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Phytochemicals, non-nutrient chemicals derived from plants, have been shown to have anti-in-
flammation, anti-oxidation, and chemopreventive effects. In the current study, we investigated wheth-
er five different phytochemicals (resveratrol, genistein, epicatechin gallate, diallyl disulfide, and caffeic
acid phenethyl ester) alter cell growth and gene expression in human colorectal cancer HCT116 cells.
Using a cell viability assay, we found that each of the phytochemicals tested inhibited HCT116 cell
growth in a dose-dependent manner. Additionally, using human oligo DNA microarray analysis, we
found that only six genes were commonly up-regulated and seven genes were commonly down-regu-
lated in response to each phytochemical treatment. For the commonly up-regulated genes, the micro-
array analysis was confirmed by reverse transcription–PCR using gene-specific primers. In addition,
NAG-1 protein was up-regulated by all treated phytochemcials. The results of this study may help
to enhance our understanding of the general molecular mechanisms of chemoprevention that are
mediated by phytochemicals in human colorectal cancer.
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Introduction

Colorectal cancer is the third leading cause of new cancer

cases as well as cancer deaths regardless of gender in the

United States [9]. Despite intensive therapy including sur-

gery, chemotherapy, and radiotherapy, mortality rate related

to colorectal cancer was not significantly changed. In this

respect, cancer chemoprevention is attractive to prevent can-

cer development and to retard metastasis of cancer [11]. The

most popular cancer preventive agents are non-steroidal an-

ti-inflammatory drugs (NSAIDs), phytochemicals, calcium

and vitamins [14,21,23]. Among them, phytochemicals have

received considerable attention because of availabilities and

lacks of side effects.

Phytochemicals are non-nutrient chemicals derived from

plant, and has been known to posses many biological func-

tions such as anti-inflammation, anti-oxidation and anti-can-

cer activities [1]. For this study, we have used five different

phytochemicals (resveratrol, genistein, epicatechin gallate,

diallyl disulfide, and caffeic acid phenethyl ester).

Resveratrol is a natural compound found in large quantities,

most notably in grapes and red wine. Many reports showed

that resveratrol induced cell cycle arrest and cell death of

human colorectal cancer [8,19]. Our group also reported that

resveratrol up-regulated NAG-1 (non-steroidal anti-in-

flammatory drug (NSAID) activated gene-1) expression,

which has been shown to be associated with pro-apoptotic

and anti-tumorigenic activities, in a p53-dependent manner

[3]. Genistein is an isoflavone abundant in soy and induces

apoptosis in colon cancer cell [22,28]. Like resveratrol, genis-

tein could induce NAG-1 gene in a p53-dependent manner

[25]. Epicatechin gallate (ECG) is one of catechin compounds

found in green tea. Even EGCG is the most abundant cat-

echin of green tea, ECG was the highest inducer of NAG-1

[4]. Diallyl disulfide is one of compounds in garlic acid and

has been shown to induce growth inhibition and apoptosis

in several different types of cancer including colorectal, blad-

der and prostate cancer cells [10,18,26]. Caffeic acid phe-

nethyl ester is one of main compounds rich in propolis and

induced apoptosis in colorectal cancer and glioma cells

[15,24]. Even many research groups focused on unveiling

working mechanisms of phytochemicals toward cancer che-

moprevention, the general working mechanisms still remain
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Table 1. Gene-specific primer sequences used for RT-PCR

Gene Name GenBank No Primer Sequences

GAPDH NM_002046
Forward 5'-TCAACGGATTTGGTCGTATT-3'

Reverse 5'-CTGTGGTCATGAGTCCTTCC-3'

NAG-1 NM_004864
Forward 5'-GGATACTCACGCCAGAAGTG-3'

Reverse 5'-ATGAGCACCATGGGATTGTA-3'

DKK-1 NM_012242
Forward 5'-TTCCAACGCTATCAAGAACC-3'

Reverse 5'-ATGACCGGAGACAAACAGAA-3'

NR4A1 NM_173158
Forward 5'-GCCTTCTTTTCCTTCAGTCC-3'

Reverse 5'-GCTGTCTGTTCGGACAACTT-3'

GADD45A NM_001924
Forward 5'-AGAAGACCGAAAGGATGGAT-3'

Reverse 5'-ATGAATGTGGATTCGTCACC-3'

unclear.

In the present study, we performed oligo DNA micro-

array and analyzed global gene expression changes induced

by phytochemicals treatment. We believe that these results

could provide the basis for the understanding of the general

molecular mechanism of phytochemicals.

