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Abstract
Bis(3′-indolyl)methane (DIM) is a metabolite of the phytochemical indole-3-carbinol, and both
compounds exhibit a broad spectrum of anticancer activities. We have developed a series of synthetic
symmetrical ring-substituted DIM analogues, including 5,5′-dibromoDIM, which are more potent
than DIM as inhibitors of cancer cell and tumor growth. In colon cancer cells, 5,5′-dibromoDIM
decreased cell proliferation and inhibited G0-G1- to S-phase progression, and this was accompanied
by induction of the cyclin-dependent kinase inhibitor p21 in HT-29 and RKO colon cancer cells.
Mechanistic studies showed that induction of p21 in both RKO (p53 wild-type) and HT-29 (p53
mutant) cells by 5,5′-dibromoDIM was Krüppel-like factor 4 (KLF4) dependent, and induction of
p53 in RKO cells was also KLF4 dependent. Analysis of the p21 promoter in p53-dependent RKO
cells showed that 5,5′-dibromoDIM activated p21 gene expression through the proximal GC-rich
sites 1 and 2, and chromatin immunoprecipitation assays showed that KLF4 and p53 bound to this
region of the promoter, whereas in HT-29 cells unidentified upstream cis-elements were required for
induction of p21. 5,5′-DibromoDIM (30 mg/kg/d) also inhibited tumor growth and induced p21 in
athymic nude mice bearing RKO cells as xenografts, showing that ring-substituted DIM such as 5,5′-
dibromoDIM represent a novel class of mechanism-based drugs for clinical treatment of colon cancer.

Introduction
Krüppel-like factor 4 (KLF4) or gut-enriched Krüppel-like factor is a member of the specificity
protein/Krüppel-like factor family of transcription factors that are characterized by three
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COOH-terminal zinc fingers, which bind GC/GT-rich sequences (1,2). KLF4 is
developmentally regulated in multiple tissues and highly expressed in terminally differentiated
intestinal epithelial cells (3–7). In mouse models where expression of KLF4 is abrogated, there
is severe disruption of epidermal differentiation of skin development and offspring die shortly
after birth (4,8). KLF4 also plays a unique role in carcinogenesis and can act as a tumor
suppressor gene in some tumors and an oncogene for others (9,10). KLF4 is overexpressed in
70% of human breast cancers and also in squamous cell carcinomas (11,12), and results of
various genetic screens suggest that KLF4 transforms epithelial cells and can also be oncogenic
in murine leukemias and lymphomas (11,13,14). At least one mechanism for the oncogenic
action of KLF4 is associated with transcriptional repression of p53 in breast cancer (13).

In contrast, there is extensive evidence supporting the role of KLF4 as a tumor suppressor gene
for multiple cancers, particularly those in the gastrointestinal tract (10,11). KLF4 expression
is decreased in various colon tumors, gastric cancers, esophageal squamous cell carcinomas,
bladder and prostate cancer, lung cancer, and human glioma cells (12,15–24). In addition,
KLF4 expression is decreased in the Min mouse model, which spontaneously develop intestinal
tumors due to inactivation of the APC gene (15). The mechanisms associated with the tumor
suppressor activity of KLF4 are complex and involve interactions with multiple transcription
factors and signaling pathways, particularly those associated with the tumor suppressor gene
p53 and the cyclin-dependent kinase inhibitor p21 (9,10).

The tumor suppressor gene p53 responds to different forms of cellular stress, including DNA
damage to maintain genomic stability, and activation of p21 is a major p53-dependent response
(25–27). Several studies show the relationship between KLF4, p53, and p21 where KLF4
appears to activate both genes (16,26,27). p53 induces transactivation in cells transfected with
constructs containing both KLF4 and p21 promoter inserts, and both KLF4 and p53
synergistically activate p21 promoter constructs (16). Moreover, it was also shown that p53-
dependent activation of KLF4 was important for inhibition of G1- to-S phase progress of colon
cancer cells following DNA damage (27).

The importance of KLF4 as a tumor suppressor gene in colon and other cancer cell lines is also
consistent with induction of this gene by cytotoxic agents, including 15-deoxy-Δ12,14-
prostaglandin J2, sodium butyrate, and the peroxisome proliferator activator receptor γ agonist
methyl 2-cyano-3,11-dioxo-18β-olean-1,12-dien-30-oate (28–31). In this study, we show that
cytotoxic ring-substituted bis(3′-indolyl)methane (DIM), including the 5,5′-dibromoDIM
analogue, induced KLF4 expression in several colon cancer cell lines. Moreover, increased
KLF4 was accompanied by induction of p21 and inhibition of G1- to S-phase progression in
RKO and HT-29 colon cancer cells, which express wild-type and mutant p53, respectively.
Subsequent analysis of the p21 promoter by transfection, chromatin immunoprecipitation, and
RNA interference assays in RKO cells shows that KLF4 is directly recruited to the proximal
GC-rich region of the p21 promoter and is required for activation of p21. Moreover, 5,5′-
dibromoDIM also inhibits tumor growth and induces p21 expression in athymic nude mice
bearing RKO cells as xenografts, showing that induction of KLF4 is associated with the
antitumorigenic activity of this compound in both in vitro and in vivo models.

