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Kriippel-like factor 4 (KLF4), a zinc finger-containing tran-
scriptional factor, regulates a variety of biological processes,
including cell proliferation, differentiation, apoptosis, and
stem cell reprogramming. Post-translational modifications of
KLF4, including phosphorylation, acetylation, and sumoyla-
tion, regulate its transcriptional activity. Most recent studies
also demonstrate that KLF4 is targeted for ubiquitin-depen-
dent proteolysis during cell cycle progression. However, the
underlying mechanism remains largely unknown. In this
study, we demonstrated that KLF4 is profoundly degraded in
response to TGF-f3 signaling. We have identified the Cdh1-
anaphase promoting complex as a putative E3 ligase that gov-
erns TGF-B-induced KLF4 degradation. The TGF-f-induced
KLF4 degradation is mediated by the destruction box on the
KLF4. Either depletion of Cdh1 by RNA interference or stabili-
zation of KLF4 by disruption of its destruction box signifi-
cantly attenuates TGF--induced ubiquitylation and degrada-
tion. In addition, depletion of Cdh1 or stabilization of KLF4
antagonizes TGF-fB-induced activation of transcription. Deter-
mining the role of KLF4 proteolysis in response to TGF- sig-
naling has opened a new perspective to understand the TGF-£
signaling pathway.

Kriippel-like factor 4 (KLF4),> a zinc-finger containing
transcription factor, regulates a variety of cellular processes,
including cell proliferation, differentiation, apoptosis, as well
as maintenance of tissue homeostasis (1). Recent studies have
demonstrated that KLF4 is one of four critical transcriptional
factors (Oct3/4, Sox2, KLF4, and c-Myc) that orchestrate the
reprogramming of differentiated cells into pluripotent stem
cells (2). In addition, current studies in carcinogenesis have
revealed an interesting feature of KLF4 in that it could func-
tion as both tumor suppressor and tumor promoter depend-
ing on tissue type and cellular context (1). The tumor-sup-
pressive effect of KLF4 has been characterized in various
types of cancer, including gastrointestinal cancer (3), esopha-
geal cancer (4, 5), bladder cancer (6), lung cancer (7), and lym-
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phoma (8). In contrast, its oncogenic effect has been reported
in breast and squamous cell carcinoma (9 —13). Mechanisti-
cally, KLF4 exerts its tumor-suppressive function mainly by
regulating cyclin-dependent kinase inhibitor (CKI) p21¥A!
(11, 14). Inactivation of p21"%* completely abolishes the cy-
tostatic action of KLF4. Furthermore, KLF4 also up-regulates
other inhibitors of proliferation such as p27<?* (15) and
down-regulates the expression of Cyclin B (16) and Cyclin D1
(17), positive regulators of cell cycle progression. The onco-
genic role for KLF4 is thought at this time to depend princi-
pally on its ability to inhibit apoptosis through the suppres-
sion of p53 expression (11). Depletion of KIf4 in breast cancer
cells induces p53 accumulation, which in turn leads to p53-
dependent apoptosis. In addition to p53 suppression, KLF4
could also inhibit the expression of Bax, a pro-apoptotic fac-
tor that is governed by p53 (18). Also, Rowland et al. (11) re-
cently reported that KLF4 could override Ras"'*-induced se-
nescence in primary fibroblasts and induce its transformation
with regulation of p21™¥*™! being pinpointed as the key to con-
verting between oncogene and tumor suppressor. The dual and
opposing roles of KLF4 in tumorigenesis and cell cycle arrest
have attracted the attention in the field. However, thus far, the
mechanism by which KLF4 switches from tumor suppressor to
oncogene in different types of cancer remains largely unknown.
The function of KLF4 is highly regulated at both transcrip-
tional and post-transcriptional levels. Previous studies re-
vealed that KLF4 is down-regulated by promoter hypermethy-
lation and loss-of-heterozygosity in many types of cancer (3).
In addition, KLF4 can be induced by a variety of stimuli, in-
cluding serum starvation (19, 20), oxidative stress (21), so-
dium butyrate (22), selenium (23), interferon-y (IFN-v) (24),
and cAMP (25). Interestingly, KLF4 expression can be either
elevated or repressed depending on the extent of DNA dam-
age (26). Stimuli-elicited KLF4 regulation is known to be gov-
erned by multiple mechanisms including increased transcrip-
tion, decreased mRNA stability, and increased protein
stability. For example, severe DNA damage can trigger a rapid
dissociation of Kif4 mRNA from the ubiquitous RNA-binding
protein, HuR, which destabilizes Kif4 mRNA (26). In addition
to its expression being regulated, KLF4 is also subjected to
many kinds of post-translational modifications such as acety-
lation (27) and SUMOylation (28). Moreover, the addition of
Sumol to KLF4 has been thought to be necessary to facilitate
KLF4-mediated transactivation (28). A most recent study has
implicated the importance of ubiquitin-proteasome system
(UPS) in KLF4 regulation in response to serum stimulation
(19). However, how KLF4 is regulated by UPS and which E3
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ligase is involved in the serum-responsive KLF4 ubiquitylation
remains unknown.

