up to 100-fold more cytotoxic
than unamended Res in cancer cell lines due to the depletion
of the intracellular pool of polyamines and altered microtu-
bule polymerization!™.
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Mitochondria are essential in cellular energy metabolism
and are now recognized as being central in apoptotic cell
death. Stresses, including growth-factor withdrawal, DNA



damage, and exposure to certain chemotherapeutic agents,
activate mitochondria-mediated intrinsic apoptosis path-
ways". During intrinsic apoptosis signaling, mitochondrial outer
membrane permeabilization (MOMP) leads to the release of
pro-apoptotic proteins (cytochrome ¢, Smac/DIABLO, Omi/
HtrA2, AIF and endonuclease G) contained in the intermem-
brane space!”. These pro-apoptotic proteins trigger the execu-
tion of cell death by promoting the caspase activation cascade
or by acting as caspase-independent death effectors”. Several
recent reports suggested that Res and its derivatives trigger
apoptosis through the intrinsic mitochondrial-dependent path-
way, which is associated with mitochondrial dysfunctions,
such as mitochondrial membrane potential (MMP) collapse
and reactive oxygen species (ROS) production**.

The endoplasmic reticulum (ER) is a principal cellular com-
partment for the biosynthesis, folding and modification of
membrane and secretory proteins, production of lipids and
sterols, and calcium storage and gated release in eukaryotic
cells. The pathological, environmental, or physiological stim-
uli that interfere with ER functions cause ER stress. To cope
with the ER stress conditions, the ER activates a set of signal
transduction pathways, collectively termed the unfolded pro-
tein response (UPR), to assist with protein folding and secre-
tion and to facilitate the degradation of misfolded proteins in
the ER lumen™. In mammals, the UPR is mediated by three
basic signal transducers: inositol-requiring 1a (IREla), PERK
(double-strand RNA-activated protein kinase-like ER kinase),

and ATF6a (activating transcription factor 6a)! ™!

. During
ER stress, the cytoplasmic nuclease domain of activated IREla
processes the mRNA encoding the XBP-1 (X-box-binding pro-
tein 1) transcription factor to generate mature Xbpl mRNA
(Xbp1s)™!. The activated PERK phosphorylates the a subunit
of eukaryotic translation initiation factor 2 (eIlF2a) at Ser51 to

[l and increase the translation of

attenuate global translation
mRNAs, such as those encoding the ATF4 transcription fac-
tor”. Upon activation, ATF6a translocates from the ER to the
Golgi complex, where it is cleaved by the S1P and S2P prote-
ases to release a cytosolic fragment (ATF6aAC) that migrates to
the nucleus to activate transcription™ . For ER stress adap-
tation, XBP1s and ATF6aAC by themselves or together induce
many UPR genes to enhance ER protein folding, trafficking,
secretion, and ER-associated protein degradation (ERAD)™ !,
ATF4 induces the expression of several genes involved in
amino acid biosynthesis and transport, anti-oxidative stress,
and ER protein folding and secretion™. However, if the ER
stress is too strong and persistent to re-establish ER homeo-
stasis, the ER preferentially elicits several cell-death signaling
pathways, including three UPR pathway-mediated apoptosis
pathways, over time”™ *!. Under chronic ER stress, IREla
recruits the tumor necrosis factor receptor-associated factor 2
(TRAF2) and apoptosis signal-regulating kinase 1 (ASK1) and
then causes the activation of c-Jun N-terminal kinase (JNK),
which is implicated in apoptosis™ *!. In addition, prolonged
IREla-mediated activation of the regulated IRE1-dependent
decay (RIDD) pathway may promote apoptosis by degrading

mRNAs encoding essential ER-translocating proteins®”’ and
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microRNAs repressing the translation of pro-apoptotic cas-
pase-2 mRNAP!. Although the PERK-elF2a phosphorylation-
ATF4 and ATF6a pathways conduct important adaptive mech-
anisms to relieve the ER stress, ATF4 and ATF6aAC converge
on the promoter of the gene encoding C/EBP homologous
protein (CHOP)®"#], an important pro-apoptotic transcrip-
tion factor of ER stress-mediated cell death®!, which controls
the expression of the pro-apoptotic (Binz)™"
(Bcl-2) genes®!l.
expression of several pro-apoptotic genes, such as ER oxido-
reductase 1-a (ERO1la), growth arrest and DNA damage 34
(GADD34), tribbles-related protein3 (Trb3) and death receptor
5 (Dr5)>,

A growing body of data indicates that Res and Res deriva-

and anti-apoptotic
Furthermore, CHOP expression increases the

tives can induce pro-apoptotic ER stress in cancer cells by dis-
rupting the N-linked glycosylation of proteins or by increasing

intracellular calcium levels®*¥.

Here, we sought to detect the
cell death effects of a new Res derivative in a human liver can-
cer cell line and to determine the underlying mechanism of its
activity, which involves apoptosis associated with mitochon-

drial dysfunctions and ER stress.

