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INTRODUCTION

We have comprehensively addressed the role of Kruppel-like factor 6 (KLF6) as a
new tumor suppressor gene mutated in a majority of human prostate cancers (1) and have
extended these studies to include not only those aspects proposed in the original
application, but have explored its role in a number of other tumors.

We have established key functional properties of KLF6. While wild-type KLF6
transactivates the cyclin-cdk inhibitor p21 (Waf1/Cip1) in a p53-independent manner and
significantly reduces cell proliferation, tumor-derived KLF6 mutants do not(1). We have
defined the impact of tumor derived mutations of KLF6 by specifically examining
whether loss of lysines, a key acetylation site, contribute to its loss of KLF6 function in
prostate cancer (2). We have established that KLF6 is an acetylated protein in vivo, and
in vitro it can be acetylated by CBP and PCAF. Importantly, we have characterized in
detail the acetylation pattern and biological activities of wild type and mutant KLF6 in
order to understand the biologic function of this important tumor suppressor gene.
Finally, in work supported by DOD we have also broadened our understanding of KLF6
dysregulation in human cancer by defining the presence of splice variants that antagonize
the growth suppressor activity of wild type KLF6, and are over-expressed in several
human cancers(3).

BODY

The studies completed are detailed in a series of publications in which support by DOD
was acknowledged (note that in earlier publications the incorrect grant number was cited
as “PC02770” rather than “DAMDI17-03-01-0100”). All data summarized in earlier
annual reports are now contained entirely within the cited publications, in particular
publications #’s 1 & 2. These publications are attached as appendices #1 - 7 (see pages
8-80) and briefly summarized here:

1. Li D, Yea S, Cooreman MP, Li S, Narla G, Laborda J] Banck M, Friedman SL
(corresponding author) and Walsh MJ. KLF6 promotes preadipocyte
differentiation through histone deacetylase 3 (HDAC3)-dependent repression of
DIkl . Journal of Biological Chemistry, 280(29): 26941-52, 2005.

This study documented the role of acetylation in of KLF6 by HDACs in promoting
differentiation, a function hypothesized to extend to its role in prostate differentiation.

2. Li D, Yea S, Dolios D, Martignetti JA, Narla G, Wang R, Walsh MJ and
Friedman SL. Regulation of Kruppel-like factor 6 tumor suppressor activity by
acetylation. Cancer Research, 65(20):9216-9225, 2005.

This study defined the specific functional importance of lysine mutations found in
prostate cancer that specifically affect the transactivating function of KLF6 through
alterated acetylation.

3. Kimmelman A, Qiao RF, Narla G, Bos P, Sanfiz A, Lau N, Li D, Eng FJ, Liang
BC, Guha A, Martignetti JA, Friedman SI. and Chan AML. Suppression of
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glioblastoma tumorigenicity by the Kruppel-like transcription factor, KLF6.
Oncogene, 23:5077-83, 2004.

This publication extended the original studies in prostate cancer to another malignancy,
glioblastoma, establishing a novel pathway of tumor suppression through antagonism of
PDGF mediated transformation.

4. Rubinstein M, Idelman G, R Plymate SR, Narla G, Friedman SL, and Werner H.
Transcriptional activation of the IGF-I receptor gene by the KLF6 tumor

suppressor: potential interactions between KLF6 and p53. Endocrinology,
145(8): 3769-77, 2004.

This work defines an important interaction between KLF6 and p53 in regulating IGF
receptor gene expression, a key pathway in prostate carcinogenesis.

S. Kremer-Tal S, Reeves HL, Narla G, Thung SN, Schwartz M, Difeo A, Katz A,
Bruix J, Bioulac-Sage B, Martignetti JA, Friedman SL.. Frequent inactivation of
the tumor suppressor Kruppel like factor 6 (KLF6) in hepatocellular carcinoma.
Hepatology, 40:1047-1052, 2004.

Studies in this manuscript further established the role of KLF6 as a tumor suppressor in
yet another primary cancer. DOD support was instrumental in performing biology
analysis of KLF6 activity in HCC lines (Figure 2 in attached manuscript), since this
utilized reagents and methodology also applied to our studies of prostate cancer.

6. Narla G, Difeo A, Yao S, Banno A, Hod E, Reeves H, Qiao RF, Camacho-
Vanegas O, Levine A, Kirschenbaum A, Chan AM, Friedman SL*, and
Martignetti JA* (*shared senior authorship). Targeted inhibition of the KLF6
splice variant KLF6SV1 suppresses prostate cancer growth and spread. Cancer
Research, 65(13): 5761-5768, 2005.

This work defined a novel pathway of KLF6 inactivation through generation of dominant
negative alternative splice products, further underscoring the role of KLF6 dysregulation
of prostate carcinogenesis, which was the major theme of the DOD funded studies.

7. Narla G, Kremer-Tal S, Matsumoto N, Zhao X, Yao S, Kelley K, Tarocchi M,
and Friedman SL. [In vivo regulation of p21 by the KLF6 tumor suppressor gene
in mouse liver and human hepatocellular carcinoma. Invited resubmission to
Oncogene, currently under re-review.

This study extends the findings characterized in manuscript #1 (above) exploring
mechanisms of p21 regulation by KLF6 and thus drew upon studies funded by DOD.
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KEY RESEARCH ACCOMPLISHMENTS

The following are key accomplishments as detailed in the preceding section:

* Acetylation of KLF6 is a major mode of regulating its activity as a trans-
repressor factor and tumor suppressor

* CBP and PCAF synergize with KLF6 in transactivating p21 and KLF6 is
acetylated in vitro by CBP and PCAF, and is acetylated in vivo

* Loss of lysines in prostate cancer -derived KLF6 mutations leads to impaired
repressive function of KLF6 and enhanced growth

* An additional pathway of KLLF6 inactivation in prostate cancer is through
the generation of dominant negative isoforms that antagonize full length
KLF6.

* Dysregulation of KLF6 as originally discovered in prostate cancer also
extends to other major tumors, including HCC glioblastoma

¢ KLF6 interacts with p53, a major tumor suppressor, in regulating IGF
receptor gene expression, a prominent pathway in prostate carcinogenesis.

REPORTABLE OUTCOMES:

Manuscripts: See above for published manuscripts,1-6 (attached as Appendix)

Patents: US Patent pending. A germline DNA polymorphism enhances alternative
splicing of the KLF6 tumor suppressor gene and is associated with increased cancer risk.
Inventors: John A. Martignetti, M.D., PhD, Goutham Narla and Scott L. Friedman,
M.D.

Degrees obtained: ~ Goutham Narla, Ph.D. (awarded May 2006
Steven Yea, Ph.D. (expected May 2008)

Licenses: none
Training supported by this award:
Goutham Narla — PhD Thesis studies

Steven Yea — PhD Thesis studies
Luis Marcos MD — postdoctoral research studies
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CONCLUSIONS

The findings in aggregate confirmed our hypothesis that acetylation of KLF6 is an
important post-translational modification of the wild type protein, which when abrogated
through mutation, led to loss of protein function and lack of growth suppression. These
findings explain how mutations of lysine residues, which we have identified in primary
prostate cancers, lead to loss of KLF6 tumor suppressor function. Additional studies
have defined new pathways of KLF6 inactivation in prostate cancer, and have unearthed
evidence of functional interactions of KLF6 with p53, a major tumor suppressor in
prostate carcinogenesis. Finally, methods and reagents used to define KLF6’s role as a
tumor suppressor in prostate cancer were applied to the study of other major cancers,
broadening and solidifying the evidence of a widespread role of KLF6 as a tumor
suppressor in a number of tumors beyond prostate, including glioblastoma, and primary
hepatocellular carcinoma.

REFERENCES

1. Narla G, Heath KE, Reeves HL, Li D, Giono LE, Kimmelman AC, Glucksman
MJ, et al. KLF6, a candidate tumor suppressor gene mutated in prostate cancer. Science
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Preadipocyte differentiation occurs during distinct
periods of human development and is a key determinant
of body mass. Transcriptional events underlying adipo-
genesis continue to emerge, but the link between chro-
matin remodeling of specific target loci and preadipo-
cyte differentiation remains elusive. We have identified
Kriippel-like factor-6 (KLF6), a recently described tu-
mor suppressor gene, as a repressor of the proto-onco-
gene Delta-like 1 (DIk1), a gene encoding a transmem-
brane protein that inhibits adipocyte differentiation.
Forced expression of KLF6 strongly inhibits DIk1 ex-
pression in preadipocytes and NIH 3T3 cells in vivo,
whereas down-regulation of KLF6 in 3T3-L1 cells by
small interfering RNA prevents adipogenesis. Repres-
sion of DIk 1 requires HDAC3 deacetylase activity, which
is recruited to the endogenous DIk1 promoter where it
interacts with KLF6. Our studies identify the interac-
tion between HDAC3 and KLF6 as a potential mecha-
nism underlying human adipogenesis, and highlight the
role of KLF6 as a multifunctional transcriptional regu-
lator capable of mediating adipocyte differentiation
through gene repression.

Adipocyte differentiation requires coordinated expression of
general and tissue-specific regulatory proteins in a defined
sequence (1, 2). A critical regulator of adipogenesis is DIkI,*
also called preadipocyte factor-1, whose sustained expression
prevents differentiation of 3T3-L1 preadipocytes into adipo-
cytes (3). DIk1 encodes DLKI1, a transmembrane epidermal

* This work was supported in part by United States Public Health
Service Awards DK37340 (to S. L. F.), DK56621 (to S. L. F.), HL67099
(to M. J. W.), CA98552 (to M. J. W.), and DK41096 (to J. M. F.) from the
National Institutes of Health and Department of Defense Grant DAMD
17-03-01-0100 (to S. L. F.). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

® Performed this work as a Medical Student Research Fellow of the
Howard Hughes Medical Institute.

& Pew Scholar in the Biomedical Sciences.

" To whom correspondence may be addressed: Box 1123, Mount Sinai
School of Medicine, 1425 Madison Ave., Rm. 11-70C, New York, NY
10029. Tel.: 212-659-9501; Fax: 212-849-2574; E-mail: scott.friedman@
mssm.edu.

! The abbreviations used are: DIkI1, Delta-like 1; KLF6, Kriippel-like
factor 6; T'SA, trichostatin A; shRNA, short hairpin ribonucleic acid;
HDAC, histone deacetylase; ChIP, chromatin immunoprecipitation;
siRNA, small interfering RNA; PPAR, peroxisome proliferator-acti-
vated receptor; PBS, phosphate-buffered saline; TEV, tobacco etch vi-
rus; Rb, retinoblastoma.

This paper is available on line at http://www.jbc.org

growth factor repeat domain-containing protein highly ex-
pressed in preadipocytes and other cells (4). The abrupt down-
regulation of DIk1 following hormonal stimulation in preadipo-
cytes is an early and necessary event in the phenotypic
conversion to fat cells. Forced expression of DIkI prevents
adipogenesis, whereas enforced down-regulation enhances adi-
pocyte differentiation. Following the reduction in DLK1, rapid
induction of adipogenic transcription factors, including
SREBP1, C/EBPB/y then C/EBP«, and PPARY2, leads to ter-
minal differentiation of adipocytes, and expression of adipocyte
proteins, including leptin and adipsin (1, 2).

Our previous work (5) has explored the activity of a tran-
scription factor, KLF6 (also known as Zf9 or CPBP), a ubiqui-
tously expressed 283-amino acid Krippel-like zinc finger
protein and a member of a growing family of related transcrip-
tional regulators. KLF6 contains an 82-amino acid C-terminal
DNA-binding domain identical to other Kriippel-like factors,
and a 201-amino acid N-terminal activation domain, whose
only homology is to KLF7 in its N-terminal 41 amino acids (6).
KLF6 was originally identified as a rapidly induced mRNA
following activation of hepatic stellate cells, a mesenchymal
liver cell, during liver injury (7). Most interestingly, stellate
cells harbor many features of adipocytes, including the storage
of lipids as vitamin A esters (retinoids), the production of lep-
tin, and phenotypic plasticity in defined biologic contexts (8).
Transcriptional targets of KLF6 include transforming growth
factor-B1 and its receptors (9), urokinase-type plasminogen
activator (10), and the human immunodeficiency virus-long
terminal repeat (11). Recently, we have established Kriippel-
like factor 6 (KLF6) as a novel tumor suppressor gene fre-
quently mutated in human prostate and colon cancers (12, 13).
A key mechanism of tumor suppression by KLF6 is the tran-
scriptional up-regulation of p21¥%“%<4 g cyclin-dependent ki-
nase inhibitor whose induction also accounts for the growth
suppressive activity of the tumor suppressor p53 (12).

Although many studies have described down-regulation of
DIk1 during adipocyte differentiation, the underlying mecha-
nisms regulating this event have not been well characterized.
The phenotype resemblance of hepatic stellate cells (the origi-
nal source of KLF6) to adipocytes led us to explore a potential
role of KLF6 in adipogenesis, particularly because stellate cell
activation in liver injury is also accompanied by KLF6 induc-
tion (7, 8). In fact, previous studies have documented the in-
duction KLF6 during adipocyte differentiation, but its role in
this process has been unclear (14).

Our preliminary experiments, using a commercial mem-
brane array (Clontech), identified DIk1 as a strongly repressed
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mRNA following induction of KLF6 in fibroblasts (data not
shown). The aim of the present study was to investigate
whether DIk1 is a transcriptional target of KLF6 and, if so, to
elucidate the mechanism of DIk I gene regulation by KLF6. Our
data demonstrate that KLF6 promotes adipocyte differentia-
tion by transcriptionally repressing DIkI expression, and this
repression specifically requires the deacetylase activity
of HDACS.

MATERIALS AND METHODS

Expression Plasmids—PClIneo-KLF6 (human) expression plasmid
was constructed as described previously (7, 8). pPCDNA3-HDAC3-FLAG
and pCDNAS3-HDAC3 (15) constructs were gifts from Dr. Eric Verdin
(Gladstone Institute for Virology and Immunology at University of
California, San Francisco). The tetracycline-inducible expression sys-
tem constructs pTet-splice and pTet-tTAk were purchased from Invitro-
gen. Expression plasmids pVgRXR and pIND for the ecdysone-inducible
mammalian expression system were purchased and prepared for clon-
ing (Invitrogen). The expression plasmid pVgRXR (Invitrogen) was
used to establish 3T3-L1 cells under Zeocin™ selection (600 ug/ml) to
produce a stable transcriptional transactivator 3T3-L1 cell line follow-
ing the manufacturer’s procedures (Invitrogen). Insertion of the FLAG-
HDACS3 fragment into the pIND expression vector was by digesting
pCDNAS3-HDACS3-FLAG with EcoRI and Notl. The resulting HDAC3-
containing DNA fragment was then ligated into the EcoRI site of pIND.
The cDNA insert was confirmed by DNA sequence analysis. Cell culture
and differentiation of preadipocytes.

Tissue and Cell Culture—3T3-L1, NIH 3T3, HeLa, 293 and 293T cell
lines were obtained from the American Tissue Culture Collection
(ATCC). 3T3-L1 cells were grown in Dulbecco’s modified Eagle’s me-
dium, supplemented with 10% calf serum (Invitrogen), 100 units/ml
penicillin and 100 units/ml streptomycin, and 2 mM L-glutamine (In-
vitrogen). NIH 3T3, 293, and 293T cells were cultured in Dulbecco’s
modified Eagle’s medium, supplemented with 10% fetal bovine serum
(Hyclone), 100 units/ml penicillin and 100 units/ml streptomycin, and 2
mM L-glutamine. For induction of adipocyte differentiation, 3T3-L1 and
Balb/c 3T3 cells were cultured in the presence of 4 uM biotin (Sigma)
until the day of induction. Cells were re-incubated in medium contain-
ing 10% calf serum, 4 uM biotin, 0.5 mM isobutylmethylxanthine, 1 um
dexamethasone (Sigma), and 1 uM insulin (Sigma). Culture medium
was changed every 3 days. For histology, cells were fixed with 2%
formaldehyde, 0.2% glutaraldehyde in PBS for 15 min, rinsed in PBS,
and stained with Oil Red O (0.6% in 60% isopropyl alcohol for 25 min).

Transfection Assays—Transient transfections were performed using
Lipofectamine 2000 reagent (Invitrogen). For luciferase assay, 3T3-L1
cells or HeLa cells cultured in 10-cm plates (Corning Glass) were
transfected with 10 pg of pCIneo empty vector or pCIneo-KLF6, with or
without pPCDNA3-HDACS3, as indicated in the text, together with the
DIk1 promoter-luciferase construct. Five ng of pRL-TK plasmid (Pro-
mega) were co-transfected in each dish as a control for transfection
efficiency. Forty eight hours after transfection, cells were washed three
times with cold PBS and cell lysates prepared using dual-luciferase
reporter assay system (Promega). The luciferase activity in 10 ul of
lysate was determined using the dual-luciferase reporter assay system
and a Dynex luminometer. Transfection efficiency was normalized to
Renilla luciferase activity measured in the same lysate.

Stable Transfection and Tetracycline-inducible Expression of KLF6
in Cultured Cells—To establish cell lines stably expressing KLF6,
3T3-L1 cells were transfected with 10 pg of pCIneo-KLF6. Ten ug of
pClneo was transfected separately as a control. Two days after trans-
fection, cells were selected with 600 ug/ml geneticin (Invitrogen). Indi-
vidual colonies resistant to the selective medium were transferred to
new plates for expansion.

A tetracycline-inducible system for regulated expression of KLF6
was established as described (16), with modification. Briefly, pTet-
KLF6 was constructed by inserting the rat KLF6 ¢cDNA into Accl/
EcoRV sites of pTet-splice vector (Invitrogen). A tetracycline-inducible
cell line expressing KLF6 was established by co-transfecting pTet-
KLF6 and pBpuro into NIH 3T3 cells line that expressed pTet-pTAKk,
followed by selection with histidine-deficient Dulbecco’s modified Ea-
gle’s medium (Irvine Scientific) containing 2 pg/ml puromycin (Sigma)
in the presence of 2 pg/ml tetracycline (Sigma). For induction of KLF6,
cells were washed three times with serum-free Dulbecco’s modified
Eagle’s medium and changed to medium without tetracycline.

Stable Transfection and Ponasterone A-inducible Expression of
FLAG-tagged HDAC3 in 3T3-L1 Preadipocytes—Following the inser-

Repression of DLK1 by KLF6 Promotes Adipogenesis

tion of FLAG-tagged HDACS3 into expression vector pIND (see above),
stable transfectants of 3T3-L1 cells carrying the pVgRXR transgene
under Zeocin™ drug selection were used following transfection of the
pIND-FLAG/HDACS3 construct. After 48 h, transfected 3T3-L1 cells
were placed under growth selection with 400 ug/ml G418 (geneticin,
Invitrogen) and 400 pg/ml Zeocin™ for 2 weeks to select for both
transgenes and individual populations of stably transfected 3T3-L1
cells. Individual clones were then selected for the induction of the
FLAG-tagged HDAC3 target gene following treatment with ponaster-
one A (5 uM) (Sigma) and analyzed by immunoblot studies.

Northern Blot Analysis—Cells were washed twice with cold PBS, and
total RNA was isolated using TRIzol Reagent (Invitrogen) according to
the manufacturer’s instructions. Ten micrograms of total RNA from
each sample was electrophoresed in 1% formaldehyde-agarose gel,
stained with ethidium bromide, and transferred to Hybond N+ (Amer-
sham Biosciences). After UV cross-linking, filters were prehybridized
overnight at 42 °C in 50% formamide, 5X SSC, 2.5X Denhardt’s solu-
tion, 0.1% SDS, and 100 ug/ml herring sperm DNA. Membranes were
hybridized overnight at 42 °C with *?P-labeled cDNA probes for Dik1
and glyceraldehyde-3-phosphate dehydrogenase. After hybridization,
blots were washed three times with 2X SSC, 0.1% SDS, 20 min each
wash, followed by exposure to Kodak MS film at —80 °C.

