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Indole-3-carbinol (I3C), a phytochemical derived from cruciferous
vegetables such as broccoli and Brussels sprouts, has potent anti-
proliferative effects in human breast cancer cells and has been
shown to decrease metastatic spread of tumors in experimental
animals. Using chemotaxis and fluorescent-bead cell motility
assays, we demonstrated that I3C significantly decreased the
in vitro migration of MDA-MB-231 cells, a highly invasive breast
cancer cell line. Immunofluorescence staining of the actin cyto-
skeleton revealed that concurrent with the loss of cell motility, I3C
treatment significantly increased stress fiber formation. Further-
more, I3C induced the localization of the focal adhesion compo-
nent vinculin and tyrosine-phosphorylated proteins to the cell
periphery, which implicates an indole-dependent enhancement of
focal adhesions within the outer boundary of the cells. Coimmuno-
precipitation analysis of focal adhesion kinase demonstrated that
I3C stimulated the dynamic formation of the focal adhesion pro-
tein complex without altering the total level of individual focal ad-
hesion proteins. The RhoA-Rho kinase pathway is involved in
stress fiber and focal adhesion formation, and I3C treatment
stimulated Rho kinase enzymatic activity and cofilin phosphoryla-
tion, which is a downstream target of Rho kinase signaling, but
did not increase the level of active GTP-bound RhoA. Exposure of
MDA-MB-231 cells to the Rho kinase inhibitor Y-27632, or
expression of dominant negative RhoA ablated the I3C induced
formation of stress fibers and of peripheral focal adhesions.
Expression of constitutively active RhoA mimicked the I3C effects
on both processes. Taken together, our data demonstrate that I3C
induces stress fibers and peripheral focal adhesions in a Rho
kinase-dependent manner that leads to an inhibition of motility in
human breast cancer cells.
' 2008 Wiley-Liss, Inc.
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The consumption of Brassica (cruciferous) vegetables, such as
broccoli, cabbage and Brussels sprouts, is directly associated with
decreased risk of reproductive tissue cancers in humans1–4 and
reduction of mammary tumorigenesis in rodents.5 One of the
promising bioactive phytochemicals that is derived from glyco-
brassicin in Brassica vegetables is Indole-3-carbinol (I3C), which
exhibits potent anticarcinogenic properties in human reproductive
cancers such as those of cervical, endometrial, prostate and breast
tissues.6–8 I3C tested positive as a chemopreventative agent in a
panel of short-term bioassays relevant to carcinogen-induced
DNA damage, tumor initiation and promotion and oxidative
stress,9 and has been shown to prevent spontaneous and carcino-
gen-induced mammary tumors in rodent model systems.10–12 In
addition to these cancer preventative effects, there is compelling
evidence that I3C has a direct antiproliferative response in cul-
tured human reproductive cancer cell lines,6–8,13–23 including
breast cancer cells. Furthermore, oral I3C administration to breast
cancer patients alters estrogen metabolism, leading to a reduction
in breast tumor growth without detectable side effects,24 suggest-
ing that this natural indole could potentially be utilized in anti-
cancer therapeutic strategies that target indole-responsive cancers.

Cumulative evidence by us and other groups demonstrates that
I3C mediates its anticancer response through several distinct cel-

lular pathways, which can target transcriptional and cell signaling
events.6,7,13,16,20 We have documented that I3C induces a G1 cell
cycle arrest of both estrogen-sensitive and -insensitive human
breast cancer cells concomitant with the inhibited expression or
activity of CDK6 and CDK2, respectively, and with a marked
decrease in endogenous retinoblastoma (Rb) phosphorylation.13–16

I3C downregulates CDK6 transcription by disrupting Sp1 interac-
tions with the CDK6 promoter,16 and controls CDK2 enzymatic
activity by altering cyclin E protein processing.20 In estrogen sen-
sitive breast cancer cells, I3C suppresses estrogen responsive-
ness,25,26 downregulates expression of estrogen receptor-alpha25

as well as synergizes with the antiproliferative effects of tamoxi-
fen, an antiestrogen widely used in breast cancer therapies.15 In
nontumorigenic human mammary epithelial cells, I3C can induce
the ATM signaling pathway independent of DNA damage to stabi-
lize an active p53 tumor suppressor protein.27

In addition to its potent antiproliferative effects, I3C has been
shown to effectively suppress in vivo breast cancer cell metasta-
sis,28,29 as well as inhibit the formation of lung surface metastatic
nodules when poorly invasive MCF-7 or highly invasive MDA-
MB-468 cells were injected intravenously into mice.30 In vitro,
I3C significantly suppressed cellular adhesion, migration and inva-
sion of T-47D, MCF-7 and MDA-MB-468 human breast cancer
cell lines,28,30 with the concurrent increased expression of the
intercellular adhesion molecules E-cadherin and beta-catenin.30

These studies suggest that I3C can act through a distinct set of cel-
lular pathways to induce its antimetastatic effects in human breast
cancer cells, although the mechanism of this indole response has
not been fully elucidated.

