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The phytochemical indole-3-carbinol (I3C), from cruciferous veg-
etables such as broccoli, has been shown to elicit a potent anti-pro-
liferative response in human breast cancer cell lines. Treatment of
the immortalized human mammary epithelial cell line MCF10A
with I3C induced a G1 cell cycle arrest, elevated p53 tumor sup-
pressor protein levels and stimulated expression of downstream
transcriptional target, p21. I3C treatment also elevated p53 levels
in several breast cancer cell lines that express mutant p53. I3C did
not arrest MCF10A cells stably transfected with dominant-nega-
tive p53, establishing a functional requirement for p53. Cell frac-
tionation and immunolocalization studies revealed a large fraction
of stabilized p53 protein in the nucleus of I3C-treated MCF10A
cells. With I3C treatment, phosphatidyl-inositol-3-kinase family
member ataxia telangiectasia-mutated (ATM) was phosphory-
lated, as were its substrates p53, CHK2 and BRCA1. Phosphoryla-
tion of p53 at the N-terminus has previously been shown to disrupt
the interaction between p53 and its ubiquitin ligase, MDM2, and
therefore stabilizing p53. Coimmunoprecipitation analysis re-
vealed that I3C reduced by 4-fold the level of MDM2 protein that
associated with p53. The p53–MDM2 interaction and absence of
p21 production were restored in cells treated with I3C and the
ATM inhibitor wortmannin. Significantly, I3C does not increase
the number of 53BP1 foci or H2AX phosphorylation, indicating
that ATM is activated independent of DNA double-strand breaks.
Taken together, our results demonstrate that I3C activates ATM
signaling through a novel pathway to stimulate p53 phosphoryla-
tion and disruption of the p53–MDM2 interaction, which releases
p53 to induce the p21 CDK inhibitor and a G1 cell cycle arrest.
' 2005 Wiley-Liss, Inc.
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Indole-3-carbinol (I3C), a phytochemical of Brassica vegeta-
bles such as broccoli and cabbage, has been shown to prevent spont-
aneous and carcinogen-induced mammary tumors.1–3 I3C has
a direct anti-proliferative effect in both estrogen-dependent and
independent human breast cancer cell lines.4 In tissue culture, I3C
treatment of human adenocarcinoma cells induces a G1 cell cycle
arrest that is associated with a decreased expression of cyclin-
dependent kinase 6 (CDK6), and inhibited specific enzymatic
activity of CDK2.4,5 In [3H]I3C-treated MCF-7 cells, the I3C con-
densation product 3,30-diindolylmethane (DIM) represents 40% of
radiolabeled compounds in the nuclear fraction, suggesting that
DIM may mediate a subset of the transcriptional responses to I3C.6

DIM has been shown to decrease CDK2 activity through Sp1-
mediated transcriptional upregulation of CDK inhibitor p21.7

In addition to their anti-proliferative effects, treatment with I3C
or DIM also causes a p53-independent apoptotic response in cul-
tured breast cancer cells.8–10 I3C was shown to induce apoptosis
of the tumorigenic MCF10CA1a cell line,11 but the mechanism of
growth inhibition of the isogenic nontumorigenic MCF10A cells
has yet to be elucidated. Nontumorigenic MCF10A cells express
wild-type p53, suggesting that activation of p53 may contribute to
the response to I3C.

The p53 tumor suppressor protein inhibits tumorigenesis in
response to cellular stress by induction of transcriptional targets
involved in cell cycle progression, apoptosis and repair of DNA
damage.12 p53 protein is stabilized and activated by genotoxic

stress such as UV or IR,13,14 non-genotoxic stress such as taxol
or nocodazole,13,15 or phytochemicals such as genistein or re-
sveratrol.16,17 The stability of p53 is controlled by the ubiquitin
ligase MDM2, which binds to the p53 N-terminal transactivation
domain and either directly blocks transcriptional activity or ub-
iquitinates p53 for proteasomal degradation.18

Stabilization of p53 after genotoxic or non-genotoxic stimuli
requires the activation of several PI3-kinase related kinases,
including ataxia telangiectasia-mutated (ATM), ATM- and Rad3-
related (ATR) checkpoint kinases Chk1 and Chk2 that phosphory-
late the N-terminal transactivation domain of p53 at multiple
sites (serines 15, 20, 33, 37 and 46, threonine 18).19 Phosphoryla-
tion at serine 15 was shown to be induced by DNA damage and
impaired the ability of MDM2 to interact with and inhibit p53.18

In addition, nitric oxide reduced both p53 phosphorylation at ser-
ine 46 and apoptosis in UV-irradiated MCF-7 cells, suggesting
that this residue is involved in the p53-mediated transcriptional
activation of apoptotic genes.20 It has been suggested that phos-
phorylation and acetylation at multiple sites in the N-terminal acti-
vation and C-terminal regulatory domains activate p53.21

Another major pathway of p53 stabilization occurs through the
level and activity of MDM2. In response to DNA damage, ATM
phosphorylates MDM2 on serine 395, which impedes the MDM2-
mediated nuclear export and thus degradation of p53.22 However,
phosphorylation may also enhance the activity of MDM2. For
example, growth factor-activated Akt phosphorylates MDM2
at serines 166 and 186, which promotes nuclear translocation of
MDM2 and p53 degradation.23,24 Disruption of the p53–MDM2
complex is required for p53 stabilization, whether through a cas-
cade of stress-activated or PI3-kinase family of kinases.

