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Monascus-fermented red mold rice has been extensively used as a folk medicine for thousands of
years. Monascus secondary metabolites, including monacolin K, monascorubrin, and ankaflavin, have
been reported to have an antiproliferative effect on cancer cells. However, the cell machinery
responsible for the antiproliferation of Monascus-fermented red mold rice treatment in cancer cells
remains unclear. A proteomic approach using two-dimensional gel electrophoresis, matrix-assisted
laser desorption ionization time-of-flight/time-of-flight mass spectrometry, and tandem mass spec-
trometry was used to identify proteins with modified expression in Caco-2 cells treated with Monascus-
fermented red mold rice extract. A total of 20 proteins were identified with significantly altered
expression (P < 0.05) in response to Monascus-fermented red mold rice extract treatment. The
deregulated proteins that were identified included heat shock protein 70, protein kinase C ε type,
clusterin-associated protein 1, and two tumor suppressors (N-chimaerin and calponin-2). Our results
suggested the involvement of heat shock protein 70-mediated cytotoxicity in the Caco-2 cells treated
with Monascus-fermented red mold rice extract.
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INTRODUCTION

Monascus-fermented red mold rice has been extensively used
as a fermented food and folk medicine for thousands of years
in China. Monascus produces many types of polyketide second-
ary metabolites, which have an enormous commercial value and
many functional properties, including a group of yellow
pigments, ankaflavin and monascin, orange pigments, monas-
corubrin and rubropunctatin, red pigments, monascorubramine
and rubropunctamine (1), monacolin K, and the antibacterial
compound citrinin (2, 3). There are many scientific reports on
the medical or functional food effects of Monascus-fermented
red mold rice (4). Clinical observations now clearly show that
Monascus-fermented red mold rice has the ability to lower blood
lipid levels in animal models and in humans (5). Monacolin K
(MK, an analogue of lovastatin and mevinolin) is a competitive
inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase that reduces the rate of cholesterol synthesis
by blocking the conversion of HMG-CoA to mevalonate (2).
Additionally, it inhibits the synthesis of other products down-
stream from mevalonate. Pools of mevalonate-derived products,
such as farnesyl diphosphate, geranylgeranyl diphosphate, and
dolichyl phosphate, are essential for the post-translational
modification and biological activity of diverse proteins that have

roles in cell growth (6). Prenylation of small GTP-binding
proteins, such as the Ras superfamily proteins, with farnesyl or
geranylgeranyl groups is required for their translocation to the
plasma membrane and function (7). Translocation of small GTP-
binding proteins is related to cell survival, proliferation, and
differentiation (8).

On the other hand, some lovastatin-mediated effects involving
the complete independence of HMG-CoA reductase have been
reported (9). In addition, orange pigment monascorubrin has
been reported to affect suppression of tumor promotion induced
by 12-O-tetradecanoylphorbol 13-acetate and followed by
initiation with 7,12-dimethylbenz[a]anthracene in mice (10).
Interestingly, yellow pigment from Monascus-fermented red
mold rice, ankaflavin, was recently reported to have a cytotoxic
effect on the human cancer cell line Hep G2 (11). However,
the use of natural food dietary agents has been increasingly
appreciated in recent years as an effective way to manage many
cancer types in an approach known as cancer chemoprevention.
The fact that Monascus-fermented red mold rice, which is
reported to contain many active components that block tumor
cell proliferation, including MK (12), monascorubrin (10), and
ankaflavin (11), may be used as a natural anticancer agent makes
it more suited to development as a functional health food.
However, the overall view of the cell machinery in tumor cells
in response to Monascus-fermented red mold rice treatment has
not yet been reported. Proteomics allows the profiling of the
expression patterns of the proteins of an entire cell involved in
metabolic pathways and also helps to directly discern the biology
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of cells at the protein species level and the protein composition
changes under different conditions.

The objective of this work was to use proteomic analysis to
identify the proteins of Caco-2 colorectal adenocarcinoma cells
treated with Monascus-fermented red mold rice extract (MRE)
and examine the altered protein profiles associated with the
MRE-induced antiproliferation. Our resulting data revealed a
number of tumor-related proteins that showed changes in
expression under the MRE treatment and indicated the involve-
ment of heat shock protein 70-mediated cytotoxicity in the
MRE-treated Caco-2 cells.

MATERIALS AND METHODS

Cell Culture. The human colorectal adenocarcinoma cells, the
Caco-2 cell line (BCRC 60182), were obtained from the Bioresource
Collection and Research Center (BCRC) in Taiwan and were cultured
in minimal essential medium (MEM) (Gibco BRL, Grand Island, NY)
supplemented with 10% fetal bovine serum (Biochrom AG, Berlin,
Germany), 44 mM sodium bicarbonate (Sigma), 100 units/mL penicillin,
and 100 µg/mL streptomycin (Gibco BRL) at 37 °C under 5% CO2

and 95% air. For treatment with MK and MRE, cells were cultured in
MEM until nearly confluent. Medium was removed and replaced with
a medium containing either the solvent dimethyl sulfoxide (DMSO)
or various concentrations of MK and MRE (solubilized in DMSO).
Cells were then harvested at the times stated in the figure legends.

