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Abstract
The Krüppel-like factor 4 (KLF4) transcription factor suppresses tumorigenesis in gastrointestinal
epithelium. Thus, its expression is decreased in gastric and colon cancers. Moreover, KLF4 regulates
both differentiation and growth that is likely fundamental to its tumor suppressor activity. We
dissected the expression of Klf4 in the normal mouse intestinal epithelium along the crypt-villus and
cephalo-caudal axes. Klf4 reached its highest level in differentiated cells of the villus, with levels in
the duodenum > jejunum > ileum, in inverse relation to the representation of goblet cells in these
regions, the lineage previously linked to KLF4. In parallel, in vitro studies using HT29cl.16E and
Caco2 colon cancer cell lines clarified that KLF4 increased coincident with differentiation along
both the goblet and absorptive cell lineages, respectively, and that KLF4 levels also increased during
differentiation induced by the short chain fatty acid butyrate, independently of cell fate. Moreover,
we determined that lower levels of KLF4 expression in the proliferative compartment of the intestinal
epithelium are regulated by the transcription factors TCF4 and SOX9, an effector and a target,
respectively, of β-catenin/Tcf signaling, and independently of CDX2. Thus, reduced levels of KLF4
tumor suppressor activity in colon tumors may be driven by elevated β-catenin/Tcf signaling.
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Introduction
The Kruppel-like family of zinc-finger transcription factors (KLFs) regulates a range of
biological processes, including cell growth, differentiation, embryogenesis and tumorigenesis
[1–3]. A member of this family, KLF4, also known as gut-enriched Kruppel-like factor/GKLF
or epithelial/endothelial zinc finger/EZF, is highly expressed in epithelial cells of different
tissues [4]. In the intestine, expression of Klf4 appears to be associated primarily with the
terminally differentiated state of epithelial cells since by in situ hybridization and
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immunostaining, Klf4 localizes to the upper region of the colonic crypt of the adult mouse
[5,6].

Although Klf4 has been reported to be expressed in most cells of the upper crypt and villi of
the large and small intestine, respectively [6], only mature secretory goblet cells of the colon
have been reported to be reduced in mice that have a targeted inactivation of Klf4 [7]. Thus,
the broader role that Klf4 may play in the maturation program of other cell types in the intestinal
mucosa is not clear. This is important since Klf4 is involved in intestinal tumorigenesis. For
example, expression of Klf4 is decreased in intestinal adenomas of ApcMin mice [8] and in
colonic adenomas and carcinomas of FAP (familial adenomatous polyposis) patients, [8,9],
consistent with a tumor suppressor role of Klf4 [10,11]. In fact, deletion of Klf4 in the gastric
epithelium induced hyperplasia and polyps in the mouse stomach [12] and it has been shown
that haploinsufficiency of this transcription factor promotes the development of intestinal
adenomas in ApcMin mice [13]. The mechanism is not understood, but forced expression of
KLF4 in vitro caused growth arrest in a p21-dependent manner and repressed the cyclin D1
promoter, leading to cell cycle arrest at the G1/S transition [9,14,15]. In addition, ectopic
expression of KLF4 induced cell-cycle arrest, thereby reducing tumorigenicity in vivo [16].

Despite this evidence that Klf4 has tumor suppressing activity in the intestine, Klf4 null mice
showed no alteration in proliferation in the intestinal mucosa, suggesting that Klf4 modulation
of intestinal cell lineage specific differentiation may be highly significant in suppression of
tumor formation. In this regard, Wnt signaling also plays a fundamental role in homeostasis
and transformation of the intestinal mucosa through its regulation of both proliferation and cell
differentiation [17,18]. In fact, deletion of Tcf4, a principal effector of Wnt signaling, causes
a complete loss of proliferating cells in the intestinal crypt with terminal differentiation of the
epithelial cells [19]. Further, there is evidence that Wnt signaling is also involved in controlling
secretory cell differentiation [20]. Thus, Wnt and Klf4 may interact functionally in the network
of signaling pathways that regulate proliferation and differentiation along the crypt-luminal
axis.

Here we used both in vivo and in vitro systems to dissect the regulation of KLF4 in intestinal
cell maturation and in both the goblet and the absorptive cell lineages, the most prominent cell
lineages in the small and large intestine. We determined the level of expression of Klf4 in
isolated epithelial cells along both the crypt–luminal and cephalo-caudal axis, and showed that
KLF4 expression increased during differentiation along both the absorptive and goblet cell
lineages in vitro. We also determined that KLF4 expression linked to intestinal cell maturation
is regulated by intestinal crypt transcription factors TCF4 and SOX9, but was independent of
CDX2.

