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1,2,3,4,6-penta-O-galloyl-beta-D-glucose (PGG), a polyphe-
nolic compound isolated from Rhus chinensis Mill. PGG
has been known to have anti-tumor, anti-angiogenic and
anti-diabetic activities. The present study revealed another
underlying molecular target of PGG in MDA-MB-231 breast
cancer cells by using lllumina Human Ref-8 expression
BeadChip assay. Through the Beadstudio v3 micro assay
program to compare the identified genes expressed in
PGG-treated MDA-MB-231 cells with untreated control, we
found several unique genes that are closely associated
with pyruvate metabolism, glycolysis/gluconeogenesis
and tyrosine metabolism, including PC, ACSS2, ACACA,
ACYP2, ALDH3B1, FBP1, PRMT2 and COMT. Consistent
with microarray data, real-time RT-PCR confirmed the sig-
nificant down-regulation of these genes at mRNA level in
PGG-treated MDA-MB-231 cells. Our findings suggest the
potential of PGG as anticancer agent for breast cancer
cells by targeting cancer metabolism genes.

INTRODUCTION

Recently many medicinal herbs are attractive due to their anti-
cancer activity with little side effects in various types of cancer.
1,2,3,4,6-penta-O-galloyl-B-D-glucose (PGG) (Fig. 1) is a water
soluble gallotannin polyphenolic compound (Hofmann and
Gross, 1990) isolated from gallnut of Rhus chinensis Mill, Acer
truncatum Bunge, Pelargonium inquinans Ait, and Paeonia
lactiflora Pall exhibiting anti-tumor, anti-angiogenesis and anti-
diabetic activities (Huh et al., 2005; 2008; 2009a; 2009b; Lee et
al., 2004; Li et al., 2005; Oh et al., 2001; Pan et al., 1999;
Zhang et al., 2009). PGG induced apoptosis through caspase-3
activation in human leukemia cells (Pan et al., 1999) and medi-
ated cell cycle arrest at the G1 phase by targeting cyclin D1 in

human hepatocellular carcinoma and prostate cancer cells (Hu
et al., 2009b; Oh et al., 2001). Also, PGG efficiently blocked
VEGF-induced proliferation of human umbilical vein endothelial
cells (HUVECs) and the growth of immortalized human mi-
crovascular endothelial cells (HMECs) (Lee et al., 2004). In
addition, PGG decreased blood glucose levels and improved
glucose tolerance in diabetic and obese animals (Li et al., 2005).

Despite current knowledge about the multi-biological activi-
ties of PGG, the underlying mechanisms of PGG still remain
unclear. In the present study, systemic biological activities of
PGG were evaluated in breast cancer cell lines by microarray
analysis. We have found that novel effect of PGG in MDA-MB-
231 breast cells was characterized by a striking reduction of
metabolic genes, including those involved in pyruvate metabo-
lism, glycolysis/gluconeogenesis and tyrosine metabolisms.
Real-time RT-PCR also provided the similar results.

MATERIALS AND METHODS

Cell culture

MDA-MB-231 breast cancer cells were obtained from the
American Type Culture Collection (ATCC) (USA) and main-
tained in RPMI 1640 supplemented with 10% fetal bovine se-
rum, 2 um L-glutamine and penicillin/streptomycin.

Isolation and identification of 1,2,3,4,6-penta-O-galloyl-3-D-
glucose (PGG)

Gallnut of R. chinensis Mill was obtained from the Oriental
Medical Hospital of Kyung Hee University in Seoul, and kindly
authenticated by professor Namin Baek in the Department of
Oriental Herbal Materials, Kyung Hee University. The methanol
extract (252 g) was dissolved in distilled water (800 ml) and
successively fractionated with equal volumes of n-hexane, ethyl
acetate and butanol with water; the resulting butanol fraction
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(35 g) was subjected to silica gel column chromatography and
eluted by chloroform, methanol and H.O (65:35:10) and ethyl
acetate, methanol and H,O (100:15.6:13.5), followed by purifi-
cation using HPLC (J’sphere ODS-HP80, 250 x 20 mm ID, S-4
um, 80A, ethyl acetate:methanol:H,O = 6:3:1). The active com-
pound was identified as PGG (MW = 940; Fig. 1A) by NMR
(Varian UNITY INOVA 500 NMR spectrometer, USA) and FAB-
MS (JEOL JMS700 mass spectrometrty, USA) analysis with a
purity of N98% (Huh et al., 2005).