Materials and methods

Reagents and antibodies

Resveratrol (Res), N-acetyl-L-cysteine (NAC), 4-phenylbu-
tyric acid (4-PBA), BAPTA-AM, TEMPOL, Mito-TEMPO, and
Hoechst 33258 were purchased from Sigma-Aldrich (St Louis,
MO, USA). Tunicamycin and thapsigargin were purchased
from EMD Millipore (Billerica, MA, USA). MitoTracker Red
and JC-1 were purchased from Molecular Probes (Eugene, OR,
USA). Resveratrol-005 (Res-005) and resveratrol-006 (Res-
006, Korea Patent #1016328390000) were synthesized by Prof
Hyoungsu KIM (see Supplementary information for details).
A Cell Counting Kit-8 (CCK-8) was purchased from Dojindo
Molecular Technology (Rockville, MD, USA). The antibodies,
including anti-BAK, anti-BAX, anti-Bcl-2, anti-Bcl-xL, anti-
cleaved caspase-3, anti-CHOP, anti-IRE1a, anti-JNK, anti-p-
JNK, anti-PARP, and anti-PERK, were purchased from Cell
Signaling Technology (Danvers, MA, USA). Anti-B-actin and
horseradish peroxidase-conjugated anti-Flag were purchased
from Sigma-Aldrich (St Louis, MO, USA). In addition, the
following antibodies were used: anti-e[F2a from Santa Cruz
Biotechnology (Dallas, TX, USA), anti-BiP from BD Biosci-
ence (San Jose, CA, USA), anti-KDEL from Assay Designs
(Farmingdale, NY, USA), anti-p-IREla from Novus Biologi-
cals (Littleton, CO, USA), anti-MTCO1 and anti-SDHA from
Abcam (Cambridge, UK), and anti-p-elF2a from Invitrogen
(Carlsbad, CA, USA). The secondary peroxidase-conjugated
antibodies were purchased from Thermo Fisher Scientific
(Waltham, MA, USA) or Jackson ImmunoResearch (West
Grove, PA, USA).

Cell culture

HepG2 human hepatocellular carcinoma cancer cells were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The Huh-7 cells were provided by Dr
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Sung Key JANG (Department of Life Sciences, Pohang Uni-
versity of Science and Technology (POSTECH), Korea)®.
Both the HepG2 and Huh-7 cells were cultured in DMEM
(Gibco, Waltham, MA, USA) supplemented with 10% fetal
bovine serum (ATCC) and 5% penicillin-streptomycin (Gibco).
The THLE-2 cells (ATCC) originated from human primary
normal liver cells and were provided by Dr Jong-heon KIM
(Cancer Cell and Molecular Biology Branch, National Cancer
Center, Korea). THLE-2 cells were plated on culture plates
precoated with a solution containing 0.01 mg/mL fibronectin
(Thermo Scientific, Waltham, MA, USA), 0.03 mg/mL bovine
collagen type I (Thermo Scientific), and 0.01 mg/mL bovine
serum albumin (Sigma-Aldrich) dissolved in bronchial epi-
thelial basal medium (BEBM, Lonza, Basel, Switzerland). The
THLE-2 cells were cultured in BEBM supplemented with
5 ng/mL EGF (R&D Systems, Minneapolis, MN, USA), 70
ng/mL phosphoethanolamine (Sigma-Aldrich), 10% fetal
bovine serum (ATCC, Manassas, VA, USA), and BEGM Sin-
gleQuots (Lonza) with no gentamicin/amphotericin (GA) and
epinephrine. The cells were grown in a 5% CO, incubator at
37°C.

Cell viability assays

The cell viability assay was performed using a CCK-8 kit
(Dojindo Molecular Technologies) according to the manufac-
turer’s instructions. Briefly, the cells were plated in 96-well
plates and grown overnight. The next day, the cells were
treated with the indicated chemicals for 24 h, and then, the
cells were treated with the CCK-8 solution for 3 h. Absorbance
was measured at 450 nm using a microplate reader (Molecular
Devices, Sunnyvale, CA, USA).

Transfection

HepG2 cells (1x10%) were plated in 60-mm dishes or collagen-
coated 35-mm coverglass bottom dishes and cultured over-
night. The next day, the flag-tagged ATF6a-expressing
plasmid (pCMV-Flag3x-ATF6a, a kind gift from Ron Prywes,
Addgene plasmid #11975) or mitochondria-targeted EYFP-
expressing plasmid (pEYFP-Mito, Clontech, Mountain View,
CA, USA) was transfected into HepG2 cells using the Fugene6
transfection reagent (Promega, Madison, WI, USA) for 48 h.
The cells were treated with the chemicals (Tm, Tg, or Res-006)
for the indicated time.

Western blot analysis

Cells were lysed with NP40 lysis buffer (1% Nonidet P-40,
0.05% sodium dodecyl sulfate, 50 mmol/L Tris-Cl pH 7.5, 150
mmol/L NaCl, 0.5 mmol/L sodium vanadate, 100 mmol/L
sodium fluoride, and 50 mmol/L p-glycerophosphate) supple-
mented with Halt protease inhibitor cocktail (Thermo Fisher
Scientific, Waltham, MA, USA). The homogenates were
centrifuged at 12 000xg for 15 min at 4 °C, and the superna-
tants were collected. The protein concentration was deter-
mined using a BCA protein assay kit (Bio-Rad, Hercules, CA,
USA). Protein samples were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred
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to polyvinylidene difluoride or nitrocellulose membranes
(GE Healthcare Life Sciences, Marlborough, MA, USA). The
membranes were blocked for 3 h at room temperature with 5%
skim milk in Tris-buffered saline Tween buffer (0.1% Tween
20, 20 mmol/L Tris-HCl, pH 7.5, and 150 mmol/L NaCl). The
membranes were then incubated with the indicated primary
antibodies overnight at 4 °C and then with the horseradish
peroxidase-conjugated secondary antibody. Membrane-bound
antibodies were detected by enhanced chemiluminescence
(ECL) (Thermo Scientific).

Flow cytometry analysis of apoptosis or the cellular ROS level
HepG2 cells (2x10%) were plated in 6-well plates and cultured
overnight. The cells were treated with the indicated chemicals.
After treatment, the cells were harvested and then washed
twice with cold-phosphate buffered saline (PBS). Next, the
cells were double-stained with annexin V and 7-aminoactino-
mycin D (7AAD) (BD Pharmingen, Franklin Lakes, NJ, USA)
in binding buffer for 15 min. Finally, the cells were analyzed
by flow cytometry using a FACSCanto II apparatus (BD Bio-
sciences, Franklin Lakes, NJ, USA). Flow]Jo software (Ash-
land, OR, USA) was used for the analysis. HepG2 cells (2x10°)
were plated in 6-well plates and cultured overnight. The
next day, the cells were treated with the indicated chemicals.
After treatment, the cells were stained with dihydroethidium
(15 pmol/L, Sigma-Aldrich) in culture medium for 30 min.
The cells were harvested and analyzed by flow cytometry as
described above.