Materials and Methods
Fractionation of murine epithelial cells

The sequential isolation of mouse small and large intestinal epithelial cells along the crypt
villus axis has been previously described and validated [21–24]. Briefly, nonfasting C57BL/6
mice (16-week-old) were sacrificed by CO2 overdose. The duodenum, jejunum, ileum and
colon were removed separately, tied off at one end, everted and filled to distension with
phosphate buffered saline (PBS) prior to closing the remaining open end. Each portion of the
intestine was incubated with shaking at 37°C for 10 min in 20ml of citrate buffer ( 96 mM
NaCl, 1.5mM KCl, 27 mM Na-citrate, 8mM KH2PO4, 5.6 mM Na2HPO4, and 1 mM
dithiothreitol (DTT), pH 7.3). Duodenum, jejunum and ileum were then transferred in an EDTA
buffer (PBS containing 1.5 mM EDTA, and 0.5 mM DTT) to a 37°C shaking incubator and
dissociated epithelial cells were collected after each of 4 consecutive incubation steps lasting
10 min (fraction 1), 10 min (fraction 2), 30 min (fraction 3), and 20 min (fraction 4). In the
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case of the colon, the same protocol was used, but cells were collected after 3 consecutive
incubation steps lasting 30 min each. Cells isolated in the resulting fractions were harvested
by centrifugation at 1500 rpm at 4°C for 5 min, snap frozen in liquid nitrogen, and stored at
−80°C.

Immunohistochemistry
Intestinal and colonic tissues were routinely fixed overnight in 10% neutral buffered formalin
and embedded in paraffin. After dewaxing and hydration, 5µm sections were pretreated with
3% H2O2 for 10 min at room temperature and incubations of primary antibodies were all
performed overnight at 4°C. Antigen retrieval was achieved by boiling in 10mM citrate buffer
pH 6.0 (30 min). Immunodetection for light microscopy was performed using labeled Polymer-
HRP anti-rabbit secondary antibody from Dako (Glostrup, Denmark) and 3′,3′-
diaminobenzidine hydrochloride (Sigma) as a peroxidase chromogen. The specificity of the
reaction was tested by omitting the primary antibody. Nuclei were counterstained with Mayer’s
hematoxylin.

Cell culture
All cell lines used in this study are human colon cancer cells. Caco-2 cells and RKO cells were
obtained from the ATCC (Rockville MD, USA). HT29 Cl16E cells were obtained from C.
Laboisse (INSERM U539, Nantes, France). Stably transfected LS174T with inducible dnTCF4
have been described previously [17]. HT-29cl.16E-SOX9 and HT-29cl.16E-dnSOX9 cells
have been described previously [25]. All cells were maintained at 37°C in 5% CO 2 incubators
(Thermo Forma, Marietta, OH, USA), media were supplemented with fetal bovine serum, 1%
penicillin/streptomycin (100 units of penicillin and 100 µg of streptomycin per ml) and 10mM
HEPES buffer. The medium for LS174T-dnTCF4 cells included 10 µg/ml of blasticidin and
0.5 mg/ml of zeocin, the medium for HT-29cl.16E-SOX9 and HT-29.16E-dnSOX9 cells was
supplemented with 5 µg/ml of blasticidin and 0.25 mg/ml of zeocin.

In spontaneous differentiation of Caco-2, the time when cells first reached confluence (by light
microscopy) was designated “day 0”. HT29 Cl.16E cells were seeded at a density of 106 cells/
25cm2 flask (day -3) and used 0, 3, 5, 7, 12 or 17 days after plating. Doxycycline inductions
were performed by addition of 1 µg/ml of doxycycline to the culture medium. For butyrate-
induced differentiation, cells were treated by addition of 5 mM sodium butyrate (Sigma
Chemical Co., St. Louis, MO, USA).

Transient transfections, plasmids and reporter assays
For transient transfections, cells were transfected using Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA), according to instructions of the supplier.

SOX9 expression was down-regulated using a final concentration of 100 nM in each well of
a pool of four siRNAs directed against the coding region of SOX9 (siGenome smart pool
reagent human SOX9 from Dharmacon, Lafayette, CO; catalog number M-021507-00). For
siRNA experiments the same final concentration of a non-specific siRNA was used as a control
(siCONTROL Non-targeting siRNA Pool from Dharmacon; catalog number D-001206-13).

DNA plasmids were isolated using the PureYield Plasmid Midiprep System from Promega or
QIAprep Spin Miniprep Kit from QIAGEN (Valencia, CA USA).

N-terminally flagged wild-type SOX9 and C-terminally truncated ΔC206SOX9 (dnSOX9)
expression constructs have been described previously [26][27]. pcDNA3.1 (Invitrogen) vector
alone was used as a negative control. 0.1 µg of each construct were used per well (in 24 well
plates) for these experiments. Briefly, four different constructs carrying the Klf4 promoter were
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used in this study. A luciferase reporter was linked in each case to 2200, 1000, 515 or 250 bp
of the 5’-flanking region of the murine Klf4 gene (a generous gift from Dr. Yang, Emory
University School of Medicine-Atlanta, and Dr. Chen, Boston University School of Medicine);
these constructs have been described previously [28][29]. For assays, cells were co-transfected
with these luciferase reporter constructs and pRL-TKRenilla luciferase control plasmid. 0.1
µg of each luciferase reporter construct and 0.05 µg of pRL-TKRenilla luciferase control
plasmid were used per well (in 24 well plates) for these experiments. Samples were collected
48h post-transfection and Dual luciferase kit (Promega) was used for luciferase measurement
and normalization. Triplicates were performed for each experiment and transfection condition.

