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a b s t r a c t

A key clinical problem in oncology is the treatment of apoptosis-resistant tumors. Tumor cells deficient
in both of the proapoptotic proteins Bax and Bak are protected against most chemotherapeutic drug-
induced apoptosis. We report here that a natural compound, oblongifolin C (OC), effectively eliminates
Bax/Bak-deficient murine embryonic fibroblasts and colon carcinoma HCT116 cells. OC not only triggers
DNA double-strand breaks and DNA damage response, but also inhibits repair of DNA damage. In
addition, OC induces ER stress through upregulation of the transcription factor CHOP and activation of
JNK kinases. Upon treatment with OC, cells undergo Bax/Bak-independent, caspase-mediated apoptosis.
Taken together, our data establish a rationale for the broad use of OC to treat apoptosis deficient tumors.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

It is well-established that mitochondria play a key role in
regulating apoptosis. In vertebrates, most apoptotic stimuli require
MOMP (Mitochondria Outer Membrane Permeabilization) for cas-
pase activation and apoptosis [1]. MOMP is controlled by the Bcl-2
family proteins, which include the proapoptotic Bax-like proteins
(e.g., Bax, Bak). Bax and Bak are crucial for inducing MOMP and for
the subsequent release of cytochrome c. Tumor cells deficient in
both Bax and Bak are resistant to most chemotherapeutic drugs-
induced mitochondria-mediated apoptosis [2]. In a murine em-
bryonic fibroblast (MEF) model, Bax and Bak double knockout
(DKO) cells failed to undergo apoptosis in response to a wide range
of apoptotic signals [3,4].

The endoplasmic reticulum (ER) is also recognized as an
important cell death regulator [5,6]. Disturbances in ER function
trigger the unfolded protein response (UPR), a process also known
as ER stress. Severe ER stress often triggers cellular dysfunction and
cell death. Several mediators have been implicated in ER stress
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induced death and it has been shown that prolonged activation of
IRE1 (inositol-requiring enzyme 1) and CHOP (C/EBP-homologous
protein, also known as GADD153) can trigger apoptosis through the
pro-apoptotic IRE1-TRAF2-JNK pathway or via CHOP-mediated
transcriptional regulation of Bcl-2 family [7,8]. The ER-resident
caspase-12 has been shown to mediate ER-induced apoptosis
[9,10] and calpains, along with other caspases, may also be involved
in the processing and activation of caspase-12 and leading to the
ER-specific apoptosis pathway [11].

Many anticancer drugs target DNA and trigger cell death
signaling. Double-strand DNA breaks (DSBs) are the most serious
lesions involved in chromosomal instability and cell death. Cellular
responses to DNA damage are orchestrated by two distinct kinase
signaling cascades, the ATM-Chk2 and ATR-Chk1 pathways, which
are activated by DSBs and single-stranded DNA respectively. In
response to DSBs, ATM is required both for ATR-Chk1 activation and
to initiate DNA repair pathways via homologous recombination,
ATM promotes formation of single-strand DNA at sites of damage
through nucleolytic resection [12]. Several lines of evidence sup-
port the view that apoptosis provoked by genotoxins is predomi-
nantly due to DNA damage. DSBs can trigger either the exogenous
death-receptor or endogenous mitochondrial apoptotic pathway,
through p53-dependent transcriptional activation of pro-apoptotic
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factors, such as Bax, Puma and Fas, or p53-independent apoptosis
via other systems [13e15].

We have recently shown that oblongifolin C (OC), a polycyclic
polyprenylated acylphloroglucinol derived from Garcinia yunna-
nenis Hu, is an effective autophagic flux inhibitor and sensitizes
nutrient-deprived cancer cells to apoptosis [16,17]. However,
sensitization to apoptosis and inhibition of autophagic flux can be
two independent mechanisms of OC action, because autophagy
deficient cells are effectively eliminated by OC. To explore the
molecular mechanisms of OC-induced cell death, we employed
MEF and human colon carcinoma HCT116 cells with or without
expressing functional Bax and Bak. We show that OC triggers DNA
damage response, inhibits DNA repair and activates ER stress in
both types of cells. As a result, cells undergo Bax/Bak-independent,
caspase-mediated apoptosis. Our results thus establish a rationale
for the use of the natural compound OC to treat apoptosis-resistant
tumors.
Fig. 1. OC eliminates autophagy and apoptosis deficient cells. (A) WT and atg7�/� MEFs tr
puncta formation was determined by confocal microscopy. Scale bar, 10 mm. Immunoblot of
endogenous p62, ATG7, LC3 and GAPDH. (B) Cell viability assay of WT and atg7�/� MEFs tre
experiments. (C) Immunoblot analysis of Bax and Bak expression in wild-type (WT) and bax/
(E) HCT116 cells treated with 15 mMOC for 24 h. (F) Cell viability assay of WT and DKO MEFs o
of three independent experiments.
2. Materials and methods