Reagents and Materials. The two-dimensional electrophoresis
reagents, including acrylamide solution (25%), urea, thiourea, 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), dithio-
threitol (DTT), Immobilline Dry Strips, immobilized pH gradient (IPG)
buffer, IPG cover mineral oil, Tris base, sodium dodecyl sulfate (SDS),
iodoacetamide (IAA), trifluoroacetic acid (TFA), and the protein assay
kit were purchased from Bio-Rad (Hercules, CA). Monacolin K (MK),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
DMSO, and R-cyano-4-hydroxycinnamic acid (CHCA) were purchased
from Sigma (St. Louis, MO). Sypro Ruby stain was purchased from
Amersham Biosciences (Piscataway, NJ). Trypsin (modified) was
obtained from Promega (Madison, WI). Other reagents used in this
work were of analytical grade and purchased from local suppliers.

Preparation of MRE and Determination of MK, Ankaflavin, and
Monascorubrin Concentrations. Powdered Monascus-fermented red
mold rice was obtained from WeiChuan Bio-Tech Co. (Taipei, Taiwan).
The 20 g sample was soaked in 100 mL of methanol at 30 °C for 3
days. The sample was filtered with filter paper (Advantec No. 1) while
the residue was further extracted twice more under the same conditions.
The filtrates collected from three separate extractions were combined
and then centrifuged at 3000g for 10 min, followed by filtration through
a 0.25 µm pore size filter, and evaporated to dryness under a vacuum
to give a yield of 600 mg of MRE. The assay of MK concentration in
the MRE was performed using the previously described HPLC method
(13) and carried out on a HPLC PU2089 plus system (Jasco Co., Tokyo,
Japan) [Discovery (Bellefonte, PA) C18 column, 25 cm × 4.6 mm
(inside diameter), 5 µm; mobile phase, water/acetonitrile (45:55, v/v)
and 0.5% (v/v) TFA; flow rate, 1.0 mL/min; detector, UV 238 nm].
The measurements of concentrations of the pigment ankaflavin and
monascorubrin in the MRE were carried out using the HPLC method
as previously described (14).

MTT Reduction and DNA Fragmentation Assay. The antiprolif-
erative effects of MK and MRE against Caco-2 cells were measured
using a MTT reduction assay (12). Briefly, Caco-2 cells (1 × 105 cells/
mL) were seeded in triplicate in 96-well microtiter plates. Cells were
treated with various levels of MK (1–100 µM) and MRE (containing
1–100 µM MK) for 24 h. Thereafter, 50 µL of a MTT solution [1
mg/mL in phosphate-buffered saline (PBS)] was added to each well
followed by incubation for 4 h at 37 °C. The MTT solution in the
medium was removed via aspiration. After solubilization of the purple-
blue MTT formazan crystal formed in viable cells by incubation of
the cells overnight, 200 µL of DMSO was added to each well. The
absorbance of the solution was measured at 595 nm, using a microplate
reader and a microtiter plate ELISA reader (MRX-reader, DYNEX

Technologies, Chantilly, VA) with DMSO as the blank. The DNA
ladder was detected by agarose gel electrophoresis. Caco-2 cells (1 ×
105 cells/mL) were treated with MK (25 and 75 µM) and MRE
(containing 75 µM MK) for 24 h. Cells were washed with PBS and
resuspended in lysis buffer [1 mM EDTA, 10 mM Tris (pH 8.0), 1%
SDS, and 1 mg/mL proteinase K]. After incubation for 1 h at 37 °C,
RNase A (Sigma) was added and incubation continued for 1 h. Crude
DNA preparations were extracted twice with a phenol/chloroform/
isoamyl alcohol (25:24:1) mixture. Cell lysate samples were subse-
quently run at 100 V for 1 h on a 1.5% agarose gel containing 1 µg/
mL ethidium bromide (Sigma). The gel was examined on an ultraviolet
light source and photographed. DNA fragmentation analysis was
performed in triplicate with essentially the same results.

