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Abstract
The zinc finger-containing transcription factor, Krüppel-like factor 4 (KLF4), inhibits cell
proliferation. An in vivo tumor suppressive role for KLF4 is demonstrated by the recent finding that
Klf4 haploinsufficiency in ApcMin/+ mice promotes intestinal tumorigenesis. Studies also show that
KLF4 is required for the terminal differentiation of goblet cells in the mouse intestine. The Notch
signaling pathway suppresses goblet cell formation and is up-regulated in intestinal tumors. Here we
investigated the relationship between Notch signaling and KLF4 expression in intestinal epithelial
cells. The rate of proliferation of HT29 human colon cancer cells was reduced when treated with the
γ-secretase inhibitor dibenzazepine (DBZ) to inhibit Notch or siRNA directed against Notch. KLF4
levels were increased in DBZ- or Notch siRNA-treated cells. Conversely, over-expression of Notch
in HT29 cells reduced KLF4 levels, suppressed KLF4 promoter activity and increased proliferation
rate. Treatment of ApcMin/+ mice with DBZ resulted in a 50% reduction in the number of intestinal
adenomas compared to the vehicle-treated group (p < 0.001). Both the normal-appearing intestinal
mucosa and adenomas obtained from DBZ-treated ApcMin/+ mice had increased goblet cell numbers
and Klf4 staining accompanied by reduced cyclin D1 and Ki67 staining when compared to those
from vehicle-treated mice. Results of these studies indicate that Notch signaling suppresses KLF4
expression in intestinal tumors and colorectal cancer cells. Inhibition of Notch signaling increases
KLF4 expression and goblet cell differentiation, and reduces proliferation and tumor formation.
KLF4 is therefore a potential mediator for the anti-tumor effect of Notch inhibitors such as DBZ.
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INTRODUCTION
Krüppel-like factor 4 (KLF4) is a zinc finger-containing transcription that is highly expressed
in the terminally differentiated epithelial cells of the intestine (1–3). Biochemical studies
indicate that KLF4 inhibits cell proliferation by blocking progression of the cell cycle at the
G1/S and G2/M transitions (4–7). Studies also show that expression of KLF4 is reduced in
colorectal neoplasia including carcinoma and adenoma relative to normal mucosa (8–11).
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Finally, we recently reported that haploinsufficiency of Klf4 promotes the development of
intestinal adenomas in ApcMin/+ mice (12). Taken together, these studies are highly suggestive
that KLF4 functions as a tumor suppressor in the intestinal epithelium.

Notch genes encode large, single trans-membrane receptors that regulate a broad spectrum of
cell fate decisions (13,14). Notch activity is dependent on ligand binding followed by a series
of proteolytic cleavage and subsequent nuclear translocation of its cytoplasmic domain, Notch
intracellular domain (NICD). NICD then complexes with the DNA-binding protein RBP-J
(also known as CSL or CBF1) and Mastermind-like 1 (MAML1) to exert a transcriptional
effect on target gene expression (13–17). The best characterized Notch target gene is the basic
helix-loop-helix (bHLH) protein hairy/enhancer of split (HES) (18). One of the proteolytic
enzymes involved in cleaving the membrane-bound Notch is a γ-secretase that includes the
presenillin proteins, PS1 and PS2, which are often mutated in familial Alzheimer’s disease
(19). Inhibition of γ-secretase blocks activation of the Notch pathway (19,20).

The intestinal epithelium is composed of two distinct cell lineages, one absorptive and the other
secretory in nature (21). Mutational studies of the Notch downstream target HES1 in mice have
revealed that the Notch pathway is involved in cell fate decision in the intestinal epithelium
(22). Thus, targeted deletion of Hes1 results in a relative increase in secretory cells at the
expense of absorptive cells in the fetal intestine (22). Similarly, conditional deletion of Rbp-j
from the intestinal epithelium leads to the conversion of proliferative crypt cells into post-
mitotic goblet cells (23). A recent study describing an increase in secretory cells relative to
absorptive cells in the intestines of zebrafish that are mutant for a Notch ligand, DeltaD, also
supports a role for Notch signaling in cell fate decision (24). Importantly, treatment of
ApcMin/+ mice, a model for intestinal tumorigenesis (25), with a γ-secretase inhibitor results
in goblet cell differentiation in the adenomas derived from the intestine (23). Moreover, Notch
signaling has been previously shown to be up-regulated in intestinal tumors (23,26). Taken
together, these studies imply that Notch inhibition by γ-secretase inhibitors may have a
therapeutic potential in the treatment of intestinal neoplasm.