Real Time Reverse-Transcription-PCR of Total RNA—3T3-L1 cells
were grown on 10-cm plastic plates, induced to differentiate into adi-
pocytes, as described above, and then harvested at 100% confluency.
Total cellular RNA was extracted using Trizol reagent® and chloroform
extraction. RNA concentration was measured by spectrophotometry.
Synthesis of cDNA was performed on 2 pg of total RNA per sample with
random primers using reagents contained in the reverse transcription
system kit according to the manufacturer’s protocol (Promega Corp.,
Madison, WI). The reverse transcriptase product was diluted 20-fold in
nuclease-free H,O, and 5 pl of each sample were loaded into 96-well
plates for real time PCR in an ABI Prism 7700 sequence detection
system (Applied Biosystems). B-Actin was used as a housekeeping gene
for normalization, and H,0O was used as negative control. Amplifica-
tions were performed using oligonucleotide primers for murine KLF6
(upper, 5'-GAGTTCCTCCGTCATTTCCA-3', and lower, 5'-GTCGC-
CATTACCCTTGTCAC-3'), murine DIkI (upper, 5-TGTCAATG-
GAGTCTGCAAGG-3’, and lower, 5-TCGTACTGGCCTTTCTCCAG-
3'), and pB-actin (upper, 5'-GATGAGATTGGCATGGCTTT-3’, and
lower, 5'-AGAGGTGGGGTGGCTT-3’), platinum Taq polymerase, and
SYBR Green as fluorescent DNA-binding dye. Fluorescence signals
were analyzed during each of 40 cycles (denaturation, 15 s at 95 °C;
annealing, 15 s at 56 °C; and extension, 40 s at 72 °C). Detection of the
PCR products by agarose gel electrophoresis confirmed the homogene-
ity of the DNA products. Relative quantitation was calculated using the
comparative threshold cycle (C;) method as described in the User
Bulletin 2, ABI PRISM 7700 sequence detection system. C; indicates
the fractional cycle number at which the amount of amplified target
genes reaches a fixed threshold within the linear phase of gene ampli-
fication and is inversely related to the abundance of mRNA transcripts
in the initial sample. Mean C of duplicate measurements was used to
calculate AC; as the difference in C, for target and reference. AC, for
each sample was compared with the corresponding C, at day 0 and
expressed as AAC,. Relative quantitation was expressed as fold change
of the gene of interest compared with the starting condition (day 0),
according to the formula 2 44¢7,

Tagman Quantitative PCR—Quantitative reverse transcription-PCR
was performed by the Tagman system (Applied Biosystems) according
to the manufacturer’s instructions. Oligonucleotides were designed by
the PrimerExpress software. C; for the internal control (cyclophilin)
and target genes were determined from raw fluorescence. The amount
of each gene was derived from its C and normalized with the amount
of cyclophilin. Samples are in duplicate.

Sequences of the Tagman primers and probes are as following: cy-
clophilin-F, 5'-TGTGCCAGGGTGGTGACTT-3’; cyclophilin-R, 5'-TCA-
AATTTCTCTCCGTAGATGGACTT-3’; cyclophilin probe, 5'-ACACGC-
CATAATGGCACTGGTGG-3’; aP2-F, 5'-CACCGCAGACGACAGGAA-
G-3'; aP2-R, 5'-GCACCTGCACCAGGGC-3'; aP2 probe, 5'-CCGCCAT-
CTAGGGTTATGATGCTCTTCA-3’; PPARy2-F, 5'-CCATTCTGGCCC-
ACCAAC-3’; PPARy2-R, 5'-AATGCGAGTGGTCTTCCATCA-3'; PP-
AR~Y2 probe, 5'-TCGGAATCAGCTCTGTGGACCTCTCC-3’; C/EBPa-F,
5'-TCTGCGAGCACGAGACGTC-3’; C/EBPa-R, 5'-AACTCGTCGTTG-
AAGGCGG-3'; C/EBPa probe, 5'-AGACATCAGCGCCTACATCGACC-
CG-3'; SCD-1-F, 5'-GCGCTTTGCAAGGTAATGTG-3'; SCD1-R, 5'-CC-
TTTCAGCAGCACTGTACCAC-3'; and SCD1 probe, 5'-CCTGCC-
TGCATGGATCAGCCAAAG-3'.

Electrophoretic Mobility Shift Assays—Gel shift assays were per-
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formed using a commercial gel shift assay system (Promega). The
oligonucleotide sequences from the D/k1 promoter were as follows (with
putative KLF6-binding site underlined, and mutated position(s) indi-
cated): wild type, sense, 5'-CGCGAGGCGTGGGCGTGGGCGGGGGC-
3’; antisense, 5'-GCCCCCGCCCACGCCCACGCCTCGCG-3’; mutant,
sense, 5'-CGCGAAAAATGAAAATGAAAAGGGGC-3’; antisense,
5'-GCCCCTTTTCATTTTCATTTTTCGCG-3'.

Single-stranded oligonucleotides (Genelink) were labeled with
[vy-32P]ATP using T4 polynucleotide kinase. Double-stranded oligonu-
cleotide probes were created by annealing complementary single-
stranded oligonucleotides. Nuclear extracts from 3T3-L1 preadipocytes
(Geneka) were used for gel shift. DNA-binding reactions were per-
formed with 10 ug of 3T3-L1 nuclear extract incubated for 10 min at
room temperature with 1X gel shift binding buffer containing 4% glyc-
erol, 1 mm MgCl,, 0.5 mm EDTA, 0.5 mm dithiothreitol, 50 mm NaCl, 10
mM Tris-HCI (pH 7.5), and 50 ug/ml poly(dI-dC), with or without unla-
beled competitor oligonucleotides.

A monoclonal antibody was generated for use in supershift assays. To
do so, the N terminus of KLF6 (amino acids 1-200) was expressed as a
recombinant glutathione S-transferase fusion protein in Escherichia
coli, purified, and inoculated into BALB/c mice. Hybridomas were
screened by enzyme-linked immunosorbent assay. The monoclonal an-
tibody “2A2” was found to be suitable for KLF6 detection in Western
blot and supershift. For supershift, 1.5 ug of monoclonal anti-KLF6
antibody was incubated with the above nuclear extract in the presence
of 1X gel shift binding buffer for 1 h at room temperature. Next, 1 ul
(~20,000 cpm/ul) of radiolabeled probe was added, and the mixture was
incubated for an additional 20 min at room temperature. The DNA-
protein complexes were separated through a 4.5% nondenaturing poly-
acrylamide gel for 2.5 h at 250 V, at room temperature. Gels were dried
and exposed to Kodak MS film for 5 h to overnight at —80 °C with an
intensifying screen.

Chromatin Immunoprecipitation Assay—Chromatin immunoprecipi-
tation assays were performed using a commercial kit following the
manufacturer’s instructions (Upstate Biotechnologies, Inc.). Briefly,
2 X 10° 3T3-L1 cells at the 5th day of differentiation were cross-linked
with 1% formaldehyde for 10 min at 37 °C, followed by cell lysis and
sonication fracture of the DNA into 200-1000-bp fragments. Proteins
cross-linked to DNA were immunoprecipitated with 10 ug of anti-Zf9/
KLF6 antibody (R-173) (Santa Cruz Biotechnology) or two different
anti-HDAC3 antibodies (a gift from Dr. Eric Verdin, and anti-HDAC3
antibody from Upstate Biotechnology, Inc., respectively) and 40 ul of
salmon sperm DNA/protein-A-agarose beads. The protein-A-agarose-
antibody-protein complexes were washed extensively and eluted, ac-
cording to the manufacturer’s recommendations. The cross-link was
reversed by heating at 65 °C for 4 h, and proteins were digested by
proteinase K for 1 h at 45 °C. DNA was recovered by phenol/chloroform
extraction and ethanol precipitation in the presence of 10 ug/ml yeast
tRNA carrier and used as a template for PCRs. Genomic sequence
primers encompassing the promoter region —481 to —283 upstream of
transcriptional start site were used to amplify immunoprecipitated
DNA: forward, 5'-GTGGTTTTCGTGTGTGCATC-3'; reverse, 5'-GCG-
TCTCAGGCCGC-3'.

Immunoprecipitation and Western Blotting—For co-immunoprecipi-
tation assay, 293T cells were transfected with 20 ug of plasmid DNA.
Thirty six hours after transfection, cells were washed twice with cold
PBS and lysed on ice for 20 min using IP lysis buffer containing 0.5%
Nonidet P-40, 50 mm Tris-Cl (pH 7.4), 120 mMm NaCl, and protease
inhibitors (Complete Protease Inhibitor Mixture Tablets, Roche Applied
Science). The cell lysate was precipitated for 30 min at 14,000 X g at
4 °C. The supernatant was immunoprecipitated at 4 °C for 1 h using 4
ng of anti-Zf9/KLF6 antibody (R-173) (Santa Cruz Biotechnology) or 4
ng of anti-HDACS3 antibody (Upstate Biotechnology, Inc.) with 50 ul of
protein-G beads (Pierce) or using 50 pl of M2 anti-FLAG-agarose
(Sigma). The beads were subsequently washed three times with 800 ul
of IP wash buffer (0.5% Nonidet P-40, 50 mm Tris-HCI (pH 7.4), and 500
mM NaCl), solubilized in Laemmli sample buffer (Sigma) containing 5%
B-mercaptoethanol, boiled, and subjected to SDS-PAGE followed by
Western blotting as described below. As a negative control, immuno-
precipitation was conducted using control rabbit or mouse IgG (Sigma).
For immunoprecipitations and immunoblotting procedures with the
various antibodies against HDAC1-5 and -7, the antibodies were ob-
tained from various sources and described in the Fig. 6 legend.

For Western blotting, cell extracts were harvested in RIPA buffer
(Santa Cruz Biotechnology, standard protocol). Protein samples (30
ng/sample) were separated on SDS-polyacrylamide gel and transferred
to a nitrocellulose membrane (Bio-Rad). The membranes were blocked
in 5% milk in 10 mMm Tris-Cl (pH 8.0), 150 mm NaCl, and 0.1% Tween 20
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(1x TBS-T) for 1 h at room temperature. The membrane was incubated
with primary antibody (anti-Zf9/KLF6 (R-173) 1:2,000, Santa Cruz
Biotechnology; anti-HDAC3 1:250, Upstate Biotechnology, Inc.). Sec-
ondary antibody (horseradish peroxidase-conjugated anti-rabbit or an-
ti-mouse IgG; Amersham Biosciences) was used according to manufac-
turer’s instructions at 1:2,000 dilution, followed by enhanced
chemiluminescence protocol (Amersham Biosciences).

Bicistronic Bacterial Expression System for Direct Protein-Protein
Interaction Analysis—KLF6 containing an N-terminal combination
hexahistidine-thioredoxin-TEV protease site tag was co-expressed with
HDAC3 in BL21(DE3) E. coli cells by bicistronic expression (17).
Cleared extracts in 50 mM sodium phosphate (pH 7.0), 100 mm NacCl, 1
mM benzamidine, and 5 mM 2-mercaptoethanol (P100 buffer) were
prepared from cells induced at 18 °C for 12—15 h, and the hexahistidine-
tagged components were purified by Talon cobalt metal affinity chro-
matography using P100 buffer with 100 mm imidazole to elute. Similar
procedures were used for untagged HDAC3 expressed on its own under
identical conditions.

In Vitro HDAC Assay—Histone deacetylase activity was assayed
essentially as described (18) with 50 ul of crude cell extract and then
immunoprecipitated with rabbit polyclonal anti-KLF6 antibody for
2.5 h at 37 °C. Immunoprecipitates of human KLF6 were washed three
times at 4 °C in a low stringency wash containing 0.1% Nonidet P-40 in
phosphate-buffered saline. Pretreatment of immunoprecipitates with
100 ng/ml trichostatin A (TSA) was performed for 30 min at 4 °C before
addition of the peptide substrate. The synthetic peptide substrate was
purchased (Accurate Chemical, Westbury, NY) and corresponds to the
first 24 residues of the N-terminal domain of bovine histone H4. Im-
munoprecipitates were then incubated with 2.5 mg (60,000 dpm) of
acid-soluble peptide for 30 min at 37 °C. The reaction was terminated
with acetic acid and HCl. Released [*H]acetic acid was obtained by
extraction with ethyl acetate and quantified by liquid scintillation
counting. Samples were assayed in triplicate (in four separate experi-
ments), and the nonenzymatic release of label was subtracted to obtain
the final value.

HDAC Pre-absorption Deacetylase Assays—Cultures of 293T cells
were transfected with FLAG-tagged KLF6 expression vector in 100-
mm? dishes as described above. Approximately, 5 X 10° cells were
harvested 48 h following transfections, and nuclear extracts were pre-
pared as described above. Nuclear extracts were precleared (pre-ab-
sorbed) of HDAC3 or HDAC2 protein using a rabbit polyclonal anti-
human HDACS3 antiserum or HDAC2 antiserum (and compared with
rabbit preimmune serum) followed by precipitation with protein-A-
Sepharose (Amersham Biosciences), and supernatants were transferred
into separate tubes. Nuclear extracts were resuspended in 50 ul of
HDAC buffer (50 mm Tris (pH 8.0), 150 mm NaCl, 5 mm EDTA, 0.5%
Nonidet P-40 (v/v), 0.2 mM phenylmethylsulfonyl fluoride) with 150,000
cpm of *H-labeled and -acetylated H4 peptide. Nuclear extracts, pre-
absorbed of HDAC3 or HDAC2 protein, were then used in an anti-FLAG
(M2)-agarose (Sigma) immunoprecipitation followed by an HDAC assay
as briefly described here. In a separate experiment, nuclear extracts
were pre-cleared (pre-absorbed) of pRb110 (C15, Santa Cruz Biotech-
nology) followed by precipitation with protein A-Sepharose (Amersham
Biosciences). Supernatants were then transferred to new tubes and
used further in HDAC assays following immunoprecipitation of FLAG
epitope-tagged KLF6 with anti-FLAG (M2)-agarose (Sigma). Reactions
were incubated at 37 °C for 3 h with gentle mixing. Deacetylation
reactions were terminated by the addition of 50 ul of an acid termina-
tion mixture (1 N HCI, 0.16 M glacial acetic acid). 500 ul of ethyl ether
was added to each reaction tube and vigorously mixed for 30 s with a
vortex. Organic and aqueous phases were separated by centrifugation
at 12,000 rpm for 1 min. 400 ul of the organic phase containing ethyl
acetate was removed and mixed with 1 ml of scintillant (OCS, Amer-
sham Biosciences). Release of [*H]acetic acid from the histone H4 pep-
tide was measured in counts/min using a scintillation counter (model
1216 LKB-Wallac).

Inputs of each of the nuclear extracts used in the deacetylase assays
were evaluated using immunoblot analysis to determine the presence or
absence of specific HDAC protein in the nuclear extracts used in the
HDAC assays. Equivalent amounts of nuclear extract were loaded onto
12.5% SDS-polyacrylamide gels and separated by electrophoresis. Sep-
arated proteins were then transferred onto polyvinylidene difluoride
membranes and blotted with rabbit anti-human HDAC3 and HDAC2
antiserum. Membranes were visualized using ECL by the manufactur-
er’s instructions (Amersham Biosciences).

siRNA KLF6 Silencing—pSuperRetro-KLF6 used to down-regulate
KLF6 expression was constructed similarly as described using pSuper-
Retro vector (19). To insert the targeting sequence, DNA oligonucleo-
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Fic. 1. KLF6 represses DLK1 expression. A, expression of KLF6
and DIkI during 3T3-L1 preadipocyte differentiation. 3T3-L1 cells were
differentiated into adipocytes following incubation with a differentia-
tion mixture (see “Materials and Methods”). KLF6 protein levels were
determined by SDS-PAGE/Western analysis using cells lysates from
days 0 to 8 during differentiation. DIkI mRNA expression was deter-
mined by real time quantitative reverse transcription-PCR. B, KLF6
represses DIk1 gene expression in tetracycline-regulated NIH 3T3 cells.
Northern blot demonstrates that upon KLF6 induction through tetra-
cycline withdrawal, DIk1 mRNA level is markedly diminished. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase. C, KLF6 represses DIkI
gene expression in 3T3-L1 preadipocytes. Western analysis demon-
strates that expression of KLF6 via stable transfection in 3T3-L1 cells
reduces the level of endogenous DLK protein.

tides (Alt-KLF6 (1)F, GATCCCCGGAGAAAAGCCTTACAGATttcaa-
gagaATCTGTAAGGCTTTTCTCCTTTTTGGAAA; Alt-KLF6 (1)-R,
AGCTTTTCCAAAAAGGAGAAAAGCCTTACAGATtctettgaaATCT-
GTAAGGCTTTTCTCCGGG) were designed and cloned into the BglII-
HindIII sites of the pSuper vector. To establish 3T3-L1 cell lines with
reduced KLF6 expression, 10 ug of pSuper-KLF6 plasmid was trans-
fected with pClneo in 10:1 ratio into 3T3-L1 cells. Two days after
transfection, cells were selected with 600 ug/ml geneticin (G418,
Invitrogen). Individual colonies resistant to the selective medium were
transferred to new plates for expansion.

RNA Interference of HDAC3 mRNA—Specific short double-stranded
RNA directed against human and mouse HDAC3 mRNA was purchased
as a kit (Smartpool™-RPD3-2A) from the manufacturer (Dharmacon).
RNA-mediated interference was conducted within stably transfected
3T3-L1 cells bearing the pVgRXR and pIND-FLAG/HDACS transgenes
using specific short RNA oligoribonucleic acid duplexes following the
manufacturer’s instructions (Dharmacon) using Oligofectamine (In-
vitrogen) (20, 21).

RESULTS

KLF6 Represses DLK1 Expression—We examined KLF6 and
DIk1 expression during differentiation of 3T3-L1 cells from
preadipocytes into adipocytes following stimulation with a de-
fined hormonal mixture that includes dexamethasone, insulin,
and isobutylmethylxanthine (1, 3, 22) (Fig. 1A). Following the
onset of differentiation by hormonal stimulation, KLF6 was
induced in a biphasic pattern, with a transient induction im-
mediately following adipogenic stimulation on day 0, followed
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by a sustained expression accompanying terminal differentia-
tion, between days 4 and 8. Each peak of KLF6 protein at days
0 and 4 was followed by an abrupt decrease of DIk1 mRNA as
assessed by real time PCR, first by ~40% and then by more
than 80%. To examine whether KLF6 transcriptionally re-
presses DIk1, we studied DIk1 mRNA levels in a 3T3 fibroblast
line with tetracycline-regulated KLF6 expression (12), and we
examined DLK protein levels in 3T3-L1 cells with forced ex-
pression of KLF6 following stable transfection. As shown in
Fig. 1, B and C, KLF6 markedly reduced DIk1 expression in
both KLF6 tetracycline-regulated NIH 3T3 cells and in 3T3-L1
preadipocytes stably transfected with KLF6.

DLKI1 Is a Direct Transcriptional Target of KLF6—To estab-
lish DIk1 as a potential target of KLF6 transactivation/repres-
sion, electrophoretic mobility shift assays were performed us-
ing nuclear extracts from 3T3-L1 preadipocytes and an
oligonucleotide corresponding to the region of the DIkI pro-
moter between —78 and —53 bp upstream of the transcrip-
tional start site, a region containing a GC box to which KLF6
binds (Fig. 2A). Fig. 2B shows that the binding complex was
supershifted by an anti-KLF6 monoclonal antibody directed to
the N terminus of the protein, confirming a direct interaction
between KLF6 and one of the GC boxes in the DIk1 promoter.

Silencing of KLF6 Results in Sustained DLKI Expression
and Impaired Adipogenesis—If KLF6 promotes adipocyte dif-
ferentiation through repression of DIlk1, then diminished ex-
pression of KLF6 should lead to a decrease of adipogenesis
through sustained DIk1 (or DLK) expression and concomitant
reduced expression of downstream adipogenic markers. To test
this prediction, we studied the effects of KLF6 silencing on
adipocyte differentiation of 3T3-L1 cells using retroviral gene
transduction (Fig. 3), as well as stable gene expression via
liposome-mediated transfection (data not shown). KLF6-spe-
cific gene silencing was accomplished by RNA interference
targeting the partial sequence in exons 2 and 3 of the KLF6
genomic sequence (Fig. 3A). Retroviral gene transduction of the
pSuperRetro vector containing the target KLF6 sequence gen-
erated cells with reduced expression of endogenous KLF6 com-
pared with the control cell line infected only with the pSuper-
Retro control vector (Fig. 3B). We then evaluated the impact of
retroviral siRNA-mediated down-regulation of KLF6 on ex-
pression of DIk1 and other downstream adipogenic markers,
including C/EBPa, PPARY, adipsin, aP2, and steroyl-CoA de-
saturase-1 (SCD1) following induction of adipocyte differenti-
ation. As shown in Fig. 3, B and C, the level of DIk1 failed to
decrease in cells in which KLLF6 had been silenced compared
with vector-infected control cells, whose DIk level markedly
diminished during adipocyte differentiation. As predicted, the
expression of key adipogenic mRNAs was significantly attenu-
ated in siRNA-KLF®6 cell lines but not in control cells (Fig. 3C).
To evaluate the degree of differentiation toward terminal adi-
pocytes, cells in the 7th day of differentiation were stained with
Oil Red O to reveal fat droplet content. As shown in Fig. 3D,
there were significantly fewer terminally differentiated adipo-
cytes in cultures in which KLF6 had been silenced than
in control cultures. These data further confirm a role of KLF6
in promoting adipocyte differentiation through repression
of DIk1.

The Repression of DLK1 by KLF6 Requires HDAC Activity—
Because gene repression is often associated with the activity of
histone deacetylases (HDACs), we examined whether the re-
pression of DIk1 by KLF6 was affected by the presence of the
HDAC inhibitor TSA (23) (Fig. 4A). TSA completely abolished
KLF6-dependent repression of DIkI, indicating that HDAC
activity is required for DIk1 repression by KLF6.