Cytotoxicity assay

Cytotoxic effect of PGG was evaluated against MDA-MB-231
cells by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Cells were inoculated onto 96-well flat
bottom microplates and incubated for 24 h to allow attachment
to the microtiter plates and incubated with various concentra-
tions of PGG (0, 5, 10, 20 or 40 uM). After continuous exposure
to the compounds for 24 h, MTT (5 mg/ml) was added onto
each wells, then incubated until formazan was constituted. After
medium was removed, formazan was dissolved with dimethyl
sulfoxide (DMSO) and then measured OD values using mi-
croplate reader (Molecular Devices Co., USA) at 450 nm. Cell
viability was calculated as a percentage of viable cells in PGG-
treated cells versus untreated control by following equation.
Cell viability (%) = [OD (PGG) - OD (Blank)] / [OD (Control) -
OD (Blank)] x 100. Each experiment was repeated three times.

Total RNA isolation
Total RNA was isolated using the RNeasy Mini kit (Qiagen,
Germany) following the manufacturer’s instructions.

Labeling and purification

Total RNA was amplified and purified using the Ambion lllumina
RNA amplification kit (Ambion, USA) to yield biotinylated cRNA
according to the manufacturer’s instructions. Briefly, 550 ng of
total RNA was reverse-transcribed to cDNA using a T7 oligo
(dT) primer. Second-strand cDNA was synthesized, in vitro
transcribed, and labeled with biotin-NTP. After purification, the
cRNA was quantified using the ND-1000 Spectrophotometer
(NanoDrop, USA).

Hybridization and data export

llumina Human Ref-8 expression BeadChip (P/N BD-25-203,
llumina Inc., Ambion, USA) arrays were used in this study. 750
ng of labeled cRNA samples were hybridized to each human-8
expression bead array for 16-18 h at 58°C, according to the
manufacturer’s instructions. Detection of array signal was car-
ried out using Amersham fluorolink streptavidin-Cy3 (GE Health-
care Bio-Sciences, UK) following the bead array manual. Ar-
rays were scanned with an lllumina bead array reader confocal
scanner according to the manufacturer's instructions. Array
data export processing and analysis was performed using lllu-
mina GenomeStudio v2009.2 (Gene Expression Module v1.5.4).

Data analysis

The Beadstudio v3.0 was used to evaluate the expression sig-
nals generated by the lllumina Human Ref-8 expression Bead-
Chip array. The 1.5-fold differentially expressed genes (DEGs)
were clustered using GenPlex™ v3.0 software (ISTECH Inc.,
Korea). Gene ontology classification was offered by the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database.

Real-time RT-PCR analysis
To verify microarray results, real-time RT-PCR analysis was
performed for selected genes with an Applied Biosystems 7300

QOH

OH
HO.

OH
HO

OH
HO

O
o]
Q
Q
o
(o]
OH
OH
HO

1,2,3,4,6-penta-O-galloyl-3-D-glucose (PGG)

OH
HO
HO
o
Q
o O
o]
OH
OH

Fig. 1. Chemical structure of 1,2,3,4,6-penta-O-galloyl-B-D-glucose
(PGG). Molecular weight = 940.

Real-time PCR system using the SYBR green fluorescence
quantification system (Applied Biosystems, USA) to quantify the
amplicons. The PCR conditions were 40 cycles of 95°C (15 s),
60°C (1 min), and a standard denaturation curve. Primer se-
quences are listed in the 5’ to 3’ orientation in Table 1.