Previous studies also implicate a role for KLF4 in cell fate decision in the intestinal epithelium.
Newborn mice with homozygous deletion of Klf4 have a 90% reduction in the number of goblet
cells in their colon and lack normal goblet cell morphology by ultrastructural analysis (27).
Similarly, mice with conditional deletion of Klf4 from the cornea demonstrate a loss of
conjunctival goblet cells (28). Because both KLF4 and Notch are involved in regulating cell
proliferation and cell fate decision, we sought to investigate the relationship between Notch
signaling and KLF4 expression in the current study.

MATERIALS AND METHODS
Cell lines, reagents and plasmid constructs

The human colon cancer cell line HT29 was obtained from the American Type Culture
Collection (Manassas, VA) and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS). The γ-secretase inhibitor, dibenzazepine
(DBZ), was purchased from Sigma-Aldrich (St. Louis, MO), and dissolved in
dimethylsulfoxide (DMSO) (EMDchemicals, Gibbstown, NJ). For in vitro experiments,
solubilized DBZ was suspended in growth medium containing 0.01% (v/v) Tween 80 to the
final concentrations as indicated. Antibodies used for Western blot analyses were obtained
from the following sources: rabbit anti-KLF4 (H180), rabbit anti-p57 (C20), and rabbit anti-
p27 (Santa Cruz Biotechnology, Santa Cruz, CA); mouse monoclonal anti-full-length (FL)
Notch (Abcam, Cambridge, MA); rabbit anti-NICD (Millipore, Billerica, MA); mouse
monoclonal anti-p21 (BD Biosciences, San Jose, CA); mouse monoclonal anti-β-actin (BD
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Biosciences); rabbit anti-cleaved caspase-3 and rabbit anti-cleaved poly (ADP-ribose)
polymerase (PARP) (Cell Signaling Tech., Danvers, MA).

The expression construct containing full-length (FL)-Notch1 (pCS2-MT-Notch1) (29) was
kindly provided by Dr. Raphael Kopan of Washington University, St. Louis, MO, and those
containing NICD (MIGR1-ICNX) (30) and dominant-negative MAML1 peptide [MIGR1-
MAML1(13–74)] (31) were kindly provided by Dr. Warren Pear of University of Pennsylvania,
Philadelphia, PA. The expression vector expressing human HES1 (pCMV-HES1) was
purchased from Origene (Rockville, MD). A construct linking 1.0 kb of the 5′-flanking region
and 550 bp of the untranslated region of the mouse Klf4 gene to the pGL2-basic luciferase
reporter (Promega; Madison, WI), pGL2-Klf4, was previously generated in our laboratory
(32). Small interfering (siRNA) directed against human Notch was obtained from Invitrogen
(Carlsbad, CA).

Treatment of animals with the γ-secretase inhibitor DBZ and assessment of tumor burden
ApcMin/+ mice on a B6 background were crossbred. Wild type B6 mice served as controls.
DBZ solubilized in DMSO was suspended in phosphate-buffered saline (PBS) containing 0.5%
(w/v) hydroxypropylmethylcellulose (Methocel E4M) (Dow chemicals, Midland, MI) and
0.01% (v/v) Tween 80, as vehicle (23), to the final concentrations indicated below. At 10, 14
and 18 weeks, mice were given intraperitoneal injections of 10 μmol/kg DBZ or carrier alone
every other day for a total of 10 days. Two days following the last injection (on weeks 12, 16
and 20), mice were euthanized by CO2 asphyxiation and the small and large intestine
longitudinally dissected in their entirety. After washing in PBS, the intestines were examined
under a dissection microscope for the presence of adenomas. The number and size of adenomas
in both the small and large intestine were recorded. Adenomas identified in the small and large
intestine were grouped by size (<1 mm, 1–2 mm, 2–3 mm, and >3 mm).

