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During epithelial homeostasis, stem cells divide to produce
progenitor cells, which not only proliferate to generate the cell
mass but also respond to cellular signaling to transition from a
proliferative state to a differentiation state. Such a transition
involves functional alterations of transcriptional factors, yet the
underlying molecular mechanisms are poorly understood.
Recent studies have implicated Kruppel-like factors (KLFs)
including KLF5 in the renewal and maintenance of stem/pro-
genitor cells. Here we demonstrate that the pro-proliferative
factor KLF5 becomes anti-proliferative upon TGFB-mediated
acetylation in an iz vitro model of epithelial homeostasis. In the
HaCaT epidermal cell line treated with or without TGFf, we
found that KLF5 was not only essential for cell proliferation, it
was also indispensable for TGF 3-induced anti-proliferation in
these cells. KLF5 inhibited the expression of p15 (CDKN2B), a
cell cycle inhibitor, without TGF 3, but became a coactivator in
TGEFB-induced p15 expression in the same cells. Mechanisti-
cally, TGF recruited acetylase p300 to acetylate KLF5, and
acetylation in turn altered the binding of KLF5 to p15 promoter,
resulting in the reversal of KLF5 function. These studies not
only demonstrate that a basic transcription factor can be both
pro-proliferation and anti-proliferation in epithelial homeosta-
sis, they also present a unique mechanism for how transcrip-
tional regulation changes during the transition from prolifera-
tion to inhibition of proliferation. Furthermore, they establish
KLF5 as an essential cofactor for TGF signaling.

Epithelia constitute the surface and lining of many solid tis-
sues and have essential functions in different tissues. They are
maintained through epithelial homeostasis, which involves the
proliferation of stem/progenitor cells and the differentiation of
their daughter cells. Epithelial homeostasis constantly occurs in
vivo, and its disruption causes different diseases including can-
cer (1). At the molecular level, signaling from stroma com-
partment in a tissue such as transforming growth factor 3
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(TGFP)? signaling regulates epithelial homeostasis through
a transcriptional network, but the molecular details are not
well understood.

The basic transcription factor KLF5 is ubiquitously
expressed in many tissues including the breast, colon, intestine,
lung, prostate, etc (2-5). KLF5 is highly expressed in proliferat-
ing epithelial cells such as immortal but untransformed epithe-
lial cell lines and proliferating primary cultures of epithelial
cells, which mostly represent progenitor cells (2, 3, 6, 7). In
normal intestine, KLF5 is expressed at a higher level in basal
rapidly proliferating cells, but at a lower level in mature and
differentiated cells (8) and knock-out of one KLF5 allele signif-
icantly reduced the size of villi in mouse intestine (8). In vivo
overexpression of KLF5 in epidermis causes hyperplasia of
basal cells but lack of mature skin (9), further indicating a pro-
proliferative role of KLF5 in epithelial homeostasis. Recently a
combination of four transcription factors including KLF4,
Oct4, Sox2, and c-Myc was shown to reverse differentiated
cells to a pluripotent state (10—12). For the maintenance of
self-renewal and pluripotency of embryonic stem cells, KLF4
was found to be dispensable but KLF5 and KLF2 appeared to
be required, likely regulating key pluripotency genes (13).
These studies suggest that KLF5 plays a pro-proliferative
role in stem/progenitor cells including those involved in epi-
thelial homeostasis.

In most malignant epithelial cell lines tested, however,
ectopic expression of KLF5 appeared to have a contrasting
function in cell proliferation (2, 3, 6). In this study, we aimed to
understand whether and how KLF5 has opposite functions dur-
ing different phases of epithelial homeostasis, and if yes, what
mechanism is involved.

EXPERIMENTAL PROCEDURES

Cell Lines and Other Materials—The HaCaT epidermal epi-
thelial cell line was established by Dr. Norbert E. Fusenig of the
German Cancer Research Center (14), and was kindly provided
to us by Dr. Robert A. Swerlick of Emory University. It was
maintained following established procedures (14). The
HEK293 human kidney epithelial cell line, the HepG2 hepa-
toma cell line, and the COS-1 cell line were purchased from
American Type Culture Collection (ATCC) and propagated

2 The abbreviations used are: TGF, transforming growth factor 3; KLF, Krup-
pel-like factor; ChIP, chromatin immunoprecipitation assay; UTR, untrans-
lated region; siRNA, small interfering RNA; GFP, green fluorescent protein.
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following ATCC instructions. The TGF used in this study was
TGFB1 from R&D Systems (Minneapolis, MN).