The studies using TSA suggested that HDAC activity was
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present at the KLF6-containing transcriptional complex. To
explore this possibility, we directly assayed HDAC activity in
this transcriptional complex (Fig. 4B). KLF6 was immunopre-
cipitated under nondenaturing conditions from extracts of the
293T cell line and incubated with ®H-labeled and -acetylated
histone H4 peptides. The KLF6-immunoprecipitate harbored
HDAC activity, which was reduced by ~80% by TSA. These
data indicate that KLF6 represses DIkI expression through
recruitment of TSA-sensitive HDAC activity.

To determine whether an interaction could exist between
KLF6 and HDACs, 3T3-L1 cells were subjected to induced
differentiation for 8 days, and cells were recovered and pre-
pared as nuclear lysate. Nuclear lysates were then immuno-
precipitated using a number of antisera directed specifically at
HDAC1-4, respectively. Results shown (Fig. 4C) demonstrate
the association of endogenous HDAC3 with KLF6 in the post-
induced 3T3-L1 cells, whereas antisera against HDAC1, -2, or
-4 failed to detect a signal (data not shown). This finding
suggested that HDAC3, which has already been shown to play
a role in adipogenesis (24), is a candidate for interaction
with KLF6.

HDACS3 Acts as a Co-repressor of KLF6—Among the HDACs
identified and characterized to date, class I HDACs (HDAC1-3)
and class II HDACs (HDAC4, -5, and -7 but not -6) are TSA-
sensitive (25). Moreover, class I HDAC activity is dependent
on a multiprotein complex containing HDAC3 (15). To deter-
mine which HDAC regulates DIkI repression by KLF6, we
explored their interaction with KLF6 by reciprocal co-immuno-

precipitation following their transient transfection into 293T
cells. By using this approach, KLF6 interacted with HDAC3
(Fig. 5, A and B) but not with HDAC1 or -2, or class I HDACs
(data not shown). To localize further the region(s) of KLF6
responsible for HDAC3 interaction, truncation/deletion mu-
tants of KLF6 were co-transfected with HDAC3, which local-
ized an HDACS3 interaction domain between amino acids 28
and 128 (Fig. 5C).

To determine whether HDAC3 and KLF6 interact directly
under native conditions, KLF6 protein containing an N-termi-
nal combination hexahistidine-thioredoxin-TEV protease site
fusion tag was co-expressed with HDACS3 in E. coli using a
bicistronic expression plasmid (27). Talon cobalt metal affinity
chromatography was used to purify the hexahistidine-tagged
KLF6 fusion protein together with associated proteins, and the
fractions were analyzed on Western blots using antisera
against human KLF6 or HDAC3. Whereas HDAC3 alone
bound minimally to the Talon column (Fig. 5D, top panel, lanes
1-3), when co-expressed with tagged KLF6, HDAC3 bound to
and eluted from the metal affinity column (lanes 4-7), indicat-
ing a likely association between HDAC3 and KLF6. As shown
Fig. 5D, lower panel, tagged KLF6 bound to and eluted from the
Talon column as expected, although a significant proportion of
expressed KLF6 appeared to be degraded at the C terminus.
The identity of the bands in Fig. 5D, lower panel, lane 7, was
corroborated by removing the N-terminal tag with TEV prote-
ase, which increased the mobility of the KLF6 bands by
amounts corresponding to the HisTrxN tag (Fig. 5D, bottom



26946 Repression of DLK1 by KLF6 Promotes Adipogenesis

A exon1 exon2 exon3 exond D
KLF& mANA -
=_siRNA target region 8 o C/EBPo. PPARy
/ \ g 1.0—
. u% E 0.8+
e T -
B G : 0.6—
2 0.4
T B
D 0.2+
2 0
. Ll o-
{0 g aP2 adipsin

siANA-KLF6

[EshRNA Control
£ 1.0 [EIshRNA KLF6

[l shRNA Control
. shRNA KLF6

KLF6 mRNA DIk1 mRNA

Fic. 3. KLF6 silencing leads to reduced level of adipocyte differentiation. A, the target sequence and structure of the antisense
shRNA-KLF6. B, Oil Red O staining of the fat droplets on day 7 of the differentiating cells. C, comparative profiles of the relative mRNA levels
of downstream markers for differentiation of 3T3-L1 cells transduced with retroviral shRNA vectors for KLF6 and a standard control mRNA. The
differentiation markers shown include the following: C/EBP«, PPARYy, aP2, adipsin, and SCD1 using Tagman quantitative-PCR. D, the relative
mRNA levels of KLF6 and DIk1 following 7 days post-transduction from retroviral vectors containing antisense KLF6 shRNA and control shRNA
are shown.

A B

X z x 4
(B4 S <

- - -KLF6 2000

— 1800 —
-

_TSA-_TSA+_ % 1000

i 2‘% 1400 | I

- 8 -Dik1 22 1200

LR A | e
%

og 8-

Ii:q: 600 —|

. . . . -GAPDH E_ 400 —|

=~ 200

‘ -y
4 - N
db g\g c?\g ;\9“;\# Q\é) 0\06‘-
C R QV' K o \36 4.-\3 ,Z\OY Q& "
s \0-'0 » RO ¢ PSP
IP: oA —_— & FF
| = e ey
Blot: «KLF6 oHDAC3

Fic. 4. Repression of DLKI1 expression by KLF6 is associated with HDAC activity. A, repression of DIk 1 expression by KLF6 is reversed
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expression was completely abolished. B, KLF6 is associated with HDAC activity in vivo. pCIneo-KLF6 was transfected into 293 cells; 36 h later,
the KLF6 complex was immunoprecipitated (IP) using anti-KLLF6 antibody and incubated with *H-labeled and -acetylated histone H4 peptides.
KLF6-associated HDAC activity was examined by counting the released [*H]acetic acid within the supernatant of the reaction. +T'SA indicates
that the anti-KLF6 immunoprecipitates were pretreated with 100 ng/ml TSA for 30 min at 4 °C before being assayed for HDAC activity. +block
indicates that the anti-KLLF6 antibodies were pre-absorbed with recombinant KLLF6 proteins. KLF6-associated HDAC activity was blocked ~80%
by the addition of the HDAC inhibitor TSA. Purified human HDAC3 (Biomol) was used as a positive control. C, HDAC3 is associated with
endogenous KLF6 in 3T3-L1 adipocytes following differentiation. Approximately 3 X 10° post-induced 3T3-L1 mouse cells were collected and
prepared as nuclear extract (see “Materials and Methods”). Nuclear extracts were immunoprecipitated with anti-HDAC3 and anti-KLF6 antisera
and immunoblotted with either anti HDAC3 or anti-KLF6 antisera.

panel, lane 8). Because bacterial co-expression of HDAC3 and accessory or intermediate eukaryotic factors.
KLF6 is sufficient for complex formation, our results suggest HDACS3 Is Essential for KLF6-associated HDAC Activity—To
that HDAC3 can interact directly with KLF6 without other determine whether HDAC3 is essential for the deacetylase
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activity associated with KLF6, we immunodepleted nuclear
extracts from 293T cells transfected with FLAG-tagged KLF6
of specific HDACs using rabbit polyclonal antisera against
several of the HDAC species, including HDAC1, HDAC2,
HDAC3, HDAC4, HDAC5, and HDAC7. Deacetylase assays
were conducted with anti-FLAG immunoprecipitates on each of
the nuclear extracts depleted of each HDAC by immunoabsorp-
tion. By using this approach, we found that HDAC3 is required
for the deacetylase activity associated with KLF6 (Fig. 6A). In
contrast, immunodepletion of HDAC2 (Fig. 6A) and HDAC4-6
(data not shown) did not diminish deacetylase activity associ-
ated with KLF6. These data indicate that HDACS3 is responsi-
ble for the protein deacetylase activity associated with KLF6.
To validate the use of HDAC3 antisera to remove HDAC3 from
the nuclear lysate, an immunoblot of nuclear lysate before and
after absorption of HDAC3 by immunoprecipitation (Fig. 6B)
confirmed the removal of HDAC3 from the supernatant used
for KLF6 immunoprecipitation. We also tested the presence of
KLF6 following the immunodepletion of HDAC3 and found a
60% loss in KLF6 protein as measured by densitometry (Fig.
6B). These studies confirm the dependence of HDACS3 for
deacetylase activity associated with KLF6.

To determine whether KLF6 also specifically associates with
other endogenous HDACs in differentiated 3T3-L1 cells, we
performed immunoprecipitation/immunoblot analysis from nu-
clear lysates. As demonstrated in Fig. 6C, KLF6 is predomi-
nantly associated with HDAC3; very minor interactions are
seen in the presence of the HDAC1 and HDAC7 immunopre-
cipitates but not with HDACZ2, -4, and -5. To ensure that levels
of protein lysate used between each sample were relatively
equivalent, immunoblots were also probed with anti-B-actin
antisera (Fig. 6C). Furthermore, we examined the presence of
each of the HDACs in the 3T3-L1 cell nuclear lysate as well,
with only significant expression of HDAC3 detected (Fig. 6C).

HDAC Activity Associated with KLF6 Is Independent of the
Rb Protein—Recent studies implicate pRb110 in the regulation
of adipogenesis through its association with HDAC3 (24). To
exclude the possibility that HDAC activity associated with
KLF6 is dependent on HDAC(s) that also associate with
pRb110, we further exploited the use of immunodepleted nu-
clear extracts to test whether depletion of pRb could eliminate
or reduce HDAC activity associated with KLF6. Immunopre-
cipitation of FLAG-tagged KLF6 from transfected 293T cells
was used to measure HDAC activity following the pre-absorp-
tion of pRb110 from nuclear extracts. This pre-absorption of

anti-KLF6 antibody. Bottom panel, FLAG epitope-tagged KLF6 and
HDACS3 constructs were co-transfected. Anti-FLAG antibody was used
for immunoprecipitation, and anti-HDAC3 antibody was used for im-
munoblot. B, KLF6 co-immunoprecipitated with endogenous HDAC3 in
HeLa cells. An experiment identical to that shown before was per-
formed in HeLa cells. C, mapping of the HDAC3-interaction domain in
KLF6. A series of FLAG epitope-tagged KLF6 deletion constructs were
co-transfected with the HDAC3 expression construct into 293T cells,
followed by immunoprecipitation using an anti-FLAG antibody, and
blotted with anti-HDAC3 antibody. The results indicate that amino
acids 28-128 of KLF6 are required for interaction with HDAC3. D,
KFL6 and HDAC3 complex when co-expressed in E. coli. Top panel,
Western blot probed with anti-HDAC3 antibodies for HDAC3 expressed
alone and HDAC3 co-expressed with HisTrxN-tagged KLF6. Lanes 1-3
show soluble cell extract, Talon metal affinity flow-through, and Talon
eluent, respectively, for HDAC3 expressed alone. Lanes 4-8 represent
HisTrxNKLF6 in uninduced cells, induced cells, soluble cell extract,
Talon eluent, and Talon eluent digested with TEV protease, respec-
tively, for HDAC3 co-expressed with HisTrxNKLF6. A faint 50-kDa
HDAC3 immunoreactive band can be detected in lane 3 on an overex-
posed Western blot (data not shown). Bottom panel, Western blot of the
same samples from the experiment described in the top panel probed
with anti-KLF6 antibodies for co-expression of the HisTrxNKLF6 pro-
tein (lanes 4-8).



26948

Repression of DLK1 by KLF6 Promotes Adipogenesis

a0 (&8\ S\
o A
g B & 8
@ - @0 &
E‘! '\<° Q\o‘h
.,E% 3000 P
3 ; 2500 -
®
"é %3 o HDAC3 —f |
E 1500 oHDAC3
= 1000 —
«KLF6
e
Qf
K
QO
Ry D
4500
c E 4000
2 3 as00-
’ 1=
A VY D D b A T 3000
i < < < i K <) T3
F T FFFrFF s g
L.P.: QF O O O O X & < 3 2500
6‘-& 0‘-2\ &b &2‘ c'-b 0‘-2\ \QQ O '§
g £ 2000 1
Immunoblot: oKLF6 810901
aHDAC10HDAC2¢HDAC3uHDACH aHDACT 500+

=] | —

Immunoblots: HDACs

[— — — — — — —| <pActin

Immunoblot: anti -p Actin

Fic. 6. HDAC3 catalytic activity is specifically associated with KLF6 and independent of pRb. Nuclear extracts immunodepleted of
HDAC3 or HDAC2 proteins were used to identify specific HDAC protein activity associated with KLF6. A, anti-FLAG (M2) agarose-bound protein
was assayed for deacetylase activity following pre-absorption of specific HDAC3 and HDAC2 proteins. Preimmune serum was used to determine
background levels of nonspecific protein absorption. Release of tritiated acetate was measured by scintillation counting. B, immunoblot analysis
of nuclear lysate precleared of HDAC3. C, the specific association of KLF6 with the various endogenous classes I and II HDACs were evaluated
in 3T3-L1 cell nuclear lysates following the differentiation protocol that was described (“Materials and Methods”). Antibodies against the various
HDAGCSs from the class I and II families (¢HDAC1, «dHDAC2, «dHDAC3, «cHDAC4, «HDACS5, and «HDACT7) were used to react with specific HDAC
proteins from 3T3-L1 cell nuclear lysates, followed by precipitation with protein-A-agarose. Samples were then blotted with anti-KLF6 antisera
(aKLF6). To monitor the levels of endogenous class I and class II HDACs, immunoblots were performed for each of the same HDACs with specific
antibodies, with significant expression only of HDAC3 (HDAC5 was not detected in nuclear lysates-not shown). D, HDAC activity was measured,
as described above, following the pre-absorption of pRb by immunodepletion of nuclear extracts using rabbit polyclonal antibody against pRb (C15,

Santa Cruz Biotechnology). IP, immunoprecipitation.

pRb110 did not reduce HDAC activity associated with KLF6
(Fig. 6D), indicating that the HDAC activity associated with
KLF6 is independent of pRb110-associated HDAC activity.
HDAC3 Mediates the Repression of Endogenous DLKI
through KLF6—Our data indicate that KLLF6 associates in vivo
with HDACS3 to form a stable complex repressing DIk1 expres-
sion. However, they do not establish the relative contribution of
this complex to occupancy of the native DIk1 promoter during
adipocyte differentiation. To address this issue, we performed
chromatin immunoprecipitation assays to verify that KLF6
recruits HDACS3 to the endogenous DIk1 promoter (Fig. 7A).
Immunoprecipitation of chromatin using polyclonal antisera
against either KLF6 or HDAC3 was performed on nuclear
extracts from 3T3-L1 cells undergoing differentiation cross-
linked with formaldehyde. Following reversal of the formalde-

hyde cross-links and proteinase K digestion, a fragment corre-
sponding to —481 through —283 of the mouse DIkI promoter
was amplified by PCR. Our results confirmed that the endog-
enous DIk1 promoter was occupied by full-length but not mu-
tant (A128) KLF6, together with HDACS3, following differenti-
ation of 3T3-L1 cells (Fig. 7, A and B).

To determine the relative contribution of HDAC3 to tran-
scriptional repression of DIk1, an ecdysone/ponasterone-regu-
lated system was used to control the induction of HDAC3 in
3T3-L1 cells. In 3T3-L1 preadipocytes stably expressing both
the pVgRXR transactivator and pIND-FLAG/HDAC3 target
transgenes, stimulation of HDAC3 expression in vivo by pon-
asterone A led to down-regulation of endogenous DLK1 protein,
which was partially reversed by silencing of HDAC3 expression
using either trichostatin A or HDAC3 siRNA (Fig. 7C). Fur-
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Fic. 7. KLF6 and HDAC3 occupy the DLKI1 locus and correspond to the loss of DLK1 expression in vivo. A, upper panel, anti-KLF6
antibody and two different antibodies against HDAC3 (labeled as anti-HDAC3a and anti-HDAC3b) were used for immunoprecipitation. PCRs for
ChIP assay were performed using primers positioned at —481 and —283 bp upstream of the mouse DIkI promoter transcriptional start site. Middle
panel, prior to each immunoprecipitation, 1% volume of each cell lysate was analyzed by PCR to determine the input signals from the DikI
promoter. Lower panel, to demonstrate the presence of KLF6 and HDACS3 in the anti-KLF6 and anti-HDAC3 immunoprecipitates, respectively,
one-half of each of anti-KLF6 and anti-HDAC3a immunoprecipitates was subjected to SDS-PAGE/Western analysis, blotted with anti-KLF6
antibody or anti-HDAC3a antibody, respectively. B, ChIP analysis was conducted with NIH 3T3 cells stably transfected with pcDNA3.1/HDAC3
under G418 selection. After three serial passages under G418 selection (600 wg/ml), both wild-type KLF6 and deletion mutant of KLF6 (A128) were
transiently transfected into the HDAC3 expression system as indicated above the image. After 48 h, cells (~5 X 10° cells) were fixed with
formaldehyde, and chromatin was prepared for chromatin immunoprecipitation assays. ChIPs were performed with anti-histone H3 (Upstate
Biotechnology, Inc.), anti-acetyl histone H3 (Upstate Biotechnology, Inc.), anti-HDAC3, and normal rabbit serum as a negative control as indicated
below the image. C, stably transfected 3T3-L1 cells were used to induce the expression of HDAC3 in vivo by an ecdysone-inducible mammalian
system (Invitrogen) with ponasterone A. RNA interference was conducted with siRNA duplexes directed against HDAC3 (Dharmacon). Transfec-
tion of siRNA into stably transfected 3T3-L1 cells was performed under induced and uninduced states of HDAC3 expression. Stably transfected
3T3-L1 cells were then monitored for the expression of HDAC3 by immunoblot analysis with rabbit antiserum against mammalian HDAC3, and
input levels were monitored by parallel immunoblot analysis of cyclophilin A as a control. Levels of Dik1/prefl were analyzed by immunoblot
studies conducted with rabbit anti-mouse DIk 1/preflantiserum. D, chromatin immunoprecipitation studies were performed on chromatin from pre-
and post-induced (as indicated — and +, respectively) state of differentiation in 3T3-L1 cells. Mouse preadipocyte 3T3-L1 cells were cultured under
selective conditions (see “Materials and Methods”) to induce cell differentiation. On day 0 (—) of induction, 5 X 10° 3T3-L1 cells were fixed with
formaldehyde and used in the ChIP experiments as shown. Following 8 days of induction (+), the same number of cells was recovered from
formaldehyde fixation and used in the ChIP experiments. Immunoprecipitation (IP) of sonicated chromatin lysates was performed with polyclonal
rabbit antisera as indicated. An approximate amount of 10% of the total input was used to monitor equivalent levels of chromatin used in the PCR
from the sheared DNA templates. The levels of pre (—)- and post (+)-induced 3T3-L1 cells from the chromatin input were monitored for HDAC3
protein by immunoblot analysis.

thermore, from these experiments we conclude that HDAC3 is
a direct mediator of DIkI repression in vivo.

To determine whether recruitment of HDAC3 is mediated
directly by KLF6 recruitment to the DIk1 locus, we established
a stably transfected NIH 3T3 cell line that constitutively over-
expresses HDAC3. These cells were transiently transfected

with either the wild-type KLF6 plasmid or the KLF6 deletion
mutant (A128) expression construct (which lacks part of the
activation domain and the entire DNA-binding domain) in or-
der to examine their respective ability to recruit HDACS3 to the
DIEk1 promoter. Based on chromatin immunoprecipitation anal-
ysis (Fig. 7B), there was a direct correlation between wild-type
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KLF6 expression and HDAC3 recruitment to the endogenous
DIk1 promoter. In contrast, under identical conditions, the
KLF6 (A128) deletion mutant failed to recruit HDAC3 to the
same DIk1 promoter element, further indicating that full-
length KLF6 mediates the interaction of HDAC3 within the
DIk1 promoter.

To confirm additionally the requirement for KLF6 and
HDACS to occupy the DIk1 locus during adipogenesis, chroma-
tin immunoprecipitation analysis was performed using ex-
tracts of 3T3-L1 cells isolated before or after induction of adi-
pogenesis. Although minimal HDACS occupied the endogenous
DIk1 locus prior to induction of adipogenesis, the HDAC3-Dik1
promoter occupancy was clearly demonstrable following adipo-
genic induction (Fig. 7D). Moreover, although KLF6 was also
detectable prior to induction, its association with the promoter
was also increased upon adipogenesis. These data support that
conclusion that both HDAC3 and KLF6 co-occupy the DIk1
promoter, but only in mature adipocytes and not preadipocytes.

DISCUSSION

Our data support a role for KLF6 in adipocyte differentia-
tion. HDAC3 activity is specifically recruited to the transacti-
vation domain of KLF6, which together directly bind to the
DIk1 promoter to achieve repression, leading to induction of
key regulators of adipocyte differentiation. Silencing of KLF6
mRNA using either retroviral infection or stable transfection of
KLF6 siRNA blocks 3T3-L1 cell differentiation, indicating that
KLF6 function is necessary, albeit not sufficient, to direct prea-
dipocytes into mature adipocytes. In fact, forced expression of
KLF6 in the absence of a full differentiation mixture does not
induce adipogenesis in 3T3-L1 cells (data not shown). Although
several factors and upstream pathways converge to promote
differentiation of adipocytes, there are no previous examples
where direct transcriptional repression of a regulatory protein
(DLK1) controls this process. A potential contribution of KLF6
was suggested by an earlier report (14) in which murine KLF6/
7f9 was associated with adipogenesis immediately following
the induction of 3T3-L1 cells with adipogenic hormones, but
neither its activity nor regulatory targets were clarified.