Materials and Methods

Cell lines and reagents

Human colorectal cancer cell line HCT116 was purchased

from ATCC (Manassas, VA, USA) and maintained in

McCoy’s 5A medium supplemented with 10% fetal bovine

serum and penicillin-streptomycin. Phytochemicals used

were purchased from Calbiochem (San Diego, CA, USA) or

Sigma (St. Louis, MO, USA). Antibody to Actin was pur-

chased from Santa Cruz Biotechnology, Inc. (Santa Cruz,

CA), whereas NAG-1 antibody was described previously [2].

Chemicals treatment and cell viability assay

The cell growth of the stable cell lines was measured us-

ing the MTS colorimetric assay kit purchased from Promega

(Madison, WI, USA). Approximately, 3×10
3

cells were seed-

ed and grown in each well of 96-well plates overnight. Cell

viability was measured after 24 hr treatment of each phy-

tochemical at 490 nm in an ELISA reader plate following

the addition of 20 μl of MTS solution and incubation at 37oC

for 4 hr.

Microarray analysis

Oligo DNA microarray experiment was performed by mi-

croarray core facility of National Institute of Environmental

Health Sciences (NIEHS, USA). Briefly, gene expression

analysis was conducted using Agilent human oligo 1A ar-

rays (Agilent Technologies, Palo Alto, CA, USA). Total RNA

was amplified using the Agilent Low RNA Input Fluorescent

Linear Amplification Kit protocol. For each two color com-

parison, 750 ng of each Cy3 and Cy5 labeled cRNAs were

mixed and fragmented using the Agilent In Situ

Hybridization Kit protocol. Hybridizations were performed

for 16 hr in a rotating hybridization oven using the Agilent

60-mer oligo DNA microarray processing protocol. Slides

were washed as indicated in this protocol and then scanned

with an Agilent Scanner. Data was obtained using the

Agilent Feature Extraction software (v7.5), using defaults for

all parameters. Images and GEML files, including error and

p-values, were exported from the Agilent Feature Extraction

software and deposited into Rosetta Resolver (version 3.2,

build 3.2.2.0.33) (Rosetta Biosoftware, Kirkland, WA). The

resultant ratio profiles were combined into ratio experiments

as described in Stoughton and Dai [7]. Intensity plots were

generated for each ratio experiment and genes were consid-

ered “signature genes” if the p value was less than 0.001.

Reverse transcription-polymerase chain reaction

Total cellular RNAs were extracted from stable cell lines

using TRIzol reagent (GIBCO-BRL, Gaithersburg, MD). Ten

micrograms of total RNA was reverse transcribed and a one

tenth volume of synthesized cDNA then added to 50 μl PCR

reaction mixture with gene-specific primers and GAPDH pri-

mers (Table 1). The thermal cycling conditions used con-

sisted of: initial denaturation at 94
o
C for 4 min, followed

by 25 cycles of 94
o
C for 30 sec, 58

o
C for 30 sec and 72

o
C

for 45 sec, and final extension for 10 min at 72
o
C. The final

PCR products were electrophoresed on a 1% agarose gel and

photographed under UV light.

Western blot analysis

Cells were collected and lysed in RIPA buffer [50 mM

Tris-Cl (pH 8.0), 150 mM NaCl, 1% NP40, 0.1% SDS, and
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Fig. 1. Effects of phytochemicals and sulindac sulfide on cancer cell growth. HCT116 cells were plated at 3×103 cells/well in a

96-well plate and were incubated with either vehicle (DMSO), resveratrol (RES, 25 or 50 μM), genistein (GEN, 25 or 50

μM), epicatechin gallate (ECG, 25 or 50 μM), diallyl disulfide(DADS, 25 or 50μM), caffeic acid phenethyl ester (CAPE, 10

or 20 μM) or sulindac sulfide (SS, 10 μM) for 24 hr. Cell growth was measured using the MTS cell proliferation kit (Promega,

Madison, WI). Values are expressed as mean±SD of 8 replicate experiments.

0.5% sodium deoxycholate]. Thirty micrograms of whole cell

extracts were separated in a 4-12% gel (Invitrogen, Calsbad,

CA) and transferred onto a nitrocellulose membrane

(Invitrogen, Calsbad, CA). Membranes were blocked in TTBS

and 5% skim milk. Protein bands were probed with primary

antibody followed by labeling with horseradish perox-

idase-conjugated anti-mouse, or anti-rabbit (Amersham,

Piscataway, NJ). Bands were visualized by enhanced chem-

iluminescence using the ECL kit (Amersham, Piscataway,

NJ) according to manufacturer’s direction.

