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Licochalcone A induces apoptosis in malignant pleural
mesothelioma through downregulation of Sp1 and subsequent
activation of mitochondria-related apoptotic pathway
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Abstract. Licochalcone A (LCA) is a natural product derived
from the roots of Glycyrrhiza inflata exhibiting a wide range of
bioactivities such as antitumor, anti-oxidant and anti-bacterial
effects. Malignant pleural mesothelioma (MPM) is an extremely
aggressive type of cancer with a poor prognosis because of its
rapid progression. However, LCA has not been investigated
concerning its effects on MPM. Preliminarily, we observed that
LCA negatively modulated not only cell growth, but also speci-
ficity protein 1 (Spl) expression in MSTO-211H and H28 cell
lines. It was found that IC;, values of LCA for growth inhibition
of MSTO-211H and H28 cells were approximately 26 and 30 M,
respectively. Consistent with downregulation of Spl, expres-
sion of Spl regulatory proteins such as Cyclin DI, Mcl-1 and
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Survivin was substantially diminished. Mechanistically, LCA
triggered the mitochondrial apoptotic pathway by affecting the
ratio of mitochondrial proapoptotic Bax to anti-apoptotic Bcl-; .
Bid induced loss of mitochondrial membrane potential, eventu-
ally leading to multi-caspase activation and increased sub-G,
population. Moreover, nuclear staining with DAPI highlighted
nuclear condensation and fragmentation of apoptotic features.
Flow cytometry analyses after staining cells with Annexin V
and propiodium iodide corroborated LCA-mediated apoptotic
cell death of MPM cells. In conclusion, these results present that
LCA may be a potential bioactive material to control human
MPM cells by apoptosis via the downregulation of Spl.

Introduction

Cancer is a major public health problem in the United States
as well as many other countries (1). It is the second leading
cause of death after heart disease, one quarter of Americans
dying from cancers. Billions of dollars are spent every year
for treatment and prevention of cancer (2). Among cancers,
malignant pleural mesothelioma (MPM), which occurs in the
peritoneum and pleura, is rare but progressive and rapidly fatal
(3). The onset has been related to exposure to occupational
and environmental asbestos (4). The disease often develops
in male and the incidence increases with age (3). Diagnosis
or management for MPM has not been precisely defined.
Diagnosis is determined from the immunocytochemical
analysis and histological examination of biopsy or diagnostic
laparoscopic specimens (3). Median survival time is only 5-12
months and mean symptoms-to-survival time is 345 days
due to lack of effective treatment (5,6). Other treatments are
possible, but local excision and radical resection are preferred
(7,8). Chemotherapy has an important role in the palliative
treatment. Recently, application of natural products has gained
attention as cancer chemopreventive therapy (9). Licorice root
is a common source of licorice used in traditional and herbal
medicines. The pharmacological activity of licorice has been
used for the treatment of human diseases such as cancer, gastric
ulcers, bacterial infections and immunodeficiency (10). LCA
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is a flavonoid extracted from licorice and exerts anti-tumor
properties, anti-parasites and anti-microbial activity (11-13).
LCA inhibits TNF-a-induced nuclear factor-xB activation,
leading to downregulation of inflammatory cytokines with
concomitant reduction of carrageenan-induced inflammatory
responses (14,15). However, it remains unclear whether LCA
induces apoptosis by suppressing the expression of specificity
protein 1 (Spl) in human MPM cells.

Spl is one of the first eukaryotic transcription factors
to be identified and cloned and it is ubiquitously expressed
in mammalian cells (16,17). It is also a sequence-specific
DNA-binding protein and plays an important role in various
physiological processes, including angiogenesis, cell cycle
regulation, hormonal activation and apoptosis (18). In many
studies, the expression levels of Spl are higher in cancer cells
such as human pancreatic cancer, breast cancer, colorectal
cancer, gastric carcinoma, hepatocellular carcinoma and
thyroid carcinoma than in normal cells (19). Further, there
is also evidence that Spl protein functions as an important
factor in the development of tumors, growth and metastasis
(17). However, involvement of Spl protein in the pathogenesis
of MPM is unknown. In order to verify its therapeutic poten-
tial, we investigated whether LCA could induce apoptosis by
suppressing Spl protein level in MSTO-211H and H28 cells.

