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mechanistically.

Methods: Mitochondria deficient cells, shRNA-mediated BCL2 and ATM depleted cells and pharmacological
inhibition of DNA-damage response proteins were employed to explore the signaling mechanism governed
between nucleus and mitochondria in response to mal C.

K ds: R . . .
A%OArTR Results: Mal C decreased cell viability in three lung carcinoma cells, associated with DNA damage, p38-MAPK
DNA strand break activation, imbalance in BAX/BCL2 expression, mitochondrial dysfunction and cytochrome-c release. Mitochondria

depletion and p38-MAPK inhibition made A549 cells extremely resistant, but BCL2 knock-down partially
sensitized the cells to mal C treatment. The mal C-induced apoptosis in A549 cells was initiated by DNA single
strand breaks that led to double strand breaks (DSBs). DSB generation paralleled the induction of ATM- and
ATR-mediated CHK1 phosphorylation. ATM silencing and ATR inhibition partially attenuated the mal C-
induced p38-MAPK activation, CHK1 phosphorylation and apoptosis, which were completely suppressed by
CHK1 inhibition.

Conclusions: Mal C activates the ATM-CHK1-p38 MAPK cascade to cause mitochondrial cell death in lung
carcinoma cells.

General significance: Given that mal C has appreciable natural abundance and is non-toxic to mice, further in vivo
evaluation would help in establishing its anti-cancer property.
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1. Introduction

Lung cancer is the second leading cause of cancer-related deaths all
over the world, with low survival rates in advanced stages [1]. The poor
prognosis is largely attributable to the inherent or acquired resistance in
cancer cells against conventional chemotherapy. Dysregulation in apo-
ptotic pathways is one of the major causes of drug resistance, although
other mechanisms including improved DNA repair, drug transport and
detoxification also play significant roles [2]. There is a burgeoning inter-
est in small organic molecules, capable of switching their redox status,
as these can often cleave DNA and/or target mitochondria, and hence
can be used as anti-cancer agents. The molecules, which permeabilize
mitochondria in cancer cells can also sensitize cancer cells further to
genotoxic drugs [2]. These molecules modulate the inhibition of the
BCL-2 anti-apoptotic family proteins and activation of BAX/BID pro-
apoptotic mimetics by reactive oxygen species (ROS)-dependent or
independent processes to induce mitochondrial permeability transition
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(MPT) pore opening [2,3]. This causes cytochrome c release, formation
of apoptosome assembly, and activation of the executioner caspases
[4]. Of late, the mitogen-activated protein kinase (MAPK) pathways
have emerged as crucial signaling events that regulate mitochondrial
dysfunction in response to various chemotherapeutic drugs, stress
signals, ionizing radiation, UV and tumor necrosis factor-a. Amongst
the MAPKs, c-Jun N-terminal kinase (JNK) and p38 are weakly activated
by growth stimuli, but respond strongly to chemotherapeutic drugs
[5-8]. Activation of these kinases is associated with ameliorating apo-
ptosis in cancer cells. Moreover, JNK and/or p38 MAPKs-mediated cell
death is often accompanied by regulating the redistribution of BAX
from the cytoplasm to the mitochondria [9] and modulating BCL-2
phosphorylation status in response to various stimuli, suggesting an
upstream role of MAPK to mitochondrial dysfunction [8,10]. Many che-
motherapeutic agents, like Taxol® (paclitaxel), cisplastin, vinblastine
etc. are known to sensitize cancer cells through the activation of p38
and/or JNK pathways [11,12].

Because of their known low/non toxicity towards normal cells,
exploration of dietary small molecules as chemo-preventive agents is
one of the major goals in recent anti-cancer research. The fruit rind of
the plant, Myristica malabarica (Myristicaceae) (popularly known as
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rampatri, Bombay mace or false nutmeg) is used as an exotic spice in in some Ayurvedic preparations such as pasupasi and Muthu-Marunthu

various Indian cuisines. This is credited with hepatoprotective, anticar- [13]. Several herbal formulations containing M. malabarica are also
cinogenic and antithrombotic properties, and also used as a constituent claimed to possess antitumor effect [13,14]. Earlier, we have found
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Fig. 1. Mal C induces apoptosis in A549 lung carcinoma cells. (A) Chemical structures of the malabaricones. (B) Cytotoxicity of the malabaricones and curcumin. A549 cells (6000 cells/
well), grown in 96-well plates were treated with vehicle (0.1% DMSO) or increasing concentrations of the malabaricones and curcumin. The cell viability was assessed by the MTT
assay after 48 h. The results are expressed in percentage survival considering that of the vehicle-treated control cells as 100. The experiments were repeated three times with similar re-
sults. All determinations were made in four replicates, and the values are means =+ S. E. M. *P <0.01, P < 0,001 compared to vehicle control. (C) Flow cytometric analysis of sub-G1
(apoptotic) population in response to mal C treatment. A549 cells were treated with mal C (4, 6 and 8 uM) for 24 h. Twenty thousand cells in each treatment were acquired using a
flow cytometer. The Sub-G1 region (RN1) represents the percentage of cells undergoing apoptosis. The abbreviation FL2 in the histogram represents intensity of the red fluorescence
of propidium dye, acquired in channel-2. The experiments were repeated four times with similar results. All determinations were made in three replicates, and the values are means =+ S.
E.M."P <001 compared to vehicle control. (D) Activities of caspases-9, -3 and -8. The A549 cells (1 x 10° cells/well) were incubated with vehicle or mal C (6 uM) for 24 h, and the ac-
tivities of the caspases estimated. Similar analyses were also carried out using cell extracts incubated with specific caspases inhibitors (each 20 pM) for 15 min. The experiments were
repeated three times with similar results, all determinations were made in four replicates, and the values are means =+ S. E. M. *P <0.05, P < 0.01 compared to vehicle control,
##P < 0.01 compared to mal C-treatment. (E) Expressions of caspases. The A549 cells were incubated with vehicle or mal C (6 uM) for different time periods, and the activation of the
caspases was assessed by the appearance of respective cleaved caspases in the whole cell extracts by immunoblots. The experiments were repeated three times with similar results,
and the values are means =+ S. E. M. *P < 0.05 compared to vehicle control. *— represents non-specific protein bands in procaspase-3 blot. * — represents two cleaved caspase-9
bands, 37 and 35 KD respectively.
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Fig. 1 (continued).