In human breast cancer, it is estimated that the overall fre-
quency of p53 mutation is �20%,25,26 although the frequency is
much higher in breast cancer cell lines, usually derived from meta-
static origins.27,28 Thus, disruption of the p53–MDM2 interaction
may be an effective therapeutic strategy to activate p53 and inhibit
tumor growth. In this paper, we studied the effect of dietary indole
I3C on nontumorigenic MCF10A human breast epithelial cells,
one of a few established cell lines that contain wild type p53. We
have observed that I3C causes a G1 arrest of MCF10A cells
through p53-dependent transactivation of p21 but does not induce
apoptosis. In several tumorigenic cell lines with mutant p53, the
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protein is also upregulated but transactivation of p21 cannot occur.
We further demonstrate that in MCF10A cells, I3C regulates p53
stability through ATM-mediated phosphorylation of p53 at serine
15, which disrupts p53–MDM2 interactions. I3C was shown not to
induce DNA double-strand breaks. Thus, this report presents the
first account of a non-genotoxic dietary compound to induce G1
arrest by ATM-mediated p53 stabilization.

Material and methods

Cell lines and cell culture conditions

The MCF10A cell line (provided by the Karmanos Cancer Insti-
tute, Detroit, MI) originated from spontaneous immortalization of
breast epithelial cells obtained from a parous premenopausal
woman with fibrocystic breast disease. The MCF10A cell line has
been reported to have wild type, functional p53.29,30 The cell lines
MCF10A-LXSN (stably transfected with retroviral vector, LTR-
gene X-simian virus 40-Neo) and MCF10A-p53DD (transfected
with pLXSN-p53DD, a murine dominant-negative p53 construct
from M. Oren31) were described previously.32 MCF10A cells were
maintained in Dulbecco modified Eagle medium (DMEM)-F-12
medium supplemented with 10% fetal bovine serum, penicillin/
streptomycin (Cambrex/Biowhittaker, Walersville, MD), 10 lg/ml
insulin (bovine), 0.1 lg/ml cholera toxin (Sigma Chemical, St.
Louis, MO), recombinant epidermal growth factor (Promega,
Madison, WI) and 0.5 lg/ml hydrocortisone (ICN Biochemicals,
Irvine, CA). MCF-7, T-47D, SK-Br3, MDA-MB-231 and MDA-
MB-435 cell lines were cultured as described by ATCC (ATCC,
Manassas, VA). Cells were treated for the indicated time points in
complete medium, with DMSO as a control (Aldrich, Milwaukee,
WI), I3C or DIM (LKT laboratory, St. Paul, Minnesota), dissolved
10003 in DMSO. The medium was changed every 24 hr for the
duration of each experiment. The proteasome inhibitor Mg132
(Calbiochem, La Jolla, CA) was used at a final concentration of 5
lg/ml, ATM inhibitor wortmannin used at 25 lM (Sigma) and
topoisomerase II inhibitor amsacrine hydrochloride (AMSA) at 10
lM (Sigma).

Flow cytometry analysis

For cell cycle analysis, attached and nonadherent cells were col-
lected, rinsed with PBS and hypotonically lysed in 0.5 ml of PI
buffer (0.5 mg/ml propidium iodide, 0.1% sodium citrate, 0.05%
Triton X-100). Cell debris was filtered using a 60 lm nylon mesh
(Sefar America, Kansas City, MO). To determine the percentage
of apoptotic cells, trypsinized cells were collected and subjected
to an Annexin-V FITC apoptosis kit, according to the manufac-
turer’s instructions (BioSource International, Camarillo, CA).
Samples were analyzed on a Beckman–Coulter (Fullerton, CA)
EPICS XL flow cytometer with laser output adjusted to deliver
15 MW at 488 nm. Ten thousand cells were counted. Cell cycle
analysis was performed using MultiCycle software WinCycle32
(Phoenix Flow Systems, San Diego, CA).

Western blot analysis

Treated MCF10A cells were harvested in RIPA buffer and the
lysates processed for Western blotting as described previously,
with several modifications.33 Blots were incubated with primary
antibodies to p53, phospho-p53 (Ser 6, 9, 15, 20, 37, 42 and 392),
phospho-ATM (Ser 1981), CHK2, phospho-CHK2 (Thr 68) (Cell
Signaling Technology, Beverly, MA), p21, CDK2, CDK4, CDK6,
cyclin E, c-jun, actin, histone H1 (Santa Cruz Biotechnology,
Santa Cruz, CA), BRCA1, phospho-BRCA1 (Ser 1423), MDM2
clone IF2 (Oncogene Research Products, San Diego, CA), or g-
H2AX (Upstate, Waltham, MA). Immunoblotting with actin or
CDK2 antibodies was used as a loading control.

RNA extraction and RT-PCR

RNA was prepared from treated cells, as described previously.33

To prepare cDNA, 2 lg of RNA was added to 500 ng random hex-

amers (RNAture, Irvine, CA), 2 mM dNTPs (Roche Applied Sci-
ence, Indianapolis, IN) and RNase free distilled water, and incu-
bated at 70�C for 5 min. To this mixture was added a solution con-
taining 20 U RNase inhibitor (Roche) and 50 U M-MLV Reverse
Transcriptase in 13 buffer (Promega), and incubated at 42�C for
1.5 hr, followed by at 50�C for 20 min. For PCR amplification,
100 ng of template cDNA was mixed with 20 pmol of each primer
set designed to provide a 300 bp product, 18S control primers in a
primer: competemer ratio determined for each reaction (Ambion,
Austin, TX), 2.5 mM dNTPs (Roche), 2.5 U Platinum Taq DNA
Polymerase, 103 RT buffer and 15 mM magnesium chloride
(Invitrogen, Carlsbad, CA). PCR was performed for 30 cycles
(95�C, 30 s; 55�C, 30 s; 72�C, 30 s) on a PTC-200 Peltier Thermal
Cycler (MJ Research, Waltham, MA). Samples were loaded on an
agarose gel containing 0.5 lg/ml ethidium bromide, electrophor-
esed and visualized with short wavelength UV light.

