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Abstract
Malignant pleural mesothelioma (MPM) is an aggressive, asbestos-related malignancy of the
thoracic pleura. Although, platinum-based agents are the first line of therapy, there is an urgent
need for second-line therapies to treat the drug-resistant MPM. Cell cycle as well as apoptosis
pathways are frequently altered in MPM and thus remain attractive targets for intervention
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strategies. Curcumin, the major component in the spice turmeric, alone or in combination with
other chemotherapeutics has been under investigation for a number of cancers. In this study, we
investigated the biological and molecular responses of MPM cells to curcumin treatments and the
mechanisms involved. Flow-cytometric analyses coupled with western immunoblotting and gene-
array analyses were conducted to determine mechanisms of curcumin-dependent growth
suppression of human (H2373, H2452, H2461, and H226) and murine (AB12) MPM cells.
Curcumin inhibited MPM cell growth in a dose- and time-dependent manner while pretreatment of
MPM cells with curcumin enhanced cisplatin efficacy. Curcumin activated the stress-activated
p38 kinase, caspases 9 and 3, caused elevated levels of proapoptotic proteins Bax, stimulated
PARP cleavage, and apoptosis. In addition, curcumin treatments stimulated expression of novel
transducers of cell growth suppression such as CARP-1, XAF1, and SULF1 proteins. Oral
administration of curcumin inhibited growth of murine MPM cell-derived tumors in vivo in part
by stimulating apoptosis. Thus, curcumin targets cell cycle and promotes apoptosis to suppress
MPM growth in vitro and in vivo. Our studies provide a proof-of-principle rationale for further in-
depth analysis of MPM growth suppression mechanisms and their future exploitation in effective
management of resistant MPM.
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Introduction
Malignant Pleural Mesothelioma (MPM) are the tumors of mesothelial or mesenchymal
cells that line the thoracic cavity, peritoneum, or pericardium. MPM is an aggressive, locally
recurrent cancer with no effective curative options [1, 2]. The median survival for patients
diagnosed with MPM is between 8 and 18 months, despite aggressive multimodality
strategies involving surgery, chemotherapy, and radiation [3–5]. The platinum-based agents
are currently used either as monotherapy or in combination with other agents as first line
therapeutics for MPM. However, the response rates remain unacceptably low.

MPM is characterized by a number of molecular events including chromosome 3p and
neurofibromatosis 2 gene abnormalities [6–8], Wilms tumor [9], VEGF [10],
thrombospondin [11], IGF receptor amplification [12], and inactivation of p53 and Rb by
SV40 T antigen [13]. Simian virus 40 (SV40)-dependent Akt signaling has been shown to
drive mesothelial cell transformation after asbestos exposure and knockdown of receptor
tyrosine kinase EphB4 was found to reduce phosphorylation of Akt in murine model of
mesothelioma [14]. In the absence of an effective standard second-line of treatment options,
strategies to exploit aberrant growth and apoptosis signaling have been proposed for
identification of new and more efficacious means to combat this disease [15].

A number of studies suggest that agents derived from dietary fruits and vegetables are
helpful in either inhibiting or reversing the development of cancer [16, 17]. Curcumin, a
phenolic compound isolated from the dietary plant Cur-cumina longa, has been
demonstrated to possess antiinflammatory, anti-oxidant, and anti-cancer properties.
Curcumin has been shown to suppress growth of cancer cells in vitro, while in animals, it
interferes with tumor initiation as well as tumor promotion [18–22]. Although, the precise
mechanisms of action of curcumin are yet to be elucidated, available evidence thus far
indicates that it suppresses cancer cell growth in large part by down- regulating pathways of
cell proliferation and survival. In this context, curcumin inhibition of the NF-κB as well as
the P13K-Akt pathways of cell survival has been well documented. Since inhibition of the
NF-κB and the PI3K–Akt signaling is often associated with increased apoptotic index in
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many cell types, the anti-cancer effects of curcumin also involve activation of the extrinsic
and/or intrinsic pathways of apoptosis [21, 22].