The siRNA for KLF5, as described previously (15), was used
in all experiments except those shown in knockdown-reconsti-
tution experiments, in which siRNAs targeting the UTRs
of KLF5 were used (5'-AAGAGCGGAAGAAGAGTTTT-
GCTT-3' and 5'-AAGGACTTAGGGTGTCGTCGTTTT-3).

The antibodies against Smad4 or p15 were purchased from
Cell Signaling Technology (Danvers, MA), and the antibody
against actin was purchased from Sigma. The antibody against
KLF5 was prepared as previously described (16). Polyclonal
antibody specific to acetylated lysine 369 of KLF5 was produced
using a synthesized peptide that had a sequence of RSNPDLE-
KRRIHYC (residues 362-375 of KLF5), in which the lysine was
acetylated. Antisera from rabbits were affinity-purified using
the same peptide, and antibodies against amino acids other
than the acetylated lysine were removed by a second affinity
purification using a peptide that had identical sequence but
unacetylated lysine. Antibody against unacetylated lysine 369
was also produced and purified under the same manner, except
that the unacetylated peptide was used as antigen for antibody
production and the first affinity purification and acetylated
peptide was used for removing nonspecific antibodies in the
second affinity purification. Antibody production and purifica-
tion were conducted by Alpha Diagnostic International (San
Antonio, TX).

Cell Proliferation Assay—HaCaT cells were seeded at 2 X 10*
cells/well onto 12-well tissue culture plates and grown for 48 h.
Chemically synthesized siRNA were transfected into cells for
24 h. Different concentrations of TGFS were then added and
incubated with cells for 18 h, at which point [*H]thymidine (MP
Biomedicals, Irvine, CA) was added at 0.5 uCi/well. Four hours
later, cells were washed with phosphate-buffered saline, fixed in
5% ice-cold trichloroacetic acid for 2 h, lysed with 1 m NaOH,
transferred into glass fiber filters, and dried. Radioactivity was
measured using a scintillation counter.

In the knockdown-reconstitution experiments, the K369R
mutant of KLF5 expression plasmid, which contained a lysine-
to-arginine (AAA — CGT) mutation at amino acid residue 369
of KLF5, was produced by a PCR-based approach, with
pcDNA3-FLAG-KLF5 as a template. The entire insert was
sequenced to verify the mutation.

Detection of RNA or Protein Expression—Following the pro-
cedures described in our previous studies (17, 18), real-time
PCR and RT-PCR were performed to analyze RNA expression,
while Western blotting was conducted to examine protein
expression.

Promoter-Luciferase Reporter Assay—The pl5P165-Luc
plasmid was kindly provided by Dr. Xiao-Fan Wang of Duke
University (19). Wild-type and mutant plasmids were trans-
fected into HaCaT cells using Lipofectamine reagent (Invitro-
gen) for 24 h. siRNA for KLF5 and a negative control from
Dharmacon (Lafayette, CO), were then transfected. On the fol-
lowing day, 100 pm (2 ng/ml) TGFB was added and incubated
with cells for 20 h, before luciferase assay was carried out using
the Promega luciferase assay kit as previously described (18).

Oligonucleotide Pull-down Assay with Cell Lysates—Oligo-
nucleotides for the pl5 promoter, with biotin added to their
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5'-end, were synthesized by MWG-Biotech (High Point, NC).
The sequences for the oligonucleotides were as follows: Inr
(—12 to +11, see Li et al. (19) for nucleotide numbering),
biotin-5'-GGCTGGCTCCCCACTCTGCCAGAG-3" (wild type),
and biotin-5'-GGCTGGCTCAACAATATGCCAGAG-3’
(mutant); SPS2 (—89 bp to —65), biotin-5'-CAGCGGACAG-
GGGGCGGAGCCTAAG-3' (wild type), and biotin-5'-CAGC-
GGACAGGAAGTAGAGCCTAAG-3' (mutant); and SBE
(—443 to —385), biotin-5'-TAACTTGTATGACAGGTGCA-
GAGCTGTCGCTTTCAGACATCTTAAGAAAGACGGAG-
TTA-3' (wild type), and biotin-5'-TAACTTGTATGACAGG-
TGCAGAGCTGTCGCTTTCACTCATCTTAAGAAAGAC-
GGAGTTA-3" (mutant). Each pair of oligos was annealed
following standard protocols. HaCaT cells treated with 5 ng/ml
TGEPB or control solution for 3 h under reduced serum (1%)
condition were lysed in lysis buffer (50 mm Tris-HCI, pH 7.4,
150 mm NaCl, 1 mm EDTA, and 1% Triton X-100) containing
protease and phosphatase inhibitors. After cell debris was
removed by centrifugation, cell extracts were precleared with
ImmunoPure streptavidin-agarose beads (20 pul/sample,
Pierce) for 1 h at 4 °C. After centrifugation for 1 min at 5000 X
g, the supernatant was incubated with 100 pmol of biotinylated
double-strand oligonucleotides and 10 ug of poly(dl-
dC)-poly(dI-dC) for 16 h at 4 °C. DNA-bound proteins were
collected with 30 ul of immobilized streptavidin-agarose beads
for 1 h at4 °C, washed with lysis buffer for 4 times, separated on
a 10% SDS-polyacrylamide gel, and subjected to Western blot-
ting with different antibodies.