2.1. Cell culture and treatments

Mouse embryonic fibroblasts wild-type (WT), atg7�/�, bax/bak�/

� cells (gift of Kevin M Ryan, Beatson Institute for Cancer Research,
Glasgow, UK) were grown in Dulbecco modified Eagle medium
(Gibco/Invitrogen, 12800-017) containing 10% fetal bovine serum
(PAA, A15-101),10 U/ml penicillinestreptomycin (Gibco/Invitrogen,
15140-122). HCT116 WT and bax/baka�/� cells (gift of Stephen Tait,
Beatson Institute for Cancer Research, Glasgow, UK) were cultured
in RPMI1640 (Gibco/Invitrogen, 11875-093) supplemented with
10% fetal bovine serum and 10 U/ml penicillinestreptomycin. Cells
were incubated at 37 �C in 5% CO2. The cell permeable pan caspase
inhibitor Z-VAD-FMK was obtained from Promega (G7231). Cells
were treated with OC (15 mM) in the presence or absence of zVAD-
fmk (50 mM) for 24 h.
ansfected with GFP-LC3 were treated with OC (15 mM) for 24 h, OC-induced GFP-LC3
WT and atg7�/� MEFs treated with or without OC for 24 h, samples were analyzed for
ated with OC (0, 5, 10, 25 mM) for 24 h. Data shown are means ± SD of 3 independent
bak�/� (DKO) MEF and HCT116 cells. (D) Phase contrast images of WT and DKO MEFs or
r (G) HCT116 cells treated with OC (0, 5, 10, 25 mM) for 24 h. Data shown are mean ± SD
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2.2. Cell viability assay

Cell viability was determined by measuring the conversion of
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bro-
mide) to formazan as previously described [18]. The crystal violet or
MTT absorbance, corresponding to the number of viable cells was
measured in an automated microplate reader at 550 nm. The data
represent the means ± SD from four microwells from each of at
least three independent experiments.

2.3. Immunocytochemistry

For gH2AX staining, cells were fixed in 4% paraformaldehyde in
PBS for 15 min, followed by permeabilization with 0.25% Triton X-
100 in PBS for 10 min at room temperature. Fixed preparations
were blocked with 3% BSA in PBS for 1 h, then incubated with
primary antibodies against phosphor serine 139 histone H2AX
(Millipore, 0-636) for 1 h. The stained cells were washed and
incubated with Alexa Fluor-conjugated secondary antibodies for
1 h. 40,6-Diamidino-2-phenylindole (DAPI) was used to stain nuclei.
All steps were performed at room temperature. Images were
captured using an Olympus FV1000 confocal microscope.

2.4. Comet assay

Cells were harvested and mixed with low melting agarose
(AB0015, Life technologies). Cell mixture was immediately plated
Fig. 2. OC triggers DNA damage and inhibits DNA repair. (A) Confocal microscopy images s
(15 mM) for 24 h. Scale bar, 10 mm. (B) Quantification of the fluorescence intensity of end
presented as mean ± SD from two independent experiments. (C) OC-induced DNA DSBs we
etoposide (Etop) for 12 h. Etop was then removed and cells were cultured in the presence or
release. (E) Repair of Etop-induced DSBs was determined by measuring tail DNA and tail m
onto center of comet slide and spread using a yellow tip, then so-
lidified, lysed (lysis solution: 1.2 M NaCl, 100 mM Na2EDTA, 0.1%
sodium lauryl sarcosinate, 0.26 M NaOH, pH > 13) and equilibrated.
Slides were electrophoresed in alkaline solution (2 mM Na2EDTA,
0.03 M NaOH, pH ~12.3) for 30 min at 4 �C, fixed and stained with
PI. Comet images were captured using a fluorescence microscope.

2.5. Subcellular fractionation

Following induction of apoptosis, cytosolic and mitochondrial
fractions were separated using a digitonin-based subcellular frac-
tionation. 1 � 107 cells were harvested by centrifugation at 800 g,
the pellets were resuspended in cytosolic extraction buffer
(250 mM sucrose, 70 mM KCl, 137 mM NaCl, 4.3 mM Na2HPO4,
1.4 mM KH2PO4 pH 7.2, 100 mM PMSF, 10 mg/ml leupeptin, 2 mg/ml
aprotinin, containing 200 mg/ml digitonin) for 5 min on ice. Cells
were then centrifuged at 1000 g for 5 min 4 �C. The supernatants
were saved as cytosolic fractions. The pellets were solubilized in
mitochondrial lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 2 mM
EDTA, 2 mM EGTA, 0.2% Triton X-100, 0.3% NP-40, 100 mM PMSF,
10 mg/ml leupeptin, 2 mg/ml aprotinin), followed by pelleting at
10 000 g for 10 min at 4 �C.