In this study, we investigated effects of curcumin on growth of MPM cells in vitro.
Consistent with observations in other models, curcumin treatments caused cell growth
inhibition that involved elevated apoptosis. Acombination of curcumin and cisplatin were
superior in suppressing growth of the MPM cells in vitro. Although curcumin stimulated
expression of pro-apoptotic Bax and activated p38 SAPK and caspase-9, our gene-array-
based analysis revealed that curcumin induced expression of novel transducers of apoptosis
signaling such as XIAP-associated factor1 (XAF1) and CARP-1/CCAR1 [23, 24]. Curcumin
treatments also stimulated expression of a putative tumor suppressor SULF1 protein [25].
Further oral administration of curcumin suppressed growth of murine mesothelioma
allografts in part by enhancing apoptosis. Our proof-of-concept studies reveal, for the first
time, MPM inhibitory properties of curcumin and are expected to facilitate utilization of this
agent or its potent derivatives as potential adjuvants for treatment and perhaps
chemoprevention of MPM.

Materials and methods
Cells and reagents

Three MPM patient-derived cell lines [H2373, H2452, and H2461] established in our
laboratory and characterized in detail [26] were cultured in RPMI 1640 (Mediatech Inc.,
Herndon, VA) supplemented with 100 units/ml of penicillin, 100 µg/ml streptomycin, 4 mM
L-glutamine, and 10% fetal calf serum. H226 MPM cells were obtained from ATCC
(Manassas, VA) and maintained following vendor’s guidelines. The AB12 murine malignant
mesothelioma cell line was derived from BALB/c mice and was shown to form
subcutaneous tumors when implanted in mice [27, 28]. This cell line was cultured and
maintained in high-glucose DMEM supplemented with 10% fetal bovine serum, 100 units/
ml penicillin, 100 ug/ml streptomycin. Cells were incubated at 37°C in a humidified
atmosphere of 5% CO2 in air and were passaged weekly. Curcumin was obtained from
Sigma-Aldrich (St. Louis, MO). Mouse monoclonal antibody against human poly (ADP-
ribose) polymerase (PARP) was from BIOMOL International LP (Plymouth Meeting, PA).
Anti-XAF1 antibodies were obtained from Abcam Inc., (Cambridge, MA). Anti-Bax, anti-
caspase-3, anti-caspase-9, anti-Akt, anti-p-p38 antibodies were purchased from Cell
Signaling Technology (Beverly, MA). Anti-IkB-α and anti-Bcl2 antibodies were obtained
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA), while anti-β actin antibody was
purchased from Sigma-Aldrich (St. Louis, MO). Anti-HSulf-1 rabbit polyclonal antibodies
were purchased from Abcam. Generation and characterization of the anti-CARP-1/CCAR1
rabbit polyclonal antibodies have been described before [24]. 3-(4,5-dimethyltiazol-2-yl)-2,
5-diphenyl-tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (St. Louis,
MO).

Cell growth inhibition studies by MTT assay
MPM (H2373, H2452, H2461, H226 and AB12) cells (5 × 103) were seeded in a 96-well
culture plate and subsequently treated with indicated agents at different concentrations for
noted times. Control cells were treated with 0.1% dimethyl sulfoxide (DMSO) in culture
medium. After treatment, the cells were incubated with 1 mg/ml of MTT reagent at 37°C for
4 h and then MTT was removed and 100 µl of DMSO was added, followed by colorimetric
analysis using a multilabel plate reader at 560 nm (Victor3; PerkinElmer, Wellesley, MA,
USA). Results were plotted as the mean from triplicate experiments.
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Western blot analysis
Cells were harvested and lysed in RIPA buffer (50 mM Tris-HCI, pH 8.0, 150 mM sodium
chloride, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, and 0.1%
of protease inhibitor cocktail) for 20 min at 4°C. The lysates were centrifuged at 14,000 rpm
at 4°C for 15 min to remove debris. Protein concentrations of whole cell lysates were
determined using the Protein Assay Kit. Supernatant proteins, 50 µg from each sample, were
separated by SDS-10% polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene difluoride (PVDF) membrane (Bio-rad, Hercules, CA) by standard
procedures. The membranes were hybridized with primary antibodies followed by
incubation with appropriate secondary antibodies. The antibody-bound proteins were
visualized by treatment with the chemiluminescence detection reagent (Pierce) according to
manufacturer’s instructions, followed by exposure to film (Kodak X-Omat). The same
membrane was reprobed with the anti-β actin antibody, which was used as an internal
control for protein loading.

