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Title: Control of breast tumor cell growth by dietary indoles. 

4) Introduction: 

There is growing public and scientific interest in the influence of dietary substances in the 
incidence of breast cancer (1-4). A potentially important dietary cancer protective agent is 
indole-3-carbinol (I3C), a modulator of carcinogenesis from Brassica vegetables such as 
cabbage, broccoli, and Brussels sprouts. In a screen of 90 potential chemopreventive agents in a 
series of short-term bioassays relevant to carcinogenesis I3C was found to be one of only 8 
compounds that tested positive in all assays. Some of the most well established cancer protective 
effects of I3C have been observed in mammary tissue. In a long term feeding experiment, in 
which female mice consumed synthetic diets containing I3C, spontaneous mammary tumor 
incidence and multiplicity were decreased by 50%. Treatments with I3C or its major in vitro 
conversion product, 3,3'-diindoylmethane (DIM) were reported to reduce the mammary tumor 
yield in carcinogen treated rodents by as much as 95% in several different studies (5)(6)(7). A 
recent report of the results of a phase I clinical trial with recurrent respiratory papillomatosis 
indicate further the inhibitory effects of I3C on tumor development in humans (8). Although 
there are some concerns over the potential tumor promoting effects of I3C observed in some 
assays (9,10), both I3C and DIM are currently undergoing at least three additional phase I 
clinical trials as cancer chemotherapeutic and preventive agents. Our proposed research directed 
at defining the molecular mechanisms of tumor growth inhibition by the indoles, especially for 
DIM, were intended to facilitate both further clinical trials of the compounds and the 
development of analogs targeted at the regulation of specific tumor suppressive genes. 

5) Body: 

During the period of this grant, we have developed a solid understanding of the activities, 
primarily in cultured human breast cancer cells, of I3C, its gastric acid conversion products, as 
well as the activities of I3C's plant precursor (glucobrassicin) and product (ascorbigen). 

In summary, and contrary to our expectations, we found that high concentrations 
of the parent indole, I3C, strongly and reversibly inhibited proliferation of cultured breast tumor 
cells accompanied by a specific arrest in the cell cycle, whereas the primary effect of the major 
in vivo products of I3C, i.e. DIM and CTr-1, was to activate ER function and to promote 
proliferation of estrogen-dependent cells. Our results show further that of the nearly 10,000 
genes examined in a gene expression microarray experiment, the effects of DIM treatment of 
breast tumor cells were most pronounced in a group of genes important in tumor angiogenesis. 

The accomplishments of this project to date are described in the following with reference 
to the tasks specified in the Statement of Work provided in the original proposal. 

A. Technical objective I. Identify I3C products that are responsible for I3C's growth inhibitory 
effects in breast tumor cells. 

B. Technical objective II. Characterize effects of indoles on estrogen receptor- and Ah 
receptor-mediated cellular responses. 



1. One of the major acid products, 2-(indol-3-ylmethyl)-3,3'-diindoIylmethane (LTr-1) 
exhibits cytostatic and antiestrogenic activities in cultured human breast tumor cells 
(11). Chromatographie separation of the crude acid mixture of I3C guided by cell 
proliferation assay in human MCF-7 cells resulted in the isolation of LTr-1 as a major 
antiproliferative component. LTr-1 inhibited the growth of both estrogen-dependent (MCF- 
7) and independent (MDA-MB-231) breast cancer cells by approximately 60% at a non- 
lethal concentration of 25 \iM. LTr-1 also exhibited significant antiestrogenic activities. The 
IC50 determined by assay of competitive binding to the estrogen receptor was approximately 
70 |iM. As shown by gel mobility shift assay, LTr-1 efficiently inhibited the estrogen- 
induced binding of the estrogen receptor to its cognate DNA responsive element. LTr-1 
showed weak agonist activity in this regard in the absence of estrogen. The antagonist 
effects of LTr-1 were also exhibited in transcriptional activation assays of endogenous pS2 
gene expression and of CAT activity in cells transiently transfected with an estrogen- 
responsive reporter construct (pERE-vit-CAT). The IC50 for each assay was approximately 
10 (iM. A weak agonist effect was seen in the CAT reporter assay but not in the analysis of 
pS2 mRNA. Taken together, these results show that whereas LTr-1 can antagonize the 
transcriptional activation properties of estradiol, it can also inhibit the proliferation of both 
estrogen-dependent and estrogen-independent breast tumor cells. 

2. The major cyclic trimeric product of I3C is a strong agonist of the estrogen receptor 
signaling pathway (12). We observed that 5,6,1,l,12,17,18-hexahydrocyclona[l,2-b:4,5- 
b':7,8-b"]triindole (CTr) stimulated the proliferation of estrogen-responsive MCF-7 cells in 
estradiol (E2-) depleted medium to a level similar to that produced by estradiol (E2), but did 
not affect the growth of the estrogen-independent cell line MDA-MD-231 in complete 
medium. CTr displaced E2 in competitive binding studies and activated ER binding to an 
estrogen-responsive DNA element in gel mobility shift assays with an EC50 of about 0.1 
UM. CTr activated transcription of an E2-responsive endogenous gene and exogenous 
reporter genes in transfected MCF-7 cells, also with high potency. CTr (1 pM) failed to 
activate AhR-mediated pathways, consistent with the low binding affinity of CTr for the AhR 
reported previously. Comparisons of the conformational characteristics of CTr with other 
ER ligands indicated a remarkable similarity with tamoxifen. These studies have uncovered a 
new class of strong ER agonists that might be the source of the cancer-promoting activity of 
high oral doses of I3C seen in some experiments. 

3. Modulation of CYP1A1 activity by ascorbigen in murine hepatoma cells (13). Ascorbigen 
(ASG) is the predominant indole formed during the degradation of glucobrassicin in plants. 
The major focus of this study was to examine the effects of ASG on CYP induction in a 
murine hepatoma-derived cell line (Hepa-lclc7). ASG induced ethoxyresorufin O- 
deethylase (EROD) activity, a marker for CYP1A1, in a concentration dependent manner 
with maximum induction at 700 pM. Maximum ASG induction after 24 h treatment was 7% 
of maximal CYP1A1 activity induced indolo[3,2-b]carbazole (ICZ) (1 uM). Surprisingly, 
the CYP 1 Al activity continuously increased up to 72 h when ASG had the same induction 
potency as 1 uM ICS after only 24 h. CYP1A1 protein level, measured by Western blot 
analysis, was maximally induced after 24-h incubation with ASG. ASG was a potent 
inhibitor of CYP 1 Al enzyme activity above 50 |oM. ASG increased the chloramphenicol 



acetyl transferase (CAT) activity of a CAT reporter construct containing a dioxin responsive 
element (DRE) in transfected Hepa-lclc7 cells, indicating activation of the Ah receptor. 

N-Methoxyindole-3-carbinol is a more efficient inducer of CYP1A1 in cultured cells 
than I3C (14). The purpose of these experiments was to determine the effects of N- 
methoxyindole-3-carbinol (NBC) on CYP1A1 induction in cultured cells and to compare the 
CYP-inducing potential of NI3C and DC administered to rats. NI3C occurs in Brassica 
plants at about 25% of the levels at which I3C is present. NI3C induced EROD activity in 
Hepa-lclc7 cells in a concentration-dependent manner with 10-fold higher efficiency than 
I3C. As NI3C induced binding of the AhR to the dioxin-responsive element and induced 
expression of both endogenous CYP1A1 mRNA and an AhR-responsive chloramphenicol 
acetyl transferase construct, we concluded that NI3C could activate the AhR. Besides the 
induction of CYP1A1, we observed an inhibition of EROD activity, with an IC50 of 6 (iM. 
Oral administration of 570 \im of NI3C/kg b.w. to male Wistar rats increased the hepatic 
CYP1A1 and 1A2 protein levels, as well as the EROD and 7-methoxyresorufin O- 
demethylase activities at 8 and 24 h after administration, but the responses were less 
pronounced than after administration of 570 (imol I3C/kg b.w. Furthermore, NI3C did not 
induce hepatic 7-pentoxyresorufin O-depentylase activity whereas I3C did. Ascorbigen only 
weakly induced hepatic CYP1A1 and 1A2 but had no effect on CYP2B1/2. Compared to 
I3C, NI3C is a more efficient inducer of CYP1A1 in cultured cells but less active when 
administered to rodents. 

DIM induces apoptosis in both MCF-7 and MDA-MB-231 cells. We observed that 
incubation of mammary tumor cell lines MCF-7 and MDA-MB-231 in complete medium 
with DIM at concentrations of greater than 10 |iM produced cell_death. We determined that 
DIM induced apoptosis in both cell lines. Apoptosis was characterized by cellular and 
nuclear shrinkage, chromatin condensation, DNA fragmentation, proteolytic cleavage of 
certain proteins and phosphatidylserine externalization. Annexin V assay indicated that after 
only 10 min of treatment with 100 |iM DIM, the characteristic halo image of 
phosphatidylserine (PS) externalization could be observed by fluorescent microscopy, 
indicating early stage of apoptosis. By 3 hours of treatment with 50 |iM DIM, we observed 
both early stage and late stage of apoptosis cells. Chromatin condensation, measured with 
propidium iodine and Hoechst 33342 staining, was apparent by 24 hours of incubation with 
50 IJM DIM. DNA fragmentation, as measured by the ApopAlert DNA Fragmentation assay 
was observed by fluorescence microscopy in cells treated with 50 |J,M DIM. Quantification 
with flow cytometry indicated that both DIM (100 |iM) and TAM (25 uM) induced DNA 
fragmentation in about 60% of cells. Our continuing mechanistic studies indicate that DIM 
induced a rapid loss of Bcl-2 protein and an increased expression of TGF-ß. Taken together, 
these results indicate that pharmacological concentrations of DIM can induce apoptosis by a 
mechanism similar to tamoxifen and vitamin E succinate in terms of TGF-ß induction and to 
taxol in terms of drop in levels of Bcl-2. 

Ligand-independent activation of estrogen receptor function by 3,3'-diindolylmethane 
in human breast cancer cells (15). We found that DIM was a promoter-specific activator of 
estrogen receptor (ER) function in the absence of estradiol (E2). DIM weakly inhibited the 



E2-induced proliferation of estrogen receptor-containing MCF-7 cells and induced 
proliferation of these cells in the absence of steroid, by approximately 60% of the E2 
response. DIM had little effect on proliferation of ER deficient MDA-MB-231 cells, 
suggesting that it is not generally toxic at these concentrations. Although DIM did not bind 
to the ER in this concentration range as shown by a competitive ER binding assay, it 
activated the ER to a DNA binding species. DIM increased the level of transcripts for the 
endogenous pS2 gene and activated the estrogen responsive pERE-vit-CAT and pS2-CAT 
reporter plasmids in transiently transfected MCF-7 cells. In contrast, DIM failed to activate 
transcription of the simple E2- and diethylstilbesterol - responsive reporter construct pATC2. 
The estrogen antagonist ICI-182780 was effective against DIM-induced transcriptional 
activity of the pERE-vit-CAT reporter, which supports further that DIM is acting through the 
ER. We demonstrated that ligand-independent activation of the ER in the MCF-7 cells could 
be produced following treatment with the Dl dopamine receptor agonist SKF 82958. We 
showed further that the agonist effects of SKF82958 and DIM, but not of E2, could be 
blocked by co-treatment with the PKA inhibitor H-89. These results have uncovered a 
promoter-specific ligand-independent activation of estrogen receptor signaling for DIM that 
may require activation by PKA, and suggest that this major I3C product may be a selective 
activator of the ER function. 

7.13C and DIM as aryl hydrocarbon (Ah) receptor agonists and antagonists in T47D 
human breast cancer cells (16). In aryl hydrocarbon receptor-responsive T47D human 
breast cancer cells, I3C and DIM did not induce significantly CYPlAl-dependent 
ethoxyresorufin O-deethylase (EROD) activity or CYP1A1 mRNA levels at concentrations 
as high as 125 or 31 uJVl, respectively. A 1 nM concentration of 2,3,7,8-tetrachlorodibenzo-p- 
dioxin (TCDD) induced EROD activity in these cells, and co-treatment with TCDD plus 
different concentrations of I3C (1-125 fiM) or DIM (1-31 uJvI) resulted in a > 90% decrease 
in the induced response at the highest concentration of I3C or DIM. I3C or DIM also 
partially inhibited (< 50%) induction of CYP1 Al mRNA levels by TCDD and reporter gene 
activity, using an Ah-responsive plasmid construct in transient transfection assays. In T47D 
cells co-treated with 5 nM [3H]TCDD alone or in combination with 250 U.M I3C or 31 |iM 
DIM, there was a 37 and 73% decrease, respectively, in formation of the nuclear Ah receptor. 
The more effective inhibition of induced EROD activity by 13 C and DIM was due to in vitro 
inhibition of enzyme activity. Thus, both I3C and DIM are partial Ah receptor antagonists in 
the T47D human breast cancer cell line. 

8.   NCI screen of antiproliferative effects of DIM in cancer cell lines. DIM, LTr-1 and 
several other synthetic or natural products of I3C were submitted to the NCI for screening in 
59 tumor cell lines. For these assays, cells are grown in serum-rich medium appropriate for 
each line. Although LTr-1 exhibited some selectivity for certain cell lines, especially with 
the melanoma group, pronounced antiproliferative activity in nearly all the lines required 
concentrations of greater than 1 (iM. LTr-1 was clearly toxic to most lines at concentrations 
above 10 |iM. With the exception of one of the non-small cell lung cancer lines, in which 
DIM produced a nearly 50% inhibition of proliferation at a concentration of only 0.1 uM, 
DIM was about an order of magnitude less active than LTr-1 in the assays. On the basis of 



these results, neither of these substances was considered suitable for further testing by the 
NCI. 

C. Technical objective III. Identify genes involved in the indole-mediated inhibition of growth 
of mammary tumor cells. 

1. Indole-3-carbinoI inhibits the expression of cyclin-dependent kinase-6 and induces a G1 

cell cycle arrest of human breast cancer cells independent of estrogen receptor signaling 
(17). Treatment of cultured human MCF-7 breast cancer cells with I3C reversibly suppressed 
the incorporation of [3H]thymidine without affecting cell viability or estrogen receptor (ER) 
responsiveness. Flow cytometry of propidium iodide-stained cells revealed that I3C induced a 
Gj cell cycle arrest. Concurrent with the BC-induced growth inhibition, Northern blot and 
Western blot analyses demonstrated that I3C selectively abolished the expression of cyclin- 
dependent kinase 6 (CDK6) in a dose- and time-dependent manner. Furthermore, I3C 
inhibited the endogenous retinoblastoma protein phosphorylation and CDK6 phosphorylation 
of retinoblastoma in vitro to the same extent. After the MCF7 cells reached their maximal 
growth arrest, the levels of the p21 and p27 CDK inhibitors increased by 50%. The 
antiestrogen tamoxifen also suppressed MCF7 cell growth more stringently than did either 
agent alone. The BC-mediated cell cycle arrest and repression of CDK6 production were also 
observed in estrogen receptor-deficient MDA-MB-231 human breast cancer cells, which 
demonstrates that this indole can suppress the growth of mammary tumor cells independent of 
estrogen receptor signaling. Thus, our observations have uncovered a previously undefined 
antiproliferative pathway for BC that implicates CDK6 as a target for cell cycle control in 
human breast cancer cells. Moreover, our results establish for the first time that CDK6 gene 
expression can be inhibited in response to an extracellular antiproliferative signal. 

2. Combined antiproliferative effects of I3C and tamoxifen (18). Combinations of BC and 
the antiestrogen tamoxifen inhibited the growth of the estrogen-dependent human MCF-7 
breast cancer cell line more effectively than either agent by itself. This more stringent growth 
arrest was demonstrated by a decrease in adherent and anchorage independent growth, 
reduced DNA synthesis, and a shift into the Gl phase of the cell cycle. A combination of BC 
and tamoxifen also caused a more pronounced decrease in CDK2 specific enzymatic activity 
than either compound alone, but had no effect on CDK2 protein expression. Importantly, 
treatment with BC and tamoxifen ablated expression of the phosphorylated retinoblastoma 
(Rb) protein, an endogenous substrate for the Gl CDKs, whereas, either agent alone only 
partially inhibited endogenous Rb phosphorylation. Several lines of evidence suggest that BC 
works through a mechanism distinct from tamoxifen. BC failed to compete with estrogen for 
estrogen receptor binding, induced a unique morphology, and specifically down regulated the 
expression of CDK6. These results demonstrate that BC and tamoxifen work through 
different signal tranduction pathways to suppress the growth of human breast cancer cells and 
may therefore represent a potential combinatorial therapy for estrogen responsive breast 
cancer. 

3. Gene expression microarray analysis of DIM-treated breast tumor cells. Gene 
expression microarray analysis of mRNA from MCF-7 cells treated with 50 |J,M DIM 



compared to vehicle-treated controls indicated that after 24 hr., of the 9800 sequences 
examined, the expressions of 31 genes were induced by at least 2.0 fold and expressions of 
39 genes were decreased by at least 2.0 fold. The up-regulated group includes two weakly 
induced AhR-responsive genes, consistent with the previous findings by us and others that 
DIM is a weak activator of Ah receptor functions (7). Of possible significance in this group 
of induced genes is the activation of several interferon-responsive genes, including a 3.3-fold 
increase in expression of 2'-5'oligoadenylate synthetase gene, the product of which is 
essential for the antiviral activity of the interferons (19). This result raises the intriguing 
possibility of a role of DIM in the regulation of pathways responsible for the antiproliferative 
and antiangiogenic activities of cytokines (20). 

For the down-regulated group of genes, a much greater association with a significant 
cancer-protective process is apparent. For this group, all eight of the most strongly repressed 
genes are important cell growth-related transcription factors and/or are associated with 
angiogenic processes. 

Down-regulated transcription factors. 

The most strongly down-regulated gene, NAK1/TR3 orphan receptor, is a member of the 
steroid/thyroid hormone receptor superfamily of transcription factors. Although the function 
of this gene product is poorly understood, NAK1/TR3 is the human homologue of the 
proteins encoded by the rat NGFI-B and mouse nur77 genes. These genes are induced rapidly 
by androgens and growth factors and may have functions related to cell proliferation, 
differentiation, and apoptosis. The nur77 protein product has many important functions 
related to cell proliferation including involvement in the signal transduction pathways 
mediated by retinoic acid, growth factors, and phorbol esters (21). 

The immediate-early gene, Egr-1, produces a zinc finger protein involved in many 
cellular processes including the regulation of nur77 and of platelet-derived growth factor, the 
latter of established importance in the maintenance of normal vascular homeostasis (22). 
Hyaluronan-mediated activation of Egr-1 expression promotes angiogenesis in bovine aortic 
endothelial cells (23). Egr-1 is reported to be co-regulated with c-fos in several tumor lines, 
as we observed in DIM-treated MCF-7 cells. Although the function of Egr-2 is poorly 
understood, one process in which this close relative of Egr-1 is implicated is the regulation of 
the expression of the pro-apoptotic Fas ligand (24). The nuclear oncogene, c-fos, has many 
important functions in the cell including activation of c-fos-induced growth factor/vascular 
endothelial growth factor D (Figf/Vegf-D) which mediates angiogenesis in several assay 
systems (25). FosB/G0S3, another component of the AP-1 family of transcription factors, is 
up regulated during apoptosis in breast tumor-derived cells (26). 

Down-regulated cell adhesion and extracellular matrix proteins. 

The Sl-5 gene product is a member of the fibulin family of extracellular matrix proteins, 
one member of which, fibulin-1, decreases migration of ovarian tumor cells (27). Human 
connective tissue growth factor (CTGF) and insulin-like growth factor binding protein 
10/Cyr61 belong to a family of secreted proteins involved in cell adhesion, migration and 
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mitogenesis in both fibroblasts and endothelial cells. Cyr61 was identified as an angiogenic 
inducer that can promote tumor growth and vascularization (28). 

6) Key Research Accomplishments: 

1) LTr-1, a major in vivo linear trimerization product of DC, exhibits cytostatic and 
antiestrogenic activities in cultured human breast tumor cells and weakly activates the Ah 
receptor (11). 

2) CTr-1, the major in vivo cyclic trimerization product of I3C, is a strong agonist of estrogen 
receptor function (12). 

3) Ascorbigen, a major natural conjugate of I3C, is an inhibitor of CYP1 Al, a weak direct 
inducer of Ah receptor function, and is converted in cell culture to a strong Ah agonist (13). 

4) NI3C, a major I3C derivative in plants, is a more efficient inducer of CYP1 Al in cultured 
cells but less active when administered to rodents (14). 

5) At pharmacologic concentrations, DIM, which is the major in vivo dimerization product of 
I3C, induces apoptosis in breast tumor cells that is accompanied by a loss of cytosolic Bcl-2 
protein. 

6) At physiologic concentrations, DIM is a weak estrogen and induces a ligand independent 
activation of estrogen receptor functions (15). 

7) Whereas neither I3C nor DIM exhibits significant activity as activators of Ah receptor 
function, both indoles can inhibit Ah receptor-mediated gene expression and CYP1A1 
activity in mammary tumor cells (16). 

8) In the NCI tumor cell culture screen, pronounced antiproliferative effects required 
concentrations of DIM of greater than 10 |iM and of LTr-1 of greater than 1 |4,M. 

9) At high concentrations, I3C induces a reversible Gl cell cycle arrest in breast tumor 
cells that is accompanied by a down regulation of CDK6 gene expression (17). 

10) Co-treatment of cells with I3C and tamoxifen produces a synergistic blockage of the cell 
cycle in breast tumor cells along with a pronounced decrease in CDK2 specific enzymatic 
activity (18). 

11) Gene expression microarray analysis of mRNA from DIM-treated breast tumor cells 
indicates that all five of the most strongly down-regulated genes for which function is 
established are members of gene families important in processes involved in tumor 
angiogenesis. In addition, three other strongly down-regulated but poorly understood genes 
are thought to be transcription regulatory factors. 

7) Reportable Outcomes: 

a) Publications: 

1. Chang, Y.C., Riby, J., Chang, G, Peng, B.C., Firestone, G., and Bjeldanes, L. (1999) 
Cytostatic and antiestrogenic effects of 2-(indol-3-ylmethyl)-3,3'-diindolylmethane, a major in 
vivo product of dietary indole-3-carbinol. J. Biochem. Pharm. 58, 825-834. 
2. Riby, J.E., Feng, C.-L., Chang, Y.C., Schaldach, CM., Firestone, G.L., and Bjeldanes, L.F. 
(1999) The major cyclic trimeric product of indole-3-carbinol is a strong agonist of the estrogen 
receptor signaling pathway. Biochemistry 39,910-918. 



11 

3. Stephensen, P.U., Bonnesen, C, Bjeldanes, L.F., and Vang, O. (1999) Modulation of 
cytochrome P4501A1 activity by ascorbigen in murine hepatoma cells. J. Biochem. Pharm., 58, 
1145-1153. 
4. Stephensen, P.U., Bonnesen, C, Schaldach, CM., Bjeldanes, L.F., and Vang, O. (2000) N- 
Methoxyindol-3-carbinol is a more efficient inducer of cytochrome P-4501 Al in cultured cells 
than indol-3-carbinol. Nutrition and Cancer, 36, 112-121. 
5. Riby, J.E., Chang, G.H.F., Firestone, G.L., and Bjeldanes, L.F. (1999) Ligand-independent 
activation of estrogen receptor function by 3,3'-diindolylmethane in human breast-cancer cells. J. 
Biochem. Pharm 60, 167-177. 
6. Chen, I., Safe, S., and Bjeldanes, L. (1996) Indole-3-carbinol and diindolylmethane as aryl 
hydrocarbon (Ah) receptor agonists and antagonists in T47D human breast cancer cells. 
Biochem. Pharm. 51, 1069-76. 
7. Cover, C, Hsieh, S., Tran, S., Kim, G., Bjeldanes, L., and Firestone, G. (1998) Indole-3- 
carbinol inhibits the expression of cyclin dependent kinase-6 and induces a Gl cell cycle arrest 
of human breast cancer cells independent of estrogen receptor signaling. J. Biol. Chem. 273, 
3838-3847. 
8. Cover, CM., Hsieh, S.J., Cram, E.J., Hong, C, Riby, J.E., Bjeldanes, L.F., and Firestone, 
G.L.(1999) Indole-3-carbinol and tamoxifen cooperate to arrest the cell cycle of MCF-7 human 
breast cancer cells. Cancer Research 59, 1244-1251. 

b) Abstracts: 

1) Era of Hope, Department of Defense, Breast Cancer Research Program Meeting 
Atlanta, Georgia, June 8-12, 2000 

Title: CONTROL OF BREAST TUMOR CELL GROWTH BY DIETARY INDOLES 
Authors: Leonard F. Bjeldanes, Gary L. Firestone, Carolyn M. Cover, Erin J. Cram, Chibo Hong 
and Jacques E. Riby 
Abstract: Indole-3-carbinol (I3C), a naturally occurring component of vegetables of the cabbage 
family has been shown to reduce the incidence of mammary tumors. Our studies of the 
molecular mechanisms and signal transduction pathways by which I3C mediates its 
antiproliferative effects have established that: A) I3C can induce a reversible Gl cell cycle arrest 
of cultured human breast cancer cells (MCF-7 cells) in the absence of estrogen receptor 
signaling. This cell cycle arrest is accompanied first by a rapid inhibition of expression of the 
cyclin dependent kinase-6 (CDK6) cell cycle component and later by a stimulation in production 
of both the p21 and the p27 CDK inhibitors. Importantly, these DC-mediated effects functionally 
alter the ability of Gl-acting CDK2 and CDK6 to phosphorylate the Rb tumor suppressor 
protein, which is a necessary event for cell cycle progression. B) I3C and tamoxifen work 
through different signal tranduction pathways to suppress the growth of human breast cancer 
cells. Most significantly, a combination of tamoxifen and I3C displayed a more effective growth 
suppression response, more stringent inhibition of CDK2 specific activity, and endogenous Rb 
phosphorylation compared to the effects of either compound alone. C) DIM, a major in vivo 
conversion product of I3C, exhibits primarily agonist activities against proliferation of MCF-7 
cells and against transcriptional activation of endogenous and exogenous estrogen-responsive 
genes. These effects are independent of DIM binding to the estrogen receptor and do not appear 
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to involve Ah receptor binding. D) A second major product of I3C, the linear trimer (2-(indol-3- 
ylmethyl)-3,3'-diindolylmefhane), is an antagonist of estrogen receptor function with little 
agonist activity. It is a strong inhibitor of proliferation of both estrogen dependent and 
independent cultured breast tumor cells. E) The major in vivo cyclic trimerization product of 
I3C, CTr, is a strong agonist of estrogen receptor function that binds with high affinity to the 
estrogen receptor. 

Our results suggest the possibility of developing I3C and tamoxifen as a potential 
combinatorial therapy to control estrogen responsive breast cancers, and that contrary to our 
expectations, the primary effect of the major in vivo products of I3C, was to activate ER function 
and to promote proliferation of estrogen-dependent cells in culture. 

2). American Institute for Cancer Research, 10th Annual Research Conference 
"The Role of Nutrition in Preventing and Treating Breast and Prostate Cancer" 
Washington D.C., August 31-September 1, 2000 
Title: 3,3'-Diindolylmethane (DIM) Regulates Bcl-2/Bax Family, a Central Apoptotic 
Regulator, at Transcriptional and Posttranscriptional Level on Human Breast Cancer 
Cells (MCF-7 and MDA-231 Cells) 
Authors: Chibo Hong, Gary L. Firestone and Leonard F. Bjeldanes 
Abstract: The naturally occurring phytochemical indole-3-carbinol (I3C), found in vegetables of 
the Brassica genus, is a promising anticancer agent. 3,3'-Diindolylmethane (DIM) is a major 
active derivative of I3C formed both in vivo and in vitro. However, its exact intracellular 
target(s) and mechanism of anticancer effect remain unknown. In this study, human breast cancer 
cells, MCF-7 cells (estrogen receptor positive cells) and MDA-231 cells (estrogen receptor 
negative cells) were used to examine cell growth inhibition and apoptotic effect of DIM. It was 
found that DIM inhibited cell growth and DNA synthesis in both dose-dependent and time- 
dependent manners. When cells were exposed to 50 _M DIM, apoptosis was evidenced by the 
characteristic morphology of cell nuclei with fluorescent staining. DNA fragmentation was 
detected with TUNEL assay and phosphatidylserine (PS) externalization was observed with 
Annexin V assay. All these data from cell morphological and biochemical examinations 
suggested that DIM caused cell death through apoptosis. Western and coimmunoprecipitation 
assays were used to detect Bcl-2 and Bax protein level in MCF-7 and MDA-231 cells. It showed 
that DIM decreased total Bcl-2 protein level and Bax-bound Bcl-2 protein in dose and time- 
dependent manners. DIM 50 uM also increased Bax protein level along with treated time and 
different doses. These results have shown that DIM induces apoptosis in MCF-7 and MDA-231 
cells by increasing the ratio of Bax/Bcl-2 and free Bax protein. When investigating the regulation 
at transcriptional level, Northern blot analysis revealed a decrease in the amount of Bcl-2 mRNA 
at dose-dependent and time-dependent manners in MCF-7 cells treated with DIM. Since Bcl-2 
family is a central regulator in apoptosis pathway, these results demonstrate that DIM may 
represent a potential anticancer and apoptotic modulator in human breast cancer. 

3). The American Society for Cell Biology, Fortieth Annual Meeting, December 9-13, 2000, San 
Francisco 
Title: 3,3'-Diindolylmethane (DIM) Regulates Bcl-2/Bax Family, a Central Apoptotic 
Regulator, at Transcriptional and Posttranscriptional Level on Human Breast Cancer 
Cells (MCF-7 and MDA-231 Cells) 
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Authors: Chibo Hong, Gary L. Firestone and Leonard F. Bjeldanes 
Lay Abstract: Your mother was right. Eating broccoli is good for you but until now we didn't 
know exactly why. Studies have shown that increased consumption of broccoli and other 
Brassica vegetables is linked to decreased cancer incidence. A mother's wisdom aside, how 
broccoli works its magic at the cellular level remained a mystery to biologists. They had clues. 
Indole-3-carbinol (13 C), a naturally occurring compound found in these vegetables, was 
considered a promising anti-cancer agent. 13C is rapidly converted in the stomach into its 
derivatives, including 3,3'-diindolylmethane (DIM), a major product active in fighting cancer. 
However, DIM's intracellular targets and mechanism of anticancer action were unknown. 

Now the team of Chibo Hong, Gary Firestone, and Leonard Bjeldanes has come forward 
with details of how DIM works the broccoli effect. Using MCF-7 human breast cancer cells, 
Hong and company found that DIM has multiple effects on the pathways that control cell growth 
and apoptosis. Apoptosis, or programmed cell death, is a fundamental process to rid organisms 
of damaged or aged cells including tumors. In cancer, tumor cells grow uncontrollably. 

They found that DIM inhibits cell growth and DNA synthesis, an essential step for cell 
division. DIM also promotes apoptosis, apparently by increasing the level of Bax, a protein that 
promotes cell death, and by decreasing the level of Bcl-2, a protein that counteracts Bax by 
binding to it. Tumor cells often express increased levels of Bcl-2. 

Measuring the levels of Bcl-2 and Bax in tumor cells treated with DIM, they found 
decreased levels of Bcl-2 and Bax that was already bound by Bcl-2, along with increased levels 
of unbound Bax. In addition, the messenger RNAs that produce two other molecules known to 
mediate growth rates and apoptosis increased substantially in treated cells. Now it's back to the 
lab bench—and the vegetable aisle—to further explore the potential cancer therapeutic and 
protective effects of DIM. 

c) Patents: 

Title: Indole-3-carbinol (I3C) derivatives and methods 

Gary L. Firestone, Leonard F. Bjeldanes, Carloyn M. Cover 
Patent Number: 6,001,868 
Date of Patent: 12/14/99 
United States Patent Office 

d) New grant funding: 

Regulation of breast tumor angiogenesis by dietary indoles. 
NIH/NCI        2R01 CA69056-05 7/1/00-6/30/05 $1,522,800 

The major goals of this continuation project are to examine the modes of protective 
action of indole-3-carbinol endogenous products on the post-initiation phases of breast 
cancer carcinogenesis. 

8) Conclusions: 

Results of our previous studies show clearly that neither I3C, the mixture of in vivo 
gastric acid products of I3C, nor any of the four major acid products tested individually (DIM, 
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CTr-1, LTr-1, ICZ), inhibits the proliferation of cultured breast tumor cells at concentrations that 
would be expected to occur in the blood following treatment of rodents with the strongly 
antitumorigenic doses of I3C or DIM. Thus, our results suggest that the antitumor effects of I3C 
do not result from the direct effects of this indole on the growth of tumor cells as they exist in the 
tumor. Instead, our results are consistent with an antitumorigenic mechanism that involves an 
effect of the indoles on the later stages of tumor development and metastasis, including 
angiogenesis. Consistent with this hypothesis, our preliminary results show further that a group 
of genes for transcription factors and metastasis regulators are the most strongly down-regulated 
of the nearly 10,000 genes assayed following incubation of breast tumor cells with DIM. 

Taken together, the results of our initial studies lend considerable support to the exciting 
possibility that certain dietary indoles are novel antiangiogenic factors and that they function 
independently of activation of the Ah receptor. Thus, studies of these natural substances may 
reveal the regulatory mechanisms for this important group of genes and may provide valuable 
clues for the development of a new class of antitumor agents. 
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ABSTRACT. Under acidic conditions, indole-3-carbinol (I3C) is converted to a series of oligomeric products 
thought to be responsible for the biological effects of dietary I3C. Chromatographie separation of the crude acid 
mixture of I3C, guided by cell proliferation assay in human MCF-7 cells, resulted in the isolation of 
2-(indol-3-ylmethyl)'3,3'-diindolylmethane (LTr-1) as a major antiproliferative component. LTr-1 inhibited 
the growth of both estrogen-dependent (MCF-7) and -independent (MDA-MB-231) breast cancer cells by 
approximately 60% at a non-lethal concentration of 25 u.M. LTr-1 had no apparent effect on the proliferation 
of MCF-7 cells in the absence of estrogen. LTr-1 was a weak ligand for the estrogen receptor (ER) (ic50 70 u,M) 
and efficiently inhibited the estradiol (E2)-induced binding of the ER to its cognate DNA responsive element. 
The antagonist effects of LTr-1 also were exhibited in assays of endogenous pS2 gene expression and in cells 
transiently transfected with an estrogen-responsive reporter construct (pERE-vit-CAT). LTr-1 activated both 
binding of the aryl hydrocarbon (Ah) receptor to its cognate DNA responsive element and expression of the Ah 
receptor-responsive gene CYPIA1. LTr-1 was a competitive inhibitor of CYP1 Al-dependent ethoxyresorufin- 
O-deethylase (EROD) activity. In summary, these results demonstrated that LTr-1, a major in vivo product of 
I3C, could inhibit the proliferation of both estrogen-dependent and -independent breast tumor cells and that 
LTr-1 is an antagonist of estrogen receptor function and a weak agonist of Ah receptor function. BIOCHEM 
PHARMACOL 58;5:825-834, 1999. © 1999 Elsevier Science Inc. 

KEY WORDS, indole-3-carbinol; 2-(indol-3-ylmethyl)-3; 3'-diindolylmethane; antiestrogenic; breast tumor 
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I3C§ is a product of enzymatic hydrolysis of the indolylm- 
ethyl glucosinolate glucobrassicin, present in common veg- 
etables of the Brassica genus, including cabbage, kale, 
rutabaga, cauliflower, turnips, broccoli, kohlrabi, mustard, 
collard, and Brussels sprouts, and is a promising cancer 
preventive agent (see structure in Fig. 1). Oral administra- 
tion of I3C to rodents prior to treatment with a carcinogen 
reduces tumorigenesis in the stomach, liver, lung, and oral 
cavity by a mechanism that is thought to include induction 
of phase I and phase II xenobiotic metabolism and in- 
creased clearance of the carcinogen [1—5]. When adminis- 
tered at high doses following treatment with a carcinogen, 
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hydrocarbon; EROD, ethoxyresorufin-O-deethylase; TCDD, 2,3,7,8-tetra- 
chlorodibenzo-f>-dioxine; ICZ, indolo[3,2-b]carbazole; DMEM, Dulbecco's 
modified Eagle's medium; DTT, dithiothreitol; FBS, fetal bovine serum; 
SSC, 0.15 M sodium chloride + 0.015 M sodium citrate; THF, tetrahy- 
drofuran; DIM, 3,3'-diindolylmethane; RXM, acid reaction mixture; and 
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I3C is reported to promote tumorigenesis in the thyroid 
gland, colon, pancreas, and liver [6-8]. Although the 
mechanism for these adverse effects of I3C is yet to be 
determined, one concern is that they might be associated 
with activation of the Ah receptor. Persistent activation of 

this receptor is thought to be responsible for the adverse 
effects of the potent environmental toxin TCDD [9]. 

The most pronounced and consistently protective effects 
of I3C have been reported against tumorigenesis in estro- 
gen-responsive tissues. In one of the earliest studies of the 
protective effects of non-nutritive food components, I3C 
was shown to reduce by 75% the frequency of dimethyl- 
benzanthracene-induced mammary tumors in rodents [1]. A 
recent extension of these studies found an even greater 
protective effect of I3C, i.e. 95% reduction in tumor 

multiplicity, when the indole was administered prior to and 
following treatment with the carcinogen [10]. I3C treat- 
ment also produced a dramatic decrease (65%) in mammary 

tumor multiplicity induced by the direct-acting carcinogen 
methylnitrosourea [10]. Furthermore, I3C is reported to 
inhibit spontaneous formation of mammary and endome- 

trial tumors in rodents [11, 12]. The protective effects of 
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FIG. 1. Structures of DC, DIM, and LTr-1. 

DC in these studies have been attributed to alterations in 
E2 metabolism and/or modifications of ER function. 

An important consideration in studies of the biological 
effects of I3C is its chemical instability. I3C, being a 
vinylogous hemiaminal, is dehydrated readily in acidic and 
basic solutions and is converted rapidly to a mixture of 
oligomeric products [13]. These products, which are pro- 
duced readily in gastric acid following ingestion, are 
thought to be responsible for the biological effects of orally 
administered I3C [14]- We have shown previously that a 
minor product, ICZ, is a potent activator of Ah receptor 
pathways and exhibits antiestrogenic activities [15, 16]. 
DIM, a major product of I3C, is a weak ligand for the Ah 
receptor, inhibits CYP1A1 enzyme activity, and can act as 
an antagonist of E2-mediated tumor cell growth and gene 
activation [17, 18]. 

As part of our continuing efforts to understand the 
mechanisms of action of I3C, we have begun to identify the 
components of the RXM of 13 C that are responsible for the 
cancer protective effects of I3C and the antiproliferative 
activity of RXM in cultured breast tumor cells. We report 
here the effects in tumor cells of the linear trimeric product 
LTr-1, a second major component of RXM. We show that 
this novel compound can inhibit proliferation of both 
estrogen-dependent and -independent cultured breast tu- 
mor cells and that it is an antagonist of ER function with 
little agonist activity. We show further that LTr-1 is a weak 
agonist of Ah receptor function. 

MATERIALS AND METHODS 
Materials 

DMEM, Opti-MEM, and Lipofectamine were supplied by 
Gibco/BRL.   Phenol  red-free  DMEM,  FBS,  calf serum, 

tamoxifen, and E2 were supplied by the Sigma Chemical 
Co. [7-32P]ATP and ['hfJacetyl-CoA were supplied by New 
England Nuclear. All other reagents were of the highest 
grade available. 

Preparation of RXM 

The procedure reported by Grose and Bjeldanes [13] was 
followed for the preparation of RXM. Briefly, I3C (100 mg, 
Aldrich Chemical Co.) was suspended in 1 M HC1 (100 
mL) at room temperature for 15 min. The acid suspension 
was neutralized with aqueous ammonia to pH 7.0, and the 
precipitate was filtered and dried under vacuum to give 
RXM as a reddish powder. LTr-1 is stable under the neutral 
aqueous conditions of the cell proliferation assay. 

Fractionation of RXM 

RXM (200 mg) was dissolved in THF (1 mL) and purified 
by silica gel vacuum liquid chromatography. Mixtures of 
hexane/THF with increasing polarity were used as the 
mobile phase. HPLC purification of bioactive components 
of the crude fractions was performed using a Shimadzu 
HPLC system (SCL-10A; Shimadzu Scientific Instruments, 
Inc.) equipped with a C18 bonded-phase semi-preparative 
column (Ultrasphere-ODS, 10 X 250 mm, 5 |xm; Beck- 
man) and UV/VIS detector (SPD-10AV; Shimadzu Scien- 
tific Instruments, Inc.). The peaks were monitored at 280 
nm. For isocratic elution, we used a mixture of acetonitrile: 
water (60:40) at a flow rate of 2 mL/min. Crude RXM 
fractions were resuspended in THF before injection into 
HPLC. The electron impact mass spcctrometry analyses of 
HPLC fractions of interest were obtained by the Mass 
Spcctrometry Facility of the College of Chemistry, Univer- 
sity of California at Berkeley. 

Cell Culture 

The human breast adenocarcinoma cell lines MCF-7 and 
MDA-MB-231 and the murine hepatoma cell line Hepa- 
lclc-7, obtained from the American Type Culture Collec- 
tion (ATCC), were grown as adherent monolayers in 
DMEM (Gibco, Life Science Technology), supplemented 
to 4-0 g/L of glucose and 3.7 g/L of sodium bicarbonate in 
a humidified incubator at 37° and 5% COz, and passaged at 
approximately 80% confluence. Cultutes of human cells 
were used in subsequent experiments for fewer than 25 
passages. 

Cell Proliferation 

Before the beginning of the treatments, cells were depleted 
of estrogen for 7-10 days in medium composed of DMEM 
base without phenol-red (Sigma), with 4 g/L of glucose, 3.7 
g/L of sodium bicarbonate, and 5% calf serum twice stripped 
in dextran-coated charcoal and microfiltered, supple- 
mented with non-essential amino acids (Gibco), 2 mM 
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FIG. 2. HPLC chromatogram of fraction B under the conditions 
described in Materials and Methods. Major peaks were labeled 
and collected individually. 

RNA Extraction and Northern Blot Analysis 

Cells were lysed by addition of Tri-reagent (Molecular 
Research Center, Inc.), and chloroform was used for phase 
separation. After centrifugation, the water-soluble upper 
phase was collected, and total RNA was precipitated with 
isopropanol, washed with 75% ethanol, and dissolved in 
diethyl pyrocarbonate-treated water. Total RNA was elec- 
trophoresed on a 1.2% agarose gel containing 3% formal- 
dehyde, using MOPS as the running buffer. The gel then 
was washed gently with lOx SSC and blotted with a Zeta 

nylon membrane (Bio-Rad) overnight. The RNA was fixed 

to the membrane by UV cross-linking. The hybridization 
probes were labeled with [32P]CTP using random primers 

and the pS2-cDNA and GADPH-cDNA plasmids provided 
by ATCC as the template. Hybridization and quantitation 

of results were done as described previously [14]. Specific 
pS2 mRNA levels were normalized using GADPH as a 

standard. 

Nuclear Extracts 

Three near confluent (80-90%) cultures of MCF-7 cells in 
100-mm Petri dishes were used for each treatment. LTr-1, 

E2, and tamoxifen were added as 1 |xL of a lOOOx stock 
solution in DMSO per mL of medium. After 2 hr of 

incubation at 37°, the plates were placed on ice and washed 

twice with 5 mL of hypotonic buffer (10 mM HEPES, pH 
7.5) and incubated with 2 mL of the same buffer for 15 min. 

Cells were harvested in 1 mL of MDH buffer (3 mM MgCl2, 
1 mM DTT, 25 mM HEPES, pH 7.5) with a rubber scraper, 

homogenized with a loose-fitting Teflon pestle, and centri- 

fuged at 1000 g for 4 min at 4°. The pellets were washed 
twice with 3 mL of MDHK buffer (3 mM MgCl2, 1 mM 
DTT, 0.1 M KC1, 25 mM HEPES, pH 7.5), resuspended in 
1 mL of MDHK, and centrifuged at 600 g for 4 min at 4° in 
a microcentrifuge. The pellets were resuspended in 100 jxL 
of HDK buffer (25 mM HEPES, pH 7.5,1 mM DTT, 0.4 M 

KC1), incubated for 20 min on ice with mixing every 5 min, 
and centrifuged at 14,000 g for 4 min at 4°. Glycerol was 

FIG. 3. Antiproliferative effect of subfractions Ba-Bi on MCF-7 cells. Estrogen-depleted MCF-7 cells were plated at a density of 4 X 
104 cells per well in 24-well plates and treated as indicated with RXM and HPLC fractions at a concentration of 50 (AM I3C equivalent. 
Duplicate aliquots of cells from individual wells were counted after 5 days. The results are shown as the average and SD from three 
identical wells. Growth was reduced significantly following treatment with RXM and all subfractions (a-i) as determined by Dunnett's 
test with a procedurewise error rate of < 0.05. 