Immunofluorescence

HepG2 cells (2x10%) were plated in 6-well plates coated with
collagen 0.01% in PBS and cultured overnight. The next day,
the cells were treated with the indicated chemicals, fixed
with 4% paraformaldehyde in PBS for 15 min, and permeabi-
lized with 0.2% Triton X-100 in PBS for 2 min. The cells were
blocked with 1% bovine serum albumin in PBS for 30 min
and incubated with the indicated primary antibody overnight
at 4 °C. The cells were further incubated with a fluorescein
isothiocyanate-conjugated secondary antibodies at room tem-
perature for 1 h. The nuclei were stained with Hoechst 33258
(Sigma-Aldrich). Finally, the cells were observed by confocal
laser microscopy using an FV1200-OSR microscope (Olympus,
Tokyo, Japan).

Mitochondrial membrane potential (MMP) analysis

THLE-2 and HepG2 cells (2x10% were plated in collagen-
coated 35 mm coverglass bottom dishes (SPL, Pocheon-si,
Gyeonggi-do, Korea) and cultured overnight. The next day, the
cells were treated with the indicated chemicals. After treatment,
the cells were stained with MitoTracker Red (200 nmol/L) or
JC-1 (2.5 pmol/L) and Hoechst 33258 (4 pg/mL) in culture
medium for 1 h. Fluorescence images of living cells were
obtained using an FV1200-OSR confocal laser microscope.

Time-lapse confocal microscopy
Mitochondria-targeted EYFP-expressing HepG2 cells were



treated with mock or Res-006 for 20 min, and then the mito-
chondria were imaged for 4 min and 30 s using an FV1200-
OSR confocal laser microscope (Olympus). Frames were taken
every 30 s. The microscopic field was 63.4 um»63.4 pm.

Semi-quantitative PCR and qRT-PCR

Total RNA was prepared from the HepG2 cells treated with
the indicated chemicals using an RNeasy Plus Mini Kit (Qia-
gen, Venlo, Netherlands). The cDNA was prepared with a
High Capacity cDNA RT Kit (Ambion, Life Technologies,
Waltham, MA, USA) for semi-quantitative PCR using stan-
dard methods or for qRT-PCR normalized to the levels of
B-actin as previously described™. The primers for the semi-
quantitative PCR analysis were as follows: forward primer for
Xbpl mRNA splicing analysis, 5-CCGCAGCAGGTGCAGG-3'
and reverse primer 5-GGGGCTTGGTATATATGTGG-3';
forward primer for Gapdh mRNA, 5-ACATCAAGAAGGTG-
GTGAAG-3' and reverse primer 5'-CTGTTGCTGTAGC-
CAAATTC-3'. The primers for the qRT-PCR analysis are as
follows: p-actin forward primer 5-TCCCCCAACTTGAGAT-
GTATGAAG-3' and f-actin reverse primer 5'-AACTGGTCT-
CAAGTCAGTGTACAGG-3'; Xbpls forward primer 5'-CCG-
CAGCAGGTGCAGG-3' and Xbp1s reverse primer 5'-GAGT-
CAATACCGCCAGAATCCA-3'; Xbp1t forward primer 5'-
GCAAGCGACAGCGCCT-3" and Xbpl1t reverse primer 5'-
TTTTCAGTTTCCTCCTCAGCG-3'; ERdj4 forward primer 5'-
GGAAGGAGGAGCGCTAGGTC-3' and ERdj4 reverse primer
5'-ATCCTGCACCCTCCGACTAC-3'; Chop forward primer
5'-ATGGCAGCTGAGTCATTGCCTTTC-3" and Chop reverse
primer 5'-AGAAGCAGGGTCAAGAGTGGTGAA-3'; and
Grp78 (BiP) forward primer 5-GCCTGTATTTCTAGACCT-
GCC-3' and Grp78 (BiP) reverse primer 5'-TTCATCTTGC-
CAGCCAGTTG-3".

Statistical analysis

All data are represented as the mean+SEM of three or four
independent experiments. The data were analyzed using
GraphPad Prism 5 (GraphPad Software, Inc, La Jolla, CA,
USA). Unpaired 2-tailed Student’s t-tests were performed
to determine the statistical significance for paired samples.
P<0.05 was considered significant.

Results

Res derivative 3,5-diethoxy-3’,4'-dihydroxy-trans-stilbene displays
ER stress and/or oxidative stress-mediated cytotoxicity in HepG2
cells

To investigate the cytotoxic effect of Res and its derivatives
(Figure 1A), one normal human liver cell line, THLE-2, and
two human hepatoma cell lines, Huh-7 and HepG2, were
treated with various concentrations of the compounds (Fig-
ure 1B-1H). The dehydrogenase-based cell viability assay
revealed that the Res derivative designated Res-006 had stron-
ger cellular toxicity than Res and Res-005 in all cell lines used
(Figure 1B, 1D, 1F, and 1G). The ICs, value (67.2 pmol/L) of
Res-006 in HepG2 cells was approximately 2-fold lower than
that (139.2 pmol/L) in THLE-2 cells (Figure 1C, 1E, and 1G).
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The cytotoxic effect of 65 pmol/L Res-006 against HepG2 cells
was higher than that against THLE-2 and Huh-7 cells (Figure
1H). In addition, the time-dependent expression of apoptotic
marker proteins (cleaved caspase-3 and PARP) in lysates of
Res-006-treated HepG2 cells was higher compared with that
of Res-006-treated THLE-2 and Huh-7 cells (Figure 1I). There-
fore, subsequent experiments were focused on the cytotoxic
effects of Res-6 against HepG2 cells.

