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Background and purpose: The transcription factor nuclear factor-xB (NF-xB) has been linked to the cell growth, apoptosis
and cell cycle progression. NF-xB blockade induces apoptosis of cancer cells. Therefore, NF-xB is suggested as a potential
therapeutic target for cancer. Here, we have evaluated the anti-cancer potential of a novel NF-xB inhibitor, quinoclamine
(2-amino-3-chloro-1,4-naphthoquinone).

Experimental approach: In a large-scale screening test, we found that quinoclamine was a novel NF-xB inhibitor. The global
transcriptional profiling of quinoclamine in HepG2 cells was therefore analysed by transcriptomic tools in this study.

Key results: Quinoclamine suppressed endogenous NF-kB activity in HepG2 cells through the inhibition of IxB-o. phospho-
rylation and p65 translocation. Quinoclamine also inhibited induced NF-xB activities in lung and breast cancer cell lines.
Quinoclamine-regulated genes interacted with NF-xB or its downstream genes by network analysis. Quinoclamine affected the
expression levels of genes involved in cell cycle or apoptosis, suggesting that quinoclamine exhibited anti-cancer potential.
Furthermore, quinoclamine down-regulated the expressions of UDP glucuronosyltransferase genes involved in phase Il drug
metabolism, suggesting that quinoclamine might interfere with drug metabolism by slowing down the excretion of drugs.
Conclusion and implications: This study provides a comprehensive evaluation of quinoclamine by transcriptomic analysis.
Our findings suggest that quinoclamine is a novel NF-xB inhibitor with anti-cancer potential.
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Introduction progression (Wu and Kral, 2005). Activated NF-kB promotes

the expressions of over 150 downstream genes, which are
The transcription factor nuclear factor-kB (NF-kB) has been  involved in immune responses, stress responses, cellular pro-
linked to the control of cell growth, apoptosis and cell cycle liferation, anti-apoptosis, cell migration and angiogenesis
(Pahl, 1999). NF-kB is activated in many tumours, including
breast cancers, liver epithelial tumours, pancreatic adenocar-
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Figure 1

Effects of five naphthoquinone derivatives on nuclear factor-kB (NF-xB) activities and cell viabilities in HepG2 cells. Recombinant

HepG2/NF-xB cells were treated with various amounts of naphthoquinone derivatives for 24 h. The luciferase activity and cell viability were
then evaluated by luciferase assay and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay, respectively. Bars represent
the relative luciferase activity, and lines represent the cell viability. Structures of naphthoquinone derivatives are shown on the top. ICs value
and TCs, value of each compound are shown on the bottom. Values are mean = standard error of four independent assays.

(Karin, 2006; Kim et al., 2006). Because NF-kB blockade has
been documented to induce apoptosis of cancer cells, NF-xB is
suggested as a potential therapeutic target for cancer (Karin,
2006; Kim et al., 2006). As expected, NF-kB inhibitors exhibit
therapeutic potentials in these tumours.

Many natural products, which are polyphenols, terpenes,
alkaloids, flavonoids or phenolics, are potent NF-xB inhi-
bitors (Aggarwal and Shishodia, 2006). They exhibit anti-
proliferative effects by inhibiting IxB kinase, suppressing the
phosphorylation or degradation of IxB, blocking the translo-
cation of NF-xB into the nucleus, or blocking the DNA
binding ability of NF-xB (Hsu et al., 2004a; 2004b; Rahman
and Sarkar, 2005; Ichikawa and Aggarwal, 2006; Ishiguro
etal.,, 2007). Naphthoquinones are also potent NF-xB
inhibitors. For examples, plumbagin (5-hydroxy-2-methyl-
1,4-naphthoquinone) has been shown to suppress NF-«kB acti-
vation through p65 nuclear translocation and IkB-a kinase
activation (Sandur et al., 2006). Shikonin (5,8-dihydroxy-2-(1-
hydroxy-4-methyl-3-pentenyl)-1,4-naphthoquinone) induces
apoptosis of oral cancer cells through the inhibition of NF-xB
and the subsequent activation of caspases (Min et al., 2008).
PPM-18 (o-benoylamino-1,4-naphthoquinone) is a potent
anti-inflammatory agent, which blocks the binding of NF-xB
to promoter (Yu et al., 1997). Recently, in a large-scale screen-
ing test, we found that quinoclamine (2-amino-3-chloro-1,4-
naphthoquinone), a chemically synthesized naphthoquinone