Western blotting

MDA-MB-231 cells were lyzed in lysis buffer (50 mM Tris-HCI,
pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM
EDTA, 1 mM NazVO,, 1 mM NaF, and protease inhibitors cock-
tail). The extracts were incubated on ice for 30 min and super-
natants were collected by centrifugation at 14,000 x g at 4°C.
Proteins in the supernatants were quantified by using a Bio-
Rad DC protein assay kit Il (Bio-Rad, USA), separated on
12.5% SDS-PAGE gel and electrotransferred onto a Hybond
ECL transfer membrane. The membranes were blocked in 5%
nonfat skim milk and probed with primary antibodies for PDKS,
PGM3 (Santa Cruz Biotechnology, USA) and B-actin (Sigma
Aldrich, USA), and horseradish peroxidase (HRP)-conjugated
secondary antibodies. Protein expressions were detected by
using enhanced chemiluminescence (ECL) (Amersham Phar-
macia, USA) system.

Statistical analysis

All data were presented as mean + standard deviation (S.D).
Statistical significance was verified by Student's ttest using
Sigmaplot software (Systat Software Inc., USA).

RESULTS

Cytotoxic effect of PGG against MDA-MB-231 cells

To examine cytotoxic effect of PGG against MDA-MB-231
breast cancer cell line, MTT assay was performed. Cells were
exposed to various concentrations of PGG (0, 5, 10, 20 or 40
uM) for 24 h. As shown in Fig. 2, cell viability was slightly de-
creased in a concentration-dependent manner and maintained
up to ~70% at 40 pM of PGG.
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Table 1. Primers used in the real-time PCR

—_
Target genes Primer sequences (5’ — 3') g 100
COMT S GTA CTG AAG GTG CCA GA S
AS  GTT GCAGTT CAG AGA GG o
ALDH3B1 S GCC CAATTT CCT AAC AAG CC o
AS TGT CCC TCT TCC CGA CTA AA 2
FBP1 S TCC CAC AGA CAT TCACCA GA "; 504
AS AAG GTC CAG GTA GAG GCA AT =
ACACA S TTG GAG GCA CAG AAC ATG AG o
AS ATA ATATGG CGG TCT CCG TC 8
ACSS2 S AGCTTGTCTTCCTTGTCC TC :
AS  TAT TCC TAC AAC CAC AGG GC ©
PRMT2 S CGG AGC TCC ATG TTC CTA AG o 0-
AS GGC AGT AAG GGC ACC ACT AA AN o ,\Q ‘-"Q @
PC S ATT CCT TTC AGC CAT CGT CC
AS  AGATAG GAC CCC TAA ACC TCC PGG (kM)
ACYP2 S AGT CAC TCA AAT CCG TGG AC Fig. 2. Cytotoxic effect of PGG in MDA-MB-231 cells. MDA-MB-231
AS GGT GCCTTT GCT GGT ATT CT cells were treated with various concentrations of PGG (0, 5, 10, 20
ACTB S CCG AGG ACT TTG ATT GCA CA or 40 uM) for 24 h. Cell viability was determined by MTT assay.
AS ACT GGG CCATTC TCC TTAGA Data represent means + SD.

Table 2. Up-regulation of genes based on comparison of gene expression between control (untreated) and experimental (PGG-treated) MDA-
MB-231 cells