Plasmids and reporter gene assays

pGL2 was obtained from Promega. Plasmid pWWP-Luc and
pDM-Luc, which lacks the p53-binding element 2.4 kb upstream
of p21, were kindly provided by B. Vogelstein (Johns Hopkins
Oncology Center, Baltimore, MD), and have been previously
described.34 The luc reporter plasmid containing a point mutation
in the p53-binding site will be described elsewhere (manuscript in
preparation). MCF10A cells were transiently transfected in tripli-
cate with the p21 promoter constructs using Fugene 6 Transfection
Reagent (Roche Molecular Biochemicals, Indianapolis, IN), as
described previously.33 The luciferase specific activity was
expressed as an average of relative light units per microgram of
protein, as measured by Bio–Rad Standard Protein Assay (Bio–
Rad, Hercules, CA).

Immunofluorescence microscopy

Treated MCF10A or 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 permeabi-
lized with 0.5% Triton X-100 in PBS for 10 min. After blocking
for 1 hr, the cells were incubated with p53 PAb421, MDM2
(Oncogene Research Products), or 53BP1 (Chemicon, Temecula,
CA) antibodies for 1 hr, followed by incubation for 1 hr with
Alexa Fluor 488 goat anti-mouse IgG (Molecular probes, Eugene,
OR). Coverslips were mounted with Vectashield mounting
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.

Cell fractionation assay and histone preparation

Treated MCF10A cells were harvested, lysed in hypotonic Buf-
fer A (10 mM Hepes pH 7.9, 1.5 mM MgCl2, 10 mM KCl,
0.2 mM PMSF and 0.5 mM DTT), and then dounced for about
100 strokes in a loose fitting Dounce homogenizer. The homoge-
nate was centrifuged at 500g for 20 min to separate the superna-
tant (cytosol) from the nuclear pellet. The supernatant was centri-
fuged at 100,000g for 60 min to separate membranes from cytosol.
The nuclear pellet was solubilized in Buffer C (20 mM Hepes pH
7.9, 1.5 mM MgCl2, 0.25% glycerol, 0.2 mM EDTA, 420 mM
NaCl, 0.2 mM PMSF and 0.5 mM DTT) and dialyzed against Buf-
fer D (20mMHepes, pH 7.9, 1.5mMMgCl2, 20% glycerol, 0.2mM
EDTA, 100 mM KCl, 0.2 mM PMSF and 0.5 mM DTT). The sub-
cellular fractionation was verified by probing with the nuclear
marker c-jun. For isolation of histones, sulfuric acid was added to
the homogenate to a final concentration of 0.4 N and incubated on
ice for 3 hr. Proteins were precipitated with TCA (25%), washed
with acetone, dried overnight and boiled in 23 sample buffer.

Immunoprecipitation

MCF10A cells were washed with ice-cold PBS, harvested in IP
lysis buffer (150 mM NaCl, 0.1% Triton X-100, 20 mM Tris-HCl,
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FIGURE 1 – p53 transcriptional regula-
tion of p21 is a unique mechanism of I3C-
induced G1 cell cycle arrest. Exponentially
growing nontumorigenic MCF10A cells
were treated for the indicated time points
with DMSO, 300 lM I3C or 30 lM DIM.
(a) Collected cells were hypotonically
lysed in propidium iodide buffer and
flow cytometric profiles were graphed.
(b) Collected cells were lysed and extracts
were subjected to SDS-PAGE and Western
blotting with the indicated antibodies.
Actin was used as a loading control.
(c) Total RNA was extracted from the
cells, and the reverse transcribed cDNA
was subject to PCR amplification using pri-
mers to p53, p21 or 18S primers as a con-
trol (top row). (d) Breast cancer cell lines
MCF-7, T-47D, SK- Br3, MDA-MB-231
and MDA-MB-435 were treated for the
indicated time points with DMSO, 200 lM
I3C or 20 lM DIM. Cells were harvested
and extracts were subjected to SDS-PAGE
and Western blotting with p53 or actin
(loading control). p53* indicates that the
cell line contains a mutant p53 with a point
mutation that renders the protein unable to
transactivate p21. For each, representative
data from one experiment are shown (n 5
3).
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pH 7.5) containing protease inhibitors and the extracts normalized
as for Western blot analysis. Five hundred microgram of protein
extract was diluted up to 1 ml in IP lysis buffer. Extracts were
precleared for 30 min at 4�C with 30 ll of a 1:1 slurry of protein
G-beads (Pharmacia Biotech, Sweden). Concurrently, 30 ll of
protein G beads and 1 ll of p53 PAb421 antibody were incubated
in PBS on a rotating platform for 2 hr at 4�C. After removal of
precleared beads from extracts, protein G-p53 beads were added
to each sample 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 washed three
times with IP lysis buffer and once with PBS. The beads were then
boiled for 3 min in 23 protein loading buffer.