compound, was a novel NF-xB inhibitor (see Figure 1). Quin-
oclamine has been shown to induce the differentiation of
human leukemia HL-60 cells via protein kinase C activation
(Bae and Choung, 1996; Kwon and Choung, 1997). Moreover,
quinoclamine is thought to be a potent anti-malarial
agent and its derivatives also display anti-platelet, anti-
inflammatory and anti-allergic activities (Lien etal., 1997;
Kapadia et al., 2001). In this study, we applied a comprehen-
sive transcriptomic analysis to determine the NF-kB-
downstream effects and particularly effects on drug
metabolism of the novel NF-xB inhibitor, quinoclamine.

Methods

Cell culture

Human hepatocellular carcinoma cell lines (HepG2 and
Hep3B), normal liver cell line (Chang liver), breast adenocar-
cinoma cell line (MCF7) and lung epithelial cell line (A-549)
were obtained from Bioresource Collection and Research
Center (Hsinchu, Taiwan). Recombinant HepG2/NF-kB was
constructed as described previously (Hsiang etal., 2007).
Hep3B, Chang liver, MCF7 and A-549 cells were transiently
transfected with 5pug of pNF-kB-Luc plasmid DNA (Strat-
agene, La Jolla, CA, USA) by SuperFect® transfection
reagent (Qiagen, Valencia, CA, USA). Cells were cultured in
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Dulbecco’s modified Eagle’s medium (DMEM) (Life Technolo-
gies, Gaithersburg, MD, USA) supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (HyClone, Logan, UT,
USA), 100 pg-mL™" streptomycin and 100 units-mL™" penicillin
in 75 cm? tissue culture flasks in a humidified incubator at
37°C with 5% CO..

Naphthoquinone and 12-O-tetradecanoylphorbol-13-acetate
(TPA) treatments

The chemically synthesized naphthoquinone derivatives were
synthesized as described previously (Lien et al., 1997). These
compounds were dissolved in dimethyl sulphoxide to a final
concentration of 200 mmol-L™ and stored at —30°C. TPA was
purchased from Sigma (St. Louis, MO, USA) and dissolved in
ethanol at 0.5 mg-mL™". The cells were subcultured and trans-
ferred into 25 cm? tissue culture flasks 24 h before compound
treatments. We treated the cells with various amounts of
compounds in the absence or presence of 100 ng-mL™" TPA
when cells reached a 100% confluence. The treated cells were
then kept in a humidified incubator at 37°C with 5% CO, for
24 h before total RNA extraction.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay

MTT was purchased from Sigma (St. Louis, MO, USA) and
dissolved in phosphate-buffered saline (137 mmol-L™" NaCl,
1.4 mmol-L7' KH,PO,, 4.3 mmol-L! Na,HPO,, 2.7 mmol-L™!
KClI, pH 7.2). Cell viability was monitored by MTT colorimet-
ric assay as described previously (Hsiang et al., 2005). Cell
viability (%) was calculated by OD of naphthoquinone-
treated cells/OD of solvent-treated cells. The TCs, value was
determined as the concentration of compound required to
inhibit cell viability by 50%.

Luciferase assay

Cells were cultured in 24-well plates for 24 h, washed with
DMEM and treated with different concentrations of naphtho-
quinone derivatives in the absence or presence of 100 ng-mL™
TPA for an additional 24 h. The cells were then washed with
ice-cold phosphate-buffered saline, lysed with 350 pL Triton
lysis buffer (50 mmol-L' Tris-HCI, 1% Triton X-100,
1 mmol-L!' dithiothreitol, pH 7.8) and collected with a cell
scraper. The luciferase activity was measured as described pre-
viously (Ho et al., 2007). The ICs, value was determined as the
concentration of compound required to inhibit NF-kB activity
at 50%.