Flow cytometry and cell cycle analysis
The cell cycle was analyzed by flow cytometry. In brief, 1 × 106 cells were untreated or
treated with cisplatin, curcumin, or a combination of both, and harvested and washed in
PBS, then fixed in 70% alcohol for 30 min at 4°C. After washing in cold PBS thrice, cells
were resus-pended in 1 ml of PBS solution with 50 µg of propidium iodide and 100 µg of
RNaseA for 30 min at 37°C. Samples were then analyzed for their DNA content by
FACSCalibur (Becton-Dickinson, Mountain View, CA).

Isolation of RNA and microarray analysis
Total RNA was extracted from untreated or curcumin-treated H2373 and H2461 MPM cells.
At the end of treatments, the untreated and treated cells were harvested and total RNA were
isolated, and purified using the RNeasy Mini kit and RNase-free DNase Set (Qiagen,
Valencia, CA) according to the manufacturer’s protocols.

Cucumin-dependent changes in gene expression in MPM cells were performed at the
Genomic Core Facility, Karmanos Cancer Institute utilizing Illumina BeadChip® Arrays
essentially according to manufacturer’s instruction (Illumina). In brief, 0.5 µg total RNA
was biotin-labeled and hybridized with BeadChips. The signal was detected with
streptovadin-Cy3 according to manufacturer’s instruction (Illumina). The imaging of the
BeadChips was conducted using a Bead Array Reader in conjunction with Bead Studio
software (Illumina). Normalization of the data was carried out using a quantile-based
approach which transforms the raw data so that the resulting normalized expression values
of each sample have the same distribution [29]. An unsupervised cluster analysis was
performed to detect similarities among samples based on gene expression profiles. The
genes retained to perform the clustering were those varying the most regardless their group
membership as described elsewhere [30]. Significance of the differentially expressed genes
among various groups was tested using a moderated t-test to allow for P-value computation
for the significance of gene changes. The P-values were then adjusted using the False
Discovery Rate method [30] to derive corrected P-values. The P-values of <0.5 were
considered significant provided that the fold change in expression was also equal to or larger
than 2.

Murine mesothelioma allograft experiments
Female BALB/c mice aged 5 weeks were purchased from Taconic Research Animal
Services and housed in accordance with protocols approved by the Institutional Laboratory
Animal Care and Use Committee of Wayne State University. On day 1, AB12 murine
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mesothelioma cells (0.5 × 106) were suspended in 0.1 ml serum-free DMEM medium and
inoculated subcutaneously (s.c.) in the right flank of each mouse (n = 5 each group). When
the tumors became palpable (on day 10 after inoculation), the mice were randomly assigned
into two groups and given various treatments by gavage. The control group received the
vehicle (DMSO) while the test group received 500 mg/kg curcumin daily by oral gavage.
Tumor sizes were measured daily using calipers and their volumes calculated using a
standard formula: width2 × length/2. Body weight was measured weekly. The mice were
sacrificed after 16 day-treatment when control tumors reached to ~ 1,000 mm3. H&E
staining confirmed the presence of tumor.

Immunohistochemical analysis
Apoptosis in tumor tissues was determined by TUNEL assay using in situ cell Death
Detection kit from Roche Applied Science (Indianapolis, IN) according to the
manufacturer’s instruction. The formalin-fixed tumor xenograft biopsies from untreated or
curcumin-treated animals were paraffin embedded and processed essentially following our
previously described procedures [31, 32]. The tumor tissue slides were stained for presence
of CARP-1, cyclin-dependent kinase inhibitor p27, HSULF1, or p-p38 by utilizing
respective antibodies, and were then photographed under different magnifications using
Zeiss microscope with a 35-mm camera attached for recording the photomicrographs. H&E
counter-staining of tumor tissues was performed following our previously described
methods [32].