Directional cell migration is an integral part of cancer cell inva-
sion during metastasis and involves changes in the cytoskeleton
and cell adhesion.31 Migration of cells through an extracellular
matrix is a multistep process and begins with the extension of
lamellipodia, cell surface protrusions comprised of actin filaments,
which are anchored to the underlying substratum by small integ-
rin-dependent focal adhesions. The polymerization of actin pushes
against the plasma membrane and provides the force for forward
movement. Within the cell body, actin stress fibers generate con-
tractile forces by pulling against focal adhesions to induce retrac-
tion of the rear cell membrane. The bundling of actin filaments
into stress fibers clusters and activates integrins, leading to new
focal adhesion formation.32,33 The organization of these multimo-
lecular adhesion complexes is complicated and includes cyto-
skeletal proteins such as vinculin, talin and actinin, and several
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nonreceptor protein tyrosine kinases including members of the Src
family and FAK (focal adhesion kinase).34,35 The targeting of
FAK to focal adhesions leads to its autophosphorylation, and the
subsequent tyrosine phosphorylation of additional focal complex-
associated proteins including adaptor proteins such as p130 Cas
and paxillin.36 FAK has a central role in the dynamic regulation of
cell adhesion structures, suggested by the observation that FAK
deficient cells display enhanced focal adhesions and impaired
migration.37,38

The assembly and disassembly of focal adhesions during cell
migration is modulated by integrin cell adhesion receptors and the
family of Rho-GTPases.39–41 Rho-GTPases are regulators of actin
dynamics and cell-substratum adhesion in migratory cells, and
thus play a critical role in tumor metastasis.42,43 The Rho-GTPases
alternate between an active, GTP-bound state and an inactive,
GDP-bound state.44 Rho and Rac, 2 subgroups of the Rho-
GTPases, may have opposing actions on actin polymerization and
adhesion dynamics. RhoA induces the formation of stress fibers
and mature focal adhesions through activation of its downstream
effectors mDia and the Rho kinases (ROCK1 and ROCK2).45,46

Rac1 induces lamellipodial extensions and transient focal com-
plexes that form at the leading edge of a migratory cell, and Rac1
activity has been correlated with increased migration and invasion
of reproductive cancer cells.47,48 Endogenous overexpression of 1
or both of RhoA and Rac1 is a frequent event in invasive breast
cancers,49 and activation of RhoA has been shown to inhibit cell
migration through the formation of highly stable focal adhesions
that impede cellular motility.50–52 Thus, modulation of Rho-
GTPase effector pathways may be an effective therapeutic strat-
egy to inhibit cellular motility, and may represent a potential tar-
get pathway for anticancer phytochemicals such as I3C. Using the
highly metastatic and invasive human breast cancer cell line
MDA-MB-231, which is sensitive to antiproliferative effects of
I3C13,14 and expresses RhoA,53 we show for the first time that I3C
activation of Rho kinase activity is necessary for the indole-regu-
lated formation of stress fibers and focal adhesions that lead to
decreased motility of MDA-MB-231 breast cancer cells. Our study
implicates a potential mechanism by which I3C can limit the
metastastic capability of human breast cancer cells, suggesting its
potential therapeutic value in treatment of indole-sensitive tumors.

Material and methods

Cell lines, cell culture conditions and plasmids

Breast adenocarcinoma cell line MDA-MB-231 was obtained
from the American Type Culture Collection (Manassas, VA).
MDA-MB-231 cells were grown in Iscove’s Modified Dulbecco’s
Medium (IMDM) supplemented with 10% fetal bovine serum, 50
U/ml penicillin/streptomycin and 2 mM L-glutamine (Cambrex
Bio Science, Walkersville, MD). Cells were treated for the indi-
cated time points in complete medium with DMSO (Aldrich, Mil-
waukee, WI), I3C or tryptophol (LKT Laboratory, St. Paul, MN)
dissolved 1,0003 in DMSO. The medium was changed every 24
hr for the duration of each experiment. For cell treatments, I3C
was diluted into medium so that the final concentration of DMSO
was below 0.5%, a level that has no effect on tumor cells. The
ROCK inhibitor Y-27632 (Santa Cruz Biotechnology, Santa Cruz,
CA) was used at a final concentration of 10 lM.

The plasmids expressing constitutively active or dominant
negative RhoA (pEXV-Myc-RhoA.V14 and pEXV-Myc-RhoA.
DN19) and empty vector (pEXV) were a kind gift from Dr. Marc
Symons (Onyx Pharmaceuticals, Richmond, CA). To generate sta-
ble cell lines, MDA-MB-231 cells were transfected with pEXV,
RhoA.V14 or RhoA.DN19 and selected for 2 weeks using neomy-
cin analog G418. After selection, the clones were selected,
expanded and tested for expression of Myc-tagged RhoA by West-
ern blotting using anti-Myc antibodies (Invitrogen, South San
Francisco, CA).

Migration assays

Migration assays were based on a modified Boyden Chamber
assay.54,55 To focus the experiment on motility regulation and
minimize the growth inhibitory effects of I3C, the migration
assays were performed for duration of no greater than 24 hr.
MDA-MB-231 cells were incubated for 24 hr with DMSO, 200
uM tryptophol, 100 uM I3C or 200 uM I3C prior to the beginning
of the experiment. After 24 hr, cells were detached with nonenzy-
matic cell dissociation solution (Sigma Chemical, St. Louis, MO)
and resuspended in IMDM with 0.2 mg/ml bovine serum albumin
(BSA) (Sigma), 1.0% FBS and drug treatment as before. Cells
(50,000 cells/well) were seeded in triplicate in the upper chamber
of a BD BioCoat Cell Culture Insert (8 mm diameter pore; BD
Biosciences, Bedford, MA). The lower chamber contained IMDM
with 0.2 mg/ml BSA and 10% FBS as the chemoattractant. After
24 hr, the unmigrated cells in the upper chamber were gently
scraped off the filter, and the filters were fixed in 4% formalin. For
each well, 4 fields of migrated cells were photographed and
counted using ImageJ software (NIH, Bethesda, MD).