Western blot analysis

HepG2/NF-xB cells were treated with various amounts of
quinoclamine in DMEM for 30 min and then lysed with
250 uL sample buffer (62.5 mmol-L™" Tris-HCI, 2% sodium
dodecyl sulphate, 10% glycerol, 50 mmol-L™ dithiothreitol,
0.1% bromophenol blue, pH 6.8). The proteins (2 ug) were
separated by 10% sodium dodecyl sulphate-polyacrylamide
gel electrophoresis, and the protein bands were then trans-
ferred electrophoretically to nitrocellulose membranes. The
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membranes were probed with polyclonal antibodies against
p65, IxB-o. and phosphorylated IxB-o. (Cell Signaling Technol-
ogy, Beverly, MA, USA). The bound antibody was detected
with peroxidase-conjugated anti-rabbit antibody followed by
chemiluminescence (ECL system, Amersham, Buckingham-
shire, UK) and exposed by autoradiography. The intensities of
bands on the gels were calculated by Gel-Pro® Analyzer
(Media Cybernetics Inc., Silver Spring, MD, USA)

Total RNA isolation

Total RNA was extracted from cells treated with or without
quinoclamine by RNeasy Mini kit (Qiagen, Valencia, CA,
USA). Total RNA was quantified by using the Beckman DU800
spectrophotometer (Beckman Coulter, Fullerton, CA, USA).
Samples with A260/A280 ratios greater than 1.8 were further
evaluated by using Agilent 2100 bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA). The RNA samples with a RNA
integrity number greater than 8.0 were accepted for microar-
ray analysis.

Microarray analysis

Microarray analysis was performed as described previously
(Cheng et al., 2008). Briefly, fluorescent RNA targets were pre-
pared from 5 pg of total RNA by using MessageAmp™ aRNA
kit (Ambion, Austin, TX, USA) and Cy5 dye (Amersham Phar-
macia, Piscataway, NJ, USA). Fluorescent targets were hybrid-
ized to the Human Whole Genome OneArray™ (Phalanx
Biotech Group, Hsinchu, Taiwan) overnight, non-specific
targets were washed away, and the slides were dried by cen-
trifugation and scanned by an Axon 4000 scanner (Molecular
Devices, Sunnyvale, CA, USA). The CyS fluorescent intensity
of each spot was analysed by Genepix 4.1 software (Molecular
Devices, Sunnyvale, CA, USA). The signal intensity of each
spot was corrected by subtracting background signals in sur-
roundings. We filtered out spots that signal-to-noise ratio was
less than O or control probes. Spot intensities were then nor-
malized by the Limma package of the R programme using
‘normalizeQuantiles’ function in single channel data and
‘normalizeWithinArray’ function in dual channel data
(Smyth, 2005). Normalized data were tested for statistically
significant genes according to the Limma package manual
(Smyth, 2005). The statistically significant genes were consid-
ered as differentially expressed genes when the fold change
was over twofold. These differentially expressed genes in both
single and dual channel experiments were then analysed to
find significant gene ontology (GO) categories by WebGestalt
tool on Gene Ontology Tree Machine web site (Zhang et al.,
2005). Number of replicates for single and dual channel
experiments was three.

Network analysis

The target genes, which are regulated by NF-kB, were selected
from the web site (http://rulai.cshl.edu/cgi-bin/TRED/
tred.cgi?process=searchTFGeneForm). To estimate the overall
regulatory effect of quinoclamine on these target genes, we
used the ‘geneSetTest’ function implemented in the Limma
package of the R programme to compare the absolute
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t-statistic values for these target genes with those for all genes
in the single channel hybridization experiment. These target
genes were then combined with the differentially expressed
genes, which belong to the GO category of ‘regulation of
biological process’, to investigate their relationship with
NEF-xB. We used BiblioSphere Pathway Edition software
(Genomatix Applications, http://www.genomatix.de/
index.html) to construct the interaction networks between
NF-kB-downstream genes and part of the differentially
expressed genes. To test the transcriptional significance for
the first neighbour nodes of the NFKB1 and the other ones in
this network, we used thee ‘geneSetTest’ function in the
Limma package to compare the absolute t-statistic values for
these two gene sets with those for all genes in the single
channel hybridization experiment. Finally, we visualized the
interaction network by Cytoscape software (Shannon et al.,
2003).

