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The role of non-Smad proteins in the regulation of trans-
forming growth factor-� (TGF�) signaling is an emerging
line of active investigation. Here, we characterize the role of
KLF14, as a TGF�-inducible, non-Smad protein that silences
the TGF� receptor II (TGF�RII) promoter. Together with
endocytosis, transcriptional silencing is a critical mechanism
for down-regulating TGF� receptors at the cell surface. How-
ever, the mechanisms underlying transcriptional repression
of these receptors remain poorly understood. KLF14 has been
chosen from a comprehensive screen of 24 members of the
Sp/KLF family due to its TGF� inducibility, its ability to reg-
ulate the TGF�RII promoter, and the fact that this protein
had yet to be functionally characterized. We find that KLF14
represses the TGF�RII, a function that is augmented by
TGF� treatment. Mapping of the TGF�RII promoter, in com-
bination with site-directed mutagenesis, electromobility
shift, and chromatin immunoprecipitation assays, have
identified distinct GC-rich sequences used by KLF14 to reg-
ulate this promoter. Mechanistically, KLF14 represses the
TGF�RII promoter via a co-repressor complex containing
mSin3A and HDAC2. Furthermore, the TGF� pathway acti-
vation leads to recruitment of a KLF14-mSin3A-HDAC2
repressor complex to the TGF�RII promoter, as well as the
remodeling of chromatin to increase histone marks that asso-
ciate with transcriptional silencing. Thus, these results
describe a novel negative-feedback mechanism by which
TGF�RII activation at the cell surface induces the expression
of KLF14 to ultimately silence the TGF�RII and further

expand the network of non-Smad transcription factors that
participate in the TGF� pathway.

The family of cytokines composed of TGF�,4 bone morpho-
genetic proteins, activins, inhibins, connective tissue growth
factors (CCN family), along with their corresponding signaling
molecules, are master regulators of normal homeostasis and
development (1–10). Consequently, alterations in these path-
ways lead to severe malformations and diseases, including can-
cer. TGF� is the best characterized pathway within this family
of cytokines. Recent studies reveal, for instance, the existence of
two types of membrane-to-nucleus TGF� signaling mecha-
nisms, namely the Smad-dependent and non-Smad protein-
mediated cascades, although evidence of cross-talk between
these two cascades is also emerging (4, 9). Therefore, even
though our understanding of the complexity underlying TGF�
signaling continues to grow, classification into these two types
of mechanisms has helped to organize the nascent theoretical
framework for advancing this field of research by the integra-
tion of new findings into easily understandable paradigms.
The canonical Smad-mediatedTGF� pathway is activated by

binding of TGF�1, -2, and/or -3 cytokines to the TGF�RII,
which then dimerizes with and activates the TGF� receptor I
through serine phosphorylation of the regulatory GS-domain.
The Type I receptor, in turn, phosphorylates receptor-bound
Smad (Smad2/3) at the C-terminal SXS motif, releasing them
from retention in the cytoplasm and allowing their transloca-
tion into the nucleus. Smad4 acts as a common partner of acti-
vated Smads to help execute their function. In this manner,
TGF� signaling is transduced through the cytoplasm into the
nucleus to form complexes with distinct transcriptional regu-
lators for specific gene promoters.
The role of non-Smad protein-mediated pathways in the reg-

ulation of TGF� signaling is also an active line of investigation.
For instance, the Sp/KLF family of proteins is emerging as
important non-Smad protein-mediated pathway cascades and,
under certain circumstances, a cross-talk regulator with Smads
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to achieve distinct cellular functions. Sp1 is the foundingmem-
ber this expanding group of Sp/KLF proteins. The structure of
these proteins is defined by the presence of three highly con-
served and homologous C-terminal Cys2His2 zinc finger
domains, which are responsible for DNA binding, and a vari-
able N-terminal domain, which is responsible for transcrip-
tional regulation (11–13). However, the identification and
characterization of this family of proteins has revealed that
many bind to GC-rich target sequences similar, if not identical
to, the “Sp1 sites” through which they can either activate or
repress gene expression (11–13). Therefore, the discovery of
repressors within this Sp/KLF family of transcriptional regula-
tors has challenged the early paradigm that Sp1 activates all
GC-rich sites. As a result, these Sp/KLF transcriptional repres-
sors provide a novel mechanism for silencing a large number of
genes that are already known to be activated by Sp1, particularly
in response to TGF�.

TGF�RII has been previously shown to be activated by Sp1
(14). However, since these elegant studies were done, 24
Sp/KLF transcription factors have been discovered with some
members acting as activators while others as repressors via the
same type of GC-rich cis regulatory sequences used by Sp1.
Thus, some Sp/KLF transcription factors are excellent candi-
dates that may play a role in silencing of TGF�RII. Indeed, for-
tunately, in the current study, we describe, for the first time, the
functional characterization of KLF14 as a novel non-Smad reg-
ulatory protein of the TGF� pathway. Our results outline a
novel, biochemically significant role for KLF14 in the silencing
of the TGF�RII via Sp/KLF sites. This pathway provides a well
characterized example of how Sp/KLF proteins are emerging as
important non-Smad proteins that can directly regulate TGF�
signaling by regulating the expression of key molecules from
this pathway.