Transforming growth factor B (TGE-p) is a pluripotent
cytokine involved in almost every aspect of cellular behavior.
Perturbations of TGF-f signaling are central to tumorigenesis
and tumor progression (29, 30). Transduction of the complex
signaling starts on the cell surface where TGF- binding in-
duces the formation of the type I and II receptor complexes.
Type II receptor phosphorylates and activates Type I recep-
tor. Type I receptor then propagates the signal through phos-
phorylation of Smad2 or Smad3 (receptor-regulated Smad,
R-Smad). Upon phosphorylation, Smad2 or Smad3 form an
oligomeric complex with Smad4 (co-mediator Smad, Co-
Smad) and translocates to the nucleus, where they regulate
gene transcription in collaboration with DNA-binding co-
factors such as forkhead family member FoxH1, co-activators
such as p300, or co-repressors such as Ski (31). Like KLF4 and
Runt-related transcription factors (Runx) (32), TGF-8 has
dual functions in carcinogenesis, where it acts as either a cy-
tostatic factor in epithelial cells or in the early stage of cancer
cells or a promoter of invasiveness and metastasis in late stage
tumors (29, 30, 33, 34). As cytostatic regulator, TGF-f in-
duces expression of several crucial CKIs, including p15™*®
p21¥AF! “and p57%'*2 (33), which in turn represses growth
promoting transcription factor, c-Myc, and inhibitor of differ-
entiation (31). On other hand, epithelial-mesenchymal transi-
tion (EMT) closely correlates to TGF-B-induced invasiveness
and metastasis. Besides the above important features of the
TGE-B pathway, how this pathway is regulated has greatly
attracted our attention. It has been demonstrated that post-
translational modification plays a critical role in regulating
TGE- signaling, including phosphorylation, acetylation,
sumoylation, and ubiquitylation (35-39). Recent studies have
demonstrated that the TGF-f signaling pathway is tightly
regulated by UPS with several molecules in its signaling cas-
cade being targeted by UPS for proteolysis, including TGF-f3
receptors, Smads, and co-suppressors of transcription (38).
Several E3 ligases have been suggested to regulate the TGF-f3
signaling pathway, such as Smurfs (40, 41), Cdh1-anaphase
promoting complex (APC) (42, 43), SCEF®“7 (44), Arkadia
(45), and CHIP (46). The list of targets by UPS in the TGF-$
signaling circuitry is still expanding. Identification of new
UPS targets in regulating TGF-B-mediated cytostatic and tu-
morigenic function will advance our knowledge in the molec-
ular basis of TGF-f3 signaling pathway.

Our recent endeavor to search for new TGF-B-induced fast
turnover proteins by large scale protein profiling led to our
identification of KLF4 as a TGF-B-induced proteolytic com-
ponent. In this study we have elucidated the mechanism by
which KLF4 is degraded in response to TGF- signaling and
further determined the role of KLF4 proteolysis in TGF-$-
mediated transactivation. Results from this work have opened
a new avenue to understand the mechanism in the regulation
of TGF-f signaling.

’

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—Human embryonic kidney
(HEK) 293T cells were obtained from the American Type
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Culture Collection (Manassas, VA). Mink lung epithelial cells
Mv1Lu were generously provided by Dr. Xuedong Liu (Uni-
versity of Colorado, Boulder, CO). Mv1Lu cells stably express-
ing Cdh1 siRNA or control siRNA was generated as described
previously (47). These cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum, 1X antibiotic/antimycotic solution (100 units/ml of
streptomycin, 100 units/ml of penicillin, and 0.25 ug/ml of
amphotericin B), 100 wmol/liter of non-essential amino acids
and 100 mmol/liter of HEPES buffer solution (all from In-
vitrogen). All cells were cultured at 37 °C in a humidified at-
mosphere containing 5% CO,. For TGF- stimulation experi-
ments, 2 ng/ml of TGF-B (R&D systems) was used.

Plasmids and Transfection—The PAI-1 reporter plasmid
was the gift from Dr. Xuedong Liu (University of Colorado,
Boulder). Kif4 constructs were generated by PCR amplifica-
tion of the Kif4 coding sequence from pcDNA3.1-KlIf4 (the
gift from Dr. Daniel S. Peeper, Netherlands Cancer Institute,
Netherlands) and subsequent subcloning into pCS2-HA
(where HA is hemagglutinin), a mammalian expression vec-
tor. FLAG tag was introduced into the primers and the se-
quences for the primers are as following: for F/H-KLF4,
5'-CCATCGATGCCATGGACTACAAGGACGACGATGA-
CAAGGCTGTCAGCGACGCGCTGCTCCCA-3' (forward
primer) and 5'-TTGGCGCGCCAAAATGCCTCTTCATGT-
GTAAG-3’ (reverse primer); for FLAG-KLF4, 5'-CCATCGA-
TGCCATGGACTCAAGGACGACGATGACAAGGCTGTC-
AGCGACGCGCTGCTCCCA-3’ (forward primer) and 5'-
TTGGCGCGCCTTAAAAATGCCTCTTCATGTGTAAG-3’
(reverse primer). Kif4 constructs with mutations on destruc-
tion boxes (deletion of amino acids from 44 —49 and 204 —
209) were engineered using the site-directed mutagenesis kit
(Stratagene). The primer sequences are as following: for the
D1 mutation, 5'-CCCGAATAACCGCTGGTCCCACATGA-
AGCGAC-3’ (forward primer) and 5'-GTCGCTTCATGTG-
GGACCAGCGGTTATTCGGG-3’ (reverse primer); for
the D2 mutation, 5'-GGCCGAGCTCCTGGACCCGGTG-
TACA-3’ (forward primer) and 5'-TGTACACCGGGTCC-
AGGAGCTCGGCC-3’ (reverse primer). For transfection,
cells were plated to form a 50-70% confluent culture. The
HEK293T and Mv1Lu cells were transfected using Lipo-
fectamine 2000 (Invitrogen).

