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Indole-3-carbinol (I3C), a naturally occurring component of Bras-
sica vegetables, such as broccoli, cabbage, and Brussels sprouts,
induces a G1 cell-cycle arrest of human breast cancer cells, al-
though the direct cellular targets that mediate this process are
unknown. Treatment of highly invasive MDA-MB-231 breast can-
cer cells with I3C shifted the stable accumulation of cyclin E protein
from the hyperactive lower-molecular-mass 35-kDa form that is
associated with cancer cell proliferation and poor clinical out-
comes to the 50-kDa cyclin E form that typically is expressed in
normal mammary tissue. An in vitro cyclin E processing assay, in
combination with zymography, demonstrated that I3C, but not its
natural dimer, 3,3�-diindolylmethane, disrupts proteolytic process-
ing of the 50-kDa cyclin E into the lower-molecular-mass forms by
direct inhibition of human neutrophil elastase enzymatic activity.
Analysis of elastase enzyme kinetics using either cyclin E or
N-methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanalide as substrates
demonstrated that I3C acts as a noncompetitive inhibitor of
elastase activity with an inhibitory constant of �12 �M. Finally,
siRNA ablation of neutrophil elastase protein production in MDA-
MB-231 cells mimicked the I3C-disrupted processing of the 50-kDa
cyclin E protein and the indole-induced cell-cycle arrest. Taken
together, our results demonstrate that elastase is the first iden-
tified specific target protein for I3C and that the direct I3C inhi-
bition of elastase enzymatic activity implicates the potential use of
this indole, or related compounds, in targeted therapies of human
breast cancers where high elastase levels are correlated with poor
prognosis.

A critical challenge in controlling breast cancer is the identifi-
cation of therapeutic agents that can effectively control the

growth of both estrogen-responsive and nonresponsive breast can-
cer cells with reduced side effects, especially during prolonged
treatments. Epidemiological studies show that frequent consump-
tion of certain vegetables is associated with a lower incidence of
cancers at various sites (1). For example, the consumption of
Brassica (cruciferous) vegetables, such as cabbage, broccoli, and
Brussels sprouts, is directly associated with decreased risk of
reproductive tissue cancers in humans (2, 3) and reduced tumor
incidence in experimental animals (4). These studies implicate the
existence of specific biologically active phytochemicals that repre-
sent a largely untapped source of potent chemotherapeutic agents.
One such promising molecule is indole-3-carbinol (I3C), a natural
compound derived from glycobrassicin in Brassica vegetables,
which has been shown to exhibit potent anticarcinogenic properties
in a wide range of cancers such as lung, liver, colon, cervical,
endometrial, prostate, and breast cancer (5–7). In addition, out of
broad spectrum of analyzed phytochemicals, I3C was 1 of the few
that 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 (8).

We have discovered that I3C induces a G1 cell-cycle arrest of both
estrogen-responsive and unresponsive human breast cancer cells
(9–12) that occurs with a concomitant inhibition of expression or
activity of CDK6 and CDK2, respectively, and with a marked

decrease in endogenous retinoblastoma (Rb) protein phosphory-
lation (9, 11, 12). I3C down-regulates CDK6 transcription by
disrupting the interaction between Sp1 transcription factors with a
Sp1-Ets composite DNA element in the CDK6 promoter (11). In
estrogen-responsive breast cancer cells, I3C suppresses estrogen
responsiveness (13, 14), down-regulates expression of estrogen
receptor-� (13), and synergizes with the antiproliferative effects of
tamoxifen, an anti-estrogen widely used in breast cancer therapies
(10). In nontumorigenic human mammary epithelial cells, I3C can
induce the ATM signaling pathway independent of DNA damage
to stabilize an active p53 tumor suppressor protein (15). I3C can
suppress invasion and migration of human breast cancer cells (16)
and stimulate IFN-� receptor production and IFN-� responsiveness
(17). In other types of human reproductive cancer cells, I3C has
been shown to have strong antiproliferative effects (5, 6, 18–21),
and it alters immune function in vivo (22). Despite compelling
evidence for the potent anticancer properties of this indole, the
direct cellular target(s) of I3C that play a central role in the striking
cell-cycle effects of this phytochemical have not been uncovered.

