1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

o
R s

NIH Public Access

Y (A
] a2 & Author Manuscript

Published in final edited form as:
Cancer Lett. 2007 December 18; 258(2): 230-240.

Berberine, a natural isoquinoline alkaloid, induces NAG-1 and

ATF3 expression in human colorectal cancer cells

Rojsanga Piyanuch, Mugdha Sukhthankar, and Seung Joon Baek”
Department of Pathobiology, College of Veterinary Medicine, University of Tennessee, Knoxville,

TN 37996

Abstract

Berberine is known to possess a wide variety of pharmacological activities, including pro-apoptotic
activity. However, its molecular targets are not elucidated at present. NAG-1 and ATF3 are induced
by several dietary compounds associated with pro-apoptotic activity. Berberine induces cell growth
arrest, apoptosis, NAG-1, and ATF3 in human colorectal cancer cells. ATF3 induction by berberine
is mediated in a p53-dependent manner, whereas NAG-1 induction by berberine is mediated by
multiple signaling pathways. Our results suggest that berberine facilitates apoptosis and that NAG-1
and ATF3 expression plays an important role in berberine-induced apoptosis.
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1. Introduction

Colorectal cancer is the third leading cause of cancer death in the United States, with the annual
incidence approximately equal among men and women. The optimal method for early detection
remains unknown, and patient compliance with screening recommendations remains poor. This
has led to the development of complementary strategies, such as chemoprevention, to reduce
morbidity and mortality from colorectal cancer [1]. Cyclooxygenase (COX) inhibitors have
been used as a chemopreventive compound in colorectal cancer [2,3]. However, it has been
recently revealed that COX-2 inhibitors are cardio-toxic in clinical trials, and it appears that
research in other chemopreventive strategies may be required for colon cancer. Alternatively,
non-toxic botanicals may be one option for the management of colorectal cancers.

Berberine, a natural isoquinoline alkaloid, has been found in many clinically important plants
including Coptis chinensis (Coptis or goldenthread), Berberis aquifolium (Oregon grape),
Berberis vulgaris (barberry), and Coscinium fenestratum [4,5]. Berberine possesses a wide
range of biochemical and pharmacological activities including anti-diarrheal, anti-arrhythmic
and anti-tumor activities [6-8]. The most promising actions of berberine are its inhibition of
cell growth and induction of apoptosis in several human cancer cells [9-11], but the mechanisms
behind these actions need to be elucidated.
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Nonsteroidal anti-inflammatory drug (NSAID) activated gene (NAG-1) was identified in our
laboratory by PCR- based subtractive hybridization as a pro-apoptotic and anti- tumorigenic
protein induced by indomethacin [12]. The human NAG-1 cDNA encodes a secreted protein
with homology to members of the TGF-3 superfamily and has been previously identified as
macrophage inhibitory cytokine-1 (MIC-1), placental transformation growth factor-§
(PTGFB), prostate derived factor (PDF), growth differentiation factor 15 (GDF-15), and
placental bone morphogenetic protein (PLAB) [3]. NAG-1 overexpression in transgenic mice
results in the reduction of tumor formation that was induced by the carcinogen azoxymethane
and induced by genetic mutation of the APC tumor suppressor gene [13]. These data support
the evidence that NAG-1 is linked to apoptosis and that the reduced expression of NAG-1 may
enhance tumorigenesis. Interestingly, NAG-1 induction was seen not only by the treatment
with NSAIDs, but also by other anti-tumorigenic compounds found in the diet, such as
resveratrol [14], genistein [15], green tea catechins [16], and indole-3-carbinol [17]. While
some dietary compounds, including resveratrol and genistein, induce NAG-1 expression
through p53 tumor suppressor protein, NSAIDs, epicatechin gallate, and indole-3-carbinol
induce NAG-1 in a p53-independent manner. Thus, several pathways are involved in
phytochemical-induced NAG-1 expression.