Protein Extraction, Subcellular Fractionation, and 2-DE Analy-
sis. The cells derived from the untreated control and MRE (containing
50 µM MK) treatment for 24 h were trypsinized and washed with PBS
buffer. Subcellular fractionation was performed using the Compartment
Protein Extraction Kit (BioChain Institute, Hayward, CA). The cells
were homogenized at moderate speed twice. Following the fractionation
protocol, 2 mL of ice cold Biochain cytoplasmic fraction-enriched buffer
was added to 1 g of homogenate suspension, and the suspension was
homogenized twice. After centrifugation at 4 °C and 11000g for 20
min, the cytoplasmic fraction-enriched proteins were collected in the
supernatant. The pellet was washed with ice cold Biochain wash buffer
twice. The previous steps were repeated with ice cold Biochain
membrane fraction-enriched buffer to collect the membrane fraction-
enriched proteins in the supernatant. Protein content was determined
by the Bradford method (protein assay kit, from Bio-Rad). 2-DE (13
cm, pH 4–7, nonlinear) was assessed with Amersham Biosystems
IPGphor IEF and Ettan Dalt six electrophoresis units by following the
protocol described previously (15). The dried IPG strips were actively
rehydrated with the loading of protein samples (300 µg/350 µL) at 10
V for 10 h at 20 °C in the ceramic strip holder. IEF was carried out
with the following conditions: step 1 (rehydration), 10 V for 12 h; step
2, 100 V for 1 h; step 3, 250 V for 1 h; step 4, 500 V for 1 h; step 5,
1000 V for 1 h; step 6, 4000 V for 1 h; step 7, 8000 V for 45 kVh;
total 50975 V/h. The focused IPG strips were equilibrated with
equilibration buffer [50 mM Tris (pH 8.8), 6 M urea, 30% (v/v) glycerol,
2% (w/v) SDS, and 2% (w/v) DTT] three times for 10 min each and
then resolved on vertical SDS–PAGE gels. 2-DE was run in pairs side
by side and performed in triplicate for each pair of samples to ensure
reproducibility.

Tryptic In-Gel Digestion of 2-DE Spots. Sypro Ruby stain was
used for visualization of the 2-DE gel. The fluorescently stained 2-DE
gel was digitally scanned as a 2-DE image on the Typhoon 9200
fluorescence image scanner (Amersham Biosciences). Spot detection,
quantification, and matching were managed using PDQuest (Bio-Rad).
2-DE gel data were normalized by dividing each spot quantity by the
total quantity of all of the valid spots in the 2-DE gel image to obtain
a normalized spot quantity value. For each matched spot, the mean of
the three quantity values from triplicate 2-DE gels was calculated. The
differences in protein expression between the control and treated group
were considered statistically significant at P < 0.05 in Student’s t test.
The gel spots were excised from the gels using biopsy punches. Proteins
selected for analysis were in-gel reduced, alkylated, and digested with
trypsin. Briefly, spots were washed twice with water, shrunk for 15
min with 50% (v/v) ACN, and dried in a vacuum centrifuge for 30
min. After reduction with 10 mM DTT in 25 mM ammonium
bicarbonate for 30 min at 55 °C, the samples were alkylated with 55
mM IAA in 25 mM ammonium bicarbonate for 20 min in the dark.
Finally, samples were digested with 12.5 ng/mL sequencing grade
trypsin in 25 mM ammonium bicarbonate (pH 8.5) for at least 6 h at
37 °C.

MALDI-TOF/TOF MS Identification of Peptide Mixtures and
Database Search. Tryptic peptide analyses were performed using an
Applied Biosystems 4700 Proteomics Analyzer mass spectrometer
(Applied Biosystems, Framingham, MA) equipped with a 355 nm
nitrogen laser and operated in reflectron positive ion mode as previously
reported (15). Briefly, the digested tryptic peptide samples were
premixed with a 5 mg/mL CHCA matrix solution and dissolved in 50%
ACN with 0.1% formic acid. MALDI-TOF/TOF MS detection and MS/
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MS sequencing of isopeptides were conducted in reflector mode. The
indicated collision cell pressure was increased from 4 × 10-8 mbar
(no collision gas) to 6.6 × 10-7 mbar. At a resolution above 10000 in
MS mode, accurate mass measurement (<50 ppm) of the monoisotopic
isopeptide signals was possible. The MS and MS/MS spectrum data
of tryptic peptides obtained from MALDI-TOF/TOF were used to search
for protein candidates in SwissProt and/or NCBI databases using
MASCOT. We determined that a protein was correctly identified if
the search results satisfied the following criteria: (i) protein is from
the correct species (Homo sapiens source), (ii) peptide mass tolerance
of 50 ppm, (iii) MS/MS ion mass tolerance of 0.25 Da, (iv)
modifications were considered (Cys as S-carbamidomethyl derivative
and Met in oxidized form), and (v) allowing for one missed cleavage
site.