that amongst the four malabaricones A-D (designated as mal A-D), iso-
lated from its extract, mal B and mal C possess superior antioxidant,
anti-inflammatory, and anti-ulcer properties [15-17]. The chemical
structures of mal AD are shown in Fig. 1A. Mal C, containing a B-ring
catechol moiety showed significantly better Cu(Il)-dependent nuclease
activity than its partially methylated congener, mal B as well as
curcumin, explaining its better toxicity than curcumin against the
MCF-7 human breast cancer cell line [18].

In view of this, presently we studied the effect of mal C on the prolif-
eration of the human non-small cell lung cancer (A549, NCI-H23, and
NCI-H460) cell lines. In particular, the possible involvement of nuclear
DNA and mitochondrial damages in the mal C-mediated apoptosis in
highly invasive and metastatic A549 cells was addressed. We also
established the cross-talks between the signaling pathways and apopto-
tic cell death machinery in the process. For comparison, the anti-
proliferative property of the other malabaricones (mal A, B and D)
against the A549 cell line was also assessed. Our results clearly revealed
that the mal C-induced DNA double strand breaks (DSBs) activates atax-
ia telangiectasia mutated (ATM)/ataxia telangiectasia and Rad related

(ATR)-checkpoint kinase-1 (CHK1) and p38 MAP kinases, which in
turn, severely perturbs mitochondrial function to release apoptotic
factors.

2. Materials and methods
2.1. Chemicals

Mal A-D were isolated, purified and characterized as reported previ-
ously [15,19]. VP-16, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), N-acetylcysteine (NAC), uridine, ethidium
bromide (EtBr), sodium pyruvate, UCN-01, annexin-V kit, antibodies
for cytochrome c and caspases-3, -8, -9, as well as kits of caspases-3,
-8, -9 activities were procured from Sigma Chemicals (St. Louis, MO).
Other chemicals used were: Dulbecco's modified Eagle's medium
(DMEM, HiMedia, Mumbai), fetal bovine serum (FBS, Gibco Life
Technologies, Carlsbad, CA), and U0126, SB203580, SP600125 and
KU55933 (Calbiochem, Gibbstown, NJ). Lipofectamine reagent was
from Invitrogen (Carlsbad, CA), while antibodies for BAX, BCL-2, and
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p-actin were from Cell Signaling Technology Inc. (Danvers, MA). Lumi-
Light PLUS western blotting kit and cell death detection PLUS kit were
procured from Roche Applied Science (Baden-Wurttemberg, Mannheim).
Schisandrin B was purchased from LKT laboratories (St. Paul, MN,
USA).

2.2. Cell culture

The A549, NCI-H460 and NCI-H23 cell lines were procured from the
National Centre for Cell Science, Pune, India. The cells were cultured in
DMEM medium, supplemented with 10% FBS, 100 U/ml penicillin and
100 pg/ml streptomycin. The cells were grown at 37 °C under an atmo-
sphere of 5% CO,.

2.3. MTT assay

The cytotoxic effects of the malabaricones, curcumin and VP-16
were determined by the MTT reduction assay, as reported earlier [18].

2.4. Comet assay and microscopy

Mal C-induced DSBs at different time points was assessed by neutral
comet assay [20]. To see the interaction of mal C with nuclear DNA under
cellular conditions, cells were pre-incubated with increasing concentra-
tions of mal C for 1 h and subsequently stained with Hoechst 33342
(20 pM, 15 min). Cells were washed, mounted on glass slides with 70%
glycerol, and analyzed under Axioskop Il Mot plus (Zeiss) microscope
(40x optics). Mitochondria were stained with MitoTracker Red
(Invitrogen, Carlsbad, CA) and analyzed by fluorescence microscopy [21].

2.5. Determination of apoptosis

Cytoplasmic release of fragmented chromatin and activation of
caspases-3, -8 and -9 were assayed as described previously [22]. For
the caspase inhibition studies, the mal C-treated cell lysates were incu-
bated with the inhibitory peptides (each 20 uM), Z-LEHD-FMK (cas-
pase-9 specific), Ac-DEVD-CHO (caspase-3 specific) and Ac-IETD-CHO
(caspase-8 specific) for 15 min followed by analysis of the activities of
the respective enzymes.