Materials and methods

Plant material. The roots of Glycyrrhiza inflata were
purchased from Chonnam Herb Association. A voucher
specimen (MNUYG-003) was deposited in the College of
Pharmacy, Mokpo National University, Muan, Korea.

Extraction and isolation. The air-dried, powdered G. inflata
roots (600 g) were extracted twice with MeOH (4 1) by sonication
for 3 h. After filtration, the MeOH extract was evaporated and
suspended in distilled water and then defatted with n-hexane
(1 1). The aqueous layer was partitioned with methylene chlo-
ride (3x1 1). The evaporation residue (5 g) was subjected to
flash silica gel chromatography, using n-hexane:EtOAc:MeOH
solvent system (2:1:0.1-1:1:0.1-100% MeOH), to afford 10 frac-
tions. Fractions 2, 3 and 4 were subjected to further flash silica
gel chromatography, with a chloroform:MeOH (100:1) eluent
system, to afford LCA (50 mg). LCA was further purified by
column chromatography using RP18 to an analytically accept-
able purity.

Cell culture. The human MPM cells MSTO-211H and H28
were purchased from the American Tissue Culture Collection
(Manassas, VA, USA) The MSTO-211H and H28 cells were
grown in RPMI-1640 medium, supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, 100 U/ml each of
penicillin and streptomycin (Thermo Scientific, Logan, UT,
USA) at 37°C in a humidified atmosphere of 5% CO, and
95% air.

MTS assay. Effects of LCA on the cell viability were deter-
mined using the MTS assay according to the manufacturer's
instructions. The cells were plated on a 96-well plate at a density
of 8x10* cells/well for MSTO-211H and 3x10* cells/well for
H28 and then treated with various concentrations of LCA for
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24 and 48 h. After addition of MTS solution to culture media,
the absorbance was measured at 490 nm using an Enspire
Multimode Plate reader (Perkin-Elmer, Akron, OH, USA).
The data were expressed as the percentage of cell viability
compared with the control.

DAPI staining. The number of cells undergoing apoptosis,
which was induced by LCA treatment, was quantified using
DAPI staining. The cells featuring nuclear condensation and
fragmentation were determined using nucleic acid stained
with 4'-6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich).
Forty-eight hours after treatment with different doses of LCA
(10, 20 and 40 uM), the MSTO-211H and H28 cells were
harvested and fixed in 100% MeOH at RT for 20 min. The
cells were seeded on slides, stained with DAPI (2 yg/ml) and
then analyzed under a FluoView confocal laser microscope
(Fluoview FV10i, Olympus Corp., Tokyo, Japan).

Cell cycle analysis. Following treatment of the cells with LCA
for 48 h, the detached cells and adherent cells were collected
separately. The cells were washed with cold PBS and then
centrifuged before being fixed in 70% EtOH for 3 h at -20°C.
Before flow cytometry analysis, the cells were centrifuged and
incubated for 30 min at 37°C in PBS to allow for the release
of low-molecular weight DNA. Following centrifugation, the
cell pellets were suspended and treated with Muse™ cell cycle
reagent using a Muse™ Cell Analyzer (Merck Millipore,
Billerica, MA, USA).

Reverse-transcription polymerase chain reaction (RT-PCR).
Total RNAs were isolated using TRIzol® Reagent (Life
Technologies, Carlsbad, CA, USA) and 2 ug of RNA was used
to synthesize cDNA using the HelixCript™ 1st-strand cDNA
synthesis kit (NanoHelix). cDNA was obtained by PCR ampli-
fication using B-actin-specific and Spl-specific primers using
the following PCR conditions: 35 cycles of 1 min at 95°C, 1 min
at 56°C and 1 min at 72°C. The p-actin primers used were:
forward, 5'-GTG-GGG-CGC-CCC-AGG-CAC-CA-3'; and
reverse, 5'-CTC-CTT-AAT-GTC-ACG-CAC-GAT-TTC-3". The
Spl primers used were: forward, ATG CCT AAT ATT CAG
TAT CAA GTA; and reverse, CCC TGA GGT GAC AGG CTG
TGA. PCR products were analyzed by 2% agarose gel electro-
phoresis.