Similarly, ATF3 is a pro-apoptotic protein and many anti-tumorigenic compounds including
phyto chemicals induce this protein at the transcriptional level. ATF3 is a transcriptional factor;
forms heterodimers with other transcription factors, and promotes the expression of a number
of genes involved in apoptosis pathways. Indeed, we and others have shown that ATF3
expression ectopically results in enhancing apoptosis in HCT-116 human colorectal cancer
cells [18], and that tetracycline-inducible over expression of ATF3 suppresses cell growth
[19]. ATF3 has been postulated to be a tumor suppressor gene because it coordinates the
expression of genes that may be linked to cancer [20]. Moreover, the expression of ATF3 was
repressed in human colorectal tumors compared to normal adjacent tissue [21]. Interestingly,
both ATF3 and NAG-1 expression is induced by the green tea epicatechin gallate or indole-3-
carbinol treatment; supporting the concept that ATF3 and NAG-1 expression has arole in phyto
chemical-induced apoptosis [16,17].

Although NAG-1 and ATF3 have been well studied in colorectal cancer as anti-tumorigenic
proteins, the expression and regulation of NAG-1 and ATF3 by berberine has not been
determined. In this report, we show that berberine inhibits cell growth, induces apoptosis, and
induces the expression of two pro-apoptotic genes, NAG-1 and ATF-3. We have also shown
that berberine induces ATF3 expression through the p53 tumor suppressor protein, whereas
berberine increases NAG-1 expression by the PKC, ERK, and GSK-3f pathways.

2. Materials and methods

2.1 Cell cultures, reagents and plasmids

Cell lines were purchased from ATCC (Rockville, MD). Human colorectal carcinoma
HCT-116 and HT-29 cells were maintained in McCoy's 5A medium. SW480 (colorectal
carcinoma cell) and A549 (lung carcinoma cell) cells were cultured in RPMI 1640. LoVo
(colorectal carcinoma cell), NCI-H292 (lung carcinoma cell) and PC-3 (prostate carcinoma
cell) were cultured in Ham's F12K medium. Caco-2 (colorectal carcinoma cell) and T98G
(brain carcinoma cell) were maintained in DMEM and EMEM media, respectively. All media
were supplemented with 10% fetal bovine serum (Cellgro, Herndon, VA), penicillin and
streptomycin (10 mg/ml). HCT-116p53—/— cells were generously provided by Dr. Bert
Vogelstein (Johns Hopkins University, Baltimore, MD) and cultured in McCoy's 5A medium.
Berberine chloride (Ber) and glutathione (GSH) were purchased from Sigma (St Louis, MO).
The NAG-1 antibody was previously described [12]. ATF3, actin and cyclin D1 antibodies
were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). The p53, phospho-
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p44/42 MAP Kinase (ERK 1/2) and phospho -p38 MAP Kinase antibodies were obtained from
Cell Signaling Technology Inc. (Beverly, MA) and p27 antibody was purchased from
NeoMakers (Fremont, CA). For the deletion clones of the ATF3 promoter, pATF3 —1850/+34
was used [18] and serially deleted using the Erase-a-Base System (Promega, Madison, WI).
The NAG-1 luciferase reporter vectors were previously described [22]. All chemicals were
purchased from Fisher Scientific, unless otherwise specified.

2.2 Cell proliferation analysis

The effect of berberine on cell proliferation in HCT-116 and SW480 cells was investigated
using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison,
WI). The cells were seeded at the concentration of 1000 cells/well for HCT-116 and 2000 cells/
well for SW480 in 96-well tissue culture plates in six replicates. The cells were then treated
with 1, 10, and 50 uM of berberine in the presence of serum. At 1, 2, and 4 days after treatment,
20 pl of CellTiter96 Aqueous One solution was added to each well, and the plate was incubated
for 1 hat 37°C. Absorbance at 490 nm was recorded in an enzyme-linked immunosorbent assay
(ELISA) plate reader (Bio-Tek Instruments, Winooski, VT).

2.3 DNA cell cycle analysis

The DNA content for the sub Gg population was determined by flow cytometry. The cells were
plated at 6 x10° cells/well in 6-well plates, incubated for 16 h, and then treated with 10 and 50
uM of berberine in the presence of serum. The cells (attached and floating cells) were then
harvested, washed with PBS, fixed by the slow addition of 1ml cold 70% ethanol, and stored
at—20 °C. The fixed cells were pelleted, washed with 50%, and 30% ethanol, followed by PBS,
and stained with 1 ml of 20 mg/ml propidium iodide containing 1 mg/ml RNase in PBS for 30
min. Twenty thousand cells were examined by flow cytometry, using a Becton Dickinson
Fluorescence-activated cell sorter (FACS) equipped with CellQuest software, by gating on an
area versus width dot plot to exclude cell debris and cell aggregates. Apoptosis was measured
by the level of sub-diploid DNA contained in cells following treatment with compounds using
Cell Quest software.