Materials and Methods
Cell Culture

RKO human colon carcinoma cell line was provided by M. D. Anderson Cancer Center, and
HT-29 cells were purchased from the American Type Culture Collection. RKO and HT-29
cells were maintained in DMEM/Ham’s F-12 (Sigma-Aldrich) without phenol red
supplemented with 0.22% sodium bicarbonate, 0.011% sodium pyruvate, 5% fetal bovine
serum, and 10 mL/L of 100× antibiotics antimycotic solution (Sigma-Aldrich). Cells were
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maintained at 37°C in the presence of 5% CO2 and colon cancer cells used in these experiments
were within passages 20 to 40.

Reagents
Antibodies for KLF4, p53, IgG, Sp1, Sp3, Sp4, and β-actin were purchased from Santa Cruz
Biotechnology. The p21 antibody was purchased from BD PharMingen. Propidium iodide was
obtained Calbiochem, and RNase A and corn oil was from Sigma-Aldrich. The kinase
inhibitors SB203580, PD98059, and SP600125 were purchased from Calbiochem. Western
Lightning chemiluminescence reagent was from Perkin-Elmer Life Sciences. p21 promoter
reporter constructs pWWP, pWWP124, and pWWP101 were provided by Dr. Toshiyuki Sakai
(Kyoto Prefectural University of Medicine). pWWP60 was generated by digesting pWWP with
SmaI followed by religation of the purified vector (32). LipofectAMINE 2000 transfection
reagent was purchased from Invitrogen. Reporter lysis buffer and luciferase reagent for
luciferase assays were purchased from Promega. For RNA interference assays, we used a
nonspecific scrambled (iScr) oligonucleotide and small inhibitory RNA for KLF4 (iKLF4)
purchased from Dharmacon Research.

Cell Proliferation Assay
RKO and HT-29 cells were seeded in 12-well plates using DMEM/Ham’s F-12 plus 2.5%
charcoal-stripped fetal bovine serum. After cells reached 50% to 60% confluence, which was
usually observed 24 h after seeding, they were treated with DMSO and different concentrations
of 5,5′-dibromoDIM for the indicated times. Both RKO and HT-29 cells were counted to
evaluate the effects of 5,5′-dibromoDIM and DMSO(solvent control) on the number of viable
cells using a Z1 Coulter particle counter (Beckman Coulter). Each experiment was carried out
in triplicate and results are expressed as mean ± SD of each treatment group. In these and other
experiments, the amount of DMSOwas 0.1%.

Fluorescence-Activated Cell Sorting Analysis for Cell Cycle Regulation
After treatment with 5,5′-dibromoDIM, detached cells (floaters) were collected by
centrifugation and combined with adherent cells that were released by trypsinization. Cell cycle
analysis was carried out by flow cytometry; cells were fixed in 70% ethanol overnight at -20°
C. After centrifugation, ethanol was removed and the cells were subsequently stained with 0.02
mg/mL propidium iodide and subjected to DNA content analysis using a FACScan cytometer
(Becton Dickinson).

Western Blot Analysis
Cell lysates were prepared using lysis buffer [20 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl,
1 mmol/L EDTA, 1% Triton X-100, 0.1% SDS, 1 mmol/L sodium orthovanadate, 1 mmol/L
phenylmethylsulfonyl fluoride, 1 μmol/L leupeptin, and 1 μg/mL aprotinin]. After
centrifugation of the lysate at 15,000 × g for 20 min, the supernatants were recovered, and
protein was quantified by the Bradford protein assay using a reagent kit from Bio-Rad. Protein
samples (20-60 μg) were size separated by electrophoresis on SDS-polyacrylamide gels under
nonreducing conditions. Separated proteins were electroblotted onto nitrocellulose
membranes. The blot was blocked by incubating in blocking buffer [5% skim milk, 10 mmol/
L Tris (pH 7.5), 10 mmol/L NaCl, and 0.1% Tween 20] for 1 h at 20°C and then incubated
with the primary antibody overnight at 4°C. Incubation with a horseradish peroxidase—
conjugated anti-mouse or rabbit secondary antibody was then carried out at 20°C for 4 h.
Antibody-bound proteins were detected by the Enhanced Chemiluminescence Western blotting
analysis system (Perkin-Elmer Life and Analytical Sciences).
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Reverse Transcriptase-PCR
Total RNA was extracted using RNeasy Mini Kit (Qiagen), and 1 μg RNA was used to
synthesize cDNA using Reverse Transcription System (Promega). The PCR conditions were
as follows: initial denaturation at 94°C (2 min) followed by 26 cycles of denaturation for 30 s
at 94°C, annealing for 1 min at 55°C, and extension at 72°C for 1 min and a final extension
step at 72°C for 5 min. mRNA levels were normalized using glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as an internal housekeeping gene. Primers obtained from IDT and
used for amplification were KLF4 (sense 5′-CTATGGCAGGGAGTCCGCTCC-3′ and
antisense 5′-ATGACCGACGGGCTGCCGTAC-3′) and GAPDH (sense 5′-
ACGGATTTGGTCGTATTGGGCG-3′ and antisense 5′-
CTCCTGGAAGATGGTGATGG-3′). PCR products were electrophoresed on 1% agarose gels
containing ethidium bromide and visualized under UV transillumination.