Alcian blue/periodic acid Schiff (AB/PAS) staining for goblet cells
Goblet cell staining was carried out as described (see footnote)1 with slight modifications. In
brief, intestinal tissues were fixed in 10% formalin in PBS and subsequently embedded in
paraffin. Five μm-thick paraffin sections were cut and applied to Superfrost Plus slides (VWR,
West Chester, PA). Sections were deparaffinized in xylene, rehydrated in ethanol then brought
to distilled water for 5 min. Alcian blue (1% (w/v) Alcian blue 8GX (Sigma-Aldrich) in 3%
acetic acid) was applied to the sections for 15 min at RT, followed by 2 min wash in running
tap water. Periodic acid (Biocare Medical, Concord, CA) was then applied for 5 min at RT,
slides washed in distilled water, and then stained with Schiff’s reagent (Biocare Medical) for
15 min at RT, followed by 5 min wash in running tap water. The sections were then
counterstained for nuclei with Nuclear Fast Red (Biocare Medical) for 15 min then washed in
running tap water for 2 min, followed by dehydration (twice in 95% EtOH then twice in 100%
EtOH) and cover-slipping.

Immunohistochemistry (IHC)
Intestinal tissues for IHC were fixed in 10% formalin in PBS and subsequently embedded in
paraffin. Five μm-thick paraffin sections were cut and applied to Superfrost Plus slides.
Sections were deparaffinized in xylene, rehydrated in ethanol, and then treated with 10 mM
Na citrate buffer, pH 6.0, at 120 °C for 10 min in a pressure cooker. The histological sections
were incubated with a blocking buffer (2% non-fat dry milk, 0.01% Tween 20, in PBS) for 1
hr at room temperature. An avidin/biotin blocking kit (Vector Laboratories, Burlingame, CA)
was used in conjunction with the blocking buffer according to manufacturer’s directions to

1Footnote: http://www.ihcworld.com/protocols/special_stains/alcian_blue_pas_ellis.htm
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reduce background and nonspecific secondary antibody binding. Sections were then stained
for Klf4 (rabbit anti-GKLF (H-180); Santa Cruz Biotechnology), Cyclin D1 (rabbit mono-
clonal anti-cyclin D1; Biocare Medical), and Ki67 (rabbit anti-Ki67; Abcam, Cambridge, MA)
at a dilution of 1:200, 1:100, and 1:1,000, respectively, in the blocking buffer overnight at 4°
C. Detection of primary antibodies was carried out using appropriate biotinylated secondary
antibodies at 1:500 dilutions for 20 min at RT, and color development was performed using
the Vectastain ABC kit (Vector Laboratories). Sections were then counterstained with
hematoxylin, dehydrated, and cover-slipped. Sections were also stained separately for goblet
cells using Alcian blue/periodic acid stain. Images were acquired using an Axioskop 2 plus
microscope (Zeiss, Thornwood, NY) equipped with an AxioCam MRC5 CCD camera (Zeiss).

Trypan Blue stain for viable cell count
Following trypsinization, cells were collected by low speed centrifugation, washed once in
PBS and resuspended in 200 μl PBS. An equal volume of 0.4% Trypan Blue stain (Mediatech,
Inc, Herndon, VA) was added to the cell suspension, mixed gently, allowed to stand for 5 min
at RT and then percent of viable (unstained) and dead (stained) were counted using a
hemocytometer.

Flow cytometry
Cell cycle analysis by fluorescence-activated cell sorter (FACS) was performed as previously
described (5). Cells were rinsed twice in PBS, treated with trypsin and resuspended in their
corresponding medium containing 10% FBS. Cells were then collected by centrifugation,
washed with PBS, collected again by centrifugation, resuspended in 70% ethanol and fixed at
−20°C overnight. Cells were pelleted once again by centrifugation and resuspended in a
solution containing 50 mg/ml propidium iodide, 50 mg/ml RNase A, 0.1% Triton X-100 and
0.1mM ethylene diamine tetra acetic acid (EDTA) at room temperature for 30min. Flow
cytometry was performed on a FACSCalibur cytometer (Becton Dickinson, Franklin Lakes,
NJ, USA).