2.6. Western blotting

Cells were lysed in ice-cold whole cell extract buffer (50 mM
TriseHCl, pH 8.0, 4M urea and 1% Triton X-100), supplemented
howing immunofluorescence staining of gH2AX in WT and DKO cells treated with OC
ogenous gH2AX. More than 100 cells were counted for each condition and data are
re evaluated by comet assay in HCT116 cells. (D) HCT116 cells were treated with 10 mM
absence of OC (15 mM). Samples were collected for comet assay at 0, 4 and 8 h after Etop
oment. Data shown are mean ± SD of two independent experiments (*p < 0.05).
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with complete protease inhibitor mixture (Roche Diagnostics,
04693132001). Lysates were cleared by centrifugation at 10 000 g
for 15 min. Cell extracts were resolved by SDS-PAGE and analyzed
by western blotting. Antibodies used were as follows. LC3B (Sigma,
L7543), p62 (MBL, PM045), GAPDH (Proteintech, 10494-1-AP),
cleaved caspase-3 (Cell Signaling Technology, 9664), caspase-3
(Cell signaling Technology, 9662), PARP (Cell Signaling Technol-
ogy, 5625), cytochrome c (Cell Signaling Technology, 4280), BID
(Cell Signaling Technology, 2002), Bax (Cell Signaling Technology,
2772), Bak (Cell Signaling Technology, 12015), phospho-Histone
H2AX (Ser139) (Millipore, 05-636), phosphor-Chk1 (Ser345) (Cell
Signaling Technology, 2348), phosphor-Chk2 (T68) (Abnova,
PAB25281), phospho-SAPK/JNK (Thr183/Tyr185) (Cell Signaling
Technology, 4671), SAPK/JNK (Cell Signaling Technology, 9252).
Following incubation with horseradish peroxidase coupled sec-
ondary anti-mouse (KPL, 074-1806) or anti-rabbit antibodies (KPL,
474-1506), protein bands were visualized using ECL blotting
detection reagents (KPL, 54-61-00).

2.7. Statistical analysis

All results were expressed as means ± SD of three independent
experiments.

Statistical analyses were performed using the student two-
tailed t test. Values of *p < 0.05 were considered to be significant.

3. Results

3.1. OC effectively eliminates Bax/Bak-deficient cells

Previously, we have shown that the natural product OC is a
novel autophagic flux inhibitor and sensitizes nutrient-deprived
cancer cell to apoptosis [16,17]. To ascertain whether OC-induced
Fig. 3. OC triggers DNA damage response and ER stress. (A) MEF WT and DKO cells were trea
at 15 mM over a 24 h time course and were analyzed by western blotting for gH2AX, phospho
WT and DKO cells treated with 15 mM OC for 24 h. Cells were assayed for gH2AX, phospho-
DKO cells treated with OC (15 mM) for 24 h for CHOP, IRE1a, phosphor JNK1/2 (T183/Y185)
cell death is mediated by autophagy inhibition, we used immor-
talized atg7�/� murine embryonic fibroblasts (MEFs) that are
deficient in autophagosome formation (Fig. 1A). Atg7�/� cells were
efficiently killed by OC in a similar manner to wild-type (WT) MEFs
(Fig. 1B). These results suggest that autophagy inhibition and
sensitization to cell death could be two independent mechanisms
of OC action.

To determine the anticancer potential of OC, we employed MEF
and HCT116 cells with or without expressing functional proapo-
ptotic proteins Bax and Bak (Fig. 1C). Deficiency of BAX and BAK
confers resistance to most conventional cancer therapies. However,
OC was found to dramatically suppress cell growth in both WT and
bax/bak�/� (DKO) cells (Fig. 1D and E). A dose response study
revealed that DKO cells were eliminated by OC in a dose-dependent
fashion and in a similar manner toWT parental cells (Fig. 1F and G).
These data indicate that OC could be therapeutically useful in Bax
and Bak-deficient multidrug-resistant cells.
3.2. OC induces DNA damage and inhibits repair of DSBs