RESULTS

The MTT Reduction and DNA Fragmentation Analysis
on Caco-2 Cells after MK and MRE Exposure. Comparisons
of the cytotoxic effects of MK and MRE on Caco-2 cells were
performed using a MTT reduction assay. Following in vitro
treatment of the cells with increasing concentrations of MK
(1–100 µM) and MRE (containing 1–100 µM MK) for 24 h,
the results showed that cell proliferation was inhibited in a dose-
dependent manner after MK and MRE exposure and, for each
MK treatment level, the antiproliferative effects between both
groups revealed significant differences with a MK level of 10
µM (P < 0.05) (Figure 1). In a comparison of IC50 values
(concentration causing 50% inhibition of cell growth), the MRE-
treated group showed a stronger antiproliferative activity with
an IC50 of 38 µM MK than the MK-treated group (IC50 ) 53
µM MK) (the IC50 values were based on the linear regression
calculation of Figure 1). Moreover, the MK-treated and MRE-
treated groups both induced the apoptotic characteristic of DNA
fragmentation in Caco-2 cells (Figure 2). However, the MK-
and MRE-induced ladder patterns of DNA fragments in Figure
2 were not produced in a completely dose-dependent manner,
probably due to necrotic cell death. In addition, after exposure
to MK (50 µM) and MRE (containing 50 µM MK) for 24 h,
observed through an inverted light microscope (IX 70, Olympus,
Tokyo, Japan), the morphological changes of the cells revealed

both cell shrinkage and cytoplasmic vaculation features (data
not shown), which were similar to the MK-induced Caco-2 cell
features in the previous study (12).

Protein Prefractionation, Separation, and Identification.
To evaluate the proteome changes induced by MRE treatment
in Caco-2 cells, comparison of 2-DE separation and identifica-
tion of proteins extracted from the untreated control cells and
the cells with MRE treatment (the concentrations of MK,
ankaflavin, and monascorubrin in the MRE treatment were 50
µM, 32.3 µg/mL, and 65.7 µg/mL, respectively) for 24 h was
performed. To increase the number of proteins identified in a
proteome, protein prefractionation techniques, prior to 2-DE
analysis, are being used progressively more frequently (16).
Prefractionation of cellular proteins into subcellular cytoplasmic
and membrane proteins in a proteome analysis was previously
reported (16). This method is known to enhance protein
resolution, which in turn improves 2-DE results in terms of
image quality and the number of protein observed. In this work,
prefractionation of cellular protein extracts into an enriched-
membrane protein preparation and an enriched-cytoplasmic
protein preparation was carried out prior to 2-DE separation.
2-DE protein separation was performed in nonlinear 13 cm 2-DE
gels with a pI range of 4–7 and an Mr range of 14–97 kDa. In
this work, to ensure that identical proteins in different gels were
recognized as being identical in the image registration, the
reference gel consisted of a representative set of spots generated
from three repeated registered gel images of the control or the
MRE-treated cells and was used to compare each sample. 2-DE
gel maps of Caco-2 cells from the enriched-cytoplasmic and
enriched-membrane protein preparations are illustrated in Figure
3. After the spot densities of the protein spots were compared
in the control and MRE-treated samples, 56 protein spots with
statistically significant differences (P < 0.05) were cut and
analyzed by MALDI-TOF/TOF MS. Identified proteins are

Figure 1. Effects of monacolin K (MK) and Monascus-fermented red mold
rice extract (MRE) treatments on the proliferation of Caco-2 cells. Cells
were treated with MK and MRE at the indicated concentrations of MK for
24 h (in the MRE treatment, the expressed doses of MRE usage are the
MK concentrations in the MRE). Cell proliferation inhibition was assessed
by MTT assay as described in Materials and Methods. The data shown
are the means (percentage of control) ( the standard error of the mean
from three independent experiments. An asterisk indicates the values in
the MRE-treated group at each MK concentration that were significantly
different from those of the MK-treated group (Student’s t test; P < 0.05).

Figure 2. DNA fragmentation induced in Caco-2 cells after exposure to
MK and MRE treatments for 24 h: lane M, 100 bp DNA ladder size maker;
lane C, control untreated cells; lane 1, 25 µM MK; lane 2, 75 µM MK;
and lane 3, MRE (containing 75 µM MK). DNA fragmentation was analyzed
by 1.5% agarose gel electrophoresis and staining with ethidium bromide.
The experiment was repeated three times with similar results.
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highlighted and numbered on the protein reference map shown
in Figure 3. In the 2-DE protein gels from the enriched-
membrane preparation, 14 proteins, for which a positive
identification could be made using peptide mass fingerprints,
matched known proteins. Unexpectedly, of the 14 proteins, only
three were known to be located in the membrane (17) (Table
1), while 11 were cytosolic and nuclear contaminants. Here,
we suggest that some other modifications are necessary to further
minimize the amount of cytosolic and nuclear contaminants,
such as an extra wash of the enriched-membrane pellet. In this
work, the categories of proteins identified included a highly
conserved heat shock protein, a caspase protein precursor, tumor
suppressors, cancer biomarkers, a transcriptional regulator, and
a GTP-binding protein.