Results

I3C and DIM inhibit cell proliferation of MCF10A cells
through a G1 cell cycle arrest

In tumorigenic MCF-7 breast cancer cells, we previously showed
that 200 lM I3C or 20 lM DIM induces a G1 cell cycle arrest
through downregulation of cyclin-dependent kinase activity.4,7 We
have shown that in cell lines treated with [3H]I3C, only �0.3% of
the extracellular I3C enters the cells.6 Thus, the effective concen-
tration of I3C that can induce a cell cycle arrest of human breast
cancer cells is �300 nM I3C. For maximal growth suppression
without cell death, [3H]thymidine and Annexin-V assays (data not
shown) revealed that nontumorigenic MCF10A cells can be treated
for 48 hr with 300 lM I3C or 30 lM DIM. To determine whether
these indoles have a cell cycle effect in MCF10A cells at concentra-
tions that do not induce apoptosis, the nuclear DNA content of pro-
pidium iodide-stained nuclei from indole-treated and untreated
cells was analyzed by flow cytometry. As shown in Figure 1a, at 48
hr incubation, the percentage of cells in the G1 phase was 63% with
the DMSO control, 93% with I3C and 72% with DIM treatment.

Thus, both I3C and DIM alter the DNA content of the MCF10A cell
population from asynchronous to G1-arrested state.

I3C transcriptionally upregulates p21

To determine downstream targets of the I3C- and DIM-activated
anti-proliferative pathways in MCF10A cells, expression of the G1
acting cyclin dependent kinases (CDK) CDK2, CDK4, CDK6, the
p21 CDK inhibitor, cyclin E and p53 were examined by Western
blot analysis. At 48 and 72 hr, p21 protein level was significantly
increased in extracts of I3C-treated cells and to a much lesser extent
in DIM-treated cells (Fig. 1b), indicating that I3C does not induce
p21 expression through dimerization to DIM. I3C did not alter the
production of the other tested cell cycle components except an
increase in cyclin E that is observed only after 72 hr of I3C treat-
ment. This overall pattern of indole-regulated cell-cycle genes is
distinct for these nontumorigenic mammary epithelial cells com-
pared with cultured human breast cancer cells.4,5,35

Because the p53 tumor suppressor protein is a known transacti-
vator of p2136 and the MCF10A cell line has wild type, functional
p53,29,30 p53 expression was examined in I3C- and DIM-treated
cells. Consistent with the induction of p21, p53 protein level sig-
nificantly increased within 48 hr in the extracts of I3C-treated
cells, but not in DIM-treated cells (Fig. 1b). This increase in p53
protein was observed as early as 6 hr after treatment with I3C
(data not shown). To analyze whether the induction of p21 was
due to its concomitant stimulation in transcript levels, total RNA
was isolated from MCF10A cells treated with I3C or DIM for the
indicated times and subject to semi-quantitative RT-PCR. As
shown in Figure 1c, the level of p21 transcripts was increased at
24 hr with I3C but not with DIM treatment. The RT-PCR analysis
also revealed that the level of p53 transcripts is not stimulated by
I3C (Fig. 1c), indicating a post-transcriptional mechanism for I3C
regulation of p53 protein. RT-PCR performed on p53 apoptotic

FIGURE 2 – I3C activates the p21 promoter through a p53-dependent mechanism. MCF10A cells were transfected with constructs containing
the proximal p21 promoter upstream of the luciferase reporter gene: pWWP p21-luc, a 2.4 kb p21 promoter fragment; pDM p21-luc, with a
deleted p53 element; Dp53 p21-luc, which harbors a point mutation in the p53 binding site or pGL2-basic vector, a negative control to determine
background luciferase activity. At 24 hr post- transfection, MCF10A cells were treated with DMSO, 300 lM I3C or 30 lM DIM for 24 hr.
Luminometry and Bradford assay were used to determine relative light units (RLU) per microgram of protein. Data represent the mean of tripli-
cate samples from three independent experiments. Statistical significance was evaluated by calculating p-values using Student’s t-test: (D) com-
pared with DMSO cells transfected with the same vector, (W) compared with WWP p21-Luc transfected cells treated with the same drug (*p <
0.05, **p < 0.01, ***p < 0.001).
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targets, such as BAX, Fas and DR5,37 showed that the transcripts
for these genes did not change in cells treated for 24 or 48 hr with
either 300 lM I3C or 30 lM DIM (data not shown). In addition,
transcript levels of GADD45 and IGF-BP3, p53 targets that induce
cell cycle arrest in cells with DNA damage,22 did not change with
I3C or DIM treatment (data not shown).

To determine whether I3C also induces p53 in tumorigenic
mammary epithelial cell lines, p53 expression was examined in
cell lines that express either wild-type p53 (MCF-7) or mutant p53
(T-47D, SK-Br3, MDA-MB-231, MDA-MB-435) that cannot
transactivate p21. Consistent with the p53 induction in nontumori-
genic MCF10A cells, I3C stimulated p53 protein levels in T-47D,
SK-Br3, MDA-MB-231 and MDA-MB-435 cells (Fig. 1d). Inter-
estingly, in MCF-7 cells, which express wild-type p53, there was
not a significant increase in p53 protein.