Results
Curcumin inhibits MPM cell growth

A number of studies have revealed chemo-preventive and anti-cancer properties of curcumin
that are mainly due to its ability to cause cell cycle arrest and promote apoptosis in various
cancer cells of diverse histological origins [21]. In this study, we utilized a number of MPM
cells to investigate their growth inhibition by curcumin. As a first step, we determined the
effects of curcumin on the growth of human MPM (H2373, H2452, H2461, and H226) as
well as AB12 murine MPM cells. Each of the cells was separately treated with medium
containing various doses of curcumin for periods of 24, 48, and 72 h followed by
measurements of their viabilities by conducting MTT assays as detailed in “Materials and
methods” section. Curcumin inhibited growth of all the MPM cells in a dose-dependent
manner. Although, curcumin was cytotoxic to the MPM cells, the IC50 of ~ 20–25 µM were
noted for the MPM cells (Fig. 1). Curcumin treatments also inhibited growth of the murine
mesothelioma cells with an IC50 of ~ 25 µM (Fig. 2). Thus, curcumin inhibits growth of
MPM cells in a dose-dependent manner.

Curcumin enhances cisplatin-induced MPM cell growth inhibition
We have previously performed survival studies to establish a baseline cytotoxicity profile
for MPM cell lines exposed to cisplatin alone. The MPM cells were relatively resistant to
cisplatin with the IC50 values around 80 µM [33]. These IC50 values were approximately
three-to-four fold higher than those for curcumin noted in Figs. 1 and 2. Since 20 µM dose
of curcumin for 48-h treatment period caused ~ 60%, ~60%, ~50%, and ~30% inhibition of
H2373, H2452, H2461, and H226 MPM cell growth, respectively, (Fig. 1), we utilized sub-
optimal doses of this agent to examine its potential to enhance activity of cisplatin. MPM
cells were pretreated with either 10 µM curcumin for 24 h followed by treatments with 5 or
10 µM cisplatin for additional 72 h. Of note is the fact that all the MPM cells were treated
with different doses of cisplatin alone for 24-h periods. MPM cell viabilities were measured
by MTT assay as above. As shown in Fig. 3, curcumin pre-treatments enhanced the growth
inhibitory activity of cisplatin in H2373 and H2452 MPM cells when compared with their
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untreated, curcumin-or cisplatin-treated counterparts. A combination of the 10 µM doses of
curcumin and cisplatin each, however, elicited modest growth inhibition of H2461 cells.

To investigate the growth inhibitory mechanisms utilized by curcumin, we conducted cell
cycle analyses of untreated, curcumin-, cisplatin-, and curcumin-plus-cisplatin-treated
H2373 MPM cells using propidium iodide staining and flow cytometry. Consistent with our
earlier studies [34], 10 µM cisplatin treatment caused significant accumulation of cells in S
and G2 M phases (Fig. 4a). Treatments with curcumin alone, however, failed to alter
accumulation of these cells in any of the cell cycle phases when compared with the cell
cycle distribution of their untreated counterparts. Moreover, MPM cells treated with a
combination of curcumin and cisplatin had significant accumulation in the apoptotic (sub
G0) fractions while undergoing a drastic reduction in cell numbers in the G0/ G1 phase (Fig.
4a). Together, these data support targeting of cell cycle progression in MPM cells by
cisplatin alone or in combination with curcumin that involve their accumulation in S and
G2M phases. We next determined whether growth inhibition of MPM cells by these agents
involved induction of apoptotic cell death. In the first instance, we measured cellular
apoptosis-associated morphological changes (such as nuclear condensation and
fragmentation) in cells treated with curcumin, cisplatin, or a combination of both the agents.
Cellular morphology changes (i.e., spherical and detached changes) were visualized by
phase-contrast microscopy. The apoptotic cellular changes (Fig. 4b) were observed in the
H2373 cells treated with curcumin, cisplatin, or a combination of both, but not in the cells
that were treated with DMSO.

