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3,3'-Diindolylmethane inhibits migration and invasion of
human cancer cells through combined suppression
of ERK and AKT pathways

SHILPI RAJORIA', ROBERT SURIANO', YUSHAN LISA WILSON?, STIMSON P. SCHANTZ?,
AUGUSTINE MOSCATELLO?, JAN GELIEBTER' and RAJK.TIWARI!

1Department of Microbiology and Immunology, New York Medical College, Valhalla, New York, NY 10595;
2Depar“[rnent of Otolaryngology, New York Eye and Ear Infirmary, New York, NY 10003, USA

Received July 22,2010; Accepted August 31,2010

DOI: 10.3892/0r.2010.1076

Abstract. Metastasis of cancer is a multifactorial disease and
is the main cause of death in patients with malignancy. This
disease demands treatments which may target multiple dys-
regulated cellular pathways in cancer cells. The anti-tumor
and anti-metastatic properties of natural products in cancer
prevention have been confirmed by several epidemiological
studies, with cruciferous vegetables being especially protective
against many cancers. In this study, we evaluated the anti-
carcinogenic effects of 3,3'-diindolylmethane (DIM), which
is a bioactive compound present in cruciferous vegetables
and a widely used dietary supplement, on events commonly
observed during metastasis using in vitro adhesion, migration
and invasion assays. Our results indicate that DIM inhibits
human cancer cell in vitro proliferation, adhesion, migration
and invasion. Western blot analyses show that this inhibition
of cell proliferation by DIM is exerted by combined sup-
pression of AKT and ERK pathways. Furthermore, DIM also
leads to down-regulation of GI1-S cell cycle markers: cyclin
D1, cdk6 and cdk4. These findings may lead to development
of a novel preventive and/or therapeutic dietary supplement for
patients diagnosed with cancer or predisposed to developing
certain cancers.

Introduction

Recent dietary and epidemiological studies suggest that a diet
rich in fat and meat enhances the risk of developing many
types of cancers such as breast, prostate and colorectal while
diets rich in fruits and vegetables reduce this predisposition
(1-4). These reports suggest that the use of phytochemicals
can serve as a promising approach for cancer prevention
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(1-4) and has led to intense activity in field of defining
dietary chemopreventive agents and molecular targets for
cancer chemoprevention. One such potential phytochemical
is Indole-3-carbinol (I3C), bioactive compound found in
cruciferous vegetables which is responsible for the observed
reduced cancer risk in areas with high cruciferous vegetable
consumption. We were among the first to recognize I3C as
having anticancer properties (5-7) but the major drawback
with clinical use of I3C as an anti-cancer drug is its molecular
instability. I3C readily dimerizes into 3,3-diindolylmethane
(DIM), which is an acid catalyzed stable compound and does
not undergo any further condensation reactions. It is this
compound, DIM, which is thought to be the main mediator
of the chemopreventive effects of I3C. Most importantly,
studies have indicated that long-term consumption of DIM
(upto 12 months) does not lead to any toxicity in mice (8),
suggesting that DIM can be a promising naturally available
bioactive compound which can be used as a potential novel
chemopreventive agent.

Although, the complete mechanism responsible for the
anticancer properties of DIM is not known, several studies in
breast and prostate cancers suggest that DIM inhibits the
activity of Akt kinase and prevents nuclear translocation
of NF-xB (9,10). Also, it has been reported that DIM exerts
its chemopreventive effects in breast cancer by activation
of the JNK and p38 pathways (11). Cancer cell invasion
and migration has been observed to be targeted by DIM
via inhibiting expression of VEGF, MMPs and uPA-uPAR in
breast and prostate cancers (12-14). DIM was also observed
to inhibit the metastatic propensity of breast and ovarian
cancer cells by down-regulating the chemokine receptor
CXCR4 and/or its ligand CXCL12 (15,16), both of which
are essential for migration of many cancer cell types.
Collectively, these studies provide evidence of the anticancer
activity of DIM and suggest its utility as a cancer preventive
agent.