The most severe lethal cellular lesions are DNA double-strand
breaks (DSBs), which are powerful inducers of cell death. When
cells are exposed to chemotherapeutic agents that damage DNA,
DSBs are generated, which rapidly results in the phosphorylation of
histone H2AX at serine 139 (gH2AX). Therefore, gH2AX is a highly
sensitive marker that can be used to examine both DSBs and DNA
repair. To explore the molecular mechanisms of OC-induced cell
death, we determined the genotoxic potential of OC in MEF and
HCT116 cells. As shown in Fig. 2A, OC-treated cells exhibited a
marked accumulation of phosphorylated H2AX nuclear foci in all
tested cell lines, indicating that OC is able to induce DNA damage
that either represent DSBs or will be converted into DSBs (Fig. 2B).
Single-cell gel electrophoresis assay also confirmed that treatment
ted with different concentrations of OC (0, 5, 10, 25 mM) for 24 h, or (B) treated with OC
r Chk1 (ser345), phosphor Chk2 (T68) and GAPDH. (C) Western blot analysis of HCT116
Chk1 (ser345), phospho-Chk2 (T68) and GAPDH. (D) Western blot analysis of WT and
, total JNK1/2 and GAPDH.
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with OC caused DSBs characterized by obvious “comet tails”
(Fig. 2C).

Pharmacological inhibition of DNA damage repair pathways has
been explored as a useful strategy to enhance chemo- and radio-
sensitivity. We performed comet assay to test the effect of OC on
DNA repair. At 8 h after releasing from etoposide, control cells were
able to repair DNA DSBs, whilst OC caused more comet tails
(Fig. 2D). We measured the ability of cells to resolve DSBs, the re-
sults showed that OC could inhibit repair of DSBs (Fig. 2E). There-
fore, inducing DNA damage and targeting DNA repair pathways
may contribute to OC-induced cytotoxicity.
Fig. 4. OC triggers caspase-dependent apoptosis in WT and DKO cells. (A) MEF WT and DKO
course (0, 4, 8, 12 and 24 h) were analyzed by western blotting for cleaved caspase-3 and GA
were analyzed by western blotting for PARP, caspase-3, Bid and GAPDH. (D) Western blot an
or HCT116 cells were treated with OC (15 mM) in the presence or absence of zVAD-fmk (50 mM
Data shown are mean ± SD of three independent experiments. (F) OC induces cytochrome c
DKO cells treated with OC (15 mM) for 24 h were analyzed by western blotting for cytoch
damage and ER stress contribute to OC-induced apoptosis. In Bax/Bak-expressing cells, OC p
In Bax/Bak-deficient cells, OC induces mitochondria-independent apoptosis, caspase-8 or E
effector caspases.
3.3. OC triggers DNA damage response and ER stress

Two main signaling pathways activated by DNA damage consist
of the ATM-Chk2 and ATR-Chk1 protein kinases. In response to
DSBs, histone H2AX is phosphorylated by two PI3K kinases, ATM
and ATR. We assessed phosphorylation of histone H2AX, Chk2 and
Chk1 by western blot. OC induced equivalent levels of histone
H2AX phosphorylation in a dose- and time-dependent manner in
both WT and DKO cells. Chk2 T68 and Chk1 S345, which are widely
used as surrogate markers of activation, were phosphorylated to
the same extent by OC in these cells (Fig. 3A and B). Also, OC
cells treated with OC (0, 5, 10, 25 mM) for 24 h, or (B) treated with 15 mM OC over a time
PDH. (C) HCT116 WT and DKO cells were treated with 15 mM OC for 24 h and samples

alysis of WT and DKO cells treated with OC for 24 h for caspase-12 and GAPDH. (E) MEF
) for 24 h. Cell death was determined by FACS analysis of propidium iodide (PI) uptake.
release in WT but not DKO cells. The mitochondrial and cytosolic fractions of WT and

rome c and CoxIV. (G) Proposed model of OC-induced cell death pathways. Both DNA
redominantly triggers the endogenous mitochondria-dependent pathway of apoptosis.
R stress-specific caspase-12 may contribute directly to the activation of downstream
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consistently induced phosphorylation of histone H2AX, Chk2 T68
and Chk1 S345 in WT and DKO HCT116 cell lines (Fig. 3C).

Endoplasmic reticulum (ER) stress is known to be an important
inducer of cell death. Distinct components of the ER stress signaling
pathway, such as CHOP, PERK and ATF6, have been implicated in
apoptosis resulting from ER stress [10,19e21]. Interestingly, we
found that in all cell lines tested, OC induced significant upregu-
lation of the transcription factor CHOP. In addition, we observed
enhanced phosphorylation of IRE1a and the IRE1a substrate JNK1/2
in OC-treated WT and DKO cells (Fig. 3D). These data suggest that
ER stress may also contribute to OC-induced cell death.