EXPERIMENTAL PROCEDURES

Cell Culture—Tissue culture reagents were purchased from
commercial sources (Invitrogen). The human pancreatic epi-
thelial cancer cell lines, PANC-1, ASPC-1, Capan-1, Capan-2,
BxPC-3, L3.6, MiaPaCa-2, and CFPAC-1, were obtained from
American Type Culture Collection and maintained according
to the supplier’s suggestions. All cells were grown at 37 °C in a
humidified incubator under 5% CO2.
Plasmid Construction—Standard molecular biology tech-

niques were used to clone KLF4, KLF5, KLF7, KLF9, KLF11,
KLF14, and KLF15 into the pcDNA3.1/His (Invitrogen) and
pCMVtag2 (Stratagene) vectors for expression as His-tagged
or FLAG-tagged proteins, respectively, as well as the trun-
cated (263 bp) TGF�RII promoter into the pGL3-Lux vector
(Promega). The p3TP-Lux reporter plasmid containing
TGF�-responsive elements was kindly provided by Dr. Anita
Roberts (National Institutes of Health) as a positive control
for TGF�1 stimulation experiments (data not shown). Full-
length TGF�RII reporter was kindly provided by Dr. David
Danielpour (Case Western).
Semi-quantitative RT-PCR—Total RNA was extracted from

cells according to the manufacturer’s instructions using an
RNeasy Kit (Qiagen), and 5 �g was used for cDNA synthesis
using oligo(dT) primer using the SuperScriptTM III First-

Strand Synthesis System for RT-PCR (Invitrogen) per the
manufacturer’s protocol. RT-PCR was performed using LA
TaqDNA Polymerase with a GC Buffers kit (Takara) per the
manufacturer protocols. Semiquantitative RT-PCR analysis
was performed with the primer sets provided in supplemen-
tal Table S1. Each experiment was done in triplicate. Ampli-
fication of four human housekeeping genes, GAPDH (Uni-
gene Hs.544577), �2-microglobulin (B2M, Hs.709313),
�2-Tubulin (TUBB2, Hs.300701), and hypoxanthine phos-
phoribosyltransferase 1 (HPRT1, Hs.412707) was used for all
samples as an internal control. Densitometric values were
obtained and normalized to the average of the housekeeping
cDNAs for each individual sample using Scion Image Beta
4.02 software (Scion Corp.).
To represent the TGF� inducibility of individual KLF tran-

scripts, each TGF�-treated sample was compared with an
untreated control that was originally plated and ultimately col-
lected at the same time to minimize compounding factors,
which can often influence gene expression (i.e. cell cycle stage,
cell density, potential unknown paracrine, and/or autocrine
stimuli). At each time point, values were determined by first
normalizing the TGF�-treated sample (T, treated) to the aver-
age of the four aforementioned housekeeping genes in the same
sample (TC, treated housekeeping gene control). This resultant
value was divided by the corresponding untreated sample (UT,
untreated) normalized in the same manner (UTC, untreated
housekeeping gene control), to express the fold of TGF� induc-
tion ([T/TC]/[UT/UTC] � fold TGF�-induction). Another
housekeeping gene, �-actin (ACTB, Hs.520640), was not used
in our analyses, because it showed significant differences with
TGF� treatment over control values (data not shown).
Western Blot—Total protein extracts were prepared by lysing

cells in radioimmune precipitation assay buffer supplemented
with Complete protease inhibitor mixture (Roche Applied Sci-
ence). Cellular lysates were subjected to 10% SDS-PAGE and
then separated proteins are transferred to polyvinylidene diflu-
oride membranes (Millipore). Membranes were incubated
overnight at 4 °C in blocking solution (Tris-buffered saline
solution containing 5% nonfat dried milk and 0.1% Tween 20).
Subsequently, membranes were incubated with specified pri-
mary antibodies overnight at 4 °C. Immune complexes were
visualized by enhanced chemiluminescence (Pierce) and ex-
posed to x-ray film. An antibody against �2-actin (Sigma) was
used as loading control.
Transcriptional Reporter Assays—Cells were transfected

with specified reporter constructs along with expression con-
structs and/or empty vector using electroporation (2 � 106
cells/0.4-cmmicrocuvette, 360 V, and 10ms) and subsequently
serum-starved overnight. Transfection was performed with
equimolar concentrations of DNA, and expression was quanti-
fiedwithWestern blotting directed against epitope-tagged pro-
teins as described. Cells were stimulated with TGF�1 (R&D
Systems) as specified and assayed at various specified time
points. At 24 or 48 h after transfection and treatment as noted,
cells were lysed, and luciferase measurements were performed
using a 20/20 luminometer (Turner Designs) according to
manufacturer’s suggestions (Promega). Data were normalized
as relative light units and normalized to the protein concentra-
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tion as the mean � S.D. All experiments were performed in
triplicate at least three independent times.
Immunoprecipitation—Cells were transfected with FLAG-

tagged constructs. At 24 h post-transfection, cells were washed
and lysed in lysis buffer (150 mM NaCl, 0.5% Nonidet P-40, 50
mMTris-HCl, pH 7.5, 20 mMMgCl2) supplemented with Com-
plete protease inhibitor tablets (Roche Applied Science) for 30
min at 4 °C. Immunoprecipitations were performed using anti-
FLAG M2 agarose-conjugated antibodies (Sigma) for 2 h at
4 °C. To detect interaction with endogenous co-repressors,
immunocomplexes were collected by centrifugation, washed
with lysis buffer, and analyzed by Western blot as described
above using anti-mSin3a and HDAC2 antibodies (Santa Cruz
Biotechnology).
Chromatin Immunoprecipitation—ChIP assays were per-

