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Background: Proteolysis of KLF4 is involved in estrogen signaling and cell growth.
Results: Accumulation of KLF4 due to estrogen-induced inhibition of VHL facilitates estrogen-mediated mitogenic growth.
Conclusion: Proteolytic regulation of KLF4 abundance by UPS orchestrates estrogen signaling and homeostasis for breast
cancer cells.
Significance: Demonstration of KLF4-VHL in facilitating estrogen signaling advances our knowledge of breast tumorigenesis,
which provides value for breast cancer therapy.

Krüppel-like factor 4 (KLF4), a zinc finger-containing tran-
scriptional factor, is a pivotal regulator of cellular fate. KLF4 has
attracted considerable attention for its opposing effect in carci-
nogenesis as tumor suppressor (e.g. colorectal cancer) or onco-
protein (e.g. breast cancer), depending on tissue context, with
the underlying mechanism remaining largely unknown. Here
we report that KLF4 mediates estrogen signaling in breast can-
cer formation. Accumulation of KLF4 by inhibiting its turnover
triggers estrogen-induced transactivation. We identified Von
Hippel-Lindau, pVHL, as the protein that governs KLF4 turn-
over in breast cancer cells and demonstrated that estrogen-in-
duced down-regulation of pVHL facilitates accumulation of
KLF4. We provide mechanistic insights into KLF4 steady-state
degradation as well as its elevation in the presence of estrogen
and show that elevated levels of pVHL or depletion of KLF4
attenuates the estrogen-induced transactivation and cell
growth. Finally, immunohistochemical staining revealed re-
duced concentration of pVHL and accumulation of KLF4 in
breast cancer tissues. We thus propose that suppression of
pVHL in response to estrogen signaling results in elevation of
KLF4, which mediates estrogen-induced mitogenic effect.

Krüppel-like factor 4 (KLF4), a zinc finger-containing tran-
scription factor, regulates diverse cellular processes, including
cell cycle progression, apoptosis, and metabolism as well as
stem cell renewal (1, 2). Although our current attention has
been largely drawn to its pivotal role in switching somatic cell
into stem cell in the presence of Oct3/4, Sox2, and c-Myc,
recent studies of carcinogenesis have surprisingly revealed its
dual faced characteristics in tumor suppression and tumor pro-
motion, depending on the tissue type andphysiological context,
with the underlyingmechanismof its functional switch remain-

ing largely unknown (1). The tumor-suppressive effect of KLF4
has been characterized in many types of cancer, including gas-
trointestinal cancer (3–8), whereas its oncogenic effect has
been reported in breast and squamous cell carcinoma (9–13).
Previous genetic and biochemical studies have provided a basic
sketch of how KLF4 functions in regulating gene expression
and how KLF4 itself is regulated during cell division or in
response to extracellular signaling. Principally, the up-regula-
tion of tumor suppressors p21/WAF1 and p27/KIP1 (11, 14, 15)
and down-regulation of oncogenes cyclin B and cyclin D1 (16,
17) are thought to mediate its tumor-suppressive function. As
to how KLF4 exerts its oncogenic function, it remains largely
unknown. It was speculated for a time that the oncogenic func-
tion of KLF4 was probably dependent on its ability to inhibit
apoptosis through the suppression of p53 and its target gene
Bax, a proapoptotic factor, and to promote cell migration and
invasion through the up-regulation of Notch signaling (11, 18,
19). Adding to the current understanding, our present study in
estrogen receptor signal transduction and breast cancer forma-
tion provides a new view into themystery of howKLF4 acts as a
mitogenic factor to enhance cellular growth, leading to possible
insight into its functional switch between tumor suppressor
and tumor enhancer.
KLF4 is a highly regulated protein that responds to intrinsic

and extrinsic signaling. The function of KLF4 is regulated at
both transcriptional and post-transcriptional levels. Previous
studies revealed that KLF4 is down-regulated by promoter
hypermethylation and loss of heterozygosity for many types of
cancer (3). KLF4 can be induced by a variety of stimuli, includ-
ing serum starvation (20, 21), oxidative stress (22), sodium
butyrate (23), selenium (24), interferon-� (IFN-�) (25), and
cAMP (26). In addition, KLF4 expression can be elevated or
repressed, depending on the extent of DNA damage (27). Stim-
uli-elicited KLF4 regulation is governed by multiple mecha-
nisms, including increased transcription, decreasedmRNA sta-
bility, and increased protein stability. Recent proteomic and
biochemical studies have revealed that KLF4 is subjected to
multiple post-translational modifications, such as acetylation
(28) and SUMOylation (29); both modifications are thought to
be involved in regulating the KLF4-mediated transactivation
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(29). A recent study has implicated the importance of the ubiq-
uitin-proteasome system in KLF4 regulation in response to
serum stimulation and during cell cycle progression (20). How-
ever, how KLF4 is regulated by the ubiquitin-proteasome sys-
tem and which E3 ligase is involved in the serum-responsive
KLF4 ubiquitylation remain unknown. Our present work has
explored whether von Hippel-Lindau (VHL)2 could be the
ubiquitin-protein ligase that governs KLF4 protein stability,
where alteration of KLF4 function by mitogenic signaling, such
as estrogen via regulating the VHL-mediated ubiquitin-protea-
some pathway, could be a critical mechanism that orchestrates
breast cell growth and transformation.
The results from the recent studies using an animal model

and histological analyses have left us perplexed in regard to the
dual roles of KLF4 as a tumor suppressor in gastrointestinal
cancer but also as a tumor enhancer in breast cancer (1). Studies
in breast cancer have uncovered that more than 70% of human
breast cancer has shown increased KLF4 protein expression,
which occurs as early as the stage of ductal carcinoma in situ (9).
Furthermore, the nuclear localization of KLF4 is associated
with a more aggressive phenotype (10). In addition, the associ-
ation of elevated KLF4 with progression of breast cancer was
further validated in canine mammary carcinomas, a natural
animal model for the comparative study with human breast
cancer (30). The aforementioned pathological observation in
breast cancer studies led us to ask several important questions:
1) whether disruption of proteolytic regulation of KLF4 corre-
lates with accumulated KLF4 protein levels in breast cancer
cells; 2) whether stabilization of KLF4 is a causative element for
the genesis and/or progression of breast cancer; and 3) whether
any of three major signaling pathways via estrogen receptor,
progesterone receptor, and epidermal growth factor receptor
signaling govern the homeostasis of normal breast cells as well
as breast cancer cells and if modulating the above signaling
pathways would affect KLF4 turnover and in turn impede cell
growth that contributes to breast carcinogenesis (31). To
answer these questions, we have dissected the proteolytic reg-
ulation of KLF4 in controlling the growth of breast cancer cells
using a combinatorial approach, including genetics, biochem-
istry, and cell biology as well as pathology. Our results suggest
that KLF4 is a fast turnover protein and that its steady state level
is partly governed by degradation asmediated byVHLE3 ligase.
KLF4 protein stability is highly regulated in response to estro-
gen receptor signaling. Down-regulation of VHL E3 ligase by
elevated estrogen-initiated signal results in a profound accu-
mulation of KLF4 that in turn facilitates the estrogen-governed
mitogenic growth and could be a critical mechanism for malig-
nant growth of breast cancer cells. Information from our pres-
ent work could fill the knowledge gap regarding howKLF4 pro-
teolytic regulation is involved in breast carcinogenesis, which
provides further insight for possible targets for new therapeutic
treatment.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—HEK293T, MCF-7, T-47D, and
MDA-MB-231were obtained from theAmericanTypeCulture
Collection (Manassas, VA). The viral packaging line Phoenix-A
cells were a gift from Edward V. Prochownik (University of
Pittsburgh). All cells weremaintained in DMEM supplemented
with 5 or 10% FBS, 1� antibiotic/antimycotic solution (100
units/ml streptomycin and 100 units/ml penicillin) (all from
Invitrogen). All cells were cultured at 37 °C in a humidified
atmosphere containing 5% CO2. For estrogen stimulation,
MCF-7 or T-47D cells were cultured in phenol red-free DMEM
supplemented with 5% charcoal-stripped FBS for 48 h. Then 10
nM 17�-estradiol (Sigma) was added to treat the cells.
Plasmids andTransfection—ERE-Luc reporter plasmidwas a