2.4 Western blot analysis

Cells were grown to 60-80% confluence in 6-cm plates followed by 24 h treatment of various
concentrations of berberine or DMSO as vehicle control in the absence of serum. Total cell
lysates were isolated using RIPA buffer (1 xPBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS) supplemented with protease inhibitors (1L mM PMSF, 5 pg/ml aprotinin and 5 pg/ml
leupeptin) and phosphatase inhibitors (1 mM NazVO4 and 1 mM NaF). The protein
concentration was determined by the BCA protein assay (Pierce, Rockford, IL) using BSA as
the standard. Thirty micrograms of protein were separated by SDS-PAGE and transferred for
1 h onto a nitrocellulose membrane (Schleicher & Schuell, NH). The blots were blocked for 1
h with 5% skim milk in TBS/Tween 0.05% (TBS-T), and probed with a specific primary
antiserum in Tris buffered saline (TBS) containing 0.05% Tween-20 (TBS-T) and 5% non-fat
dry milk at 4°C overnight. After washing with TBS-T, the blots were treated with horseradish
peroxidase-conjugated secondary antibody for 1 h and washed several times. Proteins were
detected by the enhanced chemiluminescence system (Amersham, IL).

2.5 Plasmid transient transfections

Transient transfections were performed using Lipofectamine (Invitrogen, Carlsbad, CA)
according to the manufacturer's protocol. Briefly, HCT-116 cells were plated in 12-well plates
at the concentration of 2x10° cells/well. After growth for 18 h, plasmid mixtures containing
0.5 ug of the reporter gene and 0.05 pg of the pRL-null vector were transfected for 5 h. The
transfected cells were then incubated with 50 uM of berberine for 24 h. The cells were harvested
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in 1X luciferase lysis buffer, and luciferase activity was normalized to the pRL-null luciferase
activity using a dual luciferase assay kit (Promega, Madison, WI).

2.6 Protein kinase inhibitor studies

Cells at 60-80 % confluence were treated with DMSO, PD98059(40 M, ERK1/2 inhibitor) ,
AKT inhibitor (10 uM), MG132 (10 pM, NF-«B inhibitor) , RO31-8220 (1, 2.5 and 5 uM,
PKC inhibitor), Rottlerin (0.5, 1 and 5 uM, PKC inhibitor), Go6983 (10, 50 and 100 nM, PKC
inhibitor), AR-A014418 (30 uM, GSK-3p inhibitor), AG490 (50 uM, JAK-2 inhibitor), or
SP600125 (30 uM, JNK inhibitor) in serum-free medium. After 30 min, either DMSO or 50
uM berberine was added directly to the media. Cells were harvested and analyzed by Western
blot after 24 h.

2.7. SIRNA transfection and Caspase 3/7 activity

HCT-116 cells were seeded at 2x10° cells / well in 6-well plate and allowed to grow for 24 h
in complete media. The cells were then transfected with either shRNAs for control and
NAG-1 [23], or siRNA for control and ATF3 [18] using lipofectamine 2000 and TransIT-TKO
(Mirus Bio Corporation, Madison, WI), respectively. The transfected cells were treated with
either DMSO or 50 uM of berberine in serum free media for 24 h, and the cells were then
harvested using RIPA buffer. Caspase activity was measured using Caspase 3/7 Luminescent
Assay Kit (Promega, Madison, WI) according to the manufacture's protocol. Luminescence
was measured using the microplate reader (BioTek Instruments, Winooski, Vermont).