RESULTS
Suppression of Notch signaling in HT29 cells by DBZ reduces proliferation and increases
KLF4 levels

We first determined the effect of Notch inhibition on the rate of proliferation and KLF4
expression in the HT29 human colon cancer cells. HT29 cells were treated for progressively
longer periods of time with increasing amounts of the γ-secretase inhibitor, DBZ, to inhibit
Notch signaling. As seen in Figure 1A, there was a gradual reduction in the rate of proliferation
of HT29 cells with increasing concentrations of DBZ when compared to control. To determine
whether the decreased rate of proliferation was due to cell death from drug toxicity, we
measured viable cell counts using Trypan Blue staining and FACS analysis as well as Western
blotting for cleaved caspase-3 and cleaved PARP. As seen in Supplementary Figure 1A, there
were no significant differences in cell viability between treated and untreated cells at all time
points as measured by Trypan Blue exclusion. There were also no significant differences in
the percentages of cells in the sub-G1 population between treated and untreated cells as
measured by flow cytometry (Supplementary Figure 1B). Moreover, there were no detectable
levels of either cleaved caspase-3 or cleaved PARP at any given drug concentration and time
point (Supplementary Figure 1C). These results indicate that the effect of DBZ on HT29 cells
is mainly due to inhibition of cell proliferation rather than induction of apoptosis.

Western blot analysis of proteins extracted from HT29 cells treated with various concentrations
of DBZ for various periods of time showed a dose-dependent reduction in the levels of the
activated form of Notch, NICD, along with a dose-dependent increase in the levels of KLF4
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(Figure 1B). The increase in KLF4 levels was accompanied by an increase in the levels of p21
(Figure 1B), a downstream mediator of KLF4’s cell cycle effect (4). In contrast, there was only
a modest increase in the levels of p27 but no change in the levels of p57 upon treatment of
DBZ (Supplementary Figure 2).

Notch signaling inhibits expression of KLF4 in HT29 cells
To independently confirm the observation that suppression of Notch signaling with DBZ results
in the increase in KLF4, we inhibited Notch using siRNA and determined the effect of such
suppression on KLF4 expression. As with DBZ, suppression of Notch by siRNA targeted
against full-length Notch resulted in elevated levels of KLF4 mRNA and protein (Figures 2A
and 2B, respectively). Conversely, the level of KLF4 was reduced upon over-expression of
either NICD or full-length Notch in HT29 cells (Figure 2C).

We then correlated Notch activity with the rate of cell proliferation following genetic
manipulations in HT29 cells. As seen in Supplementary Figure 3A, over-expression of NICD
increased the rate of proliferation of HT29 cells. Conversely, inhibition of Notch by siRNA
reduced the rate of proliferation (Supplementary Figure 3B), in a manner that is similar to
inhibition of Notch by DBZ (Figure 1A). These experiments further demonstrate that Notch
promotes proliferation of HT29 cells and inhibits KLF4 expression.

In addition to inhibiting KLF4 expression at the levels of mRNA and protein as shown in
Figures 2A to 2C, activation of Notch by over-expression of NICD in HT29 cells led to a
decrease in the luciferase activity directed by the mouse Klf4 promoter (Figure 2D; compare
lanes 1 and 2). Moreover, co-transfection of the dominant-negative MAML1 (dn-MAML1)
abrogated the ability of NICD to suppress Klf4 promoter activity in a dose-dependent manner
(Figure 2D; lanes 4–7). These results indicate that Notch inhibits KLF4 expression by
suppressing KLF4 promoter.

HES1, a transcription repressor, is a known to mediate Notch signaling. Sequence analysis of
1.0 kb of the 5′-flanking sequence and 550 bp of the 5′-untranslated region of the mouse
Klf4 gene (32) revealed five potential HES1 binding sites (18,33) (Supplementary Figure 4).
Consequently, co-transfection experiments showed that HES1 significantly reduced luciferase
activity driven by the Klf4 promoter (Figure 2E; compare lanes 1 and 2). Of note is that over-
expression of dn-MAML1 had no effect on the ability of HES1 to suppress Klf4 promoter
activity (Figure 2E; lanes 4–7). This is consistent with previous findings that MAML1 exerts
its effect on NICD but not HES1 (13–18). Deletion analysis of the Klf4 promoter showed that
the minimal region required for HES1 to suppress Klf4 promoter activity is between nt −168
and +144 (32), a region that contains a single reverse class C HES1-binding sequence
(Supplementary Figure 4 and data not shown). These results demonstrate that HES1 is the
mediator for the suppressive effect of Notch on the KLF4 promoter.