Eukaryotic cellular growth relies on the activation of cyclin/
cyclin-dependent kinase (CDK) protein complexes that function at
specific stages of the cell cycle (23). Many breast tumors exhibit
elevated levels of cyclin E and cyclin D, which implicate the loss of
cell-cycle control by deregulation of the G1 phase of the cell cycle
(24, 25). Both high-molecular-weight and lower-molecular-weight
forms of cyclin E have been detected in mammalian cells. Inter-
estingly, many highly proliferative tissues, such as that of metastatic
breast cancer, predominantly express the lower-molecular-weight
forms of cyclin E (26–28) whereas the corresponding normal tissue
generally display a higher-molecular-weight form of cyclin E (26).

We previously reported that I3C treatment of MCF-7 human
breast cancer cells caused the formation of an inactive, 200-kDa
CDK2 protein complex as compared with an active, 90-kDa CDK2
protein complex observed in untreated growing cells (29). In the
absence of I3C, lower-molecular-mass 35-/33-kDa forms of cyclin E
are associated with CDK2, which have been shown to confer
hyperactivity to the CDK2 protein complex and increase in cell
proliferation (27). In contrast, after I3C treatment the predominant
form of cyclin E is a higher-molecular-mass 50-kDa species that
produces an inactive CDK2 protein complex (29). Thus, I3C treatment
reestablishes control of the G1 phase of cell cycle in human breast
cancer cells by promoting accumulation of the 50-kDa cyclin E instead
of the lower-molecular-mass forms of cyclin E.
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Production of the lower-molecular-weight forms of cyclin E
correlate with the tumorigenic potential of breast tissues and can
induce metastatic mammary carcinomas (26, 30), and as such cyclin
E is considered 1 of the most accurate prognostic markers for breast
cancer grade and outcome (25, 31). The majority of the lower-
molecular-weight cyclin E forms are derived from the proteolysis of
the full-length 50-kDa cyclin E by intracellular serine proteases,
such as elastase, which are expressed in most tissue types (27). Of
the 3 general classes of human elastase that have been characterized
[polymorphonuclear neutrophil elastase or leukocyte elastase, me-
talloelastase (or MMP12), and pancreatic elastase], the neutrophil
elastase is highly expressed in human breast cancers and has been
implicated in the processes of tumorigenesis (32). Importantly, the
level and enzymatic activity of neutrophil elastase are an indepen-
dent prognostic marker for breast cancer survival and clinical
outcome as well as for metastasis progression of various cancers
(33–36). In this report, we demonstrate that the dietary phytochemical
I3C is a noncompetitive inhibitor of human elastase enzymatic activity
that directly accounts for the disrupted cyclin E processing in human
breast cancer cells, and therefore we have identified the first functional
cellular target protein for I3C that mediates the indole-induced G1
cell-cycle arrest of human cancer cells.