The Fluorescence Cell Motility HitKit was purchased from Cel-
lomics (Pittsburgh, PA). The assays were performed according to
manufacturer’s instructions. MDA-MB-231 cells were incubated
for 24 hr in medium containing DMSO, 200 lM tryptophol,
100 lM I3C or 200 lM I3C prior to the beginning of the experi-
ment. After 16 hr, cells were detached with Trypsin-EDTA,
washed 3 times in serum-free IMDM and then resuspended in 1 3
104 cells/ml in serum-free IMDM. Fifty microliters of cell resus-
pension was gently added per well of a prepared 96-well dish con-
taining a lawn of microscopic blue fluorescent microspheres.
Finally, either 50 ll of serum-free IMDM (no serum sample) or
50 ll of IMDM with serum (5% serum final) plus the appropriate
treatment was added to the cells. After 24 hr, the cells were fixed,
permeabilized and stained with rhodamine-conjugated phalloidin.
The cells were visualized using a Q3DM Eidaq 100 high through-
put microscope equipped with an ORCA-ER camera. Images were
acquired with Cytoshop v2.1 software (Beckman Coulter, Fuller-
ton, CA) and quantified using Image-Pro Plus (MediaCybernetics,
Silver Spring, MD).

Immunofluorescence microscopy

Treated MDA-MB-231 cells, plated on Lab-Tek Permanox
slides (Nalge Nunc International, Naperville, IL), were fixed with
3.7% formaldehyde in PBS for 15 min and permeabilized with
0.5% Triton X-100 in PBS for 10 min. After blocking for 1 hr, the
cells were incubated with antivinculin (Sigma) or antiphosphotyr-
osine (Cell Signaling Technology, Beverly, MA) antibodies for
1 hr, followed by incubation for 1 hr with Alexa Fluor 488 goat
anti-mouse IgG and Texas-red phalloidin (Molecular Probes,
Eugene, OR). Coverslips were mounted with Vectashield mount-
ing medium (Vector Laboratories, Burlingame, CA) containing
nuclear stain DAPI and then visualized using a Zeiss Axiophot
381 epifluorescence microscope, with a 3.3 MPix Qimaging
MicroPublisher CCD color digital camera.

Immunoprecipitation

MDA-MB-231 cells were washed with ice-cold PBS, harvested
in coimmunoprecipitation (co-IP) buffer (150 mM NaCl, 0.1%
Triton X-100, 20 mM Tris-HCl, pH 7.5) containing protease
inhibitors and the extracts normalized as for Western blot analysis.
Five hundred milligrams of protein extract was diluted up to 1 ml
in co-IP buffer. Extracts were precleared for 30 min at 4�C with
30 ll of a 1:1 slurry of protein G-beads (Pharmacia Biotech, Swe-
den). Concurrently, 30 ll of protein G beads and 1 ll of antibodies
to FAK (Sigma) were incubated in PBS on a rotating platform for
2 hr at 4�C. The protein G-FAK IgG beads were added to each set
of precleared extracts and incubated on a rotating platform for
1.5 hr at 4�C. As a negative control, protein G-beads with control
IgG were incubated with precleared extract. The beads were
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washed 3 times with co-IP buffer and once with PBS. The beads
were then boiled for 3 min in 23 protein loading buffer.

Western blot analysis

Treated MDA-MB-231 cells were harvested in RIPA buffer,
and the lysates processed for Western blotting as described previ-
ously, with several modifications.27 Blots were incubated with
primary antibodies to FAK (Sigma), p130 Cas, paxillin, phospho-
MYPT1 (Thr696) (Upstate), phosphocofilin (Ser3), cofilin,
phosphotyrosine (Cell Signaling Technology), hsp90 (Affinity
BioReagents, Golden CO), ROCK1, ROCK2, MYPT1 (BD Bio-
sciences), RhoA or actin (Santa Cruz Biotechnology, Santa Cruz,
CA). Immunoblotting with hsp90 antibodies was used as a loading
control.

Rho kinase assay

The Rho kinase assay was adapted with some modifications
from the protocol of McBeath et al. for ROCK2.56 Treated MDA-
MB-231 cells were lysed in immunoprecipitation lysis (IP) buffer
(10 mM Tris-HCl at pH 7.5, 1% Triton X-100, 0.5% NP-40, 150
mM NaCl, 2 mM CaCl2, 0.1 mM sodium orthovanadate, 10 lg/ml
aprotinin/leupeptin and 1 mM PMSF, Sigma) and centrifuged at
14,000 rpm for 4 min. Protein samples were normalized using the
Bradford Assay (BioRad, Hercules, CA). Equal aliquots of lysates
were incubated with 5 ll of anti-ROCK1, anti-ROCK2 (Santa
Cruz Biotechnology) or goat IgG (Sigma) for 30 min on a nutator
at 4�C. Hundred microliters of washed protein G sepharose beads
(Amersham Biosciences, Piscataway, NJ) diluted in IP buffer (1:1
slurry) was added to lysate samples, and samples were nutated at
4�C for 60 min. Beads were centrifuged at 2,000 rpm for 2 min
and washed 4 times with IP buffer, then resuspended in kinase
assay buffer (50 mM HEPES [pH 7.4], 150 mM NaCl, 1 mM
MgCl2, 1 mM MnCl2, 10 mM NaF, 1 mM sodium orthovanandate,
5% glycerol, 1% NP-40, 1 mM dithiothreitol and 1 mM PMSF,
Sigma). The ROCK kinase assay was performed using 10 lM
ATP (Sigma) and recombinant MYPT1 substrate (Upstate Tech-
nologies) and incubated with the bead-kinase assay buffer slurry
in a reaction volume of 50 ll at 37�C. To the appropriate samples,
10 lM of the Rho kinase inhibitor Y-27632 (Santa Cruz Biotech-
nology) was added prior to incubation at 37�C. The reaction was
stopped by the addition of SDS-PAGE buffer and boiling the sam-
ples for 10 min at 100�C. Kinase assay activity was detected by
SDS-PAGE, followed by Western blotting using antiphospho-
MYPT1 (Upstate Technologies) and anti-MYPT antibodies (BD
Biosciences). Data were quantified using ImageJ software (NIH,
Bethesda, MD).