To investigate whether Res-006 can induce apoptosis in
HepG2 cells, we examined the apoptotic effect of Res-006
by flow cytometry and Western blot analyses. In the mock-
treated group, <6.0% of cells underwent apoptosis (Q2+Q4 in
Figure 2A). In contrast, in cells treated with 65 pmol/L Res-
006, 26.1% of cells underwent apoptosis (Figure 2A). More-
over, both caspase-3 and PARP were significantly cleaved and
activated by Res-006 (Figure 2B). The results indicated that
Res-006 can significantly induce apoptosis in HepG2 cells.

Several recent reports suggested that Res and its derivatives
can elicit ER stress-mediated cell death® by increasing the
level of cellular calcium by inhibiting sarco/endoplasmic retic-
ulum Ca** ATPase (SERCA)P* or disrupting the N-linked gly-

3 In addition, oxidative stress induced

cosylation of proteins
by the drugs may be responsible for cell death™ L. To verify
whether ER stress and/or oxidative stress are associated with
Res-006-mediated HepG2 cell death, the ER stress regulator
4-phenylbutyrate (PBA) and/or the ROS inhibitor N-acetyl-L-
cysteine (NAC) were applied along with Res-006. Inhibition of
either ER stress or ROS antagonized the cell death activity of
Res-006 toward HepG2 cells (Figure 2C). Moreover, compared
with the treatment with drug alone, co-treatment with 4-PBA
and NAC further increased cell viability (Figure 2C), indicat-
ing that pro-apoptotic ER stress and/or ROS may govern
the cell death induced by Res-006 in HepG2 cells. However,
treatment with the Ca®* chelator BAPTA/AM did not restore
the viability of Res-006-treated HepG2 cells (Figure 2D), sug-
gesting that an increase in intracellular Ca®* levels may not
relate with Res-006-mediated cell death. Next, to determine
the effect of Res-006 on the N-linked glycosylation of the pro-
teins, we monitored the N-linked glycosylation of ATF6a,
an N-linked glycosylated ER membrane protein™ in HepG2
cells. Tunicamycin (Tm), an established inhibitor of N-linked
glycosylation™), was used to generate a positive control. The
3xFlag-tagged human ATF6a proteins were transiently overex-
pressed in HepG2 cells. The deglycosylation-induced mobil-
ity change of 3xFlag-ATF6a was examined by Western blot
analysis with tunicamycin, the SERCA inhibitor thapsigargin
(Tg), or Res-006-treated HepG2 cells. As expected, the 3xFlag-
ATF6a in the Tm-treated cell lysates migrated faster compared
with the mock or Tg-treated cell lysates (Figure 2E), indicating
that the protein was deglycosylated by tunicamycin treatment.
However, there were no fast migrating bands observed in Res-
006-treated lysates until 24 h (Figure 2E), suggesting that the
Res-006 may not elicit ER stress through the disruption of the
N-linked glycosylation of the proteins. Taken together, these
results suggest that Res-006 induces ER stress- and/or ROS-
mediated cell death, which is not associated with acute cal-
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Figure 1. Res-006 exhibits a higher cytotoxic activity than Res and Res-005 in hepatocellular carcinoma cells. (A) Chemical structures of Res and
the two derivatives. (B), (D), and (F) THLE-2, Huh-7, and HepG2 cells were treated with Res, Res-005, or Res-006 (0-300 umol/L) for 24 h, and cell
viability was analyzed by the CCK-8 assay. The data are expressed as the mean+SEM of three independent experiments, ~"P<0.001; O ymol/L vs each
concentration. (C), (E), and (G) Dose response curves and ECs, values of Res-006 for THLE-2, Huh-7, and HepG2 cells. The data are expressed as the
meanxSEM of three independent experiments. (H) THLE-2, Huh-7, and HepG2 cells were treated with Res-006 (65 pmol/L) for 24 h, and cell viability
was analyzed by the CCK-8 assay. The data are expressed as the mean+SEM of three independent experiments, ““P<0.001; Mock-treated cells vs Res-
006-treated cells. (I) THLE-2, Huh-7, and HepG2 cells were treated with Res-006 (65 umol/L) for the indicated times, and total cellular extracts were
prepared and subjected to Western blot analysis.
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Figure 2. Res-006 induces cell death associated with ER stress and/or ROS in HepG2 cells. (A) Flow cytometry analysis of cell death after Res-006
(65 umol/L) treatment for 24 h. Representative images are shown (n=3 per group). (B) HepG2 cells were treated with Res-006 (65 pmol/L), and total
cellular extracts were prepared and subjected to Western blot analysis. (C) HepG2 cells were treated with Res-006 (65 pmol/L), Res-006 (65 pmol/L),
and NAC (1 mmol/L), or with Res-006 (65 pmol/L) and 4-PBA (0.5 mmol/L) for 24 h, and the cell viability was analyzed by the CCK-8 assay. The data
are expressed as the mean+SEM of three independent experiments, “P<0.01 and ““P<0.001; untreated group vs each treated group, #P<0.01 and
###p<0.001; Res-006-treated group vs each treated group. (D) HepG2 cells were cotreated with Res-006 (65 umol/L) and BAPTA/AM (0-5 pmol/L) for
24 h, and cell viability was analyzed using the CCK-8 assay. The data are expressed as the mean+SEM of three independent experiments, ~"P<0.001;
untreated group vs each treated group. (E) HepG2 cells were transfected with pCMV-Flag3x-ATF6a for 48 h and then treated with Res-006 (65 pmol/L)
for the indicated times or were mock treated, with Tm (10 pg/mL) and Tg (1 pmol/L) for 12 h, and total cellular extracts were prepared and subjected to

Western blot analysis.

cium mobilization or N-linked glycosylation inhibition.