Effects of an I3C Trimer in Cancer Cells 827 

glutamine, and 10 ng/mL of insulin. During the depletion 
period, medium was changed every other day. Treatments 
were administered by the addition of 1 uX of lOOOx stock 
solutions in DMSO per mL of medium. Once the treatment 
period started, medium was changed daily to counter 
possible loss of readily metabolized compounds. Cells were 
harvested by trypsinization and counted in a Coulter 
particle counter. 

Estrogen Receptor Binding Assay 

Rat uterine cytosol was prepared as described previously 
[19]. Briefly, 2.5 g of uterine tissue from five Sprague- 
Dawley rats (12 weeks old) was excised and placed on ice. 
The fresh tissue was homogenized with 30 mL of ice-cold 
TEDG buffer (10 mM Tris, pH 7.4, 1.5 mM EDTA, 1 mM 
DTT, 10% glycerol) using a Polytron at medium speed for 
1 min on ice. The homogenate was centrifuged at 1000 g for 
10 min at 4°. The supernatant solution was transferred to 
ultracentrifuge tubes and centrifuged at 100,000 g for 90 
min at 4°. The supernatant solution was divided into 
1.0-mL aliquots, quickly frozen in a dry-ice/ethanol bath, 
and stored at —80°. Protein concentration of the uterine 
cytosol was measured by the Bradford assay using bovine 
serum albumin as the standard. For each competitive 
binding assay, 5 |xL of 20 nM [3H]E2 in 50% ethanol, 10 
mM Tris, pH 7.5, 10% glycerol, 1 mg/mL of BSA, and 1 
mM DTT was placed in a 1.5-mL microcentrifuge tube. 
Competitive ligands were added as 1.0 |xL of lOOx stock 
solutions in DMSO. After mixing, 95 |xL of uterine cytosol 
was added, and the tubes were vortexed and incubated at 
room temperature for 2-3 hr. Proteins were precipitated by 
the addition of 100 |xL of 50% hydroxylapatite slurry 
equilibrated in TE (50 mM Tris, pH 7.4, 1 mM EDTA) and 
incubated on ice for 15 min with vortexing every 5 min to 
resuspend hydroxylapatite. The pellet was washed with 1.0 
mL of ice-cold wash buffer (40 mM Tris, pH 7.4, 100 mM 
KC1), and centrifuged for 5 min at 10,000 g at 4°. The 
supernatant was aspirated carefully, and the pellet was 
washed two more times with 1.0 mL of wash buffer. The 
final pellet was resuspended in 200 |xL of ethanol and 
transferred to a scintillation vial. The tube was washed with 
another 200-uX portion of ethanol, which then was added 
to the same counting vial. A negative control contained no 
uterine cytosol. Non-specific binding was determined using 
100-fold (0.1 (JLM) excess unlabeled E2. Relative binding 
affinities were calculated using the concentration of com- 
petitor needed to reduce [3H]E2 binding by 50% as com- 
pared with the concentration of unlabeled E2 needed to 
achieve the same result. 

Reporter Plasmids and Expression Vectors 

The ER responsive CAT reporter plasmid pERE-vit-CAT 
[20] was a gift from D. J. Shapiro (University of Illinois). 
pERE-vit-CAT contains the 5'-flanking and promoter 
region (-596 to +21) of the Xenopus vitellogenin-Bl gene, 

including two imperfect endogenous EREs (at —302 and 
—334) and one consensus exogenous ERE inserted at 
position —359. The transfection efficiency control vector 
pCMVß constitutively expressing ß-galactosidase was ob- 
tained from ATCC. 

Transient Transfections with Reporters 

Transfections were done by the lipofection method using 
Lipofectamine (Gibco BRL). Cells were grown in 10% 
FBS-DMEM until 80% confluent and transferred to 6.0-cm 
Petri plates 24 hr before transfection. The plates were 
seeded with the appropriate number of cells to be 50-60% 
confluent at the time of transfection. For each 6-cm plate, 
8 (xL of Lipofectamine was diluted with 92 (JLL of Opti- 
MEM serum-free medium (Gibco). Plasmid DNA (0.1 to 
1.0 (jug) was diluted in 100 JULL of serum-free medium. Lipid 
and plasmid dilutions were combined, mixed gently, and 
incubated at room temperature for 30-45 min. Meanwhile, 
the plates were washed with 4 mL of serum-free medium, 
and 2 mL of serum-free medium was added to each plate. A 
200-|xL portion of the lipid/DNA suspension was added to 
each plate and mixed gently. The plates were returned to 
the incubator for 5-6 hr, and 2 mL of medium containing 
10% calf serum was added. The next day, the plates were 
treated with fresh stripped medium without phenol red (5% 
DCC-FBS), and the 48-hr treatments were started by the 
addition of 1 |xL of lOOOx stock solutions in DMSO per mL 
of medium. The transfection efficiency determined with 
the constitutive galactosidase expression plasmid pCMVß 
in duplicate sets of plates was unaffected by the treatments. 

Chloramphenicol Acetyl Transferase (CAT) Assay 

The CAT assay was done using a modification of the phase 
extraction assay described by Seed and Sheen [21]. At the 
end of the 48-hr treatment period, the transfected cells 
were harvested by scraping with a rubber policeman, 
transferred with the medium to a conical 15-mL tube, 
centrifuged at 600 g for 2 min, resuspended in 1 mL of cold 
PBS, transferred to Eppendorf tubes, centrifuged at 600 g for 
2 min, and washed in PBS a second time. Cell pellets were 
resuspended in 200 |xL of 0.1 M Tris, pH 8.0, and lysed by 
3 cycles of freeze/thaw treatment (alternating 5 min in a 
dry-ice/alcohol bath and 5 min in a 37° bath). Cell lysates 
were incubated at 65° for 15 min to inactivate acylases and 
centrifuged at 14,000 g for 8 min. A 165-|JLL aliquot of the 
cytosol was transferred to a 7-mL scintillation vial, and a 
20-JJLL aliquot was reserved for determination of protein 
concentration by the Bradford assay. The substrate mixture 
(85 (JLL) was added to the scintillation vial for final 
concentrations of 100 mM Tris-HCl, pH 8.0, 250 nmol 
chloramphenicol, and 1 (xCi [3H]acetyl-CoA (200 mCi/ 
mmol) in a total volume of 250 |xL and mixed thoroughly. 
The organic scintillation fluid (4 mL) was added slowly, 
and the vials were incubated at 37° for 1-2 hr or until 
sufficient counts were obtained. 
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FIG. 4. HPLC analysis of subtraction Be under the conditions 
described in Materials and Methods. 

added to the supematants to a concentration of 10%, and 
aliquots of the nuclear extracts were stored at -80°. 

Qel Mobility Shift Assay 

The following two sets of complementary oligonucleotides: 
5'-GATCCCAGGTCACAGTGACCTGAGCTAAAAT-3' 
and 5'~OATr.ATTTTAGCTCAGGTCACTGTGACC- 

TGG-3' containing the palindromic consensus ERE motif 
(underlined), and 5'-GATCTGGCTCTTCTCACGCA- 
ACTCCG-3' and 5'-G ATCCGG AGTTGCGTG AG A- 
AGAGCCA-3' containing the consensus DRE motif (un- 
derlined), were annealed and 5'-end-labeled with 
[7-32P]ATP using T4 nucleotide kinase. The resulting 
labeled double-stranded DNA probes were purified on a 
Sephadex G50 spin-column, precipitated in ethanol, dis- 
solved in TE buffer, and diluted in 25 mM HEPES, 1 mM 
DTT, 10% glycerol, 1 mM EDTA to contain approximately 
25,000 cpm of 32

P/|JLL. Nuclear extracts (7 |xg of proteins) 
were mixed with 90 ng poly-dldC, 25 mM HEPES, 1 mM 
DTT, 10% glycerol, 1 mM EDTA, 160 mM KC1 in a total 
volume of 21 |JLL. For antibody supershift experiments, 0.5 
|xg of monoclonal mouse-IgG anti-human-ER (Santa Cruz 
Biotechnology) was added to the incubation mixture. After 
incubation for 15-20 min at room temperature, 4 |AL 

(100,000 cpm) of end-labeled 32P probe was added and 
incubated for another 15 min at room temperature. After 
the addition of 2.8 |JLL of lOx Ficoll loading buffer (0.25% 
bromophenol blue, 25% Ficoll type 400), 22-uX aliquots 
were loaded onto a pre-run, non-denaturing 4-0% poly- 
acrylamide gel in TAE (67 mM Tris, 33 mM sodium 
acetate, 10 mM EDTA, pH 8.0) at 120 V for 2 hr. The gel 
then was dried and autoradiographed. 

EROD Assay 

Enzymatic activity associated primarily with cytochrome 
P4501A1 was measured by the EROD assay as described 
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FIG. 5. Effect of LTr-1 on proliferation of breast cancer cells. 
Panel A: estrogen-depleted MCF-7 cells were plated at a density 
of 105 cells per well in 6-well plates and treated with LTr-1 at 
the concentrations indicated, in the presence (•) or absence (O) 
of E2 (1 nM). Panel B: MDA-MB-231 cells were plated at the 
same density in complete medium and treated with LTr-1 at the 
concentrations indicated. Duplicate aliquots of cells from indi- 
vidual wells were counted after 5 days. Data from three identical 
wells were averaged. The statistical differences between groups 
were determined using ANOVA and Tukey's Studentized range 
test. The results are expressed as means ± SD for at least three 
replicate determinations for each experiment. Key: (a) signifi- 
cantly different (P < 0.05) from E2 induced, and (b) signifi- 
cantly different (P < 0.05) from the DMSO control. 

previously [22]. Briefly, after the 18- to 24-hr treatment, 
cells were trypsinized, and 5 mL of PBS was added to the 
cells. The reaction was done at room temperature, and the 
cells and the reaction solutions were incubated first at 37°. 
An aliquot of the cell suspension was counted to obtain the 
cell number, and 1.5 mL of the cell suspension was placed 
into a fluorometer cuvette, followed by the addition of 0.5 
mL of 2.5 mM ethoxyresorufin (Sigma). The reaction 
mixture was mixed by inversion of the cuvette, and the 
linear fluorescence produced was measured at the excita- 
tion wavelength of 510 nm and the emission wavelength of 
586 nm with a 20-nm slit width using a Perkin-Elmer 
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FIG. 6. Competitive binding to the ER. The binding of [3H]E2 (1 nM) to the ER from rat uterine cytosol was measured in the presence 
of the unlabeled competitors, E2 (•), tamoxifen (O), and LTr-1 (♦), at the concentrations indicated and reported as the percentage 
of binding in the absence of competitors. Results are presented as the averages of two independent determinations. Relative binding 
affinities were calculated using the concentration of competitor needed to reduce [3H]E2 binding by 50% as compared with the 
concentration of unlabeled E2 needed to achieve the same result. 

650-10S spectrofluorometer. Chart speed was recorded for 
time determination, and a standard curve was obtained 
using resorufin (Sigma) added to the heated control cells. 
The enzyme activity was then presented as picomoles of 
resorufin produced per minute per million cells. 
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FIG. 7. Binding of nuclear proteins to the ERE. Gel mobility 
shift analysis of nuclear extracts from estrogen-depleted MCF-7 
cells treated for 2 hr with DMSO (lanes 1, 4, 7, 10) or with 
LTr-1 (1.0 and 10.0 fxM in lanes 2, 5, 8, 11 and 3, 6, 9, 12, 
respectively) and E2 (1 nM) (lanes 4-6 and 10-12). A 
monoclonal antibody specific for the human ER also was added 
to the incubation mixture for lanes 7-12. Arrows indicate the 
locations of the free labeled probe (arrow #1), the ligand- 
responsive shifted band (arrow #2), and the antibody-super- 
shifted band (arrow #3). 

RESULTS 
RXM Fractionation 

Silica gel vacuum liquid chromatography was used for the 
initial crude fractionation of RXM. Five fractions were 
collected, 100% hexane (A), hexane:THF, 2:1 (B), hex- 
ane:THF, 1:1 (C), hexane:THF, 1:2 (D), and 100% THF 
(E), with gradually increasing mobile phase polarity. At a 
concentration of 50 |xM (DC equivalent) based on weight 
of residual material after evaporation of solvent, RXM and 
all five fractions inhibited MCF-7 cell proliferation in the 
presence of 1 nM estrogen. Fraction B, the most active 
fraction, was purified further on a reverse-phase semi- 
preparative HPLC column using the conditions described 
in Materials and Methods. The chromatogram shown in 
Fig. 2 contained a predominant peak and many minor 
peaks. Of the nine major fractions collected (from Ba to 
Bi), fraction Be exhibited the strongest toxic and antipro- 
liferative activities against MCF-7 cells (Fig. 3). In several 
experiments, crude RXM inhibited cell proliferation by 
about 70% at the highest non-lethal concentrations (Fig. 3). 

HPLC analysis of fraction Be (Fig. 4) indicated that it 
contained a compound with the retention time of LTr-1, 
identified previously as a major component of RXM [23, 
24]. Mass spectrometric analysis confirmed this structural 
assignment. 

Cell Proliferation Studies of LTr-1 

Results of tumor cell growth experiments showed that both 
the estrogen-induced proliferation of MCF-7 cells and the 
estrogen-independent proliferation of the MDA-MB-231 
breast tumor cell line were inhibited by LTr-1 by up to 60% 
in a concentration-dependent manner (Fig. 5). The de- 
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FIG. 8. Effect of LTr-1 on pS2 mRNA expression. Estrogen- 
depleted MCF-7 cells were treated for 48 hr with LTr-1 at 
concentrations ranging from 0.1 to 10.0 \xM, with (O) or 
without (•) E2 (1 nM). pS2 mRNA levels were measured by 
northern blot analysis (A) and normalized using GADPH 
mRNA as an internal standard (B). Results are presented as fold 
induction over the DMSO control (averages of two independent 
determinations). 

creased cell counts apparently were not due to a general 
toxicity of the trimer, since we saw no evidence of cell 
killing over the 5-day treatment period. Interestingly, 
LTr-1 exhibited no apparent effect on proliferation of 
MCF-7 cells in the absence of E7. 

Effects ofLTr'l on Estrogen Receptor Binding and 
Function 

Because LTr-1 inhibited the E2-induced proliferation of 
MCF-7 cells, we examined the effects of this indole 
derivative on components of the ER signal transduction 
pathway. The relative binding affinity of LTr-1 for the ER, 
as measured by a competitive binding assay, indicated an 
ICS0 of approximately 70 (JLM compared with 200 and 3.0 
nM measured for tamoxifen and E2, respectively (Fig. 6). 
Thus, LTr-1 exhibits a weak affinity for the ER. 
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FIG. 9. Effect of LTr-1 on CAT expression from the ERE-vit- 
CAT reporter gene. MCF-7 cells were transiently transfected 
with the pERE-vit-CAT reporter plasmid and treated for 48 hr 
with LTr-1 at the concentrations indicated, in the presence (•) 
or absence (O) of E2 (1 nM). CAT activity in cytosol prepara- 
tions from individual plates was normalized for protein concen- 
tration. Results are presented as fold induction over the DMSO 
control (mean ± range of two independent determinations). 

We next examined by gel mobility shift assay the effect 
of LTr-1 on the binding activity of ER to its cognate DNA 
motif. LTr-1 exhibited a strong concentration-dependent 
inhibitory effect on the E2-induced binding of ER to a 
consensus ERE with nearly complete loss of the shifted 
band at 10 (JLM LTr-1 (Fig. 7). In the absence of E2, 
however, LTr-1 exhibited weak agonist activity on ERE 
binding to DNA. 

To determine whether LTr-1 can affect transcription of 
estrogen-responsive genes, we examined its effects on ex- 
pression of the endogenous pS2 gene, often used as a marker 

of estrogen-responsive breast tumors, and on the pERE-vit- 
CAT reporter construct transiently transfected into MCF-7 
cells. The pERE-vit-CAT construct contains the promoter 
and 5'-flanking region of the Xenopus vitellogenin gene 

upstream of the CAT structural gene. The results of 
northern blot analysis indicated that E2-induced transcrip- 

tion of pS2 was inhibited in a concentration-dependent 
manner (approximately 50% at 10 uJM) by LTr-1 (Fig. 8). 
In the absence of E2, LTr-1 did not induce significant 
transcription of pS2. A similar inhibitory effect of LTr-1 
was seen on E2-induced expression of the pERE-vit-CAT 
reporter construct (Fig. 9). In this case, however, LTr-1 
exhibited a weak activation of this reporter in the absence 
of E2. Thus, LTr-1 could suppress activation of E2-respon- 
sive genes at concentrations that inhibited breast tumor 
cell proliferation. 



832 Y-C. Chang et al. 

Effects of LTr-1 on Ah Receptor Signaling 

We reported previously that LTr-1 has an appreciable 
affinity for the Ah receptor [23]. Since persistent activation 
of the Ah receptor is thought to be responsible for the toxic 
effects of certain ligands, including TCDD, we examined 
further the effects of LTr-1 on this pathway. 

The effects of LTr-1 on binding of the Ah receptor to its 
cognate DNA motif, DRE, as determined by gel mobility 
shift assay, are represented in Fig. 10. At a concentration of 
1 |JLM, LTr-1 promoted detectable binding of the Ah 
receptor to the DRE. At a concentration of 10 |xM, binding 
was as strong as the positive control, ICZ, indicating that 
LTr-1 could efficiently transform the Ah receptor to a 

DNA binding form. 
As shown in Fig. 11, LTr-1 was a weak inducer of Ah 

receptor responsive CYP1A1 activity in the concentration 
range of 1-10 |xM, with a maximum induction of approx- 
imately 20% of the EROD activity induced by ICZ. We 
found also that LTr-1 was an inhibitor of induced CYP1A1 
activity. As shown in Fig. 12, LTr-1 suppressed EROD 
activity with an ic50 of about 1.0 |xM. The result of the 
double-reciprocal plot analysis indicates that LTr-1 was a 
competitive inhibitor of EROD activity {Kt = 0.913 mM) 
(data not shown). Taken together, these results indicate 

[LTr-l](uM) 

FIG. 11. Induction of expression of cytochrome P4501A1 by 
LTr-1. MCF-7 cells grown in 10% FBS-DMEM were treated 
with LTr-1 or ICZ at the concentrations indicated for 24 hr. 
Expression of P4501A1 was measured by the EROD assay and 
normalized for cell number in individual plates. RF = resorufin. 
The statistical differences between groups were determined 
using ANOVA and Tukey's Studentized range test. The results 
are expressed as means ± SD for at least three replicate 
determinations for each experiment. Key: (a) significantly dif- 
ferent (P < 0.05) from the ICZ control. 
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FIG. 10. Binding of nuclear proteins to the DRE. Gel mobility 
shift analysis of nuclear extracts from Hepa-lclc-7 cells treated 
for 2 hr with DMSO, LTr-1, or ICZ. Arrows indicate the 
locations of the free labeled probe (arrow #1) and the ligand- 
responsive shifted band (arrow #2). 

that LTr-1 is a weak but efficient agonist of Ah receptor 
function and an inhibitor of the Ah receptor-induced 
CYP1A1 enzyme activity. 

DISCUSSION 

Our results show that LTr-1 can inhibit ER function and 
activate Ah receptor function. In this respect, LTr-1 
appears to produce effects similar to those of potent Ah 
receptor ligands including TCDD and ICZ. However, 
whereas LTr-1 can inhibit the estrogen-dependent prolif- 
eration of MCF-7 cells and the estrogen-independent 
proliferation of MDA-MB-231 cells, this indole produced 
little effect on the estrogen-independent proliferation of 
MCF-7 cells. These antiproliferative effects of LTr-1 are in 
contrast to those of TCDD, which strongly inhibits the 
estrogen-induced growth of MCF-7 cells but, in the same 
concentration range, has little effect on the proliferation of 
MDA-MB-231 cells [22]. Thus, the antiproliferative effects 
of LTr-1 in the two cell lines appear to require processes in 
addition to, or other than, those activated by TCDD. Other 
possible explanations for these effects include differences in 
the metabolism of LTr-1 in the cell lines such that a more 
generally cytostatic metabolite accumulates in the MDA- 
MB-231 cells and not in the MCF-7 cells. 

The biological effects of LTr-1 differ in several respects 
from those of DIM, which we will report elsewhere.* 
Whereas the antiproliferative effects of these substances on 

* Riby JE, Chang GHF,  Firestone GL and  Bjelilancs LF, manuscript 
submitted for publication. 
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FIG. 12. Inhibition of EROD activity. MCF-7 cells that were 
70-80% confluent were treated with 1 |AM ICZ for 24 hr. 
LTr-1 was added to the cell suspension in the fluorometer 
cuvette to obtain final concentrations of 0.1, 1, and 10 |LM, 

respectively, and incubated at room temperature for 5 min. 
Finally, 0.5 mL of 2.5 mM ethoxyresorufin was added to the 
cuvette, and the EROD activity was measured as described 
above. RF = resorufin. The statistical differences between 
groups were determined using ANOVA and Tukey's Student' 
ized range test. The results are expressed as means ± SD for at 
least three replicate determinations for each experiment. Key: 
(a) significantly reduced (P < 0.05) from the DMSO control. 

the E2-dependent proliferation of MCF-7 cells and the 
E2-independent proliferation of MDA cells were similar, 
LTr-1 exhibited little effect on the MCF-7 cells in the 
absence of E2. In contrast, DIM showed a marked induction 
of MCF-7 cell proliferation under E2-depleted conditions. 
Consistent with these growth effects, LTr-1 was primarily 
an antagonist in our assays of ER function, whereas DIM 
was consistently an agonist of this activity. Similar to DIM, 
LTr-1 was a weak agonist of Ah receptor function. Thus, in 
contrast to DIM, LTr-1 is a consistent inhibitor of breast 
tumor cell proliferation and shows little evidence that it 
might function as an agonist of ER-mediated transcrip- 
tional events. In this respect, the activities of LTr-1 in 
cultured cells are similar to the effects we observed for 
RXM. However, determination of whether LTr-1, DIM, or 
other RXM products can account for all or part of the 
effects of I3C administered orally requires further in vivo 
and in vitro studies of the individual and combinatorial 
effects of these substances. 

Previous studies have established that LTr-1 and DIM 
are major in vivo products of orally administered I3C. 
Estimates of LTr-1 produced in the stomachs of rodents 
within several hours of oral administration of I3C range in 
yield from about 0.2 to 2.0% [23, 24]. These products 
appear to be absorbed to a similar extent from the gastro- 
intestinal tract, since the relative concentrations of the two 
compounds found in the liver are similar to those found 
initially in the stomach. It is interesting to note that the 
concentrations of the two compounds found in the livers of 
treated rodents (up to 13 u,M) [13] are within the range in 

which these substances are active in our cell proliferation 
and ER-dependent gene activation assays. 

Efforts to estimate likely exposure to LTr-1 following 
ingestion of Brassica vegetables are difficult, since no direct 
measurements of glucobrassicin conversion to LTr-1 are 
available. Nevertheless, since it is well established that 
LTr-1 is a major product of I3C oligomerization in vitro and 
in vivo, in some cases exceeding DIM in yield, it is 
reasonable to estimate LTr-1 exposures based on estimates 
of DIM exposures. Thus, based on the published levels of 
glucobrassicin in fresh Brussels sprouts of about 1.4 g/kg and 
assuming a conversion of glucobrassicin of about 5%, the 
level of LTr-1 produced from a 100-g portion of vegetable 
is about 5-10 mg. On the assumption that absorption from 
the gastrointestinal tract is nearly complete, this would 
provide blood concentrations for an average person of as 
high as 8 |xM. Thus, following ingestion of a 100-g portion 
of cruciferous vegetables, an average person may attain a 
blood concentration of LTr-1 of within an order of magni- 
tude of the effective levels determined in this study. 

Thus, these studies establish LTr-1 as a novel inhibitor of 
breast tumor cell proliferation that can affect both estro- 
gen-dependent and -independent cellular pathways in cul- 
tured cells in a range of concentrations similar to concen- 
trations found in vivo following ingestion of naturally 
occurring I3C. Further studies of the antiproliferative effi- 
cacy and modes of action of this compound are in progress. 

This work was supported by the Department of Defense, Army Breast 
Cancer Research Program Grant DAMD17-96-1-6149 and by 
Grant CA69056 from the National Institutes of Health. 
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ABSTRACT: Indole-3-carbinol (I3C), a component of Brassica vegetables, is under study as a preventive 
agent of cancers of the breast and other organs. Following ingestion, I3C is converted to a series of 
oligomeric products that presumably are responsible for the in vivo effects of I3C. We report the effects 
of the major trimeric product, 5,6,11,12,17,18-hexahydrocyclonona[l,2-fe:4,5-ft':7,8-fc"]triindole (CTr), 
on the estrogen receptor (ER) signaling pathways. Tumor-promoting effects of high doses of I3C may be 
due to activation of aryl hydrocarbon receptor (AhR)-mediated pathways; therefore, we also examined 
the effects of CTr on AhR activated processes. We observed that CTr is a strong agonist of ER function. 
CTr stimulated the proliferation of estrogen-responsive MCF-7 cells to a level similar to that produced by 
estradiol (E2) but did not affect the growth of the estrogen-independent cell line, MDA-MD-231. CTr 
displaced E2 in competitive-binding studies and activated ER-binding to an estrogen responsive DNA 
element in gel mobility shift assays with EC50s of about 0.1 ^M. CTr activated transcription of an E2- 
responsive endogenous gene and exogenous reporter genes in transfected MCF-7 cells, also with high 
potency. CTr failed to activate AhR-mediated pathways, consistent with the low-binding affinity of CTr 
for the AhR reported previously. Comparisons of the conformational characteristics of CTr with other ER 
ligands indicated a remarkable similarity with tamoxifen, a selective ER antagonist used as a breast cancer 
therapeutic agent and suggest an excellent fit of CTr into the ligand-binding site of the ER. 

Indole-3-carbinol (I3C),1 a hydrolytic product of gluco- 
brassicin found in common Brassica vegetables, is under 
study as a tumor preventive agent (1-3). Some of the most 
pronounced effects of I3C have been reported to be against 
tumor development in estrogen-responsive tissues. When 
administered prior to and during treatment with direct- and 
indirect-acting mammary carcinogens, I3C reduced tumor 
incidence by as much as 95% (4, 5). I3C is also reported to 
inhibit spontaneous formation of tumors of the mammary 
gland and of the endometrium of rodents (6, 7). At high 
doses, I3C promotes tumorigenesis in the thyroid gland, 
colon, pancreas, and liver of rodents when administered 
following treatment with a carcinogen (8—10). A recent 
report indicates that I3C exhibits tumor-promoting activity 
in the trout model in a range of concentrations below that 
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which is required to induce the cytochrome P450 pathways 
thought to be important in the cancer protective effects of 
I3C (77). Clearly, if I3C is to be developed further as a cancer 
protective agent, its modes of action as a tumor-preventive 
and tumor-promoting agent must be thoroughly understood. 

In our continuing efforts to examine the mechanisms of 
action of I3C, we have begun to determine the biological 
activities of the components of the acid reaction mixture 
(RXM) of I3C. It is now well-established that I3C is highly 
unstable in gastric acids and is rapidly converted to a mixture 
of oligomeric products following ingestion (12, 13). I3C 
products found in vivo include indolo[3,2-£]carbazole (ICZ), 
a minor product that is a potent activator of Ah receptor 
pathways and exhibits antiestrogenic activities, DIM, a major 
product that is a potent inhibitor of carcinogen-induced 
mammary tumorigenesis in rodents and a weak activator of 
the Ah receptor, and LTr, a second major product and an 
antagonist of estrogen receptor function that inhibits prolif- 
eration of both estrogen-dependent and -independent cultured 
breast tumor cells (14-19). We report here the effects of 
the third major component of RXM, the cyclic trimeric 
product, 5,6,1 l,12,17,18-hexahydrocyclonona[l,2-fc:4,5-fc': 
7,8-6"]triindole (CTr), on pathways mediated by the estrogen 
receptor and the Ah receptor in tumor cells. We show that 
this indole product is a strong agonist of estradiol (E2) 
functions including estrogen receptor binding and activation 
and induction of proliferation of estrogen-dependent cultured 
breast tumor cells and transcriptional activation of E2- 
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respsnsive genes. In contrast, CTr exhibited weak activities 
in measures of Ah receptor activation that were consistent 
with the low-binding affinity we have reported previously 
for this receptor (13). Conformational comparisons indicated 
that CTr is similar to the established therapeutic agent, 
tamoxifen, and that CTr fits strickingly well into the ligand- 
binding site of the ER. 

EXPERIMENTAL PROCEDURES. 

Preparation of Acid Reaction Mixture (RXM). The pro- 
cedure reported by Gross and Bjeldanes (12) was followed 
for the preparation of RXM. Briefly, I3C (100 mg, Aldrich 
Chemical Co., Milwaukee, WI) was suspended in 1 M HC1 
(100 mL) at room temperature for 15 min. The acid 
suspension was neutralized with aqueous ammonia to pH 
7.0, and the precipitate was filtered and dried under vacuum 
to give RXM as a reddish powder. 

Isolation CTr from RXM. RXM (200 mg) was dissolved 
in 1 mL of THF and fractionated initially by silica gel 
vacuum liquid chromatography. Mixtures of hexane/THF 
with increasing polarity were used as mobile phase to obtain 
the following five crude fractions: 100% hexane (A), hexane/ 
THF 2:1 (B), hexane/THF 1:1 (C), hexane/THF 1:2 (D) and 
100% THF (E). Fractions B and C, shown by analytical 
HPLC to contain CTr, were combined, extracted with hexane 
to remove highly lipophilic components, and resuspended 
in THF before injection onto semipreparative HPLC. HPLC 
purification of CTr was performed using a Shimadzu HPLC 
system (SCL-10A, Shimadzu Scientific Instruments, Inc., 
Japan) equipped with a C-18 bonded-phase semipreparative 
column (Beckman Ultrasphere-ODS, 10 x 250 mm, 5 mm) 
(Beckman, San Ramon, CA) and UV-vis detector (SPD- 
10AV, Shimadzu Scientific Instruments, Inc., Japan). Iso- 
cratic elution employed a mixture of acetonitrile/water (60: 
40) at a flow rate of 1.5 mL/min with the detector setting at 
280 nm. The electron impact mass spectrometry analyses of 
the HPLC fractions of interest were performed at the Mass 
Spectrometry Facility of the College of Chemistry, University 
of California at Berkeley. The isolated CTr gave a single 
peak on analytical HPLC with the expected mass spectrum 
(12). 

Cell Culture. The human breast adenocarcinoma cell lines, 
MCF-7 and MDA-MB-231, and the murine hepatoma cell 
line, Hepa-lclc7, obtained from the American Type Culture 
Collection (ATCC, Maryland, U.S.A.), were grown as 
adherent monolayers in Dulbecco's modified Eagle's medium 
(DMEM), supplemented with 10% fetal bovine serum and 
passaged at approximately 80% confluence. Cultures of 
human cells were used in subsequent experiments for fewer 
than 25 passages. 

Cell Proliferation. Before the beginning of the treatments, 
cells were depleted of estrogen for 7—10 days in medium 
composed of phenol-red-free DMEM supplemented with 5% 
calf serum twice stripped in dextran-coated charcoal, 0.1 nM 
nonessential amino acids, 2 mM glutamine and 10 ng/mL 
insulin. During the depletion period, medium was changed 
every other day. Treatments were administered by addition 
of 1 fih of 1000X solutions in DMSO per mL of medium. 
Once the treatment period started, medium was changed daily 
to counter possible loss of readily metabolized compounds. 
Cells were harvested by trypsinization and counted in a 
Coulter (Miami, FL) particle counter. 

Estrogen Receptor (ER) Binding Assay. Rat uterine cytosol 
was prepared as described previously (20). Briefly, 2.5 g of 
uterine tissue from five Sprague—Dawley rats (12 weeks old) 
was excised and placed on ice. The fresh tissue was 
homogenized with 30 mL of ice-cold TEDG buffer (10 mM 
Tris, pH 7.4, 1.5 mM EDTA, 1 mM DTT, 10% glycerol) 
using a Polytron at medium speed for 1 min on ice. The 
homogenate was centrifuged at 1000g for 10 min at 4 °C. 
The supernatant solution was transferred to ultracentrifuge 
tubes and centrifuged at 100 000g for 90 min at 4 °C. The 
supernatant solution was divided into 1.0 mL aliquots, 
quickly frozen in a dry ice/ethanol bath, and stored at -80 
°C. Protein concentration of the uterine cytosol was measured 
by the Bradford assay using bovine serum albumin as the 
standard. For each competitive-binding assay, 5 [iL of 20 
nM 3H-E2 in 50% ethanol, 10 mM Tris, pH 7.5, 10% 
glycerol, 1 mg/mL BSA, and 1 mM DTT was placed in a 
1.5 mL microcentrifuge tube. Competitive ligands E2 (0.1 
nM-1.9 fiM), iciest) (0.1 nM-5.0 /M), and CTr (1.0 
nM—10 fiM) were added as 1.0 JUL of 100X solution in 
DMSO. After the solution was mixed, 95 fiL of uterine 
cytosol was added, the solutions were vortexed and incubated 
at room temperature for 2—3 h. Proteins were precipitated 
by addition of 100 fiL of 50% hydroxylapatite slurry 
equilibrated in TE (50 mM Tris, pH 7.4, 1 mM EDTA) and 
incubation on ice for 15 min with vortexing every 5 min to 
resuspend hydroxylapatite. The pellet was washed with 1.0 
mL ice-cold wash buffer (40 mM Tris, pH 7.4, 100 mM 
KC1), and centrifuged for 5 min at 10 000 rpm at 4 °C. The 
supernatant was carefully aspirated and the pellet washed 
two more times with 1.0 mL of wash buffer. The final pellet 
was resuspended in 200 /AL ethanol and transferred to a 
scintillation vial. The tube was washed with another 200 ßL 
portion of ethanol, which was then added to the same 
counting vial. A negative control contained no uterine 
cytosol. Nonspecific binding was determined using 1000- 
fold excess of unlabeled E2. Data points were connected by 
a Bezier curve and EC50 values were determined graphically 
as the concentration of competitor needed to reduce 3H-E2 
binding by 50%. 

Reporter Plasmids and Expression Vectors. The ER- 
responsive CAT reporter plasmids pERE-vit-CAT and 
pATC2 (21) were gifts from D. J. Shapiro (University of 
Illinois, Urbana-Champain). pERE-vit-CAT contains the 5'- 
flanking and promoter region (—596 to 21) of the Xenopus 
vitellogenin-Bl gene, including two imperfect endogenous 
EREs (at —302 and —334) and an exogenous consensus ERE 
(GGTCACAGTGACC) inserted at position -359. The 
simpler reporter pATC2 contains two copies of the consensus 
ERE coupled 38 bp from the TATA box of the vitellogenin- 
Bl promoter (—42 to 14). The luciferase reporter plasmid 
pS2-luc (22) containing the 5'-flanking region (—537 to -87) 
of the human pS2 gene upstream of the SV40 promoter and 
the firefly luciferase stuctural gene was a gift from T. 
Zacharewski (University of Western Ontario, London On- 
tario, Canada). The plasmid pCMV-hER constitutively 
expressing a fully functional human estrogen receptor (23) 
was a gift from B. S. Katzenellenbogen (University of 
Illinois, Urbana-Champain). The transfection efficiency 
control vector, pCMV/J constitutively expressing /3-galac- 
tosidase, was obtained from ATCC. 
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Transient Transfections with Reporters. Transfections were 
done using Lipofectamine (Gibco BRL). Cells were grown 
in 10% FBS-DMEM until 80% confluent and transferred to 
6.0 cm Petri plates 24 h before transfection. The plates were 
seeded with the appropriate number of cells to be 50—60% 
confluent at the time of transfection. For each 6 cm plate, 8 
fiL of lipofectamine was diluted with 92 fiL of serum free 
medium. Plasmid DNA (0.1 fig luciferase reporter DNA per 
plate and 1.0 fig CAT reporter DNA per plate) was diluted 
in 100 fiL of a serum-free medium. Lipid and plasmid 
dilutions were combined, mixed gently, and incubated at 
room temperature for 30—45 min. Meanwhile, the plates 
were washed with 4 mL serum free medium and 2 mL scrum 
free medium was added to each plate. The 200 fiL of the 
lipid/DNA suspension was added to each plate and mixed 
gently. The plates were returned to the incubator for 5—6 h 
and 2 mL of medium containing 10% calf serum was added. 
The next day, the plates were treated with fresh stripped 
medium without phenol-red (5% DCC-FBS) and the 48 h 
treatments were started by addition of 1 fiL of 1000X 
solutions in DMSO per mL of medium. The transfection 
efficiency was determined using the constitutive galactosi- 
dase expression plasmid pCMV/5 in an identical set of plates 
and was found to be unaffected by the treatments. 

Chloramphenicol Acetyl Transfera.se (CAT) Assay. The 
CAT assay was done using a modification of the phase 
extraction assay described by Seed et al. (24). At the end of 
the 48 h treatment period, the transfected cells were harvested 
by scrapping with a rubber policeman, transferred with the 
medium to a conical 15 mL tube, centrifuged at 600# for 2 
min, resuspended in 1 mL cold PBS, transferred to Eppendorf 
tubes, centrifuged at 6Q0g for 2 min and washed in PBS a 
second time. Cell pellets were resuspended in 200 fiL of Tris 
(0.1 M, pH 8.0) and lysed by 3 cycles of freeze—thaw 
treatment (alternating 5 min in a dry ice/alcohol bath and 5 
min in a 37 °C bath). Cell lysates were incubated at 65 °C 
for 15 min to inactivate acylases and centrifuged at 14 000g 
for 8 min. A 165 ftL aliquot of the cytosol was transferred 
to a 7 mL scintillation vial, and a 20 fiL aliquot was reserved 
for determination of protein concentration by the Bradford 
assay. The substrate mixture (85 fiL) was added to the 
scintillation vial for final concentrations of 100 mM Tris- 
HC1, pH 8.0, 250 nmoles chloramphenicol, 1 fiC\ 3H- 
acetylCoA (200 mCi/mmol) in a total volume of 250 fiL 
and mixed thoroughly. The organic scintillation fluid (4 mL) 
was added slowly and the vials were incubated at 37 °C for 
1—2 h or until sufficient counts were obtained. 

RNA Extraction and Northern Blot Analysis of pS2 
Expression. Cells were lysed by addition of Tri-reagent 
(Molecular Research Center, Inc., Cincinnati, OH), and 
chloroform was used for phase separation. After centrifuga- 
tion, the water-soluble upper phase was collected and total 
RNA was precipitated with 2-propanol, washed with 75% 
ethanol, and dissolved in DEPC-treated water. Total RNA 
was electrophoresed on a 1.2% agarose gel containing 3% 
formaldehyde, using MOPS as the running buffer. The gel 
was then washed gently with 10X SSC and blotted with a 
Zeta nylon membrane (Biorad, Hercules, CA) overnight. The 
RNA was fixed to the membrane by UV cross-linking. The 
hybridization probes were radio-labeled with (a32P) dCTP 
using random primers and the pS2-cDNA and GAPDH- 

cDNA plasmids provided by ATCC as the template.*Hy- 
bridization and quantitation of results were done as described 
previously (15). Specific pS2 mRNA levels were normalized 
using GAPDH as a standard. 

Nuclear Extracts. Three near confluent (80—90%) cultures 
of MCF-7 cells in 100 mm Petri dishes were used for each 
treatment. CTr or E: was added as 1 fiL of 1000X solution 
in DMSO per mL of medium. After 2 h of incubation at 37 
°C, the plates were placed on ice and washed twice with 5 
mL of hypotonic buffer (10 mM Hepcs, pH 7.5) and 
incubated with 2 mL of the same buffer for 15 min. Cells 
were harvested in 1 mL of MDH buffer (3 mM MgCL, 1 
mM DTT, 25 mM Hepes, pH 7.5) with a rubber scrapper, 
homogenized with a loose fitting Teflon pestle, and centri- 
fuged at 1000,t; for 4 min at 4 °C. The pellets were washed 
twice with 3 mL of MDHK buffer (3 mM MgCl2, 1 mM 
DTT, 0.1 M KC1, 25 mM Hepcs, pH 7.5), resuspended in 1 
mL of MDHK, and centrifuged at 600# for 4 min at 4 °C in 
a microcentrifuge. The pellets were resuspended in I00//L 
of HDK buffer"(25 mM Hepes, pH 7.5, 1 mM DTT, 0.4 M 
KC1), incubated for 20 min on ice with mixing every 5 min, 
and centrifuged at 14000g for 4 min at 4 °C. Glycerol was 
added to the supematants to a concentration of 10% and 
aliquots of the nuclear extracts were stored at —80 °C. 

Gel Mobility Shift Assay. The following set of comple- 
mentary 31-mer oligonucieotides, 5'-GATCCC4GG7T,4- 
C4G7"GACCrcAGCTAAAAT-3' and 5'-GATCATTTTAG- 
CTCAGGTCACTGTGACCTGG-3' containing the palindro- 
mic ERE consensus motif (italicized), was annealed and 5'- 
end labeled with (y,2P)-ATP using T4 nucleotidc kinase. The 
resulting labeled double-stranded DNA probe was purified 
on a Sephadex G50 spin-column, precipitated in ethanol, 
dissolved in TE buffer, and diluted in 25 mM Hepcs, 1 mM 
DTT, 10% glycerol, 1 mM EDTA to contain approximately 
25 000 cpm of 32P//<L. Nuclear extracts (7 fig of proteins) 
were mixed with 90 ng poly-dldC, 25 mM Hepcs, 1 mM 
DTT, 10% glycerol, 1 mM EDTA, 160 mM KC1 in a total 
volume of 21 fiL. For antibody supershift experiments, 0.5 
fig of monoclonal mouse-IgG anti-human-ER (Santa Cruz 
Biotechnology, Santa Cruz, CA) was added to the incubation 
mixture. After incubation for 15—20 min at room temper- 
ature, 4 fiL (100 000 cpm) of an end-labeled 32P-ERE probe 
was added and incubated for another 15 min at room 
temperature. After addition of 2.8 fiL of 10X ficoll loading 
buffer (0.25% bromophenol blue, 25% ficoll type 400), 22 
fiL aliquots were loaded unto a pre-run, nondenaturing 4.0% 
polyacrylamide gel in TAE (67 mM Tris, 33 mM sodium 
acetate, 10 mM EDTA, pH 8.0) at 120 V for 2 h. The gel 
was then dried and autoradiographed. 

Ethoxyresorufin O-Deethylase Assay. Enzymatic activity 
of cytochrome-P4501Al was measured by the ethoxyresoru- 
fin O-deethylase (EROD) assay as described previously (J5). 
Briefly, after the 18—24 h treatment, cells were trypsinized 
and 5 mL of PBS was added to the cells. The reaction was 
run at room temperature and the cells and the reaction 
solutions were first incubated at 37 °C. An aliquot of the 
cell suspension was counted to obtain the cell number and 
1.5 mL of the cell suspension was added into a fluoromctcr 
cuvette, followed by the addition of 0.5 mL of 2.5 mM 
ethoxyresorufin (Sigma). The reaction mixture was mixed 
by inversion of the cuvette and fluorescence was measured 
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at the excitation wavelength of 510 nm and emission 
wavelength of 586 nm with a 20 nm slit width using a Perkin- 
Elmer 650— 10S spectrofluorometer. Chart speed was re- 
corded for time determination, and a standard curve was 
obtained using resorufin (RF) (Sigma) added to the heat- 
inactivated control cells. The enzyme activity was then 
presented as pmole RF produced/minute/106 cells. 