Mitochondrial membrane potential assessment. To investi-
gate the mitochondrial membrane permeability, MSTO-211H
and H28 cells were cultured with LCA at given doses for
48 h. After washing with PBS, cells were dissociated by
trypsin. For detection of the depolarized mitochondria of
cells undergoing apoptosis, MitoPotential working solution
to the MPM cells was added for 20 min incubation in the
dark. Muse MitoPotential 7-AAD reagent was added to each
well and then kept in the dark for 5 min. The experiment was
analyzed by Muse™ Cell Analyzer.

Multi-caspase analysis. MSTO-211H and H28 were seeded
on a 10-cm dish and treated with various concentrations
of LCA (10, 20 and 40 M) for 48 h. Caspase activity was
measured using the Multi-caspase cell kit (Merck Millipore)
and analyzed by Muse™ Cell Analyzer.
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Figure 1. Effects of LCA on MPM cells viability. (A) Chemical structure of LCA. (B) Cell viability of MSTO-211H and H28 cells treated with LCA (10, 20
and 40 yM) and LCE (40 uM), which was measured using MTS assay kits. (C) MSTO-211H and H28 cells were treated with 10, 20 and 40 pM LCA and the
representative of sub-G, population was measured by Muse analysis after cell cycle staining. (D) DNA fragmentation and nuclear condensation were quantified
using DAPI staining. The data represent the mean percentage levels + SD (n=3); "p<0.05, significant difference compared with DMSO-treated control cells

by paired t-test.

Annexin V staining. The cells (MSTO-211H and H28) were
seeded on a 10-cm dish and treated with various concentra-
tions of LCA (10, 20 and 40 uM) for 48 h. Both adherent and
floating cells were harvested, washed once with PBS. For
detection of apoptosis, cells were incubated with Muse™
Annexin V & Dead Cell reagent (Merck Millipore) for 20 min
at RT in the dark. Apoptotic and necrotic cells were analyzed
by Muse™ Cell Analyzer.

Western blot analysis. The MSTO-211H and H28 cells were
treated with LCA for 48 h and lysed in RIPA buffer (Intron
Biotechnology, Seoul, Korea) containing a protease inhibitor.
Protein concentrations were determined by BCA assay (Pierce
Chemical, Rockford, IL, USA). Proteins were separated
by SDS-PAGE and transferred to polyvinylidene fluoride
(PVDF) membrane (GE Healthcare, Little Chalfont, UK).
The membrane was blocked by 3 or 5% fat-free skim milk,
then probed with primary and secondary antibodies. Bands of
interest were visualized using ECL Western blotting detection
regents (GE Healthcare).

Statistical analysis. The experimental data are expressed as
the mean + standard deviation and statistical significance
between different groups was determined using Student's
t-test. Triplicate experiments were performed on the data
obtained for the experimental groups. P-value of <0.05 was
considered statistically significant.

Results

LCA inhibits cell growth of MPM. In order to investigate the
anti-proliferative activity of licochalcone, MPM cells (MSTO-
211H and H28) were treated with LCA or LCE. The structure
of LCA is depicted in Fig. 1A. LCA and LCE were isolated
from the roots of Glycyrrhiza inflata (20). Structure of LCA is
similar to that of LCE, but the positions of the methyl groups
of allyl group in LCA were different from those of LCE
(20,21). To determine inhibitory effects of LCA and LCE on
cell viability, MTS assay was done after 24 and 48 h. As a
results, it was found that the ICs, value of LCA was 26 and
30.4 uM in MSTO-211H and H28, respectively. LCA inhibited
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Figure 2. LCA suppresses Spl proteins in MPM cells undergoing apoptosis. MSTO-211H (left panel) and H28 (right panel) cells were treated with 10, 20 and
40 uM LCA for 48 h. RT-PCR and western blot analysis were employed. The graphs indicate the mRNA (A) and protein (B) expression levels of Spl normal-
ized to actin. (C) To examine the time-dependent effect of LCA on Spl and caspase-3, MSTO-211H and H28 cells were treated with 40 yM LCA for 12, 24,