Analysis of expression levels of genes associated with

drug metabolism

Two hundred and nineteen genes associated with drug
metabolism were selected from ‘The Pharmacogenetics and
Pharmacogenomics Knowledge Base’ web site (https://
www.pharmgkb.org/index.jsp). Among these genes, we analy-
sed the expression levels of phase I drug metabolism genes,
including alcohol dehydrogenases, aldehyde dehydrogenases
and cytochrome P450 genes, and phase II drug metabolism
genes, including glutathione S-transferases, sulphotransferase
and UDP glucuronosyltransferase (UGT) genes.

Quantitative real-time polymerase chain reaction (qPCR)

The expression levels of UGTs and cancer progression-
associated genes were further validated by qPCR. RNA samples
were reverse-transcribed for 30 min at 42°C with High Capac-
ity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). qPCR was performed using 1 uL of
cDNA, 2X SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA, USA) and 500 nmol-L™ of forward and reverse
primers. The reaction condition was followed: 2 min at 50°C,
10 min at 95°C and 40 cycles of 15 s at 95°C, 1 min at 60°C.
Each assay was run on an Applied Biosystems 7300 Real-Time
PCR system in triplicates. Fold changes were calculated using
the comparative Cr method. The primer set for each gene is
shown in Table 1.

Statistical analysis

Data were presented as mean = standard error. Student’s f-test
was used for comparisons between two experiments. A value
of P < 0.05 was considered statistically significant.

Results

Naphthoquinone derivatives inhibited NF-kB activities in

HepG2 cells

We tested the NF-xB activities and cell viabilities of HepG2/
NF-kB cells, which were treated with 93 chemically synthe-
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Table 1 Primer sequences of genes for gPCR
Gene Primer sequences
UGT genes
UGT1A5 Sense: 5-CAACGGGAAGCCACTATCTCAGG-3’
Antisense: 5'-CCACAATTCCATGTTCTCCAGAAGC-3’
UGT2A1 Sense: 5’-CATTGCTCACATGAAGGCCAAAGG-3’
Antisense: 5-GCGCTAAGCAAATCCACACTTGTC-3’
UGT2B4 Sense: 5'-CCACTGCAAACCTGCCAAACC-3’
Antisense: 5-TCTTCTGACGTGTTACTGACCATCG-3’
UGT2B7 Sense: 5-TTGCCGATCAACCTGATAACATTGC-3"
Antisense: 5-AGCAAGTCTGTACTCGACATTGTG-3’
UGT2B15 Sense: 5-GGAAATGGAAGAGTTTGTGCAGAGC-3’
Antisense: 5'-GGATCTGGGCAAGGGCTGATG-3’
UGT2B11 Sense: 5-TGCTTGTCATAAGGCAGACATCATC-3’

Antisense: 5-TGAGGTGACTGTACTGGCATCTTC-3’
Cancer progression-associated genes

CCNA2 Sense: 5-AACAGCCAGACATCACTAACAG-3’
Antisense: 5'-CTCAGCACTGACATGGAAGAC-3’
CDKN3 Sense: 5-GAGGGACTCCTGACATAGCC-3"
Antisense: 5-AGACAAGCAGCTACAAGACAAG-3’
ESCO2 Sense: 5'-TCAGACTGAAGAGAAGAAAGCG-3’
Antisense: 5-TGGTGTTGGGTCAGAAAATGC-3’
EXT1 Sense: 5-AGGAGACAATGATGGGACAGAC-3’
Antisense: 5'-AGTGGATCAGCGGCATGTAG-3"
LATS1 Sense: 5-GTGTGATTGGTGGAGTGTTGG-3’
Antisense: 5-TGTGGTGGAATGTGAAGAGATG-3’
PAFAH1B1 Sense: 5-TGCTGATGACAAGACCCTACG-3’
Antisense: 5-TGATCTACGCTGCCAGTGAC-3’
PLCB1 Sense: 5-GCTTAATCTTCGGCAAGAACAG-3’
Antisense: 5’-CTGACACTCTTCTGCGACATC-3’
PRKCA Sense: 5-CCTATGGCGTCCTGTTGTATG-3’

Antisense: 5-CAGATAGAAACAGCCTCCTTGG-3’
Endogenous control
GAPDH Sense: 5-ACACCCACTCCTCCACCTTT-3’