Protein extraction and Western blot analysis
For total protein extraction, cell pellets were homogenized at 4°C in lysis buffer supplemented
with a mixture of protease inhibitors (1/100, P8340, Sigma, St Louis, MO, USA). After
quantification of protein (Bio-Rad protein assay, Bio-Rad Laboratories), 100 µg of cellular
protein extracts were loaded and resolved on 8% to 15% SDS-PAGE gels, and transferred by
electro-blotting onto activated PVDF membranes for immunoblot analysis.

Primary antibody information is provided in Supplementary Materials and Methods. Secondary
antibodies were purchased from Amersham Bioscience (anti-rabbit, NA934V) and Santa Cruz
Biotechnology Inc. (anti-mouse, sc-2005, and anti-goat, sc-2350). Blots were developed using
the enhanced chemiluminiscence procedure (Amersham Bioscience).

RNA purification, PCR and real time RT-PCR
Total RNA was extracted using the Trizol method (Invitrogen, Carlsbad, CA, USA). Briefly,
first-strand cDNA was synthesized using 1 to 5ug total RNA and was reverse-transcribed with
200 units of reverse transcriptase using the Superscript II (Invitrogen) according to the
manufacturer’s recommendations.

For real time PCR, cDNA was amplified using SYBR Green PCR Master Mix and the ABI
PRISM 7900HT Sequence Detection System Real Time PCR system (Applied Biosystems,
Foster City, CA, USA). Primers (sequences in Supplementary Materials and Methods) were
supplied by Sigma-Genosys (The Woodlands, TX, USA). A standard curve was generated by
real-time PCR analysis of 5-fold serial dilutions of a standard template DNA. All reactions
were carried out in duplicate. Relative values for each PCR product were expressed in arbitrary
units as a ratio of the target transcript normalized to human GAPDH (glyceraldehyde-3-
phosphate dehydrogenase).

Statistical analysis
Data were expressed as mean values ± SEM. Values were compared by a Student’s t-test (2
tailed, assuming equal variances) to test for significant differences.

Results
Klf4 is expressed in the differentiated compartment of the intestinal epithelium

Immunohistochemistry has generally shown Klf4 expression in epithelial cells throughout the
intestinal mucosa with an elevated level in the villus and top of the crypt (figure 1A and [6]).
To extend these data, we quantified the expression of Klf4 and potentially linked regulatory
molecules along both the cephalo-caudal and crypt-lumen axis of the duodenum, jejunum and
ileum of mouse intestine. We used a method, previously described and extensively validated
by our group [23, 24][30], to fractionate the intestinal epithelium of each of these segments
into four fractions, from villus (fraction 1) to crypt (fraction 4) (represented in Figure 1B).
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The tissue fractionation procedure was monitored by Western blot analysis of proliferating cell
nuclear antigen (PCNA) expression (figure 1C), a marker of proliferation and L-Fabp (liver
fatty acid binding protein), a marker of intestinal cell differentiation. PCNA protein levels
decreased in a gradient from fraction 4, where it is strongly expressed, to fraction 1, where it
is nearly undetectable, consistent with the confinement of proliferating cells to the lower
regions (ie fraction 4) of the crypt. In contrast, L-Fabp expression was maximal in the first
fractions of the extraction, in the region of the villus where lipids are absorbed [31] and was
absent from the proliferating cell compartment (figure 1C).

As observed for PCNA, the transcription factor Sox9 was also largely restricted to the crypt
and undetectable in the villus (figure 1C). In contrast, the inverse pattern of expression, similar
to that of L-Fabp, was seen for Klf4 protein. Thus, the expression of Klf4 protein is significantly
higher in the differentiated compartment than in the proliferative compartment in the mouse
intestinal epithelium, and Klf4 and Sox9 showed a reciprocal pattern of expression.

We extended these studies to the large intestine using a similar approach, but in this case, we
fractionated the epithelium into three fractions from the top (fraction 1) to the bottom (fraction
3) of the colonic crypts. As shown in figure 1D, PCNA and Sox9 protein levels increased in a
gradient from fraction 1 to fraction 3, consistent with the presence of proliferation mainly at
the bottom of the crypts. Consistent with the data of figure 1C, the expression of Klf4 was
higher in the first fraction enriched in differentiated cells proximal to the mucosal surface.
Moreover, the reciprocal expression between Sox9 and Klf4 was also documented in the large
intestine (figure 1D).