I3C activates the p21 promoter in a p53-dependent manner

To determine whether the p53-dependent increase in p21 tran-
scripts by I3C is due to promoter activation, reporter plasmids
were utilized that contain the proximal p21 promoter linked to the
firefly luciferase gene. The 22.4 kb p21 promoter fragment,
pWWP p21-luc, contains functional p53-binding sites at 21.3 kb
and 22.23 kb, whereas pDM p21-luc has a 50 deletion that lacks
the key site at 22.23 kb.34 The Dp53 p21-luc construct contains a
point mutation at 22.23 kb (GAACA fi GAAAA) in the distal
p53-binding site that eliminates p53 binding to this site.38 In
MCF10A cells transfected with pWWP p21-luc, I3C treatment
caused an 8-fold increase in promoter activity compared with the
DMSO control, whereas DIM did not have an effect on p21 pro-
moter activity (Fig. 2), indicating that I3C dimerization to DIM
does not contribute to the induction of p21 promoter. In contrast,
I3C activation of the truncated promoter pDM p21-luc was less

than 4-fold, and of the point mutant Dp53 p21-luc less than 3-fold,
suggesting that the bulk of I3C regulation of the p21 promoter is
p53-dependent, which accounts for the I3C stimulation of p21
expression.

p53 is required for the I3C-induced arrest of MCF10A cells

To determine if there is a functional requirement for p53 in the
I3C-induced G1 arrest, MCF10A cells were stably transfected
with a dominant-negative p53 (p53DD), because this construct has
been shown to inhibit p53 activity.31,32 MCF10A cells stably
transfected with a retroviral vector (LXSN) was used as a control.
Flow cytometry profiles of nuclear DNA content revealed that I3C
induced a G1 cell cycle arrest in MCF10A-LXSN cells, but this
arrest was attenuated in MCF10A-p53DD cells (Fig. 3). The mod-
est cell cycle arrest of both MCF10A-LXSN and MCF10A-
p53DD cells with DIM treatment confirms that I3C acts independ-
ently of DIM to induce the G1 arrest. Thus, p53 is functionally
required for the G1 cell cycle arrest in I3C-treated cells.

I3C induces p53 to accumulate in the nucleus independent
of MDM2 expression and localization

Because the nuclear compartmentalization of p53 is necessary
for its function as a transcription factor, the localization of p53 in
I3C-treated and untreated cells was examined by immunofluore-
sence and biochemically in comparison to MDM2, the p53-spe-
cific ubiquitin ligase. Indirect immunofluorescence revealed that
p53 localized to the nucleus of I3C-treated cells, whereas in either
control DMSO- or DIM-treated cells, p53 resided in the cytoplas-
mic compartment (Fig. 4a, b). Conceivably, p53 nuclear accumu-
lation may result from a decrease in the nuclear protein level of
MDM2, which would stabilize the nuclear p53. However, immu-
nofluorescence showed that MDM2 localization was nuclear in

FIGURE 3 – Functional p53 is
required for the I3C-induced arrest
of MCF10As. MCF10A- LXSN,
and MCF10A-p53DD cells were
treated for 48 hr with DMSO,
300 lM I3C or 30 lM DIM. Col-
lected cells were hypotonically
lysed in propidium iodide buffer
and flow cytometric profiles were
plotted. Representative data from
one experiment are shown (n5 3).
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FIGURE 4 – p53 accumulates in the nucleus with I3C treatment, independent of MDM2 expression. MCF10A cells were treated with DMSO,
300 lM I3C or 30 lM DIM for 48 hr. (a) Immunofluorescence was performed using anti-p53 or anti-MDM2 antibodies, followed by staining
with anti-mouse Alexa-fluor 388 secondary antibody. Representative cells are shown. (b) The percentage of cells containing nuclear residing
p53 or MDM2 was quantified for each 5 treatment group (n 5 50, results are means 6 SEM from two independent experiments, *p < 0.05,
**p < 0.01 compared with DMSO cells). (c) After cellular fractionation, subcellular fractions were subjected to SDS-PAGE and Western blot-
ting with p53 or MDM2 antibodies. Blotting with antibodies to c-jun was used to confirm nuclear fractionation and CDK2 as an extract loading
control. Representative data from one experiment are shown (n5 3).
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I3C- or control-treated cells (Fig. 4a, b). Thus, the potential acces-
sibility of MDM2 to p53 is not the mechanism by which nuclear
p53 protein accumulates in I3C-treated cells.

Biochemical fractionation of I3C-treated and untreated cells
was used to confirm the immunofluoresence results. As shown in
Figure 4c, p53 was confined to the nuclear fraction after I3C treat-
ment. Total MDM2 protein levels increased with I3C treatment,
consistent with its role as a p53 target gene, and the MDM2 pro-
tein was enriched in the nuclear fraction (Fig. 4c). Nuclear import
of MDM2 has been shown to be mediated through Akt activation.
However, expression of Akt inhibitor PTEN, phosphorylation of
Akt (serine 473) or MDM2 (serine 186) did not change in I3C-
treated cells (data not shown). Thus, a decrease in MDM2 protein
level or nuclear localization is not the major mechanism of I3C
stabilization of p53.

I3C stabilizes phosphorylated forms of p53

Phosphorylation of p53 at several N-terminal residues repre-
sents a key regulatory mechanism that disrupts the p53–MDM2
interaction in response to DNA damage.18 Therefore, the level of
phosphorylated p53 was examined in indole-treated and untreated
cells by Western blotting over a 72 hr time course, using a panel
of phospho-specific p53 antibodies. Only I3C treatment caused the
stable production of p53 phosphorylated at serines 6, 9, 15 and
392 at all time points tested (Fig. 5). The time course of I3C-
induced p53 phosphorylation correlated with the I3C stimulation
of p21 production. In contrast, phosphorylation of serine 46,
which has been shown to be linked to the transactivation of apop-
totic target genes,20 was decreased with both I3C and DIM treat-
ment (Fig. 5). These data are consistent with Annexin V assays
showing that either 300 lM I3C or 30 lM DIM do not induce
apoptosis of MCF10A cells.