To construct pLenti6-IRES-GFP-HA-KIf4 and pLenti6-
IRES-GFP-HA-KIf4, the Kif4 coding sequence was first ampli-
fied from pCS2-F/H-KLF4 or pCS2-F/H-KLF4-2D and
cloned into pMX-IRES-GEFP, resulting in pMX-IRES-GFP-
HA-KLF4 or pMX-IRES-GFP-HA-KLF4-2D. The sequences
of used primers are: 5'-CCG CTC GAG ACC ATG TAC
CCT TAT GAC GTG CCC GAT TAC-3'(forward),
5'-ATA AGA ATG CGG CCG CTT AAA AAT GCCTCT
TCA TGT GTA AG-3'(reverse). Then the fragment en-
compassing HA-KLF4 or HA-KLF4-2D and IRES-GFP was
amplified and cloned into pENTR/D-TOPO, an entry vec-
tor for the Gateway system. The sequences of used primers
are: 5'-CAC CAT GTA CCC TTA TGA CGT G-3’ (for-
ward), 5'-TTA CTT GTA CAG CTC GTC CAT GC-3' (re-
verse). The resulting plasmids, ENTR-IRES-GFP-KIf4 or
ENTR-IRES-GFP-KIf4 -2D, were used for LR recombina-
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tion reaction together with the destine vector Lenti6/V5-
Dest, leading to the generation of pLenti6-IRES-GFP-HA-
KIf4 or pLenti6-IRES-GFP-HA-KIf4 -2D.

Lentiviral Infection—The pLenti6/V5-Dest plasmid was
co-transfected with VSV-G, pRRE, and RSV-REV into
HEK293T cells. Lipofectamine 2000 was used. The packaged
lentiviral particle was collected, mixed with Polyprene, and
added into target cells Mv1Lu. The GFP positive cells were
sorted out by flow cytometry for further assay.

RNA Extraction, cDNA Synthesis, and Real Time PCR—To-
tal RNA was isolated from various samples using TRIzol re-
agent (Invitrogen). 2 ug of RNA was primed by oligo(dT) (Pro-
mega) and reverse transcribed into cDNA with Moloney
murine leukemia virus reverse transcriptase (M-MLV RT)
(Promega). Real time PCR was carried out on a StepOne®Plus
Real-time PCR system (Applied Biosystems) using Fast
SYBR® Green master mix (Applied Biosystems). To pick up
the primers for real time PCR detecting the expression of Kif4
and B-actin in Mv1Lu cells, the fragments of the mink Kif4
and B-actin gene were amplified from Mv1Lu ¢cDNA and se-
quenced using the primers within the conserved regions as
revealed by the nucleotide sequence alignment of KIf4 and the
B-actin gene from different species. The primers for mink
Klf4 and B-actin are as following: Kif4, 5'-GAGGGAGACGG-
AGGAGTTCAA-3' (forward primer) and 5'-GGATGGGAC-
AGCGAATTGG-3' (reverse primer); B-actin, 5'-GGGAGA-
TCGTGCGTGACAT-3’ (forward primer) and 5'-GCCATC-
TCCTGCTCGAAGTC-3' (reverse primer).

Western Blotting and Immunoprecipitation Assay—Cells
were harvested and lyzed in radioimmunoprecipitation assay
(RIPA) lysis buffer (Upstate Biotechnology) containing prote-
ase inhibitor mixture (Sigma). The protein concentration was
determined using the Bio-Rad Protein Assay Reagent (Bio-
Rad). Western blotting was performed using anti-Cdk4 (Santa
Cruz), Cdk6 (Santa Cruz), Cyclin D1 (Santa Cruz), p15™ *?
(Santa Cruz), anti-SnoN (Santa Cruz), Skp2 (Santa Cruz),
KLF4 (Santa Cruz), HA (Santa Cruz), p21 (BD Biosciences),
ubiquitin (BD Biosciences), FLAG (Sigma), B-actin (Sigma),
and horseradish peroxidase-conjugated goat anti-mouse or
anti-rabbit secondary antibody (Promega). Signals were de-
tected with enhanced chemiluminescence reagents (Amer-
sham Biosciences). Semi-quantification of data were per-
formed using NIH Image. For the immunoprecipitation assay,
cell lysate was incubated with anti-FLAG M2 gel (Sigma) or
anti-Cdh1 (Calbiochem) antibody overnight at 4 °C on a rota-
tor, following by addition of protein A/G plus-agarose
(Pierce) to the reaction containing anti-Cdh1 antibody for 2 h
at 4 °C. After five washes with RIPA lysis buffer supplemented
with protease inhibitor mixture, complexes were released
from the anti-FLAG M2 gel and protein A/G plus-agarose by
boiling for 5 min in 2X SDS-PAGE loading buffer. Western
blotting was used to detect Myc-Cdh1 and KLF4 with anti-
Myc and anti-KLF4 antibody, respectively.

PAI-1 Reporter Assay—Cells were plated in 24-well plates.
After 24 h, cells were co-transfected with the PAI-1 reporter
plasmid and Kif4 constructs or the empty vector control using
Lipofectamine 2000 according to the manufacturer’s instruc-
tion. Firefly and Renilla luciferase activities were measured
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using a dual luciferase kit (Promega). The firefly luciferase
data for each sample was normalized based on transfection
efficiency as determined by Renilla luciferase activity. Each
experiment was performed in triplicate and repeated at least
three times.

Cell Viability Assay—2 X 10 of Mv1Lu cells were seeded
into a 96-well plate and cultured overnight. Then the cells
were treated with TGF-$ (100 pm) for 48 h. Cell viability was
determined using the CellTiter 96 AQuesous One Solution
(Promega) according to the manufacturer’s protocol.