RhoA-GTP binding assays

The Rho Activation Assay Biochem Kit (Cytoskeleton, Denver,
CO) was utilized to isolate GTP-Rho from cell lysates. Treated
MDA-MB-231 cells were harvested in 13 ice-cold lysis buffer
and centrifuged at 8,000 rpm for 5 min. The supernatant was im-
mediately added to 45 lg of Rhotekin-RBD beads. Protease inhib-
itor cocktail (13) was added, and the mixture was rotated in the
cold for 1 hr. The extract and Rhotekin-RBD beads were centri-
fuged for 3 min at 5,000g and the supernatant removed. Pelleted
beads were subjected to 2 washes, 13 lysis buffer followed by 13
wash buffer. Beads were resuspended in 10 ll Laemmli dye. The
amount of activated Rho is determined by Western blotting of
pull-downs using a RhoA specific antibody (Santa Cruz Biotech-
nology). For the positive control, GTP loading on the cell lysate
was performed by adding 1/10th the volume of loading buffer and
1/100th the volume of GTPgS (200 lM final concentration), and
incubation at 30�C for 15 min. The reaction was stopped by trans-
ferring the tube to 4�C and adding 1/10th volume of STOP buffer.
Forty-five micrograms of Rhotekin-RBD beads were added, and
the protocol continued as before.

Results

I3C decreases motility of MDA-MB-231 breast cancer cells

The effects of I3C on motility of the highly invasive MDA-MB-
231 human breast cancer cell line were initially examined using a
modified Boyden Chamber assay that monitors cell migration
through a filter to the chemoattractant 10% fetal bovine se-
rum.54,55 Cells were treated with either 100 lM I3C, 200 lM I3C,
200 lM tryptophol, which is an inactive indole14,15 closely struc-
turally related to I3C that contains an ethanol group instead of a
methanol group in the 3-carbon position of the indole ring, or with
the DMSO vehicle control. Migratory potential was monitored af-
ter 24 hr because at this time point MDA-MB-231 cells do not dis-
play a cell cycle arrest with I3C. As shown in Figure 1, I3C
strongly inhibited chemotactic cell migration. Treatment with 100
or 200 lM I3C decreased the number of cells that migrated
through the filters by �3-and 6-fold, respectively, compared to
DMSO- or tryptophol-treated cells.

The ability of I3C to downregulate MDA-MD-231 cell migra-
tion was further analyzed using a motility assay, which does not
depend on cell adhesion by measuring the size of tracks made by
cells as they migrate through a layer of fluorescent beads. As the
cells move, they leave cleared phagokinetic paths behind them,
the area of which can be quantified. Figure 2 shows representative
images of cells prepared with the Cell Motility HitKit, and the cor-
responding quantification of areas of the cleared paths from
migrating cells tested under the indicated conditions. Treatment of
breast cancer cells with either 100 or 200 lM I3C decreased the
motility path area by �3-fold compared to the DMSO vehicle con-
trol- or tryptophol-treated cells. Strikingly, I3C treatment reduced
the level of migration almost to that observed in serum-starved
cells, which demonstrates the strong effect of this indole on human
breast cancer cell mobility.

I3C induces reorganization of the actin cytoskeleton
and formation of stress fibers and focal adhesions

Cell motility is controlled by the organization of the cytoskele-
ton, whose major components include actin filaments and a net-
work of microtubules.31 To assess potential I3C-regulated changes
in specific cytoskeletal components, the localization of F-actin

FIGURE 1 – I3C inhibits MDA-MB-231 breast cancer cell migra-
tion. Growing MDA-MB-231 cells were treated for 24 hr with DMSO,
200 lM tryptophol (Tryp), 100 lM I3C (I3C 100) or 200 lM I3C, and
then plated onto the upper wells of a modified Transwell Boyden
Chamber assay chambers and allowed to migrate toward chemoattrac-
tant 10% FBS for 24 hr. Migrated cells were photographed with a dig-
ital camera, and the number of cells that migrated through the upper
chamber was quantified relative to cells treated with the DMSO vehi-
cle control. Results are means 6 SD of triplicate samples from 3 inde-
pendent experiments (Statistical significance was evaluated by calcu-
lating p values using Student’s t-test: **p < 0.01, ***p < 0.001 com-
pared to DMSO cells).
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and distribution of vinculin, a structural component of focal adhe-
sions, were examined by immunofluorescence after 48 hr of I3C
treatment compared to DMSO vehicle control- and tryptophol-
treated cells. This time point represents the duration of I3C treat-
ment needed to observe the maximal effects of I3C in the MDA-
MB-231 cells. As shown in Figure 3, in DMSO- or tryptophol-
treated cells, there was diffuse staining of actin, with few stress
fibers and prominent lamellipodia at the leading edge of the
migrating cells. In contrast, I3C treatment induced a significant
increase in the number of centrally located stress fibers and caused
a decrease in detectable leading edge protrusions. The percentage
of cells with visible stress fibers increased from 15 or 18% in con-
trol cells to 30 or 55% in cells treated with either 100 or 200 lM
I3C, respectively. I3C treatment of MDA-MB-231 cells did not al-
ter microtubule distribution (data not shown), indicating that I3C
is not a general disruptor of the cytoskeleton. The vinculin stain-
ing under each tested condition revealed that I3C-treated cells
exhibited an enhancement in the size and number of focal
adhesions around the cell periphery, where stress fibers terminate
(Fig. 3, vinculin panels). The visible difference in the distribution
of vinculin in the I3C-treated cells compared to tryptophol- or
DMSO-treated cells was not a result of enhanced protein expres-
sion (data not shown).