Genes Accession no. Symbol Fold change*  p-value
JAK/STAT signaling pathway
Cardiotrophin-like cytokine factor 1 NM_013246.2 CLCF1 3.75 0.02
Colony stimulating factor 2 NM_000758.2 CSF2 7.20 0.02
Interleukin 12A NM_000882.2 IL12A 2.67 0.03
Interleukin 15 NM_172174.1 IL15 2.05 0.01
Interleukin 24 NM_006850.2 IL24 5.52 0.00
Interleukin 11 NM_000641.2 IL11 412 0.00
Pim-1 oncogene NM_002648.2 PIM1 2.48 0.03
Cytokine-cytokine receptor interaction
Chemokine (C-C motif) ligand 20 NM_004591.1 CCL20 3.25 0.01
Cardiotrophin-like cytokine factor 1 NM_013246.2 CLCFA1 3.75 0.02
Colony stimulating factor 2 NM_000758.2 CSF2 7.20 0.02
Interleukin 12A NM_000882.2 IL12A 2,67 0.03
Bone morphogenetic protein 2 NM_001200.1 BMP2 2.51 0.00
Interleukin 24 NM_006850.2 IL24 5.52 0.01
Interleukin 11 NM_000641.2 IL11 4.12 0.00
Epidermal growth factor receptor NM_005228.3 EGFR 2.88 0.01
Interleukin 1 receptor accessory protein NM_134470.2 IL1RAP 213 0.00
ErbB signaling pathway
V-abl Abelson murine leukemia viral oncogene homolog 2 NM_005158.2 ABL2 3.13 0.01
Glycogen synthase kinase 3 beta NM_002093.2 GSK3B 2.08 0.00
Cyclin-dependent kinase inhibitor 1A (p21, Cip1) NM_078467.1 CDKN1A 2.67 0.00
Epidermal growth factor receptor NM_005228.3 EGFR 2.88 0.01
Jun oncogene NM_002228.3 JUN 2.02 0.02
Transforming growth factor, alpha NM_003236.1 TGFA 2.48 0.00
Heparin-binding EGF-like growth factor NM_001945.1 HBEGF 2.18 0.00
MAPK signaling pathway
Dual specificity phosphatase 5 NM_004419.3 DUSP5 3.19 0.00
Protein tyrosine phosphatase, receptor type, R NM_002849.2 PTPRR 2.73 0.01
Protein phosphatase 3 (formerly 2B), catalytic subunit, gamma isoform NM_005605.3 PPP3CC 3.27 0.00
Mitogen-activated protein kinase 7 NM_139034.1 MAPK7 2.28 0.00
Epidermal growth factor receptor NM_005228.3 EGFR 2.88 0.01
Jun oncogene NM_002228.3 JUN 2.02 0.02
Growth arrest and DNA-damage-inducible, alpha NM_001924.2 GADD45A 3.37 0.00
VEGF signaling
Protein phosphatase 3 (formerly 2B) NM_005605.3 PPP3CC 3.27 0.00
Prostaglandin-endoperoxide synthase 2 NM_000963.1 PTGS2 3.36 0.04

Sphingosine kinase 1 NM_021972.2 SPHK1 2.60 0.00
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Fig. 3. Gene ontology assignment of differentially expressed genes. Clustergram of up- and down-regulated genes in MDA-MB-231 cells.
Microarray data from control (untreated cells) and experimental groups (PGG-treated cells) were combined and clustered. There are three
independent samples for each group. Each gene is represented by a single row of clustered boxes and each group is represented by a single
column (left). Gene ontology classification based on biological processes and molecular functions (right).

Gene expression profiles in PGG-treated MDA-MB-231 cells untreated control. Total 624 genes were differentially expressed
Gene expression profiles were significantly up- or down- (307 up-regulated and 317 down-regulated genes). Gene on-
regulated in PGG-treated MDA-MB-231 cells compared with tology annotation was achieved using the KEGG database and



Woo Sik Yu et al.

127

Table 3. Down-regulation of genes based on comparison of gene expression between control (untreated) and experimental (PGG-treated)