RESULTS

KLF4 Protein Levels Are Drastically Down-regulated in Re-
sponse to TGF- Signaling—Previous studies have indicated
that the TGF-f signaling pathway is tightly regulated by
proteolysis. The role of UPS has been suggested to orchestrate
TGEF-B signaling by activation of TGF-B-induced transcrip-
tion via removal of co-suppressors and resetting the signaling
transducing system to the initial state by the degradation of
phosphorylated components, such as Smad2 and receptors
(37, 48). To identify potential novel proteolytic targets, we
systematically analyzed the protein profile in response to
TGEF-p signaling. Mv1Lu cells were treated with TGF-f3 for 4
and 24 h. TGF-B-induced protein alteration was measured by
immunoblotting. The results of TGF-B-induced alteration in
protein expression can be divided into three groups. Although
no obvious change in the concentrations of Cdk4, Cdké, Cy-
clin D1, and APC was observed, the abundance of p15INK4B
and p21V4! increased and the amounts of Cdc20, SnoN, and
Skp2 decreased (Fig. 1A4). Although down-regulation of SnoN
and Skp2 by TGF-p has been described previously, we were
nevertheless, surprised by our observation of the dramatic
down-regulation of KLF4 in response to TGF-f signaling,
which has not yet been reported. We decided to characterize
the relevance of TGF-B-induced KLF4 down-regulation and
further elucidate its underlying regulatory mechanism be-
cause KLF4 is critical to determine tumorigenesis and main-
tain stem cell pluripotency (49).

Given that KLF4 is an important regulator for transcrip-
tion, we first explored its potential role involving TGF-3-me-
diated transcriptional regulation by conducting a plasmino-
gen activator inhibitor-1 (PAI-1) reporter assay (50). The
KLF4 expression construct and PAI-1 reporter plasmid were
co-transfected into Mv1Lu cells and then the PAI-1 reporter
activity was measured by the dual-luciferase reporter assay
system. As shown in Fig. 1B, whereas an 8-fold increase in
PAI-1 reporter activity was measured in response to TGF-
stimulation, expression of KLF4 profoundly attenuated the
TGEF-B-induced PAI-1 activity suggesting that KLK4 plays a
suppressing role in TGF-B-induced transactivation and thus,
antagonizes TGF-p effect.

To study the kinetics of the alteration in KLF4 protein con-
centration by TGF-f3, we determined the expression profile of
the KLF4 protein in response to TGF-8 stimulation at differ-
ent time points. Mv1Lu cells were stimulated with TGF-8 and
harvested at different time points. Lysates were subjected to
immunoblotting. As shown in Fig. 1, C and D, a dramatic
drop in KLF4 expression was observed after 6 h following
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FIGURE 1. KLF4 protein levels are drastically down-regulated in response to TGF-p signaling. A, profiling of TGF-B-induced protein alteration. Lysates
were prepared from Mv1Lu cells treated with 100 pm TGF- at the indicated time point. Alteration of various proteins involved in cell cycle progression, cel-
lular differentiation, and transcriptional regulation were measured by immunoblotting. KLF4 protein levels dramatically dropped in response to TGF- sig-
naling. B, KLF4 profoundly affects TGF-B-initiated transactivation. TGF-B-induced PAI-1 transactivation was used as a readout. Mv1Lu cells were co-trans-
fected with plasmid carrying KLF4, PAI-1 reporter plasmid, and a Renilla luciferase construct (pRL-TK). Transfected cells were then treated with TGF-g for

24 h and harvested for dual-luciferase activity assay. After normalization to Renilla, firefly luciferase activity was presented as relative light units (RLU), plot-
ted against various treatments, and shown in the upper panel. Each bar represents the mean = S.D. for triplicate samples. KLF4 expression in various treat-
ments was estimated by immunoblotting using anti-hemagglutinin (HA) antibody, which is shown in the lower panel. C, time-dependent and TGF-g-in-
duced KLF4 down-regulation. Mv1Lu cells were treated with TGF-3, collected at different time points as indicated. TGF-B-induced alteration of KLF4 protein
levels was measured by immunoblotting using the antibody against KLF4. B-Actin was measured as loading control. D, quantification of TGF-B-induced
down-regulation of KLF4. E, examination of KIf4 mRNA levels in response to TGF-f3 signaling. Total RNA was prepared from Mv1Lu cells treated with TGF-8
at different time points. TGF-B-induced alteration of MRNA levels was measured by real time PCR. After normalization to the internal control B-actin, TGF-f3-
induced alteration of KIf4 mRNA levels were represented as the percentage of the vehicle control and plotted as indicated.

TGF-B stimulation. To obtain further clues as to whether TGF-B-induced KLF4 Alteration Is Mediated by the Ubiq-
TGEF-B-induced KLF4 alteration is due to transcriptional or uitin-Proteasome Pathway—To investigate whether the TGF-
post-transcriptional regulation, we assessed the dynamics of B-induced drop of KLF4 protein levels is due to post-transla-
Klf4 mRNA at different time points after TGF-f stimulation.  tional regulation, we measured the protein half-life of KLF4 in
As shown in Fig. 1E, no significant alteration of mRNA was the absence and presence of TGE-f3 signaling. Mv1Lu cells
observed in response to TGF-8 suggesting that TGF-B-in- were treated with the protein synthesis inhibitor cyclohexi-
duced down-regulation of KLF4 is via post-transcriptional mide (CHX) with or without TGF-. Cells were harvested at
regulation. different time points and the dynamic of KLF4 protein levels
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FIGURE 2. TGF-B-induced KLF4 alteration is mediated by the ubiquitin-proteasome pathway. A, turnover rate of KLF4 protein in the absence and pres-
ence of TGF-B signaling. Mv1Lu cells were treated with 10 wg/ml of cycloheximide (CHX) only or CHX plus TGF-B. The cell pellet was collected at different
time points as indicated. KLF4 protein levels were measured by immunoblotting. The KLF4 turnover rate was enhanced by stimulation with TGF-S. B, sum-
mary of A. C, TGF-B-induced KLF4 protein turnover is blocked by proteasomal inhibitor, MG132. Cells were collected 4 h after stimulation with TGF-B. The
TGF-B-induced drop of KLF4 levels was attenuated by MG-132. D, quantification of C. E, TGF-B-induced KLF4 down-regulation is mediated by ubiquitylation.
TGF-B-treated Mv1Lu cells were collected 4 h after cellular stimulation with TGF-B. The endogenous KLF4 protein complex was purified by immunoprecipi-
tation using anti-KLF4 antibody coupled with protein A beads. The ubiquitin-conjugated KLF4 in the immunoprecipitation (/P) complex was detected by
immunoblotting (/B) using anti-ubiquitin antibody. KLF4 protein levels in the whole cell lysates (WCL) were measured by immunoblotting. Obvious KLF4

ubiquitin conjugates were visualized in response to TGF-g signaling.