One potential cellular consequence of the I3C stimulation in
stress fiber formation is an enhanced focal adhesion complex for-

mation. Key focal adhesion proteins in the focal adhesion complex
include FAK, p130 Cas and Paxillin. Therefore, the effects of I3C
on focal adhesion protein expression and protein complex forma-
tion were examined in cells treated for 48 hr with 200 lM I3C,
200 lM tryptophol or with DMSO. Western blot analysis showed
that I3C had no effect on the total cellular levels of the focal adhe-
sion proteins (Fig. 4, top left panels). Focal complex formation
was determined by immunoprecipitation with FAK antibodies fol-
lowed by Western blotting of the coprecipitating PAX and Cas as
well as for FAK. Compared to the DMSO vehicle control- and
tryptophol-treated cells, I3C significantly increased the level of
PAX and Cas that coprecipitates with FAK (Fig. 4, top right pan-
els) showing that this indole stimulates the dynamics of focal ad-
hesion complex assembly under conditions in which there is an
increase in stress fiber formation. Precipitation and blotting with
the same antibody as for the immunoprecipitation confirmed that
the cellular protein level of FAK remained unchanged.

Tyrosine phosphorylation of FAK, p130 Cas, paxillin and other
focal adhesion components regulate the signaling events that
occur at focal adhesions.33 To examine tyrosine phosphorylation
at focal adhesions, immunofluorescence microscopy was per-
formed using an antibody specific for tyrosine-phosphorylated res-
idues and compared to actin staining. In DMSO-treated cells, anti-
phosphotyrosine staining was concentrated mostly at the leading
and trailing cell edges, with some modest staining detected around
the cell boundary (Fig. 4, fluorescence micrographs). I3C treat-
ment caused the staining of tyrosine-phosphorylated proteins to
greatly increase around the cell periphery similar to that observed
with vinculin staining (see Fig. 3), which is a characteristic feature
of focal adhesion formation. A parallel actin staining shows the
I3C-induced stress fiber formation under conditions of this assay.

I3C induces kinase activities of ROCK1
and ROCK2 without activating RhoA

RhoA signaling has been shown to increase stress fiber-depend-
ent adhesions and negatively influence cell migration,57 suggest-
ing that I3C may be regulating this signaling pathway to mediate

FIGURE 2 – I3C inhibits motility of MDA-MB-231 cells. MDA-
MB-231 cells were treated for 24 hr with DMSO, 200 lM tryptophol
(Tryp), 100 lM I3C (I3C 100) or 200 lM I3C, and assayed for motil-
ity after 16 hr by measuring the size of tracks made by cells as they
migrate through a layer of fluorescent beads after staining with rhoda-
mine-conjugated phalloidin. For each treatment, representative images
from 1 experiment are shown (n 5 3). Images are an overlay of the
blue fluorescent beads with rhodamine–phalloidin. The path area of
cells from each treatment group was quantified: no serum, DMSO,
200 lM tryptophol (Tryp), 100 lM I3C (I3C 100) and 200 lM I3C
(I3C 200) (n 5 33, 54, 89, 120 and 76, respectively). Graphed results
are means 6 SD from 2 independent experiments (***p < 0.001 com-
pared to DMSO cells).

FIGURE 3 – I3C increases formation of actin stress fibers. MDA-
MB-231 cells were treated for 48 hr with DMSO, 200 lM tryptophol
(Tryp), 100 lM I3C (I3C 100) or 200 lM I3C (I3C 200). The localiza-
tion of vinculin and actin was examined by indirect immunofluores-
cence using anti-vinculin antibody or Texas-red phalloidin, or nuclei
stained by DAPI as described in the Material and methods section. The
micrographs show representative cells treated under each condition.
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its effects on cell migration and stress fiber formation. The Rho ki-
nases ROCK1 and ROCK2 are key RhoA effectors that have mul-
tiple substrates including myosin phosphatase (MYPT1), which
increases actomyosin contractility, and LIM kinase, which phos-
phorylates cofilin to abolish its ability to bind and depolymerize
actin.42 Western blot analysis of cells treated for 48 hr with
200 lM I3C, 200 lM tryptophol- or DMSO vehicle control-
treated cells revealed no I3C-dependent differences in expression
of RhoA, ROCK1 or ROCK2 (Fig. 5, top panel). Examination of
Rho A downstream effectors revealed that I3C treatment induces
production of phosphorylated cofilin but not of myosin phospha-
tase (MYPT1), suggesting that components of the RhoA signaling
pathways are under differential indole control.

To determine if I3C regulates the activation of the RhoA
GTPase, an assay was performed for Rho activation based on spe-
cific binding of GTP-bound Rho to the Rho-binding domain of
Rhotekin. MDA-MB-231 cells were treated for 48 hr with 200 lM
I3C, 200 lM tryptophol or DMSO, and total cell lysates were
incubated with Rhotekin affinity beads to pull down endogenous
active, GTP-bound RhoA protein. Western blotting using RhoA
antibodies showed that extracts from I3C-treated cells did not
have an appreciable difference in levels of RhoA-GTP compared
to DMSO- or tryptophol-treated cells (Fig. 5a, lower panels). To
show the specificity of the assay, prior to affinity bead pull-down,
extracts from I3C-treated cells were incubated with a nonhydro-
lysable GTP analog to convert RhoA-GDP into a stable form of
RhoA-GTP. Western blot results showed a significant level of
RhoA signal compared to the direct pull-down assay (Fig. 5a,
lower right panel, lane G).