The objective of the present study was to investigate the
chemopreventive properties of DIM in the human cancer cell
line HT-29(50-TS). We report for the first time that DIM may
have therapeutic ability to act as a chemo-preventive agent
against HT-29(50-TS) cancer cells by down-regulating the
cell proliferation and metastasis associated events, namely
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migration, adhesion and invasion. We have identified the Akt
and ERK pathways as targets of DIM, which are commonly
over activated in many types of cancers, potentially leading
to the development of a novel preventive and/or therapeutic
dietary supplement.

Materials and methods

Cell culture. KAT50-TS cells were provided by Dr Kenneth
B. Ain (VA Medical Center, Lexington, KY). This cell line
has been misidentified as of thyroid origin (17) and DNA
profiling using the Identifier kit from Applied Biosystems
(data not shown) confirmed that KAT50-TS is not of thyroid
cancer origin but matches the short tandem repeat (STR)
profile of HT-29 colorectal cancer cell line. Thus, by our
own convention, we named the cells as HT-29(50-TS). This
name identifies the parent cell line, but distinguishes them
as unique sub-lines that may have differential responses to
similar treatments for HT-29 in another lab. It is cultured
in phenol red free RPMI-1640 (Mediatech, Herndon, VA)
supplemented with 10% fetal bovine serum (FBS) (Atlanta
Biologicals, Lawrenceville, GA), penicillin 10,000 TU/ml,
streptomycin 10,000 pg/ml (Mediatech), 2 mM L-glutamine
(Mediatech), 100 mM MEM sodium pyruvate solution
(Mediatech) and 10 mM MEM non-essential amino acids
solution (Mediatech).

XTT cell proliferation assay. Two thousand cells in 200 ul
medium were plated into each well of 96-well plates and
incubated overnight to allow cell adherence. The media were
removed and 3,3'-diindolylmethane (DIM), kindly provided
by Dr Michael Zeligs (BioResponse, Boulder, CO), was added
at concentrations of 10, 25, 50, 75, 100 and 500 M in a total
volume of 200 ul and incubated for 24 and 48 h. The media
were discarded and fresh growth media were added without
drug followed by 50 1 XTT [1 mg/ml in serum-free RPMI +
phenazine methosulfate (25 nM) before use]. The plate was
read after 4-h incubation in a microplate reader at 450 nm and
reference at 630 nm. The mean OD values were calculated
for each dose at the respective time points and the percent
survival in the treated cells was calculated by comparing to
untreated control and plotted as a function of time and dose.

Clonogenic assay. To determine the effect of DIM on the
clonogenicity, HT-29(50-TS) cells were plated in 6-well plates
(200 cells per well). The cells were allowed to adhere over-
night, after which DIM was added at concentrations of 25 and
50 uM or left untreated. After 14 days in culture, the cells
were fixed and stained using 0.025% Coomassie brilliant blue
R250 (in 50% methanol and 10% acetic acid) to visualize cell
colonies. The colonies were counted, and percentage inhibition
of clonogenicity and SD were calculated.

Transwell migration assay. Migration assay was performed
as described earlier (18). Briefly, BD Biocoat Control Inserts
(BD Biosciences, Bedford, MA) with 8-ym pore membrane
filters were used and 2.5x10* cells per well were loaded in
insert with or without DIM, and 750 pl of growth medium
containing 5% FBS was added in wells. After 18 h of
incubation, cells on the lower surface of the membrane were
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fixed and stained using 1% toluidine blue 1% borax stain.
Data are expressed as numbers of counted, migrated cells
per X10 field micrograph for each sample well and normalized
to those cell counts obtained for the untreated control.

Scratch wound assay. Migratory ability of HT-29(50-TS) cells
was also assessed by a scratch wound assay as described
earlier (18). Briefly, 5x10° cells were plated in a 6-well plate
and were allowed to grow to semiconfluent cell monolayers.
Subsequently, three vertical wounds were caused per well
using a 2.5-ul sterile pipette tip. The wounded cell monolayer
was then incubated in fresh complete media with or without
DIM. The cells were inspected every 3 h until the scratched
cells fully migrated from one end of wound to other and
pictures were taken just above and below the horizontal
mark using a light microscope at 5X.