Co-immunoprecipitation (Co-IP) Assay—Co-IP was con-
ducted following the standard protocol using anti-FLAG M2
affinity gel (Sigma).

Oligonucleotide Pull-down Assay with in Vitro-translated
KLF5—Full-length and mutant KLF5 proteins were produced
by in vitro translation in the presence of [**S]methionine (GE
Healthcare, Piscataway, NJ) using the TNT® Quick-coupled
Transcription/Translation Systems (Promega) as described in
our previous study (18). 2 ul of in vitro-translated product were
used in each oligonucleotide pull-down assay as described
above.

Chromatin Immunoprecipitation (ChIP) Assay—HepG2
cells were transfected with pcDNA3-FLAG-KLF5 (16) or
pcDNA3-FLAG (Invitrogen) plasmid with the Lipofectamine
2000 reagent (Invitrogen). Forty hours after transfection, cells
were incubated in the presence or absence of 5 ng/ml TGF3 for
1 h. ChIP was performed according to the protocol from
Upstate (Lake Placid, NY). FLAG antibody-agarose beads
(Sigma) was used to protein/DNA complex. Precipitated DNA
was analyzed by PCR with CDKN2B promoter-specific primers
(5"-CTGGACATCCAGCGAGCAGTG-3' and 5'-GAGCT-
CAAAGCCGCTCTGGCC-3'). Human B-actin gene was used
as a control, with the following primers: 5'-CGGAGGG CGC-
CCCAACTCAG-3" (forward) and 5'-GCGCGCGCGGC-
CCCAGAACA-3’ (reverse).

RESULTS
TGEFP Reverses the Function of KLF5 from Pro-proliferative to

Anti-proliferative in Epithelial Homeostasis—The HaCaT epi-
dermal epithelial cell line, treated with or without TGEp, was
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chosen as a model of epithelial homeostasis for analysis because
numerous previous studies have established the relevance of
this model to epithelial homeostasis. For example, HaCaT cells
share molecular markers and phenotypes with stem/progenitor
keratinocytes (20, 21) and they also secret stem cell factor (22).
In addition, TGFR induces differentiation of HaCaT cells, and
use of HaCaT cells and their TGFB-treated counterparts has
yielded great insights into epithelial homeostasis (23-25). As in
other untransformed epithelial cell lines, KLF5 is highly
expressed in HaCaT cells (26).

Inhibition of cell proliferation is the most significant out-
come in TGFB-mediated differentiation of HaCaT cells, in
addition to other molecular and phenotypic alterations. There-
fore, we examined the function of KLF5 in the proliferation of
HaCaT epithelial cells. Consistent with previous findings that
showed a stimulatory role of KLF5 in the proliferation of epi-
thelial cells (6, 7) and in the renewal of embryonic stem cells
(13), we found that knockdown of KLF5 expression by trans-
fecting small interfering RNA (siRNA) significantly repressed
cell proliferation (Fig. 14). When TGEB was added, TGEp sig-
nificantly inhibited cell proliferation without KLF5 knock-
down, which is also expected (24, 25). In cells where KLF5 had
been knocked down, however, TGF3 failed to inhibit cell pro-
liferation, and even showed a trend of increasing cell prolifera-
tion to some degree with lower concentrations of siRNA (Fig.
1A). We performed similar experiments in another epithelial
cell line, the PZ-HPV-7 cell line immortalized from normal
human prostatic epithelial cells (27), and also found that knock-
down of KLF5 significantly suppressed TGFS’s inhibitory effect
on cell proliferation (supplemental Fig. S1).