Proteome Response to the MRE Treatment. To examine
the deregulated expression of these identified proteins in
response to the MRE treatment of Caco-2 cells, a comparison
of the identified protein contents between the control and MRE-
treated samples was performed using PDQuest program-aided
analysis. In this work, from the 56 protein spots cut for MALDI-
TOF/TOF analysis, a total of 20 proteins were identified. Of
the 20 protein spots identified, 13 were downregulated in the
MRE-treated samples (Table 1). These included the chaperone
protein heat shock protein 70 (HSP70), five tumor biomarkers
[S100 calcium-binding protein A9 (S100A9), clusterin-associ-
ated protein 1 (CLU), protein kinase C ε type (PKC-ε),
matrilysin (MMP-7), and type I cytoskeletal 10 (CK-10)],

upstream binding factor 1 (UBF-1), ATP synthase subunit �
(ATPase �), and interferon regulatory factor 8 (IRF-8). However,
several downregulated proteins, such as phosphoglyceromutase
and IRF-8, exhibited an only 1.6-fold change in their level of
expression. In comparison, seven identified proteins, including
caspase-3 precursor (Casp-3 precursor), two tumor suppressors
[N-chimaerin (NC) and calponin-2 (CNN)], ATP-dependent
RNA helicase DDX4 (DEAD box protein 4, RH), 6-phospho-
fructo-2-kinase (PFK), tripartite motif-containing protein 73
(TRIM), and glial fibrillary acidic protein (GFAP), revealed
upregulation in the MRE-treated samples.

DISCUSSION

In the literature, at least three active components, including
MK (lovastatin), monascorubrin, and ankaflavin, of Monascus-
fermented red mold rice have been reported to have an
antiproliferative effect against tumor cells (10, 11). However,
the biological response of tumor cells to Monascus-fermented
red mold rice treatment has not yet been characterized. Mona-
colin K is currently available for use as an effective anticancer
therapeutic and functions by blocking the mevalonate biosyn-
thesis pathway, inducing suppression of cancer growth. How-
ever, our current observation revealed that the IC50 value of
the MRE-treated group was lower than the corresponding value
of the MK-treated group (Figure 1). This indicated that some
other antiproliferative action independent of MK may occur in

Figure 3. Comparative 2-DE gel analyses of enriched-cytoplasmic (A) and enriched-membrane (B) proteins of Caco-2 cells derived from the untreated
control and a Monascus-fermented red mold rice extract (MRE, containing 50 µM MK, 32.3 µg/mL ankaflavin, and 65.7 µg/mL monascorubrin) treatment
for 24 h. The protein extracts (300 µg/350 µL) were displayed across a 13 cm IPG strip (pH 4–7) in the first dimension and a 10% vertical SDS–PAGE
gel in the second dimension, which was stained with Sypro Ruby. Isoelectric points (pI) and molecular masses (Mr) are marked on the horizontal and
vertical axes, respectively. Protein spots marked on the maps with arrows and numbers represent the 20 identified proteins analyzed with PDQuest.
Details of the proteins are given in Table 1.
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the Caco-2 cells during the MRE treatment. In the development
of Monascus-fermented red mold rice into a functional anti-
cancer health food, comprehensive and in-depth research of the
mechanism of the cytotoxic effects on tumor cells should be
performed. Because the mucosal absorption and transepithelial
kinetics of nutrients and lipophilic compounds were evaluated
using Caco-2 epithelial colorectal adenocarcinoma cell line to
assess the bioavailability and absorption efficiency in rats (18),
we used the well-established in vitro Caco-2 cell line as the
model system for MRE treatment to discern the cytotoxic effect
of the Monascus extract at the proteome level.

In this work, two tumor markers, CLU and MMP-7, coupled
together with HSP70 were seen to be co-downregulated in the
MRE-treated cells (Table 1). The HSPs are highly conserved
and ubiquitous molecules that constitute an essential defense
mechanism for various environmental damages (19). HSP70 is
known to be a potent antiapoptotic HSP, and it may participate
in carcinogenesis and modulate tumor cell proliferation and
survival through the regulation of apoptotic pathways (20).
Moreover, CLU, acting as a molecular chaperone, is known to

play a role in the aggressiveness of a tumor and is a prominent
candidate biomarker for cancers (21). CLU can inhibit cellular
apoptosis by interfering with Bax activation in mitochondria
(22). Interestingly, hand in hand, HSP70 has also been reported
to block apoptosis by hindering translocation of Bax and its
insertion into the mitochondrial membrane, thereby preventing
mitochondrial membrane permeabilization and the release of
cytochrome c (23). After MRE treatment, the treated cells
showed DNA fragmentation characteristic of apoptosis (Figure
2), and the downregulated expression of CLU and HSP70
appeared to act with correlation and synergism to affect the
treated cells. Additionally, MMP-7, a proteolytic enzyme, is
exclusively produced by cancer cells and has critical implications
for tumor growth and progression (24). A recent study has
reported that the level of MMP-7 expression correlates signifi-
cantly with the level of HSP70 expression in squamous cell
carcinomas (25). Considering the fact that HSP70 is an inhibitor
of apoptosis, the downregulation of CLU and MMP-7 and their
positive correlation with HSP70 decreased their level of
expression during MRE treatment in the cells which may reflect