were measured by immunoblotting. As shown in Fig. 2, A and
B, addition of TGF-f significantly enhanced the rate of drop
for the abundance of KLF4 protein, suggesting that TGF-f3
enhances KLF4 turnover rate.

To test if the TGF-B-induced drop in KLF4 protein levels
was mediated by proteasome, we then evaluated the effect of
MG@G-132, a proteasomal inhibitor, on TGF-B-induced KLF4
down-regulation. Mv1Lu cells were treated with TGF- in the
absence and presence of the proteasome inhibitor MG132,
and KLF4 protein expression was analyzed by immunoblot-
ting. As shown in Fig. 2, C and D, whereas TGF- stimulation
induced a significant drop in KLF4 protein levels, the addition
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of MG132 completely abolished TGF-B-induced KLF4
down-regulation, suggesting that the TGF-B-induced KLF4
alteration is via a proteasomal pathway. To further exam-
ine if TGF-B-induced KLF4 down-regulation is mediated
by ubiquitylation, we tested endogenous KLF4 ubiquityla-
tion. Mv1Lu cells were treated with TGF- and the ubiq-
uitin conjugate of KLF4 was pulled down and detected by
immunoblotting. As shown in Fig. 2E, whereas minor KLF4
ubiquitin conjugates were detected in the absence of
TGE-p, a significant increase in KLF4 ubiquitin conjugates
was measured in response to TGF-f3 stimulation. Taken
together, results from the above experiments suggest that
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most APC substrates, KLF4 bears a conserved destruction box as indicated by sequence alignment with Cyclin B and securin. The alignment was performed
using the CLUSTAL W methods. Hs, human. B, elevation of Cdh1 results in degradation of KLF4. HEK293T cells were co-transfected with FLAG- and HA-
tagged KLF4 (F/H-KLF4) and Myc-tagged Cdh1 (Myc-Cdh1). Cells were collected 40 h after the transfection. Expression levels of F/H-KLF4 and Myc-Cdh1
were measured by immunoblotting (IB) using the antibodies against FLAG and the Myc tag, respectively. B-Actin was used as loading control. KLF4 protein
levels were dropped in cells with expression of Cdh1. C, overexpression of Cdh1 enhances KLF4 ubiquitylation. FLAG-tagged KLF4 (Flag-KLF4) was trans-
fected into HEK293T cells together with Myc-Cdh1 and HA-tagged ubiquitin (HA-Ub). Transfected cells were treated with MG132 for 6 h. The accumulated
ubiquitin-conjugated FLAG-KLF4 was examined by immunoprecipitation (/P) using anti-FLAG M2 affinity gel. KLF4 ubiquitin conjugates were then detected
by immunoblotting using antibody against HA. The expression of FLAG-KLF4 and Myc-Cdh1 in the whole cell lysates (WCL) was estimated by immunoblot-
ting. Overexpression of Cdh1 significantly enhances the formation of KLF4 ubiquitin conjugates. D, KLF4 interacts with Cdh1 in vivo. F/H-KLF4 and Myc-
Cdh1 were co-transfected into HEK293T cells. Interaction between KLF4 and Cdh1 was measured by immunoprecipitation using anti-FLAG-M2 gel (Flag-
KLF4) following by immunoblotting using anti-Myc (Myc-Cdh1). Expression of both FLAG-KLF4 and Myc-Cdh1 was estimated by immunoblotting using
whole cell lysates. E, endogenous KLF4 interacts with Cdh1 in Mv1Lu cells. Mv1Lu cells were treated by TGF-£ and applied to immunoprecipitation assay
using anti-Cdh1 antibody and subsequent immunoblotting using anti-KLF4 antibody. Cdh1 was pulled down with KLF4 immunoprecipitation. The expres-

sion of Cdh1 in the whole cell lysates was measured by immunoblotting.

the TGF-B-induced KLF4 down-regulation is mediated by
the ubiquitin-proteasome pathway.