MDA MB-231 cells

Genes Accession no. Symbol Fold change* p-value
Pyruvate metabolism
Pyruvate carboxylase NM_000920.2 PC -2.01 0.03
Acyl-CoA synthetase short-chain family member 2 NM_139274.1 ACSS2 -2.12 0.03
Acetyl-Coenzyme A carboxylase alpha NM_000664.3 ACACA -2.37 0.01
Acylphosphatase 2, muscle type NM_138448.2 ACYP2 -2.01 0.00
Cell cycle
Cyclin B1 NM_031966.2 CCNBH1 -3.47 0.00
Cyclin B2 NM_004701.2 CCNB2 217 0.00
Transforming growth factor, beta 2 NM_003238.1 TGFB2 -3.00 0.00
Ataxia telangiectasia mutated NM_000051.3 ATM -2.39 0.02
Glycolysis / Gluconeogenesis
Acyl-CoA synthetase short-chain family member 2 NM_139274.1 ACSS2 -2.12 0.03
Aldehyde dehydrogenase 3 family, member B1 NM_001030010.1 ALDH3B1 -2.95 0.00
Fructose-1,6-bisphosphatase 1 NM_000507.2 FBP1 -2.64 0.02
Acylphosphatase 2, muscle type NM_138448.2 ACYP2 -2.01 0.00
TGF-beta signaling pathway
Inhibitor of DNA binding 1 NM_181353.1 ID1 -3.04 0.02
Bone morphogenetic protein 4 NM_001202.2 BMP4 -3.71 0.01
E2F transcription factor 5, p130-binding NM_001951.2 E2F5 -2.27 0.00
Transforming growth factor, beta 2 NM_003238.1 TGFB2 -3.00 0.00
Tyrosine metabolism
Protein arginine methyltransferase 2 NM_206962.1 PRMT2 -2.03 0.01
Aldehyde dehydrogenase 3 family, member B1 NM_001030010.1 ALDH3B1 -2.95 0.00
Catechol-O-methyltransferase NM_000754.2 COMT -3.03 0.04
MAPK signaling pathway
Ribosomal protein S6 kinase, 90 kDa, polypeptide 2 NM_021135.4 RPS6KA2 -2.14 0.02
Arrestin, beta 1 NM_004041.3 ARRB1 -2.30 0.00
CD14 molecule NM_000591.1 CD14 -5.54 0.00
Protein phosphatase 3 (formerly 2B), catalytic subunit, beta isoform NM_021132.1 PPP3CB -3.02 0.00
Transforming growth factor, beta 2 NM_003238.1 TGFB2 -3.00 0.00
JAK/STAT signaling pathway
Interferon (alpha, beta and omega) receptor 1 NM_000629.2 IFNAR1 -2.62 0.03
Sprouty homolog 1, antagonist of FGF signaling NM_005841.1 SPRY1 -2.35 0.00

the genes were placed into 30 biological processes; signal
transduction (15.3%), nucleoside, nucleotide and nucleic acid
metabolism (11.7%), protein metabolism and modification (11.4%),
immunity and defense (8.3%), developmental processes (8.2%),
cell cycle (6.5%), transport (4%) and lipid, fatty acid and steroid
metabolism (4%), and 27 molecular functions; nucleic acid
binding (13%), select regulatory molecule (9.7%), transcription
factor (7.3%), transferase (6.7%), receptor (5.6%), kinase (5.2%),
signaling molecule (5.1%) and oxidoreductase (5.1%) (Fig. 3).
Functionally annotated 46 genes were listed in Tables 2 and 3,
which reveals a comparison of the expression levels for a vari-
ety of genes between untreated and PGG-treated groups.

Validation of selected genes via real-time RT-PCR
To prove the effects of PGG on cancer metabolism genes at
mRNA level, real-time RT-PCR was conducted for 8 selected
genes involved in pyruvate metabolism, glycolysis/gluconeo-
genesis and tyrosine metabolism. Consistent with the results of
microarray analysis, PGG significantly suppressed the expres-
sion of PC, ACSS2, ACACA, ACYP2, ALDH3B1, FBP1, PRMT2
and COMT at mRNA levels in MDA-MB-231 cells (Figs. 4A-4H).
The relative expression levels of each gene were normalized by
dividing the expression of ACTB, a well known house keeping
gene (Butte et al., 2001).

To examine whether the inhibitory activity of PGG on cancer

metabolism genes is reproducible in other breast cancer cell
line, parallel assay was performed in MCF-7 cells treated with
or without PGG. As shown in Fig. 5, PGG significantly reduced
the mRNA expression of PC, ACSS2, FBP1, PRMT2 and
COMT. In contrast, PGG had no significant effect on ACACA,
ACYP2 and ALDH3B1 (data not shown).

Effect of PGG on cancer metabolism-related protein
expression

To test the possible relationship between anti-cancer activity of
PGG and cancer metabolism, we performed Western blotting to
determine the expression of proteins involving in the regulation
of cancer metabolism and tumorigenesis (Lee et al., 2011a;
Roche and Hiromasa, 2007). PGG suppressed the protein
expression of pyruvate dehydrogenase 3 (PDK3), but not
phosphoglucomutase 3 (PGMS3).