formed using the EZ-ChIP kit. The following primer set for the
263-bp TGF�RII promoter was used for PCR: 5�-GCA GAT
GTT CTG ATC TAC TA-3� (forward); 5�-AGC TGG GCA
GGACCTCTCTC-3� (reverse) using TaKaRa LATaq accord-
ing to the manufacturer’s protocol (Mirus).
Site-directed Mutagenesis—Site-directed mutagenesis was

performed with QuikChange� II site-directed mutagenesis kits
per the manufacturer’s protocol (Stratagene). All constructs
were sequenced by the Mayo Clinic Molecular Biology Core
Facility.
GST Fusion—The KLF14 cDNA fragment encoding amino

acids 191–323 corresponding to the DNA-binding zinc finger
region was cloned into the GST fusion vector pGEX 5X-1
(Amersham Biosciences) using standard techniques. GST
fusion protein expression was induced in BL21 cells (Strat-
agene) by the addition of 1 mM isopropyl-D-thiogalactopyrano-
side and incubation for 2 h. Cells were lysed and subsequently
purified by using glutathione-Sepharose 4B affinity chromatog-
raphy as previously described (15).
Electromobility Shift Assay—Gel shift assays were performed

as previously described (16). Briefly, 1.75 pmol of double-
stranded oligonucleotides were end-labeled with [�-32P]ATP
using 10 units of T4 polynucleotide kinase and appropriate
buffer (700 mM Tris-HCl, pH 7.6, 100 mM MgCl2, 50 mM dithi-
othreitol) according to the manufacturer’s instructions (Pro-
mega). The reaction was incubated at 37 °C for 10 min and
halted with addition of TE plus EDTA (0.5 M EDTA, 1 M Tris,
pH 8.0, H2O). Protein lysates included 0.5 �g of purified GST-
KLF14/ZF fusion protein and in some experiments rhSP1 (Pro-
mega) at the indicated dilutions. A 5�ZnCl2 buffer was used in
this reaction (100 mM Hepes, pH 7.5, 250 mM KCl, 25 mM
MgCl2, 50�MZnCl2, 30% glycerol, 1mg/ml bovine serum albu-
min, 250 �g/ml poly(dI-dC), H2O) for 10 min at room temper-
ature. The �-32P-labeled oligonucleotides were added for 20
min. In some cases, an excess of cold probe, at the indicated
dilutions, was added concomitant with the addition of radiola-
beled probe in addition to anti-Sp1 polyclonal rabbit antibody
purchased from commercial sources (Millipore). The mixtures
were electrophoresed in a 4% nondenaturing polyacrylamide
gel in aHoeffermidi-gel using 0.5�Tris borate-EDTA for�4 h
at 160 V. Gels were then transferred to blotting paper (What-
man 3MM), covered in plastic wrap, and vacuumdried for 1.5 h
at 65 °C. Dried gels were then analyzed using a Storm Scanner

860 PhosphorImager (Amersham Biosciences). Sp1 consensus
and Sp1 mutant double-stranded oligonucleotides were ob-
tained from commercial sources (Santa Cruz Biotechnology)
with the following sequences: Sp1 consensus, 5�-ATT CGA
TCGGGGCGGGGCGAGC-3� (forward); 5�-GCTCGCCCC
GCC CCG ATC GAA T-3� (reverse) and Sp1 mutant, 5�-ATT
CGATCGGTTCGGGGCGAGC-3� (forward); 5�-GCTCGC
CCC GAA CCG ATC GAA T-3� (reverse).

RESULTS

A Yet Undefined Sp/KLF Repressor Protein Plays a Role in
Silencing of the Type II TGF�-receptor Promoter—Previous
studies have described the regulation of the TGF�RII by TGF�
ligands, primarily showing a bimodal response consisting of an
Sp1-dependent up-regulation (14, 17) and a subsequent down-
regulation of receptor transcript levels upon this stimulation
(18–20). Interestingly, although the activation ofTGF�RII pro-
moter, in particular by Sp1, has received precise attention, how
this receptor is repressed remains poorly understood. Conse-
quently, the major goal of the current study has been to char-
acterize the role of a specific family of non-Smad proteins
(Sp/KLF transcription factors), which may functionally explain
the down-regulation TGF�RII through GC-rich Sp1-like
sequences. Our studies began with examination of the tran-
scriptional activity of the TGF�RII gene promoter in PANC1
epithelial cells, a widely used model for studying TGF� signal-
ing.We have performed an initial series of reporter assays using
full-length TGF�RII and the previously described, TGF�-sen-
sitive, 263-bp core promoter, which is located 5� of the tran-
scriptional start site (14). Treatment of PANC1 cells with exog-
enous TGF�1 leads to a marked reduction in activity of the
full-length TGF�RII reporter when compared with untreated
control cells (Fig. 1A). This silencing effect is recapitulated in
the 263-bp TGF�RII core promoter, suggesting that both the