In the PC-3 prostate cancer cell line, which expresses little
KLF5 protein due to excessive protein degradation (16) and
showed a weak response to TGF 3 growth inhibitory effect (28),
we restored KLF5 expression by adenoviral infection and ana-
lyzed the function of KLF5 in cell proliferation in the context of
TGEP (Fig. 1, B and C). Infection efficiencies of adenoviruses in
PC-3 cells were 86 and 81% for AAGFP and AdKLF5, respec-
tively. Consistent with published findings, PC-3 cells infected
with control viruses only showed a minimal response to the
inhibitory effect of TGE (Fig. 1C). However, increasing KLE5
expression clearly restored the response of PC-3 cells to TGFf3
in a dose-dependent manner similar to that observed in
untransformed cells (Fig. 1C). These results indicate that, in
some cancer cells where KLF5 expression is impaired due to
different mechanisms (2, 3, 16), restoration of KLF5 expression
can restore TGF 3 inhibitory function.

A positive role of KLF5 in cell proliferation has been repeat-
edly demonstrated in different types cells including epithelial
cells (2, 3, 6-8, 29). Our findings that knockdown of KLF5
reduced cell proliferation in the HaCaT epidermal epithelial
cell line further support this conclusion. More interestingly,
our findings in this study indicate that TGEB, a well-known
growth inhibitor in epithelial cells, converts KLF5 into an inhib-
itory factor in proliferating epithelial cells. Our results further
suggest that a transcription factor can reverse function during
the transition from proliferation to inhibition of proliferation in
epithelial homeostasis.
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FIGURE 1. Pro-proliferative KLF5 is necessary for TGF3-mediated inhibi-
tion of proliferation in epithelial cells. A, cell proliferation, as indicated by
the incorporation rate of [*H]thymidine into DNA, in HaCaT cells treated with
indicated concentrations of siRNA for KLF5 (SiKLF5) in the presence or
absence of TGFB (1 ng/ml). The negative control for siRNA treatment (the first
set of bars) contained no siRNA for KLF5 but 100 nm siRNA for the luciferase
gene (SiLuc). Expression of KLF5 was measured by real-time PCR. Data for
each point, expressed as means (bars) = S.E. (error bars), were from 3 wells of
cells. The experiment was repeated twice and consistent results were
obtained. B, KLF5 expression mediated by adenoviral infection of KLF5
(AdKLF5) in PC-3 prostate cancer cells, as detected by Western blot analysis.
AdGFP serves as a control. C, increased KLF5 expression sensitized PC-3 cells
to TGFB inhibitory effect on cell proliferation. A p value of 0.05 or smaller for
comparison between TGF 3-treated and untreated groups is indicated by an
asterisk (*), while that between KLF5 knockdown and control in TGF B-treated
cells is indicated by the pound sign (#).

TGFpB Also Reverses the Function of KLF5 in Gene Regulation—
During TGFB-induced epithelial differentiation, cell cycle pro-
gression is inhibited in the G1 phase through transcriptional
regulation of a set of genes. The cyclin-dependent kinase inhib-
itor p15 (CDKNZ2B) is a principal effector for TGF3-mediated
growth inhibition (24, 30, 31). To address whether KLF5 func-
tions by regulating the expression of genes including p15 in
epithelial homeostasis, we determined whether KLF5 regulates
p15 expression in cells treated with or without TGEf.