DISCUSSION

Breast cancer is a lethal disease of breast tissues or ducts for
women over the world. According to the National Cancer Insti-
tute (NCI) report, the incidence of breast cancer is more than
192,000 women each year in the United States. Treatment of
breast cancer has been achieved by surgery, radiation and
chemotherapy, or the combination despite significant side ef-
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Fig. 6. Effect of PGG on cancer metabolism-related protein expres-
sion in MDA-MB-231 cells. Whole cell lysates were prepared and
subjected to Western blotting to determine the expression of PDK3
(A) and PGMS3 (B). p-actin (C) was used as an internal control.

fects. Interestingly, recent studies have suggested natural
products or compounds as potent anti-tumor agents to improve
the therapeutic effect and reduce the side effects of breast can-
cer therapies (Madhusoodhanan et al., 2010; Ray et al., 2010;
Reddish et al., 2010).

PGG is one of plant secondary metabolites from many me-
dicinal herbs such as Rhus chinensis Mill (Huh al., 2005), Acer
truncatum Bunge (Zhang et al., 2008), Pelargonium inquinans
Ait (Ji et al., 2005), and Paeonia lactiflora Pall (Lee et al., 2006).
PGG has been reported to have anti-cancer activities via pro-
apoptosis, anti-angiogenesis, anti-metastasis and anti-prolife-
ration in many types of cancer including prostate cancer (Kuo et
al., 2009), lung cancer (Huh et al., 2005), melanoma (Ho et al.,
2002), liver cancer (Oh et al., 2001) and leukemia (Pan et al.,
1999). PGG also showed anti-oxidative (Riedl and Hagerman,
2001), anti-mutagenic (Okuda et al., 1984), anti-inflammatory
(Pan et al., 2000), anti-allergic (Cavalher-Machado et al., 2008)
and anti-kidney stone formation (Lee et al., 2009a) activities in
vitro and in vivo.

In this present study, we tried to elucidate the underlying bio-
logical effects in PGG-treated MDA-MB-231 breast cancer cells
by microarray and real time RT-PCR. The genes regulated by
PGG in MDA-MB-231 were classified using the KEGG data-
base. Interestingly, we have detected the significant down-
regulation of genes related to cancer metabolism including
pyruvate metabolism (PC, ACSS2, ACACA and ACYP2), gly-
colysis/gluconeogenesis (ACSS2, ALDH3B1, FBP1 and ACYP2)
and tyrosine metabolism (PRMT2, ALDH3B1 and COMT) in
PGG-treated MDA-MB-231 cells and confirmed the effect of
PGG on cancer metabolism genes by real-time RT-PCR. In
MCF-7 cells, PGG inhibited the mRNA expression of PC,
ACSS2, FBP1, PRMT2 and COMT. In contrast, PGG had no
significant effect on ACACA, ACYP2 and ALDH3B1 (data not
shown). These results may be caused by the different charac-
teristics between MDA-MB-231 (ER' estrogen-independent and
mutant p53) and MCF-7 (ER" estrogen-dependent and p53-
wild-type) cells. However, further studies are required to confirm
these biological mechanisms of PGG in vitro and in vivo in the
future.

Pyruvate carboxylase (PC) is an enzyme to provide oxalo-
acetate (OAA) precursor for the citric acid cycle. Of interest,
Rao and colleagues reported the cross-reactivity between multi-