Results
I3C Directly Inhibits Human Elastase Activity and Processing of Cyclin
E Protein. Treatment of MDA-MB-231 cells, a highly invasive and
I3C-sensitive (9) human breast cell line that is representative of
late-stage breast cancer, with 100 �M I3C causes the accumulation
of the higher-molecular-mass 50-kDa cyclin E and loss of the
lower-molecular-mass 35-kDa cyclin E (Fig. 1A, Western blot).
Consistent with the known effects of the cyclin E protein forms on
CDK2 (27), formation of the 50-kDa cyclin E/CDK2 protein in
I3C-treated cells is associated with a significant reduction in CDK2
enzymatic activity whereas in the absence of indole treatment the
CDK2 protein complex contains the lower-molecular-weight form
of cyclin E and displays significant kinase activity [detailed with
additional data in Fig. S1 in supporting information (SI) Text].
Cyclin E protein contains a AVCADP amino acid sequence from
Ala-66 to Pro-71 that is followed by asparate–proline and embed-
ded in a random coil, thereby forming a consensus sequence for the
elastase class of serine proteases that generates the hyperactive
35-kDa cyclin E protein from the 50-kDa cyclin E (27) (see Fig. 1A,
diagram). High levels of neutrophil elastase in human breast cancer
cells are considered to be an important marker for disease pro-
gression (27, 28), and therefore an in vitro cyclin E protein
processing assay was designed to directly test whether I3C can
inhibit the elastase cleavage of human cyclin E protein. The
unprocessed 50-kDa cyclin E was produced by a coupled in vitro
transcription and in vitro translation system using rabbit reticulo-
cyte lysates and then incubated with purified human neutrophil
elastase in the presence of increasing concentrations of I3C. West-
ern blot analysis of the in vitro reactions showed that production of
the 50-kDa cyclin E protein depended on the inclusion of cyclin E
cDNA in the in vitro assay (Fig. 1B: Cyc E DNA vs. No DNA lanes)
and that adding elastase resulted in an almost quantitative loss of
the 50-kDa cyclin E precursor protein (Fig. 1B: Cyc E DNA vs.
DMSO � Elastase lane). As also shown in Fig. 1B, inclusion of I3C
quantitatively inhibited elastase cleavage of the 50-kDa cyclin E
protein with very detectable inhibitory activity occurring at 25 �M
I3C and maximal inhibition observed by 50 �M I3C. In comparison
to cells (Fig. 1A), the elastase-dependent in vitro processing of
cyclin E generally does not yield a high level of stably accumulated
35-kDa protein, suggesting the existence of additional cleavage sites
in vitro or perhaps the detection limitations of the assay. I3C also
inhibited porcine pancreatic elastase activity (data not shown),
suggesting that I3C is a new class of general elastase inhibitors.

Using the in vitro cyclin E processing assay, the inhibitory effects
of I3C on human neutrophil elastase activity were compared with

well characterized elastase inhibitors, elastatinal (Elast) and me-
thoxysuccinyl-Ala-Ala-Pro-Val-chloromethylketone (CMK) (37,
38). As shown in Fig. 1C, I3C was as effective as either elastatinal
or CMK in preventing the elastase-dependent processing of the
50-kDa cyclin E. In the absence of any elastase inhibitors, lower-
molecular-weight forms of cyclin E can be detected in an elastase-
dependent manner (Cyc E DNA vs. DMSO elastase lanes).