Without TGEB signaling, knockdown of KLF5 expression
increased p15 expression in HaCaT cells at both RNA and pro-
tein levels, as detected by real-time PCR, Western blot, and
RT-PCR analysis (Fig. 2, A-D). Consistent with published stud-
ies (6, 15), knockdown of KLF5 also suppressed the expression
of cyclin D1 and PDGFA (Fig. 2, C and D), both of which are
induced by KLF5 in proliferating cells. In agreement with a
positive role of KLF5 in cell proliferation without TGFp, these
results suggest that, in proliferating epithelial cells, KLF5 inhib-
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FIGURE 2. Inhibitory effect of KLF5 on p15 expression is reversed by TGF 3 in HaCaT cells. A, knockdown of
KLF5 increased p15 expression but inhibited TGFB-induced p15 expression in HaCaT cells, as measured by
real-time PCR assay. SiKLF5, siRNA for KLF5. TGF treatment was at 1 ng/ml for 20 h. The negative control for
siRNA treatment (the first set of bars on far left) was contained no siRNA for KLF5 but 100 nm siRNA for the
luciferase gene. A p value of 0.05 or smaller for comparison between KLF5 knockdown and control is indicated
by asterisk (*) in cells without TGF 3 treatment or by the pound sign (#) in TGFB-treated cells. B, protein expres-
sion of p15 and KLF5, as detected by Western blot analysis, in HaCaT cells transfected with 75 nm SiKLF5 or SiLuc
siRNA and treated with 1 ng/ml TGF for different times (hours). C, expression of KLF5, p15, and cyclin D1 in
HaCaT cells treated with 100 nm SiKLF5 or SiLuc, as examined by RT-PCR assay in duplicate reactions. D, expres-
sion of p15, PDGFA, and KLF5, as detected by real-time PCR assay, in HaCaT cells transfected with different
concentrations of SiKLF5 and SiLuc as indicated. E, p15 RNA expression, detected by real-time PCR assay, in
PC-3 prostate cancer cells infected with adenoviruses for KLF5 (AdKLF5) or GFP control (AdGFP), with or with-
out 1 ng/ml of TGF. F, protein expression of p15 and KLF5, as detected by Western blot analysis, in PC-3 cells
infected with AAGFP or AdKLF5 adenoviruses and treated with 1 ng/mI TGFBfor 0, 1,and 4 h. G, transfection of
a mixture of two siRNAs against sequences in the 5'-and 3'-UTR regions of KLF5 also increased p15 expression
without TGF 8 but impaired TGF B-induced p15 expression, as measured by real-time PCR assay in HaCaT cells.
TGFB concentration was 1 ng/ml. B-actin served as a loading control in panels B and F.

its the expression of p15 without TGF 3. When TGFf3 treatment
was applied to HaCaT cells, the expression of p15 was dramat-
ically induced at both RNA and protein levels as expected (Fig.
2, A and B), which is consistent with previous findings estab-
lishing p15 as a principal effector of TGF (24, 30, 31). How-
ever, pl5 induction was significantly impaired by the knock-
down of KLF5 expression (Fig. 2, A and B), indicating a
necessary role of KLF5 in TGFB-mediated pl5 expression.
These results indicate that when TGEp is activated, the func-
tion of KLF5 in regulating p15 expression is reversed from inhi-
bition to activation. Knockdown of KLF5 also inhibited
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mediate TGFB-induced transcrip-
tion (32, 33). It is also known that
KLF5 can be phosphorylated and
acetylated, and these modifications
modulate KLF5 activity (34, 35).
Taken together with the fact that

PDGFA

OVehicle
W TGFB

8 1 the regulation of pl5 by KLF5
o occurs both before and after TGFf3

treatment, the best possibility is that

0- TGEFB induces the acetylation of

0 50 100

KLF5, and KLF5 acetylation alters
SiKLF5-Mixture (nM)

the binding of KLF5 to gene pro-
moter to reverse its function in gene
regulation and cell proliferation.

In testing this hypothesis, we
first examined whether TGFB
alters the acetylation of KLF5.
Using an antibody specific for acety-
lated Lys-369 residue of KLF5 (35),
we found that, although acetylated
KLF5 was detectable in untreated
HaCaT cells, TGFf3 treatment dra-
matically increased the acetylation
of KLF5 protein (Fig. 34). We fur-
ther tested the role of TGFBin KLF5
acetylation using COS-1 cells
co-transfected with FLAG-tagged KLF5 or the acetylation-de-
ficient K369R mutant (35), HA-tagged p300, and TGF-BRI
(TPBRI), a TGEBreceptor that auto-activates the TGFB pathway
(36). Whereas expression of p300 induced acetylation of KLF5
and the K369R mutation abolished KLF5 acetylation as
expected (35), TGFP signal significantly enhanced p300-in-
duced KLF5 acetylation, (Fig. 3B).