Cdh1/APC Is a Putative E3 Ubiquitin Ligase Governing
TGF-B-induced KLF4 Proteolysis—To identify the potential
E3 ligase that governs TGF-B-induced KLF4 degradation, we
have systematically searched for putative degron on KLF4.
Like most of APC substrates, we found two conserved de-
struction boxes on KLF4, suggesting that APC could be a can-
didate E3 ligase for KLF4 degradation (Fig. 3A4). In addition,
previous studies have shown that the APC activity is respon-
sive to TGF-f stimulation and Cdh1 is the substrate activator
for APC to target the TGF-B-induced protein turnover such
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as SnoN and Skp2 (42, 43). We therefore hypothesize that
Cdh1/APC is a putative E3 ligase that governs TGF-B-in-
duced KLF4 degradation. To test this hypothesis, we tested
the stability of the KLF4 protein in response to overexpres-
sion of Cdhl. As shown in Fig. 3B, co-transfection of Kif4 and
Cdhl in human embryonic kidney cells (HEK293T) resulted
in significant down-regulation of KLF4 expression supporting
the notion that KLF4 is regulated by Cdh1/APC. We then
tested whether Cdh1/APC could facilitate KLF4 ubiquityla-
tion. FLAG-KLF4, Myc-Cdh1, and HA-ubiquitin were
cotransfected into HEK293T cells. KLF4 ubiquitin conjugates
were purified by anti-FLAG M2 beads followed by immuno-
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blotting using antibody against HA. As shown in Fig. 3C,
whereas a minor amount of KLF4 ubiquitin conjugates was
detected without expression of Cdh1, overexpression of Cdhl
dramatically enhanced KLF4 ubiquitylation, further suggest-
ing that Cdh1/APC is the ligase that catalyzes KLF4 for ubiq-
uitylation and degradation. Cdh1 has been shown to function
as a substrate receptor, which recruits substrates for APC (51,
52). To test if Cdh1 physically interacts with KLF4, we deter-
mined biochemical interaction between Cdhl and KLF4.
FLAG-KLF4 and Myc-Cdh1 were co-transfected into
HEK293T cells. The KLF4 complex was pulled down and
Cdh1 expression in the complex was detected by immuno-
blotting. As shown in Fig. 3D, expression of Myc-Cdh1 was
examined on the KLF4 complex suggesting that Cdh1l physi-
cally interacts with KLF4. To further confirm the interaction
between endogenous KLF4 and Cdh1, we conducted a pull-
down experiment in Mv1Lu cells after stimulation with
TGF-B. Mv1Lu cells were treated with TGF-3 and collected
4 h after the stimulation. The endogenous Cdhl complex was
pulled down by immunoprecipitation using antibody against
Cdh1 following by immunoblotting using antibody against
KLF4. As shown in Fig. 3E, a significant amount of KLF4 pro-
tein was detected on the Cdh1-IP complex but not in the con-
trol. All together, our results suggest that Cdh1/APC could be
a putative E3 ligase that governs TGF-B-induced KLF4
degradation.

To further validate the hypothesis that Cdh1/APC is a
putative E3 ligase governing KLF4 degradation in response to
TGE-p signaling, we depleted Cdh1 by RNA interference and
then tested the effect of Cdh1 depletion on TGF-B-induced
KLF4 degradation. To date, we initially measured activation of
APC by TGEF-p signaling. Mv1Lu cells were treated with
TGEF-B and collected at different time points. Endogenous
APC was purified by immunoprecipitation using antibody
against Cdc27 (a hardcore subunit of APC). Iodine 125-radio-
labeled Cyclin B was used as a test substrate of APC. As
shown in Fig. 44, upon stimulation with TGF-f3, cyclin ubiq-
uitylation as catalyzed by APC was significantly increased af-
ter stimulation with TGF-B. With Cdhl stably depleted in
Mv1Lu cells (Fig. 4, B and C), we next tested the effect of
Cdh1 depletion on TGF-B-induced KLF4 degradation. As
shown in Fig. 4, D and E, depletion of Cdh1 significantly at-
tenuated the TGF-B-induced KLF4 degradation, further con-
firming that Cdh1/APC is a putative E3 ligase that governs
KLF4 degradation in response to TGF-f3 signaling.

Mutation of Destruction Boxes on KLF4 Blocks TGF-B-in-
duced KLF4 Degradation, Which Impairs TGF-B-mediated
PAI-1 Transactivation—Mutation of destruction boxes
should stabilize KLF4 and thus antagonize TGF-f response.
To test this hypothesis, KLF4 mutants with deleted destruc-
tion boxes were generated as shown in Fig. 5A. Wild-type Kif4
or the KIf4 mutant were co-transfected with the Cdhl con-
struct into HEK293T cells and ubiquitylation of KLF4 was
analyzed. As shown in Fig. 5B, basal KLF4 ubiquitylation was
measured (lane 3). Although overexpression of Cdhl signifi-
cantly increased the ubiquitin signal for wild-type KLF4 (lane
4 compared with lane 3), disruption of the destruction box on
KLF4 significantly attenuated the Cdh1-enhanced KLF4 ubiq-
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uitylation. In addition, mutation of the destruction box on
KLF4 also stabilized KLF4 in response to TGF-f stimulation
(Fig. 4, C and D). To confirm that ectopic KLF4, similar to
endogenous KLF4 as described above, is also targeted by the
ubiquitin-proteasome pathway for degradation in response to
TGE-f signaling, we performed a protein chase experiment.
As shown in Fig. 5, E and F, TGF-f3 stimulation greatly pro-
moted turnover for the ectopically expressed KLF4. The TGEF-
B-induced turnover of ectopic KLF4 could also be blocked by
MG132 (Fig. 5, G and G).

To test the impact of Cdh1 depletion and KLF4 stabiliza-
tion on TGF-B-mediated transcriptional activation, we mea-
sured their effect on TGF-B-mediated PAI-1 activation. The
Cdh1 siRNA duplex was transfected into Mv1Lu cells. The
transfected cells were stimulated with TGF- and harvested
for the luciferase activity assay. As shown in Fig. 57, the PAI-1
reporter activity was induced 4-fold upon TGF-f3 treatment.
Depletion of Cdh1 significantly inhibited TGF-B-activated
PAI-1 reporter activity. As expected, stabilization of KLF4 by
disruption of the destruction box on KLF4 significantly atten-
uated TGEF-B-activated PAI-1 reporter activity (Fig. 5/). To
further examine whether stabilization of KLF4 could affect
TGEF-B-induced growth inhibition, we engineered Mv1Lu
cells that stably express non-degradable KLF4 using the lenti-
viral technique. As shown in Fig. 5K, expression of D-boxes
mutated by KLF4 significantly attenuate the TGE-S-induced
growth inhibition measured by MTS analysis. All together,
the present results demonstrate that KLF4 is targeted for
proteolysis in response to TGF- signaling. Cdh1/APC s a
putative E3 ligase for TGF-S-induced KLF4 degradation. Sta-
bilization of KLF4 impairs the TGF-B-induced transcriptional
activation that in turn antagonizes TGEF-3-induced growth
inhibition.