To further establish that I3C can directly inhibit human elastase
enzymatic activity, purified elastase was assayed by zymography in
which the enzyme was fractionated in nondenaturing polyacryl-
amide gels containing elastin (as a substrate) followed by incubation
of the gel with or without I3C. As shown in Fig. 1D, in the absence
of I3C (DMSO panels) a clear band appeared in areas where elastin
was degraded (detectable as a white signal in the photograph)
against a dark blue background of Coomassie blue staining where
elastin is still present. Impregnation of several concentrations of I3C
into the gel lane resulted in a dose-dependent inhibition of elastin
degradation (Fig. 1D). The specificity of the I3C inhibition was
assayed by zymography on several different serine proteases. Pu-
rified human elastase, trypsin, or chymotrypsin was fractionated in
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Fig. 1. I3C inhibits elastase enzymatic activity and elastase-dependent process-
ing of cyclin E. (A) Schematic representation of full-length cyclin E, highlighting
the elastase consensus cleavage site (AVCADP). To assess endogenous cyclin
protein forms, MDA-MB-231 cells were treated with or without 100 �M I3C for
48 h, and cell extracts were electrophoretically fractionated and analyzed by
Western blots for the presence of the 50-kDa and hyperactive 35-kDa forms of
cyclin E. (B) For the in vitro assay of elastase processing of cyclin E protein,
full-length cyclin E was transcribed and translated in vitro followed by digestion
of the cyclin E protein product by human neutrophil elastase in the presence of
the indicated concentrations of I3C or DMSO. The ‘‘No DNA’’ sample was a
reaction mixture without added cyclin E cDNA. Western blot analysis of the entire
reaction mixtures was performed by using cyclin E-specific antibodies. (C) The in
vitro elastase processing of cyclin E was assessed in the presence of the DMSO
vehicle control, 50 �M I3C, and the known elastase inhibitors 25 �M elastatinal or
5�Mmethoxysuccinyl-Ala-Ala-Pro-Val-chloromethylketone(CMK).Westernblot
analysis of the entire reaction mixture was performed by using cyclin E-specific
antibodies. (D) For zymography, equal amounts of purified human elastase were
electrophoretically resolved on a 10% polyacrylamide gel containing elastin as a
substrate. After renaturation with 2.5% Triton X-100, each lane was cut out and
placed in developing buffer containing either DMSO or the indicated concentra-
tions of I3C for 25 h at 37 °C. Gel slices were stained with Coomassie blue followed
by an overnight destain. Clear bands represent proteolytic degradation of sub-
strates. (E) Purified human elastase, chymotrypsin, trypsin, or thrombin were
electrophoretically resolved in gels containing gelatin (for evaluation of elastase,
chymotrypsin, or trypsin) or fibronectin (for evaluation of thrombin), the en-
zymes were renatured in 2.5% Triton X-100, and individual gel slabs were
developed in either DMSO or 500 �M I3C for 25 h at 37 °C.

Nguyen et al. PNAS � December 16, 2008 � vol. 105 � no. 50 � 19751

CE
LL

BI
O

LO
G

Y

http://www.pnas.org/cgi/data/0806581105/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0806581105/DCSupplemental/Supplemental_PDF#nameddest=STXT


a nondenaturing polyacrylamide gel containing gelatin as a sub-
strate, and, in a separate gel, purified thrombin was fractionated
with fibrinogen as a substrate. As shown in Fig. 1E, although I3C
significantly inhibited the activity of elastase, this indole has either
a very minor or no inhibitory effects on the other tested serine
proteases even at much longer incubation times. Thus, I3C is a
specific inhibitor of elastase proteolytic activity.

Indole Specificity of Elastase Inhibition. To determine the indole
specificity of the I3C disruption in cyclin E processing and inhibition
of elastase activity, the effects of I3C were compared with 3,3�-
diindolylmethane (DIM), which is a natural bioactive dimerization
product of I3C (12), and with tryptophol, an indole structurally
similar to I3C but with no antiproliferative properties (9). MDA-
MB-231 breast cancer cells were treated with 100 �M I3C, 30 �M
DIM, 100 �M tryptophol, or the DMSO vehicle control for 48 h.
One aliquot of cells was analyzed for their cell-cycle status by flow
cytometry of propidium iodide-stained nuclei for DNA content
(Fig. 2A). Cyclin E was immunoprecipitated from the other aliquot
of cells, and the relative levels of the 50-kDa and 35-kDa forms of
cyclin E protein were determined by Western blot analysis (Fig. 2B).
As shown in Fig. 2 A and B, I3C and DIM induced a similar G1
cell-cycle arrest; however, the higher-molecular-mass 50-kDa cyclin
E was the predominant form only in I3C-treated cells. The level of
the 35-kDa cyclin E protein forms in DIM-treated cells was similar
to that observed in growing vehicle control-treated cells (DMSO).
The cell-cycle profile and cyclin E processing after tryptophol
treatment were virtually identical to those observed in the vehicle
control cells (Fig. 2 A and B). As also shown in Fig. 2B, the
coprecipitating CDK2 protein kinase activity, assayed in vitro by
using the histone H1 substrate, was strongly inhibited in the
presence of I3C, but not with DIM or tryptophol. Thus, the
I3C-mediated generation of the 50-kDa cyclin E and loss of the
lower-molecular-weight forms of cyclin E are not indirect conse-
quences of the cell-cycle arrest or nonspecific effects of exposing
cells to an indole compound.