We then determined whether acetylation of KLF5 is involved
in the reversal of KLF5 function in gene regulation and cell
proliferation. We developed a knockdown-reconstitution
approach that enabled us to compare wildtype KLF5 and the
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FIGURE 3. Acetylation of KLF5 is responsible for TGF 3-mediated func-
tional reversal of KLF5 in gene regulation and cell proliferation.
A, TGFBincreases the acetylation of endogenous KLF5 at lysine 369. HaCaT
cells were incubated with 5 um trichostatin A (TSA) for 18 h to enhance the
detection of acetylation, and then treated with TGFB (5 ng/ml) for indi-
cated times. Cell lysates were subjected to Western blotting analysis with
an antibody specifically against acetylated lysine at 369. Actin serves as a
loading control. Ac-KLF5, KLF5 with acetylation at lysine 369. B, acetylase
p300 induces KLF5 acetylation, which is enhanced by TGFB, while the K369R
mutation of KLF5 abolishes its acetylation. COS-1 cells were transfected with
indicated plasmids, and were subjected to IP with FLAG-antibody-conju-
gated beads and immunoblotting with antibodies against pan-acetyl-lysines
(AcK). The input was detected by using the anti-FLAG antibody. Cells were
incubated with 5 um TSA for 18 h to enhance the detection of KLF5 acetyla-
tion. C and D, acetylation of KLF5 is indispensable for TGFS to induce p15
expression and inhibit cell proliferation. HaCaT cells were transfected with
KLF5 siRNAs from UTRs along with wild type or mutant KLF5. TGF 3 was at 0 or
1 ng/ml, and is indicated by — or + (D) or white or black bars (C). Protein
expression was detected by Western blotting, and names of the molecules
are shown at the right (D). For panels D, band intensities were determined by
using the ImageJ program, and ratios of KLF5 to B-actin protein quantities are
provided under the lower panel. A p value of 0.05 or smaller for comparison
between TGFB-treated and untreated groups is indicated by an asterisk (*),
while that between KLF5 knockdown and control in TGFB-treated cells is
indicated by the pound sign (#).

MARCH 6, 2009 VOLUME 284+-NUMBER 10

acetylation-deficient K369R mutant of KLF5 in functional
assays. We transfected siRNAs against untranslated region
(UTR) sequences of KLF5, along with plasmids expressing
FLAG-tagged wild type KLF5 or the acetylation-deficient
K369R mutant, into HaCaT cells. These siRNAs target endog-
enous KLF5 but do not affect transfected KLF5, because the
expression constructs do not have the UTR sequences targeted
by the siRNAs. These siRNAs also efficiently knocked down
KLF5 and inhibited cell proliferation as the other siRNA did
(Fig. 2G), excluding the off-target effect of the KLF5 siRNAs.
Interestingly, the reconstituted wild-type KLF5 still inhibited
cell proliferation with TGEp, but the reconstituted acetylation-
deficient mutant lost this capability (Fig. 3C). These results not
only validated the results in Fig. 14, they also indicate that
acetylation is necessary for KLF5 to reverse function and medi-
ate TGFB-mediated inhibition of proliferation in epithelial
cells.

Using the same knockdown-reconstitution approach, we
also analyzed the role of acetylation in KLF5-regulated p15
expression. Consistent with the data in cell proliferation, we
found that reconstituted wild-type KLF5 still induced p15
expression with TGFf, but the reconstituted acetylation-defi-
cient mutant failed to do so (Fig. 3D), indicating that acetylation
of KLF5 is indispensable for TGE to induce p15 expression.

KLF5 Regulates p15 Expression through Direct Promoter
Binding in an Acetylation-responsive Manner—To further
understand how KLF5 exerts opposing functions in the context
of TGF 3, we conducted biochemical and molecular analyses to
determine whether KLF5 directly binds to p15 promoter to reg-
ulate p15 expression, and whether acetylation of KLF5 alters
such a binding.

We first tested whether KLF5 binds to p15 promoter. In the
promoter of pl5, the transcriptional initiator (Inr) has a
sequence of 5'-CCCACTCTG-3' that belongs to the consensus
KLF5 binding CA box (CCCACTC), and has been implicated in
TGEB-induced p15 expression by its binding to Miz-1,a MYC-
interacting protein (24). A promoter-luciferase reporter plas-
mid containing this sequence, p15p165, has been established
previously and shown to respond to TGES in expressing the
luciferase reporter gene (19). We mutated this potential KLF5
binding site to 5'-AACAATATG-3’, and then determined the
effect of KLF5 on TGFB-mediated promoter activity. Upon
transfection into HaCaT cells, neither wildtype nor mutant p15
promoter showed any activity when TGF 3 was absent (Fig. 44),
regardless of the status of KLF5 expression, which is consistent
with previous findings (19, 24). With the addition of TGEp,
significant luciferase activity was induced in cells expressing
KLF5, and this activity was abolished if KLF5 expression was
knocked down (Fig. 4A). The mutant promoter still did not
show any activity even when TGFB was added. These results
indicate that KLF5 plays an indispensable role in TGFB-medi-
ated p15 induction, and that the Inr sequence could be one of
the KLF5 binding sites in p15 promoter.