gift fromDr. Pamela A. Hershberger (University of Pittsburgh).
pRetroSuper-KLF4 shRNAwas a gift fromDr. Daniel S. Peeper,
Netherlands Cancer Institute) (11). VHL and KLF4 constructs
were generated by PCR amplification of the full-length or par-
tial coding sequence of human KLF4 and VHL and subsequent
subcloning intomammalian expression vectorswith FLAG-HA
or HA tag. KLF4 construct with a Lys-43 point mutation was
engineered using the site-directed mutagenesis kit (Strat-
agene). The primer sequences were as follows: 5�-GGAGC-
TCTCCCACATGAGGCGACTTCCCC-3� (forward primer)
and 5�-GGGGAAGTCGCCTCATGTGGGAGAGCTCC-3�
(reverse primer). For transfection, cells were plated to form a
50–70% confluent culture. The HEK293T cells were trans-
fected using Lipofectamine 2000 (Invitrogen).
To construct pLenti6-V5-KLF4 and pLenti-V5-VHL, the

coding sequence of KLF4 orVHLwas amplified and cloned into
pENTR/D-TOPO, an entry vector for the Gateway system. The
resulting plasmids, pENTR-KLF4, pENTR-KLF4-K43R, and
pENTR-VHL, were used for LR recombination reaction
(recombination between attL and attR sites) together with the
destination vector pLenti6/V5-Dest, leading to the genera-
tion of pLenti6-V5-KLF4, pLenti6-V5-KLF4-K43R, and
pLenti6-V5-VHL.
Lentiviral and Retroviral Infection—pLenti6/V5-KLF4,

pLenti6/V5-VHL, pRetroSuper-KLF4-shRNA, or pLKO.1-
VHL-shRNA (1, RHS3979-9607015; 2, RHS3979-9607016;
Open Biosystems) was co-transfected with pVSV-G, pRRE, and
pRSV-REV into HEK293T or Phoenix-A cells. Lipofectamine
2000 was used. The packaged lentiviral or retroviral particles
were collected, mixed with Polyprene, and added into MCF-7
target cells. The stable cell lines were established by culturing
the cells in the medium containing antibiotic blasticidin (20
�g/ml) or puromycin (2 �g/ml).
RNA Inference—siRNAs (Sigma) specifically targeted to dif-

ferent E3 ubiquitin ligases were synthesized and transfected
into MCF-7 cells using Lipofectamine 2000. Cells were col-
lected at 48 h post-transfection for the immunoblotting assay.
The synthesized siRNA sequences are as follows: BRCA1,
5�-GGAACCTGTCTCCACAAAG-3�; �-TrCP1/2, 5�-GTG-
GAATTTGTGGAACATC-3�; Skp2, 5�-ATTCAGCTGGG-
TGATGGTCTC-3�; VHL, 5�-CCATCTCTCAATGTTG-
ACGGA-3�; and Cdh1 (32).

2 The abbreviations used are: VHL, Von Hippel-Lindau; MTS, 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium;
ER, estrogen receptor; ERE, estrogen response element; KD, knockdown.
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RNA Extraction, cDNA Synthesis, and Real-time PCR—Total
RNA was isolated from various samples using TRIzol reagent
(Invitrogen). 2 �g of RNA was primed by oligo(dT) (Promega)
and reverse transcribed into cDNA with Moloney murine leu-
kemia virus reverse transcriptase (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). The primers for KLF4 and �-actin are as
follows: KLF4, 5�-ACCTACACAAAGAGTTCCCATC-3� (for-
ward primer); 5�-TGTGTTTACGGTAGTGCCTG-3� (reverse
primer); �-actin, 5�-GGCGGCACCACCATGTACCCT-3�
(forward primer); 5�-AGGGGCCGGACTCGTCATACT-3�
(reverse primer).
Western Blotting and Immunoprecipitation Assay—Cells

were harvested and lysed in radioimmune precipitation assay
lysis buffer (Upstate Biotechnology) containing protease inhib-
itor mixture (Sigma). The protein concentration was deter-
mined using Bio-Rad protein assay reagent. Western blotting
was performed using anti-KLF4 (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA), Cdh1 (Calbiochem), �-TrCP (Cell Sig-
naling), VHL (Cell Signaling), BRCA1 (Santa Cruz Biotechnol-
ogy), Skp2 (Santa Cruz), V5 (Invitrogen), FLAG (Sigma),
�-actin (Sigma), and HRP-conjugated goat anti-mouse or anti-
rabbit secondary antibody (Promega). Signals were detected
with ECL reagents (Amersham Biosciences). Semiquantifica-
tion of data was performed using NIH Image. For immunopre-
cipitation assay, cell lysate was incubated with anti-FLAG M2
gel (Sigma) or anti-KLF4 (Santa Cruz Biotechnology) antibody
overnight at 4 °C on a rotator, followed by the addition of pro-
tein A/G plus agarose (Pierce) to the reaction containing anti-
KLF4 antibody for 2 h at 4 °C. After five washes with radioim-
mune precipitation assay lysis buffer supplemented with
protease inhibitor mixture, complexes were released from the
anti-FLAGM2 gel and protein A/G plus agarose by boiling for
5 min in 2� SDS-PAGE loading buffer. Western blotting was
used to detect ubiquitin conjugates with anti-Myc (Santa Cruz
Biotechnology) and anti-ubiquitin antibody (BD Biosciences),
respectively.
ERE-Luc Reporter Assay—Cells were plated in 24-well plates.