Because I3C upregulates the level of phosphorylated cofilin but
does not alter RhoA activation, we tested the effects of I3C treat-

ment on the activities of the 2 Rho kinases, ROCK1 and ROCK2.
MDA-MB-231 cells were treated with 200 lM I3C, 200 lM tryp-
tophol or the DMSO vehicle control for 48 hr, and then total cell
lysates were immunoprecipitated with ROCK1, ROCK2 or control
IgG antibodies. In vitro activity of both kinases was determined
using MYPT1 as a substrate, which is efficiently phosphorylated
in vitro by ROCK1 and ROCK2 on Thr696.58,59 For the in vitro
kinase assay, immunoprecipitates were incubated with MYPT1
and ATP in the presence or absence of 10 lM of the Rho kinase
inhibitor Y-27632. Phosphorylation of MYPT1 was detected by
Western blotting of the reactions using antiphospho-MYPT1 anti-
bodies. The kinase-specific enzymatic activities were quantified
by determining the ratio of phospho-Mypt1 formed in the reac-
tions to the level of either ROCK1 or ROCK2 protein in each reac-
tion (Fig. 5b, bar graphs). As shown in Figure 5b, the immunopre-
cipitated ROCK1 and ROCK2 protein from I3C-treated cells dis-
played 2- to 3-fold greater kinase activity compared to cells

FIGURE 4 – I3C induces formation of focal adhesion complexes.
MDA-MB-231 cells were treated for 48 hr with DMSO (D), 200 lM
tryptophol (T) or 200 lM I3C (I). Upper left panel: Cells were har-
vested and extracts were subjected to SDS-PAGE and Western blot-
ting with p130 Cas, FAK, paxillin (Pax) or hsp90 antibodies (loading
control). Representative data from 1 experiment are shown (n 5 3).
Upper right panel: �500 lg of cell extracts from treated cells was sub-
jected to immunoprecipitation with FAK or control (2) antibodies,
and the immune complexes resolved by SDS-PAGE and Western blot-
ting for Pax, Cas or FAK. Lower panels: Immunofluorescence was
performed using phosphotyrosine antibody or Texas-red phalloidin for
actin staining, or nuclear DNA stained with DAPI as described in the
Materials and methods. Representative cells from 1 experiment are
shown (n5 3).

FIGURE 5 – I3C induces ROCK1 and ROCK2 kinase activity but
does not activate RhoA. (a) Upper panels: I3C has no effect on RhoA
activity: MDA-MB-231 cells were treated for 48 hr with DMSO (D),
200 lM tryptophol (T) or 200 lM I3C (I), and extracts of harvested
cells were subjected to SDS-PAGE and Western blotting with antibod-
ies to components of the RhoA signaling pathway or hsp90 (loading
control). Representative data from 1 experiment are shown (n 5 3).
Lower panels: 800 lg of cell extracts from treated cells was subjected
to Rho activation assays using Rhotekin affinity beads. As a positive
control, a nonhydrolysable GTP analog was incubated with 1 set of
extracts before pull-down (G). Cell lysates (as a control for total
RhoA) and Rho-GTP from the pull-down assays were subjected to
SDS-PAGE and Western blotting with RhoA antibodies. Representa-
tive data from 1 experiment are shown (n 5 3). (b) Upper panels: I3C
induces ROCK1 and ROCK2 enzymatic activity. Cell lysates were
incubated with ROCK1 or ROCK2 polyclonal antibodies bound to
Protein G-sepharose beads. Immunoprecipitates were subjected to
in vitro kinase assays using MYPT1 as a substrate, and Y-27632 Rho
kinase inhibitor (Y) as a control. Lower panels: The kinase assay mix-
tures were analyzed by SDS-PAGE, followed by Western blotting
with ROCK1, ROCK2, P-MYPT1 or MYPT1 antibodies. The individ-
ual bands were quantified using image J software. Graphed results are
means 6 SD from 2 independent experiments (*p < 0.05, **p < 0.01,
compared to DMSO cells).
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treated with either tryptophol or DMSO. The phosphorylation of
MYPT1 was reduced to below control levels when the Rho kinase
inhibitor Y-27632, which inhibits the activities of both ROCK1
and ROCK2,60,61 was added to the in vitro kinase reaction
(Fig. 5b), demonstrating the specificity of the assay. Also, when
control IgG was used for the immunoprecipitations, no Rho kinase
protein or kinase activities were detected in the assay.

Inhibition of Rho kinase activity reverses the I3C-mediated
formation of stress fibers and focal adhesions

To initially determine whether the RhoA signaling pathway is
required for the cytoskeletal changes observed with I3C treatment,
the effects of the Y-27632 Rho kinase inhibitor were examined on
the I3C-mediated stress fiber formation. MDA-MB-231 cells were
treated with or without 200 lM I3C for 48 hr, followed by cotreat-
ment with or without Y-27632 for 2 hr, then the cytoskeletal orga-
nization analyzed by indirect immunofluorescence using antibod-
ies to vinculin and phalloidin staining for actin. As shown in Fig-
ure 6, exposure of cells to the Y-27632 Rho kinase inhibitor
disrupted the formation of thick actin stress fibers induced by I3C
(Fig. 6, insets) and caused vinculin-stained focal adhesions to di-
minish in staining intensity to levels resembling cells not treated
with I3C. Treatment with Y-27632 alone altered the actin cyto-
skeleton of MDA-MB-231 cells, as would be expected because of
the inhibition of ROCK activity.