3.4. OC induces caspase-dependent cell death in Bax/Bak-deficient
cells

Previous work has shown that OC triggers mitochondria-
dependent apoptosis. To determine whether Bax/Bak-deficient
cells also follow the apoptotic pathway, we investigated the acti-
vation of caspases. Cleavage of caspase-3 in response to OC was
easily observed in WT and DKO MEFs, in a time- and dose-
dependent manner (Fig. 4A and B). These results were confirmed
in WT and bax/bak�/� HCT116 cells that were exposed to OC. The
caspase-3 specific 89 kDa fragment of poly (ADP-ribose) polymer-
ase (PARP) and cleavage of caspase-8 substrate Bid were also
detected in DKO cells (Fig. 4C). Caspase-12 is localizedwithin the ER
and activated by ER stress. We detected a marked decrease of pro
caspase-12, indicating that this caspase-12 might be involved in OC
mediated ER-specific apoptosis (Fig. 4D). Pharmacological caspase
inhibition by z-VAD-fmk resulted in marked reduction of cell death
in DKO cells after 24 h of treatment with OC (Fig. 4E), a phenom-
enon that was also seen in WT cells, indicating that OC triggers
caspase-dependent cell death in Bax/Bak-deficient cells.

It has been shown previously that OC treatment causes BAX
translocation and cytochrome c release in tumor cells. We assessed
the release of cytochrome c in Bax/Bak-deficient MEFs and HCT116
cells. As shown in Fig. 4F, cytochrome c release was clearly detected
in the cytosolic fractions of WT but not DKO cells exposed to OC.
Therefore, OC induces caspase-3 activation independent of mito-
chondrial cytochrome c release in Bax/Bak-deficient cells, caspase-
8 or ER-specific caspase-12 may directly activate downstream
effector caspase.

4. Discussion

Previously, we have shown that OC is a potent autophagic flux
inhibitor and sensitizes tumor cells to caspase-3mediated apoptosis.
However, sensitization to apoptosis and inhibition of autophagicflux
might be two independent mechanisms of OC action. In this study,
we explored the molecular mechanisms of OC-induced cell death.
We demonstrate that both DNA damage and ER stress contribute to
OC-mediated cell killing. Since cytochrome c is not released in Bax/
Bak-deficient cells, OC may trigger both mitochondria-dependent
and independent pathways of apoptosis (Fig. 4G).

Many anticancer agents target cancer cells by directly or indi-
rectly inducing DNA damage [22e24]. DNA double-stand breaks
(DSBs) are the most severe form of DNA damage and many anti-
cancer therapies (e.g. etoposide, cisplatin, doxorubicin, campto-
thecin, etc.) and radiation therapy introduce toxic DSBs, which
trigger death signals in tumors. Upon recognizing DNA damage,
cells initiate the DNA damage response, which is a crucial signaling
pathway that serves to coordinate important biochemical and
cellular events, such as DNA repair, cell cycle arrest and eventually
cell survival or death [12,24]. Targeting cancer cells with genotoxic
agents has demonstrated clinical utility and natural herbs represent
an important source of these anticancer compounds. For example,
DNA damage induced by artesunate, a semisynthetic derivative of
the natural product artemisinin, contributes to its therapeutic ef-
fect against cancer cells [25]. Salvicine, a novel diterpenoid quinone
compound synthesized by structural modification of a Salvia prio-
nitis lance natural product, triggers DSBs and apoptosis by ROS
generation and toposiomerase II inhibition [26,27]. The data pre-
sented herein suggest that OC is not only a potent DNA damage
inducer, but it may also target DNA repair pathways. Inhibition of
DNA repair pathways has been explored as a useful strategy in
anticancer treatment, further study will be required to exploit the
detailed mechanisms of OC in DNA repair.

ER stress inducers trigger UPR, and distinct components of the
UPR, such as CHOP, PERK and ATF6, have been implicated in
apoptosis resulting from ER stress [10,19e21]. A widely cited
mechanism of CHOP-induced apoptosis is the suppression of the
pro-apoptotic protein Bcl-2 [28]. We found that in OC-treated cells,
induction of CHOP occurred in line with the downregulation of Bcl-
2, indicating OC-treated cells may undergo CHOP-mediated
apoptosis through the downregulation of Bcl-2 (data now
shown). Taken together, our study demonstrates that the natural
compound OC efficiently eliminates Bax/Bak-deficient cells, both
DNA damage and ER-stress contribute to OC-mediated cell killing.
Our results thus suggest that OC might be an attractive anticancer
compound for the treatment of drug-resistant tumors.
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