Modeling of CTr-binding to the ER Ligand Binding 
Domain. Since CTr is a strong agonist of estrogen receptor 
function but exhibits no obvious structural similarity to E2, 
we compared the structure of CTr to other classes of ER 
ligands. Our comparisons included size or "steric" consid- 
erations and also electrostatic charge distribution observa- 
tions. Quantum mechanical geometry optimizations were 
performed using GAMESS (25) on 17^-estradiol, raloxifene, 
tamoxifen, and CTr molecules; solvent-accessible surfaces 
were then constructed surrounding these molecules to enable 
the solution of the Poisson—Boltzmann equation as described 
previously (26). The electronic distribution of the molecule 
is allowed to rearrange in response to the polarization of its 
interface with an aqueous environment. The polarization 
charge induced on these surface elements is mapped onto 
the nodes ("dots") from which the surface is comprised. 
These calculations were performed at the 6-31G**/MP2 level 
of theory allowing for an accurate depiction of the induced 
surface charge density. The 6-31G** nomenclature is used 
to describe the basis set used in the calculations, which 
includes Pople's N-31G split valence basis set. MP2 refers 
to the M0ller—Plesset second-order perturbation theory 
method of inclusion of electronic correlation (27). 

We next placed each of these molecules into the experi- 
mentally determined ER-binding sites obtained by Brzozo- 
wski et al. and Shiau et al. from their complexing of the ER 
with the specific ligand and determining the respective crystal 
structure (28, 29). The minimum energy configurations of 
the molecules were determined by varying both the positions 
of their centers of mass and their three-dimensional angular 
orientation within the binding sites. Atoms comprising the 
binding site itself were not allowed to relax. Interatomic 
potentials required for this minimization were determined 
by pairwise summation using local density methods and 
reflect the electronic overlap repulsion between the atoms 
comprising the molecule and those in the appropriate 
receptor-binding site (30). 

RESULTS 

Cell Growth Assays. The effects of CTr were examined 
on the proliferation of the estrogen-responsive breast cancer 
cell line, MCF-7, and the estrogen-independent cell line, 
MDA-MB-231. The results indicate (Figure 1) that after a 
five-day period in complete medium (DMEM-10% FBS), 
the growth of MCF-7 cells was significantly increased 
compared to the vehicle (DMSO)-treated controls at CTr 
concentrations from 10 nM to 1 fiM. The proliferation of 
the MDA-MB-231 cells was not affected by CTr in this 
concentration range. In MCF-7 cells grown in an estrogen- 
depleted medium (5% DCC-FBS DMEM), CTr produced 
a maximum increase in cell number that was similar to that 
produced by E2. Co-treatment of MCF-7 cells in a depleted 
medium with a range of concentrations of CTr and at the 
maximum effective concentration of E2 did not alter the E2- 
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FIGURE 1: Effect of CTr on proliferation of breast cancer cells. 
Panel A: MCF-7 cells (closed circles) and MDA-MB-231 cells 
(open circles) were plated in 10% FBS-DMEM at a density of 105 

cells per well in 6-well plates and treated with CTr at the 
concentrations indicated. Panel B: MCF-7 cells grown for 7 days 
in estrogen depleted medium were plated at a density of 105 cells 
per well in 6-well plates and treated with CTr at the concentrations 
indicated, in the presence (closed circles) or absence (open circles) 
of E2 (1 nM). Duplicate aliquots of cells from individual wells were 
counted after 5 days. The results are shown as the average and 
standard deviation from three identical wells and expressed as the 
ratio of cell numbers over the corresponding DMSO controls. The 
statistical differences were determined using ANOVA and Tukey's 
Studentized Range test: (star) significantly different (p < 0.05) 
from DMSO control. 

induced growth rates. These results suggest that CTr may 
possess estrogenic activity. 

Competitive Estrogen Receptor (ER) Binding Assay. 
Because CTr exhibited estrogen-like activity in the cell 
proliferation assays, we examined the binding affinity of CTr 
with the ER using a competitive-binding assay. CTr displaced 
3H-labeled E2 in a rat uterine cytosol binding assay producing 
a competitive-binding curve parallel to that of the other ER 
ligands and with an EC50 that was only 2 orders of magnitude 
greater than that of E2 (Figure 2). The EC50 of the estrogen 
antagonist, ICIi8278o, used as a positive control for this assay, 
correlates with its affinity for the ER. These results indicate 
that CTr is a strong ligand for the ER that binds to the E2- 
binding site of the receptor. 

Gel Mobility Shift Assay. To determine whether CTr can 
activate the binding of the ER to the corresponding estrogen- 
responsive element (ERE) in the regulatory region of E2- 
responsive genes, we conducted a series of gel mobility shift 
assays. Nuclear protein extracts of MCF-7 cells grown in 
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FIGURE 2: Competitive binding to the ER. The binding of 3H-E2 
(1 nM) to the ER from rat uterine cytosol was measured in the 
presence of the unlabeled competitors, E2 (closed circles), ICI|8278o 
(open circles), and CTr (closed diamond), at the concentrations 
indicated and reported as the percentage of binding in the absence 
of competitors. The results are shown as the average and standard 
deviation from three replicates. Relative binding affinities were 
calculated using the concentration of competitor needed to reduce 
3H-E2 binding by 50% as compared to the concentration of 
unlabeled E2 needed to achieve the same result. 
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FIGURE 3: Binding of nuclear proteins to the ERE. Gel mobility 
shift analysis of nuclear extracts from estrogen depleted MCF-7 
cells treated for 2 h with DMSO (lanes 1 and 4), CTr 10 nM (lanes 
2 and 5), or CTr 100 nM (in lanes 3 and 6), and E2 1 nM (lanes 
4—6). A monoclonal antibody specific for the human ER was also 
added to the incubation mixture. Arrows indicate the locations of 
the free labeled probe (arrow # 1) and the ligand responsive 
antibody-super-shifted band (arrow # 2). 

an estrogen-depleted medium for 7 days and treated for 2 h 
with CTr (10 nM and 100 nM) produced a shifted band with 
the 32P-labeled consensus ERE oligonucleotide that was the 
same size as the ER-ERE complex induced by a 1 nM E2 

treatment. Figure 3 shows the complex supershifted by a 
monoclonal anti-ER antibody. The density of the shifted 
bands correlated with the concentrations of CTr and 100 nM 
CTr was as effective as 1 nM E2. These results indicate that 
CTr can activate the ER into a DNA-binding form in a 
concentration range that corresponds to the binding affinity 
of CTr for the ER. 

Activation of Transcription by CTr. To determine whether 
the binding of CTr with the ER produces a transcriptionally 
active complex with DNA, we examined by Northern blot 

assay whether CTr could activate expression of the endog- 
enous E2-responsive gene, pS2. Treatment of MCF-7 cells 
depleted of estrogen with CTr for 48 h at concentrations 
ranging from 10 nM to 1 fiM induced accumulation pS2 
mRNA in a concentration-dependent manner with 100 nM 
CTr as effective as 1 nM E2 (Figure 4A). Co-treatment with 
CTr did not affect E2-induced pS2 expression levels. 

To examine whether the CTr-induced increase in pS2 
mRNA levels could be attributed to an increase in transcrip- 
tional activity, we examined the effect of CTr on activities 
of three E2-responsive reporter gene constructs in transiently 
transfected MCF-7 cells. ERE-vit-CAT contains the promoter 
and flanking regions of the frog vitallogenin-Bl gene 
upstream of the chloramphenicol-acetyltransferase structural 
gene. pATC2 contains only the promoter region of the 
vitallogenin gene and two consensus ERE motifs. pS2-luc 
contains the regulatory flanking region of the human pS2 
gene upstream from the SV40 promoter and the luciferase 
gene. Our results show that all three reporters were induced 
by CTr with similar concentration dependency and with 100 
nM CTr as effective as 1 nM E2 (Figure 4, B-D). 
Co-treatment with CTr did not affect E2 -induced expression 
levels. Taken together, these results indicate that the CTr- 
induced accumulation of mRNA of an endogenous E2- 
responsive gene results from increased transcriptional acti- 
vation and that CTr is equally effective in the activation of 
simple and complex ERE-containing promoters. 

AhR Signaling Pathway. Because of the established 
effectiveness of orally administered DC in the induction of 
CYP450 activities associated with the Ah receptor pathway 
and the well established role of activation of the Ah receptor 
in tumor promotion (31), we examined the effects of CTr 
on key indicators of Ah receptor function. We measured the 
ability of CTr to induce expression of both the CYP1A1- 
associated EROD activity in MCF-7 cells and of an AhR- 
responsive DRE-CAT reporter construct containing the 
promoter and flanking regions of the CYP1 Al gene stably 
transfected in murine hepatoma Hepa-lclc7 cells (15). As 
expected (Figure 5), based on the relatively weak binding 
affinity of CTr for the AhR that we determined previously 
(13), CTr proved in both assays to be a very weak activator 
as compared to the ICZ positive control treatment. 

Taken together, these results indicate that CTr functions 
as a classical agonist (32) of the ER signaling pathway with 
weak activity toward the AhR signal transduction path- 
way. 

Structural Modeling of CTr Binding to the ER and 
Comparison with 4-Hydroxytamoxifen. Because CTr is 
without obvious stuctural similarity to E2, we conducted a 
conformational analysis of CTr and computed its theoretical 
fit into the ER ligand-binding site. A comparison of the 
expected lowest energy conformation of CTr with conforma- 
tions of other established ER ligands indicates a remarkable 
similarity with tamoxifen, a tissue-specific and promoter- 
specific estrogen antagonist. The structures of CTr and 
4-hydroxytamoxifen (OHT) are shown in Figure 6A and 
Figure 6B, respectively. The portion of each of the molecules 
that fits into the 3-OH region of the ER ligand-binding site 
is shown oriented to the left. Of note is that the molecular 
dimensions of the two molecules are similar. For example, 
the distance between the C-6 positions of the lower two 
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FIGURE 4: Effect of CTr on ER-responsive gene expression. Panel A shows the expression of endogenous pS2; estrogen-depleted MCF-7 
cells were treated for 48 h with CTr-1 at concentrations ranging from 0.1 to 10.0 fiM, with (open circles) or without (closed circles) E2 (1 
nM). pS2 mRNA levels were measured by Northern-blot analysis and normalized using GADPH mRNA as an internal standard. Results 
are presented as average and standard deviation of three experiments. A representative Northern blot is shown on top. Panels B, C, and D 
show transcription activity of reporter genes: MCF-7 cells were transiently transfected with 0.1 fig per plate of pS2-luc (B), or with 1.0 fig 
per plate of pERE-vit-CAT (C) and pATC2 (D). Transfected MCF-7 cells were treated for 48 h with CTr at concentrations ranging from 
0.1 to 10.0 ^M, with (open circles) or without (closed circles) E2 (1 nM). Results are presented as fold induction over the DMSO control, 
as the average and standard deviation of four independent transfections. 

indole moieties indicated in Figure 6A is 20 A and thedis- 
tance of the corresponding hydroxyl carbon and the nitrogen 
atom in Figure 6B is 22.5 Ä; this distance was also found to 
be 20.4 A by crystal structure analysis of OHT (29). In 
addition, the aromatic substituents of the two molecules are 
similarly noncoplanar. 

In Figure 6, C and D, we present the same molecules in 
identical orientations as above, including their solvent- 
accessible surfaces. The portion of each of the molecules, 
which fits into the 3-OH region of the ER ligand-binding 
site is shown oriented to the left. These figures provide a 
direct geometrical comparison of the properly oriented 
surfaces as well as a comparison of the polarization-induced 
charge on their solvent-accessible surfaces. The results 
indicate a similar charge pattern on the portion of each of 
the molecules, which fits into the 3-OH region of the binding 
site. It should be noted that, although only CTr and tamoxifen 
are shown, all four of the molecules examined, including E2 

and raloxifene, had a similar charge distribution on that 
region of the surface. 

We next investigated the possibility of CTr binding to a 
site similar to that occupied by OHT in the ER-binding site. 
In Figure 6 (Panels E and F), we present two views of the 
overlapping solvent surfaces of the quantum mechanically 
derived CTr (shown as dots) and the experimentally deter- 
mined OHT (29) (shown as a continuous gray surface), 
providing a direct comparison of the sizes and shapes of these 
two molecules. Panel E shows the molecules oriented as in 
panels A, B, C, and D, and Panel F shows them rotated by 
90 degrees along the vertical axis. The OHT pocket is held 
rigid in these calculations; relaxation of the surrounding 
molecular environment would allow an even better accom- 
modation of the two structures. The figures provide compel- 
ling evidence for the incorporation of CTr into the ER- 
binding site, both from "steric" (Panels E and F) and 
electrostatic (Panels C and D) considerations. 
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FIGURE 5: Effect of CTr on Ah-Receptor responsive gene expres- 
sion. (A) Induction of endogenous cytochrome P450-1A1. MCF-7 
cells were treated for 24 h with ICZ as a control (open circles) or 
with CTr (closed circles) at the concentrations indicated and EROD 
activity was measured. (B) Murine hepatoma cells Hepa-lclc7 
permanently transfected with a DRE-CAT reporter (clone M8) were 
treated with ICZ (open circles) or CTr (closed circles) at the 
concentrations indicated for 48 h. 

DISCUSSION 

Our results show that the novel diet-derived cyclic 
methylene indole trimer, CTr, behaves as an estrogenic 
substance in vitro and in cell culture. CTr binds to the ER, 
activates ER binding to the ERE, and initiates the transcrip- 
tion of an endogenous E2-responsive gene as well as that of 
E2-responsive reporter genes. The activity of CTr in these 
assays is as high as about 1 % that of E2. 

To estimate the physiological significance of CTr produc- 
tion in vivo following oral administration of I3C, an analysis 
of reported tissue levels of CTr will be helpful. Published 
work by us and others indicates that the level of CTr 
produced following oral administration of I3C to rodents is 
comparable to levels of other major products, DIM and LTr- 
1. Using Sprague-Dawley rats, we readily detected CTr in 
the intestinal contents 5 h after treatment (73), occurring in 
about 50% the yield of the other major products. Consistent 
with these observations, Stresser et al. (14) provided 
Chromatographie evidence for the accumulation of I3C acid 
products including CTr in the liver of Fisher rats 3 h 
following oral treatment with I3C to levels that again were 
roughly 50% the levels of DIM and LTr-1. These researchers 
estimated the levels of each of these major I3C products in 
rat liver to be in the range of 1-10 JUM, which is well in 
excess of the concentrations (0.1 ^M) we find necessary to 

activate the ER. Thus, it appears that CTr is produced in 
physiologically significant levels following ingestion of 
I3C. 

Although CTr may attain active concentrations in vivo 
following administration of I3C, whether CTr contributes 
to the cancer-protective or cancer-promoting effects of I3C 
remains to be established. An intriguing possibility is that 
CTr may contribute to an overall estrogenic effect of oral 
I3C and that this estrogenic activity may account for the 
cancer-promoting effects of I3C in liver and for the cancer- 
protective effects of I3C in mammary glands. Williams et 
al. reported recently that oral I3C produced estrogenic effects 
in trout at doses below those required for Ah receptor 
activation. These investigators suggested that oral I3C may 
function as do other ER agonists in the promotion of 
carcinogen-induce liver tumors in the trout and rat models 
(//). CTr might also contribute to the cancer-protective 
effects of oral I3C against spontaneous mammary tumors 
by stimulation of mammary gland maturation resulting in 
decreased susceptibility to carcinogeneis, as suggested 
recently for the natural cancer-protective agent, genestein 
(33, 34). 

A comparison of the expected lowest energy conformation 
of CTr with conformations of other established ER ligands 
indicated a remarkable similarity with tamoxifen, a tissue 
and promoter specific estrogen antagonist currently under 
study as a breast cancer therapeutic agent (35). We found 
that the ER ligands compared quantum mechanically all have 
a similar charge distribution around the boundary region of 
the molecule that fits into the 3-OH region of the ER-binding 
site. Furthermore, overlapping surfaces of the CTr with those 
of experimentally established ligands show very little dif- 
ference between CTr and tamoxifen, lending provocative 
evidence in support of the binding of CTr to the ER-binding 
site. 

In light of the marked structural similarity of CTr and 
tamoxifen with regard to their interactions with the ligand- 
binding region of the ER, a comparison of the biological 
activities of CTr with those of tamoxifen and related 
substances is in order. Published data indicate that OHT, the 
activated form of tamoxifen, is a potent ligand for the human 
ER with a binding affinity in the range of 10 nM. In contrast 
to agonist activity, we observed for CTr, OHT is a potent 
inhibitor of MCF-7 cell proliferation (IC50 = 0.5 nM) (36). 
Whether CTr exhibits tissue and promoter specific agonist 
activities as does tamoxifen remains to be seen. It is 
interesting to note, however, that the activities of OHT, and 
other synthetic ER ligands, are highly dependent on the 
presence of a hydroxyl group in the position that corresponds 
to C-4 of tamoxifen (37, 38). Loss of this substituent from 
OHT results in a 2 orders of magnitude decrease in ER- 
binding affinity to a level that is similar to the affinity we 
observe for CTr. This decrease in binding affinity is 
accompanied by a similar large decrease in potency against 
MCF-7 cell proliferation to a level of potency that is only 
about 10-fold greater than the concentration of CTr observed 
to inhibit MCF-7 cell proliferation (unpublished data). 
Addition of a hydroxyl group at the appropriate position(s) 
of CTr may produce a similar pronounced effect on the 
activity of this natural product. Further studies to explore 
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FIGURE 6: Stereoviews of CTr (A) and OHT (B). Structures were determined by quantum mechanical geometry optimization calculations. 
Comparison of polarization-induced charges on the surfaces of CTr (C) and OHT (D). Construction of a solvent-accessible surface around 
each of the QM-derived molecules shown in panels A and B allows solution of coupled Schrödinger and Poisson—Boltzmann equations, 
resulting in the polarization charge on the surface elements due to the aqueous environment. The electronic distribution of the molecule is 
allowed to rearrange in response to the polarization of its interface, resulting in an accurate depiction of the induced surface charge density. 
Blue indicates positive surface charge, red indicates negative surface charge, and gray indicates neutral areas. It should be noted that the 
sign of the surface charge, is essentially opposite that of the charge on the atom below the surface element. Comparison of the sizes and 
shapes of CTr and OHT. A solvent-accessible surface was created around the crystallographically determined OHT structure, as determined 
by Shiau et al. (25) and is shown as a continuous gray surface; the CTr structure, determined quantum mechanically, is shown as dots. In 
panel E, the molecules are oriented with the 4-OH of OHT on the left; in panel F, the molecules are rotated by 90 degrees, looking "down" 
the 4-OH end. The minimum energy conformation of the quantum mechanical CTr in the experimentally determined ER-binding site of 
OHT was determined by varying position and angular orientation of the CTr molecule within the OHT-binding site, while the atoms 
comprising the binding site itself were not allowed to relax. Interatomic potentials required for this minimization were determined by 
pairwise summation using local density methods and reflect the electronic overlap repulsion between the atoms comprising the CTr molecule 
and those in the receptor-binding site. 

the possible metabolic activation and tissue specific activities 
of CTr and to further define the role of CTr in the cancer 

modulating activities of I3C are in progress in our labora- 
tories. 
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ABSTRACT. Modulation of cytochrome P4501A1 (CYP1A1) activity is a mechanism whereby indoles present 
in cruciferous vegetables could affect the metabolism of xenobiotics. Ascorbigen (ASG) is the predominant 
indole formed during the degradation of glucobrassicin, although the mechanism by which ASG modulates 
CYP1A1 activity is not known. The major focus of this study was to examine the mechanism of CYP induction 
by ASG using a murine hepatoma-derived cell line (Hepa lclc7). ASG was shown to induce the activity of 
7-ethoxyresorufin O-deethylase, a marker for CYP1A1, in a concentration-responsive manner with a maximum 
induction at 700 u,M. Maximum ASG induction after 24-hr treatment was 7% of maximal CYP1A1 activity 
induced by the well-known potent CYP1A1 inducer, indolo[3,2-b]carbazole (ICZ) (1 (JLM), and the EC50 values 
differed by 2-fold. The CYP1A1 activity increased continuously up to 72 hr, where ASG showed an induction 
efficiency in the same range as for the positive control (1 u.M ICZ) after 24 hr, whereas the CYP1A1 protein 
level, measured by Western blot analysis, was maximally induced after 24 hr. ASG significantly inhibited 
CYP1A1 activity in whole cells at concentrations above 1 (jiM. ASG increased the chloramphenicol acetyl 
transferase (CAT) activity via a CAT reporter construct containing a dioxin-responsive element in Hepa lclc7 
cells, indicating involvement of the aryl hydrocarbon receptor. ASG was shown to be transformed into ICZ, or 
a compound with the same Chromatographie mobility as ICZ, in the medium. Taken together, the results 
indicate that ASG inhibits CYP1A1 activity at low concentrations, but induces the same activity at higher 
concentrations.    BIOCHEM PHARMACOL 58;7:1145-1153, 1999. © 1999 Elsevier Science Inc. 

KEY WORDS, ascorbigen; indolo[3,2-b]carbazole; Hepa lclc7 cells, Cyplal induction; CyplAl inhibition; Ah 
receptor 

A number of studies have demonstrated a decreased risk of 
cancer when consuming a diet containing substantial 
amounts of fresh fruits and vegetables, especially cruciferous 
vegetables of the Brassica genus, e.g. broccoli, cabbage, and 
Brussels sprouts [1-3]. The anticarcinogenic activity of 
cruciferous vegetables has been related to the content of 
the glucosinolates; for example, glucobrassicin is present in 
large amounts in broccoli [4]. On disruption of plant tissue, 
such as cutting and chewing, different indoles are formed as 
a result of the myrosinase (ß-thioglucoside glucohydrolase, 
EC 3.2.3.1)-catalysed degradation of glucosinolates [5]. 
When glucobrassicin is degraded by myrosinase in vitro, 
I3C" is the main initial product formed at neutral pH. 
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Under acidic conditions, condensation products of I3C, 
including DIM and ICZ, are formed (Fig. 1) [6, 7]. The 
yield of ICZ from the reactions of I3C under acidic 
conditions has been estimated to be 0.01% after 48 hr [8]. 
Glucobrassicin [9] and the degradation products formed 
have been shown to induce xenobiotic-metabolising en- 
zymes, including the CYP1A1 enzyme, via the Ah receptor 
[8, 10]. By far the most potent Ah receptor agonist 
identified in the degradation mixture is ICZ [8]. 

Degradation of glucobrassicin in the presence of AA 
leads to the formation of ASG (Fig. 1) [11, 12]. AA is 
present in broccoli in amounts as high as 1.23 mg/g fresh 
broccoli [13], and it has been shown that ASG is the 
predominant indole compound in fresh, cooked, and fer- 
mented cabbage [7], about 7-10 times more abundant than 
I3C [7, 14]. Considering the abundance of ASG in vege- 
tables of the Brassica genus, it seems that the biological 
effects of dietary ASG have been somewhat neglected. 
Thus far, only a few in vivo studies have investigated the 
effect of ASG on xenobiotic-metabolising enzymes [15]. 
McDanell et al. found that the EROD activity was increased 
by 45-fold in the small intestine and approximately 9-fold 
in the large intestine of rats fed a diet containing 1600 mg 
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FIG. 1. Degradation products formed from glucobrassicin. 

ASG/kg diet for 5 days, compared to controls [7]. Sepkovic 
et al. reported that ASG induces estradiol C-2 hydroxyla- 
tion, primarily a CYP1A1 marker, about 1.5-fold in rats 
[16]. Inductions of CYP1A1-related activity have previ- 
ously been observed for I3C and DIM in rats, and it has 
been suggested that this induction is responsible for altered 
carcinogen metabolism, leading to reduced tumour inci- 
dence [17]. The activity is most likely caused by oligomeric 
compounds formed from I3C and DIM, as I3C and DIM 
only weakly bind the Ah receptor and transcriptionally 
activate the CYPl A genes. It has also been shown that I3C 
and DIM both exhibit antagonist activity for the Ah 
receptor [18] and inhibit CYP activity. However, no results 
have been published on the mechanism by which ASG 
modulates CYP1A1 in cultured cells. 

In the present study, we describe the CYPl Al-modulat- 
ing activity of ASG using a murine hepatoma cell line 
(Hepa lclc7) and compare this activity with that of the 
potent CYP inducer, ICZ. Hepa lclc7 cells have been used 
in the present experiments as this cell line is stable, well 
characterised, and has been used for numerous experiments 
investigating Ah receptor-mediated induction of CYPl Al 

[19]. 

MATERIALS AND METHODS 
Chemicals 

I3C was purchased from Aldrich Chemical Co. and recrys- 
tallised in toluene before use. ICZ and DIM were synthe- 
sised according to the procedure of Robinson [20] and Leete 
and Marion [21], respectively. TCDD was obtained from B. 
Ames (University of California, Berkeley, CA). 
7-Ethoxyresorufin and RF were purchased from Sigma 
Chemical Co. and Aldrich Chemical Co., respectively. 
[RING,3,5-3H] Chloramphenicol was purchased from Du- 
pont New England Nuclear Co. N-Butyryl-coenzyme A 
lithium salt was from Sigma. All other organic solvents, 
chemicals, and biochemicals used in these studies were of 
the highest quality available from commercial sources. 

Qeneral Methods 

'H-NMR spectra were measured at 300 MHz in metha- 
nol-d4 on an AC-300 Brucker instrument. Chemical shift 
values were recorded relative to tetramethylsilane for all 
spectra. UV analysis was carried out on a Beckman UV/VIS 
spectrophotometer, model DU 530. 

HPLC Analysis 

For HPLC analysis, a C-18 bonded-phase column was used 
(Ultrasphere-ODS, 4-6 X 250 mm, particle size 5 (Jim, 
Beckman). The detector was either a Shimadzu UV-VIS 
spectrophotometer, model SPD-10A set at 280 nm, or a 
Perkin Elmer fluorescence spectrophotometer, model LS-4 
set for excitation at 335 nm and emission at 415 nm. A 
gradient Chromatographie and isocratic Chromatographie 
system described by Aleksandrova et al. [14] and Kwon et al. 

[10], respectively, was used. The flow rate for both systems 
was 1 mL/min and the volume of injection 10 JJLL. 

Synthesis of ASQ 

The synthesis was carried out according to the procedure of 
Kiss and Neukom [22], with some modifications. Briefly, 
600 mg L-AA and 500 mg I3C were added to 125 mL H20 
and left stirred under nitrogen at room temperature for 2 hr. 
Light was avoided by wrapping the flask in foil. The 
solution was filtered and the aqueous phase neutralised with 
NaOH and extracted 3 times with ether. The aqueous 
phase was further extracted with ethylacetate and the 
extract was dried under reduced pressure (40°). Three 
hundred and fifty mg ASG was obtained as a white/pale 
yellow powder. The purity of ASG was assessed by HPLC 
and shown to be nearly 100%. AA, I3C, DIM, and ICZ 
were not detectable in preparations of ASG. The H-NMR 
spectrum was identical to values reported previously [23]: 
'H-NMR (CHD2-OH): 8 3.22 (1H, d), 3.40 (1H, d), 3.77 
(1H, s), 3.98 (1H, dd), 4.10 (1H, dd), 4.20 (1H, dd), 6.97 
(1H, t), 7.06 (1H, t), 7.20 (1H, s), 7.31 (1H, d), and 7.62 
(1H, d). Additional parallel signals corresponding to about 
10% isomeric ASG forms were observed in the NMR 
spectrum. The extinction coefficient for ASG was deter- 
mined as 5650 cm^'M-1 at 280 nm. 

Cell Culture Qrowth 

The murine hepatoma cell line (Hepa lclc7 cells) and the 
Hepa cells stably transfected with the DRE reporter pM- 
CAT 5.9 (M8 cells) were grown as monolayers at 37° in 
95% air and 5% COz in Dulbecco's modified Eagle's 
medium supplemented with 10% foetal bovine serum, 3.7 
g/L sodium bicarbonate, and 3.0 g/L glucose. pMCAT 5.9 is 
a plasmid constructed by ligation of the -820 to -974 
enhancer sequence from the mouse promoter in the pM- 
CAT 5 plasmid [24] and was provided by Dr. J. P. 
Whitlock, Jr. (Stanford University, Palo Alto, CA). 
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EROD Activity 

Hepa lclc7 cells were grown in 58-mm diameter plates. 
ASG and ICZ, dissolved in either DMSO or PBS, were 
added to the cells (9—14 * 104 cells/cm2) and incubated for 
various lengths of time. Control cell cultures were incu- 
bated with DMSO or PBS. As positive controls, cell 
cultures were incubated with 1 u.M ICZ in DMSO. At the 
end of the incubation, cells were washed in PBS, harvested 
by trypsination, and resuspended in PBS. Two hundred |xL 
cell suspension was used for cell counting. To 1.5 mL cell 
suspension, 0.5 mL 2.5 |xM 7-ethoxyresorufin was added, 
and the EROD activity was determined by measurement of 
the linear production of the fluorescent RF at 37° on a 
Perkin Elmer 650-105 spectrofluorometer with 510 nm 
excitation, 585 nm emission, and a slit width of 20 nm. The 
amount of RF formed was determined by comparison 
with a standard curve (0-6.3 nM RF in PBS). The 
specific activity was calculated based on the actual 
number of cells. 

Microsome Preparation and Inhibition of 
EROD Activity 

Confluent Hepa lclc7 cells, treated for 24 hr with 1 u.M 
ICZ, were washed twice in ice-cold PBS and harvested by 
use of a rubber policeman in PBS. The cells were sedi- 
mented and the pellet resuspended in phosphate buffer (50 
mM NaP04, pH 7.4, 0.1 mM EDTA, 10% glycerol). The 
suspension was sonicated twice for 10 sec while kept on ice 
and the lysate centrifuged for 15 min at 10,000 g and 4°. 
The supernatant was further centrifuged for 1 hr at 100,000 
g and 4° and the microsomal pellet resuspended in storage 
buffer (0.154 M KC1, 10 mM Tris-HCl, pH 7.4, 1 mM 
EDTA, 20% glycerol). Microsomal protein concentration 
was determined by a Lowry assay using BSA as protein 
standard. The EROD inhibition assay was measured as an 
end point assay. Five hundred microliters of reaction 
mixtures consisting of 1.2 mg/mL BSA and 50 u.g micro- 
somes were prepared, dissolved in 0.1 M Tris-HCl buffer, 
pH 7.8, and incubated in a shaking waterbath at 37° with 
increasing concentrations of ASG (5-200 \xM) for 10 min, 
following determination of the EROD activity. To the 
blank sample 1.25 mL MeOH was added, while 1 u,M 
substrate solution (500 |JLM 7-ethoxyresorufin, dissolved in 
MeOH:H20, 1:1) and 0.5 mM NADPH were added to all 
samples, which were further incubated for 10 min. The 
reaction was stopped by addition of 1.25 mL ice-cold 
MeOH, and the samples were cooled at -20° for 30 min 
and centrifuged at 1800 g for 20 min. To one mL aliquots 
of the supernatants was added 10 (iL 1 N NaOH and 
fluorescence was measured (Perkin-Elmer LS50B Lumines- 
cence Spectrometer) at excitation 530 and emission 585 
nm. The standard curve was made using RF concentrations 
in the range 0-750 nM RF. 

Western Blotting 

The level of CYP1A1 protein in ASG-treated cells was 
determined using Western blotting and the enhanced 
chemiluminescence system (Amersham International pic). 
Following treatment, the cells were harvested in reporter 
lysis 5X buffer (Promega) and the lysates were resolved 
electrophoretically on a 12% constant SDS-PAGE gel 
using a Protean II system (Bio-Rad). The proteins were 
transferred to Hybond-P membrane (Amersham Interna- 
tional pic) using a semi-dry blotting system [25]. Rabbit- 
anti-rat CYP1A1 from XenoTech LLC was used as primary 
antibody. The incubation and detection of the signals was 
performed as described by the manufacturer. 

CAT Assay 

Near confluent (9-14 * 104 cells/cm2) M8 cells, Hepa 
lclc7 cells stably transfected with a CAT reporter gene, 
were treated for 19 hr with various concentrations of ASG 
(dissolved in DMSO) in the media ranging from 1 to 700 
u.M. The final concentration of DMSO in the media was 
0.1% (v/v). Cells treated with DMSO or 1 u,M ICZ were 
included as controls. CAT activity was measured in cell 
extracts by the two-phase extraction assay described by 
Seed and Sheen [26]. Briefly, cells were harvested and 
incubated for 5 min at room temperature in 5.0 mL buffer 
(20 mM Tris-HCl, pH 7.5, 2 mM MgCl2). The buffer was 
aspirated and replaced by 100 |xL of the buffer containing 
0.1% Triton X-100. After 5-min incubation at room tem- 
perature, the lysate was centrifuged for 2 min to collect the 
supernatant. Assays were performed by incubating superna- 
tants at 65° for 10 min. Fifty uX substrate was added to a 
final concentration of 100 mM Tris-HCl, pH 8.0, 100 |xM 
[3H]chloramphenicol (0.2 u,Ci), and 250 u.M N-butyryl- 
coenzyme A. The mixture was incubated at 37° for 30 min 
and the reactions stopped by addition of 200 u,L of 
2,6,10,14-tetramethylpentadecane/xylene (2:1). After cen- 
trifugation, the organic phase was transferred to scintilla- 
tion vials and counted. 

Detection of ICZ Formed from ASQ 

Media from ASG kinetics experiments at 24 and 72 hr were 
extracted three times with ethylacetate and the organic 
phases evaporated to dryness. Samples were redissolved in 1 
or 5 mL acetonitrile and analysed by HPLC. In parallel, the 
transformation of ASG in cell-free medium or PBS was 
estimated after various times of incubation at 37° or room 
temperature. Media were extracted and analysed as de- 
scribed above, whereas the PBS samples were analysed by 
HPLC without prior extraction. Authentic ICZ was used as 
a reference for determination of retention time and spiking 
of samples. To quantitate ICZ levels, authentic ICZ was 
added at various concentrations (10 nM-100 nM) to 
control cells preincubated for 24 or 72 hr before extraction. 
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FIG. 2. Effect of ASG and ICZ on EROD activity in Hepa 
lclc7 cells. Cells were treated with increasing concentrations of 
ASG (1-1000 (iM), panel A, or ICZ (0.05-5 p.M), panel B, for 
24 hr. The cells were then harvested for analysis of enzyme 
activity. Activity induced by solvent (DMSO) was subtracted 
for each concentration point. A positive control (1 (iM ICZ) 
was included in the ASG experiment (panel A), i.e. 3.0 RF 
pmol/min/106 cells. Bars indicate mean values of three (panel A) 
or two (panel B) measurements ± SD (panel A) or range (panel 
B). The ASG induction experiment (panel A) was conducted 
twice with similar results. 

RESULTS 
Concentration-Dependent Induction of CYPIA1 
Enzymatic Activity 

The concentration-response effect of EROD activity in- 
duced by ASG and ICZ is shown in Fig. 2. The maximum 
induction response after 24 hr was achieved at 700 u.M 
ASG, and the inducing efficiency of ASG was 7% of the 
EROD activity induced by the positive control, 1 u,M ICZ. 
The EC50 values differed by nearly 2000-fold (Fig. 2, A and 
B). ASG is likely to modulate CYP1A1 activity in a 
manner similar to what has been reported for the other 
indoles derived from glucobrassicin. For example, ICZ binds 
to the Ah receptor and transcriptionally modulates 
CYP1A1 activity. To examine the effects of ASG on the 
Ah receptor, Hepa lclc7 cells transfected with a CAT 
reporter gene were treated with doses of ASG up to 700 u.M 

1000 

Ascorbigen (nM) 

FIG. 3. Effect of ASG on DRE-driven CAT reporter gene 
activity in Hepa lclc7 cells. CAT reporter-transfected Hepa 
lclc7 cells (M8 cells) were treated for 19 hr with inducer at the 
indicated range of concentrations. Activity induced by solvent 
(DMSO) was subtracted for each concentration point. The 
CAT activity for the positive control (1 fiM ICZ) was 67 * 103 

dpm. Bars indicate mean values of two measurements ± range. 
The experiment was conducted twice with similar results. 

(Fig. 3). Cells treated with 0.1% DMSO or 1 |xM ICZ were 
included as controls. The CAT assay shows a concentra- 
tion-responsive, ASG-induced CAT activity. Surprisingly, 
the activity of 700 yM ASG was approximately 40% of the 
CAT activity induced by 1 u-M ICZ. A significant CAT 
activity was already observed at 10 u,M ASG, i.e. approx- 
imately 25% of the highest observed activity at 700 u,M 
ASG. Transcription of Cyplal requires a binding of the 
activated Ah receptor to DRE, which is located in the 
regulatory region of the Cyplal gene. Induction of CAT 
activity by ASG in the present experiment therefore 
indicates that the Ah receptor is involved in the ASG 
induction of Cyplal. 

Concentration-Dependent Inhibition of EROD Activity 

The greater efficacy exhibited by ASG for CAT induction 
compared to EROD induction, relative to ICZ, may arise 
from a strong inhibition of EROD activity by ASG. The 
inhibitory effect of ASG on microsomal EROD activity is 
shown in Fig. 4A. The result shows that ASG is an effective 
inhibitor of EROD activity above 50 u.M in the ICZ- 
induced murine hepatoma microsomal system, as the activ- 
ity declined with increasing ASG concentrations to 20% at 
the highest concentration of ASG analysed (200 (xM). 
These results are in accordance with an experiment where 
Hepa lclc7 cells were co-treated with 1 nM TCDD, a 
highly potent inducer of EROD activity, and ASG at 
various concentrations for 24 hr, which gave a concentra- 
tion-dependent decrease in EROD activity. The TCDD- 
induced EROD activity was significantly inhibited at con- 
centrations above 1 JJLM ASG (Fig. 4B), thereby demon- 
strating the overall effect (induction and inhibition) of 
ASG on CYP1A1 activity. In conclusion, the results show 
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FIG. 4. Inhibitory effect of ASG on CYP1 Al enzymatic activity 
in microsomes and in whole cells. (A) Fifty |Ag ICZ-induced 
microsomes of Hepa lclc7 cells were treated with increasing 
concentrations of ASG 10 min before and throughout the 
determination of EROD activity. Bars indicate mean values of 
three measurements ± SD. The experiment was conducted 
twice with similar results. (B) Hepa lclc7 cells were treated 
with various concentrations of ASG alone (•) or co-treated 
with 1 nM TCDD and various concentrations of ASG (T) for 
24 hr followed by determination of EROD activity. EROD 
activity caused by DMSO was subtracted from each concentra- 
tion point. Bars indicate mean values of two measurements ± 
range. 

that beside activation of the Ah receptor, ASG also 
inhibits CYP1A1 activity. 

Kinetics of Induction of EROD Activity by ASQ 

To investigate the kinetics of EROD induction by ASG, 
Hepa lclc7 cells were treated with 700 u,M ASG for up to 
84 hr, and the EROD activity was determined at different 
time points. The results (Fig. 5) indicate that the activity 
increases for up to 72-hr incubation with ASG dissolved in 
DMSO. The EROD activity after 72 hr was about 4-fold 
higher than that observed after 24-hr incubation. Since the 
solvent, DMSO, produces a weak CYP1A1 induction peak 
with a maximum at 8-12 hr (data not shown), we also 

20 40 60 

Time of incubation (Hours) 
80 

FIG. 5. Kinetics of EROD induction by ASG dissolved in 
DMSO or PBS in Hepa lclc7 cells. The cells were treated with 
700 |AM ASG dissolved in either DMSO (■) or PBS (•) and 
harvested at designated time points for analysis of enzyme 
activity. Activity induced by solvent (DMSO or PBS) was 
subtracted for each concentration point. Bars indicate mean 
values of two measurements ± range. The experiments were 
conducted twice with similar results. 

analysed EROD activity kinetics in Hepa lcl-c7 cells 
exposed to ASG dissolved in PBS (Fig. 5). ASG (700 u,M) 
induced EROD activity to a plateau (2.5 RF pmol/min/106 

cells) after only 8 hr, which was the same activity obtained 
after 72 hr when using ASG dissolved in DMSO. This 
experiment shows that the kinetics for induction by ASG 
are different when DMSO and PBS are used as solvents. 

Kinetics of Induction of CYP1A1 Protein Level by ASQ 

Hepa lclc7 cells were treated with 700 u,M ASG, dissolved 
in DMSO, for up to 96 hr, and the CYP1A1 protein level 
was determined by Western blot analysis at different time 
points. The results (Fig. 6) show that the CYP1A1 level 
was maximally induced after 24 hr, with declining levels up 
to 96 hr. At 96 hr, the CYP1A1 protein level was reduced 
to 25% of the level at 24-hr ASG treatment, as determined 
by densitometric scanning. Comparison of the kinetics of 
EROD activity when ASG was dissolved in DMSO with 
the kinetics of the CYP1A1 protein level suggests that the 
time-dependent increase in EROD activity is caused by 
disappearance of the ASG from the medium, i.e. the 
inhibitory effect of ASG is reduced over time. 

W*9** 
Control 

Days:   1        2 
700 uM ASG 

3       4 12 3 

FIG. 6. Kinetics of CYP1A1 protein level induced by ASG. 
Hepa lclc7 cells were treated with 700 (X.M ASG, dissolved in 
DMSO, for 24,48, 72, and 96 hr, and Western blot analysis was 
carried out on harvested cells using anti-CYPlAl antibodies. 



1150 r. u. btephensen et cd. 

0 10 20 30 

Hours after media exchange 

FIG. 7. Kinetics of EROD activity induced by degradation 
products of ASG. Cells were preincubated with 700 \M ASG 
(group 1, •) or 0.1% DMSO (group 2, T, and group 3, ■) for 
48 hr and EROD activity measured. At 48 hr, the media from 
group 1 and group 2 were swapped and further incubated for 36 
hr. Group 3 was further incubated with fresh 700 |AM ASG. 
EROD activity was measured at the designated time points. Bars 
indicate mean values of two measurements ± range. 

EROD Induction by Degradation, Products Formed from 
ASQ during Incubation 

To explain why a substance such as ASG, which only binds 
the Ah receptor weakly, may induce CYP1A1 activity, we 
suggest that ASG is transformed to an active inducer. 
Experiments to investigate this notion further were under- 
taken by determining the induction potential of preincu- 
bated ASG-containing medium (Fig. 7). Hepa lclc7 cells 
were preincubated with 700 u,M ASG or DMSO for 48 hr 
followed by a media change as described below. EROD 
activity was analysed at different time points up to 36 hr 
after the media change. Cells were treated in three different 
ways. Cells in group 1 were exposed to ASG for 48 hr and 
then to an ASG-free medium. Two groups of cells were 
exposed to DMSO for 48 hr and then shifted to the 48-hr 
preincubated ASG-containing medium (group 2) or to a 
medium with fresh (700 |xM) ASG (group 3). Figure 7 
shows that EROD activity in cells preincubated with ASG 
decreased after exposure at 48 hr to the preincubated 
ASG-free medium (group 1). Twenty-four hours after 
replacement, the activity had decreased to 12% of that 
before replacement. In cells preincubated with solvent for 
48 hr, the EROD activity 12 hr after the media exchange 
was virtually doubled when the 48-hr preincubated ASG 
medium (group 2) rather than the fresh ASG-containing 
medium was used (group 3). Cells exposed to preincubated 
ASG did show kinetics of EROD induction similar to those 
observed for CYP1A1 protein (Fig. 6). This experiment 
shows that preincubated ASG medium is a more effective 
inducer than fresh ASG, indicating transformation of ASG 
into a more active inducer. However, this experiment 
cannot exclude the possibility that the induction of EROD 
is in part caused by a simultaneous disappearance of ASG 
and thereby less inhibition of EROD activity. 

HPLC Analysis of Degradation Products Formed from 
ASQ 

To test whether ASG was transformed into the potent 
EROD inducer, ICZ, in the cell media during incubation, 
24- and 72-hr media from experiments where cells were 
exposed to ASG were analysed. The medium extracts were 
analysed by HPLC using fluorescence detection, since this 
method allows detection of many polycyclic aromatic 
compounds including ICZ. A peak with the same retention 
time as ICZ was observed and the identity of the peak was 
confirmed by spiking with authentic ICZ. The identity of 
this peak was not confirmed further. ICZ, or a substance 
with the same mobility, was detected in the medium after 
24 hr, and the level was further increased about 5-fold at 72 
hr. The level of ICZ or ICZ-like substance present in the 
ASG medium for 72 hr was estimated to be lower than 10 
nM in comparison with controls (Fig. 8, A-C). In cell-free 

medium incubated with ASG for 2, 6, and 15 hr, ICZ was 
already detected after 2 hr (Fig. 8D) and found throughout 
the experiment. 

B 

D 

FIG. 8. HPLC analysis of extracts of media incubated with 
ASG. (A) Control medium to which ICZ (retention time 10.2 
min) at the concentration 10 nM was added. (B) Medium from 
kinetic experiment at 24 hr with ASG dissolved in DMSO. (C) 
Medium from kinetic experiment at 72 hr with ASG dissolved in 
DMSO. (D) Cell-free medium incubated for 2 hr with ASG 
dissolved in DMSO. Following incubation, all media samples 
were extracted and redissolved in either 5 mL (samples A and C) 
or 1 mL (samples B and D) acetonitrile. HPLC conditions were 
as described in Materials and Methods. 