2.6. Generation of mitochondria-deficient A549-p° cells

The mitochondria-deficient A549-p° cells were generated and main-
tained as described previously [23] with minor modifications. Briefly,
the A549 cells were maintained in a complete medium supplemented
with 1 mM sodium pyruvate, 1 mM uridine and 60 ng/ml EtBr (24 pas-
sages for 8 weeks). The A549 cells, cultured in medium without EtBr
served as the control (wild-type A549-p™). Mitochondria depletion in
the A549-p° cells was confirmed by analyzing the loss of mitochondria
specific protein, cytochrome oxidase IV. The A549-p° cells also showed
a disrupted mitochondrial architecture, as confirmed from the severely
low staining by the mitochondria-specific dye, MitoTracker Red. For
treatment, A549-p° and A549-p™ cells were treated with EtBr-free p°
medium containing pyruvate and uridine as mentioned above.

2.7. Flow cytometric analysis of annexin V binding, sub-G1 population and
mitochondrial transmembrane potential (AV,,)

The hypodiploid DNA content (sub-G1), as a marker for apoptosis
was analyzed by flow cytometry. Briefly, the cells were collected,
washed with cold PBS and incubated in PBS containing Triton X-100
(0.1%), propidium iodide (PI) (40 ug/ml) and RNAse A (100 pg/ml) for
30 min at 37 °C, and the DNA content of the nuclei was registered.
The flipping of phosphatidyl serine (PS) was assessed by using annexin
V/PI apoptosis detection kit as per the manufacturer's instructions. AW,
was measured using a potential-sensitive dye, JC-1 [21]. The flow

cytometry results were analyzed by a PartecCyflow Space cytometer
using the Flowjo Software.

2.8. Immunoblots

Cells were treated with mal C as described in the respective figure
legends. The cell lysates, prepared from the floating as well as attached
cells were used for the western blots as described previously [22]. Pro-
tein amounts (arbitrary unit, mean 4 SEM) are quantified by density-
scanning results of three independent experiments, considering that
of untreated control cells as 1.

2.9. Stable transfection of A549 cells

The A549 cells were transfected with plasmids (Imgenex, San Diego,
CA) encoding scrambled short-hairpin RNA (shRNA) to generate BCL2-
WT cells or shRNA against BCL2 to generate BCL2 knock down cells
(BCL2-KD) using lipofectamine 2000. To generate stable ATM knock
down cells (ATM-KD), the cells were exposed to lentiviral particles
encoding scrambled shRNA (ATM-WT cells) or targeting ATM (Santa
Cruz Biotechnology, Santa Cruz, CA) to generate ATM-KD cells
using polybrene. The BCL2-KD, ATM-KD and respective WT cells were
grown for two weeks in a medium containing G418 (800 pig/ml) or pu-
romycin (1 pg/ml). Several antibiotic-resistant clones were expanded
and screened for the BCL-2 and ATM proteins. The clones with the low-
est expression were selected for the studies and maintained further in
the presence of G418 (300 pg/ml) or puromycin (0.5 pg/ml).

2.10. Statistical analysis

The data were analyzed by paired t-test and one-way analysis of
variance (ANOVA). Analyses were considered significantly different at
P <0.01, P<0.05, and P < 0.001. Values are expressed as mean 4+
standard error of mean (S.E.M).

3. Results
3.1. Mal C induces apoptosis in A549 cells

The malabaricones and the positive control (curcumin) dose-
dependently induced cell death in the A549 cells (Fig. 1B), with the
IC50 values of 19.2 + 4.2 uM (mal A), 8.4 £+ 2.5 pM (mal B), 7.0 +
1.8 UM (mal C), 20.3 £+ 5.1 pM (mal D) and 41.7 + 6.2 pM (curcumin)
after 48 h of incubation. Interestingly, mal C induced maximum cell
death even at 24 h with no further increase with time (Supplementary
Fig. SL1). Further, mal C and curcumin also reduced viability of other
lung carcinoma cell lines with ICso of 7.7 £ 2.1 M and 27.3 + 4.2 yM
for NCI-H460, 9.9 4+ 2.7 uM and 22.8 4 4.0 pM for NCI-H23, and
124 £ 3.4 pM and 26.2 & 3.6 pM for NCI-H522 cells (Supplementary
Fig. SL2). Based on these results, mal C was chosen for further studies
to elucidate its anti-cancer property in A549 lung carcinoma cells. Mal
C showed slightly better cytotoxicity to the A549 cells than mal B.
However, we preferred mal C over mal B for all subsequent studies
due to its significantly higher natural abundance and ease of isolation
from the plant extract.

To assess whether the cell death induced by the mal C involves
apoptosis, we looked for apoptosis-specific (i) morphological changes,
(ii) annexin-V/PI staining, (iii) sub G1 population, and (iv) enrichment
of histone-associated oligonucleosome DNA fragments in the cytoplasm
in the mal C-treated cells. Phase-contrast microscopy revealed a con-
centration dependent alteration in cell morphology with increasing
number of shrinking cells with blebbed membranes in response to
mal C treatment (Supplementary Fig. SL3). The flow cytometry analyses
also clearly revealed that mal C concentration-dependently increased
annexin-V-positive cells (Supplementary Fig. SL4) and sub-G1 popula-
tion (Fig. 1C). A similar concentration-dependent enrichment of
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cytoplasmic oligonucleosome in the A549 cells was induced by mal C
(Supplementary Fig. SL5). The apoptosis induced by mal C at a 6 fold
lower concentration (4 uM) was comparable to that by the positive
control, etoposide (25 uM) (Supplementary Fig. SL5).