KLF6 Is a Novel Transcriptional Repressor of DLK1 and
Modulates Adipocyte Differentiation—Our data identify a novel
transcriptional repressor function of KLF6 in promoting adipo-
cyte differentiation, whereas previous studies have focused on
its role as a transcriptional activator in tumor suppression (12,
28, 29) and other biologic contexts (8, 30, 31). Transactivation
by KLF6 may be coupled with co-activator activities (32); how-
ever, our findings indicate a more complex transcriptional
model for KLF6-mediated repression. Specifically, transcrip-
tional repression by KLF6 is associated with HDAC3 activity in
both 3T3-L1 and 293T cells. Other Kriippel-like factors may
function as either transcriptional activators or repressors (33,
34), but none has been linked to cell type-specific transcrip-
tional co-factors in this manner. Most interestingly, two recent
studies (35, 36) implicate other Kriippel-like factors in mediat-
ing adipocyte differentiation through multiple and discrete
transcriptional mechanisms.

In support of the data shown in Fig. 2, we performed ChIP
shown in Fig. 7. Although there is a discrepancy between the
DNA elements bound by KLF6 in vitro (Fig. 2) and the choice of
genomic sequences used to amplify by PCR following ChIP (Fig.
7), these results are due to the inability to identify optimal
primer sequences for PCR overlapping the KLF6-binding site of
the DIk1 promoter. To address this issue, a region proximal to
the KLF6-binding site was selected both for optimal conditions
for PCR and the capacity to detect the occupation of KLF6
within a proximal region of DIk1. We account for this discrep-
ancy because a consequence of shearing chromatin within
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~500 bp to 1 kb will allow retention of the target sequences
following the immunoprecipitation step. Therefore, amplifica-
tion of the genomic region overlapping the putative KLF6 bind-
ing is capable of generating a signal during the PCR procedure.

HDACS3 as a Critical Co-repressor in Adipocyte Differentia-
tion—The architecture of chromatin has a fundamental role
regulating gene transcription in vivo. The relationship between
KLF6 and the remodeling of chromatin structure via the mod-
ification of nucleosomal histones has not been studied previ-
ously. We demonstrate that KLF6 incorporates histone-modi-
fying activity through the recruitment of HDAC3 (Figs. 4 and
5). HDAC3 is a member of the class I Rpd 3-like histone
deacetylases (37—-40) that has activities clearly distinct from
those of HDAC1 and -2 (37, 41). A role for HDAC3 in cell
differentiation has been suggested based on its functional re-
lationship to signaling mechanisms directing a number of cru-
cial cell fate decisions (37, 42, 43). The evidence that KLF6 is a
true HDAC3-associated protein is supported by its co-purifica-
tion using a bicistronic bacterial expression system able to
identify direct protein-protein interactions under native condi-
tions (Fig. 5D). Furthermore, immunodepletion experiments
also demonstrate that HDAC3 is responsible for the majority of
the deacetylase associated with KLF6 (Fig. 6). These results
indicate that HDACS is a specific co-factor for KLF6 activity
during 3T3-L1 adipogenic differentiation. Our findings also
exclude participation of other HDACS, including HDAC2, in
cooperating with KLF6, a surprising finding, considering that
several proteins that bind HDAC1/2 also partner with
HDAC3 (44).

Our results further indicate that KLF6 complexes directly
with HDAC3 (Fig. 5D). KLF6 appears to recruit directly HDAC3
to the endogenous DIkI promoter, and the induction of HDAC3
expression correlates directly with a decrease of DLK1 levels in
3T3-L1 (Fig. 7). These data demonstrate that one potential mech-
anism directing repression of DIkI involves recruitment of
HDACS3 through interaction with KLF6. Several previous studies
indicate that HDAC3 participates in transcriptional repression
through either direct interactions with transcriptional co-repres-
sor molecules NCoR and SMRT to form stable ternary com-
plex(es) (15, 37, 42, 45—47) or through binding to pRb (44). How-
ever, our experiments demonstrate that KLF6 complexes with
HDACS3 independently of these co-repressors or pRb (Figs. 5D
and 6D, and data not shown). The lack of NCoR/SMRT partici-
pation in directing complex formation between KLF6 and
HDACS3 (Fig. 5D) suggests that KLF6 utilizes mechanism(s) of
transcriptional repression independent of those associated
with nuclear hormone receptor signaling that require NCoR/
SMRT, receptors that contribute important permissive sig-
nals during adipocyte differentiation (41). Thus, HDAC3 is a
nexus for multiple converging mechanisms that drive termi-
nal differentiation of adipocytes, among which is its interac-
tion with KLF6. Moreover, KLF6 represents one of only a few
transcription factors utilizing HDACS3 in repressing tran-
scription. Because our studies exclude the participation of
some other class I and class II HDACs in this repression (Fig.
6, A and B), HDAC3 may be the only deacetylase activity
recruited by KLF6 during adipogenesis, further reinforcing
the central importance of HDAC3.

The outcome of the interaction between HDAC3 and KLF6 is
the repression of DIk1, a gene encoding an epidermal growth
factor-like homeotic transmembrane protein whose down-reg-
ulation is required for adipocyte differentiation (48). Similarly,
HDACS has been assigned recently a role in repressing PPARy
function by interacting with hypophosphorylated Rb (24). Com-
bined with previous studies by Fajas et al. (24), our results
indicate that HDACS appears to function as a central mediator
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directing adipocyte differentiation through interplay between
either KLF6 and/or Rb (Fig. 8). pRb sequesters a large number
of growth-promoting transcription factors, thereby stimulating
cellular proliferation (49, 50). However, recent studies suggest
that pRb phosphorylation may also create a permissive envi-
ronment for differentiation of preadipocytes (51-53). Given our
previous evidence that KLF6 mediates cell growth by tran-
scriptional activation of p21¥¥%¢dil our findings suggest a
broader role for KLF6, with distinguishable growth-suppres-
sive and differentiation activities depending on the specific
target gene and context of the chromatin architecture. Our
data indicate that KLF6 can alter the phosphorylation patterns
of Rb through either transcriptional activation of specific cyclin-
dependent kinase inhibitors, such as p21°%“%<% or sequestra-
tion of cyclin D1 (26) to promote both cell cycle arrest and
differentiation at the expense of Rb phosphorylation, a possi-
bility that merits further study based on this model (Fig. 8). In
addition to the transcriptional repression of DI/kI, our data
imply that KLF6 can drive adipocyte differentiation independ-
ently of Rb through transcriptional activation of downstream
inducers of adipocyte differentiation, PPARy, aP2, C/EBP«a and
-B, and SCD1. Finally, these findings suggest that loss of KLF6
activity through mutation in neoplastic disease might directly
contribute to the loss of differentiating function of HDAC3
activity typical of the de-differentiated phenotypes in many
tumors. Consistent with our model is the finding that the
deletion mutant of KLF6 (A128) fails to recruit HDACS3 to the
DIk1 oncogene locus and can even augment local histone acety-
lation of the DIkl promoter, suggesting that loss of KLF6
through mutation might function as a mechanism for growth
survival in preadipocytes.
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Abstract

Kriippel-like factor 6 (KLF6) is a zinc finger transcription
factor and tumor suppressor that is inactivated in a number
of human cancers by mutation, allelic loss, and/or promoter
methylation. A key mechanism of growth inhibition by wild-
type KLF6 is through p53-independent up-regulation of
p21WAFVeiPl (CDKN1A), which is abrogated in several
tumor-derived mutants. Here we show by chromatin immu-
noprecipitation that transactivation of p21VA™/“P! by KLF6
occurs through its direct recruitment to the p21WAFV/cpl
promoter and requires acetylation by histone acetyltransfer-
ase activity of either cyclic AMP-responsive element binding
protein-binding protein or p300/CBP-associated factor.
Direct lysine acetylation of KLF6 peptides can be shown by
mass spectrometry. A single lysine-to-arginine point muta-
tion (K209R) derived from prostate cancer reduces acetyla-
tion of KLF6 and abrogates its capacity to up-regulate
endogenous p21"AF YeiPl and reduce cell proliferation. These
data indicate that acetylation may regulate KLF6 function,
and its loss in some tumor-derived mutants could contribute
to its failure to suppress growth in prostate cancer. (Cancer
Res 2005; 65(20): 9216-25)

Introduction

Kriippel-like factor 6 (KLF6) is an ubiquitously expressed zinc
finger protein belonging to the KLF family of transcription factors
(1, 2). These proteins are DNA-binding transcriptional regulators
that serve myriad roles in differentiation and development (3, 4). All
KLF members possess a distinct NH, terminus activation domain
and a highly conserved COOH terminus zinc finger DNA-binding
domain that interacts with “GC box” or “CACC” DNA motifs in
responsive promoters (3, 4). In contrast to the conserved DNA-
binding domain among KLFs, the divergent activation domain of
each family member accounts for their diverse biological activities.

KLF6 has broad activity in regulating cell growth, tissue injury,
and differentiation. Its transcriptional targets include a placental
glycoprotein (5), HIV-1 (6), collagen «;(I) (2), transforming growth
factor p1 (TGFP1), types I and II TGFp receptors (7), nitric oxide
synthase (8), and urokinase type plasminogen activator (9). It is
also an immediate early gene up-regulated in hepatic stellate cells
during acute liver injury (1) and during the differentiation of
preadipocytes into adipocytes (10), suggesting a generalized
function of KLF6 in different biological contexts.
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KLF6 has recently been identified as a tumor suppressor gene
that is inactivated in primary prostate (1, 11), colon (12)
nasopharyngeal (13), glial (14), and hepatocellular (15) cancers
and is down-regulated in lung and prostate cancers (16, 17),
Decreased KLF6 mRNA expression correlates with clinical outcome
in prostate cancer (17). Somatic loss of heterozygosity (LOH) and
DNA mutations result in functional deletion of the KLF6 gene in
~60% of prostate and 45% of colon tumors (1, 11, 12). KLF6
promoter silencing by methylation also has been uncovered in
esophageal cancer cell lines (18).

One mechanism by which KLF6 reduces cell proliferation is
through up-regulation of p21VA*/“P! 3 key cyclin-dependent
kinase (cdk) inhibitor. This induction does not require p53, a well-
established transactivator of p21"VAFY/eP! pecause p21WAFY/CP!
induction by KLF6 is preserved in p53-null cells (1). The molecular
requirements for p21VAF!/<iP! up-regulation by KLF6 have not been
defined, and information about transcriptional coactivators within
KLF6 transcriptional complexes is limited. Heterologous interac-
tion of KLF6 with KLF4 or Spl is required for keratin (19) or
endoglin gene expression (20), respectively, but potential interact-
ing proteins in that context have not be explored.

Coactivators, specifically histone acetyltransferases (HAT),
contribute to the transcriptional activity of other tumor suppres-
sors (e.g., p53), where recruitment of HATs is vital to its function
(21). HATs are chromatin-modifying proteins that directly regulate
transcription through interaction with transcription factors (22),
including p53 (23, 24), pRb (25), and BRCAL (26), as well as the zinc
finger transcription factors Spl (27) and EKLF (28, 29). Altered
interactions between HATs and transcription factors may contrib-
ute to tumorigenesis. For example, disruption of the p300-p53
interaction may underlie the mechanism by which the viral
oncoprotein E1A induces cell transformation (23, 24, 30).

In vivo, HATs function as part of large protein complexes that
share a highly conserved acetyl-CoA binding motif but have
different substrate specificities. Among the best studied HATs,
cyclic AMP-responsive element binding protein-binding protein
(CBP) and p300/CBP-associated factor (PCAF) modulate gene
transcription through the acetylation of specific lysine residues on
chromatin, and function as coactivators for a number of trans-
cription factors regulating cell growth and development (31-34). In
addition, acetylation of nonhistone proteins has emerged as a novel
mechanism of posttranslational modification (35, 36).

Our identification of a KLF6 lysine-to-arginine mutation in
primary prostate cancer raised the prospect that mutation of an
acetylation substrate site might contribute to the loss of growth
suppressive activity through the abrogation of p2lWAF1/ Pl trans-
activation. In the present study, we have explored the role of CBP
and PCAF in up-regulating p21"“**"/“P! gene expression by KLF6.
Loss of lysine through mutation impairs KLF6s capacity to
transactivate the p21"“A"/“P!promoter or up-regulate endogenous
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p21WVAFV/ePL Thege findings suggest that acetylation of KLF6 plays

a critical role in its regulation of target gene expression. Given its
role as a tumor suppressor, loss of KLF6 acetylation may be
associated with tumorigenesis.

Materials and Methods

Expression plasmids. PCIneo-KLF6 (human; previously known as
“Zf9”) expression plasmid was constructed as previously described (1).
HA-CBP was a gift from Dr. RH. Goodman, Vollum Institute, Oregon
Health Sciences University, Portland, OR (37). PCI-PCAF plasmid was a gift
from Dr. Yoshihiro Nakatani, Department of Cancer Biology, Dana-Farber
Cancer Institute, Boston, MA (38). p21WAF 1/eipl promoter-luciferase
construct was a gift from Dr. Toru Ouchi, Department of Oncological
Sciences, Mount Sinai School of Medicine, New York, NY (39). pRL-TK
Vector used as a control for transfection efficiency was from Dual-
luciferase Reporter Assay System (Promega, Madison, WI).

Site-directed mutagenesis. A lysine-to-arginine point mutant of KLF6
(pCIneoK209R) was constructed using Quick-Change site-directed mutagen-
esis kit (Stratagene, La Jolla, CA), as described below. pCIneo-KLF6 (human)
was used as the template for the mutagenesis. The primers used for
mutagenesis were K209R sense, 5-CCACTTTAACGGCTGCAGGAGAGTTTA-
CACCAAAAGC-3' and K209R antisense, 5-GCTTTTGGTGTAAACTC-
TCCTGCAGCCGTTAAAGTGG-3. All mutated constructs were sequenced
on both strands to verify these mutations and to confirm that no other
alterations were introduced.

Cell culture. Prostate cancer 3 (PC3M) cells, 293 cells, and 293T cells
were obtained from the American Type Culture Collection (Manassas, VA).
Cells were grown in DMEM supplemented with 10% fetal bovine serum
(Hyclone, Logan, UT), 100 units/mL penicillin and 100 units/mL
streptomycin, and 2 mmol/L L-glutamine (Life Technologies, Gaithersburg,
MD). Treatment with trichostatin A (Sigma-Aldrich, St. Louis, MO) and
suberoylaniline hydroxamic acid (Biomol, Plymouth Meeting, PA) was
used at a final concentration of 0.5 umol/L. Cell were recovered 8 to 12
hours following treatment with individual histone deacetylase (HDAC)
inhibitors.

Transfection and luciferase reporter assays. Transient transfections
were done using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA). For
analyzing transfected protein using Western blot, PC3M cells cultured in
10-cm plates (Corning, Acton, MA) were transfected with 10 pg pClneo
empty vector, pCIneoKLF6, or the pCIneoK209R mutant; cells were lysed 36
hours later for Western blot analysis. For luciferase assay, PC3 cells were
transfected with pCIneo-KLF6 (1 pg), HA-CBP (5 pg), pCl-PCAF (5 ng),
respectively or together, as indicated in text, together with the p21*“A™/<P!
promoter-luciferase construct. Five nanograms of pRL-TK plasmid (Prom-
ega) were cotransfected in each transfection as a control for transfection
efficiency. Forty-eight hours after tranfection, cells were washed thrice with
cold PBS and cell lysates prepared using Dual-luciferase reporter assay
system (Promega). The luciferase activity in 10 pL lysate was determined
using Dual-luciferase reporter assay system and luminometer (Dynex
Technologies, Worthing. West Sussex, United Kingdom). Transfection
efficiency was normalized by Renilla luciferase activity measured concur-
rently in the same lysate. Stable cell lines were generated by cotransfecting
the appropriate expression constructs (pCIneo empty vector, KLF6 full
length, and KLF6 full length with K209R mutation) with a puromycin
expressing plasmid in a 10:1 ratio. Transfected cells were selected with
2.5 pg/mL of puromycin, and pooled clones of cells were used in subsequent
experiments.

Chromatin immunoprecipitation assays. Chromatin immunoprecip-
itation assays were done as previously described (40) with minor
modifications described here. Briefly, 293 cells (4 X 10°) were transfected
with pCIneoKLF6 or pSG4 + Spl (gift from R. Tijan, University of
California at Berkeley and G. Gill, Harvard University, Boston, MA). Thirty-
six hours after transfection, cells were cross-linked with 1% formaldehyde
for 10 minutes at 37°C followed by cell lysis and sonication of DNA into
200- to 1,000-bp fragments. Proteins cross-linked to DNA were
immunoprecipitated with 10 pg anti-Zf9/KLF6 antibody (R-173; Santa

Cruz Biotechnology, Santa Cruz, CA) or anti-Spl antibody (Upstate
Biotechnology Charlottesville, VA) and 60 pL salmon sperm DNA/protein
A agarose beads. Antisera against histone H3 (Upstate Biotechnology) was
used as an input control for chromatin in each assay as shown. The
protein A agarose/antibody/protein complexes were washed extensively
and eluted following the manufacturer’s instruction. The cross-linking was
reversed by heating at 65°C for 4 hours and proteins were digested by
proteinase K for 1 hour at 45°C. DNA was recovered by phenol/
chloroform extraction and ethanol precipitation in the presence of 10 pg/
mL yeast tRNA carrier and used as a template for PCR reactions. Genomic
sequence primers encompassing the p21WA“/ P! promoter region —150 to
—3 bp upstream of transcriptional start site were used to amplify
immunoprecipitated DNA as template: —150F, 5-GCTGGGCAGCCAG-
GAGCCTG-3; —3R, 5-CTGCTCACACCTCAGCTGGC-3.

Immunoprecipitation and Western blotting. For coimmunoprecipi-
tation assays, 293T cells were transfected with 20 pg of plasmid DNA.
Thirty-six hours after transfection, cells were washed twice with cold PBS
and lysed on ice for 20 minutes using immunoprecipitation lysis buffer
containing 0.5% NP40, 50 mmol/L Tris-HCl (pH 7.4), 120 mmol/L NaCl,
and protease inhibitors (Complete Protease Inhibitor Cocktail Tablets,
Roche, Nutley, NJ). The cell lysate was precipitated for 30 minutes at
14,000 X g at 4°C. The supernatant was immunoprecipitated at 4°C for 1
hour using 4 pg of anti-Zf9/KLF6 antibody (R-173; Santa Cruz
Biotechnology), or 4 pg of anti-HA antibody (Mount Sinai Hybridoma
Center, New York, NY) with 50 pL of protein-G beads (Pierce, Rockford,
IL), or using 50 pL of M2 anti-agarose (Sigma, St. Louis, MO). For
coimmunoprecipitation of endogenous KLF6 and CBP, monoclonal anti-
KLF6 antibody was cross-linked to agarose beads using ImmunoPure
Protein G IgG Plus Orientation Kit (Pierce). NIH 3T3 cells (1 x 10°%) were
lysed and precipitated, as described above. The supernatant was
immunoprecipitated using cross-linked anti-KLF6 agarose. The beads
were subsequently washed thrice with 800 uL immunoprecipitation wash
buffer [0.5% NP40, 50 mmol/L Tris-HCI (pH 7.4), and 500 mmol/L NaCl],
solubilized in Laemmli sample buffer (Sigma) containing 5% B-mercap-
toethanol, boiled, and separated by SDS-PAGE followed by Western
blotting as described below. As a negative control, immunoprecipitation
was done using control rabbit or mouse IgG (Sigma).

For Western blotting, cell extracts were harvested in radioimmunopre-
cipitation assay buffer (Santa Cruz Biotechnology, standard protocol).
Protein samples (30 pg per sample) were separated on SDS-polyacrylamide
gel (6% for CBP and 10% for KLF6 and PCAF) and transferred to a
nitrocellulose membrane (Bio-Rad, Hercules, CA). The membranes were
blocked in 5% dried milk in 10 mmol/L Tris-HCI (pH 8.0), 150 mmol/L NaCl,
and 0.1% Tween 20 (1X TBS-T) for 1 hour at room temperature. The
membrane was incubated with primary antibody: anti-Zf9/KLF6 (R-173),
1:2,000 (Santa Cruz Biotechnology); anti-p21“A™/*P! (H-164), 1:250 (Santa
Cruz Biotechnology); anti-CBP-NT, 1:1,000 (Upstate Biotechnology); anti-
PCAF, 1:1,000 (Upstate Biotechnology); anti-acetyl-lysine antibody, 1:1,000
(Cell Signaling, Beverly, MA). Secondary antibody (horseradish peroxidase—
conjugated anti-rabbit or anti-mouse IgG (Amersham Biosciences, Piscat-
away, NJ) was used according to manufacturer’s instruction at 1:2,000
dilution followed by enhanced chemiluminescence protocol (Amersham
Pharmacia).