After 24 h, cells were co-transfected with ERE-Luc reporter
plasmid and Renilla luciferase control vector using Lipo-
fectamine 2000 according to the manufacturer’s instruction.
Firefly and Renilla luciferase activities were measured 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� 103MCF-7 cells were seeded into a

96-well plate and cultured overnight. Then the cells were
treated with ICI 182780 for 96 h. Cell viability was determined
using the CellTiter 96 AQueous One Solution (Promega)
according to the manufacturer’s protocol.
Immunohistochemical Staining—Tissue sections of human

breast cancer and adjacent tissues were purchased from Pan-
tomics Inc. Tissue sectionswere treated as described previously
(33). The sections were then incubated with primary antibody
against KLF4 (1:100) and VHL (1:100) at 4 °C overnight. After
PBS washes, sections were incubated with biotinylated second-

ary antibody at 1:200 for 30 min. After incubating with Vec-
tastain ABC reagent (Vector Laboratories, Inc., Burlingame,
CA) for 30 min, the sections were developed with DAB (3,3-
Diaminobenzidine) (Sigma-Aldrich). Sections were counter-
stained with hematoxylin, followed by coverslip mounting.
Negative controls were obtained by omitting the primary
antibody.
To evaluate the expression of KLF4 andVHL, the percentage

of positive tumor cells was determined semiquantitatively by
assessing the entire tumor section. Each sample was assigned to
one of the following categories: 0 (0–4%), 1 (5–24%), 2 (25–
49%), 3 (50–74%), or 4 (75–100%). The intensity of immuno-
staining was determined as 0 (negative), 1� (weak), 2� (mod-
erate), or 3� (strong). A final immunoreactive score between 0
and 12 was calculated by multiplying the percentage of positive
cells with the staining intensity score. All slides were blind eval-
uated for immunostaining without any knowledge of the clini-
cal outcome or other clinical or pathological data. Statistical
analysis was performed using SPSS statistical software (SPSS
Inc., Chicago, IL). The results were presented as means � S.D.
p � 0.05 was considered statistically significant.

RESULTS

KLF4Protein Levels Are ProfoundlyUp-regulated inResponse
to Estrogen Signaling, Which Is Mediated through Ubiquitin-
Proteasome Pathway—Recent studies have implicated KLF4 as
a tumor enhancer in breast cancer (1, 11). Also, an increase in
KLF4 protein level has been observed in both human and
canine breast cancer (10, 30, 34), but the underlying mecha-
nisms remain unknown. Unexpectedly, recent microarray
studies from Oncomine demonstrated a lower expression level
of KLF4 mRNA in breast cancer as compared with normal tis-
sue (Fig. 1A) (35). Interestingly, KLF4 has been recently defined
as a fast turnover protein (20), further implicating that deregu-
lated KLF4 degradation could be a possible mechanism con-
tributing to its accumulation in breast cancer. To confirm the
hypothesis that KLF4 proteolytic regulation plays a role in
breast tumorigenesis, we have initially measured KLF4 protein
expression levels at various stages during the development of
breast cancer by immunohistochemistry. As shown in Fig. 1B,
while KLF4 protein was maintained at moderate levels in nor-
mal breast tissue, its expressionwas observed to be significantly
higher in cancer status, including benign, atypical ductal hyper-
plasia (ADH), ductal carcinoma in situ (DCIS), and invasive
breast cancer (IBC). Previous studies have suggested that KLF4
is a tightly regulated protein in response to a variety of environ-
mental signals and stresses (1, 36, 37). However, to date,
whether and how KLF4 protein is regulated by estrogen signal-
ing remains unknown. We thus examined the impact of estro-
gen on KLF4 function, which could potentially provide insight
into the observed deregulation of KLF4 in breast cancer. To our
surprise, KLF4 protein levels in MCF-7 cells dramatically
increased in response to 17�-estradiol (E2) (Fig. 1C), whereas
alteration of its mRNA level remained insignificant (Fig. 1D).
This result suggests that estrogen is a critical player governing
KLF4 function and that the E2-induced KLF4 up-regulation is
through post-transcriptional regulation. Further, KLF4 protein
levels remained unchanged in response to E2 treatment in ER-
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negative cell MDA-MB-231 (supplemental Fig. 1), indicating
that the regulation of KLF4 by E2 is specific to ER-positive cells.
To ask whether E2-induced KLF4 protein accumulation is

due to increased protein stability, wemeasured the rate of KLF4
protein turnover. As shown in Fig. 1E, in the absence of estro-
gen signaling, KLF4 rapidly degradedwith a half-life of less than
1 h, whereas KLF4 degradation decreased in the presence of E2,

suggesting that estrogen could stabilize KLF4 and that estro-
gen-induced KLF4 accumulation could be crucial for the mito-
genic effect in breast cancer development. This notion is fur-
ther confirmed by the observation that blockade of estrogen
signaling by ICI 182780 (antagonist of estrogen receptor)
resulted in a fall of KLF4 levels, whereas the ICI-induceddrop of
KLF4 was attenuated by the presence ofMG132, a proteasomal

FIGURE 1. Proteolytic regulation of KLF4 by estrogen signaling contributes to its overexpression in breast cancer. A, KLF4 mRNA level is down-regulated
in breast cancer. Oncomine was used to analyze the previously published microarray data. B, KLF4 protein level is consistently increased at different stages of
breast cancer progression. The level of KLF4 protein was analyzed and scored by an immunohistochemistry assay of the tissue array. NB, normal breast tissue;
B, benign; ADH, atypical ductal hyperplasia; DCIS, ductal carcinoma in situ; IBC, invasive breast cancer. C, kinetics of KLF4 protein accumulation in response to
17�-estradiol (E2). MCF-7 cells were hormone-stripped for 48 h and then treated with E2 at 10 nM for the indicated time. KLF4 protein levels were analyzed by
immunoblotting. �-Actin was used as a loading control. D, real-time PCR analysis of KLF4 mRNA level in response to E2 stimulation. Total RNA was extracted
from cells treated with E2 for the indicated time. A real-time PCR assay was performed using reverse transcribed cDNA. �-Actin served as internal control. E, E2
extends the half-life of KLF4 protein. Vehicle or E2-pretreated cells were treated with 20 �M protein synthesis inhibitor cycloheximide (CHX) for the indicated
time. The KLF4 protein turnover rate was measured by immunoblotting. F, proteasome inhibitor MG132 attenuates the ICI (estrogen receptor antagonist)-
induced drop of KLF4 protein levels. Cells were treated with ICI 182780 (1 �M) alone or together with MG132 (20 �M) for the indicated time and harvested for
immunoblotting analysis of KLF4 protein level. G, KLF4 ubiquitylation is enhanced when the E2 effect is blocked by ICI. Cells were treated with ICI for the
indicate time in the presence of MG132. Cells were lysed for immunoprecipitation using anti-KLF4 antibody. The immunocomplex was further probed for the
level of ubiquitylated KLF4 by immunoblotting using anti-ubiquitin antibody. WCL, whole cell lysates. Error bars, S.D.
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inhibitor (Fig. 1F). In addition, ICI-caused KLF4 degradation
was accompanied by increased KLF4 ubiquitylation (Fig. 1G).
Taken together, the above results suggest that KLF4 is pro-
foundly regulated in response to estrogen signaling. The estro-
gen-induced accumulation of KLF4 is mediated by the ubiqui-
tin-proteasomal pathway. The loss of KLF4 control due to
deregulated estrogen signaling may be linked to breast cancer
formation.