Antisense: 5-TAGCCAAATTCGTTGTCATACC-3’

CCNA2, cyclin A2; CDKN3, cyclin-dependent kinase inhibitor 3; LATS1, large
tumour suppressor homologue 1; PRKCA, protein kinase C alpha; qPCR, quan-
titative real-time polymerase chain reaction; UGT, UDP glucuronosyltransferase.

sized naphthoquinone, chalcone, pyrazole or quinoline
compounds. Among them, five compounds that belong to
naphthoquinones were more effective than others. The ICs,
values and TCs, values of these five compounds are listed in
Figure 1. The most effective NF-xB inhibitor was quinoc-
lamine, with the ICso and TCs, values of 1.7 = 0.1 and 3.8 =+
0.1 umol-L™ respectively. Therefore, we applied oligonucle-
otide microarray experiments to analyse the expression
profiles of quinoclamine in HepG2 cells.

Quinoclamine suppressed TPA-induced NF-xB activities in
different cancer cell lines

TPA is one of the well-accepted agents for studying the
mechanism of carcinogenesis (Furstenberger et al., 1981). We
then examined whether quinoclamine was able to suppress
the TPA-induced NF-xB activities. Cells were treated with
quinoclamine, and the luciferase assay was performed 24 h
later. As shown in Figure 2, TPA induced NF-«B activations in
HepG2 and four additional cell lines, whereas quinoclamine
inhibited the TPA-induced NF-xB activities in these cell lines.
However, we cannot discount the possibility that this loss of
TPA-induced luciferase activity in the presence of 4 pmol-L™
quinoclamine was due to a loss of cell viability in response to

British Journal of Pharmacology (2009) 157 746-756
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Figure 3 Signal transduction pathways contributing to the inhibi-
tion of nuclear factor-xB activity by quinoclamine in HepG2 cells.
HepG2 cells were treated with 0, 1, 2 and 4 umol-L™" of quinoc-
lamine. The phosphorylated IxB-o. and non-phosphorylated IkB-o. in
cellular extracts were detected by Western blot. The p65 protein in
nucleus was also determined by Western blot. Relative fold, which is
presented as the comparison of the band intensity relative to
untreated cells, is shown on the bottom. Values are mean = standard
error of two independent assays.

drug treatment. These findings suggested that quinoclamine
suppressed induced NF-«B activities in liver, lung and breast
cancer cell lines.

Quinoclamine inhibited IkB-o phosphorylation and p65
translocation in HepG2 cells

Nuclear factor-xB is a dimeric transcription factor that con-
sists of pS0, p52, p635, RelB and c-Rel. The activation of NF-«xB
is preceded by translocation of NF-xB to the nucleus following
the phosphorylation and degradation of IkB-o. (Barnes and
Karin, 1997). To further investigate how the NF-«xB signalling
pathway was affected by quinoclamine, we determined the
levels of p65 and IxB-oo proteins in quinoclamine-treated
HepG2 cells by Western blot analysis. As shown in Figure 3,
quinoclamine suppressed p6S translocation to the nucleus in
a dose-dependent manner. As IxB phosphorylation is a pre-
dominant pathway for NF-xB activation (Karin and Greten,
2005), we next determined the levels of IkB-o proteins in
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cellular extracts. The result showed that quinoclamine sup-
pressed the phosphorylation of IxB-o in a dose-dependent
manner. These findings demonstrated that quinoclamine sup-
pressed NF-kB activation through the inhibition of IkB-a
phosphorylation and p65 translocation.