Quantitative Real-time PCR
cDNA was prepared from RKO cell line using Reverse Transcription System (Promega). Each
PCR was carried out in triplicate in a 30 μL volume using SYBR Green Master-Mix (Applied
Biosystems) for 15 min at 95°C for initial denaturing followed by 40 cycles of 95°C for 30 s
and 60°C for 1 min in the Applied Biosystems 7900HT Fast Real-time PCR System. The ABI
Dissociation Curves software was used following a brief thermal protocol (95°C 15 s and 60°
C 15 s followed by a slow ramp to 95°C) to control for multiple species in each PCR
amplification. Values for each gene were normalized to expression levels of TATA-binding
protein. The primers used for real-time PCR were obtained from Qiagen.

Transfection and Luciferase Assay
RKO and HT-29 cells were plated in 12-well plates at 1 × 105 per well in DMEM/Ham’s F12
supplemented with 2.5% charcoal-stripped fetal bovine serum. After growth for 16 h, various
amounts of DNA [pWWP (0.25 μg), pWWP124 (0.25 μg), pWWP101 (0.25 μg), pWWP60
(0.25 μg), and β-galactosidase (0.05 μg)] were transfected by LipofectAMINE 2000 reagent
(Invitrogen) according to the manufacturer’s protocol. After 5 h, cells were treated with
complete medium containing either vehicle (DMSO) or the indicated ligands for 20 to 22 h.
Cells were then lysed with 100 μL of 1× reported lysis buffer (Promega) and 30 μL cell extract
was used for luciferase and β-galactosidase assays. Lumicount was used to quantitate luciferase
and β-galactosidase activities, and the luciferase activities were normalized to β-galactosidase
activity. Results are expressed as mean ± SD of at least three independent determinations for
each treatment group.

Chromatin Immunoprecipitation Assay
RKO cells (2 × 107) were treated with DMSO (time 0) or 5,5-dibromoDIM (15 μmol/L) for
12 h. Cells were then fixed with 1.5% formaldehyde, and the cross-linking reaction was stopped
by addition of 0.125 mol/L glycine. After washing twice with PBS, cells were scraped and
pelleted. Nuclei were then sonicated to desired chromatin length (∼500 bp). The chromatin
was precleared twice by addition of protein A—conjugated beads (Pierce Chemical) and then
incubated at 4°C for 1 h with gentle agitation. The beads were pelleted, and the precleared
chromatin supernatants were immunoprecipitated with antibodies specific to IgG, Sp1, Sp3,
Sp4, p53, and KLF4 at 4°C overnight. Protein-antibody complexes were collected by addition
of protein A—conjugated beads at room temperature for 1 h. Beads were extensively washed;
the protein-DNA cross-links were eluted and reversed. DNA was purified by phenol extraction/
ethanol precipitation followed by PCR amplification. The p21 primers are 5′-
GCTGGCCTGCTGGAACTC-3′ (forward) and 5′-GGCAGCTGCTCACACCTC-3′
(reverse), and they amplify a 193-bp region of the human p21 promoter, which contains several
GC-rich, Sp1 binding sites. The positive control primers are 5′-
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TACTAGCGGTTTTACGGGCG-3′ (forward) and 5′-
TCGAACAGGAGGAGCAGAGAGCGA-3′ (reverse), and they amplify a 167-bp region of
human GAPDH gene. The negative control primers are 5′-atggttgccactggggatct-3′ (forward)
and 5′-TGCCAAAGCCTAGGGGAAGA-3′ (reverse) and amplify a 174-bp region of genomic
DNA between human GAPDH and CNAP1 genes. PCR products were resolved on a 2%
agarose gel in the presence of SYBR gold (1:10,000).

RNA Interference Studies
Nonspecific oligonucleotide (iScr) and small inhibitory RNA for KLF4 (iKLF4) were
purchased from Dharmacon Research, and equal amounts of each oligonucleotide were used
in all experiments to maintain the same amount of nucleic acid in each treatment group. For
transfection experiments, 100 nmol/L iScr or iKLF4 were transfected with LipofectAMINE
2000 reagent (Invitrogen); after 5 h, the medium was changed, cells were treated with DMSO
or 5,5′-dibromoDIM for 20 to 22 h, and luciferase activity was determined as described above
for the transfection and luciferase assays. RNA interference assays for protein knockdown used
the same oligonucleotides, but treatment with DMSO or 5,5′-dibromoDIM was initiated 42 h
after transfection.

Xenograft Studies in Athymic Mice
Male athymic nude mice (NCI-nu) were purchased from the Animal Production Area of the
National Cancer Institute-Frederick Cancer Research and Development Center. The mice were
housed and maintained under specific pathogen-free conditions in facilities approved by the
American Association for Accreditation of Laboratory Animal Care and in accordance with
current regulations and standards of the U.S. Department of Agriculture, U.S. Department of
Health and Human Services. The mice were used in accordance with institutional guidelines
when they were 8 to 12 weeks old. To produce tumors, RKO cells were harvested from
subconfluent cultures by a brief exposure to 0.25% trypsin and 0.02% EDTA. Trypsinization
was stopped with medium containing 10% fetal bovine serum, and the cells were washed once
in serum-free medium and resuspended in HBSS. Only suspensions consisting of single cells
with >90% viability were used for the injections. A xenograft was established by s.c. injection
of the cells (7 × 106) into the flanks of individual mice. Tumors were allowed to grow for 6
days until they were palpable. Tumors in animals at the beginning of the experiment were
randomized into three groups according to tumor size, and mice used in the control group and
treated animals were randomly selected from these groups. Mice were randomized into two
groups of five mice per group and dosed by oral gavage in corn oil or 30 mg/kg/d 5,5-
dibromoDIM 5 days/wk for 21 days. The mice were weighed, and tumor size was measured
every fourth day with calipers to permit calculation of tumor volumes: V = LW2 / 2, where L
and W were length and width, respectively. Final body and tumor weights were determined at
the end of the dosing regimen.