Modulation of CYP1 Al Activity by Ascorbigen 1151 

1.200-J 

l.OOO-1 A 
- ' 1.925 

0.800- 

O.SOO^ 

av0.400- 

0.200- 

0.000-^ A 
-0.20fr W*t*    ^Trr^ffllHFWwWr <"TMWWW- W*Mm 

1          i          i         i          | i    i 

-0.0500 

-0.1000- 

0.00 10.00 0.00 10.00 

1.50O- 
2.5             V^ 

1.000- 

r 
0.500- 

0.000- A  
0.< )0 

i        i        l        1        1 

10.00 

FIG. 9. HPLC analysis of PBS incubated with ASG. (A) Standard ICZ (5 nM). (B) 700 (iM ASG incubated in PBS for 15 min at 
37°. (C) 700 \nM ASG incubated in PBS for 3 hr at 37°. HPLC conditions were as described in Materials and Methods. 

In an attempt to account for the earlier EROD induction 
observed after exposure to ASG dissolved in PBS compared 
with DMSO, ASG dissolved in PBS was analysed by 
HPLC. No ICZ (retention time 11.9 min) was detected in 
the ASG-PBS solution either at room temperature or at 
37° up to 24 hr. However, another fluorescent compound 
with a retention time of 2.5 min was found (Fig. 9). The 
fluorescent compound with a retention time of 2.5 min 
could also be formed in the ASG-containing medium, but 
detection of the compound was interfered with by the 
medium-specific signal with the same retention time. The 
fluorescent compound formed in PBS was not further 
characterised. In conclusion, ASG is transformed to ICZ 
(or a substance with an identical retention time) in the 
medium, but not in PBS buffer. However, the fluorescent 
compound found when ASG was incubated in PBS may be 
an EROD inducer or may be further transformed into ICZ. 

DISCUSSION 

It has been shown that broccoli contains high levels of the 
glucosinolate glucobrassicin and that this compound be- 
comes degraded into I3C after the vegetable is processed. 
Under acidic conditions, as in the stomach, I3C will 
associate with the AA present in the vegetable to form 
ASG [27]. Numerous experiments have shown that 13C 
induces CYP1A1 activity following ingestion. As ASG is 
more prominent in cruciferous extracts, the inductive eftect 
of ASG is of great interest. The purpose of this study was to 
investigate the mechanism of the in vitro modulation of 
CYP1A1 activity by ASG. ASG induced CYP1A1 activity 
in a concentration-dependent manner in the mouse hepa- 
toma cell line, Hepa lclc7, with a maximum induction at 
700 |xM ASG. This concentration is about 700-fold higher 
than the maximum inducing concentration for ICZ found 
here (0.5-1 |xM) and reported by Chen et al. [19]. The 
efficiency of ASG induction of CYP1A1 activity after 24 hr 
was 7% of the positive control (1 u,M ICZ), whereas the 

level of ASG induced CAT activity corresponded to 40% 
of the ICZ-induced CAT activity. Moreover, the EC50 for 
induction of CAT activity was about one-half of the EC50 

for induction of EROD, i.e. 120 u,M and 210 u,M, respec- 
tively. The promoter region of the CAT gene contains only 
one copy of mouse DRE whereas three DRE copies are 
found in the endogenous Cyplal promoter region, but 
these differences do not explain the observed differences in 
results obtained in the EROD and CAT assays. The likely 
explanation for these discrepancies could be that beside 
induction of EROD activity, ASG also exhibits an inhibi- 
tory effect on EROD activity. This assumption was con- 
firmed in the present study, as ASG was shown to inhibit 
murine hepatoma microsomal EROD activity and TCDD- 
induced EROD activity in whole cells in a concentration- 
responsive manner. These profiles of responses Hepa lclc7 
cells by ASG resemble those previously reported by Chen et 
al. [18] for I3C and DIM in T47D human breast cancer 
cells. These authors showed that both l3C and DIM are 
relatively weak Ah receptor agonists compared to ICZ and 
TCDD, since no induction of CYP1A1-dependent EROD 
activity was observed at concentrations as high as 125 and 
31 (JLM, respectively [18], whereas I3C and DIM signifi- 
cantly inhibited TCDD-induced EROD activity in whole 
cells at concentrations of 31 and 1 (JLM, respectively. 
Furthermore, both I3C and DIM exhibited partial Ah 
receptor antagonist activity and significantly inhibited 
EROD activity in microsomes from TCDD-treated T47D 
cells at concentrations of 10 and 1 JJLM, respectively. In our 
experiments, the increase in EROD activity was shown to 
be caused by an induction of CYP1A1 protein by ASG, and 
the protein level was maximal after 24-hr exposure to ASG. 
Recently, Ciolino et al. [28] reported that another dietary 
constituent, curcumin, also has a dual property in being 
able to induce CYP1A1 in MCF-7 cells while also being an 
inhibitor of CYP1A1 activity. 

The CAT experiment clearly indicates that ASG treat- 
ment activates the Ah receptor, which is a well-known 
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mechanism for induction of CYP1A1 protein and activity. 
Gillner et al. [29] previously demonstrated that the Ah 
receptor binding affinity of ASG, measured as ic50 values of 
the inhibition of specific [3H]TCDD binding in rat liver 
cytosol, was more than 400 times lower than the corre- 
sponding value for ICZ and in the same range as for I3C. 
Since ASG has a very low affinity for the Ah receptor, it is 
likely that ASG is transformed into a more potent ligand 
and CYP1A1 inducer. ICZ, or a compound with an iden- 
tical retention time, was detected in the ASG media at 24 
and 72 hr. The possibility that other inducers are formed 
from ASG cannot be excluded. We therefore suggest that 
the induction of CYP1A1 protein by ASG is caused by 
transformation to the potent inducer ICZ and/or other 
potent products. Furthermore, it cannot be excluded from 
the present experiments that ASG may interact with other 

regulatory factors as well. 
Preobrazhenskaya et al. [30] have previously shown that 

ASG incubated with gastric juice for 5 hr at 37° give rise to 
a very complex mixture containing ICZ, and that the 
concentration of ICZ in gastric juice was approximately 20 
times higher after incubation under these conditions with 
ASG than after incubation with I3C. Our experiments 
indicate that ICZ may also be formed from ASG under 
physiological conditions at neutral pH. In contrast, ASG 
dissolved in PBS caused an EROD induction with the same 
efficiency at 8 hr as found for the positive control at 24 hr. 
This induction pattern corresponds to the ICZ-induced 
EROD activity shown by Chen et al. [19]. One can 
therefore speculate that ASG is transformed to ICZ in the 
aqueous buffer before addition to the medium. However, 
ICZ was not detected using HPLC in the ASG-PBS 
solution when incubated at 37° for up to 24 hr, whereas 
another fluorescent, more polar compound was detected. 
The identity of this compound has not been established but 
the ASG oligomers do not exhibit fluorescence, and the 
unidentified compound is likely to be a polycyclic polar 
product. The early response in EROD activity observed 
when using PBS as ASG solvent is therefore not caused by 
the presence of ICZ in the initial PBS solution. Further- 
more, the low level of ICZ detected in the media cannot by 
itself account for the entire CYP1A1 induction observed. 
Degradation of ASG is likely to result in the release of A A, 
and the effect of AA on induction of CYP enzymes is not 
well characterised. It cannot be excluded that AA in vitro 
may enhance the inducing potential of ASG/ICZ. The 
observed EROD kinetic is a combination of a fast induction 
by ICZ or an ICZ-like compound, ASG, and other poten- 
tial inducers formed from ASG and a slow disappearance of 
the inhibitor ASG from the medium over time. The 
half-life of ICZ is about 10 min [19], and the effect 
presented here is likely caused by a continuous formation of 
ICZ from an excess amount of ASG. Induction of CAT is 
observed above 10 |xM ASG, but because of a significant 
ASG-mediated inhibition in whole cells above 1 u.M, a 
significant induction of EROD is only observed above 50 

JJLM ASG. 

In conclusion, our results show that exposure to ASG 
induces CYP1A1 expression in Hepa lclc7 cells. ASG 
treatment induces Ah receptor-driven CAT activity and 
therefore presumably induces CYP1A1 via activation of the 
Ah receptor. According to the literature, ASG acts as a 
weak Ah receptor agonist compared to ICZ or an ICZ-like 
substance, but the induction may in part be explained by 
the transformation of ASG to the more potent inducer ICZ. 
In addition to inducing EROD activity, ASG also inhibits 
this activity. As ASG is the main transformation product 
from glucobrassicin in the presence of AA, the observation 
that ICZ, or an ICZ-like substance, may also be formed at 
neutral pH is of great interest. 
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iV-Methoxyindole-3-Carbinol Is a More Efficient Inducer of 
Cytochrome P-450 1A1 in Cultured Cells Than Indol-3-Carbinol 

Pernille Uldall Stephensen, Christine Bonnesen, Charlene Schaldach, 
Ole Andersen, Leonard F. Bjeldanes, and Ole Vang 

Abstract: The well-documented reduction of cancer risk by 
high dietary cruciferous vegetable intake may in part be 
caused by modulation of cytochrome P-450 (CYP) expression 
and activity by indoles. The purpose of the present experi- 
ments was to study the mechanism of CYP 1A1 induction by 
'H-methoxyindole-3-carbinol (NI3C) in cultured cells and to 
compare the CYP-inducing potential ofNI3C and indole- 
3-carbinol (I3C) administered to rats. NI3C induced 7-eth- 
oxyresorufin-O-deethylase (EROD) activity in Hepa-lclc7 
cells in a concentration-dependent manner with 10-fold high- 
er efficiency than I3C. Inasmuch as NI3C induced binding of 
the aryl hydrocarbon receptor (AhR) to the dioxin-respon- 
sive element and induced expression of endogenous CYP 
1A1 mRNA and an AhR-responsive chloramphenicol acetyl 
transferase construct, we conclude that NI3C can activate 
the AhR. Besides the induction of CYP l Al, we observed an 
inhibition of EROD activity, with a concentration causing 
50% inhibition oföfiM. Oral administration ofNBC at 570 
pimol/kg body wt to male Wistar rats increased the hepatic 
CYP 1A1 and 1A2 protein levels, as well as the EROD and 
7-methoxyresorufin O-demethylase activities at 8 and 24 
hours after administration, but the responses were less pro- 
nounced than after administration of I3C at 570 fimol/kg 
body wt. Furthermore, NI3C did not induce hepatic 7-pent- 
oxyresorufin O-depentylase activity, asBCdid. Ascorbigen, 
another indolylic compound formed during degradation of 
glucobrassicin in the presence of ascorbic acid, was tested 
in the same animal model, and ascorbigen only weakly in- 
duced hepatic CYP 1A1 and IA2, but not CYP 2B1/2. In con- 
clusion, NI3C is a more efficient inducer of CYP 1A1 in 
cultured cells than I3C but is less active when administered 
to rodents. 

Introduction 

Consumption of vegetables from the family Cruciferae, 
including broccoli, cauliflower, and brussels sprouts, leads 

to increased levels of hepatic and extrahepatic xenobiotic- 
metabolizing enzymes in experimental animals (1) and hu- 
mans (2). An increased metabolism of xenobiotics may in 
part explain the well-documented reduced cancer incidences 
in population groups with a high dietary intake of crucif- 
erous vegetables (3,4). This anticarcinogenic effect has 
been suggested to be associated with the high content of 
indolyl glucosinolates in these vegetables (5). Besides the 
indolyl glucosinolates, several other glucosinolates from 
cruciferous vegetables may have anticarcinogenic poten- 
tials, including sinigrin (6), glucoraphanin, from which sul- 
phoraphane is formed (7), and gluconasturtiin, which is 
degraded to phenethyl isothiocyanate (8). Moreover, other 
potentially anticarcinogenic substances are found in these 
vegetables, and mechanisms other than modulations of 
cytochrome P-450 (CYP) activities are likely. The degra- 
dation of the indolyl glucosinolate glucobrassicin (GB; Fig- 
ure 1) has been studied extensively, and effects on 
xenobiotic metabolism of one of the degradation products, 
indole-3-carbinol (I3C; Figure 1), have been investigated in 
vivo (9) and in vitro (10). From these experiments, it has 
been concluded that I3C acts as a very weak inducer of CYP 
1A1 activity in cultured cells, but when given orally, I3C is 
transformed in vivo into more active, oligomeric products in 
the gastric juice. These oligomeric products, including in- 
dolo[3,2-fc]carbazole (ICZ) and 3,3'-diindolylmethane 
(DIM), induce CYP 1A activities by binding to and activa- 
tion of the aryl hydrocarbon receptor (AhR) (10). Neogluco- 
brassicin (NeoGB; Figure 1), another indolyl glucosinolate 
found in cruciferous vegetables, is present in relatively high 
concentrations, especially in broccoli. Levels of the degra- 
dation product N-methoxyindole-3-carbinol (NI3C; Figure 
1) may be as high as the amount of I3C in this vegetable. 
Hence, the CYP 1 A-modulating effects of cruciferous vege- 
tables may be caused by NeoGB-NI3C and GB-I3C. Our 
laboratory recently showed that purified GB and NeoGB in- 
duced hepatic CYP 1A1 and 7-ethyoxyresorufm-O-deethyl- 
ase (EROD) activity in rats (11). Considering the relatively 
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California, Berkeley, CA 94720. 



OH 
OH 

-               / 

y—C^HO-^ 
-0-T~ 

OH 

,0H 

NOMe 

Glucobrassicin (GB) Neoglucobrassicin (NGB) 

CH.OH 
i    2 

CH2OH 

fTS 'f^fX, 
k>V 6^X^N 

^ OMe 

lndole-3-carbinol (I3C) N-Methoxy-indole-3-carbinol (NI3C) 

H    PH 

^O^        v^OH 
'OH    '■ 

Ascorbigen (ASG) 

Figure 1. Structures of glucobrassicin, neoglucobrassicin, and derived indoles. 

high concentrations of NeoGB in cruciferous vegetables, it 
seems that the possible effects of this compound and its deg- 
radation products have been somewhat neglected. Another 
degradation product of NeoGB, N-methoxyindole-3-ylcar- 
baldehyde, which is the oxidized form of NI3C, induced 
CYP 1 Al activity twofold in mice, slightly higher than I3C 
(12). In rats, iV-methoxyindole-3-ylcarbaldehyde was a two- 
fold stronger inducer of hepatic EROD activity than the ana- 
log formed from GB, indole-3-ylcarbaldehyde (9). On the 
other hand, NI3C significantly increased hepatic CYP 1A1 
activity but had only one-half the inducing capacity of I3C in 
the same rat model (9). Studies on the CYP 1 Al-modulating 
effects of NI3C in cultured cells have not been published. 
The present study describes the CYP 1 Al-modulating activ- 
ity of NI3C in a murine hepatoma cell line (Hepa-lclc7) and 
the effect on hepatic CYP 1A and 2B1/2 expression in male 
Wistar rats. The effects of NI3C are compared with those of 
I3C. Furthermore, ascorbigen (ASG; Figure 1), which is 
formed during the degradation of GB in the presence of ascor- 
bic acid, was tested in the same animal model. Ascorbic acid is 
present in cruciferous vegetables in high concentrations, and it 
has been shown that ASG is the predominant indole compound 
in fresh, cooked, and fermented cabbage (13). The biological 
effects of dietary ASG are therefore of great interest. 

Materials and Methods 

Chemicals 

I3C and resorufin (RF) were purchased from Aldrich 
Chemical (Milwaukee, WI), and I3C was recrystallized from 
toluene before use. 7-Ethoxyresorufin, NADPH, JV-butyryl 
coenzyme A, lithium salt, tris(hydroxymethyl)aminometh- 
ane (Tris), and bovine serum albumin were purchased from 
Sigma Chemical (St. Louis, MO). [n'ng,3,5-3H]chloram- 
phenicol was purchased from Dupont New England Nuclear 
(Boston, MA). 2,3,7,8-Tetrachlorodibenzo-^-dioxin (TCDD) 
was a kind gift from Prof. B. Ames (University of California, 
Berkeley, CA). All other organic solvents, chemicals, and 
biochemicals were of the highest quality available from com- 
mercial sources. ASG was synthesized according to the pro- 
cedure of Kiss and Neukom (14) with the modifications 
described by Stephensen and co-workers (15). 

High-Performance Liquid Chromatography Analysis 

For high-performance liquid chromatography (HPLC) 
analysis, a C18 bonded-phase column was used (Ultrasphere- 
ODS, 4.6 x 250 mm, particle size 5 um, Beckman, San 
Ramon, CA). The detector was a UV-VIS spectrophotometer 
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(model SPD-1OA, Shimadzu) set at 280 nm. An isocratic sys- 
tem was used with HPLC-grade water modified with 60% 
acetonitrile as mobile phase. 

Synthesis of NI3C 

NI3C was synthesized by a three-step procedure starting 
with the synthesis of A^-methoxyindole according to the 
method of Acheson and colleagues (16,17) using the modifi- 
cations previously described by this laboratory (12). 
AT-methoxyindole-3-ylcarbaldehyde was subsequently syn- 
thesized as described by Acheson and colleagues (16) and fi- 
nally reduced to NI3C by the procedures of Leete (18) and 
Hanley and Parsley (19). Briefly, a solution of Af-meth- 
oxyindole-3-ylcarbaldehyde (150 mg) in methanol-ethanol 
(1:8,1.5 ml) was treated with 65 mg of sodium borohydride, 
and the mixture was stirred at room temperature for three 
hours. The solvent was removed by evaporation under re- 
duced pressure, and the residue was treated with 1.5 ml of 
0.1 M NaCl and extracted three times with 4.5 ml of diethyl 
ether. The organic fraction was dried with Na2S04 and evap- 
orated to dryness to afford a crude alcohol. NI3C was ob- 
tained as a yellow oil at an overall yield of 6%. The purity of 
NI3C was assessed by HPLC to be 94%. C, H, and N elemen- 
tary analysis carried out on an elementary analyzer (model 
2400, Perkin-Elmer) showed a composition of 67.4% C, 
6.1% H, and 7.7% N compared with theoretical values of 
67.8% C, 6.2% H, and 7.9% N. 'H nuclear magnetic reso- 
nance spectra were measured at 300 MHz in D4-methanol on 
an AC-300 Brucker instrument. Chemical shift values were 
recorded relative to tetramethylsilane for all spectra. The nu- 
clear magnetic resonance spectrum was consistent with pre- 
viously recorded values (19): 8H 4.09 (s, OCH3), 4.85 (s, 
CH2), 7.16 (m, 6-H), 7.28 (m, 5-H), 7.28 (s, 2-H), 7.44 (dt, 
4-H), and 7.71 (dt, 7-H) (see Figure 1 for proton numbering). 

Cell Culture 

Murine hepatoma cell lines, wild-type Hepa-lclc7 cells, 
AhR nuclear transport (Arnt) protein-deficient mutant (B13) 
cells, and M8 cells, which are Hepa-lclc7 cells stably trans- 
fected with the dioxin-responsive chloramphenicol acetyl 
transferase (CAT) reporter pMCAT 5.9, were grown as 
monolayers at 37°C in 95% air-5% C02 in Dulbecco's modi- 
fied Eagle's medium containing 10% fetal bovine serum, 3.7 
g/1 sodium bicarbonate, and 4.0 g/1 glucose. pMCAT 5.9 is a 
plasmid constructed by ligation of the -820 to -974 en- 
hancer sequence from the mouse promoter, which contains 
one dioxin-responsive element (DRE) in the pMCAT 5 plas- 
mid (20) and was generously provided by Dr. J. P. Whitlock, 
Jr. (Stanford University, Palo Alto, CA). 

EROD Activity in Intact Cells 

Hepa-lclc7 cells and B13 cells were grown in 58-mm-di- 
ameter plates. NI3C or I3C dissolved in dimethyl sulfoxide 
(DMSO) was added to the cells (9-14 x 104 cells/cm2), and 

the cells were incubated for 24 hours. Control cell cultures 
were incubated with DMSO. As positive controls, cell cul- 
tures were incubated with the potent CYP 1 Al inducer ICZ. 
At the end of the incubation, cells were washed in phos- 
phate-buffered saline (PBS), harvested by trypsination, and 
resuspended in PBS. Two hundred microliters of cell suspen- 
sion were used for cell counting. One-half milliliter of 1 uM 
7-ethoxyresorufin was added to 1.5 ml of cell suspension that 
had been preincubated for a few minutes at 37°C. The EROD 
activity was determined as the linear production of the fluo- 
rescent RF at 37°C with a spectrofluorometer (model 
650-105, Perkin-Elmer) with 510-nm excitation, 585-nm 
emission, and 20-nm slit width. The amount of RF formed 
was determined by comparison with a standard curve (0-6.3 
nM RF in PBS). 

CAT Assay 

Near-confluent M8 cells (9-14 x 104 cells/cm2) were 
treated for 19 hours with NI3C in DMSO at 1-100 uM. The 
final DMSO concentration in the medium was 0.1% (vol/ 
vol). Cells treated with DMSO or 1 uM ICZ were included 
as controls. CAT activity was measured in cell extracts by 
the two-phase extraction assay described previously (21). 
Briefly, cells were harvested and incubated for five minutes 
at room temperature in 5.0 ml of buffer (20 mM TrisHCl, 
pH 7.5, 2 mM MgCl2). The buffer was aspirated and re- 
placed by 100 ul of the buffer containing 0.1% Triton X-100. 
After five minutes of incubation at room temperature, the 
lysate was centrifuged for two minutes to collect the super- 
natant. Assays were performed by incubating supernatants at 
65°C for 10 minutes. Fifty microliters of substrate were 
added to a final concentration of 100 mM Tris-HCl, pH 8, 
100 uM [3H]chloramphenicol (0.2 uCi), and 250 uM butyryl 
coenzyme A. The mixture was incubated at 37°C for 30 min- 
utes, and the reaction was stopped by addition of 200 ul of 
2,6,10,14-tetra-methyl-pentadecane-xylene (2:1). After cen- 
trifugation, the organic phase was transferred to scintillation 
vials and counted. 

mRNA Expression 

Near-confluent Hepa-lclc7 cells were treated with 50 
uM NI3C or DMSO, and after various lengths of time (2-24 
h), total RNA was isolated from the cells by using the TRI 
Reagent (Molecular Research Center, Cincinnati, OH). RNA 
was separated on a formaldehyde gel, transferred to a Zeta 
Probe nylon membrane (Bio-Rad, Hercules, CA), probed with 
a 32P-labeled CYP 1A1 probe (American Type Culture Col- 
lection, Manassas, VA), and normalized by a glyceraldehyde 
3-phosphate dehydrogenase (GADPH) probe (a generous gift 
from Prof. G. L. Firestone, University of California, Berkeley, 
CA). 

Gel Mobility Retardation Assay 

Hepa-lclc7 cells were incubated with NI3C (1-100 uM), 
ICZ (1 uM), or DMSO for one hour, and nuclear extracts 
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were prepared as described previously (22,23). A comple- 
mentary pair of synthetic oligonucleotides containing the se- 
quence 5'-GATCTGGCTCTTCTCACGCAACTCCG-3' 
and 5'-GATCCGGAGTTGCGTGAGAAGAGCCA-3' 
(corresponding to the AhR-binding site of DRE-3 and desig- 
nated the wild-type DRE oligonucleotide) and 5'- 
GATCTGGCTCTTCTCACACAACTCCG-3' and 5'- 
GATCCGGAGTTGIGTGAGAAGAGCCA-3' [identical 
to the wild-type DRE oligonucleotide but containing a single 
substitution (underlined) within the DRE core consensus se- 
quence that eliminates binding of the transformed 
ligand-AhR complex and designated the mutant DRE oli- 
gonucleotide] were synthesized, purified, annealed, and 
radiolabeled with [y-32P]ATP, as described previously (24). 

In Vitro Inhibition of Microsomal EROD Activity 

Microsomes were prepared from near-confluent 
Hepa-lclc7 cells treated for 24 hours with 1 uM ICZ. The 
cells were harvested in PBS with a rubber policeman and 
sonicated in a phosphate buffer (50 mM NaP04, pH 7.4, 0.1 
mM EDTA, 10% glycerol) twice for 10 seconds while kept 
on ice. The lysate was centrifuged for 15 minutes at 10,000 g 
and 4°C, the supernatant was further centrifuged for 1 hour 
at 100,000 g at 4°C, and the microsomal pellet was resus- 
pended in storage buffer (0.154 M KC1, 10 mM TrisHCl, 
pH 7.4, 1 mM EDTA, 20% glycerol). Microsomal protein 
concentration was determined by a Lowry method, with bo- 
vine serum albumin as protein standard. The EROD activity 
was measured as described above using 2 ml of 0.1 M potas- 
sium phosphate buffer, pH 7.8, containing 30 ug of micro- 
somes, 0.05 uM 7-ethoxyresorufm, 0.5 mM NADPH, and 
different concentrations of inhibitor. The microsomes were 
mixed with the inhibitor and pretreated for five minutes at 
37°C before addition of NADPH and substrate. 

Treatment of Animals 

Male Wistar rats (4 wk old, approx 150 g body wt; 
Mellegaard Breeding and Research Center) were kept as de- 
scribed previously (25) with free access to a semisynthetic 
diet (18% protein, 70% carbohydrate, 12% fat, polyunsatu- 
rated-to-saturated fat ratio = 0.7) and water for two weeks. 
The test compounds were dissolved in plant oil and given by 
oral intubation at a concentration of 570 umol indole/kg 
body wt 8 or 24 hours before sacrifice. Control rats received 
similar amounts of plant oil. The rats were sacrificed, and 
livers were excised, weighed, and stored at -80°C until 
preparation of liver microsomes. 

7.4). The homogenized tissue was centrifuged at 9,000 g at 
4°C for 30 minutes, and the supernatant was further centri- 
fuged at 105,000 g at 4°C for 60 minutes. The microsomal 
pellet was redissolved in 5 ml of homogenization buffer con- 
taining 20% glycerol and stored at -80°C. The microsomal 
protein concentration was determined by a Lowry assay with 
bovine serum albumin as standard. 

EROD Activity of Hepatic Microsomes 

One-milliliter reaction mixtures were prepared consisting 
of 0.5 mM NADPH, 1.2 mg/ml bovine serum albumin, 50 
ug/ml microsomal protein, 1 uM 7-ethoxyresorufin, and 0.1 
M TrisHCl (pH 7.8). The samples were preincubated in a 
shaking water bath at 37°C for one to two minutes. After addi- 
tion of the substrates, the samples were incubated for 10 min- 
utes, and the reaction was stopped by addition of 2.5 ml of 
ice-cold methanol. The samples were cooled at -20°C for 30 
minutes and centrifuged at 3,000 rpm at 4°C for 20 minutes. 
To 1 -ml aliquots of the supernatants, 10 ul of 1 M NaOH were 
added, and fluorescence was measured (LS50B Lumines- 
cence Spectrometer, Perkin-Elmer) at 530-nm excitation and 
585-nm emission. The specific activity was calculated from a 
standard curve with RF in the concentration range 0-750 nM. 

Western Blotting 

The levels of CYP proteins were determined using West- 
ern blotting and the enhanced chemiluminescence system 
(Amersham Pharmacia Biotech Europe). Microsomal pro- 
tein was resolved electrophoretically on a 12% constant so- 
dium dodecyl sulfate-polyacrylamide gel with a Protean II 
system (Bio-Rad). The proteins were transferred to a poly- 
vinylidene difluoride membrane (Amersham Pharmacia 
Biotech) with a semidry blotting system (1). As primary an- 
tibodies, rabbit anti-rat CYP 1A1 (XenoTech) and rabbit 
anti-rat CYP 2E, 2B, and 1A2 (Amersham Pharmacia Bio- 
tech) were used. The incubation and detection of the signals 
were performed as described by the manufacturer. 

Statistics 

Student's Mest was used to test the concentrations signif- 
icantly different from the lowest concentration used in the 
particular in vitro experiments. The in vivo results were ana- 
lyzed for statistically significant differences by using the 
logarithmically transformed values in analysis of variance 
and Bonferoni post hoc tests in the Systat 6.0.1 computer 
program (SPSS). In all cases, significance is assumed when 
p < 0.05. 

Hepatic Microsome Preparation 

Liver microsomes were prepared from the tissue stored at 
-80°C. Approximately 2 g of frozen liver were homoge- 
nized (Potter-Elvehjem glass-Teflon homogenizer) in 8 ml 
of homogenization buffer (0.154 MKC1,10 mM TrisHCl, 1 
mM EDTA, 0.25 mM phenylmethylsulfonyl fluoride, pH 

Results 

Concentration-Dependent Induction of CYP 1A1 
Enzymatic Activity In Vitro 

We compared the EROD-inducing effects of NI3C and 
I3C and found both compounds to cause induction in a con- 
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Figure 2. Inducing effect of JV-methoxyindole-3-carbinol (NI3C) and 
indole-3-carbinol (I3C) on 7-ethoxyresorufin-O-deethylase (EROD) activ- 
ity in Hepa-lclc7 cells. Cultures of Hepa-lclc7 cells were exposed to dif- 
ferent concentrations (1-1,000 uM) of NI3C (filled circles) and I3C (filled 
inverted triangles) for 24 or 48 h (open circles and open inverted triangles), 
and EROD activity was determined in intact cells. Activity of positive con- 
trol {1 uM indolo[3,2-6]carbazole (ICZ)} was 4.5 pmol resorufin (RF)/min 
x 106 cells. Activities obtained in dimethyl sulfoxide (DMSO)-treated cells 
are subtracted. Values are means of 2 measurements ± ranges, and experi- 
ment was conducted twice with similar results. *, Significantly different 
from 10 uM (24 h) or 1 pM (48 h). 

centration-dependent manner (Figure 2) after 24 and 48 
hours. The maximum responses occurred at 50 and 100 uM 
for I3C and NBC, respectively. A comparison of the induc- 
tions caused by NI3C and I3C with the included positive 
control, 1 uM ICZ, showed that NI3C was a more efficient 
inducer than I3C: the maximum induction after 24 hours by 
I3C was 0.8% of the positive control value, whereas it was 
8.9% for NI3C. In the Arnt protein-deficient Hepa-1 mutant 
B13 cells, up to 100 uM NI3C did not induce the EROD ac- 
tivity (data not shown), verifying that a functional AhR path- 
way is required for NI3C induction of CYP 1A1 activity. 
Cytotoxic effects were observed at 1,000 uM after 24 hours, 
but 50 uM NI3C was not found to reduce DNA synthesis or 
to reduce the number of Hepa-lclc7 cells up to 72 hours 
(data not shown). 

NI3C-Induced CYP 1A1 Activity by the AhR Pathway 

It is likely that NI3C induces CYP 1 Al activity in a man- 
ner similar to that reported for the indoles derived from GB, 
e.g., ICZ and DIM, by binding to the AhR and transcrip- 
tionally activating the cyp 1 Al gene. To examine the effects 
of NI3C on the AhR pathway, we analyzed nuclear extracts 
of NI3C-induced Hepa-lclc7 cells in a gel-mobility shift as- 
say and found that NI3C induced the binding of the AhR to 
the wild-type DRE in a concentration-dependent fashion 
(Figure 3). The AhR binding could be displaced by an ex- 
cess of cold DRE, but only partly by the mutant DRE, con- 
firming the specificity of the AhR-DRE complex. To 
examine the interaction of NI3C with the AhR pathway fur- 
ther, we treated Hepa-1 clc7 cells stably transfected with an 
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Figure 3. NI3C induces aryl hydrocarbon receptor (AhR)-dioxin-response 
element (DRE) complex formation. Nuclear extracts were prepared from 
Hepa-lclc7 cells exposed to different concentrations of NI3C (0, 1, 10,50, 
and 100 uM) and 1 uM ICZ and analyzed in a gel mobility assay. Lanes 
1-5, cells treated with increasing amounts of NI3C; Lane 6, cells treated 
with 1 uM ICZ. Nuclear extracts of 100 uM NI3C- or 1 uM ICZ-treated 
cells incubated with 200-fold excess of unlabeled DRE are shown in Lanes 
7 and 8, respectively; those treated with 200-fold excess of unlabeled mu- 
tant DRE (DRE-mut) are shown in Lanes 9 and 10, respectively. Arrow- 
head, position of AhR-DRE complex. *, Loading in Lanes 1, 9, and 10 is 
slightly lower than in other lanes. 

AhR-responsive CAT reporter gene construct, M8 cells, 
with up to 100 uM NI3C (Figure 4). Cells treated with 0.1% 
DMSO or 1 uM ICZ were included as controls. The CAT ac- 
tivity was induced concentration dependently by NI3C, and 
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Figure 4. NI3C induces DRE-driven chloramphenicol acetyl transferase 
(CAT) reporter gene activity in Hepa-lclc7 cells. Cultures of transfected 
Hepa-lclc7 (M8) cells were exposed for 24 h to NI3C in indicated range of 
concentrations. Activity in DMSO-exposed cells was subtracted. CAT ac- 
tivity for positive control (1 uM ICZ) was 67,000 disintegrations/min 
(dpm). Values are means of 2 measurements ± ranges. *, Significantly dif- 
ferent from 0.5 (iM. 
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the activity induced by 100 uM NI3C was approximately 
36% of the induction by the positive control. Inasmuch as 
the CAT reporter gene contains a single DRE, this experi- 
ment also suggests that the AhR is involved in the NI3C 
induction of cyp 1A1 expression. In studies of the trans- 
criptional activation of CYP 1A1 by Northern analysis, we 
observed that CYP 1A1 mRNA was induced by 50 uM 
NI3C with a maximum CYP 1 Al mRNA level four to eight 
hours after the initiation of treatment with NI3C (Figure 5). 
Similar kinetics were observed for the EROD activity, 
which peaked at 8-12 hours with an activity level about 
fourfold that observed after 24 hours (results not shown). An 
induction peak of CYP 1 Al mRNA by DMSO and increased 
EROD activity were observed at four hours, but the explana- 
tion for this induction is unclear. 

NI3C Is an Inhibitor of EROD Activity/« Vitro 

The relatively low level of EROD activity induced by 
NI3C compared with the induced CAT activity may be 
caused by a concomitant inhibition of the EROD activity by 
NI3C. Cotreatment of Hepa-lclc7 cells with 1 nM TCDD, a 
highly potent inducer of EROD activity, and various con- 
centrations of NI3C for 24 hours gave a concentration-de- 
pendent decrease in the EROD activity (Figure 6A). NI3C 
significantly inhibited TCDD-induced EROD activity at >10 
uM NI3C with a concentration causing 50% inhibition (IC50) 
of 58 uM. With use of a Hepa-lclc7 microsomal system, 
NI3C significantly inhibited EROD activities at >3.3 uM in 
a concentration-dependent fashion (Figure 6B) with an IC50 
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Figure 5. Induction of cytochrome P-450 (CYP) 1A1 mRNA in Hepa- 
lclc7 cells by NI3C. Hepa-lclc7 cells, exposed to 50 uM NI3C, were har- 
vested at different time points (2-24 h), and total RNA was isolated. A: 
Northern blots. Lanes 1-5,20 ug of RNA from DMSO-treated cells; Lanes 
7-11, 20 ug of RNA from NI3C-treated cells; Lanes 6 and 12, 10 ug of 
RNA from cells exposed to 1 uM ICZ for 4 h as a control. Lanes 1 and 7,2 
h; Lanes 2 and 8,4 h; Lanes 3 and 9,8 h; Lanes 4 and 10, 16 h; Lanes 5 and 
11, 24 h. B: quantitation of signals (DMSO, filled circles; NI3C, filled in- 
verted triangles) obtained by Phosphorlmager. CYP 1 Al signals are shown 
relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) signals. 
Experiment was performed twice with identical results. 
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Figure 6. Inhibitory effect of NI3C. A: inhibition of 2,3,7,8-tetrachlo- 
rodibenzo-p-dioxin (TCDD)-induced EROD activity in intact cells by 
cotreatment with NI3C. Hepa-lclc7 cells were exposed to various concen- 
trations of NI3C alone (filled circles) or NI3C + 1 nM TCDD (filled in- 
verted triangles) for 24 h, then EROD activity was determined. EROD ac- 
tivity in DMSO-treated cells was subtracted. Bars indicate mean values for 
2 measurements ± range. *, Significantly different from controls (without 
NI3C). B: inhibition of microsomal EROD activity. Microsomes prepared 
from Hepa-lclc7 cells exposed to 1 )iM ICZ for 24 h were exposed to in- 
creasing concentrations of inhibitor, NI3C, added 5 min before determina- 
tion of EROD activity. Values are means ± SEM of 3 separate experiments. 
*, Significantly different from control (without NI3C). 
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of 6 uM, indicating that, besides activation of the AhR, 
NI3C also inhibits the CYP 1 Al activity. The higher ICJ0 in 
the intact cells than in the microsomal system, particularly 
since the EROD activity is transient, may indicate a degrada- 
tion of NI3C in the cells over time. 

EROD Activities in Livers From Rats Exposed to 
NI3C or I3C for 8 or 24 Hours 

To analyze the effect of NI3C in vivo, we exposed male 
Wistar rats orally to NI3C or I3C (570 umol/kg body wt). The 
microsomal CYP 1A1 protein level was induced 60-fold by 
NI3C after eight hours, whereas I3C caused a 90-fold in- 
crease. The CYP 1 Al protein level was further increased to 
135-fold induction 24 hours after administration of I3C, 
whereas the CYP 1A1 protein level had decreased to a 45-fold 
induction in animals treated with NI3C (Figure 7A). The 
EROD activity was induced 11-fold by NI3C, whereas I3C 
caused a 40-fold increase in the EROD activity at eight hours. 
The EROD activity decreased to sixfold induction by NI3C 
after 24 hours, whereas the inducing effect of I3C was almost 
the same after 24 hours as after 8 hours (Figure 8A). The in- 
duction of hepatic EROD by NI3C is consistent with the in vi- 
tro observation of EROD activity. NI3C significantly 
induced the expression of CYP 1A2 protein (9-fold) and 
7-methoxyresorufin-O-demethylase (MROD) activity 
(3.5-fold) at 8 hours and MROD activity at 24 hours 
(4.5-fold) (Figures 7B and 8B). I3C enhanced the CYP 1A2 
protein level and MROD activity at both time points to higher 
levels than NI3C. The CYP 1A2 protein level was induced 
14- and 18-fold at 8 and 24 hours, respectively, by I3C, 
whereas the MROD activity was increased 10- and 18-fold 
after 8 and 24 hours, respectively. Neither the CYP 2B1/2 
protein nor the 7-pentoxyresorufin- O-depentylase (PROD) 
activity was induced significantly by NI3C, whereas I3C en- 
hanced the CYP 2B1/2 level by 3- to 6-fold and the PROD ac- 
tivity by 20-fold (Figures 7C and 8C) compared with control 
animals. There were no simple explanations why NI3C treat- 
ment reduced the level of CYP 2B1/2 protein, whereas the 
PROD activity was unchanged, and for the differences in the 
hepatic CYP 2B protein levels compared with PROD activity 
in rats treated with I3C. ASG is formed during the degrada- 
tion of GB in the presence of ascorbic acid and is a potent in- 
ducer of CYP 1 Al in cultured cells (15), and ASG was tested 
in the same animal model. One single administration of ASG 
(570 umol/ kg body wt po) only enhanced CYP 1A2 after 8 
hours (3-fold) and CYP 1 Al after 24 hours (14-fold) but did 
not alter CYP 2B1/2 protein (Figures 7 and 8). 

Discussion 

The purpose of this study was to investigate the capacity 
of NI3C as a mediator of CYP 1A1 gene expression in ani- 
mals and in cultured cells and, thereby, to assess its potential 
for regulating carcinogen metabolism. This is the first mech- 
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Figure 7. Hepatic CYP 1A1 (A), 1A2 (B), and 2B1/2 (C) levels in rats 
orally dosed with NI3C, I3C, or ascorbigen (ASG). Male Wistar rats, 4 in 
each group, were given 570 umol of NI3C, I3C, or ASG orally in com oil. 
Controls received com oil. Groups of rats were killed at 8 and 24 h after 
dosage, and hepatic microsomes were isolated. Samples were analyzed by 
Western blotting. Bars show means ± SEM of each treatment after 8 {open 
bars) and 24 h (cross-hatched bars). Bars sharing different letters (a-d,v,x, 
y) at 1 time point are statistically significantly different at p < 0.05. 

anistic study of the induction of cyp 1A1 by NI3C, whereas 
one previous study has investigated the effect of NI3C on 
EROD activity in rat liver (9), and our recent study describes 
induction of CYP 1A protein and EROD and MROD by the 
glucosinolate NeoGB (11). 
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Figure 8. Hepatic EROD (A), 7-methoxyresorufin-O-demethylase (B), 
and 7-pentoxyresorufin-O-depentylase (C) activities in rats orally dosed 
with NI3C, I3C, and ASG. Male Wistar rats, 4 in each group, were given 
570 |imol of NI3C, I3C, or ASG orally in com oil. Controls received corn 
oil. Groups of rats were killed at 8 and 24 h after dosage, hepatic micro- 
somes were isolated, and enzyme activities were determined. Bars show 
means ± SEM of each treatment after 8 (open bars) and 24 h (cross-hatched 
bars). Bars sharing different letters (a-c, v, x-z) at 1 time point are statisti- 
cally significantly different at p < 0.05. 

The expression of CYP 1 Al is generally considered to be 
regulated by the AhR pathway. Several results of this study 
indicated that this was the case for NI3C as well: 1) NI3C in- 
duced the AhR-DRE complex formation, 2) EROD activity 
was not induced by NI3C in the Arnt-deficient Hepa-1 mu- 
tant cell line B13, 3) NI3C induced CAT activity in cells 
stably transfected with a DRE-CAT reporter, and 4) CYP 

1A1 mRNA was detected early after exposure of Hepa- 
lclc7 cells to NI3C. NI3C does not have a structural simi- 
larity to the presently known indolylic AhR ligands, but a re- 
cent report has indicated that several types of AhR ligands 
exist (26). We therefore suggest that N-substitution with a 
methoxy group leads to a more potent inducer, as was ob- 
served in this study by comparison of cyp 1A1 inductions 
caused by NI3C and I3C. 

Besides its EROD-inducing activity, NI3C also inhibited 
the EROD activity. A similar bifunctional activity has been 
observed for ICZ, I3C, and DIM (27). Various synthetic 
compounds (e.g., a-naphthoflavone) and naturally occurring 
compounds (e.g., flavonoids, coumarins, polyphenols) in- 
hibit EROD activity. The inhibitory potency, expressed as 
IC50, was 0.7-0.8 uM for the flavonoids, flavone, and tan- 
geritine (28). The IC50 for NI3C is only 10-fold higher, indi- 
cating that this compound is a relatively strong inhibitor of 
EROD activity in cultured cells. NI3C is about three times 
more potent as an inhibitor of EROD activity than I3C, in 
comparison with results obtained in T47D cells by Chen and 
co-workers (10). 

The induction of CYP 1A1 mRNA by NI3C and ICZ at 
their maximum response concentrations is in the same 
range, but a much lower induced EROD activity was ob- 
served after exposure to NI3C than to ICZ. The reason for 
this discrepancy is not clear, but the NI3C still present in the 
cells may have some inhibitory activity on EROD. It cannot 
be excluded from the present experiments that NI3C also 
may have an AhR antagonistic activity. However, it is not 
possible from the present experiments to elucidate whether 
NI3C causes competitive binding to the AhR besides inhibit- 
ing CYP 1A1 activity. AhR-binding experiments are needed 
to answer this question. 

Our in vivo experiments clearly show that I3C is a more 
potent inducer than NI3C of hepatic CYP 1A1, 1A2, and 
2B1/2 protein levels and their activities. This observation is 
in accordance with the response previously reported by 
Bradfield and Bjeldanes (9), who found that 31 umol of I3C 
induced hepatic EROD activity 14-fold, whereas 31 umol of 
NI3C caused only a 6-fold increase after 24 hours. Oral ad- 
ministrations of higher I3C concentrations, 500 umol/kg 
body wt, caused a 36-fold increase in hepatic EROD activity 
and a 7-fold increase in PROD activity (29), which fit well 
with our present data. Recent data from our laboratory show 
that the inducing effect of pure NeoGB on rat hepatic CYP 
1A protein and related enzyme activities is minor compared 
with that of pure GB (11). These data therefore support the 
results presented here. We suggest that the differences in in- 
ducing effects of NI3C and I3C in vivo may be explained by 
different stabilities of the compounds. The transformation 
products are believed to be responsible for the CYP 1 Al-in- 
ducing effects of GB and I3C in vivo. Of the I3C products, 
only ICZ, DIM, and trimeric indoles have a significant bind- 
ing affinity for the AhR (30). Small amounts of the potent 
CYP 1A1 inducer ICZ, as well as DIM (31), are formed 
from GB and I3C under acidic conditions, as in the stomach. 