KLF4 expression increases during spontaneous or NaB-induced differentiation in the
HT29cl.16E and Caco2 colon cancer cell lines

While the crypt-luminal pattern of expression of Klf4 was similar in the three parts of the small
intestine, there was an overall decrease along the cephalo-caudal axis, with duodenal
expression > jejunal > ileal (figure 1C). Since the concentration of goblet cells is higher in the
more distal regions of the small intestine (eg ileum), this suggested that the expression of Klf4
is likely not only involved in cells that differentiated along the goblet cell lineage, as has been
previously suggested [7]. To pursue this, and to determine whether in vitro models of
differentiation recapitulate these patterns of Klf4 expression indicative of a role in cell
maturation, we used two human colon carcinoma cell lines, HT-29cl.16E and Caco2, which
spontaneously differentiate as goblet and absorptive-like cells, respectively. HT-29cl.16E
cells, a clonal derivative of HT29 cells, differentiate into goblet cells upon contact inhibition
of growth when maintained in culture over 20 days. This lineage-specific differentiation is
characterized by the secretion of mucin, cell polarization, development of tight junctions, and
loss of tumorigenicity [32–34]. Caco2 cells, when cultured to confluence, also undergo cell
cycle arrest with an accumulation of cells in G0/G1 and a decrease of cells in the S phase of
the cell cycle [35]. At 21 days post-confluence, Caco2 cells are maximally differentiated into
mature absorptive epithelial cells, both phenotypically and functionally [35–37].

KLF4 mRNA and protein levels were analyzed by real time PCR and western-blot analysis at
different time points during 20 or 21 days of culture of HT29cl.16E and Caco2 cells,
respectively. As shown in figures 2A and 2B, maximum levels of KLF4 transcripts as well as
protein were detected after 20 days of culture in HT29cl.16E (2.3 fold elevation versus day 0
in KLF4 mRNA/GAPDH) and 21 days in Caco2 (7.9 fold elevation versus day 0 in KLF4
mRNA/GAPDH). Although the western-blotting showed differences in molecular weight of
KLF4 in HT29cl.16E and Caco2 cells, (~75 kDa and ~50 kDa respectively – see Discussion),
protein levels increased in both cell lines to the same extent. Further, the expression of SOX9
decreased in a gradient during differentiation, recapitulating the reciprocal pattern of KLF4
and SOX9 expression observed in vivo (figures 1C and 1D). In addition, the activity of a KLF4
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luciferase reporter, in which luciferase expression was driven by a sequence between −1000
and +550 of the 5’ region of the murine KLF4 gene, was up-regulated by 5 fold, and greater
than 10 fold, during differentiation of either HT29cl.16E or Caco2 cell lines, respectively (2C
and 2D). This established that expression of KLF4 during differentiation was transcriptionally
regulated and, most important, that this regulation was present in cells differentiating along
either the goblet or the absorptive cell lineages.

The ability of in vitro systems to recapitulate regulatory events governing KLF4 expression
was further investigated using the short-chain fatty acid (SCFA) sodium butyrate (NaB). NaB
inhibits cell growth and promotes differentiation characteristic of the absorptive cell phenotype
of colon cancer cells [38,39]. As shown in figure 2E, treatment with 5mM NaB for 72 hrs
induced an increase in KLF4 mRNA and protein levels for both HT29cl.16E and Caco2 cells.
These data, in addition to the up-regulation of KLF4 expression during differentiation of
HT29cl.16E and Caco2 cells (figures 2A–2D), demonstrate that the regulation of KLF4
expression is not lineage restricted.

KLF4 expression is controlled by the transcription factor TCF4
Based on the consistent linkage of elevated KLF4 expression to differentiation of intestinal
epithelial cells, we investigated a potential mechanism of regulation of this transcription factor
in intestinal epithelial cells by Wnt signaling, a major regulator of proliferation and
differentiation in the intestinal epithelium highly active in the progenitor cell population at the
base of the crypt. Inhibition of Wnt signaling in colon cancer cells not only blocks proliferation
but also induces an intestinal differentiation program and, in fact, many of the genes negatively
regulated by TCF4 represent differentiation markers [17,18]. Therefore, we tested whether
KLF4 is regulated by the principal effector of Wnt signaling in the intestinal epithelium, the
transcription factor TCF4, using LS174T-dnTCF4 cells, a stable derivative of LS174T colon
cancer cells that express dominant-negative TCF4 under the control of a doxycycline-inducible
promoter [17] decreasing Wnt-TCF4 signaling upon induction of the cells (Sup. Fig. 1). As
shown in figure 3A, KLF4 mRNA levels doubled as soon as 7 hrs following induction of
dnTCF4, and progressively increased over 24 to 48 hours, showing a 6–7 fold elevation by 48
hrs. This was paralleled by a strong induction in KLF4 protein expression (figure 3B).
Therefore, the transcription factor TCF4 in the LS174T cells down-regulates KLF4 expression,
and dnTCF therefore stimulates expression. However, since we did not find a canonical TCF
binding sequence (AAGATCAAAGGG) [40,41] in the 4.0 kb upstream of the KLF4
transcription start site, this regulation may not have depended on direct interaction of TCF4
with the KLF4 promoter.