DISCUSSION

KLF4 is a critical transcriptional regulator that controls the
switch from somatic cell to stem cell as well as orchestrates
tumorigenesis (49). Although it has been demonstrated that
KLF4 is regulated by various post-translational modifications,
including phosphorylation, acetylation, and sumoylation, less
is known if KLF4 is regulated by UPS (19, 27, 28, 53). The
present study has demonstrated that KLF4 is regulated by the
proteolysis depending on ubiquitin. Destruction of KLF4 by
ubiquitin is necessary to ensure TGF-B-induced transcrip-
tional activation. Our present identification that Cdh1/APC
catalyzes KLF4 for ubiquitylation followed by degradation has
elucidated the mechanism by which KLF4 is degraded in re-
sponse to TGE- 3 signaling (Fig. 6). The findings from this
study have filled a gap in our knowledge about KLF4 regula-
tion and have further advanced our understanding of the
TGE-p signaling pathway.

Post-translational modifications tightly regulate protein
stability, subcellular localization, and functions. In addition to
transcriptional regulation, KLF4 is also known to be subjected
to multiple post-translational modifications, including acety-
lation (27), sumoylation (28, 54), and phosphorylation (53).
Our findings have provided another layer to our understand-
ing of the KLF4 regulatory circuitry, which in addition could
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FIGURE 4. Depletion of Cdh1 attenuates TGF--induced KLF4 degradation. A, APC activity is enhanced in response to TGF-f signaling. Mv1Lu cells were
treated with TGF-3 and collected at the indicated time points. Endogenous APC was then purified by immunoprecipitation using antibody against Cdc27.
lodine 125-radiolabeled cyclin B recombinant protein was used as putative substrate for APC in vitro ubiquitylation assay. Upon stimulation with TGF-,
APC activity was profoundly enhanced as reflected by increased formation of cyclin B polyubiquitin conjugates. B, Cdh1 knockdown by RNAi in Mv1Lu cells.
Mv1Lu cells were infected with Cdh1 shRNA expressing retrovirus and the stable cell line was generated. The knockdown effect of Cdh1 shRNA was evalu-
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enhance our understanding about the pivotal role of KLF4 in
stem cell biology and carcinogenesis. KLF4 was found to be
unstable in the human colon cancer cell line HCT116, where
increased expression of KLF4 induces cell cycle arrest at the
G, phase through activation of p21"#* and/or repression of
Cyclin D1 expression (14, 17, 55). After release from the se-
rum starvation-induced G, phase arrest, KLF4 is shown to be
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tagged by polyubiquitin and targeted for degradation. In our
studies, we found the turnover of basal KLF4 in both Mv1Lu
and HEK293T cells (Figs. 2, C and E, and 3C), suggesting that
KLF4 turnover could be important in cell cycle control as well
as non-cell cycle regulation. Identification of the precise role
for KLF4 in regulating cell cycle progression and further elu-
cidation of the mechanism by which KLF4 is ubiquitylated
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during the cell cycle are necessary to fill the current knowl-
edge gap, bringing us closer to understanding the mystery of
the double-blade function of KLF4 as both tumor suppressor
and oncogene. Similarly to KLF4, TGF- also has dual func-
tions in its tumor suppressing role and malignant enhancing
effect (29, 30, 33, 34). TGF-f3 stimulation inhibits cell cycle
progression at the G, phase through induction of p15INK4B
and p21V4F! (56, 57). Given that TGF- and KLF4 are both
involved in cell cycle regulation and KLF4 is negatively regu-
lated by TGF-B in Mv1Lu cells, KLF4 could function as a pos-
itive regulator of the cell cycle in Mv1Lu cells. How KLF4 is
regulated during cell cycle progression in Mv1Lu cells and
whether the ubiquitin-proteasome pathway is involved in this
regulation are both important aspects to understanding the
relationship between KLF4 and TGF-f. Uncovering the con-

TGF- Induces KLF4 Degradation

nection between KLF4 and the TGF-p signaling pathway may
bring some insights to the switch between their oncogenic
role and tumor suppressing function. In addition to post-
translational modifications, KLF4 is also targeted at the tran-
scriptional level. For example, p53 and CDX2 can activate
Klf4 transcription in different cellular settings (14, 58, 59).
Interestingly, the transcriptional regulation of Kif4 by TGE-f3
signaling has been reported in other cell lines. This regulation
is cell-context dependent. KLF4 is suppressed by TGF-f3 sig-
naling in the macrophage (60), but induced in vascular
smooth muscle cells (61). Our findings on the proteolytic reg-
ulation of KLF4 by TGF-8 signaling further supports the no-
tion that TGF-B-mediated KLF4 regulation is highly cell-con-
text dependent.