Res-006 dysregulates mitochondrial dynamics and disrupts MMP
in HepG2 cells

It is possible that mitochondrial dysfunction can induce ER
stress™ * and vice versa® !,
mitochondria-targeted enhanced yellow fluorescent protein
(Mito-EYFP) to monitor the morphological changes of mito-
chondria during Res-006 treatment in HepG2 cells (Figure 3A).

Following the addition of Res-006, the mitochondrial morphol-

To explore this, we first used

ogy changed from interconnected filaments to large spheres
within 60 min, whereas the morphology was barely changed
in the mock-treated cells (Figure 3A). Because mitochondrial
morphology is determined by a dynamic equilibrium between
organelle fusion and fission, we imaged mitochondria for 4.5
min in mock-treated and Res-006-treated cells (Figure 3B and
Supplementary Movie S1 and S2). In the mock-treated cells, the
mitochondria were highly mobile, and several fusion and fis-
sion events were observed during the recordings (Supplemen-
tary Movie S1). However, in the Res-006-treated cells, many
mitochondria had already become ovoid or spherical, possibly
due to fusion before the time-lapse experiments. Later on,

the fusion or fission events were rarely observed. One fusion
event was observed, which generated a large spherical mito-
chondrion (arrows and ovals in Figure 3B and Supplementary
Movie S2). In addition to reduced fusion and fission, the time-
lapse videos revealed striking defects in the mobility of the
mitochondria in Res-006-treated HepG2 cells. These results
suggest that Res-006 alters mitochondrial dynamics, which can
lead to a mitochondrial morphology change.

Next, we tested whether Res-006 treatment could disrupt
MMP, which is an important parameter of mitochondrial
function. MitoTracker Red, a lipophilic cationic dye that
is sensitive to the MMP, was used to stain Res-006-treated
HepG2 cells. The number of stained mitochondria and their
fluorescence intensities were gradually reduced in Res-006-
treated cells until 24 h; however, they were not changed in
mock-treated cells (Figure 3C and 3E) and Res-006-treated
THLE-2 cells (Supplementary Figure S1). However, the levels
of the mitochondrial DNA-encoded protein MTCO1 and a
nuclear-encoded protein SDHA remained unchanged in Res-
006-treated HepG2 cells until 24 h (Figure 3D). In addition,
immunofluorescence analysis of MTCO1 showed that the
fluorescence intensity of mitochondria labeled with the anti-
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Figure 3. Res-006 dysregulates mitochondrial dynamics and disrupts MMP in HepG2 cells. (A and B) HepG2 cells transfected with a Mito-EYFP-
expressing plasmid (pEYFP-Mito) were treated with Res-006 (65 umol/L), and the mitochondrial dynamics were analyzed by confocal fluorescence
microscopy at the designated times. The scale bar denotes 10 um. Inset shows a magnified view of the area outlined in the white lined box. The ovals
in (B) outline mitochondria that are in the process of fusing. (C) HepG2 cells were stained with Hoechst 33258 (blue fluorescence, 2.5 ug/mL) and
MitoTracker Red (200 nmol/L) after treatment with Res-006 (65 pmol/L) and were analyzed by confocal fluorescence microscopy at the indicated times.
The scale bar denotes 10 um. Inset shows a magnified view of the area outlined in the white lined box. (D) HepG2 cells were treated with Res-006 (65
pmol/L). Total cellular extracts were prepared and analyzed using Western blotting for MTCO1 (mitochondrially encoded cytochrome ¢ oxidase 1), SDHA
(succinate dehydrogenase complex, subunit A), and B-actin. (E) HepG2 cells were stained with Hoechst 33258 (blue fluorescence) and anti-MTCO1
antibodies (green fluorescence) or Hoechst 33258 and MitoTracker Red after Res-006 treatment for 24 h and analyzed by confocal fluorescence
microscopy. The scale bar denotes 30 um. Inset shows a magnified view of the area outlined in the white lined box.
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MTCOI1 antibody did not decrease in Res-006-treated cells for
24 h compared with the mock-treated cells; whereas the fluo-
rescence intensity of MMP-dependent MitoTracker Red was
significantly decreased by the drug treatment (Figure 3E). The
observations suggested that Res-006 treatment disrupts mito-
chondrial function but does not cause the removal of malfunc-
tioning mitochondria from the cells.

Res-006-induced cell death is prevented by superoxide scavenger
Mitochondria are an important source of ROS within most
mammalian cells*>*!. In addition, cellular redox homeostasis
is interconnected with MMP">* #I The level of accumulated
ROS was measured by flow cytometry following staining
of the cells with the superoxide indicator dihydroethidium
(DHE). The ROS levels in cells treated for 2 h with Res-006
was significantly higher (approximately 2.3 fold) than in
the mock-treated cells (Figure 4A). From these results, we
hypothesized that in Res-006 treated cells, the ROS accumula-
tion leads to mitochondrial dysfunction (Figure 3A-3E) and
cell death (Figure 2B), which can be ameliorated by its modu-
lation. To verify this hypothesis, HepG2 cells were co-treated
with the superoxide dismutase mimetic TEMPOL (Tem) and
Res-006. The TEMPOL dose-dependently increased the viabil-
ity of Res-006-treated cell populations up to approximately
80% (Figure 4B, 4D, and 4E). Given that Res-006 led to mito-
chondrial dysfunctions (Figure 3A-3C and 3E) associated with
mitochondrial ROS generation, we next used a mitochondria-
targeted TEMPOL (Mito-TEMPO, Mito) to specifically reduce
the mitochondrial ROS levels. Intriguingly, the Mito-TEMPO
treatments completely prevented cell death induced by Res-
006 at concentrations over 300 umol/L (Figures 4C-4E). The
flow cytometry of cells stained with annexin V and 7AAD
clearly showed that the Mito-TEMPO treatment nearly abro-
gated Res-006-induced cell death (Figure 4F). In addition,
the Mito-TEMPO treatment markedly inhibited caspase-3
activation and PARP cleavage induced by Res-006, although
TEMPOL also showed significant inhibitory effects against the
events (Figure 4G). Taken together, these data indicate that
Res-006 induces cell death, which can be prevented by the
removal of mitochondrial ROS.