3. Results

3.1. Berberine inhibits cell proliferation and induces apoptosis in colorectal cancer cells

We first investigated the anti-proliferative effects of berberine on human colorectal carcinoma
cells, HCT-116 and SW480. The cells were treated with 1, 10, and 50 pM berberine for 1, 2,
and 4 days. The treatment of berberine in HCT-116 cells resulted in a significant reduction in
cell proliferation at 10 uM (P<0.001) and 50 uM (P<0.001) after 4 days and 2 days treatment,
respectively (Fig. 1A). Similar effects were obtained in SW480 cells (Fig. 1C). However,
SW480 cells responded more quickly than HCT-116 cells, with the reduction in viability seen
at 24 h. These data suggest that berberine has a cytotoxic effect on colorectal cancer cells, both
in p53 wild type cells (HCT-116) and p53-mutated cells (SW480). Based on this preliminary
data in which we observed the strong growth inhibitory effect of berberine in HCT-116 and
SW480 cells, we selected doses of 10 and 50 uM to determine the possible inhibitory effect of
berberine on cell cycle progression and apoptosis. As shown in Fig. 1B, treatment of HCT-116
cells with berberine resulted in a significant enrichment in the number of cells in the Sub Gy
phase, which represents the apoptotic cells, at both concentrations used: 10 uM (8.20%, P <
0.005) and 50 uM (12.23%, P < 0.005), compared to that of vehicle (2.97%). The cells also
showed G1 cell cycle arrest at 10 uM (40.73%, P < 0.005) and 50 pM (46.03%, P < 0.005),
compared to vehicle treatment (37.57%). Simultaneously, we observed the reduction of the S
and G,/M phases in a dose dependent manner, suggesting that berberine induces apoptosis and
G/G1 phase cell cycle arrest in HCT-116 cells. Similar results were obtained on apoptosis
induction by berberine, but we did not observe G cell cycle arrest in SW480 cells (Fig. 1D).

3.2. Berberine induces NAG-1 and ATF3 protein expression in several cancer cells

To investigate the effects of berberine on NAG-1 and ATF3 protein expression in different
colorectal and other cancer cells, several cancer cells were treated with 50 pM of berberine for
24 h. As shown in Fig. 2A, berberine increases NAG-1 expression in HCT-116 and CaCo-2
cells, whereas ATF3 induction was seen in HCT-116 and SW480 cells. Moreover, we also
explored the NAG-1 and ATF3 expression in non-colorectal cancer cells (Fig. 2B). In the
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presence of 50 uM of berberine, NAG-1 expression was increased in NCI-H292 lung cancer
cells, whereas ATF3 induction was observed in A549 lung cancer cells. These data suggest
that berberine affects NAG-1 and ATF3 induction in a cell-type specific manner. Since
HCT-116 cells are the only cells showing both NAG-1 and ATF3 induction by berberine, we
used these cells for further experiments. To investigate the involvement of berberine on the
expression of other genes, we next assessed the effect of berberine on the expression of proteins
regulating cell cycle. The treatment of HCT-116 cells with 50 uM of berberine for 0, 6, 12 and
24 hresulted in atime-dependent increase in NAG-1 expression. Similar effects were observed
in protein levels of ATF3 and the cyclin inhibitors p21 and p27. In contrast, a strong reduction
of cyclin D1 was observed after berberine treatment for 24 h (Fig. 2C). In addition, other
apoptotic related genes including BAX and Bcl-2 were measured and we found that BAX were
increased by berberine treatment, whereas no Bcl-2 expression was detected in HCT-116 cells
(data not shown). These results indicate that berberine not only increases NAG-1 and ATF3,
but also affects cell cycle regulators, including p21, p27, and cyclin D1.

3.3 Pro-oxidative activity of berberine is not involved in NAG-1 and ATF3 expression

We investigated whether the effect of berberine on protein expression is mediated through the
production of reactive oxygen species (ROS) in the culture system, since some phytochemicals
including berberine are known to produce ROS in culture media[24-26]. The cells were
pretreated with anti-oxidant glutathione (GSH) for 1 h prior to treatment with berberine. As
shown in Fig. 3, treatment of berberine in the presence of GSH did not affect NAG-1 and ATF3
expression, indicating that induction of NAG-1 and ATF3 by berberine is not mediated via the
pro-oxidative activity of berberine.

3.4 Berberine affects p53-dependent transcriptional activity followed by the induction of
ATF3 expressions in HCT-116 cells