Quinoclamine-regulated genes might interact with NF-xB or its
downstream genes

Approximately 100 target genes, which are regulated by
NF-xB, were selected from web site, and the overall regulatory
effect of quinoclamine on these target genes were estimated
by the ‘geneSetTest’ function in the Limma package. These
genes were significantly regulated (P = 0.004545). The rela-
tionship between target genes and differentially expressed
genes belonging to the GO category of ‘regulation of biologi-
cal process’ in single channel hybridization was analysed by
Genomatix Applications software. As shown in Figure 4, the
NFKB1 gene played a central role in the network. Moreover,
quinoclamine-regulated genes interacted with NF-xB or its
downstream genes. We further used Wilcoxon rank sum test
(by the ‘geneSetTest’ function in the Limma package) to
confirm the transcriptional significance for the first neigh-
bour nodes of the NFKB1 and the other ones in this network.
The down-regulated genes belonging to the GO category of
‘cell cycle’ in the network are shown in Table 2. Among these
genes, those for cyclin A2 (CCNA2), cyclin-dependent kinase
inhibitor 3 (CDKN3), growth arrest and DNA-damage-
inducible protein alpha (GADD45A), large tumour suppressor
homologue 1 (LATS1) and stromal antigen 1 (STAG1) are
known to be involved in cell cycle, cell growth or apoptosis
(Pagano et al., 1992; Gyuris et al., 1993; Jin et al., 2002; Xia
et al., 2002; Anazawa et al., 2004).

Quinoclamine-regulated genes were associated with the cell cycle

The microarray data from single and dual channel hybrid-
izations were analysed by the Limma package of the Biocon-
ductor programme to get differentially expressed genes in
cells responsive to quinoclamine treatments. Results showed
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Figure 4 Network analysis of quinoclamine-regulated genes in HepG2 cells. The relationship between nuclear factor-xB (NF-kB) target genes
and differentially expressed genes responsive to 4 umol-L™" quinoclamine was analysed by BiblioSphere Pathway Edition software. The
connection between NF-kB and quinoclamine-regulated genes was visualized by cytoscape software. Nodes for over-expressed genes and

NFKB1 are colour-coded according to their log, expression values.

that the transcripts of 220 genes were up-regulated and 147
genes were down-regulated in single channel hybridization
experiment, while 128 genes were up-regulated and 175
genes were down-regulated in dual channel hybridization.
Additionally, 123 genes were regulated in both single and
dual channel hybridizations. We selected 123 genes for GO
annotation by using the WebGestalt tool on Gene Ontology
Tree Machine web site. Figure 5 shows that GO category
associated with cell cycle was enriched. The expression
levels of genes associated with cancer progression in the GO
category of ‘cell cycle’ were further validated by qPCR
(Table 3).

Quinoclamine affected the expression levels of genes involved in
drug metabolism

To evaluate whether quinoclamine affected drug metabolism
in hepatocytes, we analysed the expression levels of genes
encoding phase I and II drug metabolism enzymes. Phase I
drug metabolism genes encode alcohol dehydrogenases,
aldehyde dehydrogenases and cytochrome P450 families,
while phase II drug metabolism genes encode glutathione
S-transferases, sulphotransferase and UGT families. Most
genes encoding alcohol dehydrogenases were up-regulated,
and all genes encoding UGTs were down-regulated (Figure 6).
Moreover, genes encoding ADH7, ALDH1A2, ALDH3A2,

British Journal of Pharmacology (2009) 157 746-756
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Table 2 Expression levels of differentially expressed genes belonging to the gene ontology category of ‘cell cycle’

Gene Description Fold changes SD P-value
CCNA2 Cyclin A2 -2.21 0.13 5.05E-06
CDKN3 Cyclin-dependent kinase inhibitor 3 (CDK2-associated dual specificity phosphatase) -2.86 0.47 1.77E-05
EXT1 Exostoses (multiple) 1 -2.74 0.37 5.94E-07
GADD45A Growth arrest and DNA-damage-inducible, alpha 2.92 0.31 1.38E-08
KNTC1 Kinetochore-associated 1 -2.01 0.30 1.16E-04
LATS1 LATS, large tumour suppressor, homolog 1 (Drosophila) 3.66 1.35 8.87E-05
MCM7 MCM7 minichromosome maintenance deficient 7 (Saccharomyces cerevisiae) -2.27 0.31 2.34E-06
PAFAH1B1 Platelet-activating factor acetylhydrolase, isoform Ib, alpha subunit 45 kDa -2.44 0.40 3.82E-05
PLCB1 Phospholipase C, beta 1 (phosphoinositide-specific) -2.45 0.30 5.94E-06
PRKCA Protein kinase C, alpha 2.02 0.35 2.24E-05
STAG1 Stromal antigen 1 2.18 1.01 8.52E-05
ESCO2 Establishment of cohesion 1 homolog 2 (S. cerevisiae) -2.00 0.25 1.18E-06
GNL3 Guanine nucleotide binding protein-like 3 (nucleolar) 2.07 0.30 3.63E-06