36 and 48 h. Actin was included as the loading control.
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Figure 3. The effect of LCA on Spl downstream target proteins in: (A) MSTO-211H and (B) H28 cells treated with 10, 20 and 40 uM LCA. The effect of LCA
on Cyclin D1, Mcl-1 and Survivin protein expression levels were determined by western blot analysis. The blots were re-probed with actin as a loading control.

cell survival of MSTO-211H cell in a dose-dependent manner,
101.6, 29.0 and 8.4% over the concentrations used (10, 20 and
40 yM). Similarly, H28 cells represented cell viability of 86.7,
59.7 and 41.0% at the concentrations used (10, 20 and 40 yM),
respectively. However, LCE had a weak cytotoxic activity in
H28 but not MSTO-211H for 48 h (Fig. 1B).

LCA treatment regulates the expression of cell cycle arrest
and induces apoptosis in MPM cells. In order to examine
correlation of altered cell cycle to growth inhibitory effects of

LCA, we carried out PI staining of LCA-treated cells and then
flow cytometric analyses. We analyzed cell cycle profiles of
cells treated with LCA (10, 20 and 40 uM) for 48 h by Muse™
Cell Analyzer. As a result, we observed that sub-G, phase was
increased in a dose-dependent manner by LCA, indicating that
sub-G, phase was increased from 3.0+0.7 to 34.7+2.6% for
MSTO-211H (Fig. 1C, left) and was accumulated from 2.5+0.7
to 43.2+2.1% for H28 (Fig. 1C, right). LCA induced consider-
ably fragmentation and condensation of DNA of MPM cells
in a dose-dependent manner (Fig. 1D). Annexin V staining
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Figure 4. Induction of mitochondrial dysfunction and increased expression level of the death receptor protein in LCA induced apoptosis. The graph shows the
process of depolarization of the mitochondrial membrane (A and B). The data represent the mean percentage levels + SD (n=3). The expression levels of CHOP
and death receptor proteins (DR4 and DR5) were analyzed by western blotting in MSTO-211H (C) and H28 (D) cells. Actin was used in the loading control.

indicated that phosphatidylserine was exposed on the outer
leaflet of the membrane during cell death. Early apoptosis of
cells was progressed to late apoptosis by LCA treatment. In
MSTO-211H and H28, late apoptotic cell populations were
increased from 2.8+1.5 to 47.1+0.9% (Fig. 5C) and from
2.7£0.1 to 17.6+4.9%, respectively (Fig. 5D).

LCA modulates Spl protein level in MPM cells. To demon-
strate the link between Spl and cell death, expression levels of
Spl were primarily examined by western blotting after treat-
ment of MPM cells with LCA (10, 20 and 40 yM). Fig. 2A
and B show that Spl mRNA and protein expression levels
were reduced by LCA in a dose-dependent manner. Also, we
observed that the caspase-3 associated with cell death was
cleaved in a time-dependent manner (12, 24, 36 and 48 h;
Fig. 2C). Spl is a transcription factor that modulates cell
cycle regulation, anti-proliferative and apoptotic cell death by
regulating the promoter of the target gene. Spl regulates the
expression of Cyclin D1, Mcl-1 and Survivin contributing to
cell proliferation (23). In line with previous results, Spl target
proteins are significantly reduced by LCA treatment (Fig. 3).