Next, we investigated whether caspase activation is required for the
mal C-induced apoptosis. At 24 h, mal C (6 uM) stimulated the activities
of caspase-9 (~2.7 fold, P < 0.001) and caspase-3 (~3.1 fold, P < 0.001)

M. Tyagi et al. / Biochimica et Biophysica Acta 1840 (2014) 1014-1027

with minimal increase in the caspase-8 activity, compared to the un-
treated control cells (Fig. 1D). Such activation was abrogated in the pres-
ence of the respective specific caspases inhibitors (each 20 uM).
Consistent with these, our immunoblots showed increased activation
of caspase-3 and caspase-9 (represented by the cleavage of respective
pro-forms) at 6 h, while caspase-8 activation was increased after 24 h
in response to mal C treatment (Fig. 1E). Moreover, cells pre-incubated
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Fig. 2. Mal C-induced mitochondrial dysfunction is mediated through BAX/BCL-2 imbalance and cytochrome c release. (A) Mal C-induced Ay, loss. Cells (1 x 10° cells/well) were incu-
bated with vehicle or mal C (6 M) for different time periods. The cells were treated with JC-1 during the last 30 min of the mal C treatment, and Ays,,, were determined by flow cytometry
from the retention of the red fluorescence due to JC-1 aggregates (upper panel). Simultaneously, the Ay, loss was also determined by measuring the JC-1 monomer (green fluorescence).
The ratio of red/green fluorescence was quantified and shown in the lower panel. The abbreviations FL1 and FL2 in the dot plot represent intensities of the green and red fluorescences of
JC-1, acquired in the channel 1 and channel 2 respectively. (B, C) Translocation and expressions of mitochondrial dysfunction-related proteins. The cells were treated with vehicle or mal C
(6 uM) for different time periods. The expressions of the proteins in the cytosolic, mitochondrial and whole cell extracts were assessed by immunoblots. (D, E) Mitochondria deficiency in
A549-p° cells, as assessed by COX IV immunoblot and fluorescence intensity after labelling with MitoTracker red in the A549-p™ and A549-p° cells. (F) Concentration-dependent effect of
mal Cin apoptosis induction in A549-p™* and A549-p° cells. Cells were treated with increasing concentration of mal C and the sub-G1 population was assessed by flow cytometry. (G) Effect
of mal C in apoptosis induction in BCL2 down-regulated cells. Panel 1: Confirmation of BCL2 depletion in BCL2-KD cells by immunoblot. Panel 2: The BCL2-WT and BCL2-KD cells were
treated with increasing concentration of mal C and the sub-G1 population assessed by flow cytometry. All these experiments were repeated three to four times with similar results,
and the values are mean =+ S. E. M. P < 0.01 compared to vehicle control, P < 0.05, *P < 0.01 compared to respective mal C treatment. The images shown are representatives.

with the pan caspase inhibitor (20 uM) prior to mal C (8 pM) treatment 3.2. Mal C perturbs mitochondrial function through BAX/BCL-2 imbalance
reduced the sub-G1 cell population (~31%, P < 0.01), compared to the

only mal C-treated cells (~47%, P < 0.01) (Supplementary Fig. SL6). All To determine whether mitochondrial pathway is involved in the
these results confirmed that the cytotoxicity of mal C follows an apopto- above process, we examined mal C-induced changes in AV, and release
tic pathway through the activation of caspases-9 and -3 as an early event, of pro-apoptotic molecules from the mitochondria into cytosol. As
and of caspase-8 later. shown in Fig. 2A and B, mal C induced significant loss of AV, and
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release of cytochrome c into cytosol. The kinetic analysis revealed that
the A¥, loss (within 1.5 h) preceded the cytochrome c release (4 h)
inresponse to mal C treatment, indicating an initial role of mitochondri-
al dysfunction in the mal C-induced cell death. Because the apoptotic
BCL-2 family members, especially BAX and BCL-2 are crucial to the mi-
tochondrial cell death pathway [10], we also analyzed the BAX and
BCL-2 expressions in the mal C-treated cells. Within 6 h of treatment,
mal C markedly increased the BAX expression (1.4 fold, P < 0.001)
and its translocation to mitochondria with simultaneous reduction in
BCL-2 (0.5 fold, P < 0.001) expression (Fig. 2B and C).

To further demonstrate the critical role of mitochondria, we ana-
lyzed the apoptosis induction in the wild type A549 cells (A549-p™
cells) and in partially mitochondrial DNA depleted A549 cells
(A549-p° cells). The A549-p° cells were characterized by the reduced
(~82%) expression of the mitochondria-specific protein, COX IV that is
an essential component of the mitochondrial respiratory chain
(Fig. 2D). Moreover, mitochondria-specific fluorescence staining by
the MitoTracker® dye showed severe loss of mitochondria in A549-p°
cells vis-a-vis the A549-p™ cells (Fig. 2E). Flow cytometry analysis
revealed that the A549-p° cells were markedly resistant to mal C com-
pared to the A549-p ™ cells (Fig. 2F). Furthermore, sShRNA-mediated de-
pletion of the anti-apoptotic BCL-2 protein partially sensitized cell
death in response to mal C treatment (Fig. 2G). These findings provide
direct evidence of the essential role of mitochondria in the mal C-
induced apoptosis.