RhoA activity is functionally required for the I3C-induced
formation of stress fibers and peripheral focal adhesions

To functionally assess the requirement of RhoA signaling for
I3C-mediated stress fiber formation and focal adhesion stabiliza-
tion, MDA-MB-231-derived cell lines that stably express either
the constitutively active or dominant negative forms of RhoA
were established. The pEXV-RhoA.V14 expression plasmid enco-
des a constitutively active Myc-tagged RhoA protein, which main-
tains the GTP-bound form of the protein, whereas pEXV-
RhoA.DN19 encodes a Myc-tagged dominant negative RhoA that
binds more tightly to Rho-GEFs than the wild-type GTPase, and
thus prevents activation of endogenous RhoA.44,62 Individual cell
lines were isolated that expresses either the constitutive active
RhoA (231.V14), the dominant negative RhoA (231.DN19) or the
empty vector (231.neo). The neo cells were transfected with the

empty expression vector linked to the neomycin resistance gene
and represent the transfection and neomycin selection controls for
comparison to the cells expressing either the constitutively active
or dominant negative forms of RhoA. Western blot analysis
showed that cells expressing the Myc-tagged constitutively active
RhoA or the Myc-tagged dominant negative RhoA express high
levels of the exogenous genes compared to the empty vector trans-
fected cells (Fig. 7, top panels, V14 vs. neo; DN19 vs. neo). As
expected for activation of the RhoA pathway, the 231.V14 cells
produce significantly higher levels of phosphorylated cofilin com-
pared to the control neo cells, whereas 231.DN19 cells had less
phosphocofilin compared to the 231.neo cell clones, indicating an
inhibition of RhoA activity (Fig. 7). The total levels of cofilin
remained approximately the same in the 3 cell lines.

To determine whether expression of constitutively active or
dominant negative RhoA mimicks or disrupts the I3C stimulation
of stress fibers and focal adhesion formation, the actin filaments
and vinculin localization were examined in I3C-treated and -
untreated 231.neo, 231.V14 and 231.DN19 cells by immunofluo-
rescence microscopy. As shown in Figure 7 (fluorescence micro-
graphs), breast cancer cells expressing dominant negative RhoA
(231.DN19 cells) treated with I3C showed diffuse actin staining
and thus failed to induce the formation of stress fiber (actin pan-
els), and were unable to stimulate vinculin reorganization or accu-
mulation at the cell periphery (vinculin staining), which is indica-
tive of focal adhesions. Consistent with a role for RhoA signaling
in the I3C-activated pathway, expression of constitutively active
RhoA mimicked the effects of I3C on formation of both stress
fibers and focal adhesions (Fig. 7, 231.V14 cells, actin and vincu-
lin panels) in that in the presence or absence I3C, the cells dis-
played a significant amount of stress fibers, filopodia and focal
adhesions at the cell periphery. Control transfected cells were fully
indole responsive (Fig. 7, 231.neo cells, actin and vinculin panels),
showing that the transfection procedure had no deleterious effects
on the cell phenotype.

Discussion

Although the antiproliferative effects of I3C have been well
documented,6–8,13,14 relatively little is known about the mecha-
nism by which this indole can decrease cell migration and

FIGURE 6 – ROCK inhibitor Y-27632
reverses the I3C-mediated formation of
stress fibers and stabilization of focal
adhesions. MDA-MB-231 cells were
treated for 48 hr with DMSO or 200 lM
I3C, followed by a 2 hr incubation in the
absence or presence of Rho kinase inhibi-
tor Y-27632. Immunofluorescence was
performed using antivinculin antibodies,
followed by staining with anti-mouse
Alexa-fluor 488 secondary antibody or
Texas-red phalloidin for actin staining.
Representative cells are shown, along
with insets (far right column) of 34-mag-
nified actin filaments from I3C- and I3C 1
Y-27632-treated cells.
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invasion.28,30 Our results demonstrate that treatment of the inva-
sive MDA-MB-231 human breast cancer cell line with I3C acti-
vates the Rho effector kinases ROCK1 and ROCK2, which leads
to the stabilization of an extensive network of stress fibers and
focal adhesions, an increased phosphorylation of cofilin and an in-
hibition of cellular motility. Several lines of evidence show that
the I3C-induced formation of stress fibers and focal adhesions
requires the RhoA/ROCK signaling pathway. First, ectopic
expression of dominant negative RhoA in MDA-MB-231 cells
prevented the I3C induction of stress fiber and focal adhesion for-
mation. Furthermore, expression of constitutively active RhoA
mimicked the indole induction of this phenotype. In vitro assays

revealed that the enzymatic activities of ROCK1 and ROCK2
increased over 2-fold with I3C treatment, whereas exposure to the
ROCK inhibitor Y-27632 reversed the I3C-induced formation of
stress fibers and decreased the size of focal adhesions. Taken to-
gether, our results show that activation of the RhoA/ROCK signal-
ing cascade is critical for the I3C-mediated inhibition of motility
of MDA-MB-231 cells.