Cell adhesion assay. Cells (5x10°) were plated in 6-well
culture dishes with or without DIM and allowed to adhere
for 2.5 h. After 2.5 h, medium with non-adhered cells was
discarded and wells were gently washed twice with PBS to
remove any loosely attached cells. Adhered cells were then
counted using 0.4% trypan blue solution solution (Sigma
Chemicals Co). Data expressed as percent decrease in adhered
cell count for cells treated with DIM relative to control cells.

Invasion assay. Invasion assay was performed as described
earlier (18). Briefly, BD Biocoat growth Factor Reduced
Matrigel Invasion chambers (BD Biosciences) with 8-um
pore membrane filters coated with matrigel were ussed.
Cells (2.5x10%) resuspended in the RPMI (500 u1) containing
1% FBS, and/or DIM were added to inserts. Cells were
allowed to invade for 18 h after which cells were stained and
counted similarly as for migration assay. Percent invasion
was calculated based on the percent of cells invading through
the growth Factor Reduced Matrigel Invasion chambers
relative to the cells migrating through control membrane.
Data are expressed here as invasion index which is the ratio
of the percent invasion of the test cell over the percent
invasion of a control cell.

Western blot analysis. Whole cell lysate preparation and
Western blot analysis were performed as described earlier
(18). Briefly, cells were treated with 25 or 50 M DIM for
24 h followed by lysis. Cell lysates (15 ug protein) were sub-
jected to SDS-PAGE under reducing conditions as described
earlier. The membranes were incubated overnight at 4°C
with primary antibodies (cyclin D1, CDK4, CDK®6, actin and
PTEN purchased from Santa Cruz Biotechnology, Santa
Cruz, CA and pAKT, AKT, ERK1/2 and pERK1/2 purchased
from Cell Signaling Technology) and incubated with the
respective horseradish peroxidase (HRP) conjugated secon-
dary antibody, for 2 h at room temperature. Membranes
were developed by ECL substrate (Pierce Rockford, IL) and
detected on Denville autoradiography film.

Statistical calculation. Experiments presented here represent
three replicates with statistical significance determined using
a paired Student's t-test with a probability (p-value) <0.05
used to reject the null hypothesis.
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Figure 1. DIM inhibits the growth of human colorectal cancer HT-29(50-TS)
cells. (A) Cells were plated at a density of 2000/well in 96-well plates
overnight and treated with either DMSO alone or DIM at the concentration
of 10-500 uM in DMSO. Percent cell survival was determined by XTT
assay after 24 and 48 h of treatment and plotted as a function of time and
dose of DIM. (B) Two hundred cells per well in 6-well plates were allowed
to adhere overnight, and 25 or 50 uM DIM was added to each well for 14
days. Cell colonies were counted visually and percentage clonogenicity was
calculated based on untreated cells which were set as 100%. The asterisk
denotes statistically significant differences (p<0.05) between the indicated
samples.

Results

DIM has antiproliferative effect on HT-29(50-TS). The
antiproliferative effects of DIM on HT-29(50-TS) cells
were investigated by XTT assay at varying concentrations
and time period. Cell survival decreased with increasing
doses of DIM and almost total loss of cell viability was
observed at 500 pM DIM (Fig. 1A). The ICs, was deter-
mined to be 50 M DIM and based on ICs, value of DIM, 25
and 50 yM DIM was used as investigatory concentrations
of DIM for all the experiments.