DBZ treatment results in a reduction of the number of intestinal adenomas in ApcMin/+ mice
To determine whether inhibition of Notch signaling has an effect on intestinal tumor formation
in vivo, we treated ApcMin/+ mice at ages 10, 14 and18 weeks with 10 μmol/kg DBZ or vehicle
alone every other day for a total of 10 days. The number of adenomas in the intestine was
assessed 2 days following the last injection. As seen in Figure 3A, there was on average a 50%
reduction in the number of adenomas in the small intestine of DBZ-treated ApcMin/+ mice
compared to vehicle-treated ApcMin/+ mice (p < 0.001 by paired two-tailed t-test) combining
all three age groups. There was no statistical difference in the number of adenomas in the colons
of DBZ- and vehicle-treated ApcMin/+ mice although the average number of colonic adenomas
per mouse was fewer than two (data not shown). When the tumor burdens at the three different
ages were separately analyzed (Figure 3B), there was a statistically significantly reduction in
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the number of small intestinal adenomas per mouse at weeks 12 and 16 (p < 0.005 and < 0.01,
respectively) in DBZ-treated mice when compared to control. At 20 weeks, there was a trend
towards reduction in the number of small intestinal adenomas due to DBZ treatment although
the difference did not reach statistical significance (p = 0.07).

We also examined whether there were any differences between the size of adenomas formed
in the small and large intestines of DBZ-treated ApcMin/+ mice and control. As shown in Figure
3C, the adenomas developed in the small intestines of ApcMin/+ mice at 12 weeks were mostly
small (<1 mm and 1–2 mm). By week 16, there was a shift in the size of adenomas to larger
ones and this trend continued at 20 weeks. DBZ-treated ApcMin/+ mice had a similar pattern
of size distribution of adenomas as the vehicle-treated ApcMin/+ mice at any given age although
there was a significant reduction in the number of adenomas in some of the size range per age
group in the treated ApcMin/+ mice as compared to control mice (indicated by double headed
arrows). There was no significant difference in the size of adenomas formed in the large
intestines of untreated and treated ApcMin/+ mice (data not shown).

DBZ treatment leads to increased numbers of goblet cells and Klf4 levels in the intestinal
mucosa of wild type and ApcMin/+ mice

Previous studies indicate that DBZ treatment in mice leads to intestinal goblet cell metaplasia
(23,34). To confirm these findings and to investigate whether DBZ treatment results in
increased Klf4 expression in vivo, we examined intestinal tissues obtained from DBZ- or
vehicle-treated wild type and ApcMin/+ mice using alcian blue/periodic acid-Schiff (AB/PAS)
staining to identify goblet cells and immunostaining to identify Klf4. Results in Figure 4 show
that both the number of goblet cells and the intensity of Klf4 immunostain (panels C and D,
respectively) were increased in the normal-appearing small intestinal mucosa from ApcMin/+

mice treated with DBZ when compared to vehicle-treated mice (panels A and B). A similar
increase in both is noted in the wild type mice treated with DBZ (Supplementary Figure 5).
Importantly, the number of goblet cells and Klf4 staining (Figure 5, panels C and D,
respectively) were also increased in adenomas derived from the small intestines of DBZ-treated
ApcMin/+ mice as compared to control (Figure 5, panels A and B). In agreement with a previous
report (23), the efficiency of the DBZ treatment in converting tumor cells into non-proliferating
goblet cells was relatively low. In the large intestine, DBZ treatment led to only a modest
increase in goblet cells and Klf4 staining in both wild type and ApcMin/+ mice when compared
to control mice (Supplementary Figures 6 and 7). This may explain the finding that DBZ
treatment did not lead to a significant reduction in the number of large intestinal adenomas in
ApcMin/+ mice.