Terminal Deoxynucleotidyl Transferase — Mediated dUTP Nick End Labeling Assay,
Histology, and p21 Immunostaining Studies

For the terminal deoxynucleotidyl transferase—mediated dUTP nick end labeling assay, tumor
tissue was fixed in formalin and embedded in paraffin and used for terminal deoxynucleotidyl
transferase—mediated dUTP nick end labeling staining, which was carried out using DeadEnd
Colorimetric Terminal Deoxynucleotidyl Transferase—Mediated dUTP Nick End Labeling
System (Promega,). Paraffinembedded sections (4-6 μm thick) were processed per
manufacturer’s protocol. Briefly, sections were deparaffinized in xylene and then treated with
a graded series of alcohol [100%, 95%, 85%, 70%, and 50% ethanol (v/v) in double-distilled
H2O] and rehydrated in PBS (pH 7.5). Tissues were then treated proteinase K solution for
permeabilization and then refixed with 4% paraformaldehyde solution. Slides were then treated
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with rTdT reaction mix and incubated at 37°C for 1 h. Reaction was terminated by immersing
the slides in 2× SSC solutions for 15 min at room temperature. After blocking the endogenous
peroxidase activity (by 0.3% H2O2), slides were washed with PBS and then incubated with
streptavidin horseradish peroxidase solution for 30 min at room temperature. After washing,
slides were incubated with 3,3′-diaminobenzidine (substrate) solution until a light-brown
background appears (10 min) and then rinsed several times in deionized water. After mounting,
slides were observed by light microscope. Immunostaining for p21 used deparaffinized tissue
sections that were subjected to antigen retrieval with 0.1% pepsin in 0.01 N HCl at room
temperature for 10 min followed by treatment with 0.1% H2O2 to block endogenous peroxidase
activity. Sections were incubated with anti-p21 antibody (1:100) at 4°C overnight after
blocking with normal goat serum at room temperature for 1 h. After washing in PBS, sections
were incubated with biotinylated goat anti-rabbit IgG at room temperature for 30 min.
Detection was made with Vectastain Elite ABC kit (Vector Laboratories) and 3,3′-
diaminobenzidine (Biogenix Laboratories) as the chromagen following manufacturer’s
protocol. The sections were counterstained with hematoxylin and dehydrated, and coverslips
were mounted.

Statistical Analysis
Statistical significance was assessed using Student’s t test. P < 0.05 compared with solvent
control was considered statistically significant.

Results
Ring-substituted DIM inhibit breast cancer cell proliferation and growth of carcinogen-induced
mammary tumors in rats, and 5,5′-dibromoDIM was among the most active of these compounds
in vivo and blocked tumor growth at doses ≤1.0 mg/kg every second day (33). Treatment of
RKO and HT-29 cells with 5 to 15 μmol/L 5,5′-dibromoDIM for 72 h significantly inhibited
cell proliferation (Fig. 1A and B). Similar results were observed in both cell lines, and treatment
with 10 to 15 μmol/L concentrations also induced caspase-dependent apoptosis (data not
shown). The effects of 15 μmol/L 5,5′-dibromoDIM on distribution of RKO cells in G0-G1, S,
and G2-M phases of the cell cycle were determined by fluorescence-activated cell sorting
analysis (Fig. 1C). The results showed that 5,5′-dibromoDIM increased cells in G0-G1 and
decreased cells in S and G2-M phases, resulting in an overall G0-G1- to S-phase growth arrest.
Data illustrated in the figure are means of three separate determinations and changes in G0-
G1, G2-M, and S phases were significant (P < 0.05). Figure 1D shows that 5,5-dibromoDIM
also decreased p21 expression in both RKO and HT-29 cells and these results are consistent
with the inhibition of G0-G1- to S-phase progression in RKO cells treated with 5,5′-
dibromoDIM.

Induction of p21 by cytotoxic drugs including DIM is associated with modulation of several
pathways, and in colon cancer cells, KLF4 and p53 play a role in the induction of this cyclin-
dependent kinase inhibitor (16,25–27). Using 5,5′-dibromoDIM as a model, this compound
induced KLF4 mRNA in RKO cells but did not affect expression of KLF3, KLF5, KLF6,
KLF10, or KLF11 mRNA levels in this cell line (Fig. 2A). Previous studies in pancreatic and
breast cancer cells showed that 5,5′-dibromoDIM was a highly cytotoxic ring-substituted DIM
(31,34,35). Structure activity studies among a series of symmetrical substituted dibromoDIM
isomers as inducers of KLF4 mRNA showed that their relative order of potency was 6,6′-
dibromo > 5,5′-dibromo ≥ 4,4′-dibromo > 7,7′-dibromoDIM as inducers in RKO cells (Fig.
2B). Moreover, for a series of 5,5′-difluoroDIM, 5,5′-dichloroDIM, 5,5′-dibromoDIM, 5,5′-
diiodoDIM, 5,5′-dimethylDIM, and 5,5′-dimethoxyDIM analogues, the most active compound
as inducers of KLF4 mRNA were 5,5′-dibromoDIM and 5,5′-diiodoDIM (Fig. 2C). The results
show the importance of the substitutent group since even at the 15 μmol/L concentration, the
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fluoro and chloro analogues did not significantly induce KLF4 mRNA. We also investigated
the induction of KLF4 mRNA by DIM, and significant induction was observed only at a high
concentration (40 μmol/L; data not shown). Thus, 5,5′-dibromoDIM and 6,6′-dibromoDIM
were among the most potent inducers of KLF4 mRNA in RKO cells. Because 5,5′-
dibromoDIM is more readily synthesized from the commercially available 5-bromoindole-3-
carboxaldehyde, this compound was selected as a prototype to further investigate the
mechanisms of KLF4 induction by 5,5′-dibromoDIM and the role of this gene in mediating
the growth-inhibitory effects of 5,5′-dibromoDIM.