In an attempt to elucidate the mechanism of enhanced apoptosis of the MPM cells by
curcumin, we assessed the levels of PARP, caspase 3, caspase 9, Bax, and Bcl2 proteins,
which are known to be involved in diverse apoptosis-signaling pathways. H2373 cells were
either untreated or treated with 20 µM curcumin for 24, 48, and 72 h, followed by western
blot analysis of the cell lysates in conjunction with respective antibodies for the above noted
proteins. Treatment with curcumin caused significant increase in expression of pro-apoptotic
protein Bax, cleaved caspase 3, caspase 9, and PARP proteins (Fig. 5a). In addition, the
H2373 human MPM and AB12 murine MPM cells were treated with various doses of
curcumin for 72 h and levels of the apoptosis-signaling associated proteins p38 SAPK,
PARP, caspase 3, and Bcl2 were determined by western blot analysis. In the human H2373
MPM cells, a 10 µM dose of curcumin induced activation of p38, caspase 3, and cleavage of
PARP (Fig. 5b). Since curcumin also inhibited growth of the murine MPM cells, the western
blot analysis revealed activation of caspase 3, cleavage of PARP, and loss of Bcl2 in the
cells that were exposed to 50 µM dose of curcumin (Fig. 5c). Of note is the fact that 48-h
treatments with 20 µM curcumin elicited ~60 and ~20% inhibition of H2373 and AB12 cells
(Figs. 1, 2), respectively, suggest that H2373 cells are likely more sensitive to inhibition by
curcumin when compared with the murine AB12 cells. This is also consistent with the
western blot data in Fig. 5 where 10 µM dose of curcumin activated apoptosis signaling in
H2373 cells, while a higher, 50 µ dose of curcumin was found to elicit activation of
apoptosis in AB12 cells. Taken together, our in vitro data thus far suggest that curcumin
suppresses growth of the MPM cells in part by promoting apoptosis.

Curcumin targets novel apoptosis transducers
The molecular complexity of cancers and therapy-associated side effects often limit
effectiveness of many anticancer modalities, and necessitate identification of novel cancer
cell growth inhibitory targets/pathways for potential exploitation in devising efficacious
therapeutic strategies. To further investigate mechanisms of MPM cell growth regulation by
curcumin, a gene-array-based strategy was employed. H2373 and H2461 MPM cells were
either untreated or separately treated with two doses of curcumin as described in methods.
The RNAs from each group were hybridized with gene-array chips, and the data computed
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to identify genes that had a significant two-fold or higher altered expression following
curcumin treatments of both the MPM cells. Next, a subset of genes that had similar
curcumin-dependent altered expression in both the MPM cells were derived from this data
and a select subset of these genes are indicated in Table 1. Of note is the fact that curcumin
treatment caused down-regulation of several growth-promoting genes. These included
receptor type protein tyrosine phosphatase R (PTPRR), RAS oncogene family member
RAB8A, inhibitor of DNA binding (ID) 1, 2, 3, and regulator of G-protein signaling (RGS)
4. On the other hand, curcumin caused elevated expression of several growth inhibitory
genes. These group of genes included XIAP-associated factor 1 (XAF1), osteoblast specific
factor periostin, decorin, myosin light chain kinase, sulfatase (SULF) 1, damage-regulated
autophagy modulator, filamin A interacting protein 1-like protein, growth arrest-specific
(GAS) 6 protein, insulin-like growth factor binding proteins (IGFBP) 3, 7, Sparc/
osteonectin, and interleukin (IL) 6β. Our western blot analyses further demonstrate that
treatments of the 2373 MPM cells with curcumin results in elevated expression of XAF1
and SULF1 proteins (Fig. 5a).