Because many phytochemicals increase the p53 tumor suppressor protein in human colorectal
cancer cells, we next investigated whether berberine activated p53 in HCT-116 cells at the
transcriptional level. Two reporter systems were used in this study: pMdm-2 construct contains
one p53 binding site, whereas 2X RGC-luc construct contains two p53 binding sites linked to
a thymidine kinase (TK) minimal promoter [27,28]. As shown in Fig. 4A, berberine increased
luciferase activity in both p53 responding promoters. Since both NAG-1 and ATF3 contain
the p53 binding site in their promoter, we examined whether berberine induced NAG-1 and
ATF3viaap53-dependent pathway. HCT-116WT cellsand HCT-116p53—/— cells were treated
with berberine for 24 h at various concentrations. As shown in Fig. 4B, NAG-1 and ATF3 were
dramatically increased in a dose-dependent manner in HCT-116 WT cells. However, only
NAG-1 induction was observed in HCT-116p53—/— cells, whereas ATF3 was not induced in
HCT-116p53—/- cells. These data indicate that ATF3 induction by berberine is dependent on
p53 activation, and NAG-1 induction by berberine is not mediated by p53 protein expression.
Furthermore, NAG-1 and ATF3 promoter activity was examined in the presence of berberine.
The promoter constructs of NAG-1 and ATF3, with and without p53 binding sites, were
obtained and transfected into HCT-116WT cells. As shown in Fig. 4C, the promoter activity
of the ATF3 construct without the p53 binding site was significantly decreased, compared to
that with the p53 binding site (P< 0.01). However, both NAG-1 constructs showed an increase
of luciferase activity (Fig. 4D), suggesting that berberine induces ATF3 expression at least in
part in a p53-dependent manner, whereas berberine induces NAG-1 expression in a p53-
independent manner.

3.5 Effect of kinase inhibitors on NAG-1 expression

To explore the molecular mechanism involved in berberine-induced NAG-1 expression, we
examined several signaling pathways that are affected by berberine. We screened several
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kinase-specific inhibitors at the concentration that does not deviate from their selectivity.
HCT-116 cells were pretreated with vehicle or kinase inhibitor for 30 min prior to incubation
with 50 uM of berberine. As shown in Fig. 5A, the berberine-induced NAG-1 expression was
strongly suppressed in the presence of PD98059 (ERK 1/2 inhibitor), RO31-8220 (PKC
inhibitor), and AR-A014418 (GSK-3p inhibitor). Collectively, these results suggest the roles
of the ERK1/2, PKC, and GSK-3p protein kinase pathways in berberine-induced NAG-1
expression.

We next examined the specific isoforms of PKC involved in mediating berberine-induced
NAG-1 expression, since RO31-8220 inhibits PKC activity in a nonspecific manner. HCT-116
cells were treated with RO31-8220 (1, 2.5 and 5 uM), Rottlerin (0.5, 1 and 5 uM) and Go6983
(10, 50 and 100 nM) with berberine 50 uM. Interestingly, treatment with RO31-8220, an
inhibitor of PKCa, B1, B2, v and &, dose-dependently decreased the induction of NAG-1 by
berberine. However, Rottlerin (a specific inhibitor of PKC38), and Go6983 (inhibitor of
PKCa, B, v, { and 8) did not affect berberine-induced NAG-1 expression (Fig. 5B). These data
indicate that PKCe may be involved in berberine-induced NAG-1 expression. Furthermore,
our investigation into the effect of berberine on ERK1/2 activity in HCT-116 cells showed that
berberine altered the phosphorylation of ERK1/2 (Fig. 5C). The alteration of phospho- ERK1/2
was highly associated with NAG-1 expression. In contrast, the expression of total ERK1/2 was
not altered by berberine. Finally, we investigated NAG-1 promoter activity in the presence of
different kinase inhibitors. The construct pNAG 133/+41 was transfected into HCT-116 cells
and treated with kinase inhibitors prior to the incubation of berberine. As shown in Fig. 5D,
most of the data is consistent with the Western analysis shown in Fig. 5A, with the exception
of AG490 treatment. Taken together, our results demonstrated that berberine affects PKC,
GSK-3B, and ERK activity, followed by the induction of NAG-1 expression in HCT-116 cells.

3.6. NAG-1 and ATF3 are involved in berberine-induced apoptosis

To explore whether NAG-1 and ATF3 expression contribute to berberine-induced apoptosis,
we performed knock-down of endogenous NAG-1 or ATF3 gene by RNA interference, and
analyzed apoptosis-related caspase 3/7 activity. HCT-116 cells were transfected with ShRNA
for NAG-1 and siRNA for ATF3. As shown in Fig, 6A and B, transfection with NAG-1 shRNA
clearly suppressed berberine-induced NAG-1 expression (Fig. 6A, top panel). Treatment of
control shRNA-transfected cells with berberine increased caspase activity, whereas treatment
of NAG-1 shRNA-transfected cells with berberine decreased caspase activity, compared to
vehicle treatment. These results suggest the link between NAG-1 expression and berberine-
induced apoptosis. Likewise, ATF3 siRNA was also transfected into HCT-116 cells and
caspase activity was performed. As shown in Fig. 6B, ATF3 expression was suppressed in the
presence of ATF3 siRNA (top panel), and caspase activity was dramatically decreased in the
ATF3 siRNA transfected cells, compared to control siRNA transfected cells. These results
indicate that NAG-1 and ATF3 expression contributes at least in part to berberine-induced
apoptosis in HCT-116 cells.