KLF4 Levels Elevated by Estrogen Mediate Estrogen-induced
Transactivation, Which in Turn Facilitates Estrogen-induced
Mitogenic Effect—Our current observations suggest theKLF4 is
tightly regulated in response to estrogen signaling with dis-
rupted regulation of KLF4 in breast tumorigenesis (Fig. 1,
A–G). The next questions include the role of KLF4 in estrogen
signal transduction and the impact of estrogen-induced KLF4
accumulation on the estrogen-mediated mitogenic effect. We

FIGURE 2. Elevation of KLF4 protein levels by E2 is required to facilitate estrogen signaling and its mitogenic effect. A, depletion of E2 in the culture
medium leads to a drop of KLF4 protein levels. MCF-7 cells were hormone-stripped for the indicated time and probed for the expression of KLF4 and several cell
cycle-related proteins, as indicated by immunoblotting. B, E2 promotes KLF4 protein accumulation in both MCF-7 and T-47D cells. Hormone-stripped cells were
treated with E2 for the indicated time and probed for KLF4 protein expression by immunoblotting. C, the treatment of ER antagonists leads to down-regulation
of KLF4 protein levels. MCF-7 cells were treated with either ICI or 4-hydroxytamoxifen (TAM) (1 �M) for the indicated time and collected for immunoblotting
using various antibodies as indicated. D, E2-induced accumulation of KLF4 protein could be abolished by antagonist of estrogen receptor. Hormone-stripped
cells were treated with E2 alone or E2 together with ICI. Equal amount of cell lysate was probed for KLF4 protein expression by immunoblotting. E, KLF4
knockdown (KD) results in the attenuation of E2-induced ERE-Luc activity. ERE-Luc and internal control Renilla luciferase vector (pRL-TK) were co-transfected
into KLF4-KD or control cells. Cells were then cultured in hormone-stripped medium overnight followed by 24 h of E2 stimulation. Cells were harvested for the
dual luciferase assay, and results are expressed as firefly luciferase activity normalized to Renilla luciferase activity (relative light units; RLU). KLF4 protein levels
in KLF4-KD cells in the absence and presence of E2 signaling were analyzed by immunoblotting. F, KLF4 knockdown attenuates the E2-induced pS2 mRNA levels.
KLF4-KD or control cells were hormone-stripped for 48 h and then treated with E2 for 24 h. Total RNA was isolated from treated cells followed by real-time PCR analysis
of pS2 mRNA level. G and H, depletion of KLF4 by shRNA significantly suppresses cellular growth. MCF-7 cells with stable expression of two different KLF4 shRNAs were
used for immunoblotting and the cell proliferation assay. I, KLF4 knockdown significantly abolishes E2-induced cell growth. KLF4-KD or control cells were cultured in
hormone-stripped medium supplemented with E2 or vehicle for 5 days, and cell growth was assayed by MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium). Error bars, S.D.
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initially detected the effect of E2 depletion in the culture
medium on KLF4 and observed that deprivation of E2 in the
culture medium led to significant reduction of cellular KLF4
(Fig. 2A), which correlatedwith decreased cellular growth (data
not shown). Similar to KLF4, the abundance of cyclin A and
Skp2 significantly decreased in parallel with an increase in p21
abundance. Adding back E2 to a physiological level (10 nM) in
E2-depleted culturemedium significantly drove KLF4 accumu-
lation in both MCF-7 and T-47D cells (Fig. 2B). Blockade of
estrogen signaling in regular culture medium by either ICI or
tamoxifen (antagonist of estrogen receptor) caused a drastic
drop in KLF4 levels (Fig. 2C). Moreover, E2-induced KLF4
accumulation was muted by the addition of ICI (Fig. 2D).
In the current paradigm of estrogen action, binding of E2 to

the estrogen receptor (ER�) causes homodimerization of ER�.
The ligand-bound ER� in turn translocates to bind to cognate
DNA sequence, estrogen response elements (EREs), and coop-
erates with recruited co-regulators to activate target gene tran-
scription (38). Given that KLF4 is a transcriptional factor, a
possible theory is that elevation of KLF4 by estrogen is neces-
sary for E2-activated transcription. To test this hypothesis, the
alteration of KLF4 by RNA interference on estrogen-mediated
transactivation was assessed by a dual luciferase assay. As
shown in Fig. 2E, while a 6-fold increase of ERE-Luc activity by
E2 stimulation is observed, depletion of KLF4 significantly
attenuates E2-induced transcriptional activation. This observa-
tion is further supported by the effect of altering KLF4 on pS2
mRNA (a well known E2-inducible gene) with E2-induced
increase of pS2 largely absent in KLF4 knockdown cells (Fig.
2F). To further examine the impact of KLF4 regulation by estro-
gen signaling, we estimated the effect of alteration of KLF4 by
RNA interference on estrogen-mediated mitogenic growth by
an MTS assay. As shown in Fig. 2, G–I, depletion of KLF4 sig-
nificantly suppresses E2-induced cell proliferation. The present
results suggest that up-regulation of KLF4 by estrogen is nec-
essary for estrogen-induced transactivation and mitogenic
effect. Suppression of estrogen-mediated mitogenic growth by
KLF4 depletion further points to the tumor-enhancing role for
KLF4 in breast cancer cell proliferation.
pVHL Acts as Ubiquitin-Protein Ligase Governing KLF4

Steady-state Turnover in Breast Cancer Cells—Our present
results revealed that KLF4 abundance is tightly orchestrated by
a ubiquitin-proteasomal pathway and further implicated that
down-regulation of the protein degradation machinery by
estrogen signaling could be the mechanism contributing to the
estrogen-induced KLF4 accumulation. To identify a potential
E3 ubiquitin-protein ligase that governs KLF4 degradation in
order to maintain homeostasis in breast cancer cells, we exam-
ined a cluster of possible E3 ligases that have been previously
connected to cell cycle control or signal transduction in breast
cancer cells, including Cdh1 (33), �-TrCP (39), VHL (40),
BRCA1, and Skp2 (41). The role for each candidate E3 ligase in
KLF4 turnover was evaluated by utilizing knockdown-based
transfection of duplex siRNA in MCF-7 cells. To our surprise,
although no obvious KLF4 alteration was detected in response
to silencing of Cdh1, �-TrCP, BRCA1, and Skp2, we observed
an acute increase of KLF4 protein abundance when VHL was
depleted by RNA interference in breast cancer cells (Fig. 3A).