CYP11B2, CYP1B1 and CYP4B1 in phase I drug metabolism,
and genes encoding GSTP1, UGT2B7 and UGT2B11 in phase
II drug metabolism were down-regulated or up-regulated

Table 3 Expression levels of UGT and cancer progression-associated
genes by qPCR

Gene Fold changes
>twofold compared with mock. We further applied qPCR to
confirm the transcriptional expression levels of UGT genes. As  UGT genes
shown in Table 3, the expression levels of four genes, includ- UGTTA10 -1.55
ing UGT1A10, UGT2A1, UGT2B11 and UGT2B7, were down- Sggg\l *fg
regulated in both microarray and qPCR analyses. However, UGT2B7 _117.78
the expression levels of UGT2B15 and UGT2B4 showed UGT2B11 -1.49
opposite results in these methods. UGT2B15 3.05
Cancer progression-associated genes
CCNA2 -1.52
. . . CDKN3 —2.44
Discussion and conclusions ESCO2 -1.22
EXT1 -7.14
The transcription factor NF-xB is known to be involved in LATS1 [
s PAFAH1B1 -2.63
many cell processes, such as cell cycle, apoptosis, inflamma- PLCB1 _385
tion and oncogenesis. Inhibition of NF-xB induces apoptosis PRKCA 2.29

of cancer cells, suggesting that NF-«xB is a potential therapeu-
tic target for cancer (Karin, 2006; Kim et al., 2006). Naphtho-
quinone derivatives are known to inhibit NF-xB activities and
exhibit anti-proliferative potentials. In a large-scale screening
test, we found that quinoclamine, a chemically synthesized
naphthoquinone compound, was a novel NF-xB inhibitor.
Transcriptomic analysis showed that quinoclamine regulated
the expression levels of NF-kB-regulated genes. Additionally,
these differentially expressed genes have been reported to be
associated with cell cycle, cell growth, apoptosis, cell differ-
entiation or anti-tumour effects. These results indicated that
quinoclamine was a novel NF-xB inhibitor with anti-cancer
potential. Furthermore, microarray analysis showed that all
genes encoding UGTs were down-regulated by quinoclamine.
These findings suggested that quinoclamine might interfere
with drug metabolism by slowing down the excretion
of drugs.

Transcriptomic analysis by DNA microarray tools has been
applied to predict the effects of clinical drugs, to analyse the
mechanisms of drugs and to evaluate the metabolism of drugs
(Gerhold et al., 2001; Gunther et al., 2003; Sato et al., 2005). A
comprehensive transcriptomic evaluation of the efficacies and
metabolism of quinoclamine was done in this study. Com-
pared with previous biochemical studies of naphthoquinones,
we found that some genes regulated by quinoclamine are also
regulated by other naphthoquinones. For examples, shikonin
down-regulated Bcl-xL (BCL2L1) in human colorectal carci-
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CCNA2, cyclin A2; CDKN3, cyclin-dependent kinase inhibitor 3; LATS1, large
tumour suppressor homologue 1; PRKCA, protein kinase C alpha; qPCR, quan-
titative real-time polymerase chain reaction; UGT, UDP glucuronosyltransferase.

noma cells (Hsu etal.,, 2004a). Our results showed that
quinoclamine down-regulated BCL2L1 (fold change = -2.12,
P = 0.02) in HepG2 cells. 5-Hydroxy-2-methyl-1,4-naphtho-
quinone down-regulates the expression of product cyclin D1
(CCND1) (Sandur et al., 2006). In our study, CCND1 was also
down-regulated (fold change = —6.89, P = 0.13) by quinoc-
lamine in HepG2 cells. Additionally, quinoclamine induces
differentiation of leukemia cells via protein kinase C alpha
activation (Kwon and Choung, 1997). Protein kinase C alpha
was also affected by quinoclamine in our experiments. There-
fore, these results suggested that quinoclamine might regulate
apoptosis or cell proliferation partially through the genes
affected by other naphthoquinones.