I3C phosphorylates p53 through the ATM signaling pathway
and disrupts the p53–MDM2 complex to stabilize p53

p53 phosphorylation at serine 15 is transduced through the
PI3-kinase related kinases ATM, ATR and DNA-activated protein
kinase (DNA-PK), which predicts that small molecule inhibitors
of the PI3-kinase family of enzymes should suppress I3C-induced

phosphorylation of p53. To test this concept, MCF10A cells were
treated for 10 hr with 300 lM I3C in the presence or absence of
25 lM wortmannin, an inhibitor of PI3-kinase, ATM and DNA-
PK.39,40 We also examined the effects of LY294002, an inhibitor
of both PI3K and DNA-PK but which does not affect ATM
activity.41 As shown in Figure 6a, treatment with wortmannin
completely abolished the I3C induction of p53 protein, phosphory-
lation at serine 15 and stimulation of p21 expression, whereas
treatment with LY294002 had no effect on p53 or p21 protein
levels. Co- treatment of MCF10A cells with I3C and the ATR
inhibitor caffeine did not prevent the induction or phosphorylation
of p53 (data not shown). Thus, the differential effect of wortman-
nin and LY294002 suggests that I3C induces p53 phosphorylation
through ATM signaling, which stabilizes p53 protein to induce
p21 expression. As a control to show that the stabilization of p53
protein can cause an increase in p21 expression, treatment of cells
with Mg132 proteasome inhibitor in the absence of indoles results
in a stabilized p53 protein and induction of p21 (Fig. 6a).

Phosphorylation of ATM at serine 1981 regulates its activity.42

To determine whether I3C treatment regulates ATM phosphoryla-
tion, total extracts of indole-treated and untreated cells were frac-
tionated by SDS-PAGE and Western blots were probed with a
phospho-specific antibody to the serine 1981 of ATM. As shown
in Figure 6b, ATM was specifically phosphorylated in I3C-treated
cell extracts but not with DIM (Fig. 6b), under conditions in which
p53 protein is induced. In addition, ATM downstream effectors
BRCA1 and CHK243,44 are also phosphorylated in response to
I3C (Fig. 6b). These results suggest that activation of the ATM
pathway is responsible for the stabilization of p53 in I3C-treated
cells.

To test whether p53 phosphorylation specifically disrupts the
p53–MDM2 complex in vivo, coimmunoprecipitations with p53
were performed on extracts from MCF10A cells treated for 10 hr
with DMSO, I3C, or a combination of I3C and ATM inhibitor
wortmannin. Although less dramatic than the induction observed
by Western blotting of extracts (data not shown), by 10 hr there is
a 2-fold induction of p53 in immunoprecipitates from I3C-treated
cells (Fig. 6c). In I3C-treated cells, the ratio of MDM2 to p53 is
�4-fold less than in untreated cells, and cotreatment with I3C and

FIGURE 5 – I3C directs p53 sta-
bilization through phosphoryla-
tion. MCF10A cells were treated
for the indicated time points with
DMSO, 300 lM I3C or 30 lM
DIM. Cells were harvested and
extracts were subjected to SDS-
PAGE and Western blotting with
p53, p21, CDK2 (loading control)
or the indicated phospho-antibod-
ies. Representative data from one
experiment are shown (n5 3).
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wortmannin partially reversed the I3C-mediated decrease in the
MDM2/p53 ratio, indicating that I3C disrupts the p53–MDM2
interaction through ATM signaling (Fig. 6b).

I3C activates the ATM signaling pathway independent
of DNA damage

To determine whether I3C activation of the ATM signaling
pathway was due to formation of DNA double-strand breaks or
through another mechanism, the localization of 53BP1 was exam-
ined by immunofluoresence in immortalized MCF10A and tumori-
genic MDA-MB-231 cells treated with DMSO, I3C, DIM, or
topoisomerase II inhibitor AMSA.45 53BP1 participates in the cel-
lular response to DNA damage by colocalizing with phosphory-
lated H2AX in megabase regions surrounding the sites of DNA
strand breaks.46 Indirect immunofluorescence revealed that I3C
did not generate additional 53BP1-positive foci as compared to
the positive control, AMSA-treated cells (Fig. 7a). Furthermore,

Western blotting of histone extracts showed that in MCF10A cells,
I3C does not induce phosphorylation of H2AX as compared to
AMSA (Fig. 7b), suggesting that I3C does not activate the ATM
phosphorylation of p53 through induction of DNA double-strand
breaks.

Discussion

Dietary indole I3C induces apoptosis in MCF10A-derived cell
lines with premalignant and malignant phenotypes but not in
nontumorigenic parental MCF10A cells.47 Our results demonstrate
that treatment of the immortalized human mammary MCF10A cell
line with I3C activates the ATM signaling pathway, which phos-
phorylates the p53 tumor suppressor protein and thereby disrupts
the p53–MDM2 interaction. This process leads to the stabilization
of p53 protein and the stimulated expression of the p21 CDK
inhibitor, and thus cell cycle arrest (Fig. 8). Several lines of evi-