Vol. 36, No. 1 119 



Similar transformation products formed from NI3C under 
acidic conditions are not well characterized. A dimer of 
NI3C, di(N-methoxyindole-3-yl)methane, was detected be- 
sides NI3C after myrosinase-catalyzed degradation of 
NeoGB at pH 5.6 in the absence of ascorbic acid (32). How- 
ever, the formation of a compound analogous to ICZ formed 
from I3C has not been reported from NI3C. Furthermore, we 
recently found that acid treatment of NI3C leads to a lower 
yield of reaction products than the yield from I3C treated un- 
der similar reaction conditions (results not shown) in accor- 
dance with Agerbirk (33). This indicates that under acidic 
conditions, as in the stomach, less pronounced formation of 
the more potent oligomeric products would occur from 
NI3C than from I3C. The lower reactivity of NI3C than I3C 
may be caused by lower stability of the resonance-stabilized 
N-methoxyindole-3-ylmethyl carbonium ion because of the 
electron-withdrawing property of the JV-methoxy group. 

When the effects of NI3C and I3C in animals and in cul- 
tured cells are compared, it seems likely that the differences 
in chemical reactivity in the gastric juice may explain why 
NI3C is a more potent inducer in cultured cells but not a 
strong inducer in rat liver compared with I3C. NI3C and I3C 
are assumed to affect the CYP 1A1 activity in Hepa-lclc7 
cells without further transformation to other indole products. 
On the other hand, I3C will transform into more potent in- 
ducers in vivo, and it seems likely that NI3C will undergo 
similar transformations but at a slower rate, leading to less 
pronounced formation of more potent inducers. 

Recently, we showed that ASG is more potent than I3C 
as an inducer of EROD activity in Hepa-lclc7 cells (15). In 
the present animal model, a single dose of ASG (570 umol/ 
kg body wt po) had only small effects on the CYP 1A en- 
zyme levels or their activities. McDanell and co-workers 
(13) found that about 500 umol ASG/kg body wt/day for 5 
days slightly decreased rat hepatic EROD activity compared 
with that in control animals. In the same study the intestinal 
EROD activity was increased by ASG. Sepkovic and col- 
leagues (34) found that a diet containing 2,000 ppm ASG 
(500 umol/kg body wt/day) enhances the 2- and 4-hydrox- 
ylation of estradiol and the 2-hydroxylation of estrone in 
rats, all activities partly related to CYP 1A enzymes. The ef- 
fect of ASG was comparable to that of I3C. Compared with 
the present study and the work of McDanell and associates 
(13), the different responses obtained by Sepkovic and col- 
leagues may be caused by different gender, strain, longer 
time of exposure, and induction of CYP enzymes other than 
CYP 1A and 2B. Recent data from our laboratory showed 
that although ASG induced CYP 1A1 activities in cultured 
cells, it also inhibited microsomal EROD activities (15). It is 
not known why ASG is not an inducer of rat hepatic CYP 
1 Al, inasmuch as ICZ is formed from ASG in stomach juice 
in vitro (35). 

In conclusion, our results show that NI3C is more effi- 
cient as a CYP 1A1 inducer than I3C in cultured cells, 
whereas I3C is a much stronger inducer in rodents in vivo. 
Therefore, NI3C seems to play a minor role in the regulation 

of CYP 1A and 2B metabolism of xenobiotics in vivo com- 
pared with I3C. However, the present results from cultured 
cells indicate that NI3C may be a more potent inhibitor of 
CYP 1A enzymes than I3C, and preliminary results indicate 
that NI3C may modulate other chemopreventive biomark- 
ers, i.e., inhibition of cell proliferation in cultured cells (un- 
published results). ASG, which previously was shown to be 
an inducer in cultured cells, is only a weak inducer of CYP 
1A protein in vivo. 
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Ligand-Independent Activation of Estrogen Receptor 
Function by 3,3'-DUridolylmethane [n Human Breast 

Cancer Cells 
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ABSTRACT. 3,3'-Diindolylmethane (DIM), a major in vivo product of acid-catalyzed oligomerization of 
indole-3-carbinol (I3C), is a promising anticahcer agent present in vegetables of the Brassica genus. We 
investigated the effects of DIM on estrogen-regulated events in human breast cancer cells and found that DIM 
was a promoter-specific activator of estrogen receptor (ER) function in the absence of 17ß-estradiol (E2). DIM 
weakly inhibited the E2-induced proliferation of ER-containing MCF-7 cells and induced proliferation of these 
cells in the absence of steroid, by approximately 60% of the E2 response. DIM had little effect on proliferation 
of ER-deficient MDA-MB-231 cells, suggesting that it is not generally toxic at these concentrations. Although 
DIM did not bind to the ER in this concentration range, as shown by a competitive ER binding assay, it activated 
the ER to a DNA-binding species. DIM increased the level of transcripts for the endogenous pS2 gene and 
activated the estrogen-responsive pERE-vit-CAT and pS2-tk-CAT reporter plasmids in transiently transfected 
MCF-7 cells. In contrast, DIM failed to activate transcription of the simple E2- and diethylstilbesterol-responsive 
reporter construct pATC2. The estrogen antagonist ICI 182780 (7a-[9-[(4,4,5,5,5-pentafluoropentyl)sulfonyl- 
]nonyl]-estra-l,3,5(10)-triene-3,17ß-diol) was effective against DIM-induced transcriptional activity of the 
pERE-vit-CAT reporter, which further supports the hypothesis that DIM is acting through the ER. We 
demonstrated that ligand-independent activation of the ER in MCF-7 cells could be produced following 
treatment with the Dl dopamine receptor agonist SKF-82958 [( + )6-chloro-7,8-dihydroxy-3-allyl-l-phenyl- 
2,3,4,5-tetrahydro-lH-3-benzazepinehydrobromide]. We also demonstrated that the agonist effects of SKF- 
82958 and DIM, but not of E2, could be blocked by co-treatment with the protein kinase A (PKA) inhibitor 
H-89 (N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide). These results have uncovered a pro- 
moter-specific, ligand-independent activation of ER signaling for DIM that may require activation by PKA, and 
suggest that this major I3C product may be a selective activator of ER function. BIOCHEM PHARMACOL 60;2: 
167-177, 2000. © 2000 Elsevier Science Inc.  

KEY WORDS, estrogen receptor; agonist; breast cancer; diindolylmethane; ligand independent 

I3C§ (Fig. 1), a hydrolysis product of glucobrassicin found 
in Brassica plants, including turnips, kale, broccoli, Brussels 
sprouts, and cauliflower, is a potential cancer protective 
agent. Oral administration of I3C reduced BP-induced 
neoplasia of the forestomach and total covalent binding of 
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dehydrogenase; I3C, indole-3-carbinol; ICZ, indolo[3,2-b]carbazole; and 
PKA, protein kinase A. 
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BP and N-nitrosodimethylamine to hepatic DNA in mice 
[1-3]. In trout, oral I3C reduced aflatoxin Bl-induced 
hepatocarcinogenesis when administered prior to and dur- 
ing carcinogen treatment [4]- Similarly, in rodents, oral I3C 
reduced DMBA-induced mammary tumor incidence by 
70-80% [1, 5], and reduced by 50% the incidence and 
multiplicity of spontaneous mammary tumors [6]. In a 
screen of 90 potential chemopreventive agents in a series of 
six short-term bioassays relevant to initiation and post- 
initiation phases of carcinogenesis, I3C was found to be one 
of only eight compounds that tested positive in all assays 
[7]. Some evidence suggests, however, that whereas I3C 
mitigates mammary carcinogenesis, it may also enhance 
tumorigenesis in other organs under certain conditions. 
Thus, oral administration of high doses of I3C to rodents or 
trout following exposure to certain organ-selective carcin- 
ogens resulted in increased tumor incidence of the liver [8], 
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FIG. 1. Molecular structures of I3C, DIM, and ICZ. 

colon [9], or thyroid gland [10]. These findings emphasize 
the importance of determining the mechanism of action of 
I3C before it is used in long-term cancer prophylaxis. 

In a detailed analysis of the effects of I3C on cell 
proliferation and on components of the cell cycle regula- 
tion pathway, we showed that at high concentration, I3C 
produced a nearly complete but reversible G1 cell cycle 
arrest in a manner that did not affect cell viability [11]. This 
arrest was accompanied by a selective repression of CDK6 
expression, an inhibition of phosphorylation of retinoblas- 
toma protein, and an increased expression of the CDK 
inhibitor proteins p21 and p27. Importantly, these effects 
were independent of the ER, since they also could be 
produced in an ER-deficient breast cancer cell line. These 
results suggest that I3C itself is not the cause of the 
antiestrogenic and tumor-promoting effects of orally ad- 
ministered I3C. 

Of central importance to the in vivo biological activity of 
I3C is its facile conversion to other products on contact 
with acid. We have shown that the I3C induction of 
cytochrome P450 activity, and possibly other responses as 
well, is dependent on the route of administration. Whereas 
I3C fails to induce cytochrome P450 when administered by 
intraperitoneal injection into rats, thus bypassing contact 
with gastric acids, it is an active enzyme inducer when 
administered by oral intubation [12]. Acid treatment of I3C 
produces a mixture that is active by either route of 
administration. Analyses of this reaction mixture have 
indicated the presence of many minor oligomeric I3C 
products including ICZ, and several major products includ- 
ing DIM [13]; these products are also produced in the 
gastrointestinal tracts of rodents following oral treatment 
with I3C [14, 15]. 

ICZ is a planar pentacyclic compound (Fig. 1) that, in 

contrast to I3C, binds with high affinity to the AhR and is 
both a potent (but transient) inducer of AhR-regulated 
CYP1A1 expression and an inhibitor of CYP1 Al -depen- 
dent enzyme activity [16]. Since the persistent activation of 
AhR-dependent pathways is thought to be responsible for 
the tumor-promoting effects of ligands such as 2,3,7,8- 
tetrachlorodibenzo-p-dioxin (TCDD) [17], conversion of 
I3C to ICZ and other potent AhR ligands may contribute 
to the adverse chronic effects resulting from high doses of 
I3C. DIM inhibits carcinogen-induced mammary tumor 
formation in rats [1] and weakly induces hepatic CYP1A 
enzymes in vivo [5, 18]. DIM is a weak ligand for the AhR, 
an antagonist of AhR-mediated gene transcription [19], 
and an inhibitor of CYP1A1 enzyme activity [20], suggest- 
ing that activation of AhR-dependent pathways may not be 
important in the protective effects of DIM against mam- 
mary cancer. 

In the present study, we investigated, in human breast 
cancer cell lines, the interactions of DIM with E2-regulated 
biological events including cell proliferation, binding affin- 
ity to the ER, and transcriptional expression of an endog- 
enous gene and of transiently transfected reporter genes. 
We demonstrated that DIM acts as an agonist of E2 

function. DIM antagonized weakly the effects of E2 on cell 
proliferation and transcriptional activation of a reporter 
gene, and DIM activated these responses in the absence of 
E2. Although DIM did not bind to the ER, it produced a 
clear concentration-related activation of the ER to a 
DNA-binding species. We showed that the effects of DIM 
on ER-dependent transcription are promoter specific and 
may result from a PKA-related mechanism of ER activa- 
tion. 

MATERIALS AND METHODS 
Materials 

DMEM, Opti-MEM, and Lipofectamine were supplied by 
Gibco/BRL. Phenol red-free DMEM, FBS, calf serum, tamox- 
ifen, and E2 were supplied by the Sigma Chemical Co. ICI 
182780 (7a- [9-[(4,4,5,5,5-pentanuoropentyl]sulfonyl]nonyl]- 
estra-1,3,5 [10]-triene-3,17ß-diol) was supplied by Tocris. 
Fy-32P]ATP and [3H]acetyl-CoA were supplied by New 
England Nuclear. SKF-82958 [(±)6-chloro-7,8-dihydroxy-3- 
allyl-l-phenyl-2,3,4,5-tetrahydro-lH-3-benzazepinehydrobro- 
mide] was purchased from RBI, and H-89 (N-[2-(|>bromocin- 
namylamino)ethyl]-5-isoquinolinesulfonamide) was obtained 
from LC Laboratories. DIM was prepared from I3C as de- 
scribed [12-14] and recrystallized in toluene. All other re- 
agents were of the highest grade available. 

Cell Culture 

The human breast adenocarcinoma cell lines MCF-7 and 
MDA-MB-231, obtained from the American Type Culture 
Collection, were grown as adherent monolayers in DMEM, 
supplemented to 4-0 g/L of glucose and 3.7 g/L of sodium 
bicarbonate, in a humidified incubator at 37° and 5% C02, 
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and passaged at approximately 80% confluence. Cultures 
used in subsequent experiments were at less than 25 
passages. 

Cell Proliferation 

Before the beginning of the treatments, cells were depleted 
of estrogen for 7-10 days in medium composed of DMEM 
base without phenol red (Sigma), with 4 g/L of glucose, 3.7 
g/L of sodium bicarbonate, and 5% calf serum twice stripped 
in dextran-coated charcoal and microfiltered, supple- 
mented with non-essential amino acids (Gibco), 2 mM 
glutamine, and 10 ng/mL of insulin. During the depletion 
period, medium was changed every other day. Treatments 
were administered by the addition of 1 |xL of lOOOx 
solution in DMSO/mL of medium. Once the treatment 
period started, medium was changed daily to counter 
possible loss of readily metabolized compounds. 

Cell Counting 

Cells were harvested by trypsinization and resuspended in 
complete medium. Aliquots were diluted 50-fold in Isoton 
II (Coulter Corp.), and 500-uL duplicates were counted in 
a model Zl Coulter particle counter and averaged. 

ER Binding Assay 

Rat uterine cytosol was prepared as described previously 
[21]. Briefly, 2.5 g of uterine tissue from five Sprague- 
Dawley rats (12 weeks old) was excised and placed on ice. 
The fresh tissue was homogenized with 30 mL of ice-cold 
TEDG buffer (10 mM Tris, pH 7.4, 1.5 mM EDTA, 1 mM 
DTT, 10% glycerol) using a Polytron apparatus at medium 
speed for 1 min on ice. The homogenate was centrifuged at 
1000 g for 10 min at 4°. The supernatant solution was 
transferred to ultracentrifuge tubes and centrifuged at 
100,000 g for 90 min at 4°. The supernatant solution was 
divided into 1.0-mL aliquots, quickly frozen in a dry-ice/ 
ethanol bath, and stored at —80°. Protein concentration of 
the uterine cytosol was 3 mg/mL, as measured by the 
Bradford assay using BSA as the standard. For each com- 
petitive binding assay, 5 |xL of 20 nM [3H]E2 in 50% 
ethanol, 10 mM Tris, pH 7.5, 10% glycerol, 1 mg/mL of 
BSA, and 1 mM DTT was placed in a 1.5-mL microcen- 
trifuge tube. Competitive ligands were added as 1.0 |xL of 
lOOx solution in DMSO. After mixing, 95 |xL of uterine 
cytosol was added, and the solutions were vortexed and 
incubated at room temperature for 2-3 hr. Proteins were 
precipitated by the addition of 100 (xL of 50% hydroxy- 
lapatite slurry equilibrated in TE (50 mM Tris, pH 7.4, 1 
mM EDTA) and incubated on ice for 15 min with vortex- 
ing every 5 min to resuspend hydroxylapatite. The pellet 
was washed with 1.0 mL of ice-cold wash buffer (40 mM 
Tris, pH 7.4, 100 mM KC1), and centrifuged for 5 min at 
10,000 g at 4°. The supernatant was aspirated carefully, and 
the pellet was washed two more times with 1.0 mL of wash 

buffer. The final pellet was resuspended in 200 uL ethanol 
and transferred to a scintillation vial. The tube was washed 

with another 200 uX ethanol, which then was added to the 

same counting vial. A negative control contained no 

uterine cytosol. Nonspecific binding was determined using 

100-fold (0.1 u,M) excess unlabeled E2. Relative binding 
affinities were calculated using the concentration of com- 

petitor needed to reduce [3H]E2 binding by 50% as com- 

pared with the concentration of unlabeled E2 needed to 
achieve the same result. 

CYP1A1 Activity 

CYP1A1 activity was measured by the EROD assay as 
described previously [16]. Briefly, after the 18- to 24-hr 

treatment of near-confluent (80%) cultures in 60-mm 
diameter dishes, cells were trypsinized and resuspended in 5 
mL PBS. The cells and the substrate solution were prein- 

cubated at 37°. An aliquot of the cell suspension was 
counted to obtain the cell number, and 1.5 mL of the cell 
suspension was placed into a fluorometer cuvette, followed 
by the addition of 0.5 mL of 2.5 u,M ethoxyresorufin 
(Sigma). The reaction mixture was mixed by inversion of 
the cuvette, and the fluorescence produced was recorded at 
the excitation wavelength of 510 nm and the emission 
wavelength of 586 nm with a 20-nm slit width using a 
Perkin-Elmer 650-1 OS spectrofluorometer at a calibrated 
chart speed. A standard curve was obtained using different 
amounts (0, 2.5, 5, 7.5, and 10 pmol) of resorufin (Sigma) 
added to the control cells in a total volume of 2.0 mL. The 
enzyme activity was presented as picomoles resorufin pro- 
duced per minute per million cells. 

Plasmid Reporters and Expression Vectors 

The ER-responsive CAT reporter plasmids pERE-vit-CAT 
and pATC2 [22] were gifts from D. J. Shapiro (University 

of Illinois). pERE-vit-CAT contains the 5'-flanking and 
promoter region (—596 to 21) of the Xenopus vitelloge- 
nin-Bl gene, including two imperfect endogenous EREs (at 

—302 and —334) and an exogenous consensus ERE (GGT 
CACAGTGACC) inserted at position —359. The simpler 
reporter pATC2 contains two copies of the consensus ERE 

coupled 38 bp from the TATA box of the vitellogenin-Bl 
promoter (—42 to 14). The reporter plasmid pS2-tk-CAT, 

containing the promoter and flanking region ( — 1100 to 
10) of the human pS2 gene [23], was obtained from P. 

Chambon (University of Strasbourg). The plasmid pCMV- 
hER, constitutively expressing a fully functional human ER 

[24], was a gift from B. S. Katzenellenbogen (University of 
Illinois). The transfection efficiency control vector, 

pCMVß, constitutively expressing ß-galactosidase, was ob- 
tained from the American Type Culture Collection. 
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Transient Transfections with Reporters 

Transfections were performed by the lipofection method 
using Lipofectamine (Gibco). Cells were grown in 10% 
FBS-DMEM to sub-confluence and transferred to 6.0-cm 
Petri plates 24 hr before transfection. The plates were 
seeded with the appropriate number of cells to become 
50-60% confluent at the time of transfection. For each 
6-mm plate, 8 |xL of Lipofectamine was diluted with 92 uX 
of Opti-MEM serum-free medium (Gibco). Plasmid DNA 
(0.1 to 1.0 (xg) was diluted in 100 (xL of serum-free medium. 
Lipid and plasmid dilutions were combined, mixed gently, 
and incubated at room temperature for 30-45 min. Mean- 
while, the cells were washed with 4 mL of serum-free 
medium, and 2 mL of serum-free medium was added to each 
plate. Next, 200 |xL of the lipid-DNA suspension was 
added to each plate and mixed gently. The plates were 
returned to the incubator for 5-6 hr, and 2 mL of medium 
containing 10% calf serum was added. The next day, the 
cells were refed with fresh depleted medium without phenol 
red (5% dextran-coated charcoal-stripped FBS), and the 
48-hr treatments were started by the addition of 1 (JLL of 
lOOOx solutions in DMSO/mL of medium. The transfection 
efficiency was determined using the constitutive galactosi- 
dase expression plasmid CM Vß in an identical set of plates 
and was found to be unaffected by the treatments. 

CAT Assay 

The CAT assay was performed using a modification of the 
phase extraction assay described by Seed and Sheen [25]. 
At the end of the 48-hr treatment period, the transfected 
cells were harvested by scraping with a rubber policeman, 
transferred with the medium to a conical 15-mL tube, 
centrifuged at 600 g for 2 min, resuspended in 1 mL of cold 
PBS, transferred to Eppendorf tubes, centrifuged at 600 g for 
2 min, and washed in PBS a second time. Cell pellets were 
resuspended in 200 |xL of 0.1 M Tris, pH 8.0, and lysed by 
three cycles of freeze/thaw treatment (alternating 5 min in 
a dry-ice/alcohol bath and 5 min in a 37° bath). Cell lysates 
were incubated at 65° for 15 min to inactivate acylases and 
centrifuged at 14,000 g for 8 min. A 165-uX aliquot of the 
cytosol was transferred to a 7-mL scintillation vial, and a 
20-(JLL aliquot was reserved for determination of protein 
concentration by the Bradford assay. The substrate mixture 
(85 |xL) was added to the scintillation vial to obtain final 
concentrations of 100 mM Tris-HCl, pH 8.0, 250 nmol 
chloramphenicol, 1 (xCi [3H]acetyl-CoA (200 mCi/mmol) 
in a total volume of 250 |xL and mixed thoroughly. The 
organic scintillation fluid (4 mL) was added slowly to avoid 
mixing with the aqueous phase, and the vials were incubated 
at 37° for 1-2 hr or until sufficient counts were obtained. 

RNA Extraction and Northern Blot Analysis 

Cells were lysed by the addition of Tri-reagent (Molecular 
Research Center, Inc.), and chloroform was used for phase 

separation. After centrifugation, the aqueous upper phase 
was collected, and total RNA was precipitated by isopro- 
panol, washed with 75% ethanol, and dissolved in dieth- 
ylpyrocarbonate-treated water. Total RNA was electropho- 
resed on a 1.2% agarose gel containing 3% formaldehyde, 
using MOPS as the running buffer. The gel was washed 
gently with lOx SSC (sodium chloride/sodium citrate 
(buffer); 20x SSC: 3 M NaCl, 0.3 M sodium citrate, pH 
7.0) and blotted with a Zeta nylon membrane (Bio-Rad) 
overnight to transfer the RNA onto the membrane. The 
RNA was fixed to the membrane by UV cross-linking. The 
hybridization probes were labeled with P using random 
primers and the pS2-cDNA and GADPH-cDNA plasmids 
provided by the American Type Culture Collection as the 
template. Hybridization and quantitation of results were 
performed as described previously [16]. Specific pS2 mRNA 
levels were normalized using GADPH as a standard. 

Nuclear Extracts 

Three near-confluent (80-90%) cultures of MCF-7 cells in 
100-mm Petri dishes were used for each treatment. DIM or 
E2 was added as 1 |xL of lOOOx solution in DMSO/mL of 
medium. After 2 hr of incubation at 37°, the plates were 
placed on ice, washed twice with 5 mL of hypotonic buffer 
(10 mM HEPES, PH 7.5), and incubated with 2 mL of 
HEPES for 15 min. Cells were harvested in 1 mL of MDH 
buffer (3 mM MgCl2, 1 mM DTT, 25 mM HEPES, pH 7.5) 
with a rubber scraper, homogenized with a loose-fitting 
Teflon pestle, and centrifuged at 1000 g for 4 min at 4°. The 
pellets were washed twice with 3 mL of MDHK buffer (3 
mM MgCl2, 1 mM DTT, 0.1 M KC1, 25 mM HEPES, pH 
7.5), resuspended in 1 mL of MDHK, and centrifuged at 
600 g for 4 min at 4° in a microcentrifuge. The pellets were 
resuspended in 100 |xl. of HDK buffer (25 mM HEPES, pH 
7.5, 1 mM DTT, 0.4 M KC1), incubated for 20 min on ice 
with mixing every 5 min, and centrifuged at 14,000 g for 4 
min at 4°. Glycerol was added to the supernatants to a 
concentration of 10%, and aliquots of the nuclear extracts 
were stored at —80°. 

Qel Mobility Shift Assay 

The  following two complementary  31-mer oligonucleo- 
tides: 

5' -GATCCCAGGTCACAGTGACCTGAGCTA- 
AAAT-3' and 5' -GATCATTTTAGCTCAGOTCACT- 
GTGACCTGG-3' containing the palindromic ERE con- 
sensus motif (underlined) were annealed and 5' end-labeled 
with [7-32P]ATP using T4 nucleotide kinase. The resulting 
labeled double-stranded DNA probe was purified on a 
Sephadex G50 spin-column, precipitated in ethanol, dis- 
solved in TE buffer, and diluted in 25 mM HEPES, 1 mM 
DTT, 10% glycerol, 1 mM EDTA to contain approximately 
25,000 cpm of 3ZP/|xL. Nuclear extracts (7 jxg of proteins), 
were mixed with 90 ng poly(dldC), 25 mM HEPES, 1 mM 
DTT, 10% glycerol, 1 mM EDTA, 160 mM KC1 in a total 
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FIG. 2. Effect of DIM on proliferation of breast cancer cells. 
Estrogen-depleted MCF-7 cells were plated at a density of 10s 

cells/well in 6-well plates and treated with DIM at the concen- 
trations indicated, in the presence (•) or absence (O) of E2 (1 
nM). MDA cells (D) grown in 10% FBS-DMEM were plated at 
a density of 105 cells/well in 6-well plates and treated with DIM 
at the concentrations indicated. Duplicate aliquots of cells from 
individual wells were counted after 7 days. Data from three 
identical wells are averaged. Results are shown as the means ± 
SD for four separate experiments. Key: (a) significantly reduced 
(P < 0.05) from the E2-induced control; and (b) significantly 
different (P < 0.05) from the DMSO control. 

volume of 21 (xL. For antibody supershift experiments, 0.5 
(xg of monoclonal mouse IgG anti-human-ER (Santa Cruz 
Biotechnology) was added to the incubation mixture. After 
incubation for 15-20 min at room temperature, 4 "T 
(100,000 cpm) of end-labeled [32P]ERE probe was added 
and incubated for another 15 min at room temperature. 
After the addition of 2.8 |xL of lOx Ficoll loading buffer 
(0.25% bromophenol blue, 25% Ficoll type 400), 22-uJL 
aliquots were loaded onto a pre-run, non-denaturing 4.0% 
polyacrylamide gel in TAE (67 mM Tris, 33 mM sodium 
acetate, 10 mM EDTA, pH 8.0) at 120 V for 2 hr. Finally, 
the gel was dried and autoradiographed. 

RESULTS 
DIM-Induced Qrowth of MCF-7 Cells in 
E2-lDepleted Medium 

The effects of DIM on cell proliferation were examined in 
estrogen-treated and untreated MCF-7 cells over a 7-day 
time course. Treatment of cells with DIM in E2-stripped 
medium produced a concentration-dependent increase in 
cell proliferation that at 10 \)M reached a maximum of 60% 
of the growth produced in the absence of DIM in cells 
grown in complete, E2-rich medium (Fig. 2). Co-treatment 
of cells with DIM (10 u,M) in the E2-rich medium, 
however, weakly inhibited estrogen-stimulated cell growth. 
DIM had no significant effect on proliferation of the 
ER-deficient breast cancer cell line MDA-MB-231 (Fig. 2). 
Taken together, these results suggested that DIM may affect 

0 -10 -9 -8 -7 -6 
Log JO [competitor](M) 

FIG. 3. Competitive binding to the ER. The binding of [3H]E2 

(1 nM) to the ER from rat uterine cytosol was measured in the 
presence of the unlabeled competitors E2 (•), ICI (O), and DIM 
( ♦) at the concentrations indicated and reported as the percent- 
age of binding in the absence of competitors. Results are shown 
as the means ± SD for four separate determinations. Relative 
binding affinities were calculated using the concentration of 
competitor needed to reduce [3H]E2 binding by 50% as com- 
pared with the concentration of unlabeled E2 needed to achieve 
the same result. 

breast tumor cell proliferation via an interaction with the 
ER and that DIM is not generally cytotoxic at the antipro- 
liferative concentrations. 

ER Affinity for DIM and Activation of ER Binding to 
the ERE 

Based on our observation of a proliferative response, we 
assessed directly the ability of DIM to bind ER and activate 
its DNA-binding function. The relative binding affinity of 
DIM for the ER was measured by a competitive binding 
assay using 1.0 nM [3H]E2 as the labeled ligand (Fig. 3). 
The ic50 values, the concentrations of competitors neces- 
sary to displace the labeled ligand by 50%, were 2.0 and 4-0 
nM for E2 and ICI 182780 (ICI), respectively. DIM did not 
show significant affinity for the ER in the range of concen- 
trations used. 

We studied the binding of the ER to its cognate DNA 
motif (ERE) by a gel mobility shift assay using nuclear 
extracts from MCF-7 cells treated with E2 or DIM. A 
31-mer 5'-32P-labeled double-stranded oligonucleotide 
containing the consensus ERE motif was used as the probe. 
Figure 4 shows that there was a clearly shifted band for the 
ERE from nuclear extracts of cells treated with E2 or DIM, 
and that this band shift was obvious at a DIM concentra- 
tion of only 1 JJLM. Pretreatment of these nuclear extracts 
with an anti-ER monoclonal antibody produced the super- 
shifted band expected for the antibody-ER-ERE complex. 
These results demonstrate that DIM is capable of activating 
ER binding to the ERE by a mechanism that does not 
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FIG. 4. Binding of nuclear proteins to the ERE. Gel mobility shift analysis of nuclear extracts from estrogen-depleted MCF-7 cells 
treated for 2 hr with DMSO (lane 1, control), DIM (0.1, 1.0, and 10.0 |JIM in lanes 2 and 6, 3 and 7, and 4 and 8, respectively), and 
E2 (1 nM) (lanes 5 and 9). A monoclonal antibody specific for the human ER was also added to the incubation mixture for lanes 6-9. 
Arrows indicate the locations of the free labeled probe (arrow #1), the ligand-responsive shifted band (arrow # 2), and the antibody 
supershifted band (arrow #3). 

require the binding of DIM to the ligand-binding domain of 
the ER. 

Promoter Specificity of DIM Activation of 
ER-Responsive Qenes and Sensitivity to a 
Standard Antiestrogen 

To assess the effects of DIM on estrogen-responsive gene 
expression, MCF-7 cells were treated with DIM in the 
presence or absence of E2 for 2 days, and northern blots 
were probed for E2-responsive pS2 gene expression (Fig. 5). 
We found that when added to E2-depleted medium, DIM 
induced the expression of endogenous pS2 mRNA in a 
concentration-dependent manner. However, co-treatment 
of cells with E2 and DIM produced no statistically signifi- 
cant effect on the level of pS2 mRNA expression over that 
produced by E2 treatment alone. 

To examine whether the effects of DIM on E2-responsive 
genes were affected by promoter conformation, cells were 
transfected transiently with the ERE-containing CAT- 
reporter plasmids pERE-vit-CAT or pS2-tk-CAT. DIM 
stimulated CAT activity of both reporters when adminis- 
tered in the absence of E2 and weakly reduced E2-induced 

expression of both of these reporters (Fig. 6). Thus, DIM 
functioned at the level of transcriptional activation of these 
two complex promoters. We did not observe the agonist 
effects of DIM, however, when cells were transfected with 
the simpler ERE-CAT reporter, pATC2, which was respon- 
sive to E2 and to the synthetic estrogen DES (Fig. 7). 
Nevertheless, the weak antagonist effect of DIM on E2- 
induced expression was also seen with this construct. These 
observations indicate that the agonist effects of DIM arc 
restricted to a subset of E2-responsive constructs. 

Effects of Antiestrogens and Overexpression of ER on 
the Agonist Effects of DIM 

Next, we examined whether the ER is essential to the 
agonist effects of DIM. First, we determined the effects of 
the pure antiestrogen ICI on DIM-induced activation of 
the pERE-vit-CAT reporter. The results presented in Fig. 8 
show that ICI inhibited the activities of both DIM and E2, 
and that ICI was a more effective inhibitor of DIM-induced 
activity than of E2-induced activity. Whereas ICI produced 
a 90% reduction in E2-induced activity, the combination of 
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FIG. 5. Effect of DIM on pS2 mRNA expression. Estrogen- 
depleted MCF-7 cells were treated for 48 hr with DIM at 
concentrations ranging from 0.1 to 10.0 (JiM, with (O) or 
without (•) E2 (1 nM). pS2 mRNA levels were measured by 
northern-blot analysis and normalized using GADPH mRNA as 
an internal standard. (A) Typical autoradiograph. (B) Results 
are presented as fold induction over the DMSO control, as the 
means ± SD for three separate experiments. Key: (a) signifi- 
cantly different (P < 0.05) from the DMSO control. 

DIM and ICI reduced the activity to below the control 
values and resulted in greater than a 100% reduction of 
DIM-induced activity. These relative effects of E2, DIM, 
and ICI on pERE-vit-CAT expression were unchanged by 
high levels of ER produced by co-transfection of MCF-7 
cells with the pCMV-hER constitutive ER expression 
vector (data not shown). Taken together, these results 
provide further evidence that the ER plays a key role in the 
agonist effects of DIM. 

Ligand-Independent Transcriptional Activation 
in MCF-7 

To begin to examine the mode of ligand-independent 
activation of ER by DIM, we verified that ligand-indepen- 
dent transcriptional activation of the ER could be demon- 

DMSO DIM       Eo+DIM 

FIG. 6. Effect of DIM on CAT expression from the ERE-vit- 
CAT and pS2-tk-CAT reporters. MCF-7 cells were transfected 
transiently with the ERE-vit-CAT (black bars) or the pS2-tk- 
CAT (white bars) reporter plasmid and treated for 48 hr with 
vehicle control, E2 (1 nM), DIM (10 |J.M), or a combination of 
the two. CAT activity in cytosol preparations from individual 
plates was normalized for protein concentration. Data are pre- 
sented as fold induction over the DMSO control (means ± SD 
of four independent determinations). Key: (a) significantly 
reduced (P < 0.05) from E2-induced; and (b) significantly 
different (P < 0.05) from the DMSO control. 

strated with the ERE-vit-CAT reporter assay. Transfected 
cells were treated with a specific Dl-dopamine receptor 
agonist, SKF-82958, shown previously to have that activity 

DMSO    DIM        Ü2   E2+DIM   DES DES+DIM 

FIG. 7. Effect of DIM on CAT expression from the pATC2 
reporter. MCF-7 cells were transiently transfected with the 
pATC2 reporter plasmid and treated for 48 hr with vehicle 
control, E2 (1 nM), DES (1 nM), DIM (10.0 pM), or in 
combinations of E2 or DES with DIM. Data are presented as fold 
induction over the DMSO control (means ± SD of four 
independent determinations). Key: (a) significantly reduced 
(P < 0.05) from E2-induced, and (b) significantly different 
(P < 0.05) from the DMSO control. 
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DMSO DIM     DIM+ICI   Eo+ICI 

FIG. 8. Effect of antiestrogen on DIM- or E2-induced CAT expression from the ERE-vit-CAT reporter. MCF-7 cells transiently 
transfected with the ERE-vit-CAT reporter plasmid were treated for 48 hr with DIM (10.0 fxM) or E2 (1 nM), with or without ICI 
(0.1 (JlM). Data are presented as fold induction over the DMSO control (means ± SD of four independent determinations). Key: (a) 
significantly reduced (P < 0.05) from E2-induced; and (b) significantly different (P < 0.05) from the DMSO control. 

in a neuroblastoma-derived cell line [26]. Figure 9 shows 
that 10 u,M SKF-82958 induced transcription of the re- 
porter gene to the same level as did E2. This dopaminergic 
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FIG. 9. Ligand-independent activation of transcription of an 
ER-responsive reporter gene. MCF-7 cells transiently trans- 
fected with the ERE-vit-CAT reporter plasmid were treated for 
48 hr with DIM (10.0 ixM), E2 (1 nM), or SKF-82958 (10.0 
fxM) with (black bars) or without (white bars) the PKA 
inhibitor H-89 (10.0 |xM). Data are presented as fold induction 
over the DMSO control (means ± SD of four independent 
determinations). Key: (a) significantly reduced (P < 0.05) from 
E2-induced; and (b) significantly different (P < 0.05) from the 
DMSO control. 

effect on ER function was blocked by the PKA inhibitor 
H-89. Importantly, H-89 completely ablated the response 
to DIM but exhibited no effect on the response to E2, 
clearly indicating different modes of ER activation by the 
two substances. These results suggest that DIM-mediated 
activation of the ER may involve a PKA activation path- 
way. 

DISCUSSION 

Our results show that at concentrations of up to 10 u,M, 
DIM exhibited primarily agonist activity on cell prolifera- 
tion and transcriptional activation of E2-responsive endog- 
enous and transfected reporter genes. Although DIM did 
not interact with the ligand-binding site of the ER, DIM 
activated the ER to a form that binds in vitro to the 
consensus ERE. In the absence of E2, DIM promoted a level 
of cell proliferation in the E2-responsive MCF-7 cell line 
that was approximately 60% of the maximum rate produced 
by E2, but reduced the maximum E2-induced proliferation 
rate of this cell line by about 40%. At the concentrations 
effective against proliferation of MCF-7 cells, however, 
DIM had very little effect on the proliferation of the 
E2-independent cell line MDA-MB-231. Thus, under the 
conditions used in this study, the proliferative effects of 
DIM were cell type-specific and may require interaction 
with the ER. 

In addition to the effects of DIM on cell proliferation, 
DIM could also function as an activator of E2-responsive 
reporter genes and endogenous gene expression. In the 
absence of E2, DIM exhibited pronounced agonist activities 
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with E2-responsive genes regulated by complex promoters 
(ERE-vit-CAT, pS2-tk-CAT, endogenous pS2). DIM, 
however, had little effect on activation of a basal E2- 
responsive reporter construct, pATC2. DIM did not affect 
significantly the E2-induced expression of the endogenous 
pS2 gene and was a weak antagonist of E2-induced expres- 
sion of all three reporter constructs. The agonist effects of 
DIM were efficiently blocked by the antiestrogen ICI. ICI, 
considered a pure antiestrogen, functions specifically by 
binding to and inactivating the ER. These results indicate 
that the agonist effects of DIM require a pathway that 
involves both the activation of the ER and the presence of 
a as-acting DNA element in addition to the consensus ERE 
or the core promoter. The consistently weak but generally 
significant antagonist effects of DIM on E2 functions in 
E2-responsive breast tumor cells are less dependent on 
promoter context and thus, may be important in long-term 

cancer prophylaxis. 
The results emphasize the potential importance of an 

interaction of DC-derived indoles on E2-activated cellular 
processes, independent of possible effects of indoles on E2 

metabolism. Several studies have appeared suggesting that a 
major antiestrogenic mode of action of dietary indoles is via 
the metabolic deactivation of E2 by an indole-induced 
increase in the activities of certain cytochrome P450 
oxidative enzymes [27]. DIM, on the contrary, has been 
shown to competitively inhibit the activities associated 
with CYP1A1, CYP1A2, and CYP2B1 enzymes, and is an 
antagonist of AhR-mediated gene activation [19]. Our 
observation of the ER agonist effects of DIM strongly 
suggests that DIM can interact directly with the ER 
pathway and that the tumor growth inhibitory effects of 
13 C products may arise from effects in addition to or 
independent of increased E2 metabolism. 

There has been considerable recent concern over the 
presence of hormonally active contaminants in the envi- 
ronment [28]. These so-called endocrine disrupters have 
been suggested to be involved in various hormone-related 
abnormalities including decreased sperm count, birth de- 
fects, and breast cancers. To adequately assess the relative 
significance of such substances, it is important to consider 
their activities relative to the natural background of such 
activities produced by plant products including DIM and 
other hormonally active substances in the diet. Agonist 
activities on estrogen-dependent growth of breast tumor 
cells also have been reported for several other phytochemi- 
cals including certain flavonoids, such as genistein and 
apigenin, and lignins such as enterolactone [29]. As a result, 
the total dose of natural, estrogenically active substances 
from the diet can be substantial. For example, the amount 
of I3C in a 100-g portion of broccoli is about 50 mg, which 
would be expected to provide between 5 and 10 mg of DIM 
following ingestion and acid-catalyzed conversion in the 
stomach. The total dose of estrogenically active substances 
from a typical Western diet is estimated to be in excess of 
1 g/day, which, when estrogenic potency is considered, is far 

in excess of the estrogen equivalent dose from environmen- 
tal contaminants [29]. 

The results presented here are an interesting extension to 
results of related studies that report antiproliferative and 
apoptotic effects of DIM [30]. In a recent study by Chen et 
al. [31] DIM was reported to behave as an antagonist of 
estrogen function: at concentrations below 10 IJLM, DIM 
strongly inhibited the proliferation of a variant of cultured 
MCF-7 cells selected for their sensitivity to TCDD. At 
higher concentrations, DIM inhibited E2-induced expres- 
sion of a vitellogenin A2 gene promoter-CAT reporter 
construct co-transfected with an ER expression plasmid 
into MCF-7 cells. Also, in contrast with our results, these 
investigators reported that in gel mobility shift analyses of 
extracts of cells cultured in complete medium, the higher 
concentrations of DIM decreased the intensity of the 
ER-ERE bands. We observed strong antiproliferative ef- 
fects on E2-responsive MCF-7 cells and in E2-nonrespon- 
sive MDA-MB-231 cells at DIM concentrations above 10 
(xM. However, since treatment with these concentrations 
was accompanied by considerable cell death and possible 
induction of apoptosis, we restricted the present studies to 
the lower concentrations. It is interesting to note that the 
proliferative effects of DIM reported in the aryl hydrocar- 
bon-nonresponsive MCF-7BaPr cells [30] are similar to the 
effects we observed in our wild-type estrogen-responsive 
MCF-7 cells, i.e. DIM-induced proliferation in the absence 
of E2 and weak inhibition of E2-induced proliferation. Since 
the AhR signal transduction pathway is functional in our 
wild-type cells, as shown by the ICZ-induced expression of 
EROD activity (data not shown), it appears that the 
reported low concentration antagonistic effects of DIM are 
dependent on factors other than or in addition to a 
functional AhR. 

The importance of the promoter- and cell-specific ago- 
nist effects of DIM reported here to the well-established 
protective effects of I3C against carcinogen-induced mam- 
mary cancer is yet to be defined. An overall picture is 
emerging, however, suggesting that the biological effects of 
oral I3C and of the major acid products of I3C are primarily 
estrogenic. We reported previously on the activities of two 
other major acid condensation products of I3C, namely the 
linear trimeric product, LTr-1, and the cyclic trimeric 
product, CTr. We observed that LTr-1 exhibited weak ER 
antagonist activities in the breast tumor cells that required 
concentrations in excess of 10 \xM [32]. In contrast, we 
observed that CTr was a potent ligand for the ER and 
exhibited strong ER agonist activities at concentrations as 
low as 0.1 |xM [33]. An important indication of the 
combined in vivo effects of the I3C acid products was 
reported recently by Oganesian et al. [34]. These investiga- 
tors showed that oral I3C produces clearly estrogenic effects 
in trout. It is possible, therefore, that I3C may function in 
a manner similar to that suggested for the anticarcinogenic 
isoflavone genistein. Hsieh et al. [35] reported that 
genistein is a strong ER agonist and at physiological 
concentrations produces an estrogenic stimulation of mam- 



176 J.I 

mary development and enhanced proliferation of implanted 

MCF-7 cells in rodents. Lamartiniere et al. [36] and Hsieh 

et al. [35] suggest that the cancer protective effects of 

estrogen agonists such as genistein may result from effects 

on the maturation of the mammary gland. It is possible that 

the protective effects of I3C and DIM may arise from a 

similar estrogenic mechanism. 

The case for the agonist effect of DIM occurring through 

a ligand-independent activation of the ER is strongly 

supported by the fact that DIM has no affinity for the ligand 

binding site but causes ER to bind to its cognate DNA 

motif and to activate transcription of E2 responsive genes. 