In vitro protein acetyltransferase assay. Protein acetyltransferase
reactions were done with in vitro translated KLF6 protein and synthesized
by using the TNT in vitro transcription and translation system (Promega)
either in the absence of radioisotope or in the presence of [**C]-leucine
(50 uCi/mmol, Perkin Elmer, Boston, MA). For acetyltransferase reactions,
~1 pg of in vitro translated KLF6 and 100 ng of immunoprecipitated
HA or FLAG-tagged proteins of CBP (wild type), CBP (HAT—; kind gifts
from Dr. RH. Goodman), or PCAF (wild type) were incubated with
['*C]-acetyl-CoA (55 pCi/mmol, New England Nuclear) for 1 hour at 30°C.
After acetyltransferase reactions, KLF6 protein was immunoprecipitated
with anti-Zf9/KLF6 antibody (R-173, Santa Cruz Biotechnology). The
entire reaction mixture was separated by 10% SDS-PAGE. Gels containing
[''C]-labeled proteins were stained and fixed with 10% glacial acetic
acid and 40% methanol for 1 hour, soaked in Amplify (Amersham
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Pharmacia) for 40 minutes, and exposed to X-ray film for autoradiography
for ~ 10 minutes.

Analysis of proliferation. Proliferation was determined by estimating
®H-thymidine incorporation. BPH1 and PC3M cell lines stably expressing
the appropriate expression vectors were plated at a density of 50,000 cells
per well in 12-well dishes. Twenty-four hours after plating, 1 pCi/mL *H-
thymidine (Amersham, Biosciences) was added. After 2 hours, cells were
washed four times with ice-cold PBS and fixed in methanol for
30 minutes at 4°C. After methanol removal and cell drying, cells were
solubilized in 0.25% sodium hydroxide/0.25% SDS. After neutralization
with hydrochloric acid (1 N), disintegrations per minute were estimated
by liquid scintillation counting. This process was repeated at 48 and
72 hours.

Tumor samples. The preparation of tumor samples was as previously
described (1). Briefly, 5-pm sections stained with H&E were used as an
accurate histologic reference for normal and tumor-derived tissue.
Microdissection was done on sequential 20-um sections and DNA
subsequently extracted (Ambion paraffin block isolation kit, Austin, TX).
DNA was isolated by proteinase K digestion overnight at 37°C incubator
followed by heat inactivation at 95°C for 10 minutes. KLF6 sequence
analysis of tumor samples was done as previously described (1).

Peptide acetylation assay. Four peptides were synthesized using
commercially available resources (Invitrogen) covering the majority of
lysine residues within the KLF6 molecule. The peptides’ sequences are as
follows: (a) h68-87 ILAREKKEESELKISSSPPE, (b) h115-134 SSEELSP-
TAKFTSDPIGEVL, (c) h204-223 FNGCRKVYTKSSHLKAHQRT, and (d)
h248-267 TRHFRKHTGAKPFKCSHCDR. For peptide acetylation assay, 5 ng
of peptide were incubated at 30°C for 1.5 hours with 5 ng CBP or PCAF, 10 pL
of 1 mmol/L acetyl CoA, 5 pL of 0.1 mol/L sodium butyrate, in the presence
or absence of 10 pL 3H—acetyl CoA (0.5 pCi/pL, Amersham Pharmacia), in
1X HAT assay buffer (Upstate Biotechnology). Following the reaction, the
mixture was analyzed by scintillation counting to confirm “H incorporation
followed by mass spectrometry (MS) analysis. To assess *H incorporation,
5 uL of reaction mixture were spotted onto a small square of filter paper
followed by washing with 50 mmol/L Na,HPO, (pH 9.0), then the filter paper
was placed into scintillation fluid overnight for counting the next day.

Mass spectrometry analysis. KLF6 peptides and their acetylation
products (1 pmol) were isolated and purified using Poros 20 R2 beads
(Applied Biosystems, Foster City, CA) and ZipTipcs pipette tip (Millipore,
Bedford, MA) following the manufacturer’s protocol. Molecular masses of
the synthetic peptides before and after acetylation reaction were accurately
measured by matrix-assisted laser desorption ionization-MS (MALDI-MS)
using a QSTAR XL hybrid quadrupole time-of-flight mass spectrometer
(Applied Biosystems). a-Cyano-4-hydroxy-cinnamic acid was used as matrix
for sample preparation. To determine the acetylation site(s), fragment
spectra of peaks corresponding to acetylated peptides were collected and
analyzed by MALDI tandem MS (MS/MS) experiment using the same mass
spectrometer.

Results

KLF6 targets the p21“AF/¢P! (CDKNIA) locus and is
associated with hyperacetylation of histone H3. To determine
if KLF6 interacts directly with the endogenous p21"VAFY/cip!
(CDKN1A) promoter, we used chromatin immunoprecipitation
(Fig. 1). PCR reactions were carried out using primers encompassing
—150 to —3 bp upstream of the start site of p21“AF!/cip!
transcription as shown (Fig. 14), which contains multiple GC boxes
predicted by sequence homology to interact with KLF6 and related
family members. Chromatin immunoprecipitation analysis con-
firmed that KLF6 binds to this region of the endogenous p21"*"/<iP!
promoter, establishing p21WAF Velpl a5 a transcriptional target of
KLF6 (Fig. 1B). Interestingly, we were unable to show the binding of
Spl to the same region despite reports to the contrary based on
electromobility shift assay (41). To confirm the ability of the Spl
antibody to recognize Spl in the chromatin immunoprecipitation
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Figure 1. KLF6 is directly associated with the p21WVAF'eP! (CDKN1A)

locus and deposition of acetylated histone H3. A, schematic representation of
p21WAF1CiPT hromoter. PCR for chromatin immunoprecipitation (ChlP) assay
was done using primers (small arrows) positioned at —150 and —3 bp
upstream of transcriptional start site of p21WAF"/¢P1 promoter. This GC-rich
region contains five putative binding sites for KLF6 as well as for Sp1, all of which
are between —102 and —30 bp re‘gion, as shown in (A). B, chromatin
immunoprecipitation assay at p21VAFeP1 promoter in 293 cells. Anti-KLF6
antibody («KLF6) was used for immunoprecipitation. Anti-histone H3
(aHistone H3) antibody was used as a positive control. The binding of Sp1 to
p21"af/eP! promoter is also examined using anti-Sp1 antibody (aSp1).

C, acetylation of the p21WAFeP! (CDKN1A) locus within the gene promoter
was monitored upon transfection with a KLF6 expression vector by chromatin
immunoprecipitation analysis. Input levels of chromatin for immunoprecipitation
reactions were monitored for total histone H3. HDAC inhibitors trichostatin A
(TSA) and suberoylanilide hydroxamic acid (SAHA) at a final concentration of
0.5 pmol/L were used to compare acetylation of histone H3.

assay, a positive control was used to verify Sp1 on other loci (data not
shown). Furthermore, ectopic expression of KLF6 showed increased
recruitment of acetylated histone H3 encompassing the region
between —150 to —3 of the KLF6 promoter when compared with the
control expression vector (Fig. 1C).

KLF6 interacts with CBP and PCAF in vivo. Because CBP and
PCAF interact with critical cellular proteins, including p53 (21) and
E2F1 (42) leading to altered function, we examined whether KLF6
interacts with CBP and/or PCAF using a coimmunoprecipitation
assay. As shown in Fig. 24 (top), CBP was associated with KLF6 when
whole cell lysate of 293T cells expressing Flag-tagged KLF6 and HA-
tagged CBP was immunoprecipitated using anti-Flag antibody and
blotted with anti-HA antibody; this result was confirmed by
reciprocal coimmunoprecipitation (Fig. 24). To show the interaction
between endogenous KLF6 and CBP, coimmunoprecipitation was
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done from a lysate of 1 x 10° NIH 3T3 cells using a monoclonal
anti-KLF6 antibody cross-linked to protein G agarose. Western blot
using anti-CBP antibody revealed that CBP was coimmunoprecipi-
tated with KLF6 (Fig. 2B). The interaction between KLF6 and PCAF
was also shown using a similar approach (Fig. 2C).

CBP and PCAF synergize with KLF6 in transactivating
p21WAFVEPL T establish the functional significance of the inter-
action between KLF6 and CBP and/or PCAF, we explored whether
CBP and PCAF potentiated the transactivation of p21“A*"/<P! by
KLF6 (Fig. 3). As shown in Fig. 34, KLF6 transactivated the
p21WAFI/eiPl (CDKN1A) promoter 3-fold, which was further
increased to 12-fold in the presence of CBP. When a HDAC inhi-
bitor, trichostatin A was added, the transactivation of p21"A™/P!
by KLF6 was further increased, with the maximal transactivation
>40-fold achieved in the presence of CBP plus trichostatin A.

In addition, we also examined the synergistic effects of KLF6 and
PCAF in driving p21"“**/“P! transactivation (Fig. 3B). In the pres-
ence of PCAF, the transactivation of p21WAF 1/cipl by KLF6 was
enhanced 14-fold. Again, trichostatin A maximally increased the
synergistic effects of KLF6 and PCAF. These results suggest the
functional involvement of CBP and PCAF in KLF6-mediated
p21WAFVePl iy regulation. Considering the roles of CBP and PCAF
as acetyltransferases, these results suggested that enhanced acety-
lation of KLF6 by trichostatin A promoted the transactivation of
p21VAF Veipl promoter. Previous studies showed that trichostatin A
itself enhances transactivation of the p21WAF1/Cipl promoter (41).
This is consistent with the results shown in Fig. 3, in which the
luciferase activity in empty vector control was also increased in
the presence of trichostatin A. It is likely that this effect is due to the
enhanced acetylation by trichostatin A on endogenous transcription
factors that transactivate the exogenous p21"“A*VP! promoter
construct.

KLF6 is acetylated by CBP and PCAF, in vitro and in vivo.
The data above suggested that KLF6 and either CBP or PCAF

functionally interact on the p21"VAFV<P! promoter and raised
the possibility that acetylation of KLF6 by either these two
HATs promoted p21WATV€Pl transactivation. To test to this
hypothesis, we did an in vitro acetylation assay. As shown in
Fig. 44, KLF6 was acetylated ir vitro by both CBP and PCAF but
not by a CBP mutant lacking the HAT domain. To verify that
KLF6 was also acetylated in vivo, we immunoprecipitated KLF6
from 293T cells and blotted with an anti-acetylated lysine anti-
body (Fig. 4B).

Determination of key acetylation sites on KLF6. To determine
which lysine residues on KLF6 are acetylated, we used synthetic
KLF6 peptide fragments covering the majority of lysine residues of
KLF6 (Fig. 54). Two peptides were located in the transactivation
domain (peptides 1 and 2) and the other two were located in the
DNA-binding domain (peptides 3 and 4). HAT assay in vitro was
done using *H-labeled acetyl-CoA to identify acetylated residues
(Fig. 5B and C). When KLF6 peptides were subjected to acetylation
by CBP, a 4.5-fold increase in counts per minute in peptide 3 and
2.7-fold increase in CPM in peptide 4 were observed (Fig. 5B). On
the other hand, no significant increase in cpm was observed when
KLF6 peptides were subjected to acetylation by PCAF (Fig. 5C).
These data indicate that lysine residues in the DNA-binding domain
of KLF6 are acetylation sites for CBP.

Molecular mass measurement of the KLF6 peptides by MS also
confirmed that molecular mass shifting resulted from the acetyla-
tion (42 amu per acetylation). Molecular mass spectra of peptide 3
before and after acetylation by CBP (Fig. 5D) indicated that all of
the three lysine residues in peptide 3 could be acetylated, but the
majority form was singly acetylated followed by a doubly
acetylated form. To identify the acetylation site(s) on peptide 3,
molecular ions corresponding to nonacetylated, singly, and doubly
acetylated peptide 3 were analyzed by fragment mass analysis
using MS/MS (Fig. 5E). To simplify data interpretation, we only
labeled those peaks corresponding to y-series peptide fragments

A B c
HACHRB: = 0 m % IP:  IgG anti-KLF6 KLFG ~ = 4 #
FlagLEg = & - .4 Flag-PCAF -~ + =~ +
- r b | -HA-CBP
i | g+ -CBP - -
250kD- o
IP: Flag : 35 kD- —
Blot: HA
Blot: CBP IP: Flag
Blot: KLF6
HA-CBP ot e my i
Flag-KLF6 - - + KLFe - - + +
FiagKLFs RO KLF6  pgpcAF - + -+
35kD- s pos IR -Flag-
IP: HA Blot: KLF6 —— -Flag-PCAF
Blot: Flag
IP: KLF6
Blot: Flag

Figure 2. KLF6 interacts with CBP and PCAF in vivo. A, KLF6 interacts with CBP. 293T cells were cotransfected with FLAG-tagged KLF6 and HA-tagged CBP
constructs. Thirty-six hours after transfection, cells were lysed and coimmunoprecipitated followed by SDS-PAGE/Western analysis. Top, cell lysates were
immunoprecipitated with anti-FLAG antibody. Anti-HA antibody was used in a Western blot. Bottom, cell lysates were immunoprecipitated with anti-HA antibody.
Anti-FLAG antibody was used in Western blot. B, KLF6 interacts with CBP in vivo. Lysate of 1 x 10® NIH 3T3 cells was immunoprecipitated with agarose-linked
anti-KLF6 antibody to pull down endogenous KLF6. Following SDS-PAGE, anti-CBP antibody was used in Western blot to detect the endogenous CBP that was
coimmunoprecipitated with KLF6. C, KLF6 interacts with PCAF. 293T cells were cotransfected with KLF6 and FLAG-tagged PCAF constructs. Thirty-six hours after
transfection, cells were lysed and coimmunoprecipitated followed by SDS-PAGE/Western analysis. Top, cell lysates were immunoprecipitated with anti-FLAG antibody.
Anti-KLF6 antibody was used in Western blot. Bottom, cell lysates were immunoprecipitated with anti-KLF6 antibody. Anti-PCAF antibody was used in Western blot.
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and a b-type fragment in the spectra. As shown in the fragment
mass spectrum of 2,361.3 (nonacetylated form; Fig. 5E, top), a
series of peaks were observed that corresponded to y-ion (y4-y11).
Acetylation of any of the three lysine residues was easily identified.
In the fragment mass spectrum of 2,403.3 (singly acetylated form;
Fig. 5E, middle), we observed two peaks corresponding to y;; ions.
The major one (labeled with y,;*) indicated the acetylation of
Lys213, and the minor one indicated the acetylation of 209,
respectively. In the fragment mass spectrum of 2,445.3 (doubly
acetylated form; Fig. 5E, bottom), we observed similar y-series
peaks as in the singly acetylated peptide 3, which indicated the
acetylation of Lys®® and Lys*'>. Two additional y-ion peaks were
also detected (labeled yg* and yo*) in the same spectrum. Because
no mass shift was observed for peaks of y, and y;, we interpreted
this observation to have resulted from acetylation of His*'®,
together with the acetylation of Lys*"® or Lys*® (most likely 213).
Based on the mass spectrometric analysis, the data indicate that
the acetylation accessibility of the three lysine residues on KLF6
peptide 3 is in the order of 213, 209, and 218. The histidine residue
can also be acetylated by CBP.

A tumor-derived K-to-R mutant has impaired ability to up-
regulate p21"VA*/<P1 and suppress growth. We have shown a
high frequency of LOH and point mutations of KLF6 in human
prostate cancer (1). Importantly, in addition to the point mutants
of KLF6 originally identified from prostate cancer (1), several

additional lysine mutations were identified in prostate, colon, and
hepatocellular cancers (11, 12, 15). Of these, we focused on a single
new mutation not previously reported, K209R (Fig. 64), to explore
the potential effect of loss of an acetylation site on KLF6 function.
Given that K209 can be acetylated by CBP as confirmed by MS
(Fig. 5), a K209R mutation would be predicted to abrogate acety-
lation at this site. To assess the ability of K209R to transactivate
the p21WAFYePl bromoter, we cotransfected the mutant with a
p21WAFI/EPL by omoter reporter construct into PC3M cells. As shown
in Fig. 6B, compared with wild-type KLF6, K209R completely lost the
ability to transactivate the p21WAF1/ “P! promoter. To correlate this
change with p21"A* Velpl oxpression in vivo, K209R was introduced
into PC3 cells and the endogenous p21""*F Veipl Jovel was assessed
by Western blot. As shown in Fig. 6C, K209R lost the ability to
up-regulate endogenous p21"VA/<PL,

Loss of growth suppression by the K209R mutant was also
shown in stably transfected prostate cancer cell lines. K209R was
stably expressed in both PC3M cells (a metastatic prostate cancer
line) and BPHI cells (a line derived from benign prostate). In
contrast to cells expressing wild-type KLF6, the K209R mutant
was unable to decrease cell proliferation in either BPH1 or PC3M
cell lines (Fig. 6D). Moreover, in PC3M cells but not BPH cells, the
K209R mutant actually increased proliferation when compared
with cells stably expressing the pCIneo empty vector. These
results were validated in two independent sets of stable cell lines
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for both BPH1 and PC3M cells. Collectively, these data suggest
that the acetylation at K209 is necessary for KLF6 to up-regulate
p21WAF/eipl gene expression, which in turn can inhibit cellular
proliferation.

Discussion

KLF6 has been established as a tumor suppressor gene involved
in key intracellular pathways in a number of human cancers (1, 12,
14, 15, 43, 44). Among several target genes transcriptionally
regulated by KLF6, p21"WAF/¢P! hag been particularly relevant to
prostate cancer given p21VAFY¢PYs central role in growth
regulation, especially as a mediator of p53-stimulated cell cycle
arrest. The acetylation status of the human p21"VA™/<P! (CDKN1A)
locus has been extensively characterized in cellular contexts that
are tied to cancer development (45). These activities require
specific GC-rich elements (46) in the p21"A*/“P! promoter, which
are consensus target sequences for KLF6 binding (1). However,
little is known about either the biochemical requirements for
transcriptional activity of KLF6, or the complexes through which
KLF6 regulates target gene activity.

An important goal in studying KLF6 has been to understand
the physiologic significance of protein complexes that modify its
function in regulating the activity of its target genes. Recently, we
showed that KLF6 sequesters cyclin D1 to reduce cyclin D/cdk4
interactions and enhance the phosphorylation of pRb, thereby
promoting G; cell cycle arrest (47). This activity alters the
equilibrium of p21WAFYPl Jevels, with induction and titration
onto cdk2 complexes and further growth suppression (47). These
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Figure 4. KLF6 is acetylated in vitro and in vivo. A, KLF6 is acetylated in vitro
by CBP and PCAF. Equivalent molar amount of CBP (wild type), CBP (HAT-),
and PCAF (wild type) were immunoprecipitated from cells expressing HA-tagged
CBP, HA-tagged CBP (HAT-), and FLAG-tagged PCAF (wild type). In vitro
translated KLF6 was incubated with immunoprecipitation-purified CBP (wild type),
CBP (HAT-), and PCAF (wild type), together with ['“C]-acetyl CoA. KLF6 was
synthesized with ['“C]-leucine in vitro and immunoprecipitated as a control.
Immunoprecipitated products were resolved on SDS/PAGE followed by
autoradiography. B, KLF6 is acetylated in vivo. 293T cells expressing
FLAG-tagged KLF6 were immunoprecipitated with anti-FLAG agarose, followed
by SDS-PAGE and Western blot analysis. Immunoprecipitated KLF6 was
detected by anti-acetylated lysine antibody. Moreover, using lysates from the
same cell line, FLAG-tagged KLF6 was immunoprecipitated by anti-acetylated
lysine antibody and detected by anti-FLAG antibody using Western blot.

findings suggest that covalent modifications may differentially
regulate KLF6 activity.

Despite clear evidence that KLF6 transcriptionally activates
p21WAFVEPL (1 19), the biochemical mechanisms underlying this
observation have not been clarified. Here, we establish that KLF6
activity is associated with increased complexing of acetylated
histones within the p21"A¥ Veipl (CDKN1A) locus. Furthermore, we
show that KLF6 interacts with the CBP/p300 complex and its
acetylation by CBP contributes to normal KLF6 activity. Moreover,
MS shows acetylation of a specific lysine residue of KLF6 that is
mutated in a primary prostate tumor. Collectively, the findings
provide evidence that acetylation of KLF6 is biologically significant,
and its dysregulation in human cancer may contribute to loss of
KLF6’s growth suppressive activity.