Mitochondria-targeted superoxide scavenger prevents Res-006-
mediated MMP disruption

To explore the efficiency of the inhibition of ROS accumula-
tion by two superoxide scavengers in Res-006-treated HepG2
cells, flow cytometry was used to examine dihydroethidium
(DHE)-stained cells. Both superoxide scavengers significantly
inhibited ROS accumulation induced by Res-006 treatment.
Notably, the ROS levels in the Mito-TEMPO treated cells were
as low as those in the mock-treated cells (Figure 5A). Next,
to verify whether the increased viability due to ROS scaveng-
ing could be correlated with the recovery of MMP in Res-006-
treated HepG2 cells, we used JC-1, a cationic MMP probe that
accumulates in energized mitochondria. The cells that were
exposed to Res-006 for 2 h displayed greatly reduced red
J-aggregate fluorescence and significantly increased cytoplas-
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mic green monomer fluorescence compared with the mock-
treated cells (Figure 5B), indicating that Res-006 treatment
causes the rapid collapse of MMP, which may have preceded
apoptotic cell death (Figure 2B). However, both superoxide
scavengers significantly restored red J-aggregate fluorescence,
suggesting that ROS scavenging can prevent the MMP loss
in Res-006-treated HepG2 cells (Figure 5B). In addition, the
TEMPOL and Mito-TEMPO treatments greatly restored both
the number and fluorescence intensities of the MitoTracker
Red-stained mitochondria in Res-006-treated cells (Figure 5C);
however, they did not prevent Res-006-mediated mitochon-
drial fragmentation and swelling, indicating that the mito-
chondrial morphological changes may not be related with the
Res-006-mediated ROS accumulation and cell death.

Res-006 induces ER stress responses

Treatment with 4-phenylbutyric acid, an ER stress inhibi-
tor, ameliorated Res-006-mediated cellular toxicity (Figure
2C). Thus, we investigated whether Res-006 could oper-
ate as an ER stress inducer. ROS-006 treatment induced the
quick activation of all three UPR sensors (IREla, PERK, and
ATF6a) in HepG2 cells! ™ (Figure 6A-6D). First, IREla
phosphorylation*! and its mediated downstream events,
including increases in JNK phosphorylation[zsl, Xbpl mRNA
splicing””!, and XBP1s-dependent Erdj4 mRNA expression!*®,
occurred in Res-006-treated cells (Figure 6A and 6D). Sec-
ond, Res-006 treatment induced the activation of the PERK/
elF2a-dependent pathway, including marked and persistent
PERK phosphorylation, elF2a phosphorylation at 3 h (Figure
6B), and increases in Chop transcripts (Figure 6D)* *! and
CHOP proteins (Figure 6B)™. Third, the activation of the last
UPR sensor ATF6a was determined by the observation of the
S1P and S2P protease-mediated cleavage fragment (3XFlag-
ATF6aAC) generated" from Flag-tagged ATF6a protein
exogenously expressed in Res-006-treated HepG2 cells (Figure
6C). As expected, the level of the cleavage product (3XFlag-
ATF6aAC) was increased in the HepG2 cells treated with the
ER stress inducer, dithiothreitol (DTT) (Figure 6C)"* ", Simi-
larly, the Flag-tagged cleavage products increased over time
in the Res-006-treated HepG2 cells. Furthermore, consistent
with the ATF6a activation, the Res-006 treatment significantly
increased the expression of an ATF6a downstream target gene
Grp78 (Figure 6C and 6D)™ . Taken together, these results
clearly suggest that Res-006 is a strong ER stress inducer that
can activate all three UPR pathways in HepG2 cells.

Res-006 induces mitochondrial ROS-mediated ER stress

Since the removal of mitochondrial ROS prevented Res-
006-mediated cell death, we questioned whether mitochon-
drial ROS scavenging can reduce ER stress responses in Res-
006-treated HepG2 cells. Mitochondria-targeted Mito-TEMPO
treatment significantly prevented IREla and JNK phosphory-
lation (Figure 7A). It strongly inhibited IREla-mediated
Xbpl mRNA splicing (Figure 7B) and subsequent expression
of Erdj4, an XBP1s target gene (Figure 7C) in Res-006 treated
cells. In addition, the Mito-TEMPO treatment robustly inhib-
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Figure 4A-4E. Res-006-induced cell death is prevented by mitochondria-targeted superoxide scavenger. (A) Flow cytometry analysis of the
accumulated superoxide levels using DHE (15 pmol/L) dye in Res-006 (65 pmol/L)-treated cells. A representative image from three independent
experiments is shown in the left panel. The graph shows the relative fluorescence levels of three independent samples per group. The data are
expressed as the mean+SEM (n=3 mice per treatment). (B-D) HepG2 cells were treated for 24 h with Res-006 (65 pmol/L) only or Res-006 (65 umol/L)
and TEMPOL (100-900 pmol/L) in (B), Res-006 (65 pmol/L) only or Res-006 (65 pmol/L) and Mito-TEMPO (100-1000 pmol/L) in (C), or Res-006 (65
pmol/L) only, Res-006 (65 pmol/L) and TEMPOL (500 pymol/L), or Res-006 and Mito-TEMPO (300 pmol/L) in (D). Cell viability was analyzed using the
CCK-8 assay. The data are expressed as the mean+SEM of three independent experiments, ‘P<0.05 and “"P<0.001; untreated group vs each treated
group, *P<0.01 and *#P<0.001; Res-006-treated group vs each treated group, “*P<0.01; Res-006- and TEMPOL-treated group vs Res-006- and Mito-
TEMPO-treated group. (E) HepG2 cells were treated with the indicated chemicals for 24 h, and cell viability was examined using confocal microscopy.
The scale bar denotes 200 um.
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Figure 4F, 4G. Res-006-induced cell death is prevented by mitochondria-targeted superoxide scavenger.