The transcription factor SOX9 regulates KLF4 in human colon cancer cells
Sox9 has recently been found to be both a target and a modulator of the Wnt signaling pathway
[42]. The expression of SOX9 is stimulated by TCF4 and in turn represses the expression of
the differentiation markers CDX2 and MUC2 in vitro. Thus, SOX9 is a candidate mediator of
Wnt signaling in the maintenance of an undifferentiated, progenitor- cell phenotype in the
proliferative compartment of the intestinal epithelium [43]. Therefore, we investigated whether
SOX9 also regulates KLF4 expression as a potential intermediate between TCF4 and KLF4
using stably transfected cell lines that, upon induction with doxycycline, express either Flag-
tagged wild-type SOX9 (HT-29cl.16E-SOX9) or a Flag-tagged dominant-negative form of
SOX9 (HT-29cl.16E-dnSOX9). Both cell lines were grown for 24 and 48 hours, under
subconfluent conditions, in the presence and absence of doxycycline. As shown in Sup. Fig.
2, and reported previously [43], changes in CDX2 and MUC2 mRNA levels confirmed the
effect of SOX9 and dnSOX9 in these cell lines. Western blot analysis revealed that the level
of KLF4 protein significantly decreased after induction of SOX9 expression (figure 4A). This
result was consistent with the reciprocal pattern of expression of KLF4 and SOX9 in the mouse
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intestinal epithelium and in HT29cl.16E and Caco2 cells (figure 1C–D and figure 2A–D).
Moreover, the activity of the KLF4 promoter reporter construct (described above) was down-
regulated more than 50% by this induction of SOX9 (figure 4B). In contrast, after induction
of a dominant- negative form of SOX9 in the HT-29cl.16E-dnSOX9 cell line, KLF4 protein
levels increased and the relative luciferase activity obtained with the KLF4-luciferase reporter
construct was approximately 5 times higher than in un-induced cells (figure 4C–D).

Although KLF4 mRNA expression progressively increased over 48 hrs in response to induction
of dnTCF4, there was a significant response as soon as 7 hrs following induction (figure 3A).
This relatively rapid change in KLF4 expression was also seen in response to SOX9
overexpression, with a decrease in KLF4 detectable by 6 hrs (4E).

These data demonstrated that SOX9 expression is sufficient to decrease the levels of KLF4.
Since SOX9 is directly regulated by Wnt signaling, it is a candidate for the bridge between
Wnt/TCF4 signaling and down-regulation of KLF4 in proliferating, progenitor intestinal
epithelial cells.

To investigate this, we determined if the down-regulation of KLF4 by SOX9 in goblet-like
HT-29cl.16E cells (figure 4B) was also seen in absorptive like Caco2 cells, since KLF4 is up-
regulated in both goblet-like and absorptive-like differentiation (figure 1). This indeed was the
case, since we observed that over-expression of wild-type SOX9 repressed KLF4 by >50% in
Caco2 cells (4F). Thus, the modulation of KLF4 by SOX9 occurs in different colon cell lines
independently of their final cell fate.

SOX9 and TCF4 have an additive effect on KLF4 expression
The negative regulation of KLF4 by both TCF4 and SOX9, and the fact that TCF4 can regulate
SOX9 expression, lead to the hypothesis that this is a linear pathway: TCF4 regulates SOX9
which suppresses KLF4. To investigate this, we silenced SOX9 using siRNA. Figure 5A shows
that SOX9 expression was suppressed in LS174T-dnTCF4 cells by approximately 30–50% at
48 to 72 hrs following transfection of SOX9 specific siRNA compared to a non-targeting
siRNA. This was sufficient to induce KLF4 mRNA expression by 2–3 fold (figure 5B). When
the dnTCF4 was induced in the cells by addition of doxycycline, SOX9 levels decreased and
this increased KLF4 expression (figure 5C, lanes 1 and 2). The combination of induction of
dnTCF4 and transfection of SOX9 siRNA drove SOX9 levels down by 90% and
correspondingly, increased KLF4 expression even further (lane 4 in figures 5C and 5D). This
experiment was repeated three times, and quantification demonstrated that there was a
reciprocal relationship between mean SOX9 levels and mean KLF4 expression (figure 5D).
Linear regression analysis showed this inverse relationship between SOX9 levels and KLF4
expression was statistically significant (figure 5E).