The in vitro cyclin E protein processing assay using purified
elastase was used to assess the indole selectively of elastase inhi-
bition. As shown in Fig. 2C, I3C inhibited the elastase-mediated in
vitro processing of cyclin E in that the level of the remaining 50-kDa
cyclin E was similar to that detected in the absence of any added

elastase (Cyc E DNA lane). In contrast, in the presence of DIM or
tryptophol the elastase-mediated processing of the 50-kDa cyclin E
was similar to the vehicle control in vitro processing reactions, which
demonstrates that elastase activity was not inhibited by either
molecule. Zymography of purified elastase confirmed these results,
in that I3C, but not DIM or tryptophol, directly inhibited elastase
activity (data not shown).

I3C Acts as a Noncompetitive Inhibitor of Human Elastase Enzymatic
Activity. To assess the mechanism of I3C inhibition human elastase
activity, the potential effects of I3C on the Michaelis constant (Km)
and/or the maximal velocity of the reaction (Vmax) was determined
by increasing concentrations of the 50-kDa cyclin E substrate and
of I3C in the in vitro cyclin E processing reactions. Elastase activity
was quantified by densitometric analysis of the amount of the
50-kDa cyclin E protein detected by Western blots that remained
in each reaction mixture compared with the starting amount of
added cyclin E protein. As shown in Fig. 3A, in the absence of I3C
the Vmax was calculated to be �11.95 � 0.05 ng/min using nonlinear
regression analysis. Increasing concentrations of I3C inhibited the
maximal velocity of the elastase reactions, whereas the calculated
Km for cyclin E remained at �0.38 � 0.02 ng in each dose of I3C.
Furthermore, Lineweaver–Burk double reciprocal plots of 1/veloc-
ity versus 1/substrate at the various I3C concentrations revealed the
same �1/Km on the abscissa at each indole concentration (Fig. 3B
Left). These results demonstrate that I3C is a noncompetitive
elastase inhibitor. Dixon plotting of 1/V versus the concentration of
I3C at 2 different substrate concentrations (0.6 ng and 1.2 ng of
cyclin E protein per reaction) showed that the Ki for the I3C-
induced inhibition of cyclin E processing by human elastase is
10.73 � 0.04 �M (Fig. 3B Right).

A potential limitation of generating cyclin E protein in an in vitro
transcription–translation system is the presence of other proteins
during the elastase reactions that could potentially alter the enzyme
kinetics. As a complementary confirmation of the noncompetitive
I3C inhibition of elastase activity using pure elastase and pure
substrate, the hydrolysis of the chromogenic elastase substrate
N-methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanalide (MetS) (39)
was measured at different substrate and I3C concentrations by
spectrophotometry. As shown in Fig. 3C Left, the double reciprocal
plots at various I3C concentrations all displayed the same �1/Km on
the abscissa, which further confirms that I3C acts as a noncompetitive
elastase inhibitor. The calculated Ki value of enzyme inhibition using
pure elastase in the presence of the MetS substrate was 12.93 � 0.4 �M
(Fig. 3C Right), which is a value that is similar to that calculated value
using cyclin E protein as a substrate (Fig. 3B Right).

siRNA Knockdown of Cellular Elastase Levels Mimics the I3C-Mediated
Inhibition of Cyclin E Protein Processing and of the G1 Cell-Cycle Arrest
of Breast Cancer Cells. A key prediction for elastase being a direct
I3C target in human breast cancer cells is that the ablation of
elastase protein production by siRNA should mimic the I3C effects
on cyclin E protein processing and cell-cycle control. MDA-MB-
231 cells were transfected with a human neutrophil elastase-specific
siRNA for 48 h, or with a scrambled siRNA sequence, and the level
of elastase protein was monitored in siRNA-transfected, scrambled
siRNA-transfected, and control-transfected cells by indirect immu-
nofluorescence using anti-human elastase-specific primary anti-
bodies and Texas red-conjugated fluorescent secondary antibodies.
Elastase production was substantially reduced in cells exposed to
the elastase-specific siRNA (Fig. 4A Upper Right) compared with
the transfection and scrambled siRNA controls (Fig. 4A Upper
Left), showing that the siRNA markedly knocked down elastase
production in human breast cancer cells. Fig. 4A Lower shows
DAPI staining of cell nuclei from the siRNA and control-
transfected cells.