FIGURE 1. A, repression of the TGF�RII promoter occurs after 24 h of TGF�
stimulation in Panc1 cells. Panc1 cells were transfected with a full-length and
a truncated 263-bp TGF�RII promoter luciferase reporter and then stimulated
with TGF�1 after overnight serum starvation. Luciferase levels were obtained
at specified time points after treatment and compared with untreated con-
trols. Values were normalized to lysate protein concentrations and relative to
untreated controls. Data are the mean � S.D. from three independent exper-
iments, with triplicates for each experiment. B, TGF�RII promoter has five
putative “Sp1” binding sites. The diagram represents a schematic of the
human TGF�RII proximal promoter containing five GC-rich Sp1-like elements.
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previously described activation pathway (14) and the negative
transcriptional regulatory mechanism characterized further
here (Fig. 1A), are operational at this core promoter level. Using
bioinformatics analyses (TRANSFAC Public), we have identi-
fied five putative Sp/KLF binding sites within this TGF�-sensi-
tive, 263-bp core promoter region (Fig. 1B). Four of these sites
(#1–4) have been previously identified, although an additional
site (#5) has not been previously reported (14, 21). Some of
these previously identified sites have been shown to be acti-
vated by Sp1.However, whether novel Sp/KLF silencer proteins
can also bind to this sequence to reverse the activation by Sp1
remained unknown. Therefore, this analysis has led us to the
hypothesis that a yet undefined Sp/KLF repressor protein plays
a role in the silencing of this promoter.
Novel TGF�-inducible Non-Smad, Sp/KLF Proteins Are Iden-

tified as Candidate Regulators of the Type II TGF�-receptor—
To test our hypothesis, we have developed a four-tier screening
approach. This approach includes first, testing which of the 24
known Sp/KLF proteins are expressed in TGF�-sensitive epi-
thelial cells and, thus, can be considered initial candidates to
target the TGF�RII promoter. Our experimental cell model,
PANC1, a human epithelial cell line, is an optimalmodel for our
studies, because they have adequate expression of TGF�RII
mRNA and display growth inhibition to exogenous TGF�1
stimulation (22). In addition, as shown in Fig. 2A, each of the 24
known Sp/KLF transcription factors are consistently expressed
in these cells, whichmade it ideal for performing a comprehen-
sive screen. Second, we determine whether any Sp/KLF genes
are TGF�-inducible with a kinetic that is consistent with play-
ing a role in the down-regulation of the TGF�RII. Third, by
utilizing transfection studies combinedwith reporter assays, we
test the potential of distinct members of this family to repress
TGF�RII promoter activity and then, by electromobility shift
assays, determine which sites on the promoter are utilized by
our candidate KLF protein. Finally, we examine whether the
repressor that is isolated according to these criteria binds to the
endogenous TGF�RII gene and can remodel chromatin on this
target, suggesting the bona fide target status of the candidate
KLF protein. Thus, by applying this comprehensive screening,
our study has been robust in evaluating the KLF protein family
in the TGF� response and regulation of the TGF�RII.

The genomic axiom that functionally related genes follow a
similar pattern of expression suggested that, hypothetically, the
protein that represses the TGF�RIImay be expressed in a sim-
ilar manner after TGF� treatment, in particular, during the
repression response to this cytokine. Consequently, we have
evaluated which, if any, of these Sp/KLFmembers are inducible
by TGF�1 treatment. Thus, using RNA from PANC1 cells
either untreated or treated with TGF�1, we have performed
RT-PCR at various time points (Fig. 2B). As a positive control
for TGF�-mediated transcriptional induction, we monitor the
expression of p21, a known TGF�-inducible gene within the
pathway. Of the 24 known Sp/KLF transcription factors, we
have identified 7 that were markedly induced with exogenous
TGF�1 treatment, suggesting that these could be potential can-
didate transcriptional repressors of the TGF�RII promoter
(Fig. 2B). These results are not only consistent with our previ-
ous work, which identified KLF11 as a TGF�-inducible gene

(16, 23), but, more importantly, it characterizes previously uni-
dentified KLF targets for this cascade, namely KLF4, -5, -7, -9,
-14, and -15. Thus, based upon their expression patterns, these

FIGURE 2. A, eight pancreatic cancer cell lines were screened by RT-PCR for
expression of 24 members of the Sp/KLF family of transcription factors. The
figure shows that all 24 Sp/KLF members are expressed in the TGF�-sensitive
Panc1 cell line. B, TGF�1 induces the expression of several KLF family mem-
bers. Panc1 cells were serum-starved overnight, treated with 10 ng/ml TGF�1,
and screened for the expression of each KLF gene by semi-quantitative RT-
PCR. The expression levels for each KLF gene from TGF�1-treated samples
were compared with untreated controls and normalized to housekeeping
genes as described under “Material and Methods.” The expression of the p21
gene was used as a positive control for TGF�1 treatment. Four different
housekeeping genes, namely GAPDH, B2M, TUBB2, and HPRT1, were used as
internal standards for normalization. C, quantification of TGF� induction of
transcript levels over time. At each time point, values were determined by first
normalizing the densitometric measurement of the TGF�-treated sample to
the average of four housekeeping genes (GAPDH, B2M, TUBB2, and HPRT1) in
the same sample. This resulting value was divided by the corresponding
value of the untreated sample normalized in the same manner in order to
express the -fold of TGF� induction.
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seven genes are good candidates to further investigate their
regulation of the TGF�RII promoter.
Subsequently, we have tested the transcriptional activity of