We further noticed that elevated VHL expression resulted in
significant down-regulation of KLF4 levels in cultured
HEK293T cells (Fig. 3B). Moreover, KLF4 ubiquitylation was
largely enhanced by elevation of VHL expression in vivo (Fig.
3C). To confirm the observed connection between KLF4 turn-
over and VHL, we conducted similar experiments in both
MCF-7 and T-47D cells. As shown in Fig. 3,D and E, depletion
of VHL led to significant accumulation of KLF4, whereas over-
expression of VHL correlated with down-regulation of KLF4
levels. We also observed the KLF4 protein half-life is signifi-
cantly extended in VHL knockdown MCF-7 cells (Fig. 3F). In
addition, the endogenous KLF4 ubiquitylation in MCF-7 cells
was elevated by increased expression of VHL (Fig. 3G). All
together, our results suggest that VHL is an ubiquitin-protein
ligase that governs KLF4 turnover in breast cancer cells.
Down-regulation of pVHL Results in Accumulation of KLF4

Protein Levels Ensuring Estrogen-induced Transactivation and
Mitogenic Effect—The above results have sketched a possible
role for VHL in regulating KLF4 steady-state degradation,
which also supports the hypothesis that suppression of VHL
function by estrogen could be the mechanism leading to KLF4
accumulation. To test this hypothesis, we have examined the
alteration of VHL in the presence and absence of estrogen
signaling and have further evaluated the impact of VHL in
estrogen-mediated transactivation and cellular proliferation.
Interestingly, we observed that VHL protein levels were
down-regulated in response to estrogen signaling (Fig. 4A).
We further observed that blockade of estrogen signaling by
the addition of antagonist of estrogen receptor led to ele-
vated VHL and decreased KLF4 levels (Fig. 4B). Overexpres-
sion of VHL abolished the estrogen-induced KLF4 accumu-
lation (Fig. 4C). Moreover, stimulation of cells with estrogen
muted the VHL-catalyzed formation of KLF4-ubiquitin con-
jugates (Fig. 4D). To further corroborate the regulatory func-
tion of VHL on KLF4 stability in the context of estrogen
signaling, we have assessed the impact of VHL alteration on
estrogen-mediated transactivation and mitogenic prolifera-
tion. As shown in Fig. 4E, whereas stimulation of cells with
E2 led to �6-fold increase of ERE-Luc activity, overexpres-
sion of VHL caused a drop of ERE-Luc activity. Furthermore,
elevated VHL significantly abolished the estrogen-induced
mitogenic growth (Fig. 4F). Moreover, the ICI-induced up-
regulation of VHL and down-regulation of KLF4 was elimi-
nated by depletion of VHL (Fig. 4G). In addition, ICI-inhib-
ited MCF-7 cell growth was attenuated in VHL knockdown
cells (Fig. 4H). Taken together, the above findings suggest
that VHL is an E3 ligase that governs KLF4 turnover in
MCF-7 cells. Down-regulation of KLF4 steady-state turn-
over rate by suppressing VHL could be a mechanism that
ensures estrogen-induced KLF4 accumulation.
Mechanistic Role of Lysine in KLF4 Amino Terminus in Reg-

ulation by pVHL—Our demonstration of VHL as an E3 ligase
that regulates KLF4 turnover in breast cancer cell led us to the
mechanism by which KLF4 is catalyzed by VHL for ubiquityla-
tion and then degradation. KLF4 is a member of the zinc finger
transcription factor family, which bears activation and repres-
sion domains at the amino terminus and nuclear localization
sequence as well as a DNA binding domain at the carboxyl
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terminus (Fig. 5A) (36, 42). To identify the molecular region of
KLF4 responsible for its ubiquitylation by VHL, we generated a
series of FLAG/HA-taggeddeletionmutants (Fig. 5A). All of the
deletion mutants retain nuclear localization sequence and
DNA binding domain to avoid any potential change of subcel-
lular localization and DNA binding properties. Deletion
mutants were co-transfected with VHL into HEK293T cells.
Degradation of wild-type KLF4 or various KLF4 mutants by
VHL was evaluated by immunoblotting. As shown in Fig. 5B,
the 60 residues at the amino terminus play a pivotal role in
mediating KLF4 degradation by VHL. To further identify
detailedmotifs on the amino-terminal 60 residues that facilitate
the KLF4 ubiquitylation by VHL, we have searched all possible
information on the 60 residues and found two conserved lysine
residues at positions 23 and 43 (Fig. 5C). Deletion of the first 31
residues at the amino terminus did not affect KLF4 protein

stability, suggesting that lysine 23 is not the critical residue
involved in KLF4 ubiquitylation and degradation (Fig. 5B). To
test this hypothesis, we engineered a lysine 43 mutant KLF4 by
replacing lysine with arginine (K43R) (Fig. 5C). To examine the
impact of lysine 43 on KLF4 on facilitating KLF4 ubiquitylation
by VHL, K43R mutant and VHL were co-transfected into
HEK293 cells. As shown in Fig. 5D, whereas the wild-type KLF4
is significantly ubiquitylated by the co-transfected VHL, muta-
tion of lysine 43 on KLF4 significantly attenuates KLF4 ubiqui-
tylation, suggesting that lysine 43 is the critical molecular ele-
ment mediating the ubiquitylation of KLF4 by VHL. To further
confirm the role of lysine 43 in the proteolytic regulation of
KLF4, we examined the turnover rate of wild type and mutant
KLF4. MCF-7 cells were infected with lentivirus expressing
V5-tagged KLF4wild type or K43Rmutant. Cycloheximide was
used to block the protein synthesis, and the protein turnover

FIGURE 3. VHL E3 ligase plays critical role governing KLF4 steady-state turnover in breast cancer cells. A, evaluation of candidate E3 ubiquitin
ligases involving in KLF4 protein turnover. MCF-7 cells were transfected with a series of siRNAs against various candidate E3 ubiquitin ligases as
indicated. An equal amount of cell lysate was probed for the expression of various proteins, as indicated by immunoblotting. B, KLF4 is down-regulated
by elevated expression of VHL. FLAG/HA-tagged KLF4 was co-transfected with VHL construct or empty vector into HEK293T cells. Transfected cells were
probed for the expression of the indicated proteins by immunoblotting. C, VHL catalyzes KLF4 ubiquitylation. HEK293T cells were transfected with the
indicated plasmids and subjected to immunoprecipitation by anti-FLAG M2 beads. The immunocomplex was probed for the KLF4 ubiquitin conjugates
by immunoblotting using anti-Myc antibody. D, VHL knockdown leads to KLF4 accumulation. Both MCF-7 and T-47D cells were infected by VHL-shRNAs
as described under “Experimental Procedures” and probed for KLF4 and VHL expression by immunoblotting. E, elevated VHL down-regulates KLF4
expression. Both MCF-7 and T-47D cells were infected with V5-tagged VHL and probed for KLF4 and VHL expression by immunoblotting. F, VHL
knockdown extends the half-life of KLF4 protein. VHL-KD or control cells were treated with CHX for the indicated time and probed for KLF4 expression
by immunoblotting. CHX, cycloheximide; Error bars, S.D.
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rate was measured by immunoblotting using anti-V5 antibody.
As shown in Fig. 5E, the half-life of wild type KLF4 was about
3 h, whereas the half-life for K43Rmutantwas greatly extended,
further verifying the critical role of lysine 43 on KLF4 stability.
As demonstrated in Fig. 4, G and H, KLF4 protein stability is
affected by ICI, an antagonist of estrogen receptor. Thus, it is
anticipated that, like VHL knockdown, K43R mutation could
abolish ICI-induced KLF4 degradation. As expected, at 8 h of
ICI treatment, only a minor amount of V5-tagged KLF4
remained. By contrast, no effect by ICI was observed for K43R
mutant (Fig. 5F). In addition, an MTS assay was performed to
evaluate the effect of KLF4 stabilization on the cell growth inhi-
bition by ICI. MCF-7 cells stably expressing V5-tagged wild
type ormutantKLF4were treatedwith 100 nM ICI for 96 h,with
cell viability examined by MTS reagent. As shown in Fig. 5G,
expression of K43R mutant attenuated ICI-mediated growth
inhibition (Fig. 5G, left). All together, the present results sug-
gest that lysine 43 on KLF4 is critical to facilitate KLF4 ubiqui-
tylation by VHL for degradation. Stabilization of KLF4 signifi-
cantly mimics the estrogen-induced mitogenic effect and
recapitulates the cellular growth that is suppressed by blockade
of estrogen signaling by ICI. This result further indicates that
molecular management of KLF4 protein stability is a central