Table 1. List of Identified Protein Spots of 2-DE Gel Analyses of Enriched-Cytoplasmic and Enriched-Membrane Proteins of Caco-2 Cells with Differential
Expression between the Untreated and MRE-Treated Cells

spot name protein identified (Mr/pI)a
sequence

coverage (%)
accession

no.b
MOWSE

score
foldc

change
type ofd

analysis database
peptide

sequence

S1 caspase-3 precursor (Casp-3 precursor)
(31 kDa/6.1)

53 P42574 52 1.8 PMF SwissProt R.SSFVCVLLSHGEEGIIFGTNGPVDLKK.I

S2 ATP-dependent RNA helicase DDX4
(RH) (79 kDa/5.6)

20 Q9NQI0 29 1.7 PMF SwissProt R.YSGENGDNFNRTPASSSEMDDGPSR.R

S3 upstream binding factor 1
(UBF-1) (89 kDa/5.6)

21 P17480 47 -1.7 PMF SwissProt R.WSQEDMLTLLECMKNNLPSNDSSK.F

S4 6-phosphofructo-2-kinase
(54 kDa/6.2)

27 F264 46 1.8 PMF SwissProt K.LTPVAYGCKVESIFLNVAAVNTHR.D

S5 N-chimaerin (NC)
(53 kDa/6.5)

37 P15882 50 2.3 PMF SwissProt R.GPHWCEYCANFMWGLIAQGVK.C

S6 calponin-2 (CNN)
(32 kDa/8.5)

39 Q08094 46 2.7 PMF SwissProt R.QIYDPKYCPQGPAADGAPAAAGDCPGPGES

M1 heat shock protein 70 (HSP70)
(68 kDa/4.9)

24 Q6G554 55 -2.3 PMF SwissProt M.AKVIGIDLGTTNSCVAVMDGK.N

M2 S100 calcium-binding protein A9
(S100A9) (13 kDa/5.7)e

60 P06702 49 -1.8 PMF SwissProt K.NEKVIEHIMEDLDTNADK.Q

M3 RING finger protein 61
(53 kDa/5.1)e

21 Q9UHC7 51 -2.1 PMF SwissProt K.EGDNCRYSHDLSDSPYSVVCK.Y

M4 ATP synthase subunit
� (57 kDa/5.3)e

30 P06576 48 -2.6 PMF SwissProt K.SLQDIIAILGMDELSEEDKLTVSR.A

M5 phosphoglyceromutase
(24 kDa/6.1)

47 Q8PST3 40 -1.6 PMF SwissProt K.ALENIEIDIAFASDLVR.T

M6 clusterin-associated protein 1
(CLU) (48 kDa/4.7)

28 Q8R3P7 47 -2.2 PMF SwissProt R.NLAYLEQQLEDHHRMEQER.F

M7 tripartite motif-containing
protein 73 (28 kDa/5.9)

30 Q86UV7 47 1.6 PMF SwissProt R.LQCPICLEVFKESLMLQCGHSYCK.G

M8 ornithine carbamoyltransferase
(34 kDa/5.6)

27 Q9ZB62 48 -5.1 PMF SwissProt R.TFAHQKVEELAEYASFR.S

M9 protein kinase C ε type
(PKC-ε) (84 kDa/6.7)

29 Q02156 69 -2.2 PMF SwissProt R.GEEHRAASSPDGQLMSPGENGEVR.Q

M10 type I cytoskeletal 10
(CK-10) (59 kDa/5.1)

24 P13645 52 -3.4 PMF SwissProt R.NVSTGDVNVEMNAAPGVDLTQLLNNMR.S

M11 matrilysin (MMP-7)
(30 kDa/6.8)

28 Q10738 42 -2.4 PMF SwissProt K.ALRMWSMQIPLNFK.R

M12 γ-tubulin complex component
2 (102 kDa/6.4)

21 Q9BSJ2 52 -1.6 PMF SwissProt K.SSFEYGQVNHALAAAMRTLVK.E

M13 glial fibrillary acidic
protein (50 kDa/5.4)

31 P03995 50 1.8 MS/MS SwissProt R.ITIPVQTFSNLQIRETSLDTK.S

M14 interferon regulatory factor
8 (48 kDa/6.4)

26 Q02556 45 -1.6 PMF SwissProt K.CKLGVATAGCVNEVTEMECGR.S

a Theoretical molecular mass (Mr) of the matched protein and theoretical pI of the matched protein in the database (the theoretical Mr and pI values are based on the
SwissProt database). b SwissProt accession number. c The fold change of the significantly altered expression in each protein spot is determined by comparing each spot
mean value (from triplicate experiments) with the corresponding mean value of the control and testing the expression change using Student’s t test. P values of <0.05 were
considered to be statistically significant. d Proteins identified by using MALDI-TOF/TOF MS through PMF or MS/MS. e Located in the membrane.
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the fact that the induction of the cytotoxic effect in the MRE-
treated cells is a multistep process.