Our findings also provide an important functional link between
protein acetyltransferases and KLF6 by showing that KLF6 recruits
CBP and PCAF to the p21"*" eip! Jocus. In contrast to the evidence
that KLF6 occupies the p21""/?! promoter using chromosomal
immunoprecipitation, the lack of promoter occupation by Sp1l was
unexpected. One potential explanation may be the weak affinity of
different antisera used against Spl from cross-linked material to
detect the protein in these experiments. Alternatively, Spl may re-
present a low-abundance protein involved primarily in stimulated
rather than basal expression of p21“A™/“P! This, possibility is
supported by studies showing that p21WAF Veipl transactivation by
Spl is greatly enhanced by TGFp signaling for example (48).
Although our study does not exclude the possible participation of
Spl-like factors in regulating the expression of p21“*F/<P! (49), it
may indicate a greater role for KLF6 than Spl in regulating
p21WAFYEPL within this specific cellular context. Additionally, Sp1
may use different GC boxes in the p21"VA*"/“P! promoter from
those used by KLF6 under our experimental conditions. In other
contexts, there may be cooperation between KLF6 and Spl, as
suggested by their transcriptional synergy in regulating the
expression of TGFpP and of endoglin, a TGFp-binding protein (20).
Thus, there may be a precise stoichiometry between KLF6 and Sp1
that is promoter and context specific in regulating their target
genes.

The identification of several point mutations of KLF6 in human
cancer affecting lysine residues led us to explore the potential role
of lysine modification in regulating KLF6 activity. These have
included mutations in prostate (K186R; ref. 1), colon (K74R; ref.
12), and hepatocellular carcinoma (K182R; ref. 15). Here we tested
the functional activity of an additional prostate cancer-derived
mutant of KLF6, K209R, for its capacity to both transactivate the
p21"YVP! promoter, and to function as a substrate for protein
acetyltransferase activity by CBP. Our findings indicate that
acetylation of a specific Lys*® was closely linked with CBP-
dependent activation of endogenous p21WAF1/Cipl in vitro.
Moreover, its mutation to arginine as seen in prostate cancer
abrogated p21"“A* Veipl transactivation. Interestingly, this lysine is
within the peptide consensus sequence for acetylation of p53 by
p300/CBP (21, 50, 51), consistent with recent models proposed for
acetylation of p53 (21). However, despite ample evidence that
acetylation of p53 regulates several of its functions (52), the
relative biological significance of p53 acetylation still remains
uncertain. Because p53 has been one of the most thoroughly
studied molecules that is covalently modified (52), more recent
efforts have focused on the interdependence of its different
covalent modifications, including phosphorylation, acetylation,
methylation, ubiquitination, and sumoylation, and how they affect
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Figure 6. A lysine (K) to arginine (R) mutant (K209R) identified from prostate cancer has impaired ability to up-regulate p21WAFeP! expression. A, a KLF6 mutation
(K209R) affecting an acetylation site in primary prostate cancer. Sequencing chromatogram of DNA derived from microdissected primary prostate cancer is shown, along
with normal sequence from the surrounding unaffected sequence. B, K209 tumor mutant has reduced ability to transactivate p21WA':”Cip1 promoter. Wild-type KLF6
and K209R were cotransfected with a p21WAF1ePT promoter reporter, respectively. Empty expression vector was transfected as a control for baseline luciferase activity.
Transfection efficiencies were normalized using Renilla luciferase assay measured in the same lysate at the same time. C, K209R tumor mutant has reduced ability to
up-regulate endogenous p21WAF1/°‘p1. Wild-type KLF6 and K209R were transfected into PC3 cells, respectively. Thirty-six hours after transfection, cells were lysed and
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or K209R mutant as described in Materials and Methods, and cell proliferation was assessed by estimating ®H-thymidine incorporation at 24, 48, and 72 hours after
replating equal numbers of cells. The differences were statistically significant, as indicated by Ps. %, P<0.05; % %%, P<0.01.

p53’s interaction with other cellular and viral factors, thereby linked to inhibition of cell cycle progression (25), whereas acety-
altering protein p53 levels (52-55). lation of pRb by PCAF of key Lysg73/ 874 near the COOH terminus

Acetylation of specific lysine residues by different acetyltrans- correlates with cell differentiation (56). These divergent outcomes
ferases may lead to divergent functional outcomes. For example, may also reflect differences between p300 and PCAF in promoting
acetylation of pRb at specific lysine residues by p300 has been cell differentiation in vivo (57). It seems possible that similar, subtle
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differences in KLF6 acetylation may also underlie functional
differences as well, a possibility that merits further study. Interes-
tingly, rodent and human KLF6 carry the consensus R-K-X-X-T-K
sequence at residues 208 to 213, which is as a substrate site for
p300/CBP in nuclear factor-B (relA)-mediated inflammation and
interaction with IkBa (58). Thus far, KLF5 and KLF13 are the only
KLFs reported to be regulated by acetylation (59, 60).

In summary, our data establish a role of KLF6 in recruiting a
specific coactivator complex containing CBP and PCAF to promote
transcriptional activation of p21"“AF Velpl and provide evidence
that KLF6 serves as a substrate for CBP HAT activity. Combined
with the loss of growth suppressive activity of a tumor-derived

lysine mutant of KLF6, these findings point to acetylation as a key
modification in regulating its growth- and tumor-suppressive
activities.
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The Kruppel-like transcription factor KLF6 is a novel
tumor-suppressor gene mutated in a significant fraction of
human prostate cancer. It is localized to human chromo-
some 10p14-15, a region that displays frequent loss of
heterozygosity in glioblastoma multiforme (GBM). In-
deed, mutations of the KLF6 gene have recently been
reported in this tumor type. In this study, we report that
the expression of KLF6 is attenuated in human GBM
when compared with primary astrocytes. Expression of
KLF6 in GBM cells reverts their tumorigenicity both
in vitro and in vivo, which is correlated with its
transactivation of the p21/CIP1/WAF1 promoter. Addi-
tionally, KL F6 inhibits cellular transformation induced by
several oncogenes (c-sis/PDGF-B, v-src, H-Ras, and
EGFR) that are components of signaling cascades
implicated in GBM. Our results provide the first evidence
of functional tumor suppression by KFL6, and its loss may
contribute to glial tumor progression.
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Introduction

KLF6 is a novel member of the Kruppel-like family
initially isolated as an upregulated gene in activated
stellate cells of the liver (Ratziu et al., 1998). Kruppel-
like transcription factors (KLFs) contain a shared
DNA-binding domain containing three C2H2 zinc-
fingers (Turner and Crossley, 1999). A growing list of
KLF target genes has been identified. For example,
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GKLF (KLF4) activates p21(WAF1/Cipl) through a
specific Spl-like cis-element in the p21(WAF1/Cipl)
proximal promoter and can form a complex with the
tumor suppressor p53 (Zhang et al., 2000). KLF6
transactivates the promoters of collagen al(I) (Ratziu
et al., 1998), urokinase type plasminogen activator
(Kojima et al., 2000), TGF-$1, TGF-f1 receptors, and
endoglin (Botella et al., 2002).

KLF6 also plays a role in human cancer, since this
gene is mutated in a significant fraction of human
prostate carcinomas (Narla et al., 2001). Moreover,
prostate cancer-derived mutations leading to disruption
of KLF6 function enhance the growth of cultured cells,
supporting its role as a bona fide tumor suppressor
(Narla et al., 2001). This growth suppressing activity has
been attributed in part to promoter transactivation of
the cyclin-dependent kinase inhibitor, p21. Interestingly,
this transcriptional activity of KLF6 is p53-independent
(Narla et al., 2001). As expected, tumor-associated
mutations in KLF6 abolish its ability to transactivate
the p21 promoter. Thus, KLF6 represents member of a
novel tumor-suppressor pathway whose inactivation in
certain tumors may occur independent of the loss of
p53.

The high incidence of KLF6 inactivation in prostate
cancer is consistent with its localization to chromosome
10p15, a region frequently deleted in this malignancy
(Narla et al., 2001). Similarly, high frequency of loss of
10pl5 has also been reported in glioblastoma multi-
forme (GBM) (Kimmelman et al., 1996; Voesten et al.,
1997; Kon et al., 1998; Harada et al., 2000). Malignant
neoplasms of the brain, the majority of which are of glial
origin, cause an average of more than 13000 deaths
annually. GBM is the most aggressive and prevalent
of these glial tumors (Holland, 2000). The prognosis of
patients with GBM is extremely poor despite multi-
modality treatment, including surgical resection, radia-
tion therapy, and chemotherapy. The median survival
is approximately less than 1 year, and with only a 2%
S-year survival (Kleihues and Cavenee, 2000).

We and others have previously demonstrated that the
short arm of chromosome 10 (10p14-15) may harbor
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one or more tumor-suppressor loci involved in glioma
progression (Kimmelman et al., 1996). KLF6 is mapped
to this region between two microsatellite repeat markers,
D10S533 and D10S591. Genomic loss between these
two markers has been reported in 10-50% of glial
tumors of low and high grade (Kimmelman et al., 1996).
The hypothesis that KLF6 can be a glial tumor
suppressor was further strengthened by the recent
finding of tumor-associated KLF6 mutations in primary
glioblastomas (Jeng and Hsu, 2003). However, evidence
that KLF6 does indeed possess the biological attributes
of a tumor suppressor is still lacking. Here, we provide
the first demonstration that KLF6 suppresses several
biological properties of glioblastomas both in vitro and
in vivo.

Results

Expression of KLF6 in human glioblastomas

In order to investigate the possible role of KLF6 in glial
tumor progression, the expression level of this transcrip-
tion factor was analyzed in a panel of glial tumor cell
lines. The normal counterparts of these tumors were
obtained from primary astrocytes derived from both
human and mouse brains. An additional control was
provided by a neural-derived cell line, DI TNCI. It is a
rat astrocyte cell line established from a newborn rat
brain and retains the characteristics of type I astrocytes
(Radany et al., 1992). As shown in Figure la, both
primary astrocytes, and DI TNCI1 expressed readily
detectable levels of KLF6, which migrates as doublets
of variable intensity within a size range of 3543 kDa.
The level of KLF6 expression was higher in DITNCI
than the two primary astrocyte cultures. To ascertain
the molecular weight of human KLF6, a human KLF6
cDNA was ectopically overexpressed in PC3 prostate
cancer cell line. Under this condition, human KLF6 was
expressed as a doublet of 37 and 40kDa in size. This
doublet and its variable mobility among different cells
are likely due to various phosphorylation states of
KLF6 (S Friedman, unpublished data).

When a panel of human glial tumor cell lines was
examined by Western blot analysis, KLF6 expression
was reduced in eight of nine samples when compared to
primary human astrocytes (Figure la). Apart from the
cell line A2782, KLF6 levels were attenuated from 1.5-
to 8.0-fold in the remaining tumor lines. Next, to
examine if this low level of KLF6 expression in
established cultures was also manifested in primary
tumors, Western blot analysis was performed with total
cell lysates derived from 13 randomly selected GBM
surgical specimens. Using actin as a loading control,
four out of 13 samples (1136, 1152, 1192, 1035) (~31%)
displayed greater than 85% reduction in KLF6 expres-
sion when compared to primary human astrocytes.
Moderate levels were, however, detected in six tumor
specimens (1046, 1052, 1133, 1176, 1181, 1209) while
three samples (1066, 1089, 1123) possessed higher levels
of KLF6 expression. Interestingly, these tumor samples
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Figure 1 (a) Expression of KLF6 in human gliomas. KLF6 levels
were determined using total cell extracts derived from a panel of
nine GBM cell lines. Control lysates from primary mouse (Mu) and
human (Hu) astrocytes (Ast), and DI TNCI are included (upper
panel). Cell lysates derived from PC3 cells transfected with control
(Ctr) or KLF6 expression plasmids are used to ascertain the size of
the KLF6 protein species. The doublets characteristic of endogen-
ous KLF6 are bracketed. A parallel filter was probed with an
antibody to actin as a control for sample loading (lower panel).
Numbers in the middle are relative densitometric values of KLF6
normalized with actin. (b) Expression of KLF6 in primary GBM
was examined by Western blot analysis as described in (a)

displayed a varying pattern of KLF6 isoforms, with
several samples possessing only the lower molecular
weight species (for example, 1046, 1123). This data
implies that full-length KLF6 expression may be lost or
attenuated in a significant fraction of both primary
tumors and established GBM cell lines.

KLFG6 suppresses glioblastoma tumorigenicity and growth
properties in vitro

To further study the importance of KLF6 in the biology
of glial tumors, KLF6 was introduced through retro-
viral-mediated gene transfer in the DBTRG-05MG
glioblastoma cell line. As shown in Figure 2a, this cell
line has very low endogenous expression of KLF6, and
previous studies have shown that this line is monosomic
for chromosome 10 with wild-type p53 alleles (Kruse
et al., 1992). Western blot analysis of marker-selected
mass cultures revealed that KLF6 was expressed at a
level below those of DI TNCI astrocytes (Figure 2a).
The low level of ectopically expressed KLF6 in the stable
lines thus provides a near-physiological system to study
the effects of KLF6. Additionally, a mutant form of
KLF6, KLF6-AN, which has the majority of the
transactivation domain deleted was used as a negative
control. This protein was undetectable, which we believe
reflects the loss of major immunogenic epitopes recog-
nized by the polyclonal antibody raised against the
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Figure 2 (a) Suppression of transformed phenotypes by KLF6.
Stable cell lines created by retroviral infection of DBTRG-05MG
with either a control virus (Ctr), KLF6, or a KLF6 mutant with a
truncated transactivation domain (KLF6-AN) were analysed by
Western blot using the anti-KLF6 antibody. The same blot was
also probed with an antibody to the glial fibrillary acidic protein
(GFAP) to determine the differentiation state of the cells, as well as
the anti-p85 antibody to normalize protein loading (left panel). Cell
lysates from transiently transfected DBTRG-05SMG were analysed
for the expression of the FLAG-tagged full-length KLF6 and the
KLF6-AN mutant by an anti-FLAG antibody (right panel). (b)
DBTRG-05MG glioblastoma cells transduced with a control
plasmid, KLF6, or the KLF6-AN mutant were seeded in soft agar
and colonies were allowed to form. Representative fields from a
single experiment are depicted (mag. x 4). The lower panel shows
the number of colonies formed from an experiment performed in
triplicate with standard deviations and similar data were obtained
in a separate experiment. (¢) The proliferation of cells harboring
control vector (-®-), KLF6 (-W-), and KLF6-AN (-A-) expression
plasmids was determined by counting cell numbers with results
over a 5-day period are plotted. Error bars represent the standard
deviation of a single assay performed in triplicate. The inset
represents statistical analysis of the fold increase in cell number on
day 5. Values are means+s.e.m. where * indicates P<0.05. (d)
DBTRG-05MG cells were transiently transfected with KLF6
expression plasmids along with a p21 promoter-luciferase reporter.
Results are expressed as a fold over control-transfected cells, with
all values normalized to total protein levels from an assay
performed in triplicate. Similar results were obtained in an
additional experiment

amino terminus of the protein. To confirm that the
truncated protein could be expressed in this tumor, we
transiently transfected expression constructs of FLAG-
tagged full-length KLF6 and KLF6-AN in DBTRG-
05MG. Indeed, protein species of ~40 and ~17kDa
corresponding to the full-length and N-terminal trun-
cated KLF6 were detected with an anti-FLAG antibody
(Figure 2a, right panel).

Most astrocytic cells express glial fibrillary acidic
protein (GFAP), a marker of differentiated glial cells.
DBTRG-05MG, on the other hand, represents a highly
dedifferentiated tumor cell line and unlike the DI TNCI
astrocytes, do not express GFAP (Figure 2a, left panel).
Expression of KLF6 did not, however, upregulate
GFAP in these tumor cells. It is, therefore, unlikely
that KLF6 can alter the differentiation state of DBTRG-

Suppression of glioma by KLF6
AC Kimmelman et a/

05MG. In addition, we observed a ~ 3.0-fold increase in
the level of p21/CIPI/WAFI in the KLF6 transfectant
(Figure 2a). This is consistent with the previous finding
that KLF6 activates the transcription of this cell cycle
inhibitor.

To examine if KLF6 could modify the transformed
phenotype of DBTRG-05MG cells, we assayed the
ability of these transfectants to grow in an anchorage-
independent manner. As shown in Figure 2b, whereas
vector- and KLF6-AN-transduced cells were able to
form large colonies, the growth of KLF6-expressing cells
in semisolid agar was markedly impaired by approxi-
mately 5.0-7.0 fold. In addition, these cells also
displayed a slower proliferative rate than their control
counterparts (Figure 2c). KLF6 expressing DBTRG-
05MG showed a 43% reduction in cell numbers over a
5-day period when cultured in 5% serum (Figure 2c,
inset). Next, we examined if both the reduction of
colony formation in soft-agar growth as well as the
slower cell growth correlated with the ability of KLF6 to
transactivate the p2l1 promoter. When transiently
cotransfected in DBTRG-05MG cells with a luciferase
reporter plasmid containing the p21 promoter, KLF6
increased luciferase activity by ~2.5-fold when com-
pared to vector-transfected cells (Figure 2d). Interest-
ingly, the KLF6-AN construct appeared to slightly
diminish basal transactivation of the promoter, which
could explain its ability to moderately increase the
proliferative rate in vitro.

To demonstrate that the growth-suppressive effects of
KLF6 were not limited to a single cell line, an additional
GBM line was infected with the same KLF6 retroviruses
under similar experimental conditions. For this, we used
the malignant glioma cell line, US87MG, which has a
moderate level of KLF6 expression and similar to
DBTRG-05MG, possesses wild-type p53 gene. USTMG
cells transduced with KLF6 virus were able to express
the ~40kDa KLF6 protein in a stable manner
(Figure 3a). Expression of the truncated KLF6-AN
mutant was also monitored by transient transfection as
described for DBTRG-05MG previously (Figure 3a,
right panel). In addition, we did not observe any
significant increases in levels of either GFAP (data not
shown) or p21/CIP1/WAFI1 in the KLF6 transfectant
(Figure 3a, left panel). Next, their in vitro growth rates
were assessed, which were significantly attenuated by
KLF6 by ~36% (Figure 3b, inset). Furthermore, a
significant fraction of the KLF6-expressing USTMG
cells reverted from a highly refractile to an overtly
flattened cell morphology (dark arrows, Figure 3c). In
addition, some cells displayed striking cellular protru-
sions reminiscent of neurite outgrowth (white arrow-
heads, Figure 3c). Thus, we conclude that KLF6 is
capable of suppressing the in vitro growth properties of
glioblastoma cell lines.

KLFG6 inhibits cellular transformation induced
by oncogenes

Several human oncogene products have been implicated
in glial tumor progression. These include the increased
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Figure 3 (a) KLF6 induces morphological changes in a glioblas-
toma cell line. Stable cell lines were established by retroviral
infection of US7MG as described in Figure 2. Cell lysates derived
from transfectants were subjected to Western blot analysis using
the anti-KLF6 antibody, as well as an anti-actin antibody to
normalize protein loading. Expression of the KLF6 protein species
was also confirmed by transient transfection of FLAG-tagged
cDNAs as described in the legend of Figure 2a. (b) The
proliferation of these cells was determined as described in
Figure 2c. (c¢) Cell morphology of marker-selected U87MG
transfectants was visualized by light photomicroscopy. KLF6
induced a marked flattening of cell bodies (dark arrows) in
US7MG as well as the extension of long cellular processes (white
arrowheads) (mag. x 10)

expression/activation of receptors for epidermal growth
factor (EGF) and platelet-derived growth factor
(PDGF) (Mabher et al., 2001). In addition, conditional
expression of a RAS oncogene in glial cell lineages led to
the formation of glioblastomas in an animal model
(Ding et al., 2001). Finally, animals harboring a v-src
transgene underwent an early induction of angiogenesis
in gliomas (Theurillat et al., 1999). To analyse whether
KLF6 was capable of blocking these oncogenic signals,
focus-forming assays were performed in NIH 3T3 cells.
To induce transformed foci, NIH 3T3 cells were
transfected with plasmids expressing c¢-sis/PDGF-B, v-
src, H-Ras R12, or EGFR. Cells were ecither cotrans-
fected with a control vector, a KLF6 expression plasmid,
or the KLF6-AN mutant. As shown in Figure 4, KLF6
expression was able to significantly block morphological
transformation by PDGF-B, v-sr¢, H-Ras R12 by
~60%. KLF6 was, however, relatively less effective in
inhibiting the transforming effect of EGFR. As ex-
pected, the ability of KLF6-AN mutant to produce
similar inhibitory effect was markedly diminished.

KLF6 attenuates glioblastoma tumorigenicity in vivo

Based on its inhibitory activity in vitro, we assessed
whether the expression of KLF6 in DBTRG-05MG
affected tumorigenicity in vivo. Cells harboring either
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control or KLF6 expression plasmid were injected
subcutaneously into nude mice and tumors were allowed
to form. Tumor volume was measured on a weekly basis
for 7 weeks prior to sacrificing. As depicted in Figure 5a,
the majority of animals injected with tumor cells
expressing KLF6 had decreased tumor volumes when
compared to animals inoculated with cells expressing the
vector control. Additionally, when grouped according to
tumor volume, 60% of mice injected with control cells
fell within the intermediate (3000-6000 mm?) to largest
(>6000mm?®) volumes, while only 10% of animals
injected with KLF6-transduced cells induced tumors in
these volume ranges (Figure Sa, right panel). In fact,
90% of the mice injected with KLF6-expressing cells
produced tumors with volumes smaller than 3000 mm?.
These data were reproduced by using stable lines from
an independent infection experiment (Figure 5b). In this
case, while 4/7 of the animals injected with control cells
harbored tumors of >10000mm?® in size, only 1/7 of
mice inoculated with KLF6-expressing cells managed to
achieve this tumor volume. Thus, the expression of
KLF6 in DBTRG-05MG glioblastoma cells leads to the
attenuation of tumorigenic phenotypes both in vitro and
in vivo.