point that orchestrates the effects of estrogen signal, which has
translational value for endocrine therapy in breast cancer treat-
ment (43).
Increased KLF4 in Breast Cancer Correlates with Reduced

pVHL Levels—Previous studies have demonstrated the tumor
suppressor function for VHL in various types of cancer (44).
Our result based on a cultured cell model suggests that, in
breast cancer cells, VHL could antagonize the estrogen-in-
ducedmitogenic effect, suggesting themechanismof its growth
suppression in breast carcinogenesis. To validate this conclu-
sion obtained by molecular and biochemical analyses, we have
performed immunohistochemistry to examine the expression
of both VHL and KLF4 in breast cancer and normal adjacent
tissue samples. The immunohistochemistry was done on sec-
tions from paraffin-embedded specimens with a representative
stain shown in Fig. 6A. In agreement with previous studies
(40), VHL protein level decreased in breast cancer tissue in
comparison with adjacent normal tissue (Fig. 6, A and B). In
the same cohort, KLF4 protein level was significantly up-reg-
ulated in comparison with adjacent normal tissue, which
shows a reversible pattern compared with VHL expression.
The complementary staining pattern further corroborates
the notion that KLF4 protein is accumulated via VHL down-

FIGURE 4. The proteolytic regulation of KLF4 by VHL is involved in estrogen signaling and its mitogenic effect. A, stimulation with estrogen results in
down-regulation of VHL, which in turn leads to accumulated KLF4. Hormone-stripped MCF-7 cells were treated with E2 or vehicle. Whole cell lysates were
prepared, and immunoblots were probed with the indicated antibodies. B, blockade of estrogen receptor signaling by ICI leads to elevated VHL, which in turn
abolishes KLF4 protein degradation. C, elevated expression of VHL attenuates E2-induced KLF4 accumulation. V5-VHL-transfected or control cells were
hormone-stripped, followed by E2 treatment. Whole cell lysates were prepared for immunoblotting. D, estrogen abolishes the VHL-catalyzed formation of KLF4
ubiquitin conjugates. E, elevated VHL suppresses ERE-Luc activity. ERE-Luc and internal control Renilla luciferase vector were co-transfected into V5-VHL or
control cells. After 24 h of hormone stripping, cells were treated with E2 or vehicle and harvested for the dual luciferase assay. F, elevated VHL attenuates
E2-induced cell growth. V5-VHL or control cells were cultured in hormone-stripped medium supplemented with E2 or vehicle for 4 days. Cell viability was
measured by MTS. G, VHL knockdown abolishes ICI-induced KLF4 degradation. VHL-shRNA or control cells were treated with ICI and probed for the expression
of VHL and KLF4 by immunoblotting. H, VHL knockdown attenuates ER antagonist-induced cell growth inhibition. VHL-shRNA or control cells were treated with
ICI for 4 days. Cell growth was analyzed by an MTS assay. IP, immunoprecipitation. Error bars, S.D.
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FIGURE 5. Mapping the critical regions on KLF4 that mediate its degradation by VHL. A, generation of a series of KLF4 deletion mutants. B, evaluation of
protein stability for a set of designed KLF4 mutants. KLF4 wild-type or deletion mutant was co-transfected with the VHL construct into HEK293T cells. Whole cell
lysates were prepared, and immunoblots were probed with anti-FLAG for ectopic KLF4 protein. Although the loss of the amino-terminal 30 residues has no
effect on KLF4 degradation, deletion of the amino-terminal 60 residues results in stabilization of KLF4, suggesting that the region from residue 30 to 60 is crucial
to facilitate KLF4 degradation. C, identification of two conserved lysine residues on the amino terminus of KLF4 through an informatics search that are
highlighted in red. D, KLF4-K43R is resistant to ubiquitylation catalyzed by VHL. KLF4 wild-type or KLF4-K43R was co-transfected with HA-tagged VHL and
Myc-tagged ubiquitin constructs into HEK293T cells. Whole cell lysates were prepared for immunoprecipitation by anti-FLAG M2-agarose. The immunocom-
plex was probed for ubiquitin conjugates by immunoblotting using anti-Myc. E, KLF4-K43R has a lower turnover rate as compared with its wild-type counter-
part. MCF-7 cells were infected with pLenti6-V5-KLF4 or V5-KLF4-K43R and treated with CHX. At the indicated time points, cells were harvested for an
immunoblotting assay of ectopic KLF4 expression using anti-V5. F, KLF4-K43R is resistant to the antagonist of estrogen receptor-induced degradation. MCF-7
cells, infected with pLenti6-V5-KLF4 or pLenti6-V5-KLF4-K43R, were treated with ICI for the indicated time. Whole cell lysates were prepared, and immunoblots
were probed by anti-V5 for the expression of ectopic KLF4. G, KLF4-K43R attenuates the antagonist of estrogen receptor-induced cell growth inhibition. MCF-7
cells stably expressing V5-KLF4 or V5-KLF4-K43R were treated with the indicated dose of ICI for 4 days. Cell viability was measured by MTS. Error bars, S.D.
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regulation to achieve its oncogenic function during breast
carcinogenesis. Our measurement of KLF4 expression at dif-
ferent stages of breast cancer formation showed that ele-
vated KLF4 expression crossed from benign to invasion stage
(Fig. 1A). We speculate that deregulated VHL could be a
reason for accumulated KLF4 in breast cancer tissue. We
predict that disruption in the regulatory circuitry of VHL-
KLF4 and estrogen signal transduction could be an etiologi-
cal factor during early onset of breast tumorigenesis.