LCA affects the permeability of the mitochondrial membrane.
Mitochondrial membrane potential is closely associated with
Bcl-2 family-mediated apoptosis. To investigate whether LCA
could affect the mitochondrial membrane potential, the degree
of depolarization was measured by staining of MPM cells with

5,5',6,6'-tetrachloro-1,1',3,3"-tetraethylbenzimidazolylcarbocya-
nine iodide reagent. In MSTO-211H (Fig. 4A), total depolarized
cell population was 38.7+1.3, 51.9+1.2 and 72.1+1.7% and
in H28 it was 14.1+4.7, 62.3+1.9 and 94.4+1.8% in a dose-
dependent manner, respectively. We measured the levels of
proteins associated with extrinsic apoptosis pathway (24).
CHOP, which is increased by ER stress, activates TNF-related
apoptosis-inducing ligand (TRAIL) death receptors DR4 and
DRS5 (25). The expression levels of CHOP, DR4 and DRS5 were
substantially increased in MSTO-211H (Fig. 4C) and H28 cells
(Fig. 4D).

LCA regulates apoptotic and anti-apoptotic molecules in
MPM cells. To observe the molecular mechanisms of cell
apoptosis in MSTO-211H (Fig. 5A) and H28 (Fig. 5B) cells,
we examined the expression of target proteins. First, after
LCA treatment (10, 20 and 40 M) the expression of pro- and
anti-apoptotic proteins was investigated. As a result, BID,
Bcl-,, Caspase-3 and C-PARP expression were specifically
decreased and cleaved in MPM cell lines. On the other hand,
Bax expression of pro-apoptotic protein was increased. Multi-
caspase activity was increased in MPM cells treated with
various concentrations of LCA (10, 20 and 40 uM) for 48 h
(Fig. 5E and F). Total multi-caspase activity in MSTO-211H
(Fig. 5E) was 14.2+1.6, 28.1+3.4 and 81.3+0.7% that in H28
(Fig. 5F) was 16.7+0.5, 32.1+2.9 and 37.9+3.0% in a dose-
dependent manner, respectively.
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Figure 5. The effect of LCA on expression of proteins associated with apoptosis in MPM cells. MSTO-211H (A) and H28 (B) cells were treated with 10, 20 and
40 uM LCA for 48 h and analyzed by western blot analysis using antibodies against BID, Bax, Bcl-,; , Caspase-3 and C-PARP. Actin was used to normalize the
protein bands. Induction of apoptosis in MPM cells by LCA was quantitatively analyzed using flow cytometry. The plots were drawn by analyzing MSTO-211H
(C and E) and H28 (D and F) cells after exposure to LCA 10, 20 and 40 M for 48 h with the Muse™ Cell Analyzer. The analyzer profiles were made after
Annexin V (C and D) and multi-caspase staining (E and F). (C and D) Relative to the lower left, plots represent early apoptosis, late apoptosis/Dead and Dead
in the counter-clockwise direction. (E and F) Lower left is a control group, each quadrant indicate caspase positive, caspase-positive/Dead and Dead in the
counter-clockwise direction. The data represent the mean percentage levels + SD (n=3).

Discussion

MPM is a cancer that develops in the mesothelium that covers
many of the internal organs of the body (4). The most common

anatomical location of mesothelioma is the pleura and it is most
commonly caused by exposure to asbestos (26). Currently,
surgery and radiotherapy have been recommended, but the prog-
nosis is poor. Therefore, chemotherapy is gaining attention (27).
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LCA is a novel estrogenic flavonoid and a natural phenol
product. It can be derived from roots of Glycyrrhiza inflata and
shows beneficial activities such as anti-malarial, anticancer,
anti-bacterial and anti-viral effects (12,28). There is a growing
body of evidence that it exhibits an anticancer effect, but it is
not clear whether LCA would be effective against MPM. In this
study, we investigated whether LCA could induce apoptosis via
Spl in MPM cells (MSTO-211H and H28). First, MTS assay
was performed to assess how the LCA could affect cell prolif-
eration. Cell growth was inhibited in a concentration-dependent
manner by LCA. In addition, we treated LCE (40 yM) bearing
the similar allyl group on different positions of methyl groups
compared with LCA. In contrast to LCA, LCE was not effective
in MPM cells (21,29). The different allyl group of LCA might
be critical for its anticancer activity against MPM. PI staining
was performed to demonstrate that LCA had an anti-prolifer-
ative effect and induced apoptotic cell death. We checked the
changes in percentage of sub-G, fraction. Percentage of cells
present in sub-G, peak was increased. Annexin V staining and
caspase activity were measured to further verify apoptotic cell
death (30). Caspase activity as well as the numbers of early and
late apoptotic cells was increased. Accordingly, it is evident that
the cytostatic effect of LCA in MPM cells is due to induction
of cell death.