KLF4 regulation by SOX9 is independent of CDX2 activity
KLF4 expression can be dependent on CDX2 activity [29] and, in fact, CDX2 activates a KLF4
promoter that contained a CDX2-binding site beginning at nucleotide position −897 from the
start site of transcription [44] (represented by a triangle in Figure 6A). Since SOX9 has been
shown to repress CDX2 expression [43], an attractive hypothesis is that SOX9 regulates KLF4
through inhibition of CDX2. To address this, we first determined if the CDX2-binding site
present in the KLF4 promoter was required for the regulation of KLF4 by SOX9. Two KLF4-
luciferase reporter constructs, KLF4-2200 and KLF4-515, carrying 2200 bp (including the
CDX2 binding site) or 515 bp (lacking the CDX2 binding site) length fragments of the murine
promoter of KLF4 were transiently transfected into HT-29cl.16E-Sox9 cells and grown under
nonconfluent conditions, in the presence or absence of doxycycline for 48 hours. As shown in
figure 6A, the CDX2 binding site was not required for the inhibition of KLF4 promoter activity
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by SOX9 in HT-29cl.16E-SOX9. Additionally, the increase in the KLF4 reporter construct
expression in HT-29cl.16E-dnSOX9 cells following induction of the dominant negative form
of SOX9 was also not dependent on the presence of the CDX2 site in the reporter construct
(Sup. Fig. 3). Therefore, the CDX2 binding site in the KLF4 promoter is not required for the
modulation of KLF4 by SOX9. This was confirmed by a third, independent approach. The
RKO human colon cancer cell line has an endogenous truncating and inactivating mutation in
the CDX2 gene [45]. We transiently co-transfected an empty vector (ctrl) or a dnSOX9
construct into RKO cells, together with the 1000 bp KLF4-luciferase reporter construct
described previously. As shown in figure 6B, the expression of the dominant-negative form of
SOX9 in the CDX2 deficient RKO cell line strongly increased the activity of the KLF4
promoter by over 6 fold, similar to the increase seen in the HT-29cl.16E-dnSOX9 cell line
(figure 4D), despite the absence of a functional CDX2 gene in these cells. Thus, CDX2 is not
necessary for repression of KLF4 promoter activity by SOX9.

Discussion
We analyzed increased expression of Klf4 in the differentiated cell compartments of the villi
of the small intestine and nearer the surface of the crypts of the large intestine in the mouse.
This pattern of expression of Klf4 was recapitulated in colonic tumor epithelial cells after their
spontaneous or butyrate induced differentiation along either the goblet cell or the absorptive
cell lineages. We also confirmed that Wnt signaling (eg TCF4) suppresses KLF4 expression
[17,28,46], and demonstrated that this requires SOX9 induction by Wnt signaling. Thus, a
network is established that links Wnt signaling in the intestinal mucosa to KLF4 repression
through effects of TCF4 on SOX9 expression. This explains our observation, and that of others
[6,9,43], of a reciprocal pattern of expression of KLF4 and SOX9 along the crypt-villus axis.

The mechanism by which SOX9 regulates KLF4 expression is likely not through direct
interaction of SOX9 with the KLF4 promoter for three reasons: first, a characteristic of all Sox
proteins is their dependence on other transcription factors as partners for efficient target gene
activation [47,48]; second, the smallest fragment of the KLF4 promoter that responded after
SOX9 or dnSOX9 expression in our study does not contain an optimal SOX9 or general SOX
consensus sequence (AGAACAATGG or (A/T)(A/T)CAA(A/T)G) [49]; third, SOX9 has been
described as a transcriptional activator [50,51], but not as a transcriptional repressor.

CDX2 is a target of Wnt signaling through SOX9 [43,45] and had been reported to regulate
KLF4 expression [29]. However, our data demonstrated that this transcription factor was not
necessary for KLF4 regulation by SOX9 in RKO cells, where a truncation mutation renders
CDX2 inactive, and our experimental elimination of a CDX2 binding site in the promoter of
KLF4 did not change its activity in cells forced to express either SOX9 or a dnSOX9 (figures
6A and supplementary figure 3, respectively). This is also consistent with the fact that Klf4
was not altered significantly in the gastric epithelia of Cdx2 transgenic mice [12]. As an
alternative, we identified a predicted E-box site and 3 different Sp1 sites present in the smallest
fragment of the Klf4 promoter (KLF4-250) inducible by dnSOX9 overexpression. We mutated
these four predicted binding sites, but there were similar increases in Klf4 promoter activity
among the wildtype and the mutant forms in response to expression of dnSOX9 (Sup. Fig 4),
thereby likely eliminating a role of these Sp1 or E-box binding sites in negative regulation of
the KLF4 promoter by SOX9. Thus, the mechanisms by which SOX9 regulates KLF4 and what
binding partners are required for it are not yet clear.

Dissection of the function and regulation of Klf4 in different cell lineages in the intestine is
important because Klf4 has been shown to have significant tumor suppressor activity,
demonstrated by an increase in tumors in the ApcMin mouse caused by Klf4 haploinsufficiency.
This was accompanied by an increase in β-catenin and cyclin D1 activity [13], and KLF4
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repression of β-catenin/TCF signaling has also been shown in HT29 colon carcinoma cells
[28,46]. However, we have not detected altered β-catenin/TCF signaling activity in HT29cl.
16E and Caco2 cells after siRNA suppression, or forced overexpression, of KLF4 (not shown).
Thus, KLF4 modulation of β-catenin-TCF4 signaling may be context dependent.