Production of the 50-kDa cyclin E protein and lower-molecular-
mass 35-kDa cyclin E proteins was analyzed in MDA-MB-231 cells
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transfected with or without the elastase or scrambled siRNA
sequences and then incubated in the absence or the presence of 100
�M I3C for 48 h. Western blot analysis revealed that siRNA
disruption of elastase expression prevented cyclin E processing to
the same extent as treatment with I3C. As shown in Fig. 4B, control
(DMSO) cells predominantly express the lower-molecular-weight

cyclin E proteins whereas the 50-kDa cyclin E was the predominant
form in both the elastase-ablated (siRNA) and I3C-treated cells.
Interestingly, when the elastase siRNA-transfected cells were
treated with I3C, there appeared to be an enhanced effect on level
of the 50-kDa cyclin E protein (Fig. 4B, I3C � siRNA lane). Flow
cytometry analysis revealed that siRNA ablation of elastase ex-
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pression induced a cell-cycle arrest comparable to cells incubated
with 100 �M I3C (Fig. 4C). Taken together, these results demon-
strate that the knockdown of elastase protein is sufficient to
growth-arrest and disrupt cyclin E protein processing in human
breast cancer cells and that the I3C inhibition of elastase activity
plays a crucial role in the indole-mediated cell-cycle effects.

Discussion
We have identified elastase as the first specific target protein of the
phytochemical I3C that mediates the indole-induced cell-cycle
arrest and disruption of cyclin E processing in human breast cancer
cells. I3C acts as a specific and potent noncompetitive enzymatic
inhibitor of human neutrophil elastase activity, which is highly
expressed in breast cancer cells and has been shown to be a
prognostic marker for reduced survival rates of primary breast
cancer patients (34–36). Intracellular elastase selectively cleaves the
50-kDa cyclin E to generate several lower-molecular-weight forms
of cyclin E ranging from 33 kDa to 43 kDa in size. Although all
forms of cyclin E are capable of binding to the CDK2 protein
complex, the lower-molecular-weight forms are hyperactive in that
they exert significantly higher CDK2 activity as compared with the
50-kDa cyclin E (27, 28). The direct cellular consequences of the
I3C inhibition of elastase activity are the disruption in cyclin E
processing and subsequent association of the 50-kDa cyclin E with
CDK2 protein complex that down-regulates CDK2 kinase activity
and induces a cell-cycle arrest of human breast cancer cells. A key
functional test of this pathway was the demonstration that siRNA
ablation of elastase production mimicked the cell-cycle response of
I3C, demonstrating that the loss of elastase activity is sufficient to
growth-arrest human breast cancer cells.

Of the 3 general classes of human elastases that have been
characterized (pancreatic, polymorphonuclear neutrophil, and me-
talloelastase), high levels of neutrophil elastase have been impli-
cated in playing a critical role in the process of tumorigenesis of
human breast cancers (32, 33) and other cancers including non-
small-cell lung carcinoma (40) and bladder cancer (41). In patients,
high levels of elastase expression and/or activity in breast cancer
tissue can be associated with poor clinical outcome, reduced
survival rates (35, 36), decreased responsiveness to chemotherapy
(42), and reduced responsiveness to endocrine treatment (33, 34).
The level of immunoreactive elastase in tumors has been shown to
be an independent prognostic factor for reduced survival in patients
with breast cancer who have undergone curative surgery (36).
Elastase expression in primary breast cancers was correlated with
production of the hyperactive lower-molecular-weight forms of
cyclin E (35), suggesting a clinically relevant direct link between
elastase activity and tumor growth. There are significant variations
of elastase levels in the general population and in specific tissues
(36). Conceivably individual differences in elastase expression
and/or activity may directly contribute to variations in correlation
between the intake of cruciferous vegetables and cancer risk (3)
as well as susceptibility of patients to the potential therapeutic use
of I3C.