these candidates on the TGF�RII promoter using reporter
assays by co-transfecting the 263-bp core TGF�RII promoter-
luciferase construct with cDNAs encoding each of the seven
TGF�-inducible KLF candidates. Out of these, five candidates
induced a marked decrease in TGF�RII promoter activity,
namely KLF4, -7, -11, -14, and -15 (Fig. 3A). KLF5 did not affect
TGF�RII promoter activity above control levels, whereas KLF9
appeared to slightly activate this promoter, therefore these two
proteins were not continued in subsequent experiments due to
our objective of identifying TGF�RII repressors. To confirm
whether this observed repression of TGF�RII promoter regu-
lation is consistent with TGF� pathway activation, these five
proteins were further tested in PANC1 cells treated with exog-
enous TGF�1 treatment. Interestingly, upon treatment, these
KLF proteins were capable of further repressing TGF�RII pro-
moter activity, with the largest repression achieved by KLF14
(Fig. 3B). These data also indicate that a second TGF�-depend-
ent mechanism, directly (signal-induced KLF expression or
post-translational modifications) or indirectly (induction of
another transcription factor), cooperates with KLF proteins to
additionally repress this gene. Upon increasing concentrations
of KLF14 cDNA in transfection studies, we found a concentra-
tion-dependent repression of the core TGF�RII promoter (Fig.
3C). Together, these results strongly identify KLF14 as a good

candidate to be a regulator of
TGF�RII promoter activity and
expression.
KLF14, a Novel Non-Smad Pro-

tein, Regulates the Type II TGF�-
receptor—The gene encoding KLF14
has been previously identified by our
group and named BTEB5 due to its
sequence similarities to members of
this subfamily of KLF silencing pro-
teins.5 Although, recently, genetic
studies have reported the genomic
structure, intronless nature, and
potential imprinted statusof this gene
(24), a functional characterization of
this protein at the cellular and bio-
chemical level has never been per-
formed. Because our data indicate
thatKLF14appears tobeapotent reg-
ulator of the TGF�RII in promoter
assays combined with this existing
gap in knowledge on this KLF family
member and its targets, the choice
to further investigate the role of this
particularKLF inTGF�RII regulation
would significantly expand the cur-
rent knowledge on the functional
properties of members of this family.
Noteworthy, we have validated

these in vitro reporter results in vivo
by assessing whether this protein

has a regulatory effect on endogenous TGF�RII levels in
PANC1 cells. Initial correlative experiments demonstrate that
the levels of TGF�RIImRNA levels decrease at a time in which
the amount of KLF14 increases (repression phase of the bimo-
dal expression pattern of TGF�RII in response to TGF�), rais-
ing the possibility thatKLF14 is induced to subsequently down-
regulate theTGF�RII (Fig. 4A). Tomechanistically support this
correlation, we have performed RT-PCR on cells overexpress-
ing KLF14 to determine TGF�RII levels in comparison tomock
transfected cells in the presence or absence of exogenous
TGF�1 stimulation (Fig. 4B). KLF14 overexpression alone is
sufficient to decrease TGF�RII mRNA, interestingly to the
same extent as TGF�1 stimulation alone. Furthermore, subse-
quent TGF�1 treatment in cells transfected with KLF14 leads
to further down-regulation of TGF�RII transcripts. Because
KLF14 is a TGF�-inducible gene, the further decrease in
TGF�RII mRNA levels observed upon TGF�1 treatment
likely results from the induction of endogenous Sp/KLF tran-
scription factors by this cytokine. These results suggest that
TGF� down-regulates TGF�RII transcripts through KLF14
expression with subsequent negative regulation of promoter
activity. Next, we have tested whether the effect of KLF14 on
TGF�RII expression interfered with TGF�-induced signals
that target downstream genes, such as p21 (25). Indeed, as

5 Reported by J. Kaczynski and R. Urrutia to NCBI, 2002.

FIGURE 3. A, Panc1 cells were transfected with KLF(FLAG/His) epitope-tagged expression constructs or control
empty vector to test TGF�RII promoter activity. B, Panc1 cells were transfected with indicated KLF(FLAG/His)
epitope-tagged expression constructs or control vector and then stimulated with 10 ng/ml TGF�1 after over-
night serum starvation to test TGF�RII promoter activity. C, Panc1 cells were transfected with various concen-
trations of epitope-tagged KLF14(FLAG) expression construct or control vector and then stimulated with 10
ng/ml TGF�1 after overnight serum starvation to observe the effect on TGF�RII promoter activity. Western
controls (FLAG/His) were shown for epitope-tagged KLF expression in all experiments. Expression of FLAG-
tagged KLF4, KLF7, KLF14, and KLF15 was confirmed by an anti-FLAG antibody (Sigma), whereas expression of
His-tagged KLF5, KLF9, and KLF11 was verified by the OMNI D8 antibody (Santa Cruz Biotechnology). Data are
the mean � S.D. from three independent experiments, with triplicates for each experiment.
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expected, TGF�1 treatment increases p21 promoter activity,
as observed via reporter assays, as well as its mRNA levels
(Fig. 4, C and D), whereas KLF14 reduces both p21 promoter
activity and mRNA levels upon TGF�1 treatment (Fig. 4, C
and D). These results suggest that KLF14 interferes with the
activation of downstream TGF�signaling effects, at least in
part, by its ability to repress the TGF�RII.