FIGURE 6 – I3C treatment atten-
uates the interaction between
MDM2 and p53 through the ATM
signaling pathway. (a) MCF10A
cells were treated with DMSO,
300 lM I3C or I3C and Wortman-
nin (25 lM) for 10 hr or 5 lg/ml
Mg132 for 1 hr. Cell extracts were
analyzed by Western blotting
using antibodies for p53, phospho-
p53 (serine 15), p21 or actin (load-
ing control). (b) Cells were treated
with DMSO, I3C or DIM for the
indicated time points, and proc-
essed for Western blot analysis
using antibodies to p53, phos-
pho-ATM (Ser 1981), BRCA1,
P-BRCA1 (Ser 1423), CHK2,
phospho-CHK2 (Thr 68) or actin
as a loading control. (c) 500 lg of
cell extracts from MCF10A cells
treated for 10 hr with DMSO, 300
lM I3C or I3C and 25 lM Wort-
mannin were subjected to immu-
noprecipitation with p53 PAb421
antibody, and immune complexes
resolved by SDS-PAGE and West-
ern blotting with p53 rabbit poly-
clonal and MDM2 antibodies. The
individual bands were quantitated
with ImageQuant software. For
each, representative data from one
experiment are shown (n5 3).
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FIGURE 7 – I3C does not generate double-strand breaks. (a) MCF10A and MDA-MB-231 cells were treated with DMSO, 300 lM I3C, 30 lM
DIM or 10 lM AMSA for 24 hr, and immunofluorescence was performed using anti-53BP1 antibodies, followed by staining with anti-mouse
Alexa-fluor 388 secondary antibody. Representative cells are shown. Graphed results are means 6 SEM from three independent experiments
(*p < 0.05, **p < 0.01, ***p < 0.001 compared with DMSO cells). (b) MCF10A cells were treated as in (a), histones were purified and used in
Western blotting experiments with g-H2AX antibodies and histone H1 as a control.



dence show that the I3C stimulation of p21 expression and cell
cycle arrest requires the ATM-dependent stabilization of func-
tional p53. Ectopic expression of a dominant-negative p53 in
MCF10A cells prevented the I3C-induced G1 arrest of MCF10A
cells, demonstrating that production of a functional p53 is required
for the anti-proliferative action of I3C. Reporter assays showed
that I3C induced p21 promoter activity by 8-fold, but this induc-
tion was greatly attenuated using p21 promoter constructs harbor-
ing a mutated p53-binding site. Under conditions in which I3C
treatment results in elevated p53 protein levels, this indole had no
effect on p53 transcript levels, suggesting that I3C induces p53
stabilization. We have observed that cells treated with wortman-
nin, which inhibits the ATM, PI3-kinase and DNA-PK kinases,
but not with LY294002, a PI3-kinase and DNA-PK inhibitor, dis-
rupted both the I3C stabilization of p53 and stimulation of p21
expression. Taken together, our results show that p53 stabilization
is a major mechanism of I3C-mediated G1 cell cycle arrest of the
nontumorigenic MCF10A cell line, which is a distinct response to
I3C versus the apoptotic response observed for MCF10A derived
cell lines.47

In MCF-7 breast cancer cells, we have previously shown that
I3C is partially converted intracellularly into its natural dimer
DIM,6 suggesting that certain I3C responses in indole-treated cells
are mediated by the actions of DIM. Even though treatment of
MCF10A cells with I3C or DIM decreased DNA synthesis and
induced a G1 cell cycle arrest, only I3C increased p21 transcrip-
tion through a p53-dependent mechanism. Furthermore, transfec-
tion of p21-luciferase reporter plasmids showed that I3C uniquely
caused a significant increase in p21 promoter activity. The in-
creased promoter activity was attenuated by mutation of the distal
p53 DNA binding site. The residual I3C-regulated promoter acti-
vity likely results from either the second p53 DNA binding site
remaining in the promoter fragment or perhaps by a p53-inde-
pendent pathway. We propose that the I3C-mediated cell cycle
arrest through an ATM-dependent activation of p53 represents a
key mechanistic distinction between the anti-proliferative actions
of I3C and DIM. In contrast, we previously showed in MCF-7
cells that I3C and DIM stimulate p21 promoter activity by re-
gulating promoter–Sp1 interactions.7,35 These results suggest
that the cellular response to indoles may depend on the biological
properties of individual mammary epithelial cell lines.

The majority of breast cancer cell lines contain p53 with a point
mutation that renders it unable to transactivate p21, primarily
because most cell lines are of metastatic origin.27,28 In contrast,
it has been estimated that only about 20% of human breast cancers
are mutant for p53,25,26 indicating that stabilization of p53 would
be an effective strategy for breast cancer therapy. In several
tumorigenic (T-47D, SK-Br3) and invasive (MDA-MB-231,
MDA-MB-435) cell lines, mutant p53 protein levels were stabi-
lized with I3C treatment, suggesting that this response to I3C may
be extended to human breast cancers with wild-type p53. In sev-
eral of the tested tumorigenic cell lines, the p53 target gene p21
was induced in a p53-independent manner (data not shown). How-
ever, in the MCF-7 breast cancer cell line harboring wild-type
p53, we observed that I3C did not increase the protein levels of
p53 or induce phosphorylation of p53 or ATM (unpublished data),
even though UV-irradiation was previously shown to phos-
phorylate and stabilize p53 in MCF-7 cells.20,48 We speculate
that the signaling pathways in these cells, or perhaps the metabo-
lism of I3C, may be different in MCF-7 cells than that in other
breast cancer cell lines. Studies are currently underway to deter-
mine the underlying mechanism why MCF7 cells, unlike the other
tested cell lines, do not respond to I3C by stabilizing p53.

MDM2 is the ubiquitin ligase responsible for the monoubiqui-
tination of p53 in response to DNA damage caused by IR or UV
radiation.49,50 It has been demonstrated that phosphorylation at the
N-terminus of p53, particularly at serine 15, disrupts the p53–
MDM2 interaction, thus preventing p53 ubiquitination and degra-
dation.21,51,52 In this study, coimmunoprecipitations showed that a
key consequence of the I3C-mediated activation of the ATM-
dependent phosphorylation of p53 is a significant loss of the p53–
MDM2 interaction. I3C induced the phosphorylation of p53 at ser-
ines 6, 9 and 15, key residues in the attenuation of the p53–
MDM2 interaction, and at serine 392, which is necessary for the
transactivation of downstream effectors of p53.21 The ability of
MDM2 to degrade p53 depends not only on its ubiquitin ligase
activity, but also on its ability to shuttle between the nucleus and
cytoplasm.53,54 Akt-mediated phosphorylation of MDM2 at ser-
ines 166 and 186 has been shown to be instrumental in the nuclear
localization of MDM2.23,24 However, in our studies, I3C treatment
did not alter Akt or MDM2 phosphorylation (data not shown);
MDM2 protein levels were slightly increased and the protein
remained localized to the nucleus. These results strengthen the
hypothesis that the regulated phosphorylation of p53, rather than a
change in MDM2 expression or localization, disrupts the p53–
MDM2 interaction in I3C-treated cells.