CARP-1/CCAR1, a novel signaling transducer, was previously identified as a target of
select chemotherapy such as adriamycin in the human breast cancer and lymphoma cells
[23, 31, 32]. We further observed that treatments of MPM cells with proteasome inhibitor
velcade also caused elevated levels of CARP-1 [33]. In this study, we investigated whether
curcumin-dependent MPM cell growth inhibition involved elevated CARP-1 expression.
H2373 Cells were treated with 20 µM curcumin for various time periods, and the cell lysates
were analyzed by western blotting for CARP-1 expression. Our data in Fig. 5a show that
curcumin treatments caused increased expression of CARP-1 in MPM cells. Together, data
in Fig. 5 and Table 1 strongly suggest that curcumin-dependent inhibition of MPM cancer
cells is accomplished, in part, by stimulating novel transducers of apoptosis signaling such
as CARP-1/CCAR1 and XAF1.

Curcumin inhibits MPM cell-derived xenograft growth
The Balb/c mice in each group were injected with AB12 murine MPM cells as in methods.
After the tumors became palpable, the mice were randomly assigned to control (untreated)
or treated groups. The mice were gavage treated with curcumin as detailed in methods. The
animals were observed throughout the treatment period and did not show any visible toxicity
including symptoms of diarrhea, dehydration, weight loss, hair loss, or any other discomfort.
Mice were sacrificed on day 18, and tumor size and appearance from one flank for three
mice each under the control and treatment condition is shown in Fig. 6a. Subcutaneous
tumor volume in each flank was measured on regular intervals, and tumor progression under
each treatment condition is shown in Fig. 6b. In addition, the bar histogram in Fig. 6b shows
tumor weight from control and treated animals following calculations using the formula
indicated in methods. As is evident from Fig. 6a, b, curcumin administration caused
profound suppression of the MPM cell-derived xenograft growth in vivo. Whether curcumin
treatments suppressed murine MPM xenograft growth by stimulating apoptosis was
determined next by conducting immunohistochemical analyses of the xenografted tumor
biopsies from the control and treated animals for levels of apoptosis. Consistent with our
data in Figs. 4 and 5, immuno- staining showed elevated levels of pro-apoptotic phos-
phorylated p38 MAPK and CARP-1 proteins in the xenograft biopsies from the curcumin-
treated animals when compared with their untreated control counterparts (Fig. 6c).
Moreover, levels of cyclin-dependent kinase inhibitor p27 protein, SULF1, and the number
of apoptotic, TUNEL-positive cells were elevated in xenograft biopsies from curcumin-
treated animals (Fig. 6c). The data in Fig. 6 therefore strongly suggest that curcumin
suppresses MPM tumor growth in vivo in part by stimulating apoptosis.
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Discussion
A large number of cell biological and animal studies have suggested potential therapeutic or
preventive effects associated with curcumin in a variety of malignancies including cancer. It
is thought to have antitumor, antioxidant, antiarthritic, anti-amyloid, anti-ischemic, and
antiinflammatory properties [34–36]. With regard to the human pathologies, recent and
current clinical trials have further elaborated potential utility of curcumin for multiple
myeloma, pancreatic cancer, myelodysplastic syndromes, colon cancer, psoriasis, and
Alzheimer’s disease. The anticancer effects of curcumin however are due largely to its
ability to inhibit the NF-κB- and Akt-dependent survival pathways as well as induce
apoptosis in cancer cells with minimal cytotoxicity toward the healthy cells [21]. Moreover,
synergistic, pro-apoptotic effects of curcumin and various chemotherapies have also been
described [22]. Despite a wealth of knowledge with regard to anti-cancer and other
beneficial properties of curcumin, the molecular mechanisms of its action are yet to be fully
elucidated. In this investigation, we conducted in vitro and in vivo studies by utilizing
human and murine MPM cells to investigate anti-MPM effects of curcumin and the
molecular mechanisms involved. Consistent with observations in other models, we found
that curcumin suppressed MPM growth in vitro and in vivo and enhanced efficacy of the
first line anti-MPM therapeutic cisplatin.