Results

Phytochemicals affect colorectal cancer cell growth

To investigate the effect of phytochemicals on the growth

of colorectal cancer cell, HCT116 cells were treated with five

different phytochemicals and sulindac sulfide in different

doses. Cells were incubated with 0, 25 or 50 μM of resvera-

trol, genistein, epicatechin gallate, diallyl disulfide, whereas

cells were incubated with 0, 10 or 20 μM of caffeic acid

phenethyl ester and sulindac sulfide. After 24 hr treatment

of phytochemicals, cell proliferation was measured with

MTS colorimetric method. As shown in Fig. 1, each phyo-

tochemical inhibit cancer cell proliferation in a concen-

tration-dependent manner except ECG. Among phytochem-

icals, caffeic acid phenethyl ester inhibits cell growth dra-

matically at even low concentrations compared to other

phytochemicals. We determined the concentration of each

phytochemical for microarray analysis, based on cell via-

bility assay. We treated 50 μM of resveratrol (RES), genistein

(GEN), epicatechin gallate (ECG), and diallyl disulfide

(DADS), whereas 10 μM of caffeic acid phenethyl ester

(CAPE) and 5 μM (not tested dose in Fig. 1) of sulindac sul-

fide were treated in HCT116 cells for microarray analysis.

Analysis of gene expression changes by phy-

tochemical treatments

To detect the changes of gene expression induced by phy-

tochemical treatment, we performed human oligo DNA mi-

croarray experiment. To begin with, we screened the com-

monly up-regulated genes and down regulated genes by

phytochemicals. The results indicated that only six genes

were commonly up-regulated, whereas seven genes were

commonly down-regulated (Table 2, 3). Interestingly, most

of the commonly up-regulated genes were anti-cancer activ-

ity and apoptosis related.
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Table 2. Commonly up-regulated genes by phytochemicals

No. Gene Name GenBank Acc.No. RES GEN ECG DADS CAPE SS

1 NAG-1 NM_004864 *12.59 2.06 4.51 3.65 2.94 2.03

2 DKK-1 NM_012242 7.47 5.68 2.86 2.28 1.30 -1.22

3 NR4A1 NM_173158 7.13 2.09 4.38 1.54 2.13 **ND

4 GADD45A NM_001924 2.94 1.60 2.05 1.51 1.27 ND

5 IRF2BP2 NM_182972 2.39 1.35 2.40 1.21 1.22 ND

6 ISG20L1 NM_022767 1.80 1.49 2.12 1.71 1.32 ND

* Arabic numerals: relative ratios, **ND: not detected

Table 3. Commonly down-regulated genes by phytochemicals

No. Gene Name GenBank Acc.No. RES GEN ECG DADS CAPE SS

1 ARHGAP18 NM_033515 *-3.23 -1.81 -1.72 -1.35 -1.33 -1.35

2 ADMP NM_145035 -2.03 -5.85 -5.96 -1.45 -2.50 **ND

3 DUSP6 NM_001946 -2.02 -1.53 -1.73 -1.42 -2.50 -1.42

4 NIPSNAP1 NM_003634 -2.01 -1.35 -3.59 -1.40 -1.54 ND

5 DDAH2 NM_013974 -1.94 -1.69 -1.92 -1.35 -1.31 -1.35

6 COX15 NM_004376 -1.37 -1.29 -1.99 -1.23 -1.49 -1.23

7 LEP NM_000230 -1.27 -1.53 -2.51 -1.40 -1.43 ND

* Arabic numerals: relative ratios, **ND: not detected

Fig. 2. Gene expression changes by phytochemicals and sulindac

sulfide. HCT116 cells were incubated with either (VEH,

0.1% DMSO), resveratrol (RES, 50 μM), genistein (GEN,

50 μM), epicatechin gallate (ECG, 50 μM), diallyl disul-

fide (DADS, 50 μM), caffeic acid phenethyl ester (CAPE,

10 μM), or sulindac sulfide (SS, 5 μM) for 24 hr. And

then, total RNAs were extracted from cells and were sub-

jected to RT-PCR with gene-specific primers.

Microarray data is highly associated with RT-PCR

Reverse Transcription-PCR was performed with gene spe-

cific primers to confirm microarray data. Among commonly

up-regulated six genes, 4 genes (NAG-1, DKK-1, NR4A1, and

GADD45A) were selected for RT-PCR, while GAPDH gene

was used as a loading control. As shown in Fig. 2, the results

indicate that RT-PCR data were exactly associated with mi-

croarray data even though NR4A1 signal is very weak. And

also, we performed Western blot analysis to identify protein

expressions for NAG-1. As shown in Fig. 3, the result

Fig. 3. NAG-1 protein expression in phytochemicals-treated

HCT116 cells. HCT116 cells were incubated with either

(VEH, 0.1% DMSO), resveratrol (RES, 50 μM), genistein

(GEN, 50 μM), epicatechin gallate (ECG, 50 μM), diallyl

disulfide (DADS, 50 μM), caffeic acid phenethyl ester

(CAPE, 10 μM), or sulindac sulfide (SS, 5 μM) for 24

hr. The cell lysates were prepared and subjected to

Western blot analysis using NAG-1 and Actin

antibodies.

showed that NAG-1 protein expression is also up-regulated

by all treated phytochemicals and sulindac sulfide.