Discussion

This report provides the first biological evidence that
KLF6 possesses tumor-suppressing activity in vivo. We
have shown that KLF6 expression is attenuated in a
variety of glial tumor cell lines when compared with
primary astrocytes. Expression of KLF6 in two GBM
lines inhibits their transformed phenotypes in vitro and
reduces their ability to form tumors in mice. Addition-
ally, KLF6 may block proliferative signals associated
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Figure 5 (a) Suppression of tumor formation in vivo by KLF6. DBTRG-05MG cells transduced with either the control vector (left
panel) or KLF6 (right panel) were injected subcutaneously into 10 nude mice. Individual lines representing total tumor volume
(L x W x H in mm?) of each animal measured over a 7-week period are shown. The horizontal bars (dotted line) demarcate the tumor
groups based on the indicated size range. The number of mice with tumors of the indicated size range is tabulated on the right to
illustrate the suppression of the number of animals possessing larger tumors by KLF6. An additional tumorigenicity assay was
performed using the same transfectants with similar data being obtained. (b) A similar experiment was also repeated with
independently infected DBTRG-05MG cells. A total of seven animals were used for each cell line and total tumor volume was

measured weekly for up to 5 weeks

with specific lesions found in glial tumors such as
PDGFR or EGFR amplification, and the constitutive
activation of the Ras-dependent signaling pathways.
Our work complements the recent finding that KLF6 is
mutated in 11.8% (9/76) of primary GBM samples (Jeng
and Hsu, 2003). The fact that 85% of tumors with KLF6
mutations have lost the remaining wild-type allele
strongly suggests that KLF6 is a classical tumor-
suppressor gene.

GBM can occur as a primary (de novo) tumor or
derived from the progression of anaplastic astrocytoma
(Maher et al., 2001). The loss of 10p is frequently
associated with primary GBM, which are characterized
by EGFR overexpression and the lack of p53 mutations
(Maher et al., 2001). Since KLF6 can upregulate p21
independent of p53, this suggests that the loss of KLF6
and p53 in GBM may be mutually exclusive.

Additionally, the tumor suppressor PTEN, which is
located on the long arm of chromosome 10, is mutated
in a significant fraction of GBM (Kato et al., 2000).
Therefore, it will be interesting to analyse KLF6-
deficient mice alone or in combination with other
genetic backgrounds, such as PTEN (—/+) or p53 (—/
+), for the development of glial tumors. Of note, PTEN
heterozygous mice, while susceptible to tumors such as
lymphomas, do not develop glial tumors, although the
gene is found to be mutated in approximately 12% of
gliomas (Podsypanina et al., 1999). It is also interesting
to note that chromosome 10 is monosomic in >60%
and partially lost in up to 90% of higher-grade gliomas
(Maher et al, 2001). In addition, using flanking
microsatellite markers localized within 1cM of the

KLF6 gene, the frequency was observed to be as high
as 70% (J Martignetti and B Feuerstein, unpublished
observations). Therefore, it is very likely that the
inactivation of KLF6, PTEN as well as several other
tumor-suppressor genes on this chromosome contribute
to tumor progression. The availability of a knockout
mouse model for KLF6 will allow these possibilities to
be tested.

Functional loss of KLF6 may occur on several levels,
as we failed to detect genetic alterations of this
transcription factor in the limited number of cell lines
examined (data not shown). We speculate that the
reduced expression of KLF6 may occur either by the loss
of an entire or portion of chromosome 10 at loci
flanking KLF6, while subsequent alterations leading to
the abolition of KLF6 expression could reflect epigenetic
mechanisms. For example, the reduced transcription
from Apaf-1 due to promoter methylation has been
observed in some melanomas (Soengas et al., 2001).
Alternatively, overexpression of Mdm?2, which is an E3
ubiquitin ligase, promotes the degradation of the p53
tumor suppressor through a proteosome-dependent
pathway (Honda et al., 1997). Finally, it is also possible
that the loss of the single allele of KLF6 may lead to
tumor progression through a haploinsufficency mechan-
ism. However, a more extensive analysis of primary glial
tumors and additional GBM cell lines is necessary to
ascertain the frequency of KLF6 loss and/or inactivation
in GBM.

The ability of KLF6 to suppress the transforming
activity of several oncogenes in NIH 3T3 cells is
potentially important. This observation is unlikely due
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to a general toxic effect of KLF6 on NIH3T3 cells since
it does not significantly reduce the number of marker-
selectable colony in conventional colony-forming assays
(data not shown). Most receptor tyrosine kinase
oncogenes such as PDGFR and EGFR are dependent
on Ras and Src for their signaling events (Satoh et al.,
1990; Broome and Hunter, 1996). Interestingly, p21/
CIPI/WAFI, a KLF6 target gene, blocks cellular
transformation by a variety of oncogenes, which could
provide a mechanism through which KLF6 inhibits
tumor cell growth (Givol et al., 1995). Whether KLF6
could directly block components of signaling pathways
emanated from these oncogenes in GBM is by far
unknown.

Attenuation of GBM growth by KLF6 could poten-
tially be an avenue for therapeutic intervention. Indeed,
since only a modest level of KLF6 is necessary to
suppress tumor growth, this gene is an attractive
candidate for gene therapy approaches. More impor-
tantly, the frequent genomic loss in this region in
multiple tumor types implies that KLF6 may represent
an important tumor suppressor for a broad range of
human cancers.

Materials and methods

Cell culture, generation of stable lines, and tumor specimens

GBM cell lines were obtained from either American Type
Culture Collection (ATCC) or Dr Stuart Aaronson (Mt Sinai,
New York, NY, USA) and maintained in Dulbecco’s modified
Eagle’s medium (D-MEM) supplemented with 10% (v/v) fetal
calf serum (FCS). DI TNC1 was obtained from ATCC and
propagated in DMEM supplemented with 10% FCS. NIH
3T3 was maintained in DMEM supplemented with 10% (v/v)
calf serum (CS). The procedures for generating stable lines by
retroviral-mediated gene transfer have been described pre-
viously (Osada et al., 1999). Primary cultures of mouse
astrocytes were prepared from postnatal day 4 pups as
previously described (Banker and Goslin, 1998). Primary
human astrocytes were purchased from Cambrex Corp. (East
Rutherford, NJ, USA). All tumor specimens were obtained
from the University of Toronto Nervous System Tumor Bank
at The Toronto Hospital. Resected tumors were placed in
cryovials and immediately flash-frozen in liquid nitrogen in the
operating room. A random cohort of 13 GBM specimens was
processed for protein extraction in a buffer containing 50 mmM
HEPES, pH 7.0, 150mM NaCl, 10% glycerol, 1% Triton X-
100, 1.5mM MgCl,, 1mM EGTA, 100mM NaF, 10mMm
NaPPi, | mM PMSF, 2mM leupeptin, and 2mM aprotinin.

Expression plasmids

The pBabepuro expression constructs were generated by
inserting the full-length and truncated (aa 184-283) human
KLF6 cDNA (KLF6-AN) in the BamHI site of the pBabepuro
vector. The pClneo-KLF6 expression construct was created by
fusing a full-length KLF6 cDNA in the EcoRI and Xbal sites
of the pClneo vector. The c-sis/PDGF-B expression plasmid
has previously been described (LaRochelle et al., 1990). The
pBabepuro-v-src (Osada et al., 1999), pCEV29-H-Ras R12
(Chan et al., 1994), and pLTR2-EGFR (Di Fiore et al., 1987)
plasmids have been described previously.

Oncogene

Antibodies

The polyclonal anti-KLF6 (R-173), anti-actin, and anti-p21
antibodies were obtained from Santa Cruz, Santa Cruz, CA,
USA. The anti-p85 polyclonal antibody was purchased from
Upstate Biotech, Lake Placid, NY, USA. The anti-GFAP
monoclonal antibody was a gift from Dr David Colman (Mt
Sinai, New York, NY, USA). The anti-FLAG M2 monoclonal
antibody was purchased from Sigma, St Louis, MO, USA.

Western blot analysis

Unless otherwise indicated all cell solubilization steps were
performed using the standard RIPA buffer. For standard
Western blot analysis, 50-100 ug of total cell extracts were
resolved on a 12.5% SDS-PAGE and following transfer onto
nitrocellulose membranes, proteins of interest were detected by
incubating with primary antibodies («¢-KLF6, 1:400; ¢-actin,
1:2000; a-p21, 1:500; a-p85S, 1:1000; «-GFAP, 1: 1000, and -
Flag, 1:1000) and processed by the standard ECL detection
method under conditions recommended by the manufacturer
(Amersham, Piscataway, NJ, USA). Filters were then sub-
jected to autoradiography.

Cell proliferation assays

For analysis of proliferation in semisolid medium, ~1 x 10*
cells were suspended in 0.5% agarose (Noble agar, Difco,
Becton-Dickinson, Franklin Lakes, NJ, USA) in 10% CS in
triplicate as described elsewhere (Chan et al., 1994). Colonies
were stained with p-iodonitrotetrazolium violet (Sigma, St
Louis, MO, USA) and scored after 2 weeks. Proliferation of
stably transfected cells were determined over a 5-6 day period
by counting the number of cells by a hematocytometer at
regular intervals.

p21 transactivation assays

DBTRG-05MG cells were plated at ~80% confluence in six-
well plates and transfected using lipofectamine 2000 (Invitro-
gen, Carlsbad, CA, USA) with 1pug of the p2l promoter
reporter construct (Narla et al., 2001) and 2 ug of either KLF6,
KLF6-AN, or a control vector. Approximately 48h after
transfection, cells were solubilized in the supplied lysis buffer
and luciferase assays were performed according to the
manufacturer’s instructions (Promega, Madison, WI, USA).

NIH 3T3 focus forming assay

Approximately 1.5 x 10> NIH3T3 cells were plated in triplicate
onto a 100-mm culture dish and DNA transfection was
performed by the standard calcium phosphate precipitation
method (Chan et al., 1994). Transformed foci were induced by
using c-sis/PDGF-B (65ng), v-src (30 ng), H-Ras R12 (50 ng),
or EGFR (1pg). Each oncogene plasmid was cotransfected
with 2 pg of either pBabpuro, pBabpuro-KLF6, or pBabpuro-
KLF6-AN. After transfection, medium was changed twice a
week with 5% CS in DMEM, and the number and quality of
foci were scored every week for up to 3 weeks. All plates were
then fixed in 70% cold methanol and stained with Giemsa
solution for detailed quantitative analysis.

In vivo tumorigenicity assays

Around 2.5 x 10° marker-selected cells were injected subcuta-
neously into both flanks of nude mice. Tumor growth was
monitored every 7 days at the sites of injection. A caliper was
used to determine the length, width, and height of each tumor.
The volume was calculated by multiplying the length, width,



and height. After approximately 5-7 weeks, each tumor was
dissected and weighed. Tumor growth was presented as the
total tumor volume for each animal in mm?®.

Statistical analysis

Statistical significance was determined by Student’s 7 test.
Results are expressed as means+s.e. Statistical significance
was considered to be P<0.05.
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The IGF system plays an important role in prostate cancer
initiation and progression. Most of the biological actions of
IGF-I and IGF-II are mediated by activation of the IGF-I re-
ceptor (IGF-IR). Evidence accumulated in recent years indi-
cates that acquisition of the malignant phenotype is initially
IGF-IR dependent, but progression toward metastatic stages
is usually associated with a decrease in IGF-IR levels. The
Kruppel-like factor 6 (KLF6) is a zinc finger-containing tran-
scription factor that was shown to be mutated in a significant
portion of prostate and other types of cancer. To examine the
potential regulation of IGF-IR gene expression by KLF6, we
measured KLF6 levels in prostate-derived cell lines display-
ing different levels of IGF-IR. The results of Western analysis
showed that KLF6 levels were higher in nontumorigenic P69
cells expressing high IGF-IR levels than in metastatic M12
cells containing reduced IGF-IR levels. Transient coexpres-
sion of wild-type, but not mutated, KLF6 together with an
IGF-IR promoter-luciferase reporter plasmid resulted in an
approximately 3.4-fold stimulation of IGF-IR promoter activ-
ity. Furthermore, KLF6 expression induced a significant in-

crement in endogenous IGF-IR levels. Deletion analysis of the
IGF-IR promoter revealed that a cluster of four GC boxes
located between nucleotides —399 and —331 mediates a sig-
nificant portion of the transactivating effect of KLF6. KLF®6,
although unable to stimulate IGF-IR promoter activity in Sp1-
null Drosophila-derived Schneider cells, significantly en-
hanced the effect of Spl. To assess the potential interactions
between KLF6 and p53 in the regulation of IGF-IR gene ex-
pression, transfections were performed in the colorectal
cancer cell line HCT116"*, which expresses p53, and its
HCT116~/~ derivative, which lacks p53. KLF6 exhibited an
enhanced activity in p53-containing, compared with p53-null,
cells. In addition, we were able to detect a physical interaction
between KLF6 and p53. In summary, we have identified the
IGF-IR gene as a novel downstream target for transcription
factor KLF6. The regulation of IGF-IR gene expression by
KLF6 may have significant implications in terms of cancer
initiation and/or progression. (Endocrinology 145: 3769-37717,
2004)

HE IGF-I RECEPTOR (IGF-IR) mediates the mitogenic,
transforming, differentiating, and antiapoptotic ac-

tions of IGF-I and IGF-II (1-3). Most primary tumors and
transformed cell lines display augmented numbers of IGF-
IRs on their cell surface as well as increased levels of IGF-IR
mRNA that confer upon the malignant cell an enhanced
survival capacity. The involvement of the IGF-IR in trans-
formation of prostate epithelium has been the subject of
intensive investigation. Thus, acquisition of the malignant
phenotype is initially IGF-IR dependent, but as the disease
advances and the tumor becomes androgen independent,
there is a significant decrease in IGF-IR mRNA and protein
levels (4, 5). IGF-IR expression is also extinguished in a ma-
jority of human cancer bone marrow metastases (6), although
a recent study showed sustained up-regulation of the IGF-IR

Abbreviations: CHO, Chinese hamster ovary; CMV, cytomegalovi-
rus; FBS, fetal bovine serum; HA, hemagglutinin; IGF-IR, IGF-I receptor;
KLF6, Kruppel-like factor 6; LOH, loss of heterozygosity; LUC, lucif-
erase; nt, nucleotide.
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in metastases (7). The molecular mechanisms that are re-
sponsible for regulation of the IGF-IR gene in prostate cancer,
however, remain largely unidentified. It is, therefore, of con-
siderable interest to further characterize the mechanisms un-
derlying control of IGF-IR gene expression.

Molecular characterization of the IGF-IR gene regulatory
region revealed that the promoter region lacks TATA or
CAAT elements (8, 9). Transcription is initiated from a single
start site contained within an initiator motif, a promoter
element that directs accurate transcription initiation in the
absence of a TATA box (10). Like many TATA-less promot-
ers, the proximal 5'-flanking region of the IGF-IR gene is
highly GC-rich and contains multiple binding sites for mem-
bers of the Sp1 family of zinc finger transcription factors (11,
12). Analysis of physical and functional interactions of Sp1
at the IGF-IR promoter revealed that Sp1 is a potent trans-
activator of the IGF-IR gene. Thus, basal IGF-IR promoter
activity was extremely low in Sp1-null, Drosophila-derived,
Schneider cells, whereas cotransfection of an Sp1 expression
vector significantly enhanced promoter activity (12, 13).

The Kruppel-like factor 6 (KLF6; Zf9, core promoter bind-
ing protein) is a ubiquitous transcription factor that includes
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a proline- and serine-rich N-terminal activation domain, and
three C,H, zinc finger motifs at its C-terminal domain (14,
15). The KLF6 gene is located at 10p, a chromosomal region
that is deleted in a large portion of sporadic prostate cancers
(16, 17). Using specific microsatellite markers flanking KLF6,
some of us have demonstrated that of a collection of 22
prostate tumor samples, 77% displayed loss of heterozygos-
ity (LOH) of the KLF6 locus (18). Furthermore, 71% of tumor
specimens exhibiting LOH had mutations in the remaining
KLF6 allele. No mutations were seen in the patient’s normal
adjacent prostate tissue or in germline DNA from unaffected
individuals. More recent data suggested a potential role for
KLF6 in tumorigenesis of other tissues, including nasopha-
ryngeal carcinomas, colorectal cancer, and astrocytic gliomas
(19-22).

Although the mechanism of action and the biological role
of KLF6 have not yet been established, it has been demon-
strated that KLF6 interacts with GC boxes located in putative
target promoters, including those of the keratin 4 (23),
TGE-B1 (24), 47-kDa heat shock protein (25), inducible nitric
oxide synthase (26), and endoglin (27) genes. Furthermore,
the expression of KLF6 in NIH-3T3 cells resulted in a sig-
nificant decrease in DNA synthesis that was associated with
increased expression of p21, a negative regulator of the G, /S
transition, and enhanced activity of a cotransfected p21 pro-
moter-luciferase reporter plasmid (18). In addition, results of
electrophoretic mobility shift assays demonstrated that the
transactivating effect of KLF6 was associated with specific
binding to GC boxes located in the p21 promoter region.

In view of the important roles of tumor suppressor KLF6
and the IGF-IR in the etiology of prostate cancer and to
extend our previous observations on regulation of IGF-IR
gene expression by transcription factors of the Sp and Krup-
pel-like family, we have examined the potential transcrip-
tional regulation of the IGF-IR gene by KLF6. The results
obtained indicate that wild-type, but not tumor-derived mu-
tated, KLF6 has a stimulatory effect on IGF-IR gene expres-
sion. The transactivating effect of KLF6 seems to involve
functional interactions with the Sp1 zinc finger protein and
with tumor suppressor p53. Impaired activation of the
IGF-IR gene by a defective KLF6 may have profound impli-
cations in terms of cancer initiation and/or progression.

Materials and Methods
Cell cultures

The Chinese hamster ovary (CHO) cell line was obtained from the
American Type Culture Collection (Manassas, VA). Cells were grown in
Ham'’s F-12 nutrient mixture supplemented with 10% fetal bovine serum
(FBS), 2 mM glutamine, and 50 ug/ml gentamicin sulfate. P69 and M12
prostate-derived cell lines were provided by Dr. Joy L. Ware (Medical
College of Virginia, Richmond, VA). The P69 line was obtained by
immortalization of prostate epithelial cells with simian virus 40 T an-
tigen, and M12 cells were derived by injection of P69 cells into athymic
nude mice and serial reimplantation of tumor nodules into nude mice
(28). P69 and M12 cells were cultured in RPMI 1640 medium supple-
mented with 10 ng/ml epidermal growth factor, 0.1 nm dexamethasone,
5 ug/mlinsulin, 5 ug/ml transferrin, and 5 ng/ml selenium. The human
colorectal cancer cell lines HCT116"/ ™", which expresses wild-type p53,
and HCT116 /", in which the p53 gene has been disrupted by targeted
homologous recombination, were provided by Dr. Bert Vogelstein
(Johns Hopkins University School of Medicine, Baltimore, MD) (29).
HCT116 cells were grown in McCoy’s 5A medium with 10% FBS. Dro-
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sophila Schneider cells were grown in Schneider’s Drosophila medium
containing 10% FBS, 2 mM glutamine, and 20 ug/ml gentamicin sulfate.
Schneider cells were grown at room temperature in tightly closed, 80-
cm? flasks. Cells were plated at a density of 1.5 X 10° cells/ml in 100-mm
dishes 24 h before transfection.

Plasmids and DNA transfections

For transient cotransfection experiments an IGF-IR promoter lucif-
erase reporter construct was employed that includes 476 bp of 5'-flank-
ing and 640 bp of 5'-untranslated regions of the IGF-IR gene [p(—476/
+640)luciferase (LUC)]. The promoter activity of this genomic fragment
and the location of Sp1 binding sites (GC boxes) and of a CT box have
been previously described (12, 13, 30). Transient transfections were also
performed using deleted reporter constructs that include 188 or 40 bp
of the IGF-IR 5'-flanking region [p(—188/+640)LUC and p(—40/
+640)LUC, respectively]. Site-directed mutagenesis of the CT box was
carried out directly within p(—476/+640)LUC, using a Transformer
site-directed mutagenesis kit (Clontech Laboratories, Palo Alto, CA), as
previously described (12). This mutation replaced the 24-bp homopu-
rine/homopyrimidine motif that extends from +434 to +458 in the
5'-untranslated region with a nonspecific DNA sequence of equal size.
The mutation in the resulting p(—476/+640ACT)LUC plasmid was con-
firmed by DNA sequencing.