(F) Flow cytometry analysis of cell death after

treatment with Res-006 (65 pmol/L) only, Res-006 (65 umol/L) and TEMPOL (Tem, 500 pmol/L), or Res-006 (65 pmol/L) and Mito-TEMPO (Mito, 300
umol/L) treatments for 24 h. (G) HepG2 cells were treated with the indicated chemicals, and the total cellular extracts were prepared and subjected to

Western blot analysis.

ited PERK phosphorylation (Figure 7B) and strongly sup-
pressed pro-apoptotic CHOP expression (Figure 7A and 7C).
Lastly, it significantly reduced the expression of Grp78, an
ATF6a downstream target gene (Figure 7C), suggesting that
ATF6a activation was blocked by ROS scavenger treatment
in Res-006-treated HepG2 cells. Although non-mitochondria-
targeted TEMPOL could substantially suppress ER stress
responses induced by Res-006 treatment, it was not as strong
as Mito-TEMPO (Figure 7A-7C). Collectively, these results
strongly support the view that mitochondrial ROS that accu-
mulate during Res-006 treatment induces ER stress responses
that can induce cell death.

Discussion

Currently, the chemical derivatization of Res produced two
novel cytotoxic drugs with improved cell death activity com-
pared with Res. Res-006 produced mitochondrial dysfunction
and ER stress, which triggers the death of HepG2 cells. How-
ever, partial restoration of the mitochondrial dysfunctions via
ROS scavengers, especially a mitochondria-targeted ROS scav-
enger (Mito-TEMPO) robustly prevented ER stress and cell
death. We conclude that the pro-oxidant activity of Res-006 is
critical in inducing ER stress and cell death.

The Res-006 treatment quickly induced ROS accumula-
tion in advance of cell death (compare Figure 4A with Figure
2B), suggesting that ROS accumulation triggered cell death.
If so, what is the source of ROS in Res-006-treated HepG2
cells? Treatment with the mitochondria-targeted ROS scaven-
ger, Mito-TEMPO, robustly blocked ROS accumulation and

restored MMP in Res-006-treated cells (Figure 5A and 5B),
indicating that mitochondria are the main source of ROS. In
addition, Res-006 treatment immediately caused a change
in mitochondrial morphology, which led to large spherical
mitochondria (Figure 3A and 3B and Supplementary Movie
S1 and S2). The changes may have been caused by changes
in mitochondrial fusion and/or fission and its movement,
suggesting that the chemical alters mitochondrial dynam-
ics. Mitochondrial morphology and dynamics are interlinked
with cellular and mitochondrial redox homeostasis®™. Cells
deficient in mitochondrial fusion proteins (Mfnl, Mfn2, or
Opal) display a fragmented mitochondrial morphology and
increased ROS levels and then die. Conversely, chemical or
genetic inhibitions of mitochondrial fission proteins (Drpl
or Fis) induce mitochondrial elongation and reduce ROS
production®® >
increases in ROS production. However, in our experimental

. Thus, mitochondrial fragmentation allows

conditions, treatment with the mitochondrial fission inhibi-
tor, Mdivi-1, did not prevent Res-006-induced cell death, but
rather inversely increased it (data not shown), suggesting that
Res-006-mediated ROS production and cell death may not
be related with increased mitochondrial fission. The time-
lapse imaging experiments provided evidence that Res-006
can induce mitochondrial fusion at early time points, which
rendered the mitochondria as large and spherical in HepG2
cells (Figure 3A and 3B, and Supplementary Movie S1 and S2).
Therefore, the morphological changes of mitochondria may
not be triggered by the inhibition of mitochondrial fusion pro-
teins (Mfn1, Mfn2, or Opal) in Res-006-treated HepG2 cells.
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Figure 5. Mitochondria-targeted superoxide scavenger prevents Res-006-mediated disruption of MMP. (A) Flow cytometry analysis of the accumulated
superoxide levels in the presence of DHE (15 ymol/L) after a 2 h treatment with Res-006 (65 umol/L) only, Res-006 (65 pmol/L) and TEMPOL (500
pmol/L), or Res-006 (65 pmol/L) and Mito-TEMPO (300 pmol/L). A representative image from three independent experiments is shown in the upper
panel. The graph shows the relative fluorescence levels of three independent samples per group. The data are expressed as the mean+SEM, "P<0.05
and 7"P<0.001; mock-treated group vs each treated group, P<0.05 and **#P<0.001; Res-006-treated group vs each treated group, “P<0.05; Res-006-
and TEMPOL-treated group vs Res-006- and Mito-TEMPO-treated group. (B) HepG2 cells were stained with Hoechst 33258 and JC-1 (2.5 ymol/L) after
2-h treatments with the indicated chemicals and analyzed using confocal fluorescence microscopy. The scale bar denotes 10 um. (C) HepG2 cells were
stained with Hoechst 33258 and MitoTracker Red after treatment with Res-006 (65 pumol/L) only, Res-006 (65 pumol/L) and TEMPOL (500 pmol/L), or
Res-006 (65 umol/L) and Mito-TEMPO (500 umol/L). Samples were analyzed by fluorescence microscopy. The scale bar denotes 10 um. Inset shows
a maghnified view of the area outlined in the white lined box.
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Figure 6. Res-006 is a strong ER stress inducer. (A and B) HepG2 cells were treated with Res-006 (65 pmol/L), and total cellular extracts and total
RNAs were prepared and subjected to Western blot and semi-quantitative PCR analysis. (C) HepG2 cells were transfected with pCMVFlag3x-ATF6a
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quantitative real-time (qRT)-PCR analysis. The data are expressed as the mean+SEM of four independent experiments, "P<0.05 and

time vs each time.