drug resistance (MDR) and PC in cancer cells (Rao et al.,
1994), suggesting that PC may be a possible target molecule
for the treatment of drug resistant cancer cells. Acyl-CoA sythe-
tase short-chain family member 2 (ACSS2) is a cytosolic
enzyme that catalyzes the activation of acetate to acetyl-CoA
for use in lipid synthesis and energy generation (Schwer et al.,
2006). Recently, several studies reported the importance of
ACSS2 for the radiolabeled acetate uptake and cell survival in
tumor cells (Yoshii et al., 2009; Yun et al., 2009). Acetyl-CoA
carboxylase (ACC) importantly functions to produce malonyl-
CoA substrate for the biosynthesis of fatty acid by catalyzing
the irreversible carboxylation of acetyl-CoA (Tong, 2005). The
human genome includes the genes for two different ACCs
ACC-alpha (ACACA) and ACC-beta (ACACB) (Brownsey et al.,
1997). Many studies reported the potential role of ACC as a
therapeutic target for cancer therapy (Beckers et al., 2007;
Harwood et al., 2003; Jump et al., 2010). Acylphosphatase
(ACYP) is an enzyme to hydrolyze the phosphoenzyme inter-
mediate of different membrane pumps, particularly the Ca®*/
Mg?*-ATPase from sarcoplasmic reticulum of skeletal muscle
and contains two isoenzymes (Calamai et al., 2005). ACYP
overexpression was known to trigger SH-SY5Y neuroblastoma
cell differentiation (Cecchi et al., 2004) and be associate with
metastatic process in human colorectal cancer cells (Riley et al.,
1997). Aldehyde dehydrogenase (ALDH) is an enzyme that
catalyse the oxidation (dehydrogenation) of aldehydes and are
metabolized by the body’s muscle and heart (Crabb et al.,
2004). ALDH was highly activated in cyclophosphamide-
resistant L1210 leukemia cells (Hilton, 1984). Also, ALDH was
down-regulated by retinoic acid in lung cancer cell lines,
suggesting the capability of retinoids for lung cancer prevention
and treatment (Moreb et al., 2005). Fructose-1,6-bisphospha-
tase 1 (FBP1) converts fructose-1,6-bisphosphate to fructose 6-
phosphate in gluconeogenesis. Liu et al. (2010) recently sug-
gested that promoter methylation of FBP1 can be used as a
new biomarker for prognosis prediction of gastric cancer. It is
not surprising that PGG suppressed the expression of protein
arginine methyltransferase 2 (PRMT2) belonging to PRMT
family proteins. Numerous studies have reported an essential
function of PRMTs in oncogenesis and their potentials as the-
rapeutic targets in human cancer (Cheung et al., 2007). Espe-
cially, PRMT2 was found to be capable of influencing estrogen
receptor alpha (ERa) as a coactivator (Qi et al., 2002). Cate-
chol-o-methyltransferase (COMT) is one of enzymes that de-
grade catecholamines and located in the postsynaptic neuron
(Ulmanen et al., 1997). Many papers reported the association
between COMT and breast cancer risk (Millikan et al., 1998;
Onay et al., 2008; Wen et al., 2007; Xi et al., 2010).

In addition to cancer metabolism genes, the number of anti-
cancer and signal transduction-related genes was up- or down-
regulated by PGG treatment. Anti-cancer activity of PGG is well
described in our recent review (Zhang et al., 2009). Potential
mechanisms responsible for anti-cancer activity of PGG include
anti-angiogenesis (Huh et al., 2005; Lee et al., 2004), anti-
proliferation (Huh et al., 2005), pro-apoptosis (Chen and Lin,
2004; Pan et al.,, 1999) and anti-metastasis (Ho et al., 2002;
Huh et al., 2005). PGG blocked tumor growth via inhibition of
angiogenesis and stimulation of apoptosis through cyclooxy-
genase 2 (COX-2) and mitogen-activated protein kinase (MAPK)-
dependent pathways in basic fibroblast growth factor (bFGF)-
treated human umbilical vein endothelial cells (HUVECs) (Huh
et al., 2005). PGG up-regulated heme oxygenase-1 expression
by stimulating Nrf2 nuclear translocation in an extracellular sig-
nal-regulated kinase-dependent manner in HepG2 cells (Pae et al.,
2006). Also, PGG inhibited signal transducer and activator of
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transcription 3 (STAT3) in prostate (Hu et al., 2008) and breast
cancer cells (Lee et al., 2011b). Additionally, PGG suppressed
the expression of vascular endothelial growth factor (VEGF)
(Huh et al., 2005), aninhibited estrogen receptor alpha by ly-
sosome-dependent depletion and modulated ErbB/PI3K/Akt

pathway in human breast cancer MCF-7 cells (Hua et al., 2006).

Furthermore, PGG inhibited phorbol myristate acetate (PMA)-
induced interleukin-8 (IL-8) gene expression in human mono-
cytic U937 cells through its inactivation of nuclear factor-
kappaB (NF-kB) (Oh et al., 2004). These previous results sup-
port our results of microarray analysis.