The balance of activity between RhoA, which induces develop-
ment of stress fibers that terminate at focal adhesions, and Rac/
Cdc42, which promote filopodia and lamellipodia formation
observed at the leading edge of migrating cells, is required for
contractility during migration of cultured cells.44,57,63,64 When the
downregulation of RhoA signaling is ablated, the breakdown of
stress fibers allows the formation of stable focal adhesions, which
prevents directional motility. Previous studies have shown that
hyperactivation of RhoA,65 alteration of integrin signaling57,66 or
knockout of either FAK,38 cell cycle inhibitor p2752 or Fos family
member Fra-166 can inhibit cell migration. In MDA-MB-231 cells,
treatment with dhMotC, a motuporamine analog from marine
sponge, caused significant activation of RhoA and Rho-dependent
induction of stress fibers.50 In these examples, the cells do not
form lamellopodia or trailing edges, but instead form extensive
stress fiber networks and large stable, peripherally located focal
adhesion complexes, analogous to the phenotype observed with
I3C treatment. In contrast, knockdown of RhoA by interfering
RNA inhibits invasiveness of MDA-MB-231 cells,53 whereas
treatment of these cells with the statin cerivastatin caused disorga-
nization of actin fibers and disappearance of focal adhesions, by
inhibiting Rho transport to the cell membrane.67 These results fur-
ther implicate a balance of RhoA activity in directing cell migra-
tion. In our studies, pull-down assays showed that I3C does not
change the level of GTP-bound RhoA, suggesting that I3C does
not directly act on RhoA. However, in vitro kinase assays showed
a 100% increase in activity of RhoA effector kinases ROCK1 and
ROCK2 in I3C-treated cells. Thus, we propose that I3C disrupts
the equilibrium between Rho and Rac/Cdc42 activity that leads to
the upregulation of ROCK enzymatic activity. We would predict
that the migration of other human breast cancer cells is regulated
by I3C through the control of ROCK activity, and we are currently
attempting to identify the precise upstream components involved
in this indole-regulated signaling cascade.

MDA-MB-231 cells were derived from an aggressive human
breast cancer characterized by an oncogenic Ras mutation and
constitutive activation of RhoA.67 Overexpression of Ras has been
shown to activate ERK, which mislocalizes and decreases expres-
sion of ROCK kinases, thus inhibiting stress fiber formation in the
presence of activated RhoA68 in MDA-MB-231 cells. We found
that I3C does not significantly change levels of phosphorylated
ERK (data not shown), suggesting that I3C induces ROCK activ-
ity and stress fiber formation through a distinct pathway. It is im-
portant to point out that although 200 lM I3C was used for our
studies, the effective intracellular concentration is significantly
lower because only 0.3% of I3C enters the cell, and a fraction of
the intracellular I3C is converted into its natural dimer, DIM.13

Also, the concentration of I3C required to inhibit breast cancer
cell motility is similar to what is needed to optimally detect
indole-mediated changes in cell cycle control of a variety of
human reproductive cancer cells.

Previous studies showed that I3C treatment decreased the per-
centage of dissociated MCF-7 or T-47D breast cancer cells that
initially attach to Matrigel basement membrane in vitro, although
adhesion was equal by 150 min.28,30 Our results show a distinct
effect on cell adhesion, and may be explained by differences in
cell line choice and experimental length. The presence of exten-
sive stress fibers (our unpublished results) and E-cadherin-medi-
ated cell–cell adhesion in untreated MCF-7 cells differs greatly
from the polarized cell structure of MDA-MB-231 cells, which do
not form cell–cell adhesions. In addition, I3C may have differen-
tial effects on initial versus sustained adhesion. For example, the
initial adhesion of suspended cells to fibronectin can transiently

FIGURE 7 – Effects of ectopic expression of dominant negative or
constitutively active RhoA on actin stress fibers and vinculin localiza-
tion. MDA-MB-231 cells were transfected with pEXV empty vector
linked to the neomycin resistance gene (neo), the RhoA constitutive
expression vector (RhoA.V14) or the dominant negative RhoA
(RhoA.DN19) and selected using neomycin analog G418. Upper pan-
els: the cell clones were tested for expression of Myc-tagged RhoA by
Western blotting of extracts using anti-Myc epitope-tag antibodies.
Extracts were also tested for expression of phospho-cofilin, cofilin and
hsp90 as a loading control. Micrographs: the stable cell clones
expressing empty vector or a high level of myc-tagged constitutively
active or dominant negative RhoA (231.neo, 231.V14, 231.DN19
cells, respectively) were treated for 48 hr with DMSO or 200 lM I3C
(I3C 200), and immunofluorescence was performed using antivinculin
antibodies, followed by staining with anti-mouse Alexa-fluor 488 sec-
ondary antibody or Texas-red phalloidin. Cell nuclei were stained by
DAPI. Representative micrographs of cells are shown.

2300 BREW ET AL.



depress RhoA activity,65 but a more prolonged interaction leads to
Rho activation whose magnitude is dependent on substrate con-
centration.57

Dynamic interactions between focal adhesion complexes and
cell adhesion molecules are essential for cell motility.31,33 We
observed that I3C induced the interaction, but not the level, of
focal complex proteins FAK, p130 Cas and paxillin, suggesting
that I3C increases activation of focal complexes. In addition, there
was recruitment of vinculin to I3C-induced focal adhesions, previ-
ously shown to increase the stability of these adhesions.69 Current
studies are aimed at delineating the I3C-induced cellular cascade
that stimulates the dynamics of focal adhesion formation and
thereby controls cell motility.

In conclusion, our study demonstrates that the RhoA/ROCK
pathway is necessary for the I3C-regulated formation of stress

fibers and focal adhesions in MDA-MB-231 breast cancer cells.
RhoA signaling contributes to cancer primarily through effects on
cell migration,43,48,52,70 thus inhibition of this process by I3C lim-
its metastatic capability of breast cancer cells, which in combina-
tion with the potent antiproliferative effects of this indole,6–8,13,14

implicates I3C as an intriguing anticancer therapeutic agent for
breast cancer.
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