3.3. P38 MAPK is an important mediator in the mal C-mediated
mitochondrial dysfunction and cell death

Treatment of the A549 cells with mal C (6 uM) resulted in a marked
increase in the phosphorylated forms of all three MAPKs (p38, JNK and
ERK), indicating their activation (Fig. 3A). To investigate the role of indi-
vidual MAPKs activation, the effects of specific inhibitors such as
SB203580 (p38 inhibitor), U0126 (ERK 1/2 inhibitor), and SP600125
(JNK inhibitor) in the mal C-induced apoptosis were studied. Initially,
we examined the efficacies of the p38 and JNK inhibitors in inhibiting
the respective MAPKs at 3 h, as the levels of phospho-p38, and
phospho-]JNK were reduced at a later time point (6 h). For the ERK in-
hibitor, this was carried out at 6 h. Furthermore, the effects of the inhib-
itors on the respective downstream targets of p38 and JNK, such as
MAPK activated protein kinase (MAPKAPK) and c-JUN were also inves-
tigated. Normally, p38, JNK and ERK have very low autophosphorylating
activity, and their activation is presumed to be dependent mainly on up-
stream MAPK kinases (MAPKKs) and other kinases [24]. The inhibitors
for ERK (U0126), JNK (SP600125) and p38 (SB203580) are known to in-
hibit the upstream kinases and/or autophosphorylation of the respec-
tive MAPKs [24-26]. In our results, the inhibitors for p38 and JNK
partially inhibited the p38 and JNK phosphorylation, induced by mal C
alone (Supplementary Fig. SL7). Further, mal C induced significant
phosphorylations of MAPKAPK and c-JUN, which were brought down
to the normal levels by these inhibitors (Supplementary Fig. SL7). On
the other hand, U0126 completely suppressed the endogenous and
mal C-induced phosphorylation of ERK (Supplementary Fig. SL7). This
is possibly due to direct inhibition of upstream MAPKK family members,
MEK-1 and MEK-2 by U0126, as reported earlier [26].

Amongst the inhibitors, only SB203580 markedly reduced the mal
C-induced apoptosis (Fig. 3B), indicating the involvement of activated
p38 MAPK in the process. Interestingly, the mal C-induced p38 MAPK
phosphorylation was not affected in the A549-p° and BCL-2 KD cells
vis-a-vis the wild type cells (Fig. 3C). However, pre-treatment of p38
MAPK inhibitor abrogated the mal C-induced AV, loss partially
(Supplementary Fig. SL8) and cytochrome c release into cytosol
(Fig. 3D). Taken together, these results indicated that p38 activation is
the initial event that triggers mitochondrial dysfunction in the mal
C-induced cell death.

3.4. Mal C binds to DNA and induces DSBs

The DNA repair and replication machinery are known to convert
SSBs into the most severe and lethal DSBs, which are powerful apoptosis
inducers [27]. Earlier, mal C was found to bind with DNA in vitro
through minor groove as well as intercalation, and induce SSBs in
MCF7 cells [18]. To decipher the initial molecular targets of mal C, the
DNA binding and damaging ability of mal C in the A549 cells were con-
firmed. Pre-treatment with mal C reduced the binding of a known DNA
binder, Hoechst 33342 (Fig. 4A) concentration dependently. The neutral
comet analysis showed no or smaller comet tail in the untreated cells,
while mal C dose-dependently induced longer comet tails in the cells
(Fig. 4B). In corroboration with these results, the level of the DSB mark-
er, phosphorylated H2AX (yH2AX) was also increased in response to
mal C treatment (Fig. 4C). The DNA DSB was not induced up to 1 h of
mal C treatment, but cells with significantly larger tails were seen
after 2 h (data not shown).
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Fig. 3. p38 MAPK acts as a critical upstream mediator in mal C-induced mitochondrial cell
death. (A) MAPKs activation. A549 cells were treated with mal C (6 uM) for different time
periods. The MAPKs activation was assessed by immunoblots of the respective phosphor-
ylated proteins in the cell lysates. The experiments were repeated three times with similar
results, and representative images are shown. *P<0.05 compared to vehicle control.
(B) Effect of MAPK inhibitor in mal C induced apoptosis. Cells were pretreated with differ-
ent MAPK specific inhibitors (each 25 pM) and referred as p38i, JNKi and ERK:i cells.
Subsequently the cells were incubated with different concentrations of mal C for 24 h
and the sub-G1 population was assessed by flow cytometry. The abbreviation FL2 in the
histogram represents intensity of the red fluorescence of propidium dye, acquired in
channel-2. The experiments were repeated four times with similar results. All determina-
tions were made in three replicates, and the mean values are shown. (C) p38 activation in
A549-p™, A549-p°, BCL2-WT and BCL2-KD cells. Respective cells were incubated with
vehicle alone or mal C (4 and 6 uM) for 3 h and the phospho-p38 (p-p38) levels in the
cell lysates were assessed by immunoblots. The experiments were repeated three times
with similar results, and representative images are shown. *P<0.05 compared to respec-
tive vehicle control. (D) Effect of p38 inhibitor on cytochrome c release. The SB203580-
pretreated cells were exposed to mal C for 3 h and the cytochrome c release into
cytoplasm was analyzed by immunoblots. The experiments were repeated three times
with similar results, and representative images are shown. *P<0.05 compared to vehicle
control, #P < 0.05 compared to only mal C treatment.
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Fig. 3 (continued).