Even more interesting is the fact that, in the MRE-treated
group, Casp-3 precursor, two tumor suppressors (NC and CNN),
and RH were cooperatively upregulated in opposition to HSP70
downregulation. On the other hand, two cytokeratin-related
proteins (CK-10 and S100A9) revealed downregulated expres-
sion in the MRE-treated cells. In the literature, activation of
caspases is a biochemical hallmark of apoptosis (26). Casp-3
is a major effector caspase that plays a critical role in the
apoptotic cascade (27). In the apoptotic mitochondrial pathway,
DNA damage and other cellular stresses induce changes in
mitochondrial membrane permeability and the release of cyto-
chrome c into the cytosol (27). This, in turn, activates Casp-9
during the formation of the apoptosome, which is composed of
cytochrome c, Casp-9, and Apaf-1 (apoptotic protease activating
factor-1) (26, 27). Activated apical caspases from either pathway
are able to activate the effector Casp-3. However, HSP70 has
been shown to bind directly to Apaf-1, thereby preventing the
recruitment of procaspase-9 to the apoptosome and inhibiting
apoptosis downstream of the release of cytochrome c and the
activation of Casp-3 (23, 28). Interestingly, RH is known to
interact with the general translation initiation factor eIF2 and
plays a unique role in cellular growth regulation (29). The
proapoptotic function of eIF2 phosphorylation is directly coupled
to mitochondrial apoptosis regulation via translational repression
of antiapoptotic Bcl-2 family protein MCL-1 (30). A growing
body of evidence suggests that loss of eIF2 phosphorylation
reduces the level of activation of Casp-3 and -9 and delays
apoptosis (30). RH overexpression may enforce mitochondrial
apoptosis initiation in the MRE-treated cells via regulation of
eIF2 phosphorylation. On the other hand, our observation
revealed that HSP70 was downregulated during the MRE
treatment, and this would lead to Bax activation, which, in turn,
would undergo translocation to the mitochondria in response
to cell death stimuli. Therefore, in this work, MRE-induced
cytotoxicity in the Caco-2 cells was thought to be involved in
HSP70-mediated modulation at the pre- and post-mitochondrial
levels.

In addition, the MRE-induced upregulated expression of two
tumor suppressors (NC and CNN) is implicated in cytoskeletal
regulation (31). NC is known to exhibit its tumor suppressor
functions in the in vivo suppression of cytoskeleton reorganiza-
tion and transformation in hepatocellular carcinoma (32).

Likewise, CNN is an actin filament-associated regulatory
protein, involved in modifying cytoskeleton function and in
cytokinesis (33). Interestingly, in contrast, two cytokeratin-
related oncologic diagnostic markers (CK-10 and S100A9)
simultaneously revealed downregulation in the MRE-treated
cells. S100A9 is known to be involved in the Ca2+-dependent
regulation of the assembly or disassembly of cytokeratin in
epithelial cells (34, 35), which is correlated with the organization
of cytoskeletal filaments. A growing body of evidence indicates
that cytokeratin expression reflects tumor cell activity (36). In
the literature, cytokeratins, such as CK-8, -10, and -18, have
been reported to be downregulated and degraded during
apoptosis of human cholangiocarcinoma cells (37, 38) and
cleaved by caspases, resulting in the reorganization of inter-
mediate filaments during epithelial cell apoptosis (39, 40). In
the MRE-induced cytotoxicity in the Caco-2 cells, the resulting
HSP70-mediated activation of Casp-3 suggests the existence
of an amplification loop for a cascade of cytokeratin degradation.
Apparently, in this work, the upregulation of NC, CNN, and
Casp-3 precursor, together with the downregulation of CK-10
and S100A9, may reflect the ability of the MRE-treated cells
to program morphological changes with the cytotoxic effect,
resulting in cell shrinkage and nuclear fragmentation in the cells.