KLF4 has been shown to negatively regulate cell cycle progression (4,35). In addition to
activating p21 expression (36), KLF4 is known to repress cyclin D1 expression (37). To
determine whether DBZ-induced elevation in Klf4 expression in both normal intestinal mucosa
and adenomas of ApcMin/+ mice is correlated with changes in cyclin D1 levels and cellular
proliferation, we performed immunostaining of intestinal tissues from DBZ- or vehicle-treated
ApcMin/+ mice for cyclin D1 and Ki67. As seen in Figure 6, cyclin D1 staining was significantly
reduced in the crypts of the normal-appearing small intestinal mucosa in DBZ-treated
ApcMin/+ mice (panel C) compared to control (panel A). Similarly, cyclin D1 staining was
reduced in intestinal adenomas obtained from DBZ-treated ApcMin/+ mice (panel D) compared
to control (panel B). A similar effect was observed for the Ki67 staining (Supplementary Figure
8). The reduced cyclin D1 and Ki67 may therefore explain the suppressive effect of DBZ on
adenoma formation in ApcMin/+ mice.
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DISCUSSION
Previous studies indicate that KLF4 inhibits cell proliferation by activating crucial checkpoints
in the cell cycle upon over-expression of exogenous KLF4 or following DNA damage (4–7,
35,38). A critical transcriptional target of KLF4 in these conditions is the cyclin-dependent
inhibitor, p21 (4–7,35). These findings led to the suggestion that KLF4 may function as a tumor
suppressor in colorectal cancer (8–11). Our recent study showing that haploinsufficiency of
Klf4 promotes the development of intestinal adenomas in ApcMin/+ mice supports this notion
(12). In vivo, KLF4 has been shown to be required for the terminal differentiation of goblet
cells in the colon (27) and conjunctiva (28) of newborn mice. Like KLF4, Notch pathways are
known to be involved in cell fate decision (13,14). In the intestinal epithelium, Notch is active
in the proliferative crypt compartment (22,39,40), in contrast to the preferential expression of
KLF4 in the post-mitotic differentiated cell population (1,2). Deletion of key component of
the Notch pathways such as Rbp-j and Hes1 from the intestine results in a shift from absorptive
cells to secretory cells, including goblet cells (22,23). The opposing effects of KLF4 and Notch
on cellular proliferation and goblet cell formation provide the rationale for our current study
that attempts to establish a regulatory relationship between the two molecules.

Several lines of evidence from our studies indicate that KLF4 is a downstream target of Notch
signaling. In HT29 cells, over-expression of either NICD or full-length Notch inhibits KLF4
expression and promoter activity (Figures 2C and 2D), which is accompanied by an increase
in the rate of proliferation (Supplementary Figure 3A). Conversely, inhibition of Notch
signaling by the γ-secretase inhibitor DBZ or siRNA against Notch results in an increase in
KLF4 expression (Figures 1B, 2A and 2B) and a decrease in cellular proliferation (Figure 1A
and Supplementary Figure 3B). In the normal intestinal mucosa of wild type or ApcMin/+ mice,
DBZ treatment leads to an increase in Klf4 staining (Figure 4 and Supplementary Figure 5),
which is accompanied by an increase in goblet cell numbers (Figure 4 and Supplementary
Figure 5). A similar finding is noted in intestinal adenomas derived from ApcMin/+ mice (Figure
5). These findings strongly suggest that KLF4 is negatively regulated by Notch signaling. Upon
inhibition of Notch, KLF4 expression is increased with an associated conversion of
proliferative cells to goblet cells. Importantly, the increase in KLF4 is correlated with the anti-
tumor activity of DBZ in ApcMin/+ mice (Figure 3) and the anti-proliferative effect of DBZ on
the normal mucosa and adenomas from ApcMin/+ mice (Figure 6 and Supplementary Figure 8)
and on HT29 cells (Figure 1A). In view of the established inhibitory effect of KLF4 on cell
proliferation (1, 4, 7, 35), it is likely that KLF4 is responsible at least in part for the anti-tumor
activity of DBZ.

Results of our studies indicate that Notch signaling negatively regulates the activity of the
mouse Klf4 promoter including 1.0 kb of the 5′-flanking region and 550 bp of the 5′-
untranslated region (Figure 2D). Transcriptional regulation by Notch is dependent on the
nuclear translocation and binding of NICD to the DNA binding protein RBP-J (also known as
CSL or CBF1) and Mastermind-like1 (MAML1) (13–17), where MAML1 is required to
stabilize the interaction between NICD and RBP-J (13, 14). HES1 is one of the best studied
downstream targets and mediator of Notch signaling (18). Within the mouse Klf4 promoter
examined in this study, there are five potential binding sites for HES1 (Supplementary Figure
4). Indeed, co-transfection experiments show that both NICD and HES1 suppress Klf4
promoter activity (Figures 2D and 2E). These experiments also show that a dominant-negative
MAML1 construct is capable of competing with Notch but not HES1 in their ability to inhibit
the Klf4 promoter (Figures 2D and 2E). This is consistent with the fact that MAML1 regulates
Notch signaling at the level of NICD and RBP-J but not at the level of HES1 (13–18).