More generally, the tumor suppressor function of KLF4 may be linked to its regulation of
differentiation and/or proliferation. This issue is complicated by the difficulty in
experimentally dissociating differentiation from altered proliferation. However, we found that
while decreased KLF4 expression increased cyclin D1 promoter activity in HT29cl.16E and
Caco2 cells (Sup. Fig. 5), this was not sufficient to alter the proliferation of the cells (Sup. Fig.
6). Similarly, in Klf4 null mice, a decrease in the cdk inhibitor p21Waf1/cip1 did not change cell
proliferation in the intestine [7], and we have shown that the increase in Apc initiated tumors
in mice with a targeted inactivation of p21 was linked to a decrease in goblet cell differentiation
[52]. Thus, the increase in KLF4 expression during differentiation and its ability to regulate
p21 suggest that KLF4 may suppress tumor formation primarily through its role in intestinal
cell differentiation. However, in contrast to other reports, our results suggest that the function
of KLF4 is not restricted to intestinal cells differentiating along the goblet cell lineage. In the
mouse small intestine, we found that the expression of Klf4 decreased from the duodenum to
the ileum. In contrast, goblet cell number and abundance of small intestinal goblet cell markers
(eg mucins) increase from the duodenum to the distal ileum in normal intestine [53]. In addition,
the expression of TFF3 and MUC2, two goblet cell markers, decrease in response to butyrate
treatment in several colon cancer cells [54, 55] in contrast to the increase in KLF4 we
demonstrated in response to butyrate. Further, we also showed that KLF4 increased during
spontaneous and butyrate induced differentiation in HT29cl.16E and Caco2 cells, and was
regulated by SOX9, independently of the lineage to which the cells were committed. In this
regard, KLF4 regulates expression of genes that are differentiation-specific, but not goblet cell
specific, such as alkaline phosphatase [56], villin 2, and several keratins [57]. In addition,
despite the differences in molecular weight of KLF4 in HT29cl.16E and Caco2 cells, KLF4
specific siRNA reduced each of these bands to the same extent. Moreover, analysis of the
genomic locus of KLF4 from each cell line, revealed no differences and, as stated earlier,
silencing of KLF4 in the two cell lines increased cyclin D1 expression (Sup. Fig. 5). Thus, the
significance of the differences in molecular weight in the two cell lines remains to be
determined.