We have previously shown that I3C synergizes with tamoxifen, an
anti-estrogen that is currently used for treating hormone-dependent
breast cancers, to more stringently induce a G1 cell-cycle arrest
through the additive inhibition of CDK2 kinase activity with the
combined drug treatments (10). Because high elastase levels cor-
relate with tamoxifen failure in aggressive breast cancers (33), it is
tempting to consider that the I3C inhibition of elastase enzymatic
activity could potentially prevent and/or attenuate the process
leading to tamoxifen resistance in breast cancers and thus would
prolong the effectiveness of tamoxifen treatment in aggressive
breast cancers. The concentration of I3C required to inhibit elastase
activity in vitro has relevance to the dietary intake of this indole. In
a typical western diet (European or American) an individual ingests
�10 mg of I3C per day whereas in a typical Asian diet intake is
�10-fold higher. Clinical studies have established that ingestion of

400 mg of I3C twice daily is the maximum tolerated dose of this
indole that alters estrogen metabolism and other cellular pathways
(3). Importantly, under these conditions, the concentration of
indole metabolites in the plasma was reduced to 15 ng/mL after 12 h
(the lower limit of detection), strongly suggesting that because I3C
is rapidly cleared from the system it is likely to be active at target
sites at much lower concentrations that are closer to the observed
concentrations needed to inhibit elastase activity.

We propose that I3C represents a new class of natural nonpep-
tide elastase enzymatic inhibitors that is a highly potent with Ki
values within the 10–15 �M range using either cyclin E or N-
methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanalide as substrates.
This indole is relatively selective for the elastase family of serine
proteases in that several other serine proteases were either not
inhibited (such as trypsin and thrombin) or only very weakly
inhibited (such as chymotrypsin) by I3C. Furthermore, I3C acts as
a general inhibitor of elastases because both porcine pancreatic
elastase and human neutrophil elastase activity were equivalently
inhibited by I3C using several different substrates (data not shown).
The noncompetitive inhibition of elastase suggests that I3C does
not bind to the active site of elastase but may act as an allosteric
inhibitor at a distinct site in the elastase molecule. Our results
strongly suggest that I3C directly binds to elastase because I3C was
able to inhibit elastase enzymatic activity in zymographic assays,
which requires that the inhibitor permeates through the gel matrix
and directly inhibits proteolytic activity. Structural studies are
currently underway to elucidate the precise interaction site where
I3C binds to the elastase protein.

The tissue-specific expression, stable accumulation, and ac-
tivity of intracellular forms of elastase regulate the relative levels
of the 50-kDa cyclin E and formation of its hyperactive lower-
molecular-weight forms that associate with CDK2 protein com-
plex. The lower-molecular-weight cyclin E forms have been
detected in nearly all metastatic breast cancer cell lines and
tissues tested and are not generally present in nontumorigenic
breast epithelium (26). A key cellular consequence of the I3C
inhibition of elastase activity in human breast cancer cells is the
shift from a hyperactive cyclin E/CDK2 protein complex that
promotes cell-cycle progression to a more ‘‘normal-like’’ cellular
context in which CDK2 associates with the 50-kDa cyclin E to
produce a relatively inactive complex. In this regard, the direct
inhibitory effect of I3C on elastase enzymatic activity suggests
that this indole could be developed as a targeted therapeutic for
the clinical management of breast cancers that exhibit high
expression levels of elastase. I3C disrupts cyclin E protein
processing in different classes of human breast cancer cells
including estrogen-responsive MCF-7 human breast cancer cells
(29) as well as the hormone-unresponsive and highly metasta-
sizing MDA-MB-231 human breast cancer cells used in this
current study. Furthermore, elastase acts on a variety of other
intracellular and extracellular substrates, such as elastin and
other extracellular matrix components, and the direct I3C inhi-
bition of elastase activity implicates this natural phytochemical
as a potential therapeutic not only for certain cancers but also for
other physiological disorders associated with alterations in the
levels of elastase activity.