3.5. Mal C induces ATM/ATR-mediated DNA damage response and p38
MAPK activation

Based on the above results, we hypothesized that the mal C-induced
DSBs and putative DNA damage response could lead to the p38 MAPK
activation and subsequent mitochondrial death. The ATM and ATR ki-
nases play distinct, but overlapping roles in response to DNA DSBs
[20]. To substantiate the hypothesis, auto-phosphorylation at Ser-1981
ATM, and ATR-mediated Ser-345 phosphorylation in CHK1 protein
were analyzed. As shown in Fig. 5A, mal C (6 uM, 3 h)-treatment not
only increased phosphorylation of H2AX, but also induced a significant
amount of phosphorylation on ATM-Ser1981 and CHK1-Ser345
(Fig. 5A). This suggested a rapid activation of DNA damage response
pathway in cancer cells by mal C treatment.

Next we determined whether down-regulation of ATM or ATR in the
A549 cells impacts p38 MAPK response following mal C treatment. For
this, the ATM-depleted cells were generated using ATM mRNA specific
shRNA (Fig. 5B). As ATR is an essential gene, and stable ATR-
knockdown cells are not viable, we used schisandrin B, a known ATR-
specific inhibitor to obtain the ATRi cells [28]. Next, the activation of

ATM and ATR as well as p38 MAPK pathways in ATM-WT (scrambled
shRNA control), ATM-KD (ATM shRNA) and ATRi cells was evaluated.
Mal C (6 pM) markedly induced phosphorylation of ATM, CHK1, H2AX
and p38 in ATM-WT cells (Fig. 5B), suggesting that both ATM and ATR
pathways are activated in response to mal C treatment. However, com-
pared to the wild type cells, phosphorylation of CHK1, H2AX and p38
MAPK was significantly reduced in the ATM-KD as well as ATRi cells. It
is imperative to note that phosphorylation of CHK1, a downstream tar-
get of ATR was also abrogated in the ATM-KD cells. Altogether these re-
sults suggested a predominant role of both ATM and ATR pathways
in p38 MAPK activation by mal C.

3.6. Inhibition of ATM, ATR or CHK1 proteins leads to abrogation of mal
C-induced apoptosis

To probe the participation of ATM-CHK1 in p38 MAPK activation and
mitochondrial dysfunction, the p38 MAPK phosphorylation and mito-
chondrial cytochrome c release in the mal C-treated ATM-WT, ATM-
KD and CHK1i cells were assessed. ATM down regulation as well
as CHK1 inhibition markedly reduced p38 phosphorylation and
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Fig. 3 (continued).

mitochondrial release of cytochrome c in the ATM-KD and CHK1i cells
vis-a-vis the ATM-WT cells (Fig. 6A). Furthermore, the mal C-induced
apoptosis was significantly reduced in CHK1i and ATM; cells (Fig. 6B),
although the ATR inhibitor offered only a marginal protection. These re-
sults unraveled the hierarchy of molecular events in which ATM regu-
lates the MAPK cascade that leads to cell death in the mal C-treated
A549 cells.

4. Discussion

Although mal C has been recently shown to induce viability loss in
certain cancer cells, the mechanism of cell death is largely unknown.
Our initial MTT assay results revealed mal C to be a more potent anti-
proliferative agent than curcumin in multiple lung cancer cell lines. Fur-
ther, amongst the known natural malabaricones, mal C showed the best
anti-cancer activity against the A549 cells. The efficacy of mal C was
marginally higher in A549 (IC50 7.0 £+ 1.8 uM) and NCI-H460 (IC50
7.7 & 2.1 uM) cells than NCI-H23 cells (IC50 9.9 £ 2.7 uM) (Supple-
mentary Fig. SL2). The marginal resistance offered by NCI-H23 cells, in
response to mal C may be due to its low cellular uptake, the known
p53 mutated status of the NCI-H23 cells and other genotypic modifica-
tions. We show that mal C induces mitochondria-mediated cell death
that requires DNA damage-dependent activation of both CHK1 and
p38 MAPK.

Many studies have demonstrated that apoptosis induction plays the
most vital role in the cancer treatment by chemo- and radiation thera-
pies [29]. Here we established that the mal C-mediated cell viability
loss of A549 cells is related to apoptosis induction, as it induced
(a) rapid translocation of PS from the inner to the outer leaflet of the

plasma membrane, an early marker of apoptosis (Supplementary
Fig. SL4); (b) histone release, DNA fragmentation (Supplementary
Fig. SL5) and generation of sub-G1 particles (Fig. 1C), reflecting the
late stage of apoptosis; (c) caspases-3, -8, and -9 activities, which
were inhibited by the respective specific inhibitors (Fig. 1D); and
(d) cleavage of procaspases -3, -8 and -9 (Fig. 1E).