Another interesting finding in this work was the co-down-
regulation of PKC-ε and UBF-1 together with HSP70 down-
regulation in the MRE-treated cells. PKC-ε, identified as an
oncogene, is known as an active regulator of the ERK cascade
pathway and the Rb hyperphosphorylation signaling pathway
in LNCaP cells (41). Hyperphosphorylation of pRb that results
in the release of E2Fs from the E2F–pRb complex is essential
for the rapid growth of tumor cells (42). However, several
studies indicated that HSP70 hydrolysis of ATP was indeed
found to be necessary for the release of E2Fs from pRb and to
ensure E2F-dependent transcriptional activation (43, 44). Rb
protein is known to play a pivotal role in the negative control
of the cell cycle and in tumor progression (45). Furthermore,
UBF-1, as a target for screening anticancer drugs, is known to
be one of the proteins that regulate the activity of RNA
polymerase I, which, in turn, regulates rRNA (rRNA) transcrip-
tion (46). Accumulating evidence indicates that Rb expression
is implicated in the regulation of UBF-1-stimulated transcrip-
tional activation (46, 47). UBF-1 upregulated in hepatocellular
carcinoma is related to the survival of cancer cells (48). UBF-1
is an auxiliary factor which stimulates transcription by acting

Figure 4. Enlarged view of the detailed alteration patterns of the 10 representative protein spots from 2-DE gel maps in Figure 3 (differentially expressed
between the untreated and MRE-treated Caco-2 cells).
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as both a transactivator and an antirepressor (46). The observed
UBF-1 downregulation may reflect a reduction in the level of
UBF-1-dependent transcription of rRNA gene expression in the
MRE-treated cells. Here, in the MRE-treated Caco-2 cells, we
suggest a HSP70-mediated cytotoxic effect that occurs via
inhibition of Rb expression in the regulation of antiproliferative
action in cells.

In this work, we used two-dimensional gel-based proteomics
to compare the protein profiles and identify differently expressed
proteins between the MRE-treated Caco-2 cells and the control.
A number of tumor-associated proteins, including two tumor
markers (CLU and MMP-7), two tumor suppressors (NC and
CNN), and an oncogene (PKC-ε), were detected with altered
expression, corresponding to a complicated multistep process
implicated in the MRE treatment of Caco-2 cells. Moreover,
the observed upregulation of two tumor suppressors (NC and
CNN) and the downregulation of three Rb-related proteins
(HSP70, PKC-ε, and UBF-1) with Casp-3 precursor overex-
pression may reflect the involvement of Rb- and HSP70-
mediated cytotoxicity in the MRE-treated Caco-2 cells. As stated
above, to date at least three antiproliferative active components
(MK, ankaflavin, and monascorubrin) in Monascus-fermented
red mold rice have been described. MK targets HMG-CoA
reductase, but the mechanisms of the antiproliferative effects
of monascorubrin and ankaflavin in tumor cells remain unclear.
However, several statin-induced antiproliferation mechanisms
in tumor cells, including cell cycle G1 arrest and caspase-
dependent and -independent apoptosis pathways, have been
reported (49). In our previous work, the MK-induced antipro-
liferative effect in Caco-2 cells was involved in alterations of
the expressions of redox-related proteins, CKs, and energy
metabolism-related proteins (12). Accordingly, compared to the
MRE-induced antiproliferative action involving the altered
expression proteins, including tumor-associated proteins, and
HSP70- and Rb-related proteins, we suggested that, excluding
MK, the other active components may also play a significant
functional role in the antiproliferative effect in Caco-2 cells. In
addition, compared to that of the MK-treated group, the decrease
in the IC50 value of the MRE-treated group may signify a
synergistic interaction of the active components in Monascus-
fermented red mold rice with respect to the cytotoxic effect
against Caco-2 cells. Overall, the resulting data identifying a
number of differentially expressed tumor-associated proteins
may provide clues about the understanding of the underlying
mechanism of cytotoxicity induced by Monascus-fermented red
mold rice. However, further studies are needed to investigate
the therapeutic use of Monascus-fermented red mold rice as a
natural anticancer agent in animals.

ABBREVIATIONS USED

ACN, acetonitrile; Casp-3 precursor, caspase-3 precursor;
CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate; CHCA, R-cyano-4-hydroxycinnamic acid; CK-10,
type I cytoskeletal 10; CLU, clusterin-associated protein 1;
CNN, calponin-2; DTT, dithiothreitol; IAA, iodoacetamide;
HEPES-KOH, N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic
acid), potassium salt; HSP70, heat shock protein 70; MK,
monacolin K; MMP-7 precursor, matrilysin precursor; MRE,
Monascus-fermented red mold rice extract; NC, N-chimaerin;
S100A9, S100 calcium-binding protein A9; SDS, sodium
dodecyl sulfate; PKC-ε, protein kinase C ε type; PMSF,
phenylmethanesulfonyl fluoride; Rb, retinoblastoma protein;
TFA, trifluoroacetic acid; UBF-1, upstream binding factor 1.
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