The fact that this transcriptional activation was totally 

blocked by the specific ER antagonist ICI establishes the 

central role of the ER in this process. Our observation that 

the PKA inhibitor H-89 blocked the DIM-induced activity 

of the ERE-vit-CAT reporter but had no effect on the 

E2-mediated activation of this reporter suggests a role for 

PKA in the observed agonist activities of DIM. Several 

reports of ligand-independent activation of the ER have 

appeared and show that the human ER responds to certain 

growth factors, phosphatase inhibitors, kinase activators, 

and neurotransmitters [26]. Whether DIM triggers similar 

physiologically important pathways and whether these 

pathways are involved in the cancer protective effects of 

DIM are important objectives of our ongoing research in 

this area. 
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ABSTRACT. Indole-3-carbinol (I3C) is a major component of Brossica vegetables, and diindolylmethane 
(DIM) is the major acid-catalyzed condensation product derived from I3C. Both compounds competitively bind 
to the aryl hydrocarbon (Ah) receptor with relatively low affinity. In Ah-responsive T47D human breast cancer 
cells I3C and DIM did not induce significantly CYPlAl-dependent ethoxyresorufin O-deethylase (EROD) 
activity or CYP1A1 mRNA levels at concentrations as high as 125 or 31 u.M. respectively. A 1 nM concen- 
tration of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) induced EROD activity in these cells, and cotreatment 
with TCDD plus different concentrations of I3C (1-125 aM) or DIM (1-31 u-M) resulted in a > 90% decrease 
in the induced response at the highest concentration of I3C or DIM. I3C or DIM also partially inhibited (< 50%) 
induction of CYP1A1 mRNA levels by TCDD and reporter gene activity, using an Ah-responsive plasmid 
construct in transient transfection assays. In T47D cells cotreated with 5 nM [3H]TCDD alone or in combi- 
nation with 250 U.M I3C or 31 |xM DIM, there was a 37 and 73% decrease, respectively, in formation of the 
nuclear Ah receptor. The more effective inhibition of induced EROD activity by I3C and DIM was due: to m vitro 
inhibition of enzyme activity. Thus, both I3C and DIM are partial Ah receptor antagonists in the T47D human 
breast cancer cell line. BIOCHEM PHARMACOL 51;8:1069-1076, 1996.  

KEY WORDS, indole-3-carbinol; diindolylmethane; T47D cells; Ah receptor antagonist 

Several studies have reported that laboratory animals fed a 
diet containing cruciferous vegetables are protected from 
the development of various spontaneous and carcinogen- 
induced tumors [1-3]. For example, there is a decreased 
incidence and growth of DMBA§-induced mammary tu- 
mors in female Sprague-Dawley rats maintained on a diet 
containing brussels sprouts [2]. I3C is a major secondary 
metabolite found in cruciferous vegetables, and this com- 
pound also exhibits a broad spectrum of anticarcinogenic 
activities [4-9]. I3C inhibits several carcinogen-induced tu- 
mors at various sites in rodent models [5-9] and also de- 
creases the development of spontaneous mammary and en- 
dometrial tumors in female C3H/OuJ mice [4] and Donryu 
rats [7], respectively. I3C induces phase I and phase II drug- 
metabolizing enzymes in both laboratory animals and hu- 

t Corresponding author. Tel (409) 845-5988; FAX (409) 862-4929. 
§Abbr«vionons: Ah, aryl hydrocarbon; CAT, chloramphenicol acetyl- 

transferase; DIM, diindolylmethane; DMBA, 7,12-dimethylbenzanthra- 
cene; EROD, ethoxyresorufin O-deethylase; I3C, indole-3-carbinol; 1CZ, 
indolo(3,2-b]carbazole; MCDF, 6-methyl-l,3,8-trichlorodibenzofuran; PC- 
DDs, polychlorinated dibenzo-f>-dK»ins; PCDFs, polychlorinated dibenzo- 
rurans; SSC, 0.15 M sodium chloride + 0.015 M sodium citrate; TCDD, 
2,3,7,8-tetrachlorodibenzo-p-d'oxin; and TCDF, 2,3,7.8-tetrachlorodiben- 
zofuran. 
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mans, and these include several CYP isoforms and their 
dependent enzyme activities: glutathione S-transferase, glu- 
curonosyl transferase, NAD(P)H:quinone oxidoreductase, 
and epoxide hydrolase [10-18]. In studies with carcinogens 
such as benzo[a]pyrene and aflatoxin B^ the induction of 
these enzyme activities correlates with altered metabolism 
and decreased levels of carcinogen-DNA and other adducts 
[19, 20]. Several studies have also demonstrated that I3C 
undergoes acid-catalyzed self-condensation to give several 
products including DIM and ICZ [17, 21, 22]. These DC- 
derived compounds bind with variable affinities to the Ah 
receptor and thereby constitute one of the major classes of 
endogenous or natural compounds that bind to this recep- 
tor [15, 17, 23]. For example, competitive Ah receptor 

binding studies, using TCDD as the radioligand, give rela- 
tive binding affinities of 1.0, 3.7 x 10"2, 7.8 x 10"5, and 
2.6 x 10-7 for TCDD, ICZ, DIM, and DC, respectively [17]. 
Similar results were also reported by Jellinck and coworkers 
[15]. Many of the induction responses observed in animals 
treated with I3C are consistent with the activity of this 
compound    and    related    heteropolynuclear    aromatic 
hydrocarbons as Ah receptor agonists, which typically in- 
duce   CYP1A1-   and   CYPlA2-dependent   glutathione 
S-transferase, UDP-glucuronosyl  transferase  and NAD- 
(P)H:quinone oxidoreductase activities [24-27]. Previous 
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studies have also demonstrated that TCDD and related 
compounds exhibit antiestrogenic activity in mammalian 

cells in culture [28-34] and inhibit mammary tumor growth 
or formation in rodent models [29, 35, 36] and possibly in 
humans [37]. Similarly, I3C and ICZ also exhibit antiestro- 
genic activity in the MCF-7 human breast cancer cell line 
[38, 39], and inhibition of both carcinogen-induced and 
spontaneous mammary tumors and endometrial cancer in 
rodents may also be Ah receptor mediated [2, 4, 7]. I3C 
induces CYPlA2-dependent estradiol-2-hydroxylase activ- 
ity in rodents and humans, and this metabolic pathway may 
also be associated with decreased risk from estrogen-depen- 

dent tumors [4, 40]. 
It has been shown previously that Ah receptor agonists 

with moderate to weak binding affinity for the receptor may 
also exhibit partial antagonist activity [41—46]. This study 

reports the Ah receptor agonist and partial antagonist ac- 
tivities of I3C and DIM in the T47D human breast cancer 
cell line. T47D cells treated with TCDD form the nuclear 
Ah receptor complex, and the induction of CYP1 Al-de- 
pendent EROD activity is among the highest observed in 
human or rodent cancer cell lines. Results of studies re- 
ported in this paper demonstrated that both 13C and DIM 
exhibit Ah receptor antagonist activity in T47D human 

breast cancer cells. 

MATERIALS AND METHODS 
Cells, Chemicals, and Biochemical« 

T47D human breast cancer cells were obtained from the 
American Type Culture Collection (Rockville, MD). DIM 
was prepared as previously described [14, 17, 21]. I3C was 
purchased from the Sigma Chemical Co. (St. Louis, MO). 
Solutions of I3C and DIM were stored carefully in the dark 
due to their photolability. [3H]TCDD (37 Ci/mmol) was 
prepared by chlorination of [l,6-3H2]dibenzo-p-dioxin and 
purified by high pressure liquid chromatography to greater 
than 95% purity. Unlabeled TCDD and TCDF are prepared 
routinely in this laboratory (> 98% pure by gas Chromato- 
graphie analysis). All other chemicals and biochemicals 
used in these studies were the highest quality available from 
commercial sources. 

Cell Qrowth and Formation of Nuclear Receptor 
Complexes in T47D Cells Treated with [3HJTCDD 

Cells were grown as monolayer cultures in a-Eagle's Mini- 
mum Essential Medium supplemented with 2.2 g/L sodium 
bicarbonate, 5% fetal bovine serum, and 10 mL antibiotic- 
antimycotic solution (Sigma). Cells were maintained in 
150-cm culture flasks in an aircarbon dioxide (95:5) at- 
mosphere at 37°. After reaching confluence, the cultures 
were trypsinized and washed once with used culture me- 
dium. The washed cells were resuspended in this medium in 
25-cmz flasks at a cell concentration of 3 x 106 cells/mL 
(final volume 10 mL). The cells were incubated with 5 nM 
[ H]TCDD in the presence or absence of 31 u.M DIM and 

250 u.M I3C in DMSO (0.1% final concentration). 
Nuclear extract baselines were obtained by cotreatment of 

the cells with [3H]TCDD plus a 200-fold excess of TCDF. 
The flasks were incubated by gentle shaking for 2 hr at 37°. 
After incubation, the suspended cells were decanted into 
50-mL centrifuge tubes and centrifuged at 400 g. This and 
all subsequent procedures were performed at 4°. 

Isolation and Analysis of Nuclear Extracts 

Harvested cells were washed twice in 20 mL of HEGD 
buffer (25 mM HEPES, 1.5 mM EDTA, 10% glycerol, 1.0 
mM dithiothreitol; pH 7.6). The washed cell pellet was 
resuspended in 3 mL of HED buffer (HEDG without glyc- 
erol) and incubated for 10 min. After incubation, the cells 
were pelleted and resuspended with an additional 1.5 mL of 
HEGD buffer and homogenized using a tight Teflon pestle/ 
drill apparatus. The homogenate was transferred to a cen- 
trifuge tube in 20 mL of HEGD buffer and centrifuged at 
1500 g for 10 min. The pellet was then resuspended in 3 mL 
of HEGD buffer containing 0.5 M potassium chloride (pH 
8.5) and allowed to stand at 4° for 1 hr. Nuclei prepared by 
this method were found to be intact and were greater than 
90% free of extranuclear cellular contamination, as deter- 
mined by microscopic examination and trypan-blue stain- 
ing. Aliquots (200 u.L) of the samples were layered onto 
linear sucrose gradients (5-25%) prepared in HED buffer 
containing 0.4 M potassium chloride. Gradients were cen- 
trifuged at 4° for 2.5 hr at 404,000 g. After centrifugation, 
30 fractions were collected from each gradient, and the 
radioactivity of each fraction was determined by liquid scin- 
tillation counting. I4C-Labeled BSA (4.4S) and catalase 
(11.3S) were used as the markers for determining sedimen- 
tation values. 

EROD Activity 

EROD activity was assayed as described [47] with some 
modifications. Trypsinized cells were plated into 25-cm 
tissue culture flasks (105 cells/mL), allowed to attain 60% 
confluency, and treated with 1 nM TCDD, 1-31 mM DIM, 
1-125 mM I3C, and combinations of TCDD plus DIM or 
I3C for 24 hr. Cells were harvested by manual scraping from 
the plate, centrifuged at 400 g for 5 min at 4D, and resus- 
pended in 100 p,L of Tris-sucrose buffer (38 mM Tris-HCl, 
0.2 M sucrose; pH 8.0). Aliquots (50 pJL) of the cells were 

incubated with 1.15 mL cofactor solution (1 mg BSA, 0.7 
mg NADH, 0.7 mg NADPH, 1.5 mg MgS04 in 0.1 M 
HEPES buffer; pH 7.5) in a 37° water bath for 2 min. The 
reaction was started by adding 50 u.L ethoxyresorufin (1 mg 
ethoxyresorufin/40 mL methanol). After incubation for 15 
min, the reaction was stopped by adding 2.5 mL methanol. 
Samples were centrifuged for 10 min at 1500 g. The super- 
natant was used for fluorescence measurement at an exci- 
tation wavelength of 550 nm and an emission wavelength 
of 595 nm. 
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Northern Blot Analysis 

Cells were plated into 100 mm Petri dishesancI when 60% 
confluent, the cells were treated with 1 nM TCDD, DIM, 
and I3C alone or their combinations for 24 hr. Aft«: tryp- 
sinization, cells were pelleted by centrifugation at 500 g for 
5 min at 4°. To the cell pellet, 700 pX of a solution con- 
taining 4 M guanidinium thiocyanate, 10% sarcosyl 3 M 
sodium acetate (pH 5.2), and 0-l% ^-rcaptoethanol was 
added. The cell pellet was resuspended immediately with a 

-mL syringe and a 22-gauge needle To the eel1 how 
enate  0 5 mL of water-saturated phenol was added and 
mixed thoroughly. A solution of chloroform:isoamyl alco- 
hol (24:1) was added, vortexed, and then allowed to incu- 
bate at 4° for 15 min. Samples were then centrifuged at 
10 000 g for 15 min, and 600 pX of the upper aqueous 
Phases was extracted carefully. After addition of 1 vol. of 
isopropyl alcohol, the RNA was allowed to precipitate 
overnight at -20°. After.precipitation, the samples were 
centrifuged at 10,000 g for 15 min, and the RNA was 
Cweashed8with cold ethanol once and 70% ethanol one. 
Samples were evaporated and redissolved in 15-20 jiL or 
dZized formamide. The murine CYP1A1 cDNA probe 
was obtained from the American Type Culture Collect^ 
The plasmid pGMBl.l was a gift from Dr. Don Cleveland 

(Johns Hopkins University) and «^^J^,^^ 
a cDNA cloned into the Eco RI site of pGMBl.l. Diges- 

tion of the plasmid yielded a 1.3-kb fragment that was used 

to detect ß-tubulin mRNA. 
The RNA (10 p.g) was mixed with sample buffer, elec- 

trophoresed on a denaturing agarose gel ( .2%), and trans- 
ferred to a nylon membrane as previously described 141]. 
T^e tiLbrane was then exposed to UVTight: foe 5-in » 
cross-link RNA to the membrane and baked at 80 for 2 hr. 
The membrane was then prehybridized in a solution con, 
taining 0.1% BSA, 0.1% Ficoll, 0.1% polyvmyl pyrrohdi ne, 

0% dextran sulfate, 1% SDS and 5x SSTC (07M NaCl, 
50 mM NaH2P04l 5 mM EDTA) for 18-24 hr at 65 . 
Probes were 32P-labeled using a Boehringer-Mannhe.m k t. 
The membrane was hybridized for app™teb, 24 hr in 
the prehybridization solution with the addiuon of 10 cpm/ 
mL »P-labeled CYP1 Al cDNA probeAfter hybnduation 
the membrane was washed twice at 20» in    x SSC  U, 
SDS and again twice for 45 min at 65°. After two addi- 
ng rinses in 0.1 x SSC, 1% SDS at 20", «£™^£ 
was sealed in a plastic bag, quantitated on a Betagen Beta 
scope 603 blot analyzer imaging system, and visualized by 

^radiography. T^g™ ^DÄ 

an^SETf t£lAl ■^A was standardized 

relative to ß-tubulin mRNA [41]- 

Transient Transfectwm Assays 

The plasmid pRNHllc contains the regulatory^ human 
CYP1A1 region from the Tad 1 site at -1142 to the Bell 

.1(ii£..J.^u Wrprial CATreDorter gene 148J. 
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Cells were seeded in 100-mm Petri dishes and grown as 
described above in the proliferation assays until 70% eon- 
fluent. Five micrograms of the pRNHl lc plasmid and 20 p,g 
polybrene/mL w«re incubated for 6 hr; cells were then 
shocked using 15% glycerol. After 18 hr cells were treated 
with 1 nM TCDD, 31 uM DIM, and 125 u.M DC for 30 hr. 
Cells were then washed with PBS and scraped from the 
plates. Cell lysates were prepared in 0.16 mL ot Ü.Z5 M 
Tris-HCl pH 7.5, by three freeze-thaw-sonication cycles p 
min/each cycle) to ensure maximum levels of CAT activity. 
Cell lysates were incubated at 56° for 7 min to remove 
endogenous deacetylase activity. CAT activity was deter- 
mined using 0.2 mCi d-threo-[diChbro^t,l-l-14C]chloram- 
phenicol and 4 mM acetyl-CoA as substrates. The protein 
concentrations were determined using BSA as a standard. 
Following TLC, acetylated products were visualized and 
quantitated using a Betascope 603 blot analyzer CAT ac- 
tivity was calculated as the percentage of that observed in 
cells treated with DMSO alone, and results are expressed as 
means ± SD. The experiments were carried out at least in 

triplicate. 

Isolation of Microsomes from T47D Cells 

After treatment with 1 nM TCDD for 24 hr, T47D cells 
were homogenized in HEGD buffer using a Teflon pestle 
drill apparatus. The homogenates were centrifuged at 
10 000 s for 20 min. The resulting supernatant was centri- 
fuged further at 105,000 g for 30 min. The nücrosomal 

.    pellet was resuspended in, 100 uL Tris-sucrose buffer (38 
mM Tris-HCl, 0.2 M sucrose; pH 8.0) and stored at -80 . 
?est   Impounds were incubated with TCDD-inducedmi- 
Irosomes,V NADH, and NADPH at 3° for 2, 10 or 
20 min, and EROD activity was determined fluorimetn- 

cally [47]. 

Statistical Analysis 
All the experiments were carried out in triplicate, and the 
results are expressed as means ± SD. Statistical significance 
wL determined by performing ANOVA using Students 

t-test. 

RESULTS 

The results in Fig. 1 summarize ^e eoncentratton-depen- 
dent induction of EROD activity by I3CandDIM oiT47D 
cells At concentrations of I3C and DIM as high as 31 and 
125 uM, respectively, no significant induction was ob- 
served for eitSr compound. In contrast, EROD activity « 
ceUs treated with 1 nM TCDD was 30(MO0 pmol/mm/mg. 
^treatment of T47D cells with 1 nM TCDD and 13C or 
DIM eave a concentration-dependent decrease in induced 

EROD activity at a concentration of 31 u-M, and this ac 
Lty was decreased to less than 10%rf the^m^ma re- 
sponse at the highest concentration of 13C (125 u.M). Sim 
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HG. 1. Inhil. ition of TCDD-induced EROD activity in T47D 
cells by DC (top) and DIM. T47D cells were treated with 1 
nM TCDD, different concentrations of I3C (D, top) or DIM 
(D, bottom) alone or cotreated with 1 nM TCDD plus dif- 
ferent concentrations of I3C (•, top) or DIM (•, bottom) 
for 24 hr. Cells were isolated, and EROD activity was deter- 
mined as described in Materials and Methods. Results are 
expressed as means ± SD for 3 separate determinations for 
each data point I3C and DIM significantly inhibited (P < 
0.05) induced EROD activity at concentrations as low as 31 
and 1 uM, respectively. 

ilar results were also observed for DIM in which 1 u,M DIM 
significantly decreased induced EROD activity (Fig. 1, bot- 
tom). The results in Fig. 2 summarize the effects of 1 nM 
TCDD, 1 and 31 u.M DIM, 10 and 125 uM 13C, and 
TCDD plus DIM or I3C on CYP1A1 mRNA levels in 
T47D cells. DIM alone caused a small but marked increase 
(62%) in CYP1A1 mRNA levels at the highest concentra- 
tion (31 u,M), whereas I3C did not induce CYP1A1 
mRNA levels significantly. In T47D cells cotreated with 1 
nM TCDD and 1 or 31 u,M DIM, there was a 53% decrease 
in TCDD-induced CYP1A1 mRNA levels. Similarly, in 
T47D cells cotreated with 1 nM TCDD and 10 or 125 u.M 
I3C, there was a 58% decrease in TCDD-induced CYP1A1 
mRNA levels only at the 125 u,M concentration of I3C. 
The results in Fig. 3 summarize the effects of 1 nM TCDD, 
31 n-M DIM, 125 u,M I3C, and TCDD plus DIM or I3C on 
CAT activity in T47D cells transiently transfected with the 

pRNHllc plasmid. CAT activity was induced 6- to 10-fold 
by TCDD (in two separate experiments), whereas 125 u,M 
I3C and 31 u.M DIM alone caused a 3.4- and 2.7-fold 
increase in activity, respectively. In cells cotreated with 

TCDD plus DIM or I3C, there was a significant decrease in 
CAT activity compared with results obtained with TCDD 
alone. 

The results in Fig. 4 illustrate the velocity sedimentation 
analysis of nuclear extracts from T47D cells treated with 5 
nM [3H]TCDD alone and in the presence of 250 u,M I3C, 
31 u-M DIM or 1 p.M TCDF. A higher concentration of 
[ H]TCDD was used in this experiment to ensure that suf- 
ficient specifically bound nuclear extract could be obtained 
for sucrose density gradient centrifugation. Preliminary 

studies showed that with the higher concentration of 
[3H]TCDD, cotreatment with 125 u,M unlabeled I3C re- 
sulted in only minimal decreases in accumulation of the 
radiolabeled nuclear Ah receptor; however, cotreatment 
with 250 u.M I3C resulted in a 37% decrease in the 
[ H]TCDD nuclear Ah receptor complex. In cells cotreated 
with 5 nM [3H]TCDD plus 31 u.M DIM, there was a 73% 
decrease in the radiolabeled nuclear Ah receptor complex. 

The in vitro effects of I3C on CYP1 Al -dependent activ- 

12    3    4    5    6 

1     2    3    4    5    6 

CYP 1A1   mRNA 

ß-Tubulin mRNA 

CYP  1A1   mRNA 

ß-Tubulin mRNA 

FIG. 2. Induction of CYP1A1 mRNA levels by TCDD, DC, 
DIM, and TCDD plus DC (top) or DIM (bottom) in T47D 
cells. T47D cells were treated with DMSO, 1 nM TCDD, 10 
uM DC, 10 pM DC plus 1 nM TCDD, 125 pM DC, and 125 
uM DC plus 1 nM TCDD (top, lanes 1 through 6, respec- 
tively) for 24 hr. Cells were treated with DMSO, 1 nM 
TCDD, 1 uM DIM, 1 uM DIM plus 1 nM TCDD, 31 uM 
DIM, 31 uM DIM plus 1 nM TCDD (bottom, lanes 1 
through 6, respectively) for 24 hr. Cells were harvested, and 
mRNA was isolated and analyzed by northern blot analysis 
as described in Materials and Methods. CYP1 Al mRNA lev- 
els were standardized relative to ß-tubulin mRNA, and the 
values (means ± SD for 3 determinations) were: (top) 1.00 
± 0.15, 4.07 ± 0.75, 0.94 ± 0.08, 3.22 ± 0.49, 1.18 ± 0.10, 
and 1.96 ± 0.01 (lanes 1 through 6, respectively); (bottom) 
1.00 ± 0.19, 6.27 ± 0.86, 1.35 ± 0.09, 5.30 ± 0.29; 1.62 ± 
0.15, and 2.94 ± 0.35 (lanes 1 through 6, respectively). 
Quantitation of induced bands was determined using a Be- 
ugen Betascope 603 blot analyzer. 
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FIG. 3. Induction of CAT activity in T47D cells by TCDD, 
DC, DIM, and their combination». T47D cells were tran- 
siendy transfected with pRNHl lc and treated with the vari- 
ous chemical combinations for 24 hr; CAT activity was de- 
termined as described in Materials and Methods. In two 
separate experiments, CAT activity was induced 6- to 10- 
fold by 1 nM TCDD (lane 2) comparer! with activity in cells 
treated with DMSO (lane 1). The relative intensities of the 
acetylated products in cells with 1 nM TCDD, 125 pM I3C, 
and TCDD plus I3C (lanes 2 through 4, respectively, top) 
were: 100 ± 4,34 ± 3, and 67 ± 8%. The relative intensities 
of acetylated products in cells treated with 1 nM TCDD, 31 
uM DIM, and TCDD plus DIM (lanes 2 through 4, respec 
lively, bottom) were: 100 ± 25,42 ± 16, and 59 ± 20%. DC 
(top) and DIM (bottom) alone significandy induced CAT 
activity and also significandy inhibited the TCDD-induced 
response (P < 0.005). The relative intensities (means ± SD 
for 3 separate determinations) of the acetylated products 
were determined using a Betagen Betascope 603 blot ana- 
lyzer. 

ity (Fig. 5) were determined by incubating different con- 
centrations of DC (10, 63, and 125 uM) or DIM (1, 10, or 
31 |xM) with microsomes from T47D cells treated with 1 
nM TCDD for 2, 10, or 20 min. The results showed that 
both I3C and DIM caused a concentration- and time-de- 
pendent decrease in EROD activity using a complete mi- 
crosomal enzyme incubation system and that DIM was the 
more potent inhibitor. In the absence of the reduced 
nucleotide cofactors, comparable inhibitory responses were 

observed (data not shown). 

DISCUSSION 

MCDF  and   related   6-alkyl-l,3,8-trichlorodibenzofurans 
have been characterized previously as weak Ah receptor 

agonists for the induction of CYP1 Al and for several toxic 
responses including immunotoxicity, porphyria, and fetal 
cleft palate formation in mice [44-46]. Moreover, in cells or 
in mice cotreated with an effective (or toxic) dose of 
TCDD plus MCDF, there was a significant inhibition of 
these same TCDD-induced responses. Surprisingly, MCDF 
did not inhibit TCDD-induced antiestrogenic responses in 
ehe rat uterus or in human breast cancer cell lines but 
exhibited Ah receptor agonist activity for this response 
[49-51]. The combination of low toxicity but high anties- 
trogenic activity suggests that MCDF and related com- 
pounds may be useful clinically as antiestrogens [51]. Pre- 
vious studies have shown that 13 C exhibits several proper- 
ties similar to those described for MCDF; I3C binds with 
low affinity to the Ah receptor and at high doses or con- 
centrations, I3C induces CYPlAl/lA2-dependent activity 
[11-17]. For example, 500 u,M I3C induces immunoreac- 
tive CYP1A1 protein in MCF-7 breast cancer cells [52], 
whereas minimal induction responses are observed at lower 
concentrations. Similar results were observed in this study 
using T47D cells, since 125 uM I3C induced only a mini- 
mal increase in GYP1A1 mRNA levels (Fig. 2). It was 
reported previously that lower concentrations of I3C also 
inhibit several estrogen (Ez)-induced responses including 
cell proliferation and nuclear estrogen receptor binding [38, 
39]. This profile of responses in MCF-7 cells, namely anti- 
estrogenic activity and minimal induction of CYPlAl-de- 
pendent EROD activity, resembled those previously re- 
ported for MCDF, and therefore the major objective of this 

■ study was to determine if I3C or it:, major dimerization 
product, DIM [52], also exhibited Ah receptor antagonist 

activity. 

100- 
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FIG. 4. Velocity sedimentation analysis of nuclear extracts 
from T47D cells treated with [3H]TCDD plus I3C or DIM. 
Cells in suspension were treated with 5 nM [3H]TCDD 
alone (O) or in combination with 250 pM I3C (A), 31 pM 
DIM (•) or 1 uM TCDF (+) for 2 hr; nuclear extracts were 
isolated and analyzed on sucrose density gradients as de- 
scribed in Materials and Methods. Relative nuclear Ah re- 
ceptor levels in cells treated with [3H1TCDD alone, 
[3H]TCDD plus I3C, and [3H]TCDD plus DIM were 100 ± 
17, 63 ± 13, and 27 ± 12%, respectively. Representative 
gradients are shown. 
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FIG. 5. In vitro inhibition of EROD activity by I3C (top) or 
DIM (bottom). Microsomes from T47D cells treated with 1 
nM TCDD for 24 hr were incubated with 10 (D), 63 (•), or 
125 (■) uM I3C (top) and 1 (D), 10 (•), or 31 (■) uM DIM 
(bottom) for 2, 10, or 20 min, and EROD activity was de- 
termined fluorimetrically as described in Materials and 
Methods. The results are expressed as means ± SD for each 
data point (3 separate determinations). Significant inhibi- 
tion (P < 0.05) was observed for all concentrations of I3C 
and DIM after incubation with microsomes from T47D 
cells, and similar inhibitory effects were observed using in- 
duced rat hepatic microsomes (data not shown). The in- 
duced EROD activity was 437 pmol/min/mg. 

T47D human breast cancer cells were utilized in this study 
because of the reported high inducibility of CYPlAl-de- 
pendent EROD activity [53]. 

The results in Figs. 1 and 2 confirmed that both DC and 
DIM are relatively weak Ah receptor agonists since at con- 
centrations as high as 125 and 31 u.M. respectively, no 
induction of EROD activity was observed. I3C (125 u,M) 
caused a small but insignificant increase in CYP1A1 
mRNA levels in T47D cells, whereas 31 u,M DIM markedly 
induced mRNA levels (Fig. 2); similar results were observed 
in transient transfection assays using pRNHllc, an Ah- 
responsive plasmid that contains a dioxin-responsive ele- 
ment enhancer sequence (Fig. 3). These data are consistent 

with results of previous studies showing that DIM is more 

potent than I3C as an Ah receptor agonist; however, both 
compounds are much less active than either ICZ or TCDD 
[15, 17]. 

In T47D cells treated with 1 nM TCDD, there was a 
significant induction of EROD activity; however, in cells 
cotreated with TCDD plus I3C or DIM, there was a con- 
centration-dependent decrease in the induced response 
and, at the highest concentrations of these compounds (125 
and 31 u.M. respectively), < 10% of induced activity was 
observed. I3C and DIM also markedly inhibited TCDD- 
induced CYP1A1 mRNA levels (Fig. 2) and CAT activity 
(Fig. 3) in cells transiently transfected with pRNHllc. The 
inhibitory effects of I3C and DIM on TCDD-induced re- 
sponses in T47D cells also correlated with the decreased 

accumulation of the radiolabeled nuclear Ah receptor com- 
plex in cells cotreated with I3C or DIM (Fig. 4). These 
results are similar to those previously observed for other Ah 
receptor antagonists, such as a-naphthoflavone and 
MCDF, which also decrease formation of the radiolabeled 
nuclear Ah receptor complex in cells cotreated with 
[3H]TCDD plus the antagonists [4H5]. 

The results of this study demonstrate that both I3C and 
DIM are weak Ah receptor agonists that also exhibit partial 
Ah receptor antagonist activity for the induction of 
CYPIA1 gene expression by TCDD. However, there was a 
disparity between the > 90% inhibition of TCDD-induced 
EROD activity (Fig. 1) and the < 50% inhibition of 

CYP1A1 mRNA levels (Fig. 2). Jellinck and coworkers [15] 
noted that several Ah receptor agonists which induce 
CYP1A1/1A2 m vivo inhibit the induced microsomal en- 
zyme activity in vitro. The results in Fig. 5 demonstrate that 
I3C and DIM caused a concentration- and time-dependent 
decrease in EROD activity using microsomes from T47D 
cells treated with 1 nM TCDD for 24 hr. Thus, the in vitro 
activity of DIM and I3C as inhibitors of CYP1 Al -depen- 
dent EROD activity is consistent with the >90% inhibition 
of this induced response in cells cotreated with TCDD plus 
13C or DIM (Fig. 1). 

I3C and related hetero-polynuclear aromatic hydrocar- 
bons in vegetables represent a class of endogenous Ah re- 
ceptor agonists ("natural dioxins") that are consumed in 
the diet along with industrial and combustion-derived ha- 
logenated aromatic compounds, such as TCDD, which are 
also Ah receptor agonists (exodioxins). Levels of PCDDs 
and PCDFs in the human diet vary from 1000 to 2000 
pg/day or 80 to 120 pg/day of toxic (or TCDD) equivalents. 
Moreover, in the general population, average background 
levels of TCDD equivalents are estimated to be 58 ng/kg 
serum lipid [54]. For individuals who consume an average of 
25 g of Brassica vegetables each day, the intake levels of I3C 
are in excess of 700,000,000 pg/day [17]. Since I3C, DIM, 
and related compounds exhibit both Ah receptor agonist 
and partial antagonist activities, risk assessment of low level 
dietary exposure to exodioxins should also take into ac- 
count the possible inhibitory or additive effects of dietary 
compounds that also bind to the Ah receDtor. The inter- 
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actions (additive or inhibitory) between I3C and related 

condensation products with exodioxins will depend on 
their relative serum levels; however, at present, the values 
of DC-derived compounds are unknown. Moreover, due to 
rapid metabolism of DC and related indoles, serum levels of 
these compounds will be highly variable, and this may also 
influence interactions with TCDD and related exodioxins. 
Current ongoing studies in this laboratory are investigating 
the relative potencies of TCDD, DC, DIM, and other 
"natural dioxins" and their interactions for several other 
Ah receptor-mediated responses. 
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ABSTRACT 

The current options for treating breast cancer are limited to excision 
surgery, general chemotherapy, radiation therapy, and, in a minority of 
breast cancers that rely on estrogen for their growth, antiestrogen ther- 
apy. The naturally occurring chemical indole-3-carbinol (I3C), found in 
vegetables of the Brassica genus, is a promising anticancer agent that we 
have shown previously to induce a G, cell cycle arrest of human breast 
cancer cell lines, independent of estrogen receptor signaling. Combina- 
tions of I3C and the antiestrogen tamoxifen cooperate to inhibit the 
growth of the estrogen-dependent human MCF-7 breast cancer cell line 
more effectively than either agent alone. This more stringent growth 
arrest was demonstrated by a decrease in adherent and anchorage-inde- 
pendent growth, reduced DNA synthesis, and a shift into the G, phase of 
the cell cycle. A combination of I3C and tamoxifen also caused a more 
pronounced decrease in cyclin-dependent kinase (CDK) 2-specific enzy- 
matic activity than either compound alone but had no effect on CDK2 
protein expression. Importantly, treatment with I3C and tamoxifen ab- 
lated expression of the phosphorylated retinoblastoma protein (Rb), an 
endogenous substrate for the G, CDKs, whereas either agent alone only 
partially inhibited endogenous Rb phosphorylation. Several lines of evi- 
dence suggest that I3C works through a mechanism distinct from tamox- 
ifen. I3C failed to compete with estrogen for estrogen receptor binding, 
and it specifically down-regulated the expression of CDK6. These results 
demonstrate that I3C and tamoxifen work through different signal trans- 
duction pathways to suppress the growth of human breast cancer cells and 
may, therefore, represent a potential combinatorial therapy for estrogen- 
responsive breast cancer. 

INTRODUCTION 

I3C3 is a naturally occurring compound found in vegetables of the 
Brassica genus, such as broccoli and Brussels sprouts (1,2), and it has 
been shown to reduce the incidence of spontaneous and carcinogen- 
induced mammary tumors in rodents (3, 4). When ingested, the 
stomach acid catalyzes the conversion of I3C into a number of 
derivatives. Two of the most prevalent derivatives that have been 
identified are 3,3'-diindolymethane and indolo[3,2-b]carbazole (5). 
These compounds are thought to be responsible for the long-term 
antiestrogenic biological activities of ingested I3C that may contribute 
to protection against mammary tumor formation. We have docu- 
mented that the treatment of MCF-7 human breast cancer cells with 
I3C but not with its acid-catalyzed derivatives rapidly suppresses cell 

Received 7/15/98; accepted 1/13/99. 
The costs of publication of this article were defrayed in part by the payment of page 

charges. This article must therefore be hereby marked advertisement in accordance with 
18 U.S.C. Section 1734 solely to indicate this fact. 

1 Supported by Department of Defense Army Breast Cancer Research Program Grant 
DAMD17-96-1-6149 (to L. F. B.) and by University of California Breast Cancer Research 
Program Grant 31B-0110 (to G. L. F.). C. M. C. is a recipient of a predoctoral fellowship 
supported by NIH National Research Service Grant C A-09041. E. J. C. is a recipient of a 
predoctoral fellowship supported by the United States Army Medical Research and 
Materiel Command Breast Cancer Research Program Award BC971062. 

2 To whom requests for reprints should be addressed, at Department of Molecular and 
Cell Biology, 591 LSA, University of California at Berkeley, Berkeley, CA 94720-3200. 
Phone: (510)642-8319; Fax: (510)643-6791; E-mail: glfire@uclink4.berkeley.edu. 

3 The abbreviations used are: 13C, indole-3-carbinol; CDK, cyclin-dependent kinase; 
E2, ß-estradiol; FBS, fetal bovine serum; IP, immunopreciptation; GST, glutathione 
S-transferase. 

growth. This reversible G, cell cycle arrest is preceded by a decrease 
in the expression of CDK6 and is independent of estrogen receptor 
signaling (6). However, many of the molecular details of this anti- 
proliferative pathway are unknown and an understanding of the mech- 
anism of I3C action in human breast cancer cells could potentially 
lead to a novel approach to control breast cancer. Currently, the only 
specific therapy for breast cancer is antiestrogen treatment, and this 
treatment is only effective on tumors that rely on estrogen for their 
growth. Because I3C has been shown to suppress the growth of both 
estrogen-dependent and estrogen-independent human breast cancer 
cell lines (6), a combination of these two growth suppressors may 
potentially provide beneficial effects for breast cancer patients. 

Tamoxifen has been a clinically useful antiestrogen for breast 
cancer patients for >20 years (7-9). Tamoxifen, a nonsteroidal triph- 
enyl ethylene, can adopt a structural conformation that resembles 
steroids in the nucleus and act as a competitive inhibitor of E2 binding 
to the estrogen receptor (10, 11). Although tamoxifen generally acts as 
an estrogen receptor antagonist in breast cancer cells, in certain other 
cell types, tamoxifen can act as an estrogen receptor agonist (reviewed 
in Ref. 12). Several mechanisms are proposed for the modulation of 
breast cancer cell proliferation by tamoxifen, including down-regula- 
tion of oncogenes, modulation of growth factor signaling, and regu- 
lation of the cell cycle machinery (13-15). Regulated changes in the 
expression and/or activity of cell cycle components that act within G, 
have been closely associated with alterations in the proliferation rate 
of normal and transformed mammary epithelial cells (16). Regulation 
of these events by both antiproliferative and proliferative extracellular 
signals are well documented. For example, progesterone inhibition of 
breast cancer cell growth has been linked to the inactivation of G, 
CDKs by modulating the components of the CDK complex (17). Also, 
the estrogen-induced activation of CDK4 and CDK2 during progres- 
sion of human breast cancer cells between the G, and S phases is 
accompanied by the increased expression of cyclin Dl and decreased 
association of the CDK inhibitors with the cyclin E-CDK2 complex 
(18). 

The sequential activation of CDKs and subsequent phosphorylation 
of specific substrates govern progress through the cell cycle on 
multiple levels. CDKs are inactive in the absence of cyclin binding; 
therefore, cyclin abundance is a major determinant of cyclin-CDK 
activity (19-22). Each cyclin is typically present for only a restricted 
portion of the cell cycle, and alterations in cyclin abundance are 
sufficient to alter the rate of cell cycle progression (19, 21, 22). CDK 
activity is also regulated by a network of kinases and phosphatases 
(reviewed in Ref. 20), which can either activate or inactivate the 
complex. A further level of control results from the actions of two 
families of specific CDK-inhibitory proteins. Members of the 
pl6INK4 family specifically target the kinases that associate with the 
D-type cyclins, CDK4 and CDK6 (21, 23, 24). Members of the p21 
(WAF1, Cipl) family interact with a broader range of CDKs, includ- 
ing CDK2, CDK4, and CDK6 (25, 26). One of the key endogenous 
substrates of the G, CDKs is the retinoblastoma protein (Rb). Its 
phosphorylation is an important step in the transition between the G, 
and S phases of the cell cycle because, when sufficiently phospho- 
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rylatsd, Rb releases a transcription factor of the E2F family that drives 
cells into S phase (27). 

Tamoxifen has been shown to decrease the activity of the estrogen 
receptor, and it does not have an antiproliferative effect on estrogen 
receptor-negative cell lines. In contrast, I3C can suppress the growth 

of cells regardless of estrogen receptor status (6). Taking into account 
the known features of the growth suppression cascades induced by 

I3C or tamoxifen, we tested the combinatorial effects of these two 

breast cancer cell growth suppressors in estrogen-responsive MCF-7 
cells. Most significantly, a combination of tamoxifen and I3C dis- 

played a more effective growth suppression response, a more stringent 
inhibition of CDK2 specific activity, and more endogenous Rb phos- 
phorylation than either compound alone. Our results suggest the 

possibility of developing I3C and tamoxifen as a potential combina- 
torial therapy to control estrogen-responsive breast cancers. 

MATERIALS AND METHODS 

Materials. DMEM, FBS, calcium- and magnesium-free PBS, L-glutamine, 
and trypsin-EDTA were supplied by BioWhittaker (Walkersville, MD). Insulin 
(bovine) and tamoxifen ([Z]-l-[p-dimethylaminoethoxyphenyl]-l,2-diphenyi- 
1-butene) citrate salt were obtained from Sigma Chemical Co. (St. Louis, MO). 
[3H]Thymidine (84 Ci/mmol) and [y-33P]ATP (3,000 Ci/mmol) were obtained 
from NEN Life Science Products (Boston, MA). DC was purchased from 
Aldrich (Milwaukee, WI). I3C was recrystallized in hot toluene prior to use. 
The sources of other reagents used in the study are either listed below or were 
of the highest purity available. 

Cell Culture. The MCF-7 human breast adenocarcinoma cell line was 
obtained from the American Type Culture Collection (Manassas, VA). MCF-7 
cells were grown in DMEM supplemented with 10% FBS, 10 /xg/ml insulin, 
50 units/ml penicillin, 50 units/ml streptomycin, and 2 mM L-glutamine and 
maintained at subconfluency at 37°C in humidified air containing 5% C02.13C 
and tamoxifen were dissolved in DMSO (99.9% high-performance liquid 
chromatography grade; Aldrich) at concentrations that were 1000-fold higher 
than the final medium concentration. In all experiments, 1 /xl of the concen- 
trated agent was added per 1 ml of medium, and for the vehicle control, 1 /xl 
of DMSO was added per 1 ml of medium. 

Estrogen Receptor Binding. Rat uterine cytosol was prepared as de- 
scribed (28). Briefly, 2.5 g of uterine tissue from five 12-week-old Sprague 
Dawley rats were excised and homogenized for 1 min with 30 ml of ice cold 
TEDG buffer [10 mM Tris, 1.5 mM EDTA, 1 mM DTT, and 10% glycerol (pH 
7.4)], using a Polytron homogenizer at medium speed. The homogenate was 
centrifuged at 2800 rpm for 10 min at 4°C, transferred to a new tube, and 
centrifuged at 39,000 rpm for 90 min at 4°C. The supernatant was quickly 
frozen in a dry ice/ethanol bath and stored at —80°C. 

For the competitive binding assay, 1 ul of competitor (100X solution in 
DMSO) was added to 5 /xl of [3H]E2 mixture [20 nM [3H]E2 (NEN) in 50% 
ethanol, 5 mM Tris (pH 7.5), 5% glycerol, 0.5 mg/ml BSA, and 0.5 mM DTT] 
and incubated at room temperature with 95 /xl of uterine cytosol (3 mg/ml) for 
2 h. The range of concentrations of competitive ligand were 0.1 nM-1 /xM for 
E2, 10 nM-10 /xM for tamoxifen, and 10 /xM-1 mM for I3C. The reaction was 
then incubated on ice for 15 min with 100 /xl of 50% HAP slurry (hydoxy- 
lapatite; Bio-Rad BioGel HTP) rinsed and swelled overnight in TE buffer [50 
mM Tris and 1 mM EDTA (pH 7.4)] and then adjusted to 50%. The slurry was 
vortexed to resuspend HAP every 5 min. Next, 1.0 ml of ice-cold wash buffer 
[40 mM Tris (pH 7.4), 100 mM KC1, 1 mM EDTA, and 1 mM EGTA] was 
added, and the mixture was vortexed and centrifuged for 5 min at 10,000 rpm 
at 4°C. The pellet was washed twice more with ice-cold wash buffer and then 
resuspended in 400 /xl of ethanol and transferred to a scintillation vial for 
measurement. Relative binding affinities were calculated using the concentra- 
tion of competitor needed to reduce [3H]E2 binding by 50%, as compared to 
the concentration of unlabeled estrogen needed to achieve the same result. 

[3H]Thymidine Incorporation. MCF-7 cells were plated onto 24-well 
Corning tissue culture dishes. Triplicate samples of asynchronously growing 
mammary cells were treated for the indicated times with either vehicle control 
(1 /xl of DMSO per 1 ml of medium) or varying concentrations of I3C and/or 
tamoxifen. The cells were pulsed for 3 h with 3 /xCi of [3H]thymidine (84 

Ci/mmol), washed three times with ice-cold 10% trichloroacetic acid, and 
lysed with 300 /xl of 0.3 N NaOH. Lysates (150 /xl) were transferred into vials 
containing liquid scintillation cocktail, and radioactivity was quantitated by 
scintillation counting. Triplicates were averaged and expressed as cpm per 
well. 

Crystal Violet Staining of Low Confluency Cultures. MCF-7 cells were 
plated onto 100-mm Corning tissue culture dishes (10,000 cells per plate). The 
cells were treated with the indicated concentrations of I3C and tamoxifen for 
8 days. At the end of the treatment, the cells were washed with PBS and 
incubated in a solution of 0.5% crystal violet and 10% formalin for 10 min and 
then rinsed with water. The integrated density of the colonies on each plate was 
determined using NIH Image software. 