Previous studies show that KLF4 level is reduced in intestinal adenomas from ApcMin/+ mice
(12,41,42) and colonic adenomas from patients with familial adenomatous polyposis (42) when
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compared to their respectively matched normal-appearing mucosa. Studies also indicate that
KLF4 level is reduced in colorectal adenomas and carcinomas, and many colon cancer cell
lines (8–11). Moreover, haploinsufficiency of Klf4 results in an increase in intestinal tumor
burden in ApcMin/+ mice (12). Furthermore, KLF4 has been shown to regulate normal intestinal
homeostasis and tumor repression by interacting with β-catenin and repressing β-catenin-
mediated gene expression (43). Taken together, these studies corroborate the tumor suppressive
effect of KLF4 in the intestinal epithelium. Importantly, ectopic expression of KLF4 in
colorectal cancer cells that lack endogenous KLF4 expression results in reduced
tumorigenecity (44). Results of the current study showing a correlation between Klf4 induction
and cyclin D1 repression in the intestinal mucosa and adenomas of ApcMin/+ mice as a
consequence of DBZ treatment further highlight the significance of KLF4 in intestinal tumor
development. The reduced cyclin D1 levels could be due to direct suppression of KLF4 on the
cyclin D1 promoter (37) or indirect suppression of cyclin D1 expression as a consequence of
the inhibitory effect of KLF4 on β-catenin (43). Be that as it may, the collective studies suggest
that KLF4 is a potential therapeutic target for anti-tumor drugs.

A recent study shows that conditional ablation of Notch1 and Nothc2 or Rbp-j from the intestine
of transgenic mice results in the derepression of p27 and p57 but not p21 (45). In comparison,
our study shows that DBZ-mediated Notch inhibition in HT29 cells results in a significant
induction in p21 (Figure 1B) but only a modest effect on p27 and no effect on p57
(Supplementary Figure 2). The differences seen between the two studies may be due to the
difference in species (mouse vs. human) or methods of manipulation (genetic vs.
pharmacological). It should be noted that KLF4 has recently been shown to activate expression
of p27 in human pancreatic cells (46), suggesting that both p21 and p27 may play a role in the
anti-proliferative effect of Notch inhibition.

Notch activity has been shown to be required for the maintenance of the proliferative progenitor
crypt cells in the intestine (40). Overactivity of Notch in the intestine inhibits differentiation
of the secretory lineage, including goblet cells (40). Conversely, suppression of Notch
pathways by genetic (22,23) or pharmacological (23,34,47) means leads to goblet cell
metaplasia. In view of the findings that KLF4 is required for terminal differentiation of goblet
cells in the intestine (27) and that KLF4 induction is accompanied by increased goblet cell
formation following DBZ treatment (this study), it is possible that KLF4 is the mediator for
the goblet cell metaplasia secondary to treatment with γ-secretase inhibitors. Although goblet
cell metaplasia following Notch suppression has been considered an undesirable toxic side
effect (34,47,48), there is conceivably a therapeutic window between the anti-tumor and goblet
cell metaplastic effect upon KLF4 induction. The exact mechanism by which up-regulation of
KLF4 in the intestine after γ-secretase treatment leads to goblet cell metaplasia and reduction
in adenoma formation is under investigation.