The mal C-mediated apoptosis in the A549 cells was also accompa-
nied by rapid collapse of MTP, leading to the release of apoptogenic
molecule, cytochrome c from the mitochondria to the cytosol. However,
it did not induce any cytochrome c release in normal HEK 293 cells (data
not shown), suggesting its non-toxicity to human normal cells. The anti-
apoptotic BCL-2 family members (BCL-2 and BCL-XL) play an important
role in the regulation of mitochondria-mediated apoptosis by different
stimuli [30]. These antiapoptotic proteins possess four conserved BCL-
2 homology domains (BH1-BH4), and mainly prevent the release of
apoptogenic molecules (e.g. cytochrome c) from mitochondria to the
cytosol by forming heterodimer complexes with the proapoptotic
family members such as BAX [30-32]. Increased expression of BCL-2
has been observed in a variety of hematologic malignancies and solid
tumors, and its overexpression renders cancer cells resistant to different
apoptotic stimuli including the chemotherapeutic agents [32]. Mal C
treatment selectively and differentially regulated the anti- and pro-
apoptotic BCL-2 proteins to ameliorate apoptotic stimuli. It induced a
time-dependent decrease in BCL-2 level, while augmenting BAX level
in the A549 cells. The mitochondria-depleted A549-p° cells were
extremely resistant to mal C treatment (Fig. 2F), but BCL-2 depletion
conferred partial sensitization in the A549 cells to mal C (Fig. 2G). Nev-
ertheless, a decisive role of mitochondria in mal C-induced apoptosis
was inferred from these results.
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Earlier, the MAPK proteins, especially JNK and p38 were suggested to
activate caspases through modulating BAX, BCL-2, and mitochondrial
dysfunction to execute apoptosis [7,8]. We also found mal C-induced
rapid activation of JNK and p38 in the A549 cells, while ERK was activat-
ed much later (Fig. 3A). The observed dephosphorylation of the p38 and
JNK proteins at a longer time point (6 h) may be due to the activation of
dephosphorylating phosphatases [33]. Nevertheless, besides its tran-
scriptional effects, transient MAPKs activation is sufficient to regulate
cell behavior, as it can induce phosphorylation of the cytoplasmic target
proteins, such as the apoptotic (e.g., BH3-only family) proteins [33-35].
However, currently we do not have any evidence to suggest the exact
mechanism of dephosphorylation of activated MAPKs and further acti-
vation of specific downstream apoptotic targets during later time
point of mal C treatment.

Our studies with specific MAPKs inhibitors, carried out at 3 h (when
p38 and JNK are robustly activated) revealed partial inhibition of mal C-
induced p38 and JNK phosphorylation. This suggested that SB203580
and SP600125 may be inhibiting the autophosphorylation of p38 and
JNK, but not their phosphorylation by the upstream kinases. Moreover,
the respective inhibitors also restored the normal levels of MAPKAPK
and c-JUN, the downstream targets of p38 and JNK in the mal
C-treated cells, without showing any effect on their own. All these re-
sults confirmed the efficacies of the chosen inhibitors. Overall, the
above results suggested that these MAPKs inhibitors can inhibit up-
stream kinases or autophosphorylation of MAPKs to effectively abrogate

A

further downstream signaling of p38, JNK and ERK in response to mal C
treatment.

Amongst the MAPK inhibitors, only the p38-specific inhibitor re-
duced the mal C-mediated apoptosis in the cells (Fig. 3B). Further, mal
C increased the p38-phosphorylation almost equally in the A549-p™/
A549-p° and BCL2-WT/BCL2-KD cells (Fig. 3C), and inhibition of p38
MAPK partially attenuated the mal C-induced AV, loss (Supplementary
Fig. SL8) and cytochrome c release in the cytosol (Fig. 3D). These im-
plied a major role of p38 MAPK activation in the upstream, but not on
the downstream in the mitochondrial damage.

Intracellular ROS accumulation has been shown to cause AY,, loss,
mitochondrial membrane permeability transition and subsequent acti-
vation of cell death machinery [36]. Recent studies also provide evi-
dence for the role of ROS as the potential inducers of MAPK activation
during apoptotic cell death in response to a variety of different stimuli
[36-38]. Previously, we have shown that mal C generates ROS in a cell
free system [18]. Interestingly however, pretreatment of the A549
cells with NAC, a known antioxidant did not impede mal C-induced
p38 MAPK phosphorylation (data not shown), excluding any direct
role of ROS in the cytotoxicity of mal C. It is of future interest to deter-
mine whether ROS is required to potentiate some of the mal C-
mediated processes to ameliorate apoptosis process under specific con-
ditions. It is worth mentioning that mal B, the structural congener of mal
C also induced copious ROS generation, and its abrogation with NAC
drastically reduced the sensitivity of the A549 cells towards mal B.
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) Phosphorylation levels of ATM, CHK1 and H2AX. The A549 cells were treated with vehicle

alone or mal C (6 uM) for 3 h and the cell lysates were analyzed for the phosphorylation levels of respective proteins by immunoblots. (B) Effect of ATM and ATR downregulation. The
ATM-WT, ATMi, ATRi and ATM-KD cells were treated with vehicle alone or mal C (6 pM) for 3 h and the cell lysates were analyzed for p-ATM, p-CHK1, p-p38 and yYH2AX by immunoblots.
For ATMi and ATRY, the respective specific inhibitors, KU55933 (10 uM) and schisandrin B (25 uM) were used. The experiments were repeated three times with similar results, and rep-
resentative images are shown. *P <005 compared to vehicle control, *P < 0.05 compared to mal C-treated ATM-WT cells.