Targeting of cancer cell growth and survival pathways remains an attractive anti-cancer
strategy. Our current studies indicating involvement of apoptosis in curcumin-dependent
inhibition of MPM growth highlights anti-MPM potential for this safe and non-toxic agent.
In this context, prior micro-array analyses of the curcumin-treated human breast cancer cells
have revealed a subset of apoptosis-associated genes that were altered by curcumin
treatment [22]. Because alterations in apoptosis-signaling pathways often contribute to
MPM growth and survival [38], we undertook an in vitro and gene-array-based profiling to
identify novel transducers of apoptosis signaling that may be activated/induced by curcumin.
Our studies revealed that while curcumin suppressed levels of several growth-promoting
genes, it also caused elevated expression of multiple novel cell growth inhibitory and
apoptosis transducers such as CCAR1/CARP-1, XAF1, and SULF1.

Our current data and several previous studies [21, 22] amply demonstrate that curcumin
treatments induced apoptosis in a variety of cancer cells types, including MPM. Although, a
robust cleavage of PARP, caspase 3, and induction of Bax was noted in H2373 MPM cells
that were treated with 10–20 µM curcumin, a somewhat higher dose of curcumin was
required for robust activation of apoptosis transducers in murine MPM cells (Figs. 5b, c).
Whether this difference in the IC50 of curcumin is due to additional cell-selective signaling
leading to increased sensitivity of human MPM cells or is a consequence of differences in
the cellular uptake and metabolism of curcumin by the MPM cells remains to be clarified.
These data nonetheless suggest that curcumin inhibits MPM growth by inducing growth
arrest and apoptosis, and its effects are likely transduced in part by targeting specific
mediator(s). Our gene-array-based analyses (Table 1) together with western blot data in
Figs. 5 and 6 convincingly reveal a new group of apoptosis signal-transducing genes that are
activated by curcumin in MPM cells in vitro and in vivo. Since, CCAR1/CARP-1 is an
emerging and novel target of diverse cell growth and apoptosis-signaling pathways [23, 32,
33, 38–40] and is not involved in cisplatin-dependent HBC growth inhibition [23],
identification of CCAR1/CARP-1 as a downstream effector of curcumin signaling is
anticipated to allow for design of effective strategies for optimizing curcumin potential as
suppressor of MPM and its drug (Cisplatin)-resistant phe-notype. Moreover, curcumin also
stimulated XAF1 expression (Fig. 5; Table 1). XAF1 is an inhibitor of XIAP, a transducer of
cell survival signaling. Together with our earlier studies demonstrating increased levels of
XAF1 in MPM and breast cancer cells in the presence of velcade [33], loss of XIAP
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expression in velcade-treated MPM cells further underscores an important role for XIAP-
dependent cell survival pathway by velcade and curcumin.