Discussion

Natural products have been a continuous source of novel compounds for the treatment of
numerous diseases, with natural products and their synthetic derivatives comprising over 60%
of the approved anticancer drug candidates developed between 1981 and 2002[29]. Because
the occurrence and mortality rate of colorectal cancer is high, it is important in terms of public
health and economics to prevent cancer by reducing carcinogenesis using cancer
chemopreventive drugs, especially for the patients who have genetic predisposition to colon
cancer or those particularly susceptible to environmental causes of neoplasia. Thus, it is
necessary to screen and evaluate natural products systemically for the identification of
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molecular targets as a first step in finding active compounds and subsequently exploring their
mechanism of action.

In the present study, we have shown that berberine, a naturally occurring isoquinoline alkaloid,
significantly inhibits cell growth and induces apoptosis in HCT-116 and SW480 cells. Along
with these effects, berberine also induces several apoptotic and cell cycle related genes. Further
studies were performed to determine the effect of berberine on NAG-1 and ATF3 expression
in colorectal cancer cells (Fig. 2A) as well as in other cancer cells (Fig. 2B). Itis well established
that NAG-1 and ATF3 induces apoptosis in colorectal cancer cells [13,30,31] and many
investigators, including our lab, have reported that many anti-tumorigenic compounds increase
NAG-1 and ATF3 expression [16,17,32]. This indicates that NAG-1 and ATF3 may be
important molecular target proteins of chemopreventive compounds.

There have been reports that NAG-1 and ATF3 are p53 target genes that mediate p53-dependent
apoptosis [14,33]. Indeed, berberine increases p53 activity as assessed by a reporter system
(Fig. 4A). However, p53 dependency may not fully account for increased NAG-1 expression
because NAG-1 induction was observed in p53 knock-out cells (Fig. 4B). These results were
partially confirmed by reporter assay using NAG-1 promoter constructs containing p53 binding
site (Fig. 4D). In contrast, the p53 binding site in the ATF3 promoter contributes significantly
to the berberine-induced ATF3 expression.

The berberine responsible element may be located within —133 bp of the NAG-1 promoter (Fig.
4D). Several internal deletion clones within this region were generated and luciferase activity
was measured in the presence of berberine, but no obvious cis-acting elements in this region
were observed, suggesting that berberine may affect multiple trans-acting elements (data not
shown). Alternatively, we decided to investigate the up-stream region of the signaling pathway
that affects berberine-induced NAG-1 expression, and further molecular mechanism studies
revealed that berberine affects several signaling pathways. In this study, we screened several
signaling pathways using kinase inhibitors. Our data suggest that berberine-induced NAG-1
expression may involve the PKC, ERK, and GSK-3f pathway (Fig. 5). Involvement of
PKC3 and PKCe in NAG-1 regulation has been previously reported. PKCS is the upstream
kinase for NAG-1 expression in prostate cancer cells [34], and PKCe plays a role in gingerol-
induced NAG-1 expression [35]. Berberine may enhance PKCe activity, resulting in the
NAG-1 induction (Fig. 5B). Likewise, berberine also activated ERK activity by
phosphorylation (Fig. 5C), followed by the induction of NAG-1. The activation of the ERK
pathway has been reported in PPARYy ligand-induced NAG-1 expression [36]. We have also
found that berberine weakly binds to the ligand binding domain of PPARY, as assessed by a
reporter gene experiment (data not shown). Thus, berberine may act in a similar way as
PPARYy ligands to promote ERK activation. However, further experiments are clearly needed
to elucidate berberine's effect on ERK activation.