Among a series of four colon cancer cells (RKO, HT-29, SW480, and HCT-116), 5,5′-
dibromoDIM significantly induced KLF4 mRNA in all of these cell lines. The highest induction
was observed in RKO and HT-29 cells (Fig. 3A). Results in Fig. 3B and C show that 5,5′-
dibromoDIM induced a concentration- and time-dependent increase in KLF4 mRNA levels.
Significant induction of Krüppel-like factor mRNA was observed in RKO and HT-29 cells
treated with 5 μmol/L 5,5′-dibromoDIM (Fig. 3B). In time course studies, 15 μmol/L 5,5′-
dibromoDIM induced KLF4 after treatment of RKO or HT-29 cells for 6 or 12 h, respectively,
and KLF4 mRNA levels remained elevated for 24 h in both cell lines (Fig. 3C). We also
observed that 5,5′-dibromoDIM induced KLF4 protein in HT-29 and RKO cells (Fig. 3D);
however, p53 protein was induced only in RKO cells, which expresses the wild-type form of
this gene/protein. In contrast, the inactive mutant form of p53 expressed in HT-29 cells was
not affected by treatment with 5,5′-dibromoDIM. Thus, induction of KLF4 and p21 was
observed in colon cancer cells expressing wild-type or mutant (inactivated) p53, suggesting
that wild-type p53 was not necessary for induction of KLF4 and p21 by 5,5′-dibromoDIM.

Interactions between KLF4 and p21 in the induction of p21 by 5,5′-dibromoDIM was further
investigated in colon cancer cells. Results in Fig. 4A show that 5,5′-dibromoDIM also induces
transactivation in both RKO and HT-29 cells transfected with pWWP, a construct containing
a -2,325 to +8 p21 promoter insert. 5,5′-DibromoDIM also induces luciferase activity in RKO
cells transfected with pWWP124, but not pWWP101 or pWWP60 constructs, which contain
-124 to +8, -101 to +8, and -60 to +8 p21 promoter inserts, respectively (Fig. 4B). These
constructs contain the six proximal GC-rich sites in the p21 promoter, and results of the
promoter deletion studies suggest that loss of distal (5′) sites 1 and 2 to give pWWP101 resulted
in loss of inducibility by 5,5′-dibromoDIM. Previous studies indicate that this region of the
promoter was also required for activation of p21 promoter constructs in HEK293 cells
transfected with KLF4 expression plasmid (16). RNA interference using a small-inhibitory
RNA for KLF4 (iKLF4) decreased luciferase activity in RKO cells transfected with pWWP.
5,5′-DibromoDIM also activates luciferase activity in HT-29 cells transfected with pWWP but
not pWWP124, pWWP101, or pWWP60 (Fig. 4C), showing that activation of p21 in this p53-
independent cell line requires upstream (5′) promoter sequences and not the more proximal
GC-rich motifs. However, 5,5′-dibromo-DIM-dependent induction of luciferase activity in
HT-29 cells transfected with pWWP was also inhibited by cotransfection with iKLF4. We also
determined the effects of KLF4 knockdown on p21 and p53 expression in RKO cells (Fig. 4D)
and show that iKLF4 decreased constitutive and 5,5′-dibromoDIM-induced p21 and p53
proteins, showing a role for KLF4 in regulating p21 and p53 expression in this cell line. In
addition, iKLF4 decreases expression of endogenous and 5,5′-dibromoDIM-induced KLF4
mRNA levels (Fig. 4D).

The potential interactions of KLF4 with the proximal GC-rich region of the p21 promoter (Fig.
5A) were determined in a chromatin immunoprecipitation assay. Treatment of RKO cells with
5,5′-dibromoDIM for 12 h resulted in recruitment of KLF4 to the p21 promoter, and a slight
decrease in Sp1 protein interacting with the p21 promoter was also observed (Fig. 5B). This
experiment was replicated (3×) and interactions of KLF4, Sp1, Sp3, and Sp4 to the p21
promoter were quantitated. 5,5′-DibromoDIM significantly enhanced (>2.5-fold) KLF4 and
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decreased (<25%) Sp1 interactions with the p21 promoter, whereas Sp3 and Sp4 interactions
were unchanged (Fig. 5B). RKO cells were treated with 15 μmol/L 5,5′-dibromoDIM for 6,
12, and 24 h, and the recruitment of KLF4 and slight loss of Sp1 interactions with the p21
promoter were also observed (Fig. 5C). Moreover, p53 was also recruited to this region of the
p21 promoter, confirming an association of both p53 and KLF4 with the p21 promoter,
although cis-elements that bind p53 are located in a distal region of this promoter at -1,394.
As a control for this experiment, we also showed that the transcription factor TFIIB bound to
the proximal promoter region of the GAPDH gene but not to exon 1 of the CNAP gene (negative
control; Fig. 5D). The results show that 5,5′-dibromoDIM-mediated induction of p21 involves
induction of KLF4, which is recruited to the p21 promoter to activate transcription.