In addition to the Inr sequence, two other sequences in the
promoter of p15 also play important roles in its induction by
TGEp, as shown in previous studies (19, 24, 37). One is a Smad-
binding element (SBE), which is located at —443/-385, and the
other is the sequence harboring two Sp1 sites, especially the Sp1
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= — antibody against total KLF5 and
C Ol wwt  wwid TR s | —_ L. that against acetylated KLF5
e & i & & G e HAG showed an increased binding of
KLFS — | S Py Input Pl KLF5 H20 KLF5 after TGFB treatment, but
¥ TGFp: - + - + - + the antibody against unacetylated
— it KLF5 did not detect any KLF5 bind-

bound DNA but not in controls. TGF3 treatment was at 5 ng/ml for 1 h.

site at —89/—65 (SPS2 for Sp1 site 2). They both have GC-rich
sequences that are potential KLF5 binding sites (GGGCGG in
SPS2 and GTCGC in SBE), and thus could also mediate KLF5
function in regulating p15 expression. We performed an oligo
pull-down assay using in vitro-translated *°S-labeled full-
length KLF5 protein and a truncated form of KLF5 that lacked
the C-terminal DNA-binding zinc finger domains. Full-length
KLF5 bound to each of the 3 sequences, but the truncated form
did not (Fig. 4, B and C). Furthermore, the binding of KLF5 to
SPS2 was stronger than that to SBE or Inr, and no binding was
detected when mutant SPS2 oligo was used (Fig. 4B). Therefore,
KLF5 can bind to p15 promoter DNA without associating with
other factors.

We also performed oligo pull-down experiments for Inr,
SPS2, and SBE using cell lysates from HaCaT cells treated with
TGEB, with Smad4 as a positive control because the binding of
Smad4 to Inr and SBE has been reported previously (24). Biotin-
labeled oligonucleotides for wild type and mutant SPS2, SBE,
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FIGURE 4. KLF5 binds to p15 promoter and the binding is altered by TGFp-mediated acetylation.
?A, knockdown of KLF5 expression diminishes TGFB-induced p15 promoter activity, as determined by lucifer-
ase assay, in HaCaT cells. SiKLF5 and SiNeg are siRNA for KLF5 and negative control respectively. P15p165 is the
p15 promoter-luciferase reporter plasmid containing both Inrand SPS2 elements but not the SBE element (19).
TGFB was at 2 ng/ml. Band C, binding of in vitro-translated full-length KLF5 (F) but not C terminus-truncated
KLF5 (A) to different sites of p15 promoter, as detected by oligo pull-down assay. D-F, different bindings for
acetylated and unacetylated KLF5 to different DNA elements (Oligo) of the p15 promoter including Inr, SPS2,
and SBE, as detected by oligo pull-down assay combined with Western blot analysis in HaCaT cells. Inputs
represent samples without oligo pull-down. Mutant (Mut) oligos were used as controls for wild type (Wt) oligos.
TGF B treatment was at 5 ng/ml for 1-3 h. Preparation of antibodies against acetylated and unacetylated lysine
369 is described under “Experimental Procedures.” G, in vivo binding of KLF5 to p15 promoter, as detected by
the ChIP assay in HepG2 cells. Specific PCR products spanning Inr and SPS2 are seen in FLAG-tagged KLF5-

ing (Fig. 4, E and F), indicating that
only acetylated KLF5 binds to the
SBE and Inr sequences. Mutation in
each of the three sequences abol-
ished or dramatically decreased
their binding to both Smad4 and
KLF5, with or without TGEp treat-
ment (Fig. 4, D-F). These results
indicate that, without TGFB, more
KLF5 molecules are unacetylated
and they only bind to the SPS2 site
of p15 promoter. When TGEFf sig-
naling is activated, a certain amount
of KLF5 molecules are acetylated,
and acetylated KLF5 binds to each
of the three DNA elements.