One of the hallmark properties of cancer cells is the
ability to divide ‘indefinitely’ under isolated clonal growth
(19). The anticancer effect of DIM on the ability of HT-29
(50-TS) cells to divide indefinitely, thereby on its repro-
ductive ability was evaluated by a clonogenicity cell survival
assay. As little as 200 cells per well in 6-well plates were
let adhere overnight after which they were treated with 25
or 50 uM DIM. The untreated HT-29(50-TS) cells have the
ability to form clones, while DIM caused significant, dose
dependent inhibition of clonogenicity of these cells (Fig. 1B).
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Figure 2. DIM inhibits HT-29(50-TS) cell migration. (A) Migration of HT-
29(50-TS) cells was analyzed by modified boyden chamber assay using BD
Biocoat Control Inserts (8-pm pore membrane filters). After incubation with
DIM for 18 h, cells migrated to the lower surface of the insert were counted
microscopically. Data are expressed as numbers of cells counted (migrated
cells) per 10X field micrograph for each sample well and normalized to those
cell counts obtained for the untreated control. (B) DIM inhibits HT-29(50-TS)
cell migration in scratch wound assay. Semiconfluent cells were wounded
and recultured in presence of DIM or DMSO alone. The cells were visualized
and photographed under 5X every 3 h until the cells completely migrated
from one end of ‘scratch’ to other end. The asterisk denotes statistically
significant differences (p<0.05) between the indicated samples.

The treatment with 25 yM DIM resulted in 54.2% clones
for HT-29(50-TS) cells with no clones observed with 50 uM
DIM.

DIM suppresses metastatic phenotype of HT-29(50-TS) tumor
cells. Metastasis is a dynamic hallmark of cancer which
consists of three essential events; migration of cancer cells
from a primary foci to secondary organ, adhesion of cancer
cells at this secondary site and invasion of extracellular matrix
(ECM) of secondary organ (19,20). Thus, it is conceivable
to hypothesize that a drug or compound which can influence
the metastatic properties of HT-29(50-TS) cells will be a
viable agent for chemoprevention and therapeutics against
colorectal cancer. We investigated the effect of DIM on
HT-29(50-TS) cell migration by modified boyden chamber
and scratch wound assay. The number of HT-29(50-TS) cell
migrating through the boyden chamber were significantly
decreased by treatment of the cells with DIM in a concen-
tration-dependent manner with only 29% cells migrating
towards chemoattractant when 50 uM DIM was present
(Fig. 2A). To further evaluate the effect of DIM on the
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Figure 3. DIM inhibits adhesion of HT-29(50-TS) cells. Cells were
suspended in complete medium containing 25 or 50 M DIM and plated
for 2.5 h. Viable adhered cells were removed by scraping and counted
using trypan blue dye. Data are expressed as % adhered cells compared to
untreated cells which was set to 100% adhesion. The asterisk denotes
statistically significant differences (p<0.05) between the indicated samples.

120
100
80 -

60 -

invasion index (compared to controls)

Ctrl 25 50
DIM concentrations (uM)

Figure 4. DIM reduces HT-29(50-TS) cell invasion. Invasive properties
were analyzed using Matrigel coated Invasion chambers. Cells were
resuspended in medium containing 25 or 50 M DIM and allowed to
invade for 18 h. Percent invasion was calculated based on the number
of cells invading through the growth factor reduced matrigel invasion
chambers relative to the cells migrating through control membrane. Cells
were counted under a 10X objective. The asterisk denotes statistically
significant differences (p<0.05) between the indicated samples.

migration of HT-29(50-TS) cells, a scratch wound assay
was performed, which is a partial in vivo representation of
metastatic phenotype (21). This experiment examined the
effect of DIM on migration of these cells based on ability of
cells to interact with extracellular matrix in presence of DIM.
Cells were grown in monolayers in 6-well plates followed by
formation of three vertical scratches per well and incubation
with 25 or 50 yM DIM or left untreated. We discovered that
in presence of DIM the ability of these cells to migrate from
one end of ‘wound’ to the other was significantly reduced
(Fig. 2B) with <20% cells migrating (as observed visually)
in presence of 50 uM DIM, suggestive of anti-migratory
potential of DIM on colorectal cancer cells.
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As mentioned earlier, in order to metastasize, tumor cells
have to adhere to the ECM of secondary organ. We evaluated
the effect of DIM on adhesion of HT-29(50-TS) cells by
performing an adhesion assay. Cells (5x10°) were resuspended
in medium containing 25 or 50 M DIM or left untreated
and plated onto 6-well culture dishes. After 2.5 h adhered
cells were counted and % adhesion was calculated (Fig. 3).
A significant decrease in adhesion was observed when cells
were treated with DIM in a dose-dependent manner with
over 55% decrease on adhesion of HT-29(50-TS) cells with
50 uM DIM.