KLF14 Represses the TGF�RII Promoter via Distinct Sp1-like
GC-rich Sequences and Competition with Sp1—Repressor KLF
proteins, such as KLF14, have been previously shown to com-
pete with the canonical Sp1 protein for overall transcriptional
activity of a promoter, such as the CYP1A1 and LDLR promot-
ers (26, 27). Therefore, herein we test the ability of KLF14 to
repress transcription of the TGF�RII promoter in the presence

FIGURE 4. A, TGF�RII and KLF14 transcript levels were analyzed by determination of density, and relative transcript levels were represented by the ratio TGF�RII
cDNA/GAPDH cDNA and KLF14 cDNA/GAPDH cDNA. Data were the mean � S.D. from three independent experiments. B, KLF14 inhibits endogenous TGF�RII
transcript levels. Panc1 cells were transfected with KLF14 or control empty vector and then stimulated with 10 ng/ml TGF�1 for 24 h after overnight serum
starvation. Densitometry was performed after normalizing to the average of GAPDH, B2M, TUBB2, and HPRT1 levels and untreated control cDNA. C, Panc1 cells
were transfected with KLF14 FLAG epitope-tagged constructs or control empty vector along with a p21 promoter reporter construct and then stimulated with
10 ng/ml TGF�1 after overnight serum starvation. Western control for KLF14(FLAG) epitope-tagged protein expression is shown. D, KLF14 inhibits endogenous
p21 transcript levels. Panc1 cells were transfected with FLAG-KLF14 or control empty vector and then stimulated with 10 ng/ml TGF�1 for 24 h after overnight
serum starvation. Densitometry was obtained after normalizing to the average of GAPDH, B2M, TUBB2, and HPRT1 levels and untreated control cDNA.
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of exogenous Sp1 expression. Indeed, as shown in Fig. 5A, the
expression of exogenous Sp1 relieves the repression mediated
by KLF14 in a dose-dependent manner. Due to the direct, Sp1-
dependent up-regulation of theTGF�RIIpromoter as part of its
bimodal response during activation, we dissect whether the
repression of the TGF�RII promoter via KLF14 is also acting
through a direct mechanism on the promoter rather than indi-
rect due to KLF14 mediating a secondary effector.
Thus, to first delineate theDNAbinding properties of KLF14

to the promoter of TGF�RII in vitro, we characterize the five
putative Sp/KLF sites (shown in Fig. 1B) by electromobility shift
assay (Fig. 5B). In this experiment, radiolabeled oligonucleo-
tides for each of the 5 Sp1 sites have been created as well as
mutants for each site containing either 2- or 4-nucleotide sub-
stitutions (mut#1 or mut#2, respectively) within the GC-rich
binding sequence. Sp1-consensus oligonucleotides and respec-
tive mutants have been used as internal binding controls (Fig.
5B, lanes 1–3). The interaction between a recombinant KLF14
zinc finger DNA-binding domain and four of the Sp/KLF site

probes (#1–3 and 5) is specific as
indicated by the fact that an excess
of unlabeled probe competes with
the radiolabeled probes (Fig. 5B,
lanes 7 and 8). Furthermore, we
were able to abolish this binding by
using antibodies against the recom-
binant KLF protein (anti-GST anti-
body), thus confirming specificity of
the complex (Fig. 5B, lane 9). Fur-
ther specificity is evidenced by the
impaired ability of recombinant
KLF14 protein to bind to mutated
Sp/KLF probes (Fig. 5B, lanes 5 and
6). Visible but reduced binding is
noted with the 2-bp mutant probes
(mut#1, lane 5) for sites #1–3, how-
ever a significant loss of binding was
observed with the 4-bp mutant
probes (mut#2, lane 6) at all sites.
Moreover, through addition of
recombinant Sp1 protein to the
reaction, an increase in the concen-
tration of Sp1 diminished the bind-
ing of KLF14, demonstrating that
KLF14 and Sp1 compete for these
GC-rich binding sites (Fig. 5B, lanes
10 and 11), complementing the
competition results we observed in
vivo (Fig. 5A). Only a weak complex
was visualized with site #4, indicat-
ing that this site was less specific for
KLF14 binding than the other four
sites.
To functionally complement

these studies, we have performed
TGF�RII reporter assays with both
wild-type and mutant promoter-lu-
ciferase constructs. Site-directed

mutagenesis has been utilized to create a 2-nucleotide substi-
tution in each of the 5 GC-rich Sp/KLF sites (Fig. 5C). These
assays resulted in amarked loss of the repression observed with
the wild-type TGF�RII promoter upon KLF14 overexpression
withmutation in Sp/KLF sites #1, 2, 3, and 5, particularly with a
significant gain of transcriptional activity upon mutating site
#1. These findings demonstrate that these four are operational
to silence the transcriptional activity of the TGF�RII promoter
by KLF14. Furthermore, we did not observe a significant loss of
repressionwithmutation of site #4with KLF14 overexpression,
which supports our finding of negligible binding of KLF14 to
this specific Sp/KLF site (Fig. 5B). All together, KLF14 appears
to bind and act on four of the GC-rich sites of the TGF�RII
promoter to repress its transcriptional activity, and this occurs
through a mechanism that includes, at least in part, competi-
tion with Sp1.
Repression of the TGF�RII Gene by KLF14 Occurs via Mech-

anisms Involving Chromatin-modifying Enzymes—Careful
examination of KLF14 sequence reveals a 26-amino acid