Materials and Methods
Materials, Cell Culture, Flow Cytometry, Western Blots, Immunoprecipitation,
and CDK Enzymatic Assay. This information is detailed in SI Text. The flow
cytometry was performed as we previously described (15), and the Western blots,
cyclin E immunoprecipitations, and assays of CDK2 enzymatic activity using
histone H1 as a substrate were carried out as described (29).

Assay of Human Elastase Enzymatic Digestion of in Vitro Transcribed/Translated
Cyclin E Protein. The TNT coupled reticulocyte lysate system (Promega) was used
toinvitrotranscribeandtranslatethecyclinE-flagconstruct inapCDNA3.1vector
(generous gift of Dirk Bohmann, University of Rochester, Rochester, NY). All
reactions were carried out according to the manufacturer’s instruction. Briefly, 1
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�g of pCDNA3.1 plasmid containing either the cyclin E-Flag insert or no insert
(empty vector) was added to rabbit reticulocyte lysate in the presence of T7 RNA
polymeraseand1mMcompleteaminoacidmixture inatotalvolumeof50�Land
incubated at 30 °C for 90 min. Where appropriate, the final levels of cyclin E
protein were quantified by determining the final protein concentrations in the
reaction mixtures before and after in vitro synthesis of the cyclin E protein. To
assess human elastase activity, a total of 5 � 10�5 units of human neutrophil
elastase were mixed with 0.5 �L of the TNT reaction mixture (5 �L of a 1:10
dilution) in the elastase reaction buffer (50 mM Tris, pH 8.5/250 mM NaCl) for 5
min at 30 °C (total reaction volume was 20 �L). In the appropriate experiments,
in vitro elastase reaction mixtures contained final concentrations of I3C (10–100
�Mas indicated),30 �MDIM,100 �Mtryptophol,25 �Melastatinal,or5 �MMCK
were incubated with the DMSO vehicle control. The reactions were stopped by
the addition of 2� protein loading buffer, and 3 �L of each reaction mixture was
subjected to SDS/PAGE and Western blot analysis of cyclin E.

Elastase Enzyme Kinetics, Use of Chromogenic Substrates, and Modified Zymo-
graphic Analysis. Description of the I3C effects on elastase enzyme kinetics, use
of cyclin E protein or a chromogenic substrate, double reciprocal and Dixon
plot analyses of I3C inhibition of elastase enzymatic activity, and the modified
zymographic analysis of enzyme activity (43) are detailed in SI Text.

siRNA Knockdown of Cellular Elastase Levels. GenomeWide siRNA for human
neutrophil elastase and the scramble siRNA were obtained from Qiagen. MDA-
MB-231 cells were seeded at 60% confluency on 6-well plates in full-growth
media on the day of the transfection. A total of 150 ng of siRNA was mixed with
100 �L of growth media not containing serum and antibiotics. Hiperfect siRNA
transfection reagent (Qiagen) was added to the siRNA media solution and mixed
by vortexing, and the resulting siRNA suspensions were incubated at room
temperature for 10 min. The siRNA mixtures were then added to the cells in a
dropwise manner and mixed in by plate agitation to assure even siRNA treatment
distribution. The cells were incubated at 37 °C for 24 h, and then the media were
aspirated and replaced with full-growth media with or without 100 �M I3C for
48h.TheefficiencyofsiRNAablationofelastase levelswasdeterminedbyindirect
immunofluorescence with cells plated on glass chamber slides (Nunc) at 60%
confluency. The indirect immunofluorescence using elastase primary antibodies
and Texas red-conjugated secondary antibodies and the DAPI staining of cell
nuclei were carried out as previously described (16).
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