ATM and ATR, members of the PI3-kinase family, are physio-
logically important for the phosphorylation of p53 on serine
15 after DNA damage or other stress.55,56 DNA-PK also phos-
phorylates serine 15 in vitro, but is not required for the p53-

FIGURE 8 – Proposed model of I3C induced G1 cell cycle arrest by
activation of the ATM signaling pathway. We present data to show
that in mammary epithelial cells, I3C induces a G1 cell cycle arrest by
activation of ATM, independent of DNA double-strand break forma-
tion. Activated ATM phosphorylates p53 at Ser 15, which inhibits the
binding of MDM2 to p53. In cells with wild-type p53, this stabilized
p53 induces transcription of the CDK inhibitor p21, but not apoptotic
target genes, preventing the CDK2-mediated G1/S transition.
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dependent response to DNA damage.57 Wortmannin at nanomolar
concentrations is a potent and specific inhibitor of PI3- kinase, and
at higher concentrations decreases the activities of both the ATM
and DNA-PK kinases.39,40 The PI3-kinase inhibitor LY294002
inhibits DNA-PK but not ATM or ATR.41 In our studies, cotreat-
ment with I3C and wortmannin, but not LY294002 or caffeine,
prevented p53 stabilization, implicating ATM in the I3C-mediated
signaling pathway. I3C treatment induced phosphorylation of
ATM at serine 1981, a residue that has been shown to regulate
ATM activity.42 The CHK2 kinase has a role in the G1 checkpoint
and is phosphorylated at Thr 68 in an ATM-dependent manner fol-
lowing ionizing radiation.43 CHK2 was phosphorylated at Thr 68
in response to I3C treatment, supporting the concept that I3C acti-
vates the ATM pathway. In addition, BRCA1 participates in the
transmission of the DNA damage signal, and requires functional
ATM to be hyperphosphorylated in response to DNA-damaging
agents.44 In this study, I3C stimulated protein levels of BRCA1 as
well as phosphorylated BRCA1 at Ser 1423, a key phosphoryla-
tion site for ATM. Our data is consistent with a previous study that
showed that in MCF-7 cells, I3C upregulated total BRCA1 protein
levels, although the phosphorylation status of BRCA1 was not
examined.58

In MCF-7 breast cancer cells, ATM activation has been docu-
mented in response to the isoflavonoid genistein in which ATM-
dependent phosphorylation of p53 on serine 15 stimulates p21
expression.17,59 However, genistein may be considered as a
DNA-damaging agent because it inhibits topoisomerase II by sta-
bilizing the DNA cleavage complex, an event predicted to cause
DNA damage.17 In both nontumorigenic MCF10A and tumorigenic
MDA-MB-231 cells, I3C treatment did not cause an increase in
the number of 53BP1 foci, which localize along sites of DNA
damage.46 53BP1 functions upstream of ATM, either in the activa-
tion of ATM in response to DNA double-strand breaks or as a
scaffold to recruit ATM to sites of DNA double-strand breaks.60

In addition, I3C did not induce phosphorylation of H2AX, a
known substrate of ATM and DNA-PK in response to DNA dou-
ble-strand breaks. Phosphorylated H2AX is hypothesized to play a
critical role in the retention of repair factors at the sites of DNA

double-strand breaks.61 Thus, our study is the first documented
account of a dietary compound to signal through the ATM path-
way without concurrent DNA damage. p53 phosphorylation and
stabilization by non- genotoxic stress has been documented in sev-
eral other systems. For example, treatment of colon or lung carci-
noma cells with taxol or nocodazole, which disrupt microtubule
dynamics, stabilizes and phosphorylates p53 at serines 6, 15, 33,
46 and 392.13 In human prostate carcinoma cells, the major green
tea component EGCG stabilizes p53 by phosphorylation on ser-
ines 15, 20 and 392 and upregulates Bax to induce apoptosis.62

However, in these studies, the mechanism of ATM signaling was
not further explored. Since I3C-induced ATM signaling does not
originate with DNA double-strand breaks, we are currently inves-
tigating other upstream sensors and mediators of this pathway.
One possibility involves a complex of ATR and ATRIP that phos-
phorylates and activates Chk1 in response to DNA replication
stress or DNA damage.62 Replication protein A recruits this com-
plex to DNA and allows recognition of phosphorylation targets
such as the RAD1-RAD9-Hus1 complex, RAD17, or Claspin,
which may collaborate in checkpoint regulation by detecting a
stalled DNA replication fork.62 Although the ATR inhibitor caf-
feine did not affect p53 stabilization, ectopic expression of a kin-
ase inactive ATR would be a definitive functional test to examine
out the involvement of ATR. In conclusion, our findings show that
for MCF10A cells in response to a dietary indole, independent of
DNA damage, the ATM kinase pathway signals a phosphorylation
cascade to inhibit the p53–MDM2 interaction, thereby stabilizing
p53 to induce p21 and the subsequent G1 arrest.
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