Soft Agar Colony Formation. Two layers of Difco agar with different 
concentrations were set in individual wells of a 24-well plate. The lower layer 
contained 0.5 ml of 0.6% soft agar in medium with the indicated combinations 
of I3C and tamoxifen. The upper layer was composed of 0.5 ml of 0.3% soft 
agar in medium with MCF-7 cells (500 cells/well) and the corresponding 
combinations of I3C and tamoxifen in triplicate. After 4.5 weeks, all of the 
colonies that were <50 /xm in diameter were counted. 

Flow Cytometric Analyses of DNA Content. MCF-7 cells (4 x 104) were 
plated onto Corning six-well tissue culture dishes. Triplicate samples were 
treated with the indicated concentrations of I3C and tamoxifen. The medium 
was changed every 24 h. Cells were incubated for 96 h and hypotonically lysed 
in 1 ml of DNA staining solution (0.5 mg/ml propidium iodide, 0.1% sodium 
citrate, and 0.05% Triton X-100). Nuclear emitted fluorescence with wave- 
length of >585 nM was measured with a Coulter Elite instrument with laser 
output adjusted to deliver 15 mW at 488 nM. Nuclei (10,000) were analyzed 
from each sample at a rate of 300-500 nuclei/s. The percentages of cells within 
the G„ S, and G2-M phases of the cell cycle were determined by analysis with 
the Multicycle computer program provided by Phoenix Row Systems in the 
Cancer Research Laboratory Microchemical Facility of the University of 
California, Berkeley. 

Western Blot Analysis. After the indicated treatments, cells were har- 
vested in radioimmunoprecipitation assay buffer (150 mM NaCl, 0.5% deoxy- 
cholate, 0.1% NP40, 0.1% SDS, and 50 mM Tris) containing protease and 
phosphatase inhibitors (50 /xg/ml phenylmethylsulfonyl fluoride, 10 /xg/ml 
aprotinin, 5 /xg/ml leupeptin, 0.1 /xg/ml NaF, and 10 /xg/ml ß-glycerophos- 
phate). Equal amounts of total cellular protein were mixed with loading buffer 
[25% glycerol, 0.075% SDS, 1.25 ml of 14.4 M ß-mercaptoethanol, 10% 
bromphenol blue, 3.13% 0.5 M Tris-HCl, and 0.4% SDS (pH 6.8)] and 
fractionated on 10% (7.5% for Rb) polyacrylamide/0.1 % SDS resolving gels 
by electrophoresis. Rainbow marker (Amersham Life Sciences, Arlington 
Heights, IL) was used as the molecular weight standard. Proteins were elec- 
trically transferred to nitrocellulose membranes (Micron Separations, Inc., 
Westboro, MA) and blocked overnight at 4°C with Western wash buffer-5% 
NFDM [10 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 0.05% Tween 20-5% 
nonfat dry milk). Blots were subsequently incubated for 1 h at room temper- 
ature for rabbit anti-CDK2, CDK4, CDK6, pi6, p21, and cyclin Dl antibodies 
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and overnight at 4°C for 
mouse anti-Rb and cyclin E antibodies (PharMingen, San Diego, CA). The 
working concentration for all antibodies was 1 /xg/ml in Western wash buffer. 
Immunoreactive proteins were detected after incubation with horseradish per- 
oxidase-conjugated secondary antibody diluted to 3 X 10"4 in Western wash 
buffer-1% NFDM [goat antirabbit IgG (Bio-Rad, Hercules, CA); rabbit anti- 
mouse IgG (Zymed, San Francisco, CA)]. Blots were treated with enhanced 
chemiluminescence reagents (NEN Life Science Products), and all proteins 
were detected by autoradiography. Equal protein loading was confirmed by 
Ponceau S staining of blotted membranes. 

IP and CDK Kinase Assay. MCF-7 cells were cultured in growth medium 
with combinations of tamoxifen and I3C for the indicated times and then rinsed 
twice with PBS, harvested, and stored as dry pellets at -70°C. For the IP, cells 
were lysed for 15 min in IP buffer [50 mM Tris-HCl (pH 7.4), 200 mM NaCl, 
and 0.1% Triton X-100] containing protease and phosphatase inhibitors (50 
/xg/ml phenylmethylsulfonyl fluoride, 10 /xg/ml aprotinin, 5 /xg/ml leupeptin, 
0.1 /xg/ml NaF, 10 /xg/ml ß-glycerophosphate, and 0.1 mM sodium orthovana- 
date). Samples were diluted to 500 /xg of protein in 1 ml of IP buffer. Samples 
were precleared for 30 min at 4°C with 20 /xl of a 1:1 slurry of protein 
A-Sepharose beads (Pharmacia Biotech, Sweden) in IP buffer and 1 /xg of 
rabbit IgG. After a brief centrifugation to remove precleared beads, 0.5 /xg of 
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> anti-CDK2 or anti-CDK6 antibody was added to each sample and incubated on 
a rocking platform at 4°C for 2 h. Then, 20 pi of protein A-Sepharose beads 
were added to each sample, and the slurries were incubated on the rocking 
platform at 4°C for 30 min. The beads were then washed five times with IP 
buffer and twice with kinase buffer (50 rriM HEPES, 10 mM MgCl2, 5 mM 
MnCl2, 0.1 /xg/ml NaF, 10 jug/ml /3-glycerophosphate, and 0.1 mM sodium 
orthovanadate). Half of the immunoprecipitated sample was checked by West- 
ern blot analysis to confirm the IP. 

For the kinase assay, the other half of the sample was resuspended in 25 /xl 
of kinase buffer containing 20 mM ATP, 5 mM DTT, 0.21 /xg of Rb COOH- 
terminal domain protein substrate (Santa Cruz Biotechnology), and 10 /xCi of 
[7-33P]ATP (3000 Ci/mmol). Reactions were incubated for 15 min at 30°C and 
stopped by the addition of an equal volume of 2x loading buffer [10% 
glycerol, 5% /3-mercaptoethanol, 3% SDS, 6.25 mM Tris-HCl (pH 6.8), and 
bromphenol blue]. Reaction products were boiled for 10 min and then elec- 
trophoretically fractionated in SDS-10% polyacrylamide gels. Gels were 
stained with Coomassie blue to monitor loading and destained overnight with 
3% glycerol in 10% acetic acid. Subsequently, gels were dried and quantitated 
on a Phosphorlmager (Molecular Dynamics, Sunnyvale, CA) and visualized by 
autoradiography. 

Quantitation of Autoradiography. Autoradiographic exposures were 
scanned with a UMAX UC630 scanner, and band intensities were quantified 
using the NTH Image program. Autoradiographs from a minimum of three 
independent experiments were scanned per time point. 

RESULTS 

DC and Tamoxifen Cooperate to Arrest the Growth of MCF-7 
Cells. To determine the potential combinatorial effects of I3C and 
tamoxifen on the growth of an estrogen-dependent breast cancer cell 
line, MCF-7 cells were grown in medium supplemented with 10% 
FBS, which contains enough estrogen to support the proliferation of 
these cells. The cells were treated with 100 JLIM I3C, 1 fxM tamoxifen, 
or a combination of I3C and tamoxifen over a 96-h time course (Fig. 
1). These concentrations of I3C and tamoxifen were previously shown 
to decrease cell growth without affecting viability (6, 29). The cells 
were then pulse-labeled with [3H]thymidine for 3 h at each time point 
to provide a measure of their proliferative state. Analysis of [3H]thy- 
midine incorporation revealed that tamoxifen caused a steady de- 
crease in DNA synthesis over the time course with a 60% inhibition 
after 96 h of treatment. I3C treatment also resulted in a time-depen- 
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Fig. 1. Time course effects of I3C and tamoxifen on DNA synthesis in MCF-7 cells. 
MCF-7 cells cultured in 24-well dishes were treated for the indicated time with vehicle 
control (Vehicle Control; D), 1 IM tamoxifen {Tarn; O), 100 jiM DC (I3C; O), or a 
combination of tamoxifen and I3C (Tam+BC; ■). Cells were labeled with [3H]thymidine 
for 3 h, and the [3H]thymidine incorporation into DNA was determined by acid precip- 
itation as described in "Materials and Methods." The data are expressed as the percentage 
of growing control. This was calculated by dividing the value of the vehicle control- 
treated sample at each time point by the value of the drug-treated sample at the same time 
point. Data points, average of triplicate samples from six different experiments; bars, SE. 
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Fig. 2. Competitive binding to the estrogen receptor. The binding of [3H]E2 (1 nM) to 
the estrogen receptor from rat uterine cytosol was measured in the presence of the 
unlabeled competitive ligands, E2 (O), Tarn (•), and I3C (D), at the indicated concen- 
trations as described in "Materials and Methods." The results are reported as the percent- 
age of binding in the absence of competitors. Relative binding affinities were calculated 
using the concentration of competitor needed to reduce [3H]E2 binding by 50% as 
compared to the concentration of unlabeled E2 to achieve the same result. 

dent decrease in DNA synthesis with a 90% inhibition after 96 h. The 
combination of I3C and tamoxifen yielded statistically similar results 
as I3C alone for the 24- and 48-h time points. However, by the 72- and 
96-h time points, the combination of I3C and tamoxifen resulted in a 
more effective growth suppression than either agent alone, resulting in 
a 95% inhibition after 96 h of treatment. 

Because both I3C and the antiestrogen tamoxifen inhibited the 
growth of estrogen-responsive breast cancer cells, we wanted to 
determine whether I3C has any effect on estrogen receptor ligand 
binding. An in vitro competition binding assay for receptor-ligand 
interactions was used to examine the relative affinities of I3C and 
tamoxifen for the estrogen receptor. As a control and point of refer- 
ence for the relative ligand affinity, unlabeled E2 was shown to 
effectively compete with [3H]E2 binding to the estrogen receptor, 
with half-maximal competition occurring at ~3 nM (Fig. 2). As 
expected, tamoxifen has a relatively high affinity for the estrogen 
receptor with a half maximal [3H]E2 displacement of ~200 nM. In 
contrast, I3C caused no significant displacement of [3H]E2 binding to 
the estrogen receptor, even at 1 mM. For the remainder of this study, 
the highest concentration of tamoxifen used was 1 /XM, which is within 
the range of E2 competition, and the highest concentration of I3C used 
was 100 /XM, which does not compete with E2 for receptor binding. 

Effects of DC and Tamoxifen on Adherent Cell Growth and 
Anchorage-independent Cell Growth. To characterize the inhibi- 
tory effects of I3C and tamoxifen on adherent cell growth, MCF-7 
cells were plated at low confluency (10,000 single cells per 100-mm 
plate) and grown for 8 days in medium containing the vehicle control 
or various doses of each agent alone or in combination. To visualize 
the cell colonies, the cells were stained and fixed in crystal violet/ 
formalin. Representative plates of vehicle control, high doses of I3C 
(100 /XM) or tamoxifen (1 /XM) and the combination of I3C and 
tamoxifen are shown in Fig. 3A. The average integrated density of 
replicate areas on each plate was determined by NTH Image and 
normalized by dividing that value by the area that was measured on 
each plate. This measurement takes into account both the number and 
size of the colonies and is representative of the number of cells on 
each plate. Treatment with the high doses of DC or tamoxifen alone 
inhibited cell colony formation by 80 and 65%, respectively, whereas 
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Fig. 3. Effects of I3C and tamoxifen on low confluency cell colony number in MCF-7 cells on plastic and in soft agar. A, four representative 100-mm plates of MCF-7 cells cultured 
for 8 days in the presence of the indicated concentrations of 13C and tamoxifen (Tarn). At the end of the treatment the cells were fixed and stained as described in "Materials and 
Methods." B, quantification of the amount and size of the colonies on each plate treated with the indicated combination of I3C and tamoxifen was determined by calculating the 
integrated density using NIH Image. Data shown represent a detailed dose response. Columns, average of triplicate samples, expressed as integrated density in pixel value/area in mm ; 
bars, SE. C, 500 MCF-7 cells were cultured in 0.3% soft agar as described in "Materials and Methods." After 4.5 weeks at the indicated concentrations of I3C and/or tamoxifen. colonies 
that were >50 /xm in diameter were counted. Columns, average of triplicate samples; bars, SE. 

a combination of both agents inhibited adherent cell growth by >95%. 
An expanded analysis of the dose-dependent suppression of adherent 
cell growth by I3C and tamoxifen is shown in Fig. 3B. 

The effects of combinations of I3C and tamoxifen on the anchor- 
age-independent growth of MCF-7 cells in soft agar was examined. 
Cells were cultured for 4.5 weeks in 0.3% agar and complete medium 
containing the vehicle control, I3C, tamoxifen, or a combination of 
both agents. Cell colonies that were >50 /xm in diameter were 
counted. As shown in Fig. 3C, increasing doses of I3C or tamoxifen 
caused a decrease in cell colony formation, and consistent with the 
adherent cell growth properties, a combination of both agents caused 
a more pronounced decrease in cell colony formation. For both growth 
conditions, the combined inhibitory effect of suboptimal concentra- 
tions of I3C (50 /XM) and tamoxifen (0.5 /XM) approximated that 
observed with the highest doses of either I3C or tamoxifen alone. 

Cell Cycle Effects of I3C and Tamoxifen. To assess the effect of 
combinations of I3C and tamoxifen on the cell cycle, MCF-7 cells 
were treated with the indicated concentrations of each compound for 
96 h and then hypotonically lysed in the presence of propidium iodide 
to stain the nuclear DNA. Flow cytometry profiles revealed that 
treatment with increasing doses of I3C or tamoxifen lead to a dose- 
dependent shift in percentage of cells with a Grlike DNA content. As 
shown in Fig. 4A, I3C or tamoxifen altered the DNA content of the 
MCF-7 cell population from an asynchronous population of growing 
cells in all phases of the cell cycle (61.4% in G1? 29.0% in S, and 9.7% 
in G2-M) to one in which most of the treated breast cancer cells were 
in the G! phase of the cell cycle (Fig. 4A, top right for I3C and bottom 
left for tamoxifen). Consistent with the cell growth studies, a combi- 
nation of both agents caused a more striking shift to Qx (Fig. 4A, 

bottom right). Incubation with suboptimal concentrations of both I3C 
and tamoxifen (Fig. 4A, middle) induced the G, shift to approximately 
the same extent as observed with the highest concentrations of either 
compound alone. As shown graphically in Fig. AB, the I3C- and 
tamoxifen-mediated shift in number of G! cells {top) appeared to 
result from a decrease in S-phase cells (middle), whereas the G2-M 
phase values did not significantly change (bottom). 

The expression levels of specific cell cycle proteins that are respon- 
sible for progression through Gi and/or transition into S phase were 
examined in cells treated for 96 h with combinations of 100 JAM I3C 
and/or 1 /XM tamoxifen. Western blot analysis revealed that I3C 
selectively decreased the level of CDK6 protein and increased the 
level of the p21 CDK inhibitor at this time point (Fig. 5). In contrast, 
tamoxifen had no effect on each of these cell cycle proteins under our 
cell culture conditions. Our previous studies show that I3C also 
slightly increases the level of the p27 CDK inhibitor protein (6), 
whereas tamoxifen has no effect on p27 protein levels (data not 
shown). The expression of the other cell cycle proteins tested, such as 
CDK2, CDK4, cyclin Dl, and cyclin E, were not affected by either 
I3C or tamoxifen. The pl6 CDK inhibitor was not detectable in the 
MCF-7 cells used for our study. 

I3C and Tamoxifen Cooperate to Decrease the in Vitro Activity 
of CDK2 and the Phosphorylation of Endogenous Rb. The control 
of Gi CDK enzymatic activity is critical for regulating cell cycle 
progression (22). The activity of specific CDKs is regulated, in part, 
by the composition of the holoenzyme, which includes the appropriate 
cyclin and/or CDK inhibitory proteins. Therefore, although the levels 
of CDK2 and CDK4 remain unaltered after I3C and/or tamoxifen 
treatment, we examined the potential effects of I3C and tamoxifen on 
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Fig. 4. Effects of I3C and 
tamoxifen on DNA content of 
MCF-7 ceUs. A, MCF-7 cells 
were treated with the indicated 
combinations of concentrations 
of I3C and tamoxifen (Tam) for 
96 h. Cells were then stained 
with propidium iodide, and nu- 
clei were analyzed for DNA 
content by flow cytometry with 
a Coulter Elite Laser. A total of 
10,000 nuclei were analyzed 
from each sample, and the per- 
centages of cells within Gj, S, 
and G2-M were determined as 
described in "Materials and 
Methods." Representative pro- 
files are shown for each condi- 
tion, and the numbers in the up- 
per right corner of the profiles 
are an average of triplicate sam- 
ples. B, results from the flow 
cytometry profiles were con- 
verted into bar graphs. Top, G:; 
middle, S; bottom, G2-M, after 
the indicated treatments of 
doses of I3C and tamoxifen 
(7am) for 96 h. Bars, SE. 

G, CDK specific activities. Because one of the key endogenous 
substrates for the G! CDKs is the Rb protein, we determined the 
ability of the individual G, CDKs to phosphorylate Rb in vitro. 
MCF-7 cells were treated for 48 h with I3C and/or tamoxifen and then 
CDK2, CDK4, or CDK6 were immunoprecipitated from total cell 
extracts. For the kinase assays, half of each immunoprecipitated 
sample was incubated with the COOH-terminal domain of Rb fused to 
GST and [-y-33P]ATP. The electrophoretically fractionated reaction 
products were quantitated on a Phosphorlmager and then visualized 

by autoradiography. The other half of the immunoprecipitated sam- 
ples were analyzed by Western blot and densitometry to confirm the 
efficiency and specificity of each IP. The CDK-specific activity was 
calculated by dividing the in vitro kinase activity by the corresponding 
protein expression. As shown in the CDK2 specific activity graph, 
increasing doses of I3C alone or tamoxifen alone resulted in dose- 
dependent decreases in CDK2-specific activity (Fig. 6). Treatment 
with combinations of these two growth inhibitors resulted in a more 
stringent decrease in CDK2-specific activity than either agent alone. 
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Fig. 5. Effects of I3C on expression of G, cell cycle proteins. MCF-7 cells were treated 
with 100 /XM I3C and/or 1 \IM tamoxifen (Jam) for 96 h, and the protein production of the 
G, cell cycle components was determined by Western blot analysis using specific 
antibodies. The same cell extracts were used for the analysis of each cell cycle protein, and 
equal sample loading was confirmed by Ponceau S staining of the Western blot mem- 
brane. 

In contrast, I3C inhibited CDK6 protein expression, but the specific 
activity of the residual CDK6 protein remained unaltered. Tamoxifen 
had no effect on CDK6 protein expression or specific activity (Fig. 6). 
Thus, the decrease in CDK6 activity appears to result from the 
DC-mediated decrease in CDK6 protein levels and not due to an 
effect on CDK6 enyzmatic activity. CDK4-specific activity was not 
affected by either tamoxifen or I3C (data not shown). 

It was important to determine whether the in vitro kinase assay 
results reflected the phosphorylation status of endogenous Rb after 
treatment with the antiproliferative agents. Therefore, the levels of 
phosphorylated and hypophosphorylated Rb were examined in 
MCF-7 cells treated for 48 h with I3C, tamoxifen, or a combination of 
both agents. The extent of Rb phosphorylation was determined by 
probing Western blots with a Rb-specific antibody and analyzing the 
characteristic mobility shift of the hyperphosphorylated Rb protein. 
As shown in Fig. 7, I3C treatment, and to a lesser extent tamoxifen 
treatment, caused a decrease in total Rb protein levels and an increase 
in the relative levels of hypophosphorylated Rb (pRb). Most signifi- 
cantly, a combination of I3C and tamoxifen virtually ablated the 
expression of the hyperphosphorylated form of Rb (ppRb), which 
likely explains the more potent growth arrest observed in the presence 
of these two growth suppressors. 

DISCUSSION 

A wide range of extracellular signaling molecules either inhibit or 
stimulate the proliferation of mammalian cells through pathways that 
ultimately target specific components within G, (19, 22, 30). It is well 

established that tamoxifen can exert its growth-inhibitory effects in hu- 
man breast cancer cells by antagonizing the estrogen receptor stimulation 
of cell cycle progression (18). We have recently documented that the 
dietary indole I3C can induce a Gt block in cell cycle progression of 
breast cancer cell lines in the absence of estrogen receptor signaling (6). 
Depending on the antiproliferative pathways, cell cycle progression can 
be more effectively blocked through the coordinate actions of specific 
networks of cell cycle-regulated gene products (31). Our results have 
established that the antiproliferative cascades initiated by I3C and tamox- 
ifen can cooperate to induce a more stringent growth suppression in 
breast cancer cells treated with a combination of both agents compared to 
treatment with either I3C or tamoxifen alone. We propose that the I3C- 
and tamoxifen-activated antiproliferative responses are mediated by dis- 
tinct signal transduction pathways (see Fig. 8) that converge on the 
inhibition of CDK2-specific activity as a common target with a subse- 
quent decrease in endogenous Rb phosphorylation. 

The distinguishing feature of the I3C antiproliferative pathway is 
the rapid down-regulation of CDK6 expression (6), which accounts 
for the inhibition of total CDK6 activity in breast cancer cells. 
Tamoxifen had no apparent effect on either CDK6 protein levels or 
enzymatic activity. In contrast to tamoxifen, I3C did not compete with 
E2 for binding to the estrogen receptor and has been shown to exert 
its growth-suppressive effects in breast cancer cells irrespective of 
estrogen receptor status, such as in estrogen receptor-deficient breast 
cancer cells (6). The immediate cellular target for I3C or a specific 
metabolite is unknown. We propose (Fig. 8) that this extracellular 
signal binds to a target molecule that mediates the growth-inhibitory 
cascade. The sustained growth suppression of colonies in soft agar in 
the absence of a medium change for 4.5 weeks implies that I3C could 
be working through a stable compound that binds to a specific cellular 
component. I3C regulates several Gt -acting cell cycle components, 
including the down-regulation of CDK6 expression and the inhibition 
of CDK2-specific activity. Tamoxifen inhibited MCF-7 cell growth 
through its antiestrogenic effects because the cells were cultured in 
medium supplemented with 10% FCS, which contains enough endog- 
enous estrogen to maintain the cells in a proliferative state. Other 
studies have shown that tamoxifen interferes with the estrogen stim- 
ulation of the cell cycle, which includes a disruption in the stimulation 
of CDK2 activity and Rb phosphorylation (32). Our results are con- 
sistent with these observations and we propose that the inhibition of 
CDK2-specific activity and Rb phosphorylation are common targets 
for both the I3C and tamoxifen pathways (Fig. 8) and, thereby, 
provides one mechanistic explanation for the more stringent growth 
suppression observed with both agents. 

Several potential mechanisms could account the inhibition of 
CDK2-specific activity by the I3C and/or the tamoxifen pathways. For 
example, treatment with either agent could alter the composition of 
CDK2 holoenzyme complex resulting in inactive complexes that do 
not support the phosphorylation of Rb. Alternatively, because full 
activation of CDK2 requires phosphorylation on specific residues and 
removal of phosphates from other residues (17, 20, 33), the CDK2- 
specific kinases and phosphatases may be targets for either the I3C or 
tamoxifen pathways. The unique features of each pathway likely play 
a role in the more stringent inhibition of growth observed in cells 
treated with both I3C and tamoxifen. The I3C down-regulation of 
CDK6 expression could release other cell cycle factors contained 
within the CDK6 protein complexes and, thereby, shift the cellular 
equilibrium of these components in manner that alters the composition 
of the other G{ CDK protein complexes. For example, enough CDK- 
inhibitory molecules could conceivably be released from the CDK6 
protein complexes to negatively modulate the specific activity of 
CDK2. Furthermore, longer I3C treatments increase the level of the 
p21 CDK inhibitor, which could also influence CDK2-specific activ- 
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Fig. 6. Effects of I3C and tamoxifen on in vitro CDK2 and CDK6 kinase activity in MCF-7 cells. MCF-7 cells were treated with DC and/or tamoxifen (Tarn) for 48 h. CDK2 or 
CDK6 was immunoprecipitated from cell lysates and assayed for in vitro kinase activity using the COOH terminus of the Rb protein as a substrate (GST-Rb). One control 
immunoprecipitation (no IP) contained rabbit anti-IgG only in vehicle control-treated MCF-7 cell lysates. The kinase reaction mixtures were electrophoretically fractionated, and the 
level of [33P]Rb (pGST-Rb) was quantitated by Phosphorlmager analysis and visualized by autoradiography. The efficiency of the IP for each sample'was confirmed and quantitated 
by Western blot analysis as described in "Materials and Methods." To normalize for DP efficiency, the specific activity was determined by dividing the values for the activity by the 
values for the protein level. Columns, average results of at least three kinase assays for each condition; bars, SE. 

Tamoxifen 

Fig. 7. Effects of I3C and tamoxifen on phosphorylation of endogenous Rb in MCF-7 
cells. MCF-7 cells were treated with 100 IIM I3C and/or 1 JIM tamoxifen (Jam) for 48 h, 
the cell extracts were electrophoretically fractionated, and Western blots were probed with 
anti-Rb antibodies. The extent of endogenous Rb phosphorylation was determined by the 
characteristic migration of the hyperphosphorylated (ppRb) and hypophosphorylated 
(pRb) forms of Rb. 

ity. However, within the 24-h time point when CDK2 activity is 
affected, neither p21 protein levels nor p21's ability to coimmuno- 
precipitate with CDK2 changes (data not shown). Thus, p21 does not 
appear to be responsible for I3C's ability to decrease CDK2 activity. 

In addition to the differential cell cycle effects of I3C and tamox- 
ifen, treatment with both compounds virtually eliminated colony 
formation in soft agar. This suggests the possibility that I3C could 
enhance the effectiveness of tamoxifen to control the growth of breast 
tumors in vivo. Tamoxifen has been shown to act as an estrogen 
agonist or antagonist, depending on cell type (reviewed in Ref. 12). 
The use of tamoxifen to treat estrogen-responsive breast cancers has 
extended the lives of many women (7-9). In addition, the preliminary 

Rb phosphorylation 

Cell Growth 
Fig. 8. Model for the comparison of the antiproliferative effects of I3C and tamoxifen 

in breast cancer cells. 13C potentially mediates its effects through a putative cellular target 
("target"). DC-induced breast cancer cell growth suppression is correlated with a rapid 
inhibition of CDK6 expression and activity and a decrease in the activity of CDK2. The 
inhibition of the activity of these two G,-acting CDKs are most likely responsible for the 
decrease in retinoblastoma protein (Rb) phosphorylation and thereby results in the 
observed G, block in cell cycle progression. In contrast, tamoxifen mediates its effects by 
inhibiting the activity of the estrogen receptor, which prevents the estrogen-stimulated 
growth of breast cancer cells through a pathway that eventually converges on the activity 
ofCDK2. 

1250 



ANT1PR0LIFERATIVE EFFECTS OF DC AND TAMOXIFEN 

results of a clinical trial using tamoxifen as a preventative treatment 
for women that are at a high risk for breast cancer are very encour- 
aging (34). However, approximately two-thirds of breast cancer pa- 
tients have estrogen receptor-positive tumors, only half of which 
respond to tamoxifen therapy (35). Moreover, after 12-18 months of 
treatment, resistance to tamoxifen develops in all patients (36), and 
tamoxifen has been shown to actually stimulate the growth of breast 
cancer cells after prolonged treatment (37, 38). The molecular mech- 
anism underlying the development of acquired resistance to antiestro- 
gens is unclear, but continued exposure of cells to tamoxifen may 
select for cells able to grow without estrogen stimulation (39). 

Our results suggest that I3C, in combination with tamoxifen, could 
overcome some of the drawbacks of tamoxifen therapy while capital- 
izing on the positive effects of this proven therapy. Lower doses and/or 
pulses of tamoxifen are two of the proposed methods of circumventing 
tamoxifen resistance (40). In this regard, our results showed that lower 
doses of tamoxifen and I3C inhibited MCF-7 cell growth and CDK2- 
specific activity to the same extent as higher doses of either agent added 
individually. In principle, this response could be exploited to circumvent 
acquired drug resistance to sustained high doses of tamoxifen. Alterna- 
tively, patients could conceivably receive intermittent pulses of tamoxifen 
while undergoing I3C treatment. I3C has been shown to reduce the 
formation of both spontaneous and carcinogen-induced mammary tumors 
in rodents with no apparent side effects (4, 41-43). Human subjects who 
ingested I3C also had no side effects (44, 45). To extend our current 
studies, we plan to examine the in vivo effectiveness of combinations of 
I3C and tamoxifen on the growth of tumors derived from estrogen- 
responsive and estrogen-nonresponsive breast cancer cell lines and to 
determine the mechanism by which the I3C and tamoxifen pathways 
cooperate to block cell cycle progression. 
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Indole-3-carbinol (I3C), a naturally occurring compo- 
nent of Brassica vegetables such as cabbage, broccoli, 
and Brussels sprouts, has been shown to reduce the 
incidence of spontaneous and carcinogen-induced mam- 
mary  tumors.  Treatment  of cultured  human  MCF7 
breast cancer cells with I3C reversibly suppresses the 
incorporation of [3H]thymidine without affecting cell 
viability or estrogen receptor (ER) responsiveness. Flow 
cytometry of propidium iodide-stained cells revealed 
that I3C induces a Gt cell cycle arrest. Concurrent with 
the I3C-induced growth inhibition, Northern blot and 
Western blot analyses demonstrated that I3C selectively 
abolished the expression of cyclin-dependent kinase 6 
(CDK6) in a dose- and time-dependent manner. Further- 
more, I3C inhibited the endogenous retinoblastoma pro- 
tein phosphorylation and CDK6 phosphorylation of ret- 
inoblastoma in vitro to the same extent. After the MCF7 
cells reached their maximal growth arrest, the levels of 
the p21 and p27 CDK inhibitors increased by 50%. The 
antiestrogen tamoxifen also suppressed MCF7 cell DNA 
synthesis but had no effect on CDK6 expression, while a 
combination of I3C and tamoxifen inhibited MCF7 cell 
growth more stringently than either agent alone. The 
I3C-mediated cell cycle arrest and repression of CDK6 
production were also observed in estrogen receptor-de- 
ficient MDA-MB-231 human breast cancer cells, which 
demonstrates that this indole can suppress the growth 
of mammary tumor cells independent of estrogen recep- 
tor signaling. Thus, our observations have uncovered a 
previously undefined antiproliferative pathway for I3C 
that implicates CDK6 as a target for cell cycle control in 
human breast cancer cells. Moreover, our results estab- 
lish for the first time that CDK6 gene expression can be 
inhibited in response to an extracellular antiprolifera- 
tive signal. 

Considerable epidemiological evidence suggests that high 
vegetable diets correlate with low breast cancer risk (1, 2). This 
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phenomenon is likely due to the diverse spectrum of dietary 
and environmental compounds that can regulate the function 
and proliferation of mammalian cells by influencing hormone 
receptor signal transduction pathways (3, 4). Several classes of 
these naturally occurring hormone-like chemicals have been 
implicated in the control of tumor cell growth and as chemo- 
preventative agents. One such substance is the dietary com- 
pound indole-3-carbinol (I3C),1 an autolysis product of a glu- 
cosinolate, glucobrassicin, which occurs in Brassica vegetables 
such as cabbage, broccoli, and Brussels sprouts (5, 6). A recent 
screen of 90 potential chemopreventative agents in a series of 
six short term bioassays relevant to carcinogen-induced DNA 
damage, oxidative stress, and tumor initiation and promotion, 
revealed I3C to be one of only eight compounds effective in all 
assays (7). Several studies have shown that exposure to dietary 
I3C markedly reduces the incidence of spontaneous and carcin- 
ogen-induced mammary tumors in rodents (8, 9). For example, 
I3C administered in the diet or by oral intubation prior to 
treatment with carcinogen reduced the incidence of 7,12-di- 
methyl-benz(a)anthracene-induced mammary tumors in ro- 
dents by 70-90% (6, 10). Consistent with these results, dietary 
supplementation with cabbage or broccoli, vegetables that are 
good sources of I3C, also resulted in decreased mammary tu- 
mor formation in 7,12-dimethyl-benz(a)anthracene-treated 
rats (11). Also, in a long term feeding experiment, in which 
female mice consumed synthetic diets containing I3C, sponta- 
neous mammary tumor incidence and multiplicity were re- 
duced by 50% and tumor latency was prolonged compared with 
untreated control animals (9). I3C also has anticarcinogenic 
effects on other cancer types, such as hepatic tumors (12) 
and can reduce benzo(a)pyrene-induced neoplasia of the 
forestomach (6). 

I3C has been shown to have an antiestrogenic activity in 
vivo, which has been proposed to account for some of its pro- 
tective and antiproliferative effects on mammary tumor forma- 
tion. Part of this effect may be due to alterations in estrogen 
metabolism, since oral administration of I3C to humans in- 
creased estradiol 2-hydroxylation by approximately 50% in 
both men and women (13) and also increased the levels of 
estradiol hydroxylation activity in female rats (14). In addition, 
I3C was shown to block the estradiol-induced proliferation of 
long term confluent cultures of human breast cancer cells (15). 

1 The abbreviations used are: I3C, indole-3-carbinol; Ah, aromatic 
hydrocarbon; BrdUrd, 5-bromc-2'-deoxyuridine; CAT, chloramphenicol 
acetyltransferase; CDK, cyclin-dependent kinase; CS, calf serum; DIM, 
3,3'-diindolylmethane; ER, estrogen receptor, ERE, estrogen response 
element; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-phos- 
phate dehydrogenase; ICZ, indolo(3,2-o)carbazole; NFDM, nonfat dry 
milk PBS, phosphate-buffered saline; Rb, retinoblastoma; HPLC, high 
pressure liquid chromatography; IP, immunoprecipitation. 
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A major complication in interpreting the physiological results 
is that I3C is extremely unstable in acidic solution and does not 
withstand exposure to the low pH environment of the stomach 
(16). A relatively large fraction of I3C is converted into several 
acid-catalyzed derivatives with distinct biological activities 
that appear to mediate the antiestrogenic effects of I3C. Two of 
the most active acid products of I3C that have been identified 
are 3.3'-diindolylmethane iDIM) and indolo(3,2-6)carbazole 
(ICZ> 117). 

A general picture has emerged indicating that many of the 
long term antiestrogenic biological activities of I3C probably 
result from the actions of one or more of its acid-catalyzed 
derivatives (17, 18). ICZ appears to mediate its antiestrogenic 
effects by the direct binding to the Ah receptor (aromatic hy- 
drocarbon or dioxin receptor), inducing cytochrome P450 
CYP1A1 gene expression (19), which can alter estrogen metab- 
olism, thereby effectively decreasing the amount of circulating 
estrogen. This reduction in circulating estrogen leads to the 
decreased growth of estrogen-responsive mammary tissue and, 
presumably, a protective effect against breast cancer. ICZ ex- 
hibits only a very weak affinity for the ER but is the most 
potent Ah receptor agonist among the characterized I3C acid- 
catalyzed derivative compounds. In contrast, I3C has approxi- 
mately 100,000-fold lower affinity for the Ah receptor compared 
with ICZ (Kd of 190 pM) and 3000-fold lower affinity compared 
with DIM iKd of 90 n.M) (17). Thus, it is unlikely that I3C 
mediates its activities directly through the Ah receptor, and 
conceivably this dietary indole may exert many of its direct 
growth-inhibitory effects through a signal transduction path- 
way distinct from the antiestrogenic effects of its acid-catalyzed 
products. However, virtually nothing is known about the mech- 
anism by which I3C mediates its antiproliferative effects on 
human breast cancer cells. The I3C-regulated cellular pro- 
cesses are likely to be complex, however, because both estro- 
gen-independent and estrogen-dependent pathways may po- 
tentially be under indole control. 

Analogous to most other antiproliferative signaling mole- 
cules in mammalian cells, the I3C growth suppression pathway 
probably targets specific components and stages within the cell 
cycle. The eukaryotic cell cycle is composed of four phases (G[ 
(gap 1), DNA synthesis (S), G2 (gap 2), and mitosis (Ml) as well 
as an out of cycle quiescent phase designated G0. In normal 
mammary epithelial cells, an intricate network of growth-in- 
hibitory and -stimulatory signals are transduced from the ex- 
tracellular environment and converge on Gt-acting compo- 
nents, which, through their concerted actions, stringently 
regulate cell cycle progression (20, 21). The final targets of 
these growth signaling pathways are specific sets of cyclin- 
cyclin-dependent kinase (CDK) protein complexes, which func- 
tion at specific, but overlapping, stages of the cell cycle (22-24). 
An active CDK complex phosphorylates retinoblastoma (Rb) 
protein family members. Rb and its related proteins sequester 
the E2F transcription factor, and the phosphorylation of Rb 
proteins by the active CDKs releases E2F, which then induces 
the expression of genes involved in the initiation of DNA syn- 
thesis (25). In the Gx phase of the cell cycle, certain cyclins (C, 
Dl, D2, D3, E) are necessary for activation the Gt CDKs 
(CDK2, CDK4, and CDK6), while, in a complementary manner, 
several of the small proteins associated with cyclin-CDK com- 
plexes (pl5. pl6/Ink4a, p2iyWafl/Cipl, p27/Kipl, p57/Kip2) 
have been shown to act as specific inhibitors of cyclin-depend- 
ent kinase activity (26-29). The loss of normal cell cycle control 
in Gt has been implicated in mammary tumor development and 
proliferation. Up to 45% of human breast cancers show an 
aberrant expression and/or amplification of cyclin Dl or cyclin 
E (30, 31). In other studies, inappropriate expression and/or 

mutation of certain Gracting proto-oncogenes, growth factors, 
and their cognate receptors has been observed in both human 
and rodent mammary tumor cells (31-33). Furthermore, many 
tumors exhibit a loss in expression or function of certain tumor 
suppressor genes (such as p53), which modulate cell cycle 
events late in the Gx phase (34, 35). 

Regulated changes in the expression and/or activity of cell 
cycle components that act within Gi have been closely associ- 
ated with alterations in the proliferation rate of normal and 
transformed mammary epithelial cells (4). For example, the 
estrogen-induced activation of CDK4 and CDK2 during pro- 
gression of human breast cancer cells between the G; and S 
phases is accompanied by the increased expression of cyclin Dl 
and decreased association of the CDK inhibitors with the cyclin 
E-CDK2 complex (36). In rat tumor cells derived from 7,12- 
dimethyl-benz(a)anthracene-induced mammary adenocarcino- 
mas, glucocorticoids induce a Gt cell cycle arrest and alter 
expression of cell cycle-regulated genes (37). Thus, it seemed 
likely that dietary indoles control the emergence and prolifer- 
ation of breast cancer cells by regulating Gt-acting cell cycle 
components in mammary epithelial cells. In this study, we 
demonstrate that the dietary indole I3C. but not the acid- 
catalyzed derivative DIM or ICZ, inhibits the growth of human 
MCF7 breast cancer cells and induces a Gt cell cycle arrest in 
an ER-independent manner. Strikingly, this growth arrest is 
accompanied by the selective inhibition in expression of CDK6 
transcripts, CDK6 protein, and the activity of CDK6, which 
correlates with a decrease in endogenous Rb phosphorylation. 

EXPERIMENTAL PROCEDURES 

Materials—Duibecco's modified Eagle's medium, fetal bovine serum 
iFBS). calf serum <CS), calcium-free and magnesium-free phosphate 
buffered saline (PBS), L-glutamine. and trypsin-EDTA were supplied by 
BioWhittaker (Walkersville, MDi. Insulin (Bovine). 170-estradiol, 
and tamoxifen ((Z)-l-(p-dimethylaminoethoxyphenyll-1.2-diphenyl-l- 
butene) citrate salt were obtained from Sigma. ('HIThymidine (84 Ci/ 
mmol), [-»-"P1ATP (6.000 Ci/mmol). and (a-J2P]dCTP (3.000 Ci/mmol) 
were obtained from NEN Life Science Products. Indole-3-carbinol i I3C) 
was purchased from Aldrich. I3C was recrystallized in hot toluene prior 
to use, while ICZ and DIM were prepared and purified as described (17). 
The sources of other reagents used in the study are either listed in the 
following methods or were of the highest punty available. 

Cell Culture—The human breast adenocarcinoma cell lines. MCF7 
and MDA-MB-231, were obtained from the American Type Culture 
Collection (Rockville. MD). MCF7 cells were grown in Duibecco's mod- 
ified Eagle's medium supplemented with 10% FBS. 10 ng/ml insulin. 50 
units/ml penicillin, 50 units/ml streptomycin, and 2 mM L-glutamine. 
MDA-MB-231 cells were grown in Duibecco's modified Eagle's medium 
supplemented with 10% FBS, 50 units/ml penicillin, 50 units/ml strep- 
tomycin, and 2 mM L-glutamine. Both cell lines were maintained at 
37 °C in humidified air containing 5% C02 at subconfluency. I3C, ta- 
moxifen, and estradiol were dissolved in Me2SO (99.9% HPLC grade, 
Aldrich) at concentrations 1000-fold higher than the final medium 
concentration. In all experiments, 1 /xl of the concentrated agent was 
added per ml of medium, and for the vehicle control, 1 u\ of Me2SO was 
added per ml of medium. 

PHJThymidine Incorporation—Breast cancer cells were plated onto 
24-well Coming tissue culture dishes. Triplicate samples of asynchro- 
nously growing mammary cells were treated for the indicated times 
with either vehicle control (1 Lü of Me2SO/ml of medium) or varying 
concentrations of I3C, estradiol, and/or tamoxifen. The cells were 
pulsed for 3 h with 3 fxCi of [3H|thymidine (84 Ci/mmol). washed three 
times with ice-cold 10% trichloroacetic acid, and lysed with 300 /il of 0.3 
N NaOH. Lysates (150 fi\) were transferred into vials containing liquid 
scintillation mixture, and radioactivity was quantitated by scintillation 
counting. Triplicates were averaged and expressed as counts/min/well. 

Flow Cytometric Analyses of DNA Content—Breast cancer cells (4 x 
104) were plated onto Corning six-well tissue culture dishes. A final 
concentration of 100 LIM I3C was added to three of the wells, and vehicle 
control (1 |il of Me2SO/ml of medium) was added to the other three. The 
medium was changed every 24 h. Cells were incubated for 96 h and 
hypotonically lysed in 1 ml of DNA staining solution (0.5 mg/ml pro- 
pidium iodide. 0.1% sodium citrate, 0.05% Triton X-100). Nuclear emit- 
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ted fluorescence with wavelength greater than 585 nm was measured 
with a Coulter Elite instrument with laser output adjusted to deliver 15 
milliwatts at 488 nm. Nuclei (10,000) were analyzed from each sample 
at a rate of 300-500 cells/s. The percentages of cells within the G^ S, 
and Gj/M phases of the cell cycle were determined by analysis with the 
Multicycle computer program provided by Phoenix Flow Systems in the 
Cancer Research Laboratory Microchemical Facility of the University of 
California. Berkeley. 

Western Blot Analysis—After the indicated treatments, cells were 
harvested in radioimmune precipitation buffer (150 mM NaCl, 0.5% 
deoxycholate. 0.1% Nonidet P-40, 0.1% SDS, 50 mM Tris) containing 
protease and phosphatase inhibitors 150 tig/ml phenylmethylsulfonyl 
fluoride, 10 iLg/ml aprotinin, 5 /xg/ml leupeptin. 0.1 tig/ml NaF, 10 jig/ml 
0-glycerophosphate). Equal amounts of total cellular protein were 
mixed with loading buffer (25% glycerol, 0.075% SDS, 1.25% 2-mercap- 
toethanol, 10% bromphenol blue, 3.13% stacking gel buffer) and frac- 
tionated by electrophoresis on 10% (7.5% for Rb) polyacrylamide, 0.1% 
SDS resolving gels. Rainbow marker (Amersham Life Sciences) was 
used as the molecular weight standard. Proteins were electrically trans- 
ferred to nitrocellulose membranes i Micron Separations, Inc., West- 
boro, MA) and blocked overnight at 4 "C with Western wash buffer and 
5% NFDM (10 mM Tris HC1, pH 8.0, 150 mM NaCl, 0.05% Tween 20,5% 
nonfat dry milk) (PBS, 5% nonfat dry milk for Rb). Blots were subse- 
quently incubated for 1 h at room temperature for rabbit anti-CDK2, 
-CDK4, -CDK6, and -ER antibodies i Santa Cruz Biotechnology, Inc. 
(Santa Cruz, CA), catalog numbers sc-163, sc-260, sc-177, and sc-543, 
respectively), 2 h at room temperature for goat anti-p21, rabbit anti- 
cyciin E, and rabbit anti-p27 antibodies (Santa Cruz Biotechnology, 
catalog numbers sc-397, sc-198, and sc-528, respectively), and overnight 
at 4 °C for mouse anti-cyclin Dl and mouse anti-Rb antibodies (Santa 
Cruz Biotechnology, catalog number sc-246; Pharmingen (San Diego, 
CA), catalog number 14001A, respectively). Working concentration for 
all antibodies was 1 jig/ml Western wash buffer (PBS for Rb). Immu- 
noreactive proteins were detected after incubation with horseradish 
peroxidase-conjugated secondary antibody diluted to 3 x 10"* in West- 
ern wash buffer, 1% NFDM (goat anti-rabbit IgG (Bio-Rad); rabbit 
anti-mouse IgG (Zymed. San Francisco. CA); donkey anti-goat IgG 
'Santa Cruz Biotechnology)). Blots were treated with ECL reagents 
iNEN Life Science Products), and all proteins were detected by autora- 
diography. Equal protein loading was ascertained by Ponceau S stain- 
ing of blotted membranes. 