In conclusion, we demonstrate for the first time that the Notch cascade directly regulates KLF4
expression and that increased Klf4 expression in vivo plays a role in the reduction of intestinal
adenoma formation in ApcMin/+ mice following Notch inhibition. Our findings suggest that
events which inactivate KLF4 may promote tumorigenesis in human colorectal cancers, and
that the reversal of the KLF4 inactivation, might lead to a reduction in the proliferation rate
and ultimately a reduction in tumor burden.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Suppression of Notch signaling by DBZ in HT29 cells results in decreased proliferation
and increased KLF4 levels
Human colon cancer cell line HT29 was treated with increasing concentrations of the γ-
secretase inhibitor, DBZ, for up to 72 hr. (A) Rates of proliferation were assessed by counting
the number of cells daily. * and † p < 0.05; †† p < 0.01; ‡‡‡, ***, and ††† p < 0.001 when
compared to control by paired 2-tailed t test. N = 4. (B) Western blot analysis for the indicated
proteins. FL = full-length; NICD = Notch intracellular domain.
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Figure 2. Notch suppresses KLF4 expression in HT29 cells
(A) HT29 cells were mock-transfected or transfected with scrambled siRNA or siRNA directed
against full-length (FL) Notch. Twenty-four hr following transfection, RNA was prepared and
analyzed by Northern blot analysis for KLF4 and GAPDH. The bottom graph is a densitometric
tracing of KLF4 band intensities after normalizing to those of GAPDH. N = 3. (B) Western
blot analysis of Notch, KLF4 and actin in mock-transfected HT29 cells or cells transfected
with scrambled siRNA or siRNA directed against full-length Notch. (C) HT29 cells were
transfected with empty vector, or an expression construct for NICD or full-length Notch.
Western blot analysis for NICD, KLF4 and actin was performed 24 hr following transfection.
(D) HT29 cells were co-transfected with the pGL2-Klf4 luciferase reporter (lanes 1–7), an
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expression vector containing NICD (MIGR1-ICNX) (lanes 2 and 4–7), and an expression
vector containing the dominant-negative MAML1 [MIGR1-MAML1 (dn-MAML1)] at
increasing concentrations (lanes 3–7), along with an internal Renilla luciferase control.
Twenty-four hr following transfection, luciferase activities were determined and normalized
to the internal standard Renilla luciferase activities. Shown are the normalized mean relative
luciferase activities (R.L.U.) from four independent experiments. * p < 0.001 by paired two-
tailed t test compared to lane 1. † p < 0.001 by paired two-tailed t test compared to lane 2.
(E) HT29 cells were co-transfected with the pGL2-Klf4 luciferase reporter (lanes 1–7), an
expression vector containing HES1 (pCMV-HES1) (lanes 2 and 4–7), and an expression vector
containing the dominant-negative MAML1 [MIGR1-MAML1 (dn-MAML1)] at increasing
concentrations (lanes 3–7), along with an internal Renilla luciferase control. Twenty-four hr
following transfection, luciferase activities were determined and normalized to the internal
standard Renilla luciferase activities. Shown are the normalized mean relative luciferase
activities (R.L.U.) from four independent experiments. *p < 0.001 by paired two-tailed t test
compared to lane 1.
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Figure 3. Effects of DBZ treatment on intestinal adenoma formation in ApcMin/+ mice
ApcMin/+ mice at 10, 14, or 14 weeks of age received intraperitoneal injection of vehicle or 10
μmol/kg DBZ every other day for 10 days. Two days following the last injection, mice were
euthanized to determine the intestinal tumor burden. (A) Comparison of the number of
adenomas per mouse in the small intestine between control and DBZ-treated mice in the 3 age
group combined. The horizontal bars represent the mean in each group. p < 0.001 by paired
two-tailed t test. (B) Comparison of the number of adenomas developed in the small intestine
of control and DBZ-treated mice at 12, 16, and 20 weeks. * p < 0.005 and ** p < 0.01 by two-
tailed t-test compared to control. (C) The size distribution of adenomas developed in the small
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intestine at 12, 16 and 20 weeks, respectively, in control and DBZ-treated ApcMin/+ mice.
Double-headed arrows indicate significant difference between the two groups (p < 0.01).
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Figure 4. Histochemical staining for goblet cells and immunostaining for Klf4 in the normal-
appearing small intestinal mucosa of control and DBZ-treated ApcMin/+ mice
The normal-appearing small intestinal tissues obtained from age-matched control (A and B)
and DBZ-treated (C and D) ApcMin/+ mice were stained for goblet cells (blue) using alcian
blue/periodic acid-Schiff (AB/PAS) stain (A and C) or immunostained for Klf4 (B and D).
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Figure 5. AB/PAS staining and Klf4 immunostaining in intestinal adenomas from control and DBZ-
treated ApcMin/+ mice
Small intestinal adenomas obtained from age-matched control (A and B) and DBZ-treated
(C and D) ApcMin/+ mice were stained for goblet cells (blue) using alcian blue/periodic acid-
Schiff (AB/PAS) stain (A and C) or immunostained for Klf4 (B and D).
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Figure 6. Cyclin D1 immunostaining in the normal-appearing small intestinal mucosa and
adenomas from control and DBZ-treated ApcMin/+ mice
Normal-appearing small intestinal tissues (A and C) and small intestinal adenomas (B and D)
obtained from age-matched control ApcMin/+ mice (A and B) and DBZ-treated ApcMin/+ mice
(C and D) were immunostained with antibodies against cyclin D1.
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