The in vivo anticarcinogenic activity of 5,5′-dibromoDIM was further investigated in athymic
nude mice bearing RKO cells as xenografts, and treatment with 30 mg/kg/d over a period of
24 days significantly inhibited tumor weight (Fig. 6A) and volume (Fig. 6B). After the
experiment was terminated, the results showed no changes in body or organ weights in treated
versus untreated (corn oil vehicle control) mice; however, there was a significant decrease in
tumor weight in animals receiving 5,5′-dibromoDIM. We also observed the 5,5′-dibromoDIM-
induced apoptosis (Fig. 6C) and p21 expression (Fig. 6D) compared with animals treated with
corn oil (vehicle control) and this correlated with results of the in vitro studies (Fig. 1).

Discussion
DIM is a dimerization product of the chemoprotective phytochemical indole-3-carbinol, which
is found as a conjugate in cruciferous vegetables (36). DIM activates diverse growth-inhibitory
and proapoptotic pathways in various cancer cell lines (36–40). Research in this laboratory has
modified the DIM structure to give a series of 1,1-bis(3′-indolyl)-1-(p-substituted phenyl)
methanes, which also inhibit cancer cell and tumor growth through activation of peroxisome
proliferator-activated receptor γ and the orphan receptor Nur77 and through receptor-
independent pathways (32,41–45). In addition, several symmetrical ring-substituted DIM,
including 5,5′-dibromoDIM, are potent inhibitors of carcinogen-induced rat mammary tumor
growth and, like DIM, exhibit antiandrogenic activity (33,35,40,46). However, our studies on
a series of 4,4′-, 5,5′-, 6,6′-, and 7,7′-dibromoDIM and 4,4′-, 5,5′-, 6,6′-, and 7,7′-dichloroDIM
as antiandrogens indicated that there were structure-dependent differences in their activities;
7,7′-dibromoDIM decreased AR expression, whereas 4,4′-dibromoDIM did not affect
expression of this receptor and similar structure-dependent effects were observed for the
dichloroDIM (46). Thus, DIM and ring-substituted DIM exhibit overlapping and different
activities (33–35); however, most ring-substituted DIM, such as 5,5′-dibromoDIM, are more
active than DIM in bothin vivo and in vitro studies.

1,1-Bis(3′-indolyl)-1-(p-substituted phenyl)methane compounds decreased colon cancer cell
proliferation (41,42,45) and inhibited G0-G1- to S-phase progression in HT-29 cells, and these
results were comparable with those observed for 5,5′-dibromoDIM (Fig. 1). 5,5′-DibromoDIM
induced p21 expression in both RKO and HT-29 cells (Fig. 1D), and this was consistent with
the inhibitory effects of this compound on the cell cycle where there was significant inhibition
of G0-G1- to S-phase progression (Fig. 1C). In contrast, 1,1-bis(3′-indolyl)-1-(p-substituted
phenyl)methane did not induce p21 in colon cancer cells and this represents an important
difference between these two classes of synthetic DIM analogues (41,42,45). This suggests
that induction of p21 in colon cancer cells by 5,5′-dibromoDIM may be important for mediating
the antiproliferative activity of this compound in colon cancer cells; therefore, the mechanism
of p21 induction by 5,5′-dibromoDIM was further investigated.

Several reports show that p21 is activated by both p53 and KLF4 in colon cancer cell lines
(9,10,16), and we initially investigated induction of KLF4 gene expression by a series of ring-
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substituted DIM analogues in HT-29 and RKO cells. There was a structure-dependent
activation of KLF4 by several isomeric dibromoDIM (Fig. 2B) and 5,5′-substituted DIM (Fig.
2D), and the most active compounds were 5,5′- and 6,6′-dibromoDIM and 5,5′-diiodoDIM.
5,5′-DibromoDIM was selected as the prototypical compound for this study in colon cancer
cells due to its relative ease of synthesis and well-characterized in vivo and in vitro activity as
an inhibitor of pancreatic and breast cancer cell growth and carcinogen-induced rat mammary
tumor growth (33,35).

5,5′-DibromoDIM specifically induced KLF4 and not other KLF in RKO cells (Fig. 2A) and
KLF4 mRNA and protein was induced in p53 wild-type RKO and p53 mutant HT-29 cells
(Fig. 3A-C). The relationship between KLF4, p53, and p21 is complex and cell context
dependent (16,17,27). In breast cancer cells, KLF4-dependent suppression of p53 and induction
of p21 may be associated with cellular transformation under certain conditions (9). In contrast,
DNA damage-dependent activation of p53 in colon cancer cells resulted in the stepwise
induction of KLF4 and then p21 (16). In HCT116 colon cancer cells expressing wild-type p53
(HCT116p53+/+), irradiation induced p53, KLF4, and p21, whereas in HCT116p53-/- cells
irradiation did not induce either KLF4 or p53 (27). Moreover, knockdown of KLF4 by RNA
interference decreased irradiation-induced p21, increased the percentage of cells in G1, but did
not affect p53 induction in HCT116p53+/+ cells. These results show that KLF4 is required for
p53-dependent activation of p21 in some colon cancer cell lines. In contrast, induction of KLF4
by 5,5′-dibromoDIM is observed in RKO and HT-29 cells expressing wild-type and inactive
mutant p53, respectively (Figs. 2 and 3), suggesting that, at least in the latter cell line, induction
of KLF4 and p21 are not p53 dependent.