To determine whether the binding of KLF5 to p15 promoter
occurs in a physiological status, a ChIP assay was performed.
Because our KLF5 antibodies did not work in immunoprecipi-
tation and the transfection efficiency for HaCaT cells was
rather limited, we chose to transfect FLAG-tagged KLF5 into
the HepG2 carcinoma cell line, another line frequently used to
study TGER, for the ChIP assay. As shown in Fig. 4G, binding of
KLF5 to pl5 promoter could be detected at least for the
sequence spanning the Inr and SPS2 sites, and the binding was
enhanced by TGE treatment.

DISCUSSION

A Transcription Factor Can Reverse Function upon Signaling-
induced Modification in Epithelial Homeostasis—In this study,
we first confirmed that the KLF5 transcription factor plays a
positive role in the proliferation of epithelial cells (2, 3, 6, 7, 9,
13, 38) (Fig. 1). More importantly, we found that KLF5 reverses
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its function to mediate TGF3-caused proliferation inhibition in
epithelial homeostasis (Fig. 1). Furthermore, we found that
KLF5 inhibits the expression of p15 and induces the expression
of cyclin D1 but mediates TGFf-mediated p15 induction and
cyclin D1 suppression (Fig. 2). One mechanism for TGF3-de-
termined opposing functions of KLF5 is that KLF5 binds to
gene promoters, and TGFB-caused acetylation of KLF5 alters
the binding of KLF5 to gene promoters, which in turn reverses
the function of KLF5 in gene regulation (Figs. 3 and 4). Effect of
acetylation on the binding of KLF5 to a promoter has been
demonstrated for the PDGFA gene (35). The transition from
proliferation to differentiation in epithelial homeostasis
requires changes not only in the transcription of genes, but also
in the function of transcription factors that regulate these
genes. While conventional thinking is that, during the transi-
tion, some transcription factors are turned on while others are
turned off, our findings indicate that the same transcription
factor can reverse function upon signaling-induced modifica-
tion. From an evolutionary point of view, it would be more
advantageous to reverse the function of a factor by modification
than to turn off one factor and turn on another.

We speculate that a balance between acetylated KLF5 and
unacetylated KLF5 is important for maintaining a balanced
proliferation and differentiation during epithelial homeostasis.
Protein level of KLE5 is tightly regulated by the ubiquitin-pro-
teasome pathway in epithelial cells (16, 18), indicating that the
level of KLF5 in a cell is critical for its proper function. Insuffi-
cient KLF5 could lead to a reduced rate of cell proliferation and
the production of differentiated cells, while too many unacety-
lated KLF5 molecules could lead to excessive proliferation and
insufficient differentiation. In either case, an interruption of the
balance between acetylated and unacetylated KLF5 could inter-
rupt normal homeostasis. Two in vivo studies support this pre-
diction (8, 9). In a knock-out study, while knock-out of both
KLF5 alleles was embryonically lethal, knock-out of one KLF5
allele significantly reduced the size of villi in mouse intestine
(8). We predict that the reduction in differentiated epithelium
is not only due to a reduced cell proliferation rate caused by loss
of KLF5, it could also be due to impaired differentiation of pro-
liferating crypt cells. In another report, overexpression of KLF5
in epidermis caused hyperplasia of basal cells but lack of mature
skin (9). Our explanation is that overexpression of KLF5 results
in too much unacetylated KLF5, which not only caused hyper-
plasia of basal cells, but also led to a reduced ratio of acetylated
KLF5 and reduced rate of differentiation.

KLF5 as an Integral Player in the TGFP Tumor Suppressor
Pathway—TGE B signaling is an important pathway involved in
multiple biological processes including epithelial homeostasis
(25). Defects in the TGFf signal transduction impair develop-
ment and epithelial homeostasis, and result in uncontrolled
proliferation and neoplasia in different human tissues (25, 39,
40). Understanding how TGE functions has been an impor-
tant area of investigation, and several transcription factors
mediating TGF function have been identified (24, 25). In this
study, we found that KLF5 is necessary for TGFf to inhibit cell
proliferation and to regulate gene expression (Figs. 1 and 2), and
acetylation deficiency in KLF5 interrupts TGE function (Fig.
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3). These findings establish KLF5 as an important co-factor for
TGEB function.

In summary, we found that transcription factor KLF5
reverses its function in gene regulation and cell proliferation
upon the activation of TGFf3 signaling. TGFB-mediated acety-
lation of KLF5 alters the binding of KLF5 to gene promoter,
which in turn reverses the function of KLF5. This previously
undescribed molecular process should be helpful for under-
standing the transition of progenitor cells from proliferation to
differentiation during epithelial homeostasis.
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