In addition, the removal of ROS could not prevent the mor-
phological changes of the mitochondria induced by the Res-
006 treatment (Figure 5C). Thus, these data strongly suggest
that ROS accumulation is not responsible for the morphologi-
cal change. Inversely, it is also possible that the morphologi-
cal change of mitochondria is not related with ROS accumula-
tion and cell death in Res-006-treated HepG2 cells. The exact
mechanism and role of the morphological change remain to be
clarified.

Although several reports suggested that Res and its deriva-
tives target multiple intracellular components (such as tumor
suppressors p53 and Rb and apoptosis and survival regula-
tors, Bax, Bak, AKT, Bcl-2, and Bcl-xL; see reference reviewm),
1531 which can induce mito-
chondrial ROS and mitochondria-mediated apoptosis path-
ways (Figure 7D), there is increasing evidence that Res and
Res derivatives can induce ER stress and mediate cell death in
several cancer cell types by disrupting the N-linked glycosyl-
ation of proteins or by increasing the level of intracellular
CaZ'B4. In this study, the novel Res derivative, Res-006,
also elicited ER stress. However, the ER stress inhibitor,
4-phenylbutyric acid, partially blocked Res-006-mediated
ER stress (data not shown) and cell death (Figure 2C),
whereas a mitochondria-targeted ROS scavenger robustly
inhibited both ER stress and cell death (Figures 4C-4G and
7A-7C), indicating that the ER stress partially contributes

including mitochondrial proteins

ek

P<0.001; zero

to Res-006-mediated cell death and occurs downstream of
mitochondria-ROS accumulation. Furthermore, Res-006
may not be a direct ER stress inducer inhibiting ER-medi-
ated N-linked glycosylation or increasing intracellular calcium
level because the results in Figure 2D and 2E showed that the
drug-mediated cell death was not linked with the general con-
ditions that ER stress induced.

Until now, there have been no reports that ROS accumula-
tion caused by Res or Res derivatives can elicit ER stress, but
the role of other drug-mediated mitochondrial ROS in ER
stress induction has been demonstrated in a variety of cell
types®™ »l. Drug-mediated ROS generation precedes UPR
induction and is efficiently blocked by ROS scavengers®. In
terms of mechanisms, the drugs trigger mitochondrial ROS
production through the regulation of gene expression or
enzyme activity of mitochondrial ROS-producing proteins,
such as NADPH oxidase 4 or cytochrome c reductase (complex
I1T), respectively™. Although the precise mechanism of how
mitochondrial ROS induce ER stress requires further investi-
gation, it is proposed that oxidative protein damage and/or its
mediated ER calcium release may trigger ER stress® . How-
ever, Res-006-mediated mitochondrial ROS may not induce
ER stress through the disruption of ER calcium homeostasis
because treatment with the intracellular calcium chelator
BAPTA/AM could not inhibit Res-006-mediated cell death
(Figure 2D). This issue requires further studies.
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Figure 7. Res-006-mediated ER stress responses are strongly mitigated when mitochondrial-ROS accumulation is prevented. (A) HepG2 cells were
treated with Res-006 (65 pumol/L) only, Res-006 (65 pumol/L) and Tempo (500 pmol/L), or Res-006 (65 pmol/L) and Mito-TEMPO (300 umol/L) for
the indicated times. Total cellular extracts were prepared and subjected to Western blot analysis. (B and C) HepG2 cells were treated with Res-006
(65 umol/L) only, Res-006 (65 umol/L) and Tempo (500 umol/L), or Res-006 (65 umol/L) and Mito-TEMPO (300 umol/L) for 12 h. Total RNA was
prepared and subjected to RT-PCR analysis (B) and gRT-PCR analysis (C). The data are expressed as the mean+SEM of three independent experiments,
“P<0.05 and “"P<0.001; untreated group vs each treated group, *P<0.05 and *#*P<0.001; Res-006-treated group vs each treated group, P<0.05 and
&&p<(.001; Res-006- and TEMPOL-treated groups vs Res-006 and Mito-TEMPO-treated group. (D) Proposed cell death pathways induced by Res-006.
Res-006 induces the dysregulation of mitochondrial dynamics and the accumulation of mitochondrial ROS in HepG2 cells. Mitochondrial ROS elicited
ER stress and mediated cell death. The cytochrome c-mediated cell death pathway may be triggered by mitochondrial ROS accumulation. Res-006-
induced cell death pathways can be blocked by the mitochondrial superoxide scavenger Mito-TEMPO.

In conclusion, our results demonstrate that cell death in depicted in Figure 7D. The death involves cross-talk between
human hepatoma HepG2 cells induced by the novel Res the mitochondria and ER stress mechanisms. Our study pro-
derivative, Res-006, is mediated by the activation of ER stress vides a rationale for the development of a new resveratrol
and the dysfunction of mitochondria that require ROS genera- derivative as chemotherapeutic agent targeting both mito-
tion. The proposed cell death pathway induced by Res-006 is chondria and the ER.
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