Because 5,5′-dibromoDIM induces p21 in RKO and HT-29 cells (Fig. 1D), we investigated
the role of KLF4 in mediating the induction response. Results of transient transfection studies
in RKO and HT-29 cells show that 5,5′-dibromoDIM induced luciferase activity in both cell
lines transfected with the pWWP construct containing the -2,325 to +8 region of the p21
promoter. RNA interference studies using a small-inhibitory RNA for KLF4 (iKLF4) show
that activation of the p21 promoter by 5,5′-dibromoDIM was significantly inhibited in cells
cotransfected with iKLF4, showing that KLF4 was essential for induction of p21 in cells
expressing either wild-type (RKO) or mutant (HT-29) p53. Thus, at least in HT-29 cells, p53
was not required for induction of p21 or KLF4 by 5,5′-dibromoDIM. However, in RKO cells,
KLF4 knockdown by RNA interference decreased both constitutive and 5,5′-dibromoDIM-
induced p21 and p53 expression (Fig. 4D), showing the important role of KLF4 in regulating
expression of both genes in this cell line. These observations in RKO and HT-29 cells are in
contrast to results in HCT116p53+/+ cells where KLF4 knockdown did not affect constitutive
or radiation-induced p53 expression (27), suggesting that the interdependent regulation of p53
and KLF4 in colon cancer cells is cell context dependent.

The p21 promoter contains six proximal GC-rich motifs (47–49) that bind specificity protein
proteins, and previous studies show that the upstream GC-rich sites 1 and 2 are required for
KLF4-dependent activation of p21 promoter constructs (16). Deletion analysis of the p21
promoter in RKO cells shows that 5,5′-dibromoDIM induces transactivation in cells transfected
with pWWP (-2,325 to +8) and pWWP124, which contains GC-rich sites 1 to 6. However,
deletion of sites 1 and 2 resulted in loss of transactivation (Fig. 4B). These data are consistent
with previous studies, which suggest a critical role for these specific GC-rich sites (16). We
have also confirmed in a chromatin immunoprecipitation assay that KLF4 and p53 are recruited
to the GC-rich proximal region of the p21 promoter in RKO cells (Fig. 5). The mechanism of
KLF4-dependent activation of p21 by 5,5′-dibromoDIM in p53-mutant HT-29 cells is clearly
different from that observed in RKO cells. Deletion analysis of the p21 promoter in HT-29
cells shows that transactivation is induced only in cells transfected with pWWP and not with
constructs containing only the proximal GC-rich sites 1 to 6 (Fig. 4C). Thus, p53 status of
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colon cancer cells is at least one determinant for the mechanism of KLF4-mediated activation
of p21 in cells treated with 5,5′-dibromoDIM. Current studies are further investigating KLF4-
p21-p53 interactions in colon cancer cells expressing wild-type p53 and the identification of
critical cis-elements required for induction of p21 in p53 mutant colon cancer cells.

5,5′-DibromoDIM also inhibited tumor growth and tumor weights in athymic nude mice
bearing RKO cells as xenografts, and this was not accompanied by any changes in organ or
body weights or evidence for compound-induced toxicity (Fig. 6). This shows the
antitumorigenic activity of 5,5′-dibromoDIM in both a mouse xenograft and carcinogen-
induced rat mammary tumor model (33). We also observed an increase in p21 and apoptosis
and p21 protein expression in tumors from 5,5′-dibromoDIM-treated mice (Fig. 6C and D),
and the proapoptotic activity of this compound was also observed in both RKO and HT-29
cells in culture (data not shown). Immunohistochemical analysis for KLF4 gave inconsistent
results due to problems with antibodies, and improvements in the detection of KLF4 protein
and mRNA in tumor samples are under way. Induction of p53/p21 directly leads to apoptosis;
however, in pancreatic cancer cells, 5,5′-dibromoDIM induces endoplasmic reticulum stress
and activation of death receptor 5 (34), and preliminary studies (data not shown) indicate that
this pathway may also be activated in colon cancer cells and could contribute to the observed
apoptosis and growth inhibition. 5,5′-DibromoDIM also decreases cyclin D1 expression in
colon cancer cells (data not shown) as reported previously in breast cancer cells (35), suggesting
that p21 induction is one of several growth-inhibitory/ proapoptotic responses induced by this
compound.