It has been shown that some anti-oxidant compounds, including tea polyphenols and
flavonoids, exhibit anti-tumorigenic activity via pro-oxidant properties [37,38]. Since
polyphenol compounds may exhibit both anti-oxidant and pro-oxidant activities [39,40], we
determined whether NAG-1 and ATF3 induction by berberine was mediated by its pro-
oxidative activity. We found that berberine did not affect NAG-1 and ATF3 expression through
its pro-oxidant property. Although further studies are required, our data clearly show that pro-
oxidative activity of berberine does not contribute to the berberine-induced NAG-1 and ATF3
expression.

In conclusion, the current study provides evidence for the anti-tumorigenic activity of
berberine. The p53-dependent pathway may be involved in berberine-induced ATF3
expression. However, p53-independent pathways may mediate berberine-induced
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NAG-1expression. Furthermore, we identified that ERK, PKC, and GSK-3 pathways play a
pivotal role in berberine-induced NAG-1 expression.
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Fig. 1. Effect of berberine on cell growth and apoptosis in HCT-116 and SW480 cells

HCT-116 (A) and SW480 (C) cells were treated with vehicle or various concentrations of
berberine for 4 days. Cell growth was measured using the CellTiter96 Aqueous One Solution
Cell Proliferation Assay. Values are expressed as mean £SD of six replicates. **P< 0.01, ***P<
0.001 versus vehicle-treated cells. Flow cytometric analysis of vehicle or berberine-treated
HCT-116 (B) and SW480 (D) cells were analyzed. Cells were plated at 6 x10° cells / well in
six-well plates, incubated with or without 10 or 50 uM of berberine for 48 h and analyzed for
cell cycle progression as described in Materials and Methods. Representative cell cycle profiles
are shown in the box. M1 indicates sub GO cell population and values are expressed as mean
+SD of three replicates. *P< 0.05, ** P< 0.01, P*** P< 0.001 versus vehicle-treated cells.
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Fig. 2. Western analysis of NAG-1 and ATF3 expressions in different cancer cells treated with
berberine

(A) Different colorectal cancer cells- Caco-2, SW480, HT29, LoVo, and HCT-116-were
treated with or without 50 uM of berberine for 24 h. Thirty micrograms of total protein were
subjected to 14 % SDS-PAGE and antibodies for NAG-1, ATF3 or Actin (Santa Cruz) were
applied as described in the Materials and Methods section. (B) Different cancer cell lines
including A549 (lung), NCI-H292 (lung), PC-3 (prostate), and T98G (brain) were treated with
or without 50 uM of berberine for 24 h. Ber, Berberine. (C) HCT-116 cells were treated with
50 uM of berberine at various time points (0, 6, 12, 24 h). The cells were harvested and subjected
to Western analysis using NAG-1, ATF3, cyclin D1, p27, p21, and Actin antibodies. Actin
was used for normalization.
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Fig. 3. Pro-oxidant property of berberine is not associated with berberine-induced NAG-1 and
ATF-3in HCT-116 cells

The cells were treated with vehicle and 5 pM of glutathione (GSH) for 1 h prior to incubation
with 50 uM of berberine for 24 h. Western analysis was carried out using NAG-1, ATF3, and
Actin antibodies.
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Fig. 4. Effect of berberine on ATF-3 expressions through a p53-dependent pathway

(A) Berberine increased p53-dependent transcriptional activity in HCT-116 cells. The
pMdm-2-Luc or 2XRGC-Luc constructs (top panel) were transiently transfected into HCT-116
cells. After 24 h transfection, the cells were treated with either vehicle or berberine for an
additional 24 h and harvested to measure luciferase activity. The values obtained from vehicle-
treated cells were defined as 1.0. Each value represents mean = SD from three independent
transfections. (B) Western analysis of HCT-116WT and HCT-116p53—/— cells treated with
berberine. The HCT-116 cells, both p53 wild-type and p53 null, were treated with berberine
50 uM for 24 h. Western analysis for NAG-1, ATF3, p53 and actin expressions were obtained
as described in Materials and Methods. (C) The constructs, pATF 514/+34 and pATF132/+34
(0.5 pg each) and pRL-null (0.05ug) were transiently transfected into HCT-116 cells. The cells
were treated with 50 uM of berberine for 24 h and luciferase activity was measured. Each value
represents mean + SD from three independent transfections. The closed oval indicates the p53
binding site. (D) The constructs, pPNAG133/+70 and pNAG133/+41 (0.5 pg each), and pRL-
null (0.05 ug) were transiently transfected into HCT-116 cells. The cells were treated with 50
uM of berberine for 24 h and luciferase activity was measured. Each value represents mean +
SD from three independent transfections. The closed oval indicates the p53 binding site.