DISCUSSION

KLF4 has been well known for its mysterious role in the
switch of the cellular program from somatic to stem cell, with
its putative role in tumorigenesis attracting considerable inter-
est given its ambiguous nature from tumor suppressor to onco-
gene. Results from the recent combinatorial dissection of KLF4
have revealed its role in carcinogenesis through regulating cell
cycle, apoptosis, genomic integrity, and signal transduction (1,
36, 45). The present work explores the function of KLF4 in
breast carcinogenesis, especially for its role in orchestrating
estrogen signal transduction. We have demonstrated for the
first time that the proteolytic regulation of KLF4 is crucial to
facilitate estrogen-induced transactivation and mitogenic
effect.We identifiedVHL as a ubiquitin-protein ligase that gov-
erns KLF4 degradation and demonstrated that accumulation of
KLF4 via suppression ofVHLvia estrogen signaling is necessary
for physiological response of estrogen signaling. These results
indicate that KLF4, as an oncogenic factor, might play an
important role in the genesis of breast cancer, and the VHL-
KLF4molecular axis could be a new target in endocrine therapy
for breast cancer treatment (Fig. 7).
New Insight into Role of VHL-KLF4 Axis in Estrogen Signal

Transduction—One of the major features of KLF4 in tumori-
genesis is its tissue-dependent nature for its function from
tumor suppression to oncogenesis (1). Previous studies defined
the role for KLF4 as a tumor suppressor in gastrointestinal can-
cer through up-regulating transcription of several key cell cycle
inhibitors, such as p21, p27, and p57 (11, 14, 15), and down-
regulating cell cycle progression factors, such as cyclin B and
cyclin D1 (16, 17). Intriguingly, recent studies in breast cancer
revealed that, unlike its role in gastrointestinal tissue, KLF4

FIGURE 6. Regulation of KLF4 by VHL is validated in human breast cancer
tissue. A and B, immunohistochemistry analysis of KLF4 and VHL protein
expression in human breast cancer. Sections from breast cancer and adjacent
normal tissues were analyzed by immunostaining using antibodies against
KLF4 and VHL. Staining without primary antibody served as negative control.
A quantification of tissue staining, as described under “Experimental Proce-
dures,” is shown in B. *, p � 0.001. Error bars, S.D.

FIGURE 7. Model for the regulation of KLF4 by VHL in the estrogen signal transduction and concomitant mitogenic effect.
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predominantly promotes tumor genesis and progression dur-
ing breast cancer formation (11, 19).However, howKLF4 exerts
its oncogenic functions remains unknown. Our present study
has uncovered a mechanism by which KLF4 acts as an onco-
genic factor in breast tumorigenesis via mediating estrogen sig-
nal transduction. Particularly, we demonstrated that ubiquitin-
dependent proteolysis of KLF4 plays a critical role in regulating
estrogen-activated mitogenic effect via orchestrating turnover
of KLF4. Given the critical impact of estrogen signaling in
mammary gland development and breast tumor initiation, our
work provides a new insight into the VHL-KLF4molecular axis
in estrogen signal transduction and breast tumorigenesis (38).
The classical model of estrogen signaling involves ligand-

receptor binding, which induces receptor dimerization and
subsequent binding to specific DNA sequence. The ligand-
bound ER recruits and complexes with co-activators, such as
SRC1 and -3, and co-regulators, such as histone acetyltrans-
ferases, and activates target gene transcription. ER also regu-
lates gene transcription by interacting with other transcription
factors, such as activating protein 1 (AP1) and specificity pro-
tein 1 (SP1) (46). Although a known factor in orchestrating
transcription, the detailed mechanism by which KLF4 is
involved in estrogen-mediated transactivation still remains
under investigation. Previous studies have shown that KLF4 is a
gene-specific activator or repressor (36), where the transactiva-
tion domain on its amino terminus governs its essential activity
(47). Mechanistically, the function of the amino-terminal
domain depends on its interaction with co-activators, such as
p300/CBP (28, 47, 48) and Tip 60 (49). Both p300/CBP and
Tip60 have histone acetyltransferase activity, which catalyzes
the acetylation of localized histone at the promoter. The acety-
lated histone in turn recruits other transcription factors as well
as the basal transcriptional machinery to activate transcription.
Intriguingly, both p300/CBP and Tip60 also function as co-ac-
tivators for several nuclear hormone receptors, including ER�
(50, 51). Thus, it could be possible to speculate that KLF4 com-
plexes with ER� and certain co-activators to exert its promot-
ing function in estrogen-activated transcription.
One surprise conclusion based on recent studies on estrogen

signaling is its innovative aspect in regulating cell cycle check-
point and DNA repair (52, 53). E2/ER inhibited ATR activation
elicited by DNA damage-inducing stimuli in breast cancer and
normal mammary epithelial cells (53). As a result, the down-
stream signaling of ATR was blocked, including G2 checkpoint
and p53/p21-mediated G1/S checkpoint. The inhibition of
DNAdamage-induced cell cycle checkpointsmight allow accu-
mulation of unrepaired mutations, which further promotes the
onset of breast carcinogenesis. Indeed, estrogen was reported
to induce DNA double strand breaks in breast cancer cells (52).
Other than its function in cell cycle progression and prolifera-
tion, the role of KLF4 in DNA damage response has been well
documented as well (16, 18, 27, 54, 55). It is noteworthy that
KLF4 could inhibit p53 expression to achieve its anti-apoptotic
effect when cells were challenged with severe DNA damage
(27). In addition, depletion of KLF4 frombreast cancer cells was
shown to cause p53-dependent apoptosis (11). Collectively,
these observations could support a possible hypothesis that
estrogen-induced KLF4 accumulation might have a role in reg-

ulating the cell cycle checkpoint whose deregulation may con-
tribute to genome instability and tumorigenesis.
Proteolytic Regulation of KLF4 and Its Impact in Breast

Carcinogenesis—As a critical component that governs stem cell
pluripotency, cell cycle progression, genomic integrity, and sig-
nal transduction, it is not surprising that KLF4 must be tightly
regulated at different levels, including transcriptional and post-
translational regulation. Indeed, previous studies have uncov-
ered a regulatory circuitry for KLF4, including promoter meth-
ylation, loss of heterozygosity, phosphorylation, acetylation,
and sumoylation (3, 36). In addition to the current KLF4 regu-
latory paradigm, recent studies have demonstrated that KLF4 is
a fast-turnover protein that fluctuates during the cell cycle pro-
gression, suggesting proteolytic regulation of KLF4, although
the ubiquitin-protein ligase was unknown (20).
Intriguingly, increased KLF4 expression was observed in up

to 70% of primary human breast cancers (9). KLF4 overexpres-
sion at the stage of ductal carcinoma in situ suggests that this
represents an early event in breast carcinogenesis. Our studies
showed that elevation of KLF4 level is evident even in benign
breast and is greatly enhanced in atypical ductal hyperplasia.
Indeed, recent studies from other groups have consistently
reported up-regulation of KLF4 in breast cancer, further cor-
roborating the notion thatKLF4 is an important player in breast
carcinogenesis, and accumulated KLF4 protein levels are well
correlated with the prognosis of breast cancer (30, 34). Similar
to the novel observation of the oncogenic function of KLF4 in
breast cancer, if the accumulation of KLF4 is disrupted and that
is the causative factor for breast carcinogenesis, then the ques-
tion becomes the mechanism involved in accumulating KLF4.
The comprehensive studies in the present work, including
microarray data sets from Oncomine, our results from pulse-
chase, treatment with estrogen receptor antagonist, MG132
blockade, and ubiquitylation assay, support a hypothesis that
KLF4 protein half-life needs to be accurately controlled by the
ubiquitin-proteasome system for cellular homeostasis. Disrup-
tion of the proteolytic regulation of KLF4 would lead to accu-
mulation that in turn would enhance oncogenesis and prolifer-
ation in mammary gland and breast cancer cells. These results
explain our hypothesis that estrogen, a mitogenic stimulus,
drives accumulation of KLF4 and that estrogen-induced KLF4
elevation facilitates the estrogen-mediatedmitogenic effect and
breast tumorigenesis. Indeed, rapid protein turnover is a typical
feature of many important proteins (e.g. p53, p27, and Myc).
Selective degradation of these proteins is essential for normal
cell growth and differentiation, whereas abnormal accumula-
tion or hyperactive degradation of these regulatory proteins is
associated with carcinogenesis (56, 57).
Regulation of KLF4 Degradation by VHL in Breast Cancer