Formation of secondary metastatic foci requires invasion
of the ECM of secondary organs by cancer cells and the inhi-
bition of this invasion potential of cancer cells as a strategy
of cancer therapy has been widely investigated. The effect
of DIM on the invasive potential of HT-29(50-TS) cells
was assayed through the use of a transwell invasion chamber
coated with biological matrix in vitro (matrigel). We
discovered that DIM causes >45% inhibition in the invasion
potential of HT-29(50-TS) cells by concentration as low as
25uM (Fig. 4), suggesting that DIM may potentially act
as an effective anti-metastatic agent.

DIM treatment suppresses Akt and ERKI/2 activation.
PI3K/Akt and MAPK pathways are key survival pathways
which operate in cells in response to growth factor stimuli
leading to cell growth, development, survival and apoptosis,
and when altered they can be a predominant cause of meta-
stasis and tumorigenesis (22-24). They are generally over-
expressed in colorectal cancer patients, suggesting that DIM
mediated inhibition of PI3K/Akt and MAPK signaling path-
ways in HT-29(50-TS) cells would have clinical utility. Cells
were treated with 25 or 50 M DIM for 24 h followed by
whole cell lysate preparation and Western blot analysis. We
discovered that treatment of HT-29(50-TS) cells with DIM
resulted in a dose-dependent up-regulation of PTEN, a
suppressor of Akt, and down-regulation of the active pAKT
(Ser*”). The levels of total Akt were comparable with no signi-
ficant changes in PI3K levels (data not shown). We also
discovered that DIM treatment causes a significant down-
regulation in levels of pERK1/2 at 24 h (Fig. 5). Our results
show that DIM inhibits Akt and ERK pathways by virtue of
down-regulation of phosphorylation of their key molecules,
indicating the Akt and ERK1/2 as possible targets of DIM.

Effect of DIM treatment on cyclin DI, cdk4 and cdk6
cell cycle markers. Progression through cell cycle and
enhanced metastasis involves activation of cyclin dependent
kinases (CDKs) and their positive regulators cyclins. Increased
expression of cyclin D1 and CDKs in colorectal cancer cell
lines and human colorectal cancer has been correlated with
increased tumorigenicity (25,26). We investigated whether
DIM affects these critical proteins involved in the GI-S
transition of cell cycle. HT-29(50-TS) cells were treated with
25 or 50 uM DIM for 24 h and whole cell lysates were
used to detect the steady-state levels of cyclin D1, CDK4
and CDK6. A down-regulation in the expression of cyclin
D1, CDK4 and CDK6 was observed with increasing concen-
tration of DIM (Fig. 6), suggestive of its potential to alter
the ability of cancer cells to metastasize.
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Figure 5. DIM down-regulates the expression of phosphorylated Akt and ERK. HT-29(50-TS) cells were treated with 25 or 50 uM DIM for 24 h and
protein levels of Akt, pAkt, PTEN, ERK and pERK were determined in whole cell lysates by Western blot analysis. 3-actin was used as loading control.

Discussion

Epidemiological studies suggest that consumption of a
diet rich in fruits and vegetables reduces the risk of cancer,
especially digestive system related cancers, such as colo-
rectal cancer (27). These observations have led to the latest
global strategy for cancer prevention, which recommends
‘five-a-day’ consumption of a variety of fruits and vegetables
(28). Consequently, these observations have also shifted
focus of cancer research in recent years to identification
and characterization of naturally occuring chemopreventive
agents isolated from plants (29). In this regard, many diverse
phytonutrients such as retinoic acid, sulforaphane, I3C and
most importantly DIM (30) have been identified as having
promising chemopreventive and/or anticancer properties
against various cancer types.