To prove that apoptosis is mediated by regulation of Spl
transcription factor, we examined the apoptosis-related factors
using western blotting. Spl is a zinc finger transcription factor
that binds to GC-rich motifs of many promoters (23) and it is
involved in many cellular processes, including cell differen-
tiation, cell growth, apoptosis, immune responses, response
to DNA damage and chromatin remodeling (18). LCA
downregulated expression levels of mRNA and protein level
of the Spl in a concentration and time-dependent manner.
Consistent with Spl levels, Spl regulatory proteins (Cyclin
D1, Mcl-1 and Survivin) were also diminished, hypothesizing
that the LCA induced cell death via downregulation of Spl.

Pathologically, apoptosis is referred to as the normal
process of active cell death of organisms to remove damaged
or unnecessary cells. Mitochondria not only produced energy
in cells but also regulates cell fate factors (31,32). In this study,
we revealed how LCA could be involved in the morphological
control of mitochondria in MPM cells and further delineated
the mechanisms associated with the induction of cell death.

Apoptosis involves two different pathways. One is the
extrinsic pathway of caspase activation that is mediated by the
cell surface death receptor and the other is the mitochondria
initiated pathway (33,34). Extrinsic pathway begins with the
binding of ligands to a subset of the members of the TNF
receptor superfamily (35-37). TRAIL is able to interact with
the membrane receptor DR4/TRAIL-R1 and DR5/TRAIL-R2
bearing a different functional death domain (38,39). An increase
in expression of CHOP elevates the levels of membrane recep-
tors DR4 and DR5, which operate cleavage of Bid into tBid.
Cytochrome C induces the activation of caspase-8 and -9,
leading to downstream activation of caspase-3 to promote the
final cell death mechanism (35). We found that the expression of
CHOP, DR4 and DRS5 was upregulated while the levels of both
caspase-3 and Bid decreased in the LCA-treated MPM cells.
These results suggest that LCA may be able to induce apoptosis
in MPM cells via the receptor-mediated pathway. The second
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pathway of apoptosis involves the participation of mitochondria,
regulated by the anti-apoptotic and pro-apoptotic members of
the Bcl-2 family (40). Bcl-2 family is composed of pro-apoptotic
proteins such as Bax, Bak and Bid and anti-apoptotic proteins
such as Bcl-2, Bcl-,; and Mcl-1. Bax or Bak are bound to the
mitochondria membrane, releasing cytochrome C into cytosol
(41,42). The released cytochrome C in turn activates caspases,
which transmit cell death signals by dividing PARP (43-46).
Decreased expression of the cytosolic Bax and concomitant
increase of the mitochondrial Bax indicated that LCA induced
the translocation of Bax from cytosol to the mitochondrial
membrane. Western blot results demonstrated that LCA
upregulated the expression level of Bax and C-PARP and
downregulated the level of Bcl-2 in MPM cells. In combination
with the effect of LCA on mitochondrial membrane potential in
MPM cells, these results indicate that LCA induces apoptosis
in MPM cells via the mitochondria-mediated intrinsic pathway.

Taken together, this study reveals the relevance of Spl,
MPM, LCA and mitochondria to apoptosis. We demonstrated
that LCA induced apoptosis by suppressing the expression
of Spl in MPM cells. LCA-mediated Spl down-regulation
induced morphological changes of mitochondria, leading to
apoptotic cell death. Therefore, our studies strongly suggest a
potential novel strategy to use LCA as an effective anticancer
therapeutic agent for MPM patients with Spl overexpression.
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