Immunoprecipitation and CDK6 Kinase Assay—Breast cancer cells 
were cultured for 0, 15, 24, 48, or 96 h in growth medium with or 
without 100 LIM I3C and then rinsed twice with PBS, harvested, and 
stored as dry pellets at -70 °C. For the immunoprecipitation, cells were 
lysed for 15 min in immunoprecipitation (IP) buffer (50 mM Tris-HCl, 
pH 7.4, 200 mM NaCl, 0.1% Triton X-100) containing protease and 
phosphatase inhibitors (50 ng/ml phenylmethylsulfonyl fluoride, 10 
tig/ml aprotinin, 5 tig/ml leupeptin, 0.1 /ig/ml NaF, 10 tig/ml 0-glycer- 
ophosphate, 0.1 mM sodium orthovanadate). Samples were diluted to 
500 /ig of protein in 1 ml of IP buffer, and samples were precleared for 
2 h at 4 °C with 40 jil of a 1:1 slurry of protein A-Sepharose beads 
(Pharmacia Biotech. Uppasala, Sweden) in IP buffer and 1 tig of rabbit 
IgG. After a brief centrifugation to remove precleared beads, 0.5 tig of 
anti-CDK6 antibody was added to each sample and incubated on a 
rocking platform at 4 °C for 2 h. Then 10 id of protein A-Sepharose 
beads were added to each sample, and the slurries were incubated on 
the rocking platform at 4 °C for 30 min. The beads were then washed 
five times with IP buffer and twice with kinase buffer (50 mM HEPES, 
10 mM MgCl2, 5 mM MnCL,, 0.1 /xg/ml NaF, 10 tig/ml 0-glycerophos- 
phate, 0.1 mM sodium orthovanadate). Half of the immunoprecipitated 
sample was checked by Western blot analysis to confirm the 
immunoprecipitation. 

For the kinase assay, the other half of the immunoprecipitated sam- 
ple was resuspended in 25 til of kinase buffer containing 20 mM ATP, 5 
mM dithiothreitol, 0.21 /xg of Rb carboxyl-terminal domain protein 
substrate (Santa Cruz Biotechnology, catalog number sc-4112), and 10 
(xCi of [y-32P]ATP (6000 Ci/mmol). Reactions were incubated for 15 min 
at 30 °C and stopped by adding an equal volume of 2 x loading buffer 
(10% glycerol, 5% 0-mercaptoethanol, 3% SDS, 6.25 mM Tris-HCl, pH 
6.8, and bromphenol blue). Reaction products were boiled for 10 min 
and then electrophoretically fractionated in SDS-10% polyacrylamide 
gels. Gels were stained with Coomassie Blue to monitor loading and 
destained overnight with 3% glycerol. Subsequently, gels were dried 
and visualized by autoradiography. 

Isolation of Poly(A)' RNA and Northern Blot Analysis—PolyfA)* 
RNA was isolated from MCF7 cells treated with either 100 iiM I3C or 
vehicle control (1 til of Me2SO/ml of medium) for 5 or 15 h as described 

previously (38). For Northern blot analysis, 10 tig of polyfA)" RNA was 
electrophoretically fractionated in 6% formaldehyde, 1% agarose gels, 
transferred onto Nytran nylon membranes (Schleicher and Schuell), 
and UV-cross-linked in a UV Stratalinker (Stratagene, La Jolla. CA). 
Membranes were preannealed with 100 tig/ml denatured salmon sperm 
DNA in hybridization buffer (5 x Denhardt's reagent, 5 x SSC, 50% 
formamide) and subsequently hybridized for 16-20 h with cDNA probes 
[a-32P]dCTP-labeled by random primer extension (Boehringer Mann- 
heim). For detection of CDK6 transcripts, the cDNA probe was added to 
the hybridization buffer at a concentration of 6 million cpm/ml. CDK6 
membranes were washed twice for 10 min with 2 x SSC at room 
temperature followed by two 1-h-long washes with 0.2 x SSC, 0.1% SDS 
at 60 °C. For detection of glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), CDK2, and CDK4 transcripts, the cDNA probe was added to 
the hybridization buffer at a concentration of 2 million cpm/ml. These 
membranes were subsequently washed with 2 x SSC twice at room 
temperature for 10 min followed by two 30-min washes at 60 °C in 0.2 x 
SSC, 0.1% SDS. The membranes were placed under film and analyzed 
after 4-h to 6-day exposures at -80 °C. CDK2, -4, and -6 transcripts 
were detected using purified SamHI fragments of the pCMVcdk2, pC- 
MVcdk4, or pCMVcdk6 plasmids containing the respective cDNA for 
each of the CDKs. The CDK plasmids were a generous gift from Ed 
Harlow's laboratory as described (39). GAPDH transcripts were de- 
tected with a 560-base pair XbaVHinD III cDNA fragment of the 
corresponding cDNA. 

Quantitation of Autoradiography—Autoradiographic exposures were 
scanned with a UMAX UC630 scanner and band intensities were quan- 
tified using the NIH Image program. Autoradiographs from a minimum 
of three independent experiments were scanned per time point. 

Transfection Procedure—Subconfluent breast cancer cells were prop- 
agated for at least 1 week in either low (5% CS) or high serum (10% 
FBS) containing medium prior to plating onto 60-mm Corning dishes 
24 h before transfection in the appropriate medium. DNA-lipofectamine 
(Life Technologies, Inc.) mixtures were prepared by mixing 1 ag of 
ERE-vit-CAT reporter (-596 to +21 of the Xenopus laevis vitellogenin 
Bl genomic clone plus a consensus estrogen response element (ERE) 
subcloned into the Hindlll site upstream of the chloramphenicol acetyl- 
transferase (CAT) reporter gene in the SVOCAT vector, a generous gift 
from D. J. Shapiro (University of Illinois)) with 5 til of lipofectamine in 
a total volume of 100 jil for 15 min at room temperature. The cells were 
washed twice with serum-free medium, and 100 id of the liposome 
complex was added to each plate. After a 5-h incubation at 37 °C, the 
transfection was terminated by adding an equal volume of 2 x media 
containing either 10% CS or 20% FBS. Complete medium was replaced 
18-24 h post-transfection, at which time appropriate agents (e.g. estro- 
gen, tamoxifen, and I3C) were added. pCAT-basic vector (Promega, 
Madison, WI), which contains the promoterless CAT cDNA, was used as 
a negative control to determine background CAT activity. 

CAT Assay—Cells were harvested by washing in PBS, resuspended 
in 100 mM Tris-HCl, pH 7.8, and lysed by three freeze/thaw cycles, 5 
min/cycle. Cell lysates were heated at 68 °C for 15 min and centrifuged 
at 1.4 x 10* x g for 10 min, and the supernatant fractions were 
recovered. CAT activity in the cell extracts containing 20-50 tig of 
lysate protein was measured by a quantitative nonchromatographic 
assay (40). The enzyme assay was carried out in 100 mM Tris-HCl, pH 
7.8,1 mM aqueous chloramphenicol, and 1 iiCi of PHlacetyl coenzyme A 
(final reaction volume of 250 id). The reaction mixture was overlaid 
with 4 ml of Econofluor scintillation fluorochrome (NEN Life Science 
Products). CAT activity was monitored by direct measurement of radio- 
activity by liquid scintillation counting. Measurements of CAT activity 
were in the linear range of the assay as determined by a standard curve 
using bacterial CAT enzyme (0.01 units; Pharmacia), the positive con- 
trol for CAT enzymatic activity. Reaction mixtures were incubated at 
37 °C for 2-;6 h. Mock-transfected cells were used to establish basal 
level activity for both assays. The enzyme activity was expressed as 
CAT activity produced per tig of protein present in corresponding cell 
lysates as measured by a Bradford assay, and the results 3how averages 
of triplicate samples. 

5-Bromo-2'-deoxyuridine (BrdUrd) Incorporation and Indirect Im- 
munofluorescence—MCVI cells grown on eight-well Lab-Tek Permanox 
slides (Nalge Nunc International, Naperville, ID were treated for 96 h 
with either vehicle control (1 id of Me2SO/ml of medium), I3C, tamox- 
ifen, or both I3C and tamoxifen at the indicated concentrations followed 
by incubation with fresh medium containing a final concentration of 
100 tiM BrdUrd (Sigma) at 37 °C for 2 h. Cells were washed with PBS, 
fixed for 30 min in 4% paraformaldehyde, and rinsed with PBS, and 
DNA was denatured by incubation in 0.12 N HC1 at 37 °C for 1 h. After 
neutralization in two changes of 0.1 M borate buffer over 10 min, cells 
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FIG. 1. Effects of I3C on DNA synthesis in MCF7 breast cancer 
cells. Top panel, MCF7 cells were plated at 20.000 cells/well on 24-well 
tissue culture dishes i forming a subconfluent monolayeri and treated 
with the indicated concentrations of I3C isee structure) for 48 h. Cells 
were labeled with [3H]thymidine for 3 h. and the incorporation into 
DNA was determined by acid precipitation as described under "Exper- 
imental Procedures." The reported values are an average of triplicate 
samples. Lower panel. MCF7 cells were treated with 100 ^M I3C i -!3C. 
■) or with the Me,SO vehicle control (vehicle control. Z) for a 96-h time 
course. After 48 h of I3C treatment, the I3C-containing medium in a 
subset of the cell cultures was replaced with medium containing only 
the vehicle control (-13C. 12). and the time course continued for an 
additional 48 h. At the indicated time points for each condition, the cells 
were labeled with [3H]thymidine for 3 h. and the incorporation into 
DNA was determined by acid precipitation. The reported values are an 
average of triplicate samples. 

were washed in PBS and blocked for 5 min in PBS containing \% 
normal goat serum i Jackson ImmunoResearch Laboratories. Inc.. West 
Grove, PA). Cells were then incubated with mouse monoclonal anti- 
BrdUrd antibody (DAKO Corp. (Carpintena, CA); diluted 1:80 in PBS) 
for 60 min at 25 'C. After five washes with PBS, cells were blocked for 
5 min in PBS containing 4% normal goat serum. Cells were then 
incubated in anti-mouse rhodamine-conjugated secondary antibody 
(Jackson ImmunoResearch Laboratories; diluted 1:300 in PBS) at 4 °C 
for 30 min. Finally, cells were washed five times with PBS. mounted 
with 50% glycerol, 50 mil Tris (pH 8.0), and examined on a Nikon 
Optiphot fluorescence microscope. Images were captured using Adobe 
Photoshop 3.0.5 and a Sony DKC-5000 digital camera. Nonspecific 
fluorescence, as determined by incubation with secondary antibody 
alone, was negligible. 

RESULTS 

I3C Reversibly Inhibits the Growth and Induces a Gj Cell 
Cycle Arrest of Human MCF7 Breast Cancer Cells—As an ini- 
tial test to determine whether dietary indoles can directly 
regulate the growth of human breast cancer cells, MCF7 cells 
were cultured at subconfluency in medium supplemented with 
10% FBS and 10 /ig/ml insulin and treated with several con- 
centrations of I3C for 48 h. Cells were then pulse-labeled with 
[3H]thymidine for 3 h to provide a measure of their prolifera- 
tion. Analysis of [3H]thymidine incorporation revealed a strong 
dose-dependent inhibition of DNA synthesis with half-maximal 
response at approximately 30 U,M I3C (Fig. 1, upper panel). 
Treatment with I3C above 200 u-M was toxic to the cells. The 
lowest concentration of I3C that maximally inhibited the 
growth of MCF7 cells without affecting viability was 100 u.M. 

and this level of the indole was therefore routinely used in 
subsequent experiments. HPLC analysis of the culture medium 
from I3C-treated cells revealed that this indole remained sta- 
ble during the entire course of the experiment.2 In the low pH 
environment of the stomach, I3C is converted into several 
acid-catalyzed products including DIM and ICZ, which bind to 
and activate the Ah receptor. Neither of these acid-catalyzed 
products had any significant effect on the incorporation of 
(3H]thymidine into MCF7 breast cancer cells after 48-h treat- 
ments with concentrations that were above the Kd for the 
Ah receptor 'data not shown). In multiple experiments, ICZ 
and DIM caused only an average of 10% inhibition of DNA 
synthesis under these conditions, which was not statistically 
significant. 

Time course studies of I3C addition and withdrawal demon- 
strated that the I3C growth suppression of MCF7 breast cancer 
cells is completely reversible; therefore, this compound did not 
affect cell viability. For example, analysis of DNA synthesis 
over a 96-h time course revealed that 100 /x.M I3C inhibited 
[3Hlthymidine incorporation by 80% after 72 h and by greater 
than 90% after 96 h of treatment I Fig. 1. lower panel). The rate 
of [3Hlthymidine incorporation in untreated cells was approx- 
imately equal to the rate observed 48 h after indole withdrawal 
i Fig. 1. lower panel). Even after prolonged exposure (50 days), 
the I3C-induced growth arrest was readily reversible (data not 
shown). 

To assess the cell cycle effects of I3C. MCF7 cells were 
treated with or without 100 U.M I3C for 96 h and were then 
hypotonically lysed in the presence of propidium iodide to stain 
the nuclear DNA. Flow cytometry profiles of nuclear DNA 
content revealed that I3C induced a cell cycle arrest of these 
breast cancer cells. As shown in Fig. 2, I3C treatment altered 
the DNA content of the MCF7 cell population from an asyn- 
chronous population of growing cells (Fig. 2, upper panel) in all 
phases of the cell cycle (26% in Gt, 52% in S phase, and 22% in 
G/M phase) to one in which most (73%) of the I3C-treated 
breast cancer cells exhibited a 2n DNA content (Fig. 2, lower 
panel), which is indicative of a Gt block in cell cycle progres- 
sion. These results suggest that I3C suppresses cell growth by 
inducing a specific block in cell cycle progression. 

I3C Rapidly Abolishes the Production and Activity of the 
CDK6 Cell Cycle Component and Reduces the Endogenous 
Phosphorylation of Rb—To determine potential downstream 
targets of the I3C-activated pathway that induces the cell cycle 
arrest, the expression of components that function within the 
Gx phase of the cell cycle was examined during a time course of 
I3C treatment. MCF7 cells were treated with or without 100 
U.M I3C for the indicated time periods (Fig. 3), and the produc- 
tion of G[ CDKs, cyclins, and CDK inhibitors was examined by 
Western blot analysis. Among the array of cell cycle compo- 
nents tested, only CDK6 protein levels were rapidly and sig- 
nificantly reduced in response to I3C treatment. The level of 
CDK6 is reduced within 24 h of indole treatment, and by 96 h, 
CDK6 production is essentially abolished (Fig. 3, upper panel). 
Importantly, no effect was observed on the expression of the 
two other Gt-acting cyclin-dependent kinases, CDK2 and 
CDK4. This result demonstrates the specificity of the I3C re- 
sponse. In addition, I3C did not alter the level of either cyclin 
Dl or cyclin E, both of which have been shown to be regulated 
in other studies. Estrogen and progesterone stimulate and 
antiestrogens inhibit cell cycle progression of the T47D human 
breast cancer cell line at a point in the early Gl phase of the cell 
cycle with corresponding changes in cyclin Dl and p21 expres- 
sion (41, 42). Quantitative analysis of autoradiographs from 

L. Bjeldanes, unpublished data. 
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FIG. 2. Effects of I3C on cell cycle phase distribution of MCF7 

breast cancer cells. MCF7 cells were treated with 100 fiM I3C or with 
the vehicle control (Me2S0) for 96 h. Cells were then stained with 
propidium iodide, and nuclei were analyzed for DNA content by flow 
cytometry with a Coulter Elite laser. A total of 10,000 nuclei were 
analyzed from each sample. The percentages of cells within the Gv S, 
and Gj/M phases of the cell cycle were determined as described under 
"Experimental Procedures." 

more detailed time courses (Fig. 3, lower panel) revealed that of 
all the cell cycle components, only CDK6 protein levels changed 
early enough to coincide with the inhibition of DNA synthesis 
(see Fig. 1), suggesting a relationship between these two effects 
of I3C. Western blot analysis also demonstrated that I3C grad- 
ually stimulated the levels of the p21 and p27 cell cycle inhib- 
itors by 50% only after the cells begin to display their maximal 
cell cycle arrest. 

The phosphorylation of the Rb protein by the CDKs is critical 
for progression through the cell cycle, while in Gt cell cycle- 
arrested cells, the Rb protein remains hypophosphorylated 
(43). To determine potential functional connections between 
the decreased expression of CDK6 and the cell cycle arrest, the 
effects of I3C on the ability of CDK6 to phosphorylate Rb in 
vitro and the level of total phosphorylated endogenous Rb pro- 
tein were compared through a time course of I3C treatment. 
MCF7 cells were treated with and without I3C for a 96-h time 
course, and at specific time points, the immunoprecipitated 
CDK6 was assayed for Rb phosphorylation activity. As shown 
in Fig. 4 (top panel), the level of CDK6-mediated Rb phospho- 
rylation activity was strongly inhibited by I3C in a manner 
consistent with the decreased expression of CDK6 protein. No 
change was observed in CDK6 activity at 15 h. However, by 
24 h of treatment, there was a significant reduction in the 
ability of immunoprecipitated CDK6 to phosphorylate the 
GST-Rb fusion protein in vitro. The CDK6 activity in the I3C- 
treated cells remained low throughout the remainder of the 
time course. In a parallel experiment using I3C-treated and 
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FIG. 3. Effects of I3C on expression of Gt cell cycle proteins in 
MCF7 breast cancer cells. Upper panel, MCF7 cells were treated 
with 100 jxM I3C or with the vehicle control (Me2SO) for the indicated 
times, and the protein production of the Gx cell cycle components was 
determined by Western blot analysis using specific antibodies. The 
same cell extracts were utilized for the analysis of each cell cycle 
protein, and equal sample loading was confirmed by Ponceau S staining 
of the Western blot membrane. Lower panel, the relative level of each 
cell cycle component 3hown in the representative Western blot in the 
upper panel, as well as from other Western blots with additional time 
points, was quantitated as described under "Experimental Procedures." 
The percentage of growing control was calculated by dividing the den- 
sitometry measurements of I3C-treated cells by the densitometry meas- 
urements of vehicle control-treated growing cells for each assay (CDK6 
(O), p21 (A), p27 (D), CDK2, CDK4, cyclin Dl, and cyclin E (■)). 

untreated MCF7 cells, the level of endogenous phosphorylated 
Rb protein was assessed in Western blots. The hyperphospho- 
rylated and hypophosphorylated forms of Rb migrate at char- 
acteristic sizes in SDS-polyacrylamide gel electrophoresis (44, 
45). As shown in Fig. 4 (middle panel), by 48 h of treatment, 
I3C causes a significant decrease in the amount of hyperphos- 
phorylated Rb (ppRb) compared with untreated cells cultured 
for the same time period. The levels of in vitro CDK6 activity 
and endogenous phosphorylation of Rb were compared by 
quantitating the phosphorylation patterns at the 48-h time 
points. As shown in the lower panel of Fig. 4, I3C caused a 
similar inhibition of Rb phosphorylation in both assays. This 
result suggests a connection between the I3C-mediated de- 
crease in CDK6 activity, the lack of endogenous Rb hyperphos- 
phorylation, and the observed cell cycle arrest. 

I3C Inhibition ofCDK6 Transcript Expression—Because the 
level of CDK6 protein is rapidly reduced by indole treatment, it 
seemed likely that I3C regulates the level of CDK6 transcripts. 
PoljKA)+ RNA was isolated from MCF7 breast cancer cells 
treated with and without 100 pu I3C for the indicated times, 
and electrophoretically fractionated samples were examined by 
Northern blot analysis. As shown in Fig. 5 (upper left panel), 
15 h of treatment with I3C caused a specific reduction in the 
level of all three of the CDK6 transcripts. By 24 h of I3C 
treatment, the expression of CDK6 transcripts were undetect- 
able (data not shown). Consistent with the unaltered protein 
production observed for CDK2 and CDK4, the transcript levels 
for these CDKs remained unchanged in either the presence or 
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FIG 4. Effects of I3C on CDK6 kinase activity and endogenous 
Rb phosphorylation in MCF7 cells. Upper panel, MCF7 cells were 
treated with 100 fiM I3C or with the vehicle control (Me2SO) for the 
indicated times. CDK6 was immunoprecipitated from cell lysates and 
assayed for in vitro kinase activity using the C terminus of the Rb 
protein as a substrate (GST-Rb). One control immunoprecipitation (no 
IP) contained rabbit anti-IgG with no added anti-CDK6 antibodies in 
untreated MCF7 cell lysates. The kinase reaction mixtures were elec- 
trophoretically fractionated, and the level of [32P]Rb (pGSTRb) was 
analyzed by autoradiography. Middle panel, MCF7 cells were treated 
with 100 /IM I3C or with the vehicle control (Me2SO) for the indicated 
times, the cell extracts were electrophoretically fractionated, and West- 
ern blots were probed with anti-Rb antibodies. The level of endogenous 
Rb phosphorylation was determined by the characteristic migration of 
the hyperphosphorylated (ppRb) and hypophosphorylated (pRb) forms 
of Rb. Lower panel, the levels of observed Rb phosphorylation at the 
48-h time points from the CDK6 kinase assay and the Western blot 
were quantitated as described under 'Experimental Procedures." The 
level of Rb phosphorylation in the untreated control was set at 100%, 
and the inhibition by I3C was determined by dividing the densitometry 
measurements of untreated cells by the densitometry measurements of 
I3C-treated cells for each assay. 

absence of I3C (Fig. 5, lower left panels). It is worth mentioning 
that MCF7 cells produce a significantly lower amount of CDK6 
mRNA compared with the level of either CDK2 or CDK4 tran- 
scripts. A 6-day x-ray film exposure is required to detect the 
CDK6 mRNA bands with 10 /ig of polyfA)''" sample, whereas 
the same blot reprobed for CDK2 or CDK4 can be developed 
within 2 h. Autoradiographs from multiple experiments were 
quantitated, and CDK6 mRNA concentrations at each time 
point were normalized to the level of GAPDH transcripts, a 
constitutively expressed gene. No significant effect of I3C on 
CDK6 transcript levels was observed after 5 h of treatment. By 
15 h, I3C caused a 5-fold reduction in CDK6 mRNA levels (Fig. 
5, right panel). These changes in CDK6 transcript levels appear 
to account for the reduction in CDK6 protein because CDK6 
protein levels begin to decrease in response to I3C between 15 
and 21 h of treatment (Fig. 3, lower panel). Taken together, our 
results demonstrate that under conditions in which I3C in- 
duces a cell cycle arrest of MCF7 breast cancer cells, the gene 
expression and protein expression of CDK6, a G1-acting cell 
cycle component, is selectively reduced. 

The Regulation of CDK6 Production Is Specific for the Anti- 
proliferative Effects ofI3C—An important question is whether 
the I3C-induced reduction in CDK6 expression is a specific I3C 
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FIG 5. Effects of I3C on the expression of G, CDK transcripts 
in MCF7 breast cancer cells. Poly( Ar RNA isolated from MCF7 cells 
treated with or without 100 ^M I3C for 5 or 15 h. The RNAs were 
electrophoretically fractionated, and Northern blots were probed for 
CDK6, CDK4, and CDK2 transcripts ileft panels) as described under 
"Experimental Procedures.'' As a loading control, the CDK6 Northern 
blots were reprobed for GAPDH, which is a constitutively expressed 
transcript. The x-ray film exposure times were 6 days for CDK6 and 2 h 
for CDK4, CDK2, and GAPDH. Molecular size standards in kilobases 
are indicated in the left panel. The band intensities of CDK6 and 
GAPDH transcripts for each condition were quantitated (right panel) as 
described under "Experimental Procedures." CDK6 mRNA levels were 
normalized to GAPDH mRNA levels by dividing the band intensities of 
CDK6 by the band intensity for GAPDH. The reported values represent 
an average of three independent experiments. 

response or whether it is a general consequence of the inhibi- 
tion of cell growth. To distinguish these possibilities, the effects 
of I3C were compared with those of the antiestrogen tamoxifen, 
a well known inhibitor of the proliferation of estrogen-treated 
MCF7 cells (46). The I3C treatments were performed using 
MCF7 cells cultured in medium supplemented with 10% FBS, 
which contains enough estrogen and growth factors to main- 
tain the cells in a proliferative state. To first demonstrate that 
tamoxifen can selectively inhibit an estrogen-responsive re- 
porter plasmid in the presence of 10% FBS, ER expressing 
MCF7 breast cancer cells were transiently transfected with the 
ERE-vit-CAT reporter plasmid, which contains the vitellogenin 
promoter with four estrogen response elements linked up- 
stream and driving the bacterial CAT gene. The cells were 
treated for 48 h with the indicated combinations of estrogen, 
tamoxifen, and/or I3C (Fig. 6), and the reporter gene activity 
was assayed by monitoring the conversion of [3H|acetyl-CoA 
and unlabeled chloramphenicol into [3H]acetylchlorampheni- 
col. As shown in Fig. 6, the medium used for I3C-induced 
growth suppression (10% FBS) has endogenous estrogen and 
growth factors at a sufficient concentration to cause a high 
basal level of reporter gene activity in MCF7 cells transiently 
transfected with the ERE-vit-CAT reporter plasmid compared 
with the low serum (5% CS) condition. Low serum medium, as 
opposed to serum-free medium, was chosen because MCF7 cells 
cultured in serum-free conditions were not transfection-compe- 
tent. Treatment with 100 nM estrogen further stimulated ERE- 
vit-CAT activity above each of the basal serum levels, whereas 
tamoxifen inhibited the serum-induced ERE-vit-CAT reporter 
plasmid activity by 70%. Treatment with I3C had no effect on 
the ER responsiveness of the ERE-vit-CAT activity; nor did this 
dietary indole modulate the antagonistic effects of tamoxifen 
(Fig. 6). Thus, under the FBS-containing conditions utilized to 
culture MCF7 cells, tamoxifen acts as a potent antagonist of ER 
responsiveness, while I3C has no apparent effects on ER 
function. 

To test whether I3C and tamoxifen affected the absolute 
number of S phase cells. MCF7 cells were treated for 48 h with 
100 UM I3C and/or 1 U.M tamoxifen, and the cells were exposed 
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FIG. 6. Effects of I3C and tamoxifen on the ERE-vit-CAT re- 
porter plasmid activity in MCF7 breast cancer cells. MCF7 cells 
were first cultured for 1 week in either 5% CS or 10% FBS. Cells were 
then transfected with the ERE-vit-CAT reporter plasmid, which en- 
codes four EREs within the vitellogenin promoter linked upstream to 
and driving the bacterial CAT gene. Transfected cells were treated with 
the indicated combinations of 100 nM 170-estradiol (E2), 100 fiM I3C, 
and/or 10 p.M tamoxifen (Tarn) or with a vehicle control (none) for 48 h 
and assayed for CAT activity by a quantitative method that measures 
the conversion of [3H]acetyl coenzyme A into [3H]acetylchlorampheni- 
col. CAT specific activity is the CAT activity produced per jig of protein 
present in the corresponding cell lysates. The reported values are an 
average of four independent experiments of triplicate samples. 

to a 2-h pulse of BrdUrd, which was used as a measure of DNA 
synthesis on a single cell level. The incorporation of BrdUrd 
was monitored by indirect immunofluorescence using BrdUrd- 
specific antibodies. Representative photographs are shown in 
Fig. 7. The number of BrdUrd-incorporating cells was quanti- 
tated by examining approximately 500-1000 cells/condition. In 
an asynchronous growing population, 21.5% of MCF7 cells 
incorporated BrdUrd. Treatment with either I3C or with ta- 
moxifen suppressed BrdUrd incorporation to 4.7 and 12.3%, 
respectively, whereas treatment with both reagents induced a 
more effective growth suppression (3.8%) compared with either 
I3C or tamoxifen alone. Treatment with I3C or tamoxifen 
caused the cells to show a more flattened morphology, which is 
consistent with the effects of other antiproliferative agents (47, 
48). 

Because I3C and tamoxifen both inhibited cell growth, the 
effects of these two antiproliferative agents on CDK6 produc- 
tion were examined. MCF7 cells were treated with combina- 
tions of I3C and tamoxifen over a 96-h time course, and cell 
extracts were analyzed for CDK protein by Western blots. I3C, 
but not tamoxifen, reduced the level of CDK6 protein, whereas 
no effects were observed on CDK4 or CDK2 production with 
either reagent (Fig. 8). A combination of I3C and tamoxifen 
reduced CDK6 protein levels to approximately the same extent 
as I3C alone. These results indicate that the inhibition of CDK6 
expression is a specific I3C response and not a general conse- 
quence of growth arrest in MCF7 cells. Because the effects of 
the antiestrogen tamoxifen and I3C differ, these results sug- 
gest that I3C may act, in part, through an ER-independent 
pathway to suppress breast cancer cell growth. 

I3C Can Suppress the Growth and Reduce CDK6 Production 
in an ER-deficient Human Breast Cancer Cell Line—The ER- 
deficient MDA-MB-231 cells were utilized to demonstrate that 
I3C can suppress the growth of human breast cancer cells 
independent of any effects on ER responsiveness. Western blot 
analysis using antibodies to the human ER confirmed that the 
MDA-MB-231 breast cancer cells do not express ER protein, 
while MCF7 cells produce ER (Fig. 9, upper panel). Moreover, 
consistent with the lack of ER protein, neither estrogen nor 
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FIG. 7. Single cell analysis of the effects of I3C and tamoxifen 
on DNA synthesis in MCF7 breast cancer cells. MCF7 cells cul- 
tured on eight-well slides were treated with the indicated combinations 
of 100 JAM I3C and/or 1 jtM tamoxifen (Tam) or with only Me2SO (vehicle 
control) for 96 h. Cells were then labeled with 100 nM BrdUrd for 2 h, 
fixed in paraformaldehyde, and incubated with mouse anti-BrdUrd 
antibodies. BrdUrd-incorporating cells were then visualized by fluores- 
cence microscopy using anti-mouse rhodamine-conjugated secondary 
antibodies as described under "Experimental Procedures." 
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FIG. 8. Effects of I3C and tamoxifen on the expression of G, 
CDK proteins in MCF7 breast cancer cells. MCF7 cells were 
treated with combinations of 100 /xM I3C and/or 1 jiM tamoxifen or with 
the vehicle control (Me2SO) for the indicated times. The protein pro- 
duction of CDK6, CDK4, and CDK2 was determined by Western blot 
analysis using specific antibodies. The same cell extracts were utilized 
for the analysis of each CDK protein, and equal sample loading was 
confirmed by Ponceau S staining of the Western blot membrane. 

tamoxifen had any effects on ERE-vit-CAT reporter activity in 
transiently transfected MDA-MB-231 cells (data not shown). 
To test whether I3C can suppress the growth of human breast 
cancer cells in an ER-independent manner, MCF7 cells, which 
contain ERs, and MDA-MB-231 cells, which do not contain 
ERs, were treated with combinations of I3C and tamoxifen for 
48 h, and DNA synthesis was assayed as a measure of the 
incorporation of [3H]thymidine. As shown in Fig. 9, middle 
panel, treatment with either I3C or tamoxifen inhibited MCF7 
DNA synthesis by approximately 70 and 60%, respectively, 
compared with vehicle controls. Consistent with a more strin- 
gent growth-inhibitory effect of both reagents, a combination of 
both I3C and tamoxifen inhibited [3H]thymidine incorporation 
by more than 90%. In contrast, I3C, but not tamoxifen, strongly 
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FIG. 9. Effects of I3C and tamoxifen on DNA synthesis in ER- 
containing and ER-deficient breast cancer cells. Upper panel, 
expression of ER was confirmed in ER-containing MCF7 cells and 
ER-deficient MDA-MB-231 'MDA) cells. ER protein expression was 
determined by Western blot analysis using specific antibodies, and 
equal sample loading was confirmed by Ponceau S staining of the 
Western blot membrane. Lower panels, MCF7 and MDA cells were 
plated at 20.000 cells/well on 24-well tissue culture dishes and treated 
with the indicated combinations of 100 ßU I3C and/or 1 JIM tamoxifen or 
with the vehicle control iMe.2SO) for 48 h. Cells were labeled with 
PHlthymidine for 3 h. and the incorporation into DNA was determined 
by acid precipitation as described under "Experimental Procedures." 
The reported values are an average of triplicate samples. 

inhibited [3H]thymidine incorporation in the ER-deficient 
MDA-MB-231 cells (Fig. 9, lower panel). A combination of I3C 
and tamoxifen suppressed DNA synthesis to approximately the 
same extent as I3C alone. This result demonstrates that I3C 
can suppress breast cancer cell growth independent of ER- 
mediated events. 

The ER-positive MCF7 cells and ER-negative MDA-MB-231 
cells were utilized to examine the relationship between the 
estrogen-independent suppression of cell growth by I3C and 
the reduction in CDK6 protein. Cells were treated with increas- 
ing concentrations of I3C for 48 h, and the level of Gracting 
CDK proteins was analyzed by Western blots. As shown in Fig. 
10, upper panels, this indole can dose-dependently reduce 
CDK6 production in both cell lines, while in the same extracts, 
CDK4 and CDK2 protein levels remained unaffected. Quanti- 
tative analysis of the Western blots and a parallel analysis of 
[3H]thymidine incorporation of the I3C dose response revealed 
that the inhibition of CDK6 protein levels approximately cor- 
related with the I3C-mediated decrease in DNA synthesis (Fig. 
10, lower panels). Consistent with the MDA-MB-231 cells not 
being as stringently growth-suppressed, I3C reduces CDK6 
levels to a lesser extent compared with the MCF7 cells. Thus, 
I3C can suppress the growth and reduce CDK6 production in 
an ER-independent manner. 
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FIG 10 Dose-response effects of I3C on the expression of G, 
CDK proteins and DNA synthesis in ER-containing and ER- 
deficient breast cancer cells. Upper panels, ER-containing MCF7 
'upper left) and ER-deficient MDA-MB-231 'upper right) cells were 
treated with the indicated concentrations of I3C for 48 h. The protein 
production of CDK6 (C), CDK4 (A), and CDK2 O was determined by 
Western blot analysis using specific antibodies. The same cell extracts 
were utilized for the analysis of each CDK protein, and equal sample 
loading was confirmed by Ponceau S staining of the Western blot 
membrane. Lower panels, the relative level of each CDK shown in the 
representative Western blots in the upper panels, as well as from other 
Western blots, were quantitated a3 described under "Experimental 
Procedures." The reported values were calculated as the percentage of 
vehicle control-treated growing cells IO ^i.M I3C) by dividing the densi- 
tometry measurements of I3C-treated cells by the measurements of 
vehicle control cells for each assay. In parallel with the Western blots, 
triplicate sets of MCF7 and MDA-MB-231 cells were plated at 20,000 
cells/well on 24-well tissue culture plates and treated with the indicated 
concentrations of I3C for 48 h. Cells were labeled with PHlthymidine 
for 3 h, and the incorporation into DNA was determined by acid pre- 
cipitation as described under "Experimental Procedures" 'PHIThy, ■). 

DISCUSSION 

Extracellular regulators of cell proliferation, such as steroid 
and protein hormones, can transduce an intricate network of 
growth-inhibitory and -stimulatory signals that converge on 
specific sets of cell cycle components, which through their con- 
certed actions, either drive cells through critical cell cycle tran- 
sitions or inhibit cell cycle progression (3, 21). Dietary and 
environmental compounds that alter cell growth are likely to 
mediate many of their effects through signal transduction 
pathways analogous to the known mechanisms of hormone 
receptor signaling. Our results demonstrate the existence of a 
distinct growth-inhibitory pathway that establishes a direct 
link between the regulation of cell cycle control by the dietary 
indole I3C and the selective control of cell cycle components. 
The unique feature of this response is that the I3C-mediated 
growth arrest is accompanied by the specific inhibition of ex- 
pression of CDK6 transcripts, protein, and activity. The selec- 
tive regulation of CDK6 in mammary epithelial cells by I3C 
provides the basis to propose a biological mechanism by which 
dietary indoles potentially control the emergence and prolifer- 
ation of breast cancer cells. In this regard, several recent stud- 
ies have demonstrated that CDK6 expression and activity is 
altered in a manner that correlates with the transformed state. 
For example, tumor-specific amplification of CDK6 has re- 
cently been observed in human gliomas (49), and the activity of 
CDK6 is amplified in certain human squamous cell carcinoma 
lines (50). 

Changes in cyclin or CDK inhibitor expression have been 
thought to be the key regulatory mechanisms controlling CDK 
function. A few recent studies have started to uncover exam- 
ples of changes in expression of the Gt-acting CDKs under 
conditions that either inhibit or stimulate cell cycle progression 
(23, 51, 52). For example, staurosporine treatment of human 
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breast cancer cells causes a minor reduction in CDK6 protein 
levels that accompanies a Gr cell cycle arrest (53). Treatment of 
T cells with the herbimycin A tyrosine kinase inhibitor reduces 
the stability of the CDK6 protein (54), while both CDK4 and 
CDK6 protein production were suppressed by the apopototic 
signaling through the slgM surface antigen receptor in B cells 
(55). 

CDK6 functions during progression through the G1 phase of 
the cell cycle 156). However, relatively little is known about the 
influence on CDK6 expression by regulators of cell growth. In 
our studies with human MCF7 breast cancer cells, time course 
and dose-response assays with I3C revealed that the loss of 
CDK6 production and activity closely coincided with the reduc- 
tion in cell proliferation, which implicates CDK6 as a direct 
target for cell cycle control in human breast cancer cells. The 
rapid I3C effect on CDK6 gene expression is unique, because it 
is the first report of a growth inhibitor decreasing the mRNA 
for CDK6. One other study has shown that the level of another 
Gracting CDK can be reduced in response to a specific anti- 
proliferative signal. Under conditions in which retinoic acid 
suppresses the growth of MCF7 cells, the level of CDK2 mRNA 
was decreased within 8 h of retinoic acid treatment (57). In our 
study, the CDK6 transcript levels were significantly reduced 
between 5 and 15 h of I3C treatment, which appears to account 
for the decrease in CDK6 protein production. In contrast, no 
obvious changes were observed in the production of the other 
Gracting CDKs and cyclins. 

Our results have established that I3C signaling can induce 
the Gt cell cycle arrest of cultured human MCF7 breast cancer 
cells in an estrogen-independent manner. Most strikingly, the 
I3C-mediated cell cycle arrest and repression of CDK6 produc- 
tion were observed in ER-deficient MDA-MB-231 human 
breast cancer cells under conditions in which the antiestrogen 
tamoxifen had no effect on cell growth. In ER-containing MCF7 
cells, tamoxifen suppressed DNA synthesis to approximately 
the same extent as I3C but had no effect on CDK6 expression. 
Moreover, while tamoxifen reduced the activity of an ERE- 
containing reporter plasmid in cells cultured with FBS-con- 
taining endogenous estrogens, I3C had no effect on ER respon- 
siveness under these same culture conditions. Consistent with 
I3C and tamoxifen acting through distinct antiproliferative 
pathways, a combination of I3C and tamoxifen inhibited MCF7 
cell growth to a greater extent compared with the effects of 
either agent alone. 

Tamoxifen has been a clinically useful antiestrogen (58-60); 
however, 60-75% of patients with metastatic breast cancer 
have ER-positive tumors, and only approximately half of those 
patients will respond to tamoxifen therapy. Therefore, only 
35% of metastatic breast cancer patients actually benefit from 
tamoxifen therapy (61). All patients who initially respond to 
therapy will eventually develop acquired tamoxifen resistance 
following prolonged administration. The cellular and molecular 
mechanisms underlying the development of acquired resist- 
ance to antiestrogens is unclear, but it has been proposed that 
continued exposure of cells to tamoxifen may select for hor- 
mone-independent, resistant cells (62). Our results suggest 
that I3C, in combination with tamoxifen, could prove to be an 
effective therapy. Patients could receive intermittent pulses of 
tamoxifen or lower doses of tamoxifen, both of which are pro- 
posed methods of circumventing tamoxifen resistance, while on 
I3C treatment. I3C has been shown to reduce the formation of 
both spontaneous and carcinogen-induced mammary tumors in 
rodents with no apparent side effects (9, 63-65), and human 
subjects treated with I3C also had no side effects (13, 66). 

The ER-dependent pathway presumably involves the activa- 
tion of the Ah receptor by the acid-catalyzed products of I3C 

ER-independent 
pathway 

ER-dependent 
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FIG. 11. Model for the ER-independent and ER-dependent an- 
tiproliferative effects of I3C in breast cancer cells. For the ER- 
independent pathway, I3C suppresses breast cancer cell growth by a 
rapid inhibition of CDK6 expression and activity and a later stimula- 
tion of CDK inhibitor (CKD production. We propose that this effect 
causes an inhibition of the activity of Grading CDKs, resulting in 
decreased retinoblastoma protein phosphorylation, and thereby induces 
a G, block in cell cycle progression. We also propose that I3C is medi- 
ating these effects through a putative cellular receptor {'receptor"). In 
contrast, the ER-dependent pathway is mediated by the I3C acid- 
catalyzed product ICZ, which binds to and activates the aromatic hy- 
drocarbon receptor {AhR). The aromatic hydrocarbon receptor tran- 
scriptionally activates cytochrome P4501A1 (CYPM7)-dependent 
monooxygenase, which inactivates estrone and thereby prevents the 
estrogen-stimulated growth of breast cancer cells. 

and subsequent regulation of estrogen metabolism (17). In our 
studies, no effects on growth were observed within 48 h of 
treatment with ICZ or DIM. However, it is likely that the 
ER-dependent effects of these indoles require treatment peri- 
ods longer than a week (9). The regulation of CDK6 expression 
appears to be specific for the I3C-mediated ER-independent 
pathways. Several studies with human breast cancer cells have 
shown that the ER pathway stimulates cell proliferation by 
targeting the expression and/or activity of Gracting cell cycle 
components (3, 52, 67). Although the immediate promoter tar- 
gets of the ER are unknown, in MCF7 cells the estrogen- 
induced activation of CDK4 and CDK2 kinase activity was 
shown to be accompanied by the increase in cyclin Dl expres- 
sion and decreased CDK inhibitor association with the cyclin 
E-CDK2 protein complex (36). No changes in CDK6 expression 
were reported in these studies, although in other human breast 
cancer cells, antiprogestin or antiestrogen treatment was 
shown to increase production of p21 (42). 

Taken together with previous studies on the acid-catalyzed 
products of I3C (18, 68), our results with I3C indicate that 
dietary indoles are likely to work through both ER-independent 
and ER-dependent pathways (see Fig. 11). It is tempting to 
consider that I3C, or perhaps a cellular metabolite of I3C, 
interacts with a putative indole receptor to reduce the expres- 
sion and activity of the CDK6 cell cycle component, resulting in 
the Gl arrest of breast cancer cells by an ER-independent 
pathway. The I3C-mediated decrease in the amount of CDK6 
protein may have multiple effects on the cell cycle control of 
breast cancer cells. The inhibited production of active CDK6 
could contribute to the observed decrease in endogenous phos- 
phorylation of Rb and thereby directly influence the cell cycle 
arrest. It is also possible that the decreased production of 
CDK6 protein could indirectly affect the stoichiometry of the 
other Gracting CDK complexes by releasing bound CDK in- 
hibitors and cyclins. For example, the activities of CDK2 and/or 
CDK4 could then be affected, although the expression of these 
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CDKs remains constant. Furthermore, I3C treatment resulted 
in a 50% increased expression of the p21 and p27 CDK inhib- 
itors after the cells reached their maximal cell cycle arrest. We 
are currently attempting to determine whether I3C alters the 
expression and/or function of other Gracting cell cycle compo- 
nents that may also contribute to the reduction in endogenous 
Rb phosphorylation. Another of our future goals will be to 
identify the putative indole receptor and to characterize the 
ER-independent pathway by which I3C regulates CDK6 gene 
expression and cell cycle control in human breast cancer cells. 
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