FIGURE 5. A, KLF14 and Sp1 compete to regulate TGF�RII promoter activity. Panc1 cells were transfected with
KLF14(FLAG) and Sp1(His) epitope-tagged expression constructs or control empty vector as indicated to eval-
uate in vivo competition on TGF�RII promoter activity. Western control (FLAG/His) is shown for epitope-tagged
expression. Data are the mean � S.D. from three independent experiments, each done in triplicate. B, KLF14
binds to four of the putative Sp1 sites and competes with Sp1 on the TGF�RII promoter. Electromobility shift
assay was performed using KLF14-ZF GST fusion proteins and radiolabeled oligonucleotides for each of the five
putative Sp1 sites. Lane 1: control-Sp1 consensus oligonucleotide; lane 2: control-Sp1 mutant oligonucleotide;
lane 3: Sp1 consensus oligonucleotide and rhSP1 protein; lane 4: WT oligonucleotide; lane 5: mut#1 oligonu-
cleotide; lane 6: mut#2 oligonucleotide; lane 7: WT oligonucleotide and 25� cold probe; lane 8: WT oligonu-
cleotide and 100� cold probe; lane 9: WT oligonucleotide and anti-GST; lane 10: WT oligonucleotide and 1�
rhSp1 protein; lane 11: WT oligonucleotide and 5� rhSp1 protein. KLF14 band (open arrowhead). Sp1 band
(closed arrowhead). The depicted blots are representative of triplicate experiments. C, KLF14 utilizes four Sp/KLF
sites to repress the TGF�RII promoter in vivo. Panc1 cells were transfected with TGF�RII-luciferase with mutated
Sp1 sites as indicated and stimulated with 10 ng/ml TGF�1 after overnight serum starvation, and transcrip-
tional activity was measured and normalized to control empty vector. Data are the mean � S.D. from three
independent experiments, with triplicates for each experiment.
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domain that is highly similar to repression domains of KLF9
(BTEB1), KLF13 (BTEB3), and KLF16 (BTEB4) proteins (Fig.
6A), which we have previously shown to repress transcription
by recruiting Sin3a via its paired amphipathic helix 2 domain, as
well as HDAC (15, 28). Interestingly, other studies have found
that HDAC inhibition leads to transcriptional activation of the
TGF�RII promoter in various cancer cell lines, raising the pos-
sibility that a repressor of this type may be operational to
achieve this effect (29, 30). Thus, we have testedwhetherKLF14
does indeed interact with Sin3a andHDAC by immunoprecipi-
tating full-length FLAG-tagged KLF14 from PANC1 cells. The
presence of Sin3a and HDAC complexed to KLF14 is detected
by Western-blot analysis (Fig. 6B). Thus, these results indicate
that KLF14 interacts with Sin3a and HDAC in mammalian
cells, implying that these proteins are part of a repressor com-
plex. Subsequently, we have investigatedwhether this repressor
complex occupies the endogenous TGF�RII promoter in vivo
via ChIP assays. First, we find that KLF14 indeed binds to the
TGF�RII promoter (Fig. 6C). Moreover, congruent with our
data using promoter assays (Fig. 6C), treatment with TGF�1
increases the amount of KLF14 bound to the TGF�RII pro-
moter. In addition, the treatment with TGF�1 coincides with
the appearance of Sin3a on the same region of the promoter as
KLF14, further implicating this repressor complex in themech-
anism of KLF14 repression of the TGF�RII promoter (Fig. 6D).
To gain insight into the type of chromatin remodeling that
accompanies KLF14 and Sin3a occupation, we also have per-
formed ChIP using antibodies to various histone marks. Inter-

estingly, we find that, under native
conditions, acetylated histones H3
and H4 are present on the TGF�RII
promoter; however, upon TGF�1
treatment, these fall to negligible
levels, indicating a change from a
transcriptionally “active,” acety-
lated state to a relatively “inactive,”
non-acetylated state (Fig. 6D).
Moreover, we observe that, although
methylatedK20H4, amark of repres-
sion (31), is not present under native
conditions, it occupies the promoter
upon TGF�1 treatment along with
Sin3a (Fig. 6D). These types of exper-
iments are in agreement with the
“histone code hypothesis” (32),
revealing that the state of chromatin
in theTGF�RIIpromoter appears to
switch from “active” to “repressed”
upon KLF14 occupation after treat-
ment with TGF�1, all consistent
with the idea that KLF14 binds to
the TGF�RII promoter to cause
repression (Fig. 6, C and D). There-
fore, both competitionwith Sp1 and
direct repression via the N-terminal
domain, are likely to behave as a
dual mechanism of repression that
would make it more difficult to

reverse than if one of them was operational. This redundancy
would ensure that the promoter remains silent even under
circumstances that inactivate either of the single mechanisms
(Fig. 7).

DISCUSSION

The current study provides uswith several novelmechanistic
insights on the regulation of the TGF� pathway. For instance,
the data reported here represent the first functional character-
ization of the KLF14 protein, outline a novel pathway for the
silencing of the TGF�RII promoter, provide insight into the
molecular mechanisms by which these phenomena are
achieved, and report additional TGF�-inducible, KLF proteins
that are good candidates to regulate this promoter. These find-
ings are of significant relevance to the areas of KLF proteins,
TGF� signaling, themaintenance of cell homeostasis, and their
potential contribution to disease states.
TGF�1 ligand itself may play a role in regulating signaling by

down-regulating the cell surface receptor and thus abrogating
downstream messages. Others have also shown that the TGF�
receptors are under autoregulation control by ligand stimula-
tion (18). It has been previously shown that treatment with
TGF�1 leads to down-regulation of TGF�RII levels (19).
Derynck and colleagues (20) have previously described a proc-
ess in osteoblastic differentiation in which at first there is a
marked up-regulation of TGF�1 and sensitivity followed by
marked down-regulation of receptors and insensitivity to
TGF�1. Furthermore, recent in vitro studies on the biosynthe-