Glycolysis is a process by which glucose is turned into pyru-
vate and generally enhanced in cancer cells for ATP production
(the Warburg effect) (Warburg et al., 1927). Under hypoxia and
oncogenic mutations, high glucolytic rate promotes proliferation
of cancer cells with the pyruvate to lactate conversion by activa-
tion of lactate dehydrogenase A and inactivation of pyruvate
dehydrogenase (Feron, 2009). Tyrosine metabolic pathway is
also highly active in tumors such as melanoma, small cell lung
cancer and neuroectodermal tumors (Kobrinsky and Sjolander,
2006).

Anti-cancer drugs targeting cancer metabolism are associ-
ated with mitochondria dysfunction to induce apoptosis, reac-
tive oxygen species (ROS) generation and so on (Pathania et
al., 2009; Yu and Kim, 2011). Thus, cancer metabolism-related
genes can be valuable targets to establish anti-cancer thera-
peutic strategies. To evaluate the relationship between PGG’s
anti-cancer activity and cancer metabolism, the effect of PGG
on several cancer metabolism-related molecules involving anti-
cancer regulation was analyzed at protein levels. Several re-
cent studies reported anti-cancer agents targeting pyruvate
dehydrogenase complex/ pyruvate dehydrogenase kinase (PDH/
PDK) for reversal of Warburg effect (Warburg, 1956). Small
molecules OSU-03012 (Lee et al., 2009b) and BAG156 (Weis-
berg et al., 2008) were also reported as PDK1 inhibitors to
regulate anti-cancer activity. In our study, PGG decreased the
level of PDKS3, but not PDK1 (data not shown), in MDA-MB-231
cells. Furthermore, we examined whether or not PGG can in-
fluence phosphoglucomutase (PGM) expression. Benzene
hexacarboxylic acid, 3-phos-phoglyceric acid (Scatena et al.,
2008) and MJE3, a small molecule (Evans et al., 2005) were
proposed as PGM inhibitors in cancer cells. We also recently
reported that suppression of PGM3 is linked to sulforaphane-
induced apoptosis in prostate cancer cells (Lee et al., 2011a).
However, PGG did not change PGM3 expression in MDA-MB-
231 cells. Our results imply that anti-cancer activity of PGG may
be related to the down-regulation of PDK3. Further studies will
be required to verify the relationship between anti-cancer activ-
ity and metabolism regulation corresponding to the identified
gene expression by microarray in the near future.

Recent studies have suggested that the metabolic alteration
of cancer cells is a promising therapeutic strategy (Pelicano et
al., 2004; Xu et al., 2005). Thus, several agents such as 2-
deoxyglucose (Geschwind et al., 2004; Maher et al., 2004),
arsenic compounds (Geschwind et al., 2004) and 3-bromopy-
ruvate (Geschwind et al., 2002) were known to regulate glyco-
lysis by inhibiting ATP production. Also, nitisinone was sug-
gested to block the tyrosine pathway as an effective drug for
the treatment of neuroblastoma (Kobrinsky and Sjolander,
2006). Therefore, it is of importance to understand the effect of
PGG on the metabolic property of MDA-MB-231 cells. Our
study suggested the potential that PGG can be used as anti-
cancer agent to modulate cancer metabolisms for breast can-
cer cells.

In summary, through genomic analysis, we demonstrate that

PGG can mediate the expression of the cancer metabolism
genes, the protein products of which are involved in pyruvate
metabolism, glycolysis/gluconeogenesis and tyrosine metabo-
lism as well as signal transduction in MDA-MB-231 cells. Real-
time RT-PCR analysis confirmed the results from the microar-
ray assay, in which cancer metabolism genes such as PC,
ACSS2, ACACA, ACYP2, ALDH3B1, FBP1, PRMT2 and COMT
were significantly downregulated at mRNA levels in PGG-
treated MDA-MB-231 cells. Overall, these findings suggest the
potential of PGG as a potent anticancer agent for treating
breast cancer by targeting cancer metabolism genes. However,
further studies are under way to determine anticancer mecha-
nism of PGG via interfering with cancer metabolism pathway in
this malignant disease in vitro and in vivo.
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