Cancer Lett. Author manuscript; available in PMC 2008 December 18.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Piyanuch et al.

A

Page 15

Ber 50 },lM Ber 50 HM
~ B
> s
o M = - =
—~ ~ Q —~ = 2
2. 288§ Y s 3 z2
ESSLI'.V%ME ® S g n
v"_azo._<;; 2 © & a
208 EQY X =2 3 S Q 5 °
2 2 ® — o g g > ~ K~ ©
55358025 &
S2a<i 2 <25 1255 0515 1050100
b " ---—‘*-- _
' -_— - aEee. NAG-1

.w - - - o : - 7.' - Actin

D
0.7 *
0.6 ]
Ber 50 uM ns - I
2 04 - =
Oh 0.5h 1h 3h 6h 24h &3 . N
g S === P_ERKI2 0.2 - . L u . . .
R e N e T
assessessesneuses» ERKI1/2 DENNEE BB B B B T
G Ll o N W O BN N BN .
= — == NAG-I . R . R L
Actin & & & & & NP &
B N R
& Q&Y N g Y &
W NS
] AR N v
5
biag
Ber 50 uyM

Fig. 5. Effects of kinase inhibitors on berberine-induced NAG-1 expression in HCT-116 cells

(A) HCT-116 cells were treated with DMSO, PD98059 (40 uM), AKT inhibitor (10 uM),
MG132 (10 uM), RO31-8220 (2.5 uM), AR-A014418 (30 uM), AG490 (50 pM) or SP600125
(30 uM), for 30 min followed by treatment with 50 uM of berberine for an additional 24 h in
the absence of serum. The cell lysates were harvested, and 30 ug of total protein were subjected
to Western blot analysis as described in Materials and Methods. Equal amounts of loading
proteins were estimated by Actin probing. (B) HCT-116 cells were treated with DMSO,
R0O31-8220 (1, 2.5 and 5 uM), Rottlerin (0.5, 1 and 5 pM) and Go6983 (10, 50 and 100 nM)
in serum-free media. After 30 min, either DMSO or 50 uM of berberine was added directly to
the media. After 24 h, cells were both harvested and analyzed by Western blot, as described
in Materials and Methods. (C) HCT-116 cells were serum starved for 24 h and treated with 50
uM of berberine. At the indicated times, the cell lysates were harvested to perform Western
blot analysis for p-ERK1/2, total ERK1/2, and NAG-1, and results were normamlized with
Actin. (D) The pNAG133/+41 luciferase construct (0.5 ug) was transiently transfected with
0.05 pg of pRL-null vector into HCT-116 cells using lipofectamine. The cells were pretreated
for 30 min in serum free media with DMSO, PD98059 (40 uM), AKT inhibitor (10 uM),
MG132 (10 uM), RO31-8220 (5 uM), AR-A014418 (30 uM), AG490 (50 uM) or SP600125
(30 uM), and 50 puM of berberine was added in all wells except vehicle. After 24 h, luciferase
activity was measured. The y axis shows fold increase in relative luciferase units (RLU)
compared to RLU of vehicle-treated cells. Each value represents mean + SD from three
independent transfections. The student t- test was used to determine significance in the NAG-1
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promoter activity in the presence of berberine, and the RLU of all the different inhibitor treated
samples were compared with that of the berberine-only treated sample.
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Fig. 6. NAG-1 and ATF3 in part mediate berberine-induced apoptosis

(A) HCT-116 cells were transfected with the ShRNA of NAG-1 and treated with either DMSO
(VEH) or 50 uM berberine (BER) for 24 h. Cell lysates were isolated and were subjected to
Western analysis using NAG-1 and Actin antibodies. The same cell lysates were used to
determine caspase activity using caspase 3/7 Glo reagent and luminescence was recorded as
described in Materials and Methods. ** indicates p<0.05 when compared to vehicle treatment
using student t-test. (B) HCT-116 cells were transfected with control sSiRNA and ATF3 siRNA.
After 24 hr treatment with either DMSO (VEH) or berberine (BER), cell lysates were subject
to Western analysis and caspase activity assay as described above. ** indicates p<0.05 when
compared to vehicle treatment using student t-test.
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