In summary, we have analyzed the increased expression of Klf4 in vivo as epithelial cells
migrate and differentiate along the crypt-villus axis. We established that KLF4 expression is
regulated similarly during intestinal cell maturation in vitro along either the goblet cell or the
absorptive cell lineage. Our data extend our understanding of the network of signaling pathway
interactions in maintaining an undifferentiated, pluripotent cell phenotype in the proliferating
compartment of the intestinal epithelium, with Wnt signaling repressing KLF4 through both
the transcription factors TCF4 and SOX9.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Klf4 is expressed in the villus of the small intestine and in the surface epithelium in large
intestine in mouse
(A) Immunohistochemical staining for Klf4 was performed with the same antibody used in
panels C and D (dilution 1:1000) in paraffin-embedded sections of mouse small and large
intestines. (B) Schematic representation of the crypt-villus axis in the mature small intestine
showing the fractionation of the epithelial cells used from villus (fraction 1), where the
proliferating cells are found, to crypt (fraction 4), occupied by differentiated cells. (C) Western
blot analysis of Sox9 and Klf4 in mouse intestinal epithelial samples from duodenum, jejunum
and ileum fractionated as described above. PCNA and L-Fabp expression was used to monitor
the cellular fractionation. Tubulin was used as loading control. (D) Western blot analysis of
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Sox9 and Klf4 in mouse intestinal epithelial samples from colon fractionated as above. PCNA
expression was used to monitor the cellular fractionation. Actin was used as loading control.
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Figure 2. KLF4 expression increases in non-proliferating transformed colonic epithelial cells after
their spontaneous or butyrate induced differentiation
Quantification by real-time RT-PCR of KLF4 mRNA levels, and detection of KLF4 and SOX9
proteins by western-blotting, during spontaneous differentiation in HT29cl.16E (A) and Caco2
(B) cells. Data were expressed as fold increased in KLF4/GAPDH mRNA levels of each time
point versus non-differentiated cells (day 0). Actin was used as loading control. Columns, mean
of at least three different experiments; bars, SE. (C) y (D) A Klf4-luciferase reporter plasmid
where Luciferase expression is driven by 1kb of the 5’-flanking region and 550 bp of the 5’-
untranslated region of Klf4 was transfected into HT29cl.16E (C) and Caco2 (D) cell lines at
the time points indicated in the figures. Firefly and Renilla luciferase activities were determined
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48 hours after transfection. Columns, mean of at least three different experiments; bars, SE.
(E) Quantification by real-time RT-PCR of KLF4 mRNA levels, and detection of KLF4 protein
by western-blotting, after butyrate treatment for 72 hours to induce differentiation in HT29cl.
16E and Caco2 cells. Data were expressed as KLF4/GAPDH mRNA ratios. Columns, mean
of at least three different experiments; bars, SE.
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Figure 3. KLF4 expression is regulated by TCF4 in Ls174T human colon cancer cell line
(A) Quantification of KLF4 mRNA levels in Ls174T cell line stably transfected with a
doxycycline inducible dnTCF4 construct. Real time RT-PCR analysis was performed to
quantify KLF4 mRNA levels after 7, 24 and 48 hours of dnTCF4 induction. Data were
expressed as fold increase in KLF4/GAPDH mRNA levels of doxycycline treated (dox) versus
untreated (ctrl) cells. Time of doxycycline induction is indicated at the bottom of the graph.
Columns, mean of duplicates from three different experiments; bars, SE. (B) Detection of the
KLF4 protein by western blot in the dnTCF4 stably transfected Ls174T cells with or without
doxycycline induction at the indicated time points. Actin served as a loading control.
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Figure 4. KLF4 expression is regulated by the transcription factor SOX9
(A) Western blot analysis of KLF4 in the SOX9 stably transfected HT29cl.16E cells with or
without doxycycline induction at the indicated time points. Flag served as a monitor of SOX9
over-expression and actin served as a loading control. (B) Effect of induced SOX9 expression
on the Klf4-luciferase reporter activity. A KLF4-luciferase reporter plasmid (described in
Figure 2) was transfected into HT29cl.16E-SOX9 for this experiment. Firefly and Renilla
luciferase activities were determined 48 hours after transfection and culture with or without
doxycycline. Columns, mean of five different experiments; bars, SE. ***, p<0.001. (C)
Detection of the KLF4 protein by western blot analysis in the dnSOX9 stably transfected
HT29cl.16E cells with or without doxycycline induction at the indicated time points. Flag
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served as a monitor of the dnSOX9 overexpression and actin served as a loading control. (D)
Effect of induced dnSOX9 expression on the Klf4-luciferase reporter activity (Klf4-luciferase
reporter plasmid described above). Firefly and Renilla luciferase activities were determined
48 hours after transfection and culture with or without doxycycline. Columns, mean of five
different experiments; bars, SE. *, p<0.05. (E) Quantification of KLF4 mRNA levels in
HT29cl.16E-SOX9 cell line. Real time RT-PCR analysis was performed to quantify KLF4
mRNA levels after 6 and 24 hours of SOX9 induction. Data were expressed as fold increase
in KLF4/GAPDH mRNA levels of doxycycline treated (dox) versus untreated (ctrl) cells. Time
of doxycycline induction is indicated at the bottom of the graph. Columns, mean of at least
three different experiments; bars, SE. (F) Effect of induced SOX9 expression on Klf4-
luciferase reporter activity in Caco2 cells. Caco2 cells were cotransfected with an empty vector
(ctrl) or the dnSOX9 expression construct, together with Klf4-luciferase reporter (described
above). Firefly and Renilla luciferase activities were determined 48 hours after transfection.
Columns, mean of three different experiments; bars, SE. **, p<0.01.
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Figure 5. TCF4 and SOX9 have an additive effect on KLF4 regulation
(A) Quantification of SOX9 mRNA levels in Ls174T-dnTCF4 cell line transfected with either
non-targeting (nt) or SOX9 specific (siSOX9) siRNA and grown 48 or 72 hours. (B) Real time
RT-PCR analysis was performed to quantify KLF4 mRNA levels in the same experiment
described above. Data were expressed as fold increase in SOX9/GAPDH or KLF4/GAPDH
mRNA levels of non-targeting versus specific SOX9 siRNA transfected cells. Time is indicated
at the bottom of the graph. Columns, mean of duplicates from three different experiments; bars,
SE. (C) Detection of KLF4 and SOX9 proteins by western blot in Ls174T-dnTCF4 cells
transfected with either non-targeting (nt) -1,2- or SOX9 specific (siSOX9) -3,4- siRNA and
grown with -2,4- or without -1,3- doxycycline for 48 hours. (D) Background-adjusted
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densitometric data (presented as mean values with standard error bar) from 3 independent
experiments. (E) Linear regression of densitometric data for KLF4 as a function of SOX9
levels, obtained from the experiments shown in D.

Flandez et al. Page 21

Exp Cell Res. Author manuscript; available in PMC 2009 December 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. KLF4 regulation by the transcription factor SOX9 is independent of CDX2 in human
colon cancer cells
(A) KLF4-luciferase reporter activity of KLF4-2200 and KLF4-515 in HT29cl.16E cells stably
transfected with the doxycycline inducible SOX9 construct. Firefly and Renilla luciferase
activities were determined 48 hours after transfection with or without doxycycline (ctrl).
Columns, mean of four different experiments; bars, SE. (B) Effect of induced dnSOX9
expression on KLF4- luciferase reporter activity in RKO cells that carry an inactive CDX2
form. RKO cells were co-transfected with an empty vector (ctrl) or the dnSOX9 construct,
together with Klf4-luciferase reporter (described in Figure 2). Firefly and Renilla luciferase
activities were determined 48 hours after transfection. Columns, mean of three different
experiment; bars, SE. **, p<0.01.
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