In the present study, DIM was analyzed for its anti-
cancer, anti-invasion and anti-migration potential against
colorectal cancer. DIM has been reported to exert its anti-
cancer effects against several cancers such as breast, prostate

and ovarian cancers. In addition, previous studies have shown
that regulation of cell growth and metastasis in normal cells
is a complex process that involves multiple cell signaling
networks such as MAPK and Akt pathways (22-24). For
normal cell growth and proliferation, Ras/Raf activates
MAPK ERKI1 and ERK?2 and PI3K phosphorylates Akt,
resulting in activation of several downstream targets resulting
in cell growth and proliferation and anti-apoptotic signals. As
a result of genetic instability, PI3K/Akt and MAPK pathways
become over active, which is a common cause of several
cancers in humans, including colorectal cancer. In particular,
overexpression of the members of Akt and Erk pathways are
frequently associated with poor prognosis and more metastatic
aggressive phenotype of colorectal cancer (31). This makes
these signaling pathways specific targets to form basis for
the development of novel therapeutic agents for this cancer.

An important finding in this present study is a concurrent
down-regulated expression of phosphorylated forms of Akt
and ERK. Our results clearly demonstrated that DIM acts as
an anti-cancer compound against colorectal cancer by down-
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Figure 6. DIM down-regulates the expression of cyclin D1, cdk4 and cdk6 in HT-29(50-TS) cells. HT-29(50-TS) cells were either untreated or treated
with 25 or 50 uM DIM for 24 h and whole cell lysates were used for Western blot analysis of G1-S cell cycle transition markers, cyclin D1, cdk4, and

cdk6. B-actin was used as loading control.

regulating proliferation and clonogenicity of HT-29(50-TS)
cells. DIM also targets the in vitro metastasis of HT-29(50-
TS) cells as evidenced by decreased migration, adhesion
and invasion of these cells in a cell culture based model. We
discovered that this down-regulation in the metastatic pheno-
type of HT-29(50-TS) cells by treatment with DIM is
probably through suppression of ERK1/2 and Akt pathway.
Specifically, DIM targets and inhibits the phosphorylation of
key molecules ERK1/2 and Akt with a concomitant increase
in levels of PTEN. Mutations in the tumor suppressor gene
PTEN, a negative regulator of Akt, have been observed in
several cancer types, including colorectal cancer. Expression
of PTEN in colorectal cancer cells suppresses tumor cell
growth and its down-regulation in colorectal cancer cells
leads to tumorigenicity (32), indicating a strong role of
PTEN in colorectal cancer etiology, and making Akt and
ERK pathways an ideal target of DIM.

In addition, our study also shows that DIM down-regulates
the expression of important cell cycle markers required for
G1-S transition. The involvement of AKT and ERK signaling
pathways in regulating cell cycle progression is well
understood. Phosphorylated AKT leads to activation of
Raf-1, p21 and IKK which trigger the expression of
antiapoptotic proteins. Furthermore, phosphorylated ERK
leads to positive regulation of cell cycle progression by
increase in cyclin-CDK complexes and up-regulation of E2F

family transcription factors. In the present study, DIM
decreased protein levels of cyclin D1, CDK4 and CDK6 in
human colorectal cancer cells. Therefore, alteration of these
mechanisms by DIM appears to significantly contribute to
the anti-metastatic and anti-proliferative activities of this
compound.

In conclusion, this report suggests that DIM inhibits cell
migration, invasion and adhesion in human colorectal cancer
cells through suppression of ERK and AKT pathways. In
agreement with the reports of potential for antiproliferative
activites of DIM in colorectal cancer cells, we found anti-
migration and anti-invasion potential of DIM in human colo-
rectal cancer cells. This extends the effects of DIM beyond
those traditionally implicated in chemoprevention, such as
inhibition of cell cycle progression and anti-proliferation;
and suggests that DIM may also act by blocking additional
stages of colorectal cancer progression such as those stages
resulting in invasion and migration and thus highly dreadful
metastatic colorectal cancer.
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