By wusing network analysis, we demonstrated that
quinoclamine-regulated genes might interact with NF-xB or
its downstream genes. Several quinoclamine-affected genes,
including CCNA2, CDKN3, GADD45A, LATS1 and STAG1, are
known to be involved in cell cycle, cell growth or apoptosis
(Pagano et al., 1992; Gyuris et al., 1993; Jin et al., 2002; Xia
et al., 2002; Anazawa et al., 2004). It has been implicated that
proteins of the NF-xB family participate in cell cycle
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Figure 6 Expression levels of genes involved in drug metabolism in quinoclamine-treated HepG2 cells. (A) Phase | drug metabolism genes.
(B) Phase Il drug metabolism genes. Values are mean * standard error of three independent assays.

regulation via cyclin, cyclin-dependent kinase and cyclin-
dependent kinase inhibitors (Perkins et al., 1997; Joyce et al.,
2001). Quinoclamine-regulated CCNA2 and CDKN3 genes
were associated with NF-xB by the knowledge-based network
analysis, indicating that quinoclamine might regulate cell
cycle through NF-xB activity. It has been reported that inhi-
bition of NF-xB in cancer cells results in GADD-dependent
induction of apoptosis and inhibition of tumour growth
(Zerbini et al., 2004). The LATS1 tumour suppressor may play
an important role in the control of human tumour develop-
ment and suppress tumorigenesis by negatively regulating cell
proliferation and modulating cell survival (Xia et al., 2002).
STAG1 is suggested to mediate the p53-dependent apoptosis
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and may be a good candidate for cancer therapy (Anazawa
et al., 2004). CDKN3 is considered to be potential therapeutic
targets against cancer (Okamoto et al., 2006). Quinoclamine
affected the expression levels of GADD45A, LATS1, STAG1
and CDKN3 genes, suggesting that quinoclamine might have
anti-cancer activity.

DNA microarray has been applied to evaluate drug metabo-
lism (Gerhold et al., 2001). Here, we have analysed the expres-
sion levels of phase I and II drug metabolism genes during
quinoclamine treatment. It is interested to find that all genes
encoding UGTs were down-regulated by quinoclamine. The
gene expression levels of these genes were further validated by
qPCR. Although the gene expression tendencies of UGT2B4



and UGT2B15 were in the reverse direction by microarray and
qPCR analyses, the global view at the gene set level for these
genes displayed the same tendency. In addition to quinoc-
lamine, menadione (2-methyl-1,4-naphthoquinone) has been
reported to induce phase I and I enzymes for the metabolism
of xenobiotics, drugs and procarcinogens (Sidorova and Gris-
hanova, 2004). The human UGT superfamily is comprised of
two families (UGT1 and UGT2) and three subfamilies
(UGT1A, UGT2A and UGT2B) (Mackenzie et al., 1997). A glu-
curonidation reaction catalysed by UGT enzymes makes the
drug molecule more hydrophilic and thus the drug molecule
tends to be excreted easily (Ouzzine etal., 2003). Glucu-
ronidation usually abolishes the pharmacological activity in
most cases. Various drugs have been identified in vitro as
inhibitors for UGT-mediated glucuronidation reactions, and
immunosuppressants appear to be particularly potent UGT
inhibitors (Kiang et al., 2005). The suppression of UGTs by
quinoclamine might inhibit the UGT-mediated glucuronida-
tion and increase the difficulty of drug excretion. Therefore,
our findings suggested that drug metabolism might be
affected by quinoclamine.

In conclusion, we comprehensively evaluated the effects
and metabolism of a novel potent NF-xB inhibitor, quinoc-
lamine, by transcriptomic analysis. Quinoclamine regulated
genes involved in cell cycle or apoptosis, suggesting that
quinoclamine exhibited the anti-cancer potential by the regu-
lation of cell cycle and apoptosis. Furthermore, quinoclamine
down-regulated UGT genes, suggesting that quinoclamine
might interfere with drug metabolism by slowing down the
excretion of drugs. Our results demonstrated the feasibility of
microarray data-, GO- and knowledge-driven analysis for new
drug development. Additionally, our findings suggested
that quinoclamine was a novel NF-xB inhibitor with the
anti-cancer potential.
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