Development—An increasing number of abnormalities in the
ubiquitin-proteasome pathway have been identified in breast
cancer. Several critical ubiquitin-protein ligases, including
BRCA1, Skp2, and APC/Cdh1, have been connected to breast
tumorigenesis (33, 39–41). Our finding for the first time dem-
onstrates that VHL is the E3 ubiquitin ligase that governs KLF4
degradation in order tomaintain cell homeostasis, with the dis-
ruption of the VHL-KLF4 axis contributing to KLF4 overex-
pression in breast cancer. The evidence at multiple levels sup-

KLF4 Proteolytic Regulation in Cell Growth

13594 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 17 • APRIL 20, 2012



ports the finding that VHL governs KLF4 turnover in breast
cancer cells, including the following. 1) Depletion and elevated
expression of VHL correlates well with up-regulation as well as
down-regulation of KLF4. 2) VHL directly targets KLF4 for
ubiquitylation. 3) An inverse relationship in the expression of
VHL and KLF4 protein was observed in normal and malignant
breast tissue. The best characterized function of VHL is as a
substrate-specific adaptor of VCB-Cul2 E3 ubiquitin ligase
complex that targets HIF� for proteolytic degradation. The
current dogma for recognition of HIF1 and HIF2 by pVHL is
contingent on post-translational modification of conserved
HIF proline residues located in LXXLAP motifs by specific
prolyl-hydroxylases, a process involvingmolecular oxygen (58).
Under normoxic or atmospheric oxygen levels, HIF� subunits
are efficiently modified by prolyl-hydroxylases, ubiquitylated
by CBCVHL, and rapidly degraded by the 26S proteasome. We
indeed found LXXLAP motifs on the amino terminus of KLF4
and mutated LXXLAP motifs. To our surprise, mutation of
LXXLAP motifs on KLF4 did not affect the VHL-catalyzed
KLF4 degradation, suggesting the presence of an additional
substrate recognition mechanism for KLF4 ubiquitylation by
VHL, which is our next mission (data not shown). Importantly,
with our endeavor to molecularly map the degron, we success-
fully uncovered the mechanism that governs KLF4 ubiquityla-
tion by VHL and identified that lysine 43 on KLF4 is the pivotal
amino residue mediating the ubiquitin-conjugating chain on
KLF4 for its ubiquitylation and further degradation. The find-
ing allows us to engineerKLF4 stablemutants that further allow
us to dissect the impact of KLF4 stabilization in the estrogen-
mediated mitogenic effect.
VHL functions as a tumor suppressor whose mutations or

loss of function predisposes to the formation of tumors (58).
Most studies have linked VHL tumor suppressor function to its
ability to degrade HIF�. However, recent studies suggest that
HIF-independent function of VHL also plays a role in tumori-
genesis. For example, certain VHL mutations predispose
affected individuals to develop certain type of tumors without
impairing its ability to degrade HIF� (59). Moreover, overex-
pression of constitutively active HIF failed to cause hemangio-
blastomas or renal carcinomas (60). Therefore, the mecha-
nisms of tumor suppression by VHL are far from simple. No
mutations on VHL have been reported thus far in breast cancer
(61). Studies from us and other groups (40) have shown that
VHL was down-regulated in breast cancer in comparison with
normal tissues, although the underlying mechanisms remain
unknown. It is noteworthy that overexpression of HIF� result-
ing from VHL knockout was not sufficient for breast carcino-
genesis (62), further corroborating the role ofHIF-independent
function of VHL in tumorigenesis. The VHL-KLF4 circuit, as
revealed by our current studies, could at least represent one
important mechanism for breast cancer development.
In addition to the oncogenic function, estrogen signaling is

also essential for normal mammary gland development. Most
recent studies suggest that estrogen is involved in the control of
mammary stem cell function, including number and regenera-
tive activity (63, 64). Intriguingly, KLF4 is one of the four well
known factors that could reprogram somatic cells into pluripo-
tent cells. This role was confirmed in a recent study that

revealed a critical role of KLF4 in the maintenance of breast
cancer stemcells (19). It would be of greatworth to testwhether
the E2-KLF4 cascade, as revealed by our current study, plays a
role in mammary stem cell biology. Surprisingly, VHL deletion
has been shown to impair the differentiation of progenitor cells
into alveolar epithelium, implicating that VHL has a role in
stem cell renewal (62). Importantly, co-deletion ofHIF1� could
not rescue the vhl�/�-dependent phenotype, suggesting that
additional VHL-regulated genes besidesHIF1A function to reg-
ulate the regenerative potential of the breast epithelium. Thus,
whether the VHL-KLF4 circuit is involved in mammary stem
cell biology warrants further investigation.
Implication of VHL-KLF4 Circuitry in Anti-breast Cancer

Endocrine Therapy—Estrogen/ER signaling plays a critical role
in breast carcinogenesis. Strategies of interfering with estrogen
action have demonstrated great success in breast cancer ther-
apy. Adjuvant therapy with tamoxifen has made significant
contributions to decreasing breast cancer mortality in the past
2 decades. However, a significant percentage of breast cancer
patients will eventually develop endocrine resistance, which
represents a severe challenge in the field of breast cancer ther-
apy. Deregulation of various aspects of estrogen signaling has
been thought to be a common strategy for resistance. The crit-
ical role of KLF4 regulation by VHL in estrogen signaling, as
revealed in our current studies, provides novel insight into the
genesis of breast malignancy and suggests that VHL-KLF4 axis
could be a potential target for breast cancer therapy. Our data
suggest the presence of a protein turnover cascade that ensures
the transmission of signal upon occupancy of receptor by estro-
gen, whereas down-regulation of VHL in response to the stim-
ulation with estrogen results in the accumulation of KLF4. Our
pilot study suggests that estrogen-induced down-regulation of
VHL is via a ubiquitin-dependent event, although the involved
E3 ligase needed to be identified. Our results now shed new
light on a previously unknown avenue to manage the estrogen
signaling at two novel targeting steps: estrogen-induced VHL
degradation and estrogen-induced elevation of KLF4. Further
efforts to develop small molecules that could interrupt the bio-
chemical catalysis of estrogen-induced VHL degradation or
KLF4 accumulation could provide a new approach to enhance
the current anti-breast cancer endocrine therapy.
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