This suggested that the mal B-induced apoptosis followed the conven-
tional ROS-mediated pathway.

The canonical DNA damage response (DDR) network can be divided
into two major protein kinases signaling branches, which mediate
checkpoint activation through the upstream kinases, ATM-CHK2 and
ATR-CHKT, respectively [39-42]. A third checkpoint effector pathway,
mediated by p38 and MAPKAP kinase-2 (MK2) operates parallel to
CHK1, and is activated downstream of ATM and ATR [43-45]. The
DDR-mediated sustained activation of p38 and JNK is responsible for
the cisplatin-induced apoptosis via activation of the death receptor
pathway [46,47]. Also, down-regulation of the CDC7 kinase activity
induced ATR-mediated p38 activation to execute apoptosis in human

cancer cells [12]. Because mal C induced DNA SSBs in MCF7 breast
cancer cells, we hypothesized that a similar mal C-mediated SSBs in
A549 cells might be converted into DSBs due to the replication and/or
DNA damage repair pathways. This may activate p38 MAPK. Results
(Fig. 4A and B) of our neutral comet and YH2AX assay showed
that mal C binds to nuclear DNA effectively, and induces DSBs
concentration-dependently. Furthermore, mal C also activated the
DDR response proteins ATM and ATR by inducing rapid autophospho-
rylation at Ser-1981 in ATM and phosphorylation of Ser-345 in CHK1
(Fig. 5A).

The shRNA mediated silencing of ATM or ATR inhibition led to a sig-
nificant reduction in p38 MAPK phosphorylation (Fig. 5B), suggesting a
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predominant, but redundant role of the ATM and ATR pathways in p38
MAPK activation. Intriguingly we also noticed that the mal C-induced
phosphorylation of CHK1, generally an ATR target, is also partially abro-
gated in the ATM knock-down cells. Consistent with this, CHK1 inhibi-
tion completely abrogated the mal C-mediated p38 phosphorylation
and cytochrome c release from mitochondria (Fig. 6A). However, the

1025

mal C-induced YH2AX formation and CHK1 phosphorylation was not af-
fected by the p38 MAPK inhibitor (data not shown). From this, a pivotal
upstream role of the ATM/ATR-CHK1 pathway in the p38-mediated ap-
optosis was inferred. Although the ATM-CHK1 pathway is not activated
regularly, involvement of this unscrupulous pathway in response to ra-
diation and certain other DNA damaging agents is reported [48,49].
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Fig. 6. Inhibition of ATM, ATR or CHK1 proteins leads to abrogation of mal C-induced apoptosis. (A) Effect of ATM and CHK1 on p38 phosphorylation and cytochrome c release from mi-
tochondria. The ATM-WT, ATM-KD and CHKT1i cells were treated with vehicle alone or different concentrations of mal C and the p-p38 levels in the cell lysates and cytochrome c release
into cytosol were analyzed by immunoblots. (B) Effect of ATM, ATR or CHK1 on apoptosis induction. The ATM-WT, ATM-KD, ATRi and CHK1i cells were treated with vehicle alone or mal C
(6 uM) for 24 h and the sub-G1 populations were assessed by flow cytometry. For ATRi and CHK1i, the respective specific inhibitors, schisandrin B (25 pM) and UCN-01 (100 nM) were
used. The abbreviation FL2 in the histogram represents intensity of the red fluorescence of propidium dye, acquired in channel-2. The experiments were repeated four times with similar
results. All determinations were made in three replicates, and the values are means 4 S.E. M. *P<001 compared to vehicle control, *P < 0.05, *P < 0.01 compared to mal C-treated ATM-

WT cells.
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Fig. 7. Possible molecular mechanism of mal C-induced cell death in the A549 cells.

Overall, ATM down-regulation or inhibition of CHK1 and ATR greatly
attenuated the killing effect of mal C. This is compatible with the model
that mal C induces DSB via the ATM/ATR-CHK1 pathway, which acti-
vates p38 to trigger apoptosis through mitochondrial damage (Fig. 7).
ATM, ATR and CHK1 kinases are known to regulate the phosphorylation
of consensus sequence serine and threonine followed by glutamine
(S/T-Q sites), while p38 MAPK activation occurs through the dual phos-
phorylation on a tyrosine residue of T-X-Y motif in the activation loop
|50]. This suggests that ATM-CHK1 kinases are not directly involved in
the phosphorylation of p38 MAPK, but possibly through the activation
of some other potential tyrosine phosphorylating kinase/s. It is tempt-
ing to speculate that mal C-induced ATM/ATR-CHK1 pathway might
be involved in the activation of some of the upstream MAPKKKs
known to participate in the activation of the p38 MAPK cascade includ-
ing MEKK1/4, ASK1, and TAO kinases [50]. Further systematic studies
are needed to explore this possibility.

In conclusion, mal C showed significant potential as a therapeutic
agent against human lung cancer (especially A549) cell lines. Initially
mal C induces DSB-DNA in the A549 cells, which induces p38 MAPK ac-
tivation, Bax translocation, mitochondrial membrane potential collapse,
caspase-3 activation and eventual cell death. A mechanistic model,
explaining the mode of action of mal C is shown in Fig. 7.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2013.11.020.
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