The gene-array data also revealed a number of interesting genes that may be involved in
regulating MPM cell growth and survival in the presence of curcumin. Of note is the down-
regulation of three members of the inhibitor of DNA binding (ID) protein family (ID1, 2, 3;
Table 1). ID proteins are a group of helix-loop-helix (HLH) proteins that lack a basic DNA-
binding domain but are able to form hetero-dimers with other HLH proteins, thereby
inhibiting DNA binding and transcription functions. ID proteins that are thought to be
necessary for G1 progression as well as transduction of p5 3-dependent DNA damage
response [41, 42]. Whether and to what extent curcumin interferes with cell cycle
progression of the MPM cells in part by diminishing levels of ID proteins remains to be
clarified. Curcumin treatments however resulted in up-regulation of several proteins that are
known to function as inhibitors of cell growth. In addition to XAF1, curcumin interestingly
stimulated expression of SULF1 (Table 1; Figs. 5, 6). Recent studies have highlighted a
potential tumor suppressor function of human SULF1 in carcinogenesis. SULF1 inhibits the
co-receptor function of cellular heparin sulfate proteoglycans (HSPGs) and thus impacts
multiple receptor tyrosine kinase (RTK)-signaling pathways regulated by the heparin-
binding growth factors such as FGF, HB-EGF, VEGF, PDGF, and HGF [25]. SULF1 is
down-regulated by epigenetic mechanisms in many cancers and its forced expression
interferes with cancer cell proliferation, migration, and invasion processes. Although,
curcumin induces apoptosis in MPM cells, increased levels of SULF1 in the presence of
curcumin likely attenuates RTK-dependent MPM growth and survival signaling. If proven
correct, SULF-1 -dependent signaling in the curcumin-treated MPM cells will not only
support a novel mechanism of action of this agent, but will underscore a broader utility for
this compound as a future anti-cancer and perhaps chemo-preventive agent for MPM and
possibly other cancers.
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Fig. 1.
Antiproliferative effect of curcumin on human MPM cells. Cells were treated with vehicle
(Control, denoted as NT) or indicated doses of curcumin for noted times. Determination of
viable/live cells was carried out by MTT assay. Columns in each of the histograms represent
means of 3–4 independent experiments; bars, S.E. *, #, &, and @ significantly different
from NT, P = <0.01, 0.015, 0.017 and 0.006, respectively
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Fig. 2.
Antiproliferative effect of curcumin on murine MPM cells. Cells were treated with vehicle
(Control, denoted as 0) or indicated doses of curcumin for noted times. Determination of
viable/live cells was carried out by MTT assay. Columns in each of the histograms represent
means of three independent experiments; bars, S.E. *, #, $, @, and & significantly different
from untreated controls noted as 0, P = 0.002, 0.0005, 0.0005, 0.008, and 0.0009,
respectively
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Fig. 3.
Curcumin enhances cisplatin efficacy. MPM cells were either untreated (denoted as NT),
treated with different concentrations of cisplatin (cis) for 24 h, or pretreated with noted
doses of curcumin for 24 h followed by addition of indicated concentrations of cisplatin for
further 24 h. Determination of viable/live cells was carried out by MTT assay as detailed in
methods. Columns in each of the histograms represent means of 3–4 independent
experiments; bars, S.E. * and @ significantly different from NT, P = <0.03 and <0.002,
respectively
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Fig. 4.
The effect of curcumin on the cell cycle distribution of MPM cell lines, a H2373 cells were
treated with 10 µM curcumin for 94 h, 10 µM cisplatin for 72 h, or pretreated with 10 µM of
curcumin for 24 h followed by 10 µM cisplatin for 72 h, followed by FACS analysis. DMSO
was used as vehicle control, b H2373 cells were treated with 10 µM of curcumin for 94 h, or
5, 10 µM cisplatin for 72 h, or pretreated with 10 uM of curcumin for 24 h followed by 5, 10
µM cisplatin for 72 h, followed by photography of cellular morphologic changes. DMSO
was used as vehicle control
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Fig. 5.
Curcumin induces apoptosis in MPM cells. H2373 cells were treated with 20 µM of
curcumin for 1–3 days in (a), or with different concentrations of curcumin for 72 h in (b). In
panel c, AB12 cells were treated with different concentrations of curcumin for 72 h. Cell
lysates were prepared from DMSO-treated vehicle control and curcumin-treated cells in
each panel, and analyzed by SDS-PAGE, followed by western immunoblotting of the
membranes with antibodies for indicated proteins as described in methods. All the
membranes were probed with anti-actin antibodies for actin protein as a loading control
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Fig. 6.
Curcumin inhibits growth of MPM xenografts. The efficacy studies were carried out as in
methods, and data were analyzed essentially as described before [33]. Animals were either
untreated or treated with curcumin as in methods. a Tumor volumes were monitored every
other day in each group and tumor weights were determined by the end of the experiment. b
Points, mean tumor volume in each experimental group containing four mice; columns,
mean tumor weights in vehicle or curcumin-treated group. Bars, SD. In panel c, the
formalin-fixed tumor xenograft biopsies from panel (a) were paraffin embedded, processed,
and subsequently subjected to immunohistochemical staining as detailed in methods.
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Representative photomicrographs (200× magnification) in the first row show hematoxylin
and eosin (H&E) staining of the tissue sections. Representative photomicrographs (200×
magnification) are also presented demonstrating apoptosis in xenografted tumors following
their staining using TUNEL assay (second row), with anti-CARP-1 (third row), anti-
phospho-p38 (fourth row), anti-p27 antibodies (fifth row), or anti sulfatasel antibodies (sixth
row)
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