TGE-p signaling regulates a large number of targeted genes
through the activation of the downstream Smad pathway.
Because the activated Smad complexes bind with weak affin-
ity to Smad-binding elements located at the promoters of the
targeted genes, the recruitment of Smad complexes to chro-
matin depends on their direct interaction with transcriptional
factors that bind to DNA with higher affinity. Upon binding
to DNA and to their transcriptional partners, Smads recruit
co-activators, such as p300 and C/EBP-binding protein (CBP),
or co-repressor, such as retinoblastoma-like 1 to activate or
repress targeted genes (34). KLF4 is a zinc finger protein con-
taining transcription factor. The regulation of KLF4 by TGF-$
signaling is believed to occur at the transcriptional machinery.
In our study, KLF4 was found to greatly antagonize TGF-$-
mediated transcription (Fig. 1B). Likely, KLF4 may function as
a co-repressor. Thus, the removal of KLF4 by TGF signaling
will facilitate the activation of transcription by Smad. How
KLF4 interplays with the Smad complex and its transcrip-
tional co-factors to achieve the inhibitory effect will be inter-
esting for further study. Two well characterized co-repressors,
Ski (Sloan-Kettering Institute proto-oncogene) and SnoN
(Ski-related novel gene N), are also targeted for degradation
to facilitate the initiation of transcription. Several E3 ubiq-
uitin ligases have been identified to govern the turnover of
SnoN and Ski, including APC, SCF, RNF111, and Arkadia
(62— 65). In particular, we and others have demonstrated that
Cdh1/APC can be activated by TGF-p signaling to degrade
SnoN. Given that SnoN and KLF4 share the same E3 ubig-
uitin ligase, it is quite possible that KLF4 forms a complex

FIGURE 5. Disruption of the molecular degron blocks TGF-B-induced KLF4 degradation, which then impairs TGF-B-mediated PAI-1 transactivation.
A, diagram of the constructs expressing F/H-KLF4 and F/H-KLF4 with mutation of destruction boxes named F/H-KLF4-2D*. B, mutation of destruction boxes
attenuates Cdh1-induced KLF4 ubiquitylation. HEK293T cells were co-transfected with Myc-Cdh1 and FLAG-KLF4 or various FLAG-tagged Klf4 mutants
(FLAG-KLF4-D1*, FLAG-KLF4-D2*, and FLAG-KLF4 -2D¥), respectively. The transfected cells were treated with MG132 for 6 h. The accumulated ubiquitin con-
jugates of KLF4 were precipitated by anti-FLAG M2 gel and assayed by immunoblotting (/B) using antibody against HA. C, mutation of destruction boxes
inhibits KLF4 degradation in response to TGF-S signaling. Mv1Lu cells were transfected with F/H-KLF4 or F/H-KLF4-2D* and subsequently stimulated with
TGF-B. Cells were harvested at different time points as indicated. The expression of F/H-KLF4 and F/H-KLF4 -2D* was analyzed by immunoblotting using
antibody against HA. D, summary of C. E, ectopic KLF4 protein chase analysis in response to TGF-f signaling. Mv1Lu cells were transfected with F/H-KLF4
and treated with CHX in the absence and presence of TGF-p for different times as indicated. The dynamic of F/H-KLF4 expression was evaluated by immu-
noblotting using antibody against HA. F, summary of E. G, TGF-B-induced KLF4 degradation is blocked by MG132. Mv1Lu cells were transfected with F/H-
KLF4 and treated with TGF-B in the absence and presence of MG132. The expression of F/H-KLF4 was analyzed by immunoblotting using antibody against
HA. H, summary of G. I, Cdh1 depletion leads to inhibition of TGF-B-induced PAI-1 transactivation. Cdh1-depleted Mv1Lu cells were transfected with PAI-1
reporter plasmid together with a Renilla construct. The transfected cells were stimulated with TGF-B and harvested for luciferase activity assay. Relative
light units (RLU) were plotted against various treatments. J, stabilization of KLF4 enhances its inhibition on TGF-B-induced PAI-1 transactivation. Mv1Lu cells
were transfected with F/H-KLF4 or F/H-KLF4 -2D* together with the PAI-1 reporter plasmid and a Renilla construct. The transfected cells were subjected to
TGF-B treatment and harvested for luciferase activity assay. The induction of PAI-1 activity by TGF-B was presented as fold-increase of RLU and plotted
against various treatments. K, Mv1Lu cells were infected with pLenti6-HA-KLF4 or pLenti6-HA-KLF4 -2D. The GFP positive cells were sorted out and treated
with TGF-B for 48 h. The effect of stabilization of KLF4 on TGF-B-induced growth inhibition was measured by the MTS assay.
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with SnoN. Most recently, two studies have identified differ-
ent mechanisms for the regulation of KLF4 on TGF-B-medi-
ated transcription. In macrophages, KLF4 was found to com-
pete with Smad 3 for the co-activator p300/cAMP-response
element-binding protein and thus inhibit TGF-S-induced
transcription (60). In contrast, in vascular smooth muscle
cells, TGF-B induces KLF4 phosphorylation, allowing KLF4 to
interact with Smad2. The KLF4-Smad2 complex in turn me-
diates the transcription of TBR1 (TGE-f type I receptor) (53).
Taken together, like the regulation of TGF- on KLF4 expres-
sion, the regulation of KLF4 on TGF-f signaling is also highly
cell-text dependent.

TGEF-B signaling is thought to be the common regulator of
both epithelial cell cycle arrest and the EMT program, which
mediates the cytostatic effect and tumor promoter functions.
Similarly, KLF4 can suppress cell growth or inhibit apoptosis.
Most recently, KLF4 is also found to be involved in the EMT
program (66, 67). KLF4 can induce E-cadherin expression and
thus inhibit EMT in mammary epithelial cells, which supports
a suppressive role of metastasis by KLF4 in breast cancer (67).
Interestingly, the induction of KLF4 on E-cadherin promotes
mesenchymal-epithelial transition program, which is required
for efficient reprogramming of fibroblast into iPS cells (66).
Given that TGF-f signaling and KLF4 converge at E-cadherin
expression in terms of EMT regulation, the negative regula-
tion of KLF4 by TGF-3 prompts us to further investigate the
potential role of KLF4 in the TGF-B-induced EMT program
in the future. In general, our finding that the proteolytic regu-
lation of KLF4 by TGEF-f3 signaling established a foundation
for further study on the opposing role of KLF4 in carcinogen-
esis and paradoxical effect of TGF-f in both tumor suppres-
sion and oncogenic promotion.
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