FIGURE 6. A, alignment displaying the 26-amino acid Sin3-interacting domain of KLF14 similar to other KLF
repressors, KLF9, KLF13, and KLF16. B, HDAC2 and mSin3a form a complex with KLF14 in vivo. Panc1 cells were
transfected with FLAG-tagged KLF14 or control empty vector constructs and FLAG-immunoprecipitated.
Immunoprecipitated complexes were then probed with antibodies against various known corepressors. WCE,
whole cell extract. C, KLF14 occupies the TGF�RII promoter in vivo. Panc1 cells were transfected with FLAG-
tagged KLF14 or control empty vector constructs and subject to chromatin immunoprecipitation. A 263-bp
fragment of the TGF�RII promoter was amplified by PCR from anti-FLAG or mock immunoprecipitated DNA
samples. Note that the TGF�RII promoter was amplified from anti-FLAG (�-FLAG) but not mock immunopre-
cipitated samples (mock) transfected with KLF14. The input shows the presence of the TGF�RII promoter prior
to immunoprecipitation. D, TGF�1 leads to repressive chromatin modifications upon KLF14 occupation of the
TGF�RII promoter. Panc1 cells were transfected with FLAG-tagged KLF14 and treated with TGF�1 and chro-
matin landscape ChIP assay was performed using specified antibodies.
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sis of the receptors indicate that the half-life of TGF�RII is�60
min and is further reduced to 45 min in the presence of exoge-
nous TGF�1 (33). Therefore, understanding how this down-
regulation of the TGF�RII promoter occurs is of primary bio-
logical importance for better understanding TGF� signaling.

In this regard, the current study reports several novel obser-
vations of significant biochemical relevance for extending our
knowledge of TGF� signaling regulation by non-Smad pro-
teins. For instance, this study represents the first functional
characterization of KLF14 as a novel TGF�-inducible repressor
protein that mediates silencing of the TGF�RII, and the mech-
anisms bywhich this phenomenon occurs, in particular the role
of corepressors and chromatin modifications on the TGF�RII
promoter. Previous promoter studies have primarily focused on
the role of Sp1 in the activation of this promoter. However,
recent studies have uncovered a paradoxical behavior for this
promoter, namely that histone deacetylase inhibitors are
needed to activate this promoter (34, 35). These data point to
the existence of a repressive state of this promoter, which is less
likely to be regulated by Sp1 but rather by Sp/KLF repressors of
the type previously described by our laboratory (11). However,
in the current study, rather than looking for a candidate gene
within the family of KLF repressors, we have performed an
unbiased screening for the TGF� inducibility of each of the 24
KLF transcription factors and find that KLF14 is up-regulated
upon TGF� treatment and also can efficiently repress the
TGF�RII. Interestingly, we demonstrate that there is a strong
inverse correlation between expression patterns in a temporal
manner of TGF�RII mRNA and KLF14 mRNA in human pan-
creatic cancer cells. Expression of exogenous KLF14 decreases
the level of transcription from theTGF�RII promoter, implying
a repressive role for KLF14 in TGF�RII expression.
Further analysis reveals themechanismbywhich this protein

works, indicating that KLF14 is a member of the Sin3-depend-

ent KLF repressors. This is important in light of there being two
types of repressors in this family as recently reviewed by us (11),
the Sin3a-dependent proteins, which include KLF9, -10, -11,
-16, and now -14, and the CtBP-dependent proteins, such as
KLF3 and -8. This knowledge can now be very useful for per-
forming rapid screening of the proteins that may be acting as
repressors of particular genes, besides the traditional HDAC
inhibitor experiments. This screening, we propose, can utilize
siRNA to either target CtBP or Sin3a. An abolition of the silenc-
ing activity would then rapidly focus the investigations on a
reduced number of candidates belonging to each of these
groups. In addition to the recruitment of a KLF14-mSin3A-
HDAC2 repressor complex to the TGF�RII promoter, we
observed a concurrent remodeling of chromatin, which
involves loss of transcriptionally “active” acetylated histone
marks and an increase in histone marks that associate with
transcriptional silencing. Finally, we defined binding sites
involved in KLF14-mediated repression of the TGF�RII pro-
moter, namely sites �143/138 (#1), �101/�95 (#2), �59/52
(#3) and �11/�5 (#5), which are consistent with previously
reported Sp1 sites, and these same sites, whenmutated, lose the
repressive effect of KLF14.
Overall, however, themajor relevance of this study is the fact

that it contributes to organize our thoughts on how TGF� sig-
naling is regulated. It has recently been appropriately proposed
to classify thesemechanisms bywhether they are directlymedi-
ated by Smads (the best studied to date) or those less under-
stood events regulated by non-Smad proteins (4). In fact, our
laboratory has previously described a role for KLF repressors,
namely KLF10 (TIEG1) and KLF11 (TIEG2), as non-Smad
effectors of the TGF� response in cell growth (9, 36). Now, due
to the findings reported in the current study, we can propose a
model wherein TGF� cytokines activate and repress the
TGF�RII promoter using the very same GC-rich sites utilized
by this family of proteins. Activation would occur in an initial
phase via Sp1, whereas inhibition would follow activation and
require the action of KLF14, competition of Sp1, recruitment of
Sin3a, HDAC, and distinct chromatin modifications on the
promoter (see model in Fig. 7). Therefore, KLF14 becomes
another important non-Smad protein, in which at least one of
its functions is to silence the TGF�RII. This novel transcrip-
tional pathway thus becomes an important step for modulating
the activity of TGF� signaling.
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