Microarray data from those experiments may provide clues

to explain molecular mechanisms of cancer chemo-

prevention by phytochemicals. The characteristics of those

genes will be described in the Discussion section.

Discussion

In this study, we carried out the oligo DNA microarray

experiment to identify differentially expressed genes in re-

sponse to several phytochemicals treatment. From the re-

sults, we detected that six genes were commonly up-regu-

lated, whereas seven genes were commonly down-regulated
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by phytochemicals (Table 2, 3). Surprisingly, most of the

commonly up-regulated genes were cancer and apoptosis

related.

Especially, NAG-1 (NSAID-Activated gene-1), originally

discovered by our group, is one of TGF-beta superfamily

and has known to be up-regulated by a number of chemo-

preventive compounds including phytochemicals and cyclo-

oxygenase inhibitors [5,16]. In addition, transcriptional regu-

lation of NAG-1 by chemopreventive phytochemicals is well

defined. Among treated phytochemicals for this paper, re-

sveratol, genistein and diallyl disulfide up-regulate NAG-1

in a p53-dependent manner [3,13,25], whereas epicatechin

gallate regulate NAG-1 via activating transcription factor 3

(ATF3) [4]. However, NAG-1 regulation by caffeic acid phe-

nethyl ester was not investigated. Among treated phy-

tochemicals, caffeic acid phenethyl ester was the most potent

NAG-1 inducer in low concentration (10 μM). Therefore, fur-

ther studies to identify the transcription factors and inves-

tigate molecular mechanisms of NAG-1 gene regulation by

CAPE are needed.

DKK1 is a negative regulator of wnt/beta-catenin signal-

ing because it encodes a secreted protein that binds to

LRP5/6 and induces its endocytosis. [6,20]. Even though sev-

eral biological functions of DKK1 have been reported, its ex-

pression and regulation were not clearly investigated.

Moreover, this is the first report of up-regulation of DKK1

by phytochemicals treatment. We will further investigate

DKK1 expression and regulation mechanisms by

phytochemicals.

NR4A1 (Nur77, TR3 and NGFI-B), an orphan nuclear re-

ceptor, is induced by serum and nerve growth factor. NR4A1

has closely related families NR4A2 (Nurr1) and NR4A3

(Nor) and has been known to play a key role for cell survival

and apoptosis [17]. However, the expression of NR4A1 by

phytochemicals has not been reported yet.

GADD45A is one of genes that are induced by DNA dam-

aging agents and is one of transcriptional down-stream tar-

gets of p53 [12]. However, GADD45A also can be induced

by a p53-independent pathway [27]. Our unpublished data

also indicated that GADD45A expressions by phytochem-

icals were regulated via both ways. Therefore, its regulation

mechanism by phytochemicals still remains unclear.

Taken together, phytochemicals have a chemopreventive

activity in human colon cancer and modulate the expression

of genes such as NAG-1, DKK1, NR4A1 and GADD45A.

However, further studies are needed to determine the rela-

tionship between the chemopreventive activities of phy-

tochemicals and over-expression of these genes.
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초록：인간 대장암 세포주에서 파이토케미칼 처리에 의한 유전자 발현 변화

박민희
1
․곽은희

1
․손호용

2
․Thomas Eling

3
․김종식

1
*

(
1
안동대학교 생명과학과,

2
안동대학교 식품영양학과,

3
National Institute of Environmental Health Sciences,

National Institutes of Health)

파이토케미칼은 식물유래의 비 영양 성분으로서 항염증, 항산화, 및 화학적 암 예방 등의 생리활성을 가지고

있는 물질이다. 본 연구에서, 우리는 다섯 가지의 다른 파이토케미칼(resveratrol, genistein, epicatechin gallate,

diallyl disulfide, caffeic acid phenethyl ester)이 대장암 세포주의 성장과 유전자 발현에 미치는 영향을 연구하였

다. 세포 생존율 연구결과, 처리한 ECG를 제외한 모든 파이토케미칼에 의해 농도의존적으로 세포생존율이 감소

함을 확인하였다. 또한, oligo DNA microarray 실험을 통해 다섯 종류의 파이토케미칼에 의해 공통적으로 증가

되는 유전자 6개와 공통적으로 발현이 감소되는 유전자 7개를 선별하였다. 공통적으로 발현이 증가되는 유전자

를 선택하여 RT-PCR 방법을 통해 발현을 증명하였다. 또한, 파이토케미칼에 의한 NAG-1 단백질의 발현 증가도

확인하였다. 이러한 연구결과는 파이토케미칼에 의해 중재되어 지는 화학적 암 예방법의 일반적인 분자 기전을

이해하는데 도움을 줄 것으로 생각된다.