In summary, this study shows that the anticarcinogenic activity of 5,5′-dibromoDIM in colon
cancer cells is associated with the induction of KLF4. Moreover, we show that induction of
p21 is KLF4 dependent in p53-mutant HT-29 and p53 wild-type RKO cells, and induction of
p53 in the latter cell line is also KLF4 dependent. These results, coupled with the in vivo
anticarcinogenic activity of 5,5′-dibromoDIM in the mouse xenograft model, shows that
specific ring-substituted DIM represent a novel class of drugs that activate KLF4, and these
compounds are currently being developed for clinical applications.
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Figure 1.
5,5′-DibromoDIM inhibits colon cancer cell proliferation and induces p21. Decreased
proliferation of RKO (A) and HT-29 (B) cells. Cells were treated with DMSO or 5,5′-
dibromoDIM (5, 10, or 15 μmol/L) for 24, 48, or 72 h, and cells were counted as described in
Materials and Methods. The percent survival of treated cells was compared with DMSO (set
at 100%). Mean ± SD of three determinations for each treatment. *, P < 0.05, significantly
decreased survival. C, cell cycle progression. RKO cells were treated with DMSO or 15 μmol/
L 5,5′-dibromoDIM for 24 h and analyzed by fluorescence-activated cell sorting as described
in Materials and Methods. Mean ± SD of three determinations. *, significant 5,5′-dibromoDIM-
induced changes. D, induction of p21 protein. RKO and HT-29 cells were treated with DMSO
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and different concentrations of 5,5′-dibromoDIM for 24 h, and p21 expression was determined
by Western blot analysis as described in Materials and Methods.
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Figure 2.
Induction of KLF by ring-substituted DIM. RKO cells were treated with DMSO or different
concentrations of 5,5′-dibromoDIM (A), dibromoDIM isomers (B), or different 5,5′-
disubstituted DIM analogues (C). KLF or KLF4 mRNAlevels were determined by reverse
transcription-PCR as described in Materials and Methods. Mean ± SD of three determinations
for each treatment group. *, P < 0.05, significantly increased activity.
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Figure 3.
Effects of 5,5′-dibromoDIM on KLR4 and p53 expression in RKO and HT-29 cells. Induction
of KLF4 mRNAin multiple (A) and RKO/HT-29 (B or C) cells. Cells were treated with DMSO
or the indicated concentrations of 5,5′-dibromoDIM for 24 h (A and B) or different time points
(C) and mRNA levels were determined by reverse transcription-PCR as described in Materials
and Methods. Mean ± SD of three replicate experiments for each treatment group. *, P < 0.05,
significant induction. D, induction of KLF4 and p53 proteins. Cells were treated with DMSO
or 5, 10, or 15 μmol/L 5,5′-dibromoDIM for 24 h, and whole-cell lysates were examined by
Western blot analysis as described in Materials and Methods. Blots are representative of
duplicate experiments.
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Figure 4.
5,5′-DibromoDIM activation of KLF4, p21, and p53. 5,5′-DibromoDIM activates pWWP
(A) and p21 promoter deletion constructs in RKO (B) and HT-29 (C) cells. Cells were treated
with DMSO or different concentrations of 5,5′-dibromoDIM transfected with pWWP (A) and
other deletion constructs (B and C) in the presence or absence of nonspecific iScr or iKLF4 as
indicated, and luciferase activity was determined as described in Materials and Methods. Mean
± SD of three replicate determinations for each treatment group. *, P < 0.05, significant
induction of induced activity by iKLF4; **, P < 0.05, significant inhibition of induced activity
by iKLF4. D, effects of iKLF4 on p21 and p53 expression. RKO cells were treated with DMSO
or 10 μmol/L 5,5′-dibromoDIM and transfected with nonspecific iScr or 100 nmol/L iKLF4,
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and 24 h after treatment, whole-cell lysates were analyzed by Western blotting. The pattern of
protein expression was similar in duplicate experiments. The effects of iKLF4/iScr on
endogenous and 5,5′-dibromoDIM-induced KLF4 mRNAlevels are also shown. Similar results
were observed in duplicate experiments.
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Figure 5.
Interaction of KLF4 with the p21 promoter. A, KLF4 proximal promoter GC-rich sites and
PCR primer locations. B, chromatin immunoprecipitation analysis. RKO cells were treated
with 15 μmol/L 5,5′-dibromoDIM for 12 h, and interactions of KLF4 and specificity protein
proteins with the p21 promoter were determined as described in Materials and Methods. The
chromatin immunoprecipitation experiments were replicated (3×), and relative intensities in
the treated cells compared with DMSO (set at 1.0) are given as mean ± SD. *, P < 0.05,
significantly different activities. C, time-course chromatin immunoprecipitation assay. RKO
cells were treated with 15 Amol/L 5,5′-dibromoDIM for 6, 12, and 24 h, and interactions of
KLF4, p53, and Sp1 with the p21 promoter were determined as described in Materials and
Methods. D, chromatin immunoprecipitation control experiment. The binding of the
transcription factor TFIIB to the GAPDH promoter (positive control) and exon 1 of the CNAP
promoter (negative control) were determined in a chromatin immunoprecipitation assay as
described in Materials and Methods.
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Figure 6.
In vivo inhibition of tumor growth by 5,5′-dibromoDIM. A, tumor weights; B, tumor volume.
Athymic nude mice bearing RKO cells as xenografts were treated with 5,5′-dibromoDIM (30
mg/kg/d) and tumor weights and volumes were determined as described in Materials and
Methods. C, immunostaining for apoptosis. Tumor tissue from animals treated with corn oil
(control) or 5,5′-dibromoDIM were stained using the terminal deoxynucleotidyl transferase —
mediated dUTP nick end labeling assay to detect apoptosis. D, immunostaining for p21 protein
expression. Paraffin-embedded sections obtained from treated and untreated tumors were
immunostained for p21 as described in Materials and Methods.
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