A KLF6 expression vector was constructed by inserting the full-length
KLF6 cDNA into the EcoRI and Xbal sites of pCl-neo (18). An expression
vector encoding the X137 truncation mutant of KLF6 was generated by
site-directed mutagenesis of pCI-neo-KLF6 using the QuikChange kit
(Stratagene, La Jolla, CA) (18). Expression plasmids containing actin
promoter-driven KLF6/Zf9 (pP,.Zf9) and Sp1 (pP, Sp1) have been pre-
viously described (12, 15). A wild-type p53 expression vector was pro-
vided by Dr. Edward Mercer (Thomas Jefferson University, Philadel-
phia, PA).

CHO and HCT116 cells were transfected with 0.8 ug of the p(—476/
+640)LUC plasmid and increasing amounts of the KLF6 expression
vector (pCI-neo-KLF6), along with 0.4 ug of a B-galactosidase expression
plasmid [cytomegalovirus plasmid g (pCMV ), Clontech Laboratories]
using Polyfect (Qiagen, Hilden, Germany), Metafectene (Biontex Lab-
oratories, Munich, Germany), or Jet-PEI (Polyplus, Illkirch, France)
transfection reagents. The total amount of transfected DNA was kept
constant using pCl-neo DNA. Cells were harvested 48 h after transfec-
tion, and luciferase and B-galactosidase activities were measured as
previously described (13). Promoter activities were expressed as lucif-
erase values normalized for B-galactosidase activity. Schneider cells
were transfected with calcium phosphate as previously described (12).
In previous studies we found that the large amounts of B-galactosidase
plasmid required to obtain detectable B-galactosidase activity in Schnei-
der cells severely impaired Sp1 activation of IGF-IR promoter constructs.
Therefore, luciferase data were normalized per micrograms of protein
in each sample, as measured using the Bradford reagent (Bio-Rad Lab-
oratories, Hercules, CA).

Western immunoblots

Cells were harvested with ice-cold PBS containing 5 mm EDTA and
lysed in a buffer containing 150 mm NaCl, 20 mm HEPES (pH 7.5), 1%
Triton X-100, 2 mm EDTA, 2 mMm EGTA, 1 mM phenylmethylsulfo-
nylfluoride, 2 ug/ml aprotinin, 1 mm leupeptin, 1 mm pyrophosphate,
1 mm vanadate, and 1 mm dithiothreitol. Protein content was deter-
mined using the Bradford reagent. Samples were electrophoresed
through 10% SDS-PAGE, followed by blotting of the proteins onto ni-
trocellulose membranes. After blocking with 2.5% skim milk in T-TBS
[20 mm Tris-HClI (pH 7.5), 135 mm NaCl, and 0.1% Tween 20], blots were
incubated with rabbit polyclonal antihuman IGF-IR a-subunit or B-sub-
unit antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
washed with T-TBS, and incubated with a horseradish peroxidase-con-
jugated secondary antibody. Proteins were detected using the Super-
Signal West Pico Chemiluminescent Substrate (Pierce Chemical Co.,
Rockford, IL). In addition, blots were probed with antibodies against
KLF6/Zf9 (R-173; Santa Cruz Biotechnology, Inc.) and actin.
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Physical interactions between KLF6 and p53

HCT116 7/~ cells were transiently transfected with 3 ug each of a
KLE6 expression vector (or empty pCI-neo) and a hemagglutinin (HA)-
tagged p53 expression vector (or empty pcDNA3-HA) (31), using the
FuGene-6 reagent (Roche, Indianapolis, IN). The pcDNA3-HA-p53 plas-
mid was provided by Dr. William G. Kaelin (Harvard Medical School,
Boston, MA). Forty-eight hours after transfection, formaldehyde was
added to the cultures to a final concentration of 1% for 10 min at room
temperature. At the end of the incubation period, cells were washed
twice and harvested using ice-cold PBS. Pelleted cells were resuspended
in a 1% sodium dodecyl sulfate-containing buffer, incubated on ice for
10 min, and sonicated with three sets of 10-sec pulses. Cell extracts were
then immunoprecipitated using 1 ug of an anti-HA antibody (HA.11,
Covance, Inc., Princeton, NJ) for 18 h at 4 C, followed by incubation with
30 ul protein A-G agarose for an additional 2 h. Immunoprecipitates
were electrophoresed through 10% SDS-PAGE and immunoblotted with
a KLF6 antibody. Membranes were then washed, and proteins were
detected as described above.

Results

Activation of the IGF-IR constitutes a basic requirement for
progression through the cell cycle. In addition, overexpres-
sion of the IGF-IR gene is a typical hallmark in most types of
cancer. Certain malignancies, including prostate tumors, dis-
play high IGF-IR levels and activity at early stages of the
disease, whereas progression to advanced, metastatic stages
is associated with a significant decrease in IGF-IR gene ex-
pression (4). Although regulation of IGF-IR gene expression
is primarily achieved at the transcriptional level (32), the
specific transcription factors involved in pathological regu-
lation of the IGF-IR gene have not yet been identified. KLF6
has been characterized as a candidate tumor suppressor
whose mutation was correlated with the etiology of prostate,
colorectal, and other cancers (18, 19, 21, 22). To begin to
address the potential involvement of KLF6 in IGF-IR gene
regulation, we employed the P69 and M12 prostate epithe-
lial-derived cell lines. As previously shown, the poorly tu-
morigenic P69 cell line expresses high IGF-IR levels, whereas
the tumorigenic and metastatic M12 derivative exhibits sig-
nificantly reduced IGF-IR values (33). Western blot analysis
using a KLF6 antibody revealed that KLF6 expression was
approximately 2-fold higher in P69 than in M12 cells,
whereas IGF-IR levels were 2.24-fold higher (Fig. 1).

To examine the mechanism(s) responsible for regulation of
IGF-IR gene expression by KLF6, transient cotransfection
experiments were performed in CHO cells using a KLF6
expression vector together with the reporter plasmid
p(—476/+640)LUC, which contains most of the proximal
region of the IGF-IR promoter. The results of coexpression
experiments are presented in Fig. 2A. KLF6 induced a dose-
dependent increase in IGF-IR promoter activity, with max-
imal stimulation occurring with 0.1 ug expression vector
(337 * 32% activation). Remarkably, KLF6 displayed a very
potent activity even at input doses as low as 10 ng DNA
(260 = 23% stimulation). At higher DNA doses, the trans-
activation effect of KLF6 was significantly diminished, al-
though a stimulatory effect was observed at each concen-
tration studied. To assess the effect of a tumor-derived
mutant form of KLF6 (X137; C to A substitution at codon
3315, within the KLF6 transactivation domain, that results in
the introduction of a premature stop codon), cotransfections
were performed using an expression vector encoding the
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Fic. 1. Expression of endogenous IGF-IR and KLF6 in P69 and M12
prostate epithelial-derived cell lines. Untransfected M12 and P69
cells were lysed in the presence of protease inhibitors, as indicated in
Materials and Methods. Equal amounts of protein (100 ug) were
separated by 10% SDS-PAGE, transferred to nitrocellulose filters,
and blotted with anti-IGF-IR (upper panel), anti-KLF6 (medium
panel), and antiactin (lower panel) antibodies. The positions of the
135-kDa IGF-IR a-subunit and approximately 35—-37-kDa KLF6 pro-
teins are indicated. The bar graph represents the densitometric scan-
ning of three independent experiments. W, M12 cells; [, P69 cells.
Shown are the mean + SeM. *, P < 0.01 vs. M12 cells.

truncated KLF6/X137 protein. As shown in Fig. 2B, KLF6/
X137 was unable to stimulate IGF-IR gene transcription.
To examine whether the transactivating effect of KLF6
was associated with corresponding changes in the levels
of endogenous IGF-IR protein, Western blot analysis was
performed. For this purpose, CHO cells were transiently
transfected with 8 ug wild-type or mutant KLF6 expres-
sion vectors (or empty pCl-neo plasmid), and after 48 h
cells were lysed as described in Materials and Methods. Cell
lysates (50 ug) were electrophoresed through 10% SDS-
PAGE, followed by blotting of the proteins onto nitro-
cellulose membranes. Western immunoblotting with an
IGF-IR antibody revealed that KLF6, but not KLF6/X137,
induced an approximately 1.3-fold increase in mature
IGF-IR levels and an approximately 1.8-fold increase in
IGF-IR precursor levels (Fig. 3A). No change was seen in
the levels of actin. To verify that both wild-type and mu-
tant forms of KLF6 were expressed in the cells, lysates
were prepared from CHO cells that were transfected with
increasing amounts of the appropriate expression vector,
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Fia. 2. Regulation of IGF-IR promoter activity by KLF6. The p(—476/+640)LUC reporter plasmid (0.8 ug) was cotransfected into CHO cells
with increasing amounts of wild-type (A, W) or truncated (X137; B, N) KLF6 expression vectors along with 0.4 ug of the pCMVp plasmid using
the Polyfect transfection reagent. Luciferase and B-galactosidase activities were measured after 48 h. Luciferase values, normalized for
B-galactosidase, are expressed as a percentage of the luciferase activity of the reporter plasmid in the absence of KLF6 vector. Experiments
were performed between three and five times, each time in duplicate. Shown are the mean * SEM. *, P < 0.01 vs. controls.

and KLF6 abundance was assessed by Western analysis.
As shown in Fig. 3B, both wild-type and mutant KLF6
proteins were produced by the cells, with apparent mo-
lecular weights of approximately 37-kDa (lanes 2 and 3)
and approximately 21-kDa (lanes 4 and 5), respectively.
To more precisely map the IGF-IR promoter region re-
sponsible for mediating the effect of KLF6, cotransfections
were performed in CHO cells using the reporter plasmids
p(—188/+640)LUC and p(—40/+640)LUC (Fig. 4A) along
with the KLF6 expression vector. Construct p(—188/
+640)LUC lacks a cluster of four GC boxes localized between
nucleotides —399 and —331 that appears to mediate the ma-
jority of Sp1 activation of the promoter (12). Two additional
GC boxes are located at nucleotides (nt) —259/—253 and
—193/—188, whereas no consensus GC boxes are located
between nt —188 and —40. The transactivating effect of KLF6
on the p(—188/+640)LUC construct was significantly re-
duced compared to the p(—476/+640)LUC plasmid (165.4 =
13.1% stimulation vs. 286.8 * 49% at 50 ng DNA; Fig. 4B). No
further reduction was seen with the p(—40/+640)LUC con-
struct (195 + 34% activation). Electrophoretic mobility shift
assay analysis with nuclear extracts of KLF6-transfected
cells, however, failed to reveal a specific KLF6 binding to a
labeled fragment contained within the promoter region
shown to mediate the effect of KLF6 (data not shown).
The fact that a significant level of KLF6 stimulation was
retained in the p(—40/+640)LUC construct suggested that
additional elements in the 5'-untranslated region can also
mediate the response to KLF6. We have previously iden-
tified a homopurine/homopyrimidine motif or CT box
(3’-CCTCCTCCTCCTCGGCCTCCTCCCC-5") located at
nt +434 to +458 that was important for Sp1 activation of
the IGF-IR promoter (Fig. 4A) (12). To examine the con-
tribution of the CT element in KLF6 activation of the
promoter, a mutation was made that replaced the 24-bp

homopurine/homopyrimidine box with a DNA sequence
of similar size. Results of cotransfection experiments using
wild-type [p(—476/+640)LUC] and mutant [p(—476/
+640ACT)LUC] reporter constructs indicated that both
plasmids were stimulated to a similar extent by a coex-
pressed KLF6 expression vector (not shown). Hence, these
results indicate that, unlike Sp1, the CT box is not critical
for KLF6 activation of the IGF-IR gene.

To compare the potency of KLF6 to that of Sp1 in tran-
scriptional regulation of the IGF-IR gene, both zinc finger
proteins were expressed in Drosophila Schneider cells
along with the p(—476/+640)LUC reporter. The rationale
for using Schneider cells lies in the fact that these cells lack
endogenous Sp/KLF factors and therefore provide an op-
timal background for this type of experiments (11). As
previously demonstrated, Spl induced a strong stimula-
tion of IGF-IR promoter activity (~39-fold induction) (12,
34). KLF6, on the other hand, was unable to enhance
IGF-IR gene transcription in this specific cellular environ-
ment (Fig. 5). Coexpression of both zinc finger proteins,
however, resulted in synergistic transactivation of the
IGF-IR promoter (~65-fold stimulation).

Although previous studies showed that KLF6 up-
regulated p21 (WAF1/CIP1) in a p53-independent manner
(18), we undertook a series of experiments aimed at es-
tablishing whether KLF6 and p53 functionally cooperate in
the specific context of IGF-IR gene regulation. The P69 and
M12 prostate-derived cell lines express wild-type p53 in
equivalent concentrations (Plymate, S. R., unpublished
observations). Therefore, we chose to perform cotransfec-
tions in the human colorectal cancer cell lines HCT116*/*,
containing wild-type p53, and HCT116 /", in which the
p53 gene has been disrupted by targeted homologous re-
combination. In these cells the stimulatory effect of KLF6
was significantly reduced in p53-null (M) compared with
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A Transfection:

Fia. 3. Effect of KLF6 on endogenous
IGF-IR gene expression. A, CHO cells
were transfected with 8 pug wild-type or
mutant (X137) KLF6 expression vectors
(or empty pCl-neo) using the Jet-PEI
reagent, and after 48 h, cells were lysed
in the presence of protease inhibitors.
Equal amounts of protein (50 ug) were
electrophoresed through 10% SDS-
PAGE, transferred to nitrocellulose fil-
ters, and blotted with an anti-IGF-IR
antibody. The positions of the 97-kDa
IGF-IR B-subunit and the approxi-
mately 205-kDa IGF-IR precursor are
denoted. Membranes were reprobed
with an actin antibody. The bar graph
represents the densitometric scanning
of the IGF-IR bands normalized to the B
corresponding actin bands. Bars are the

mean * SEM (n = 3 independent exper- Transfection: Vector
iments). *, P < 0.01 vs. controls. B, CHO
cells were transfected with 1.5 or 3 pg —

KLF6 (lanes 2 and 3) or KLF6/X137
(lanes 4 and 5) expression vectors (or
empty vector, lane 1), and after 48 h,
the abundance of the approximately 37-
kDa wild-type and approximately 21-
kDa truncated forms was assessed by
Western blotting using an anti-Zf9/
KLF6 antibody.

Vector
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p53-expressing (L) cells (149 * 6% vs. 235 * 9% at 10 ng
DNA; 180 * 9% vs. 283 *= 33% at 50 ng DNA) (Fig. 6).
Mutant KLF6/X137 had no effect in either the absence (Y)
or the presence (&) of p53. Western blot analysis revealed
no differences in endogenous IGF-IR and KLF6 levels be-
tween untransfected HCT116"/" and HCT116 /" cells.
However, expression of KLF6 induced a 1.5- to 2-fold
increase in IGF-IR levels in HCT116"/" cells (data not
shown).

To more rigorously examine the potential cooperation
between KLF6 and })53 in modulation of IGF-IR gene ex-
pression, HCT116™/ ™ cells were transfected with 4 ug each
of expression vectors encoding KLF6, p53, or both (or
empty vectors), and IGF-IR levels were measured by West-
ern blotting. As shown in Fig. 7 (upper panel), transfection
of KLF6 alone had no effect on endogenous IGF-IR levels
in a p53-null background. However, the combined expres-
sion of both KLF6 and p53 vectors induced an approxi-
mately 1.5-fold increase in IGF-IR levels and an approx-
imately 5.6-fold increase in IGF-IR precursor levels.
Interestingly, coexpression of KLF6 and p53 induced a
small reduction in p53 levels (second panel, lane 4).

Finally, we examined the potential physical interactions
between KLF6 and p53 using a modified chromatin im-
munoprecipitation method. Specifically, HCT116 /" cells
were cotransfected with 3 ug of a KLF6 expression vector
(or empty pCl-neo) along with 3 ug of an HA-tagged p53
vector (or empty pcDNA3-HA). After 48 h, transfected

2 3 + 5

cells were treated with formaldehyde to a final concen-
tration of 1% for 10 min to induce cross-linking between
interacting proteins. Cells were harvested, lysates were
immunoprecipitated with an anti-HA antibody, and elec-
trophoresed through 10% SDS-PAGE. After electrophore-
sis, complexes were transferred to nitrocellulose mem-
branes and blotted with an anti-KLF6 antibody. As shown
in Fig. 8, immunoblotting with the KLF6 antibody iden-
tified KLF6 in anti-HA immunoprecipitates of cells that
were transfected with KLF6 and pcDNA3-HA-p53 (lane 4),
but not in cells transfected with KLF6 and empty
pcDNA3-HA (lane 2).

Discussion

The involvement of the IGF-IR in the initiation and/or
progression of prostate cancer has been the subject of exten-
sive investigation. Contradictory reports, however, have
been presented regarding the pattern of expression of the
IGF-IR throughout the various stages of the disease. Thus,
although progression to androgen independence in prostate
cancer xenografts was associated with a significant increase
in IGF-IR mRNA expression (compared with the original
androgen-dependent tumors) (35), levels of expression were
much higher in the nonmetastatic prostate epithelial cell line
P69, compared with its metastatic derivative, the M12 cell
line (33). Furthermore, although IGF-IR mRNA levels were
shown to be largely suppressed in bone marrow metastases

Downloaded from endo.endojournals.org on September 30, 2005


http://endo.endojournals.org

3774 Endocrinology, August 2004, 145(8):3769-3777

A

Rubinstein et al. ® Regulation of IGF-IR Gene Expression by KLF6

LR Ex] *

p(-476/+640)LUC |

-476

p(-188/+640)LUC

FiG. 4. Mapping of KLF6-responsive re-
gions in the IGF-IR promoter. A, Sche-
matic representation of reporter con-
structs. Plasmids p(—476/+640)LUC,
p(—188/+640)LUC, and p(—40/+640)LUC
contain, respectively, 476, 188, and 40
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bp of the 5'-flanking region ([]) and 640 B
bp of the 5'-untranslated region (M) of
the IGF-IR gene, fused to a luciferase
c¢cDNA (LUC). The transcription start
site is denoted by an arrow. The lucif-
erase cDNA is not shown to scale. ¢,
Consensus GC elements; @, the CT mo-
tif. B, CHO cells were cotransfected
with 0.8 pg of the indicated reporter
plasmid along with 0.05 ug of the KLF6
expression vector ((J) or empty pCI-neo
(H) and 0.4 ug pCMVB, as indicated in
Fig. 1. Results are the mean * SEM of
three to five experiments, performed in
duplicate. *, P < 0.01; #, P < 0.05 (vs.
cells transfected with empty vector).
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(6), other studies reported a persistent expression of the
IGF-IR gene in prostate metastases (7). Whereas these con-
flicting results may arise from the large heterogeneity of the
tumors, sample selection, analytical techniques used, efc., the
seemingly paradoxical results may reflect the ability of
the IGF-IR to mediate both differentiative and proliferative
effects. The capacity of the IGF-IR to favor a particular bio-
logical pathway is dictated by multiple cellular and extra-
cellular factors, many of whom remain to be identified.
This study identifies the IGF-IR gene as a potential down-
stream target for transcription factor KLF6 and suggests a
potential functional link between these important players in
the etiology of a subset of prostate and other types of cancer.
Consistent with the postulated tumor suppressor role of
KLF6, two recent studies have shown that KLF6 is inacti-
vated in cases of prostate cancer, although the extent of LOH
incidence differed between the studies (28% vs. 77% of the
cases) (18, 36). Loss of function of the KLF6 gene resulted
from three different events, including allelic loss, mutation,
and gene silencing (37). Interestingly, epigenetic modifica-
tions such as promoter methylation may lead to KLF6 si-

-476/+640

-188/+640 -40/+640

Reporter constructs

lencing in cases of esophageal squamous cell carcinoma (38).
In addition to prostate tumors, mutations in the KLF6 gene
were reported in neurally derived cancers, including glio-
blastomas (11.8% of the cases) and astrocytomas (7%) (21),
and in colorectal cancers (22).

The IGF-IR promoter has been characterized as a highly
G-C-rich (>75%), initiator type of promoter. Multiple GC
boxes, which constitute binding elements for zinc finger-
containing transcription factors, were mapped to its proxi-
mal region (i.e. the region located immediately upstream of
the transcription initiation site). Similar to Sp1, another mem-
ber of the Sp/KLF family of zinc finger transcription factors,
KLF6 exhibited a potent transactivating effect toward the
IGF-IR promoter, even at very low input doses of expression
vector (12). On the other hand, a prostate cancer-derived
truncated mutant lacking the DNA-binding and part of the
activation domains of KLF6 had no effect on IGF-IR promoter
activity. Comparison of the effects of KLF6 with those of Sp1
revealed that KLF6, unlike Spl, was unable to stimulate
IGF-IR promoter activity in Sp/KLF-null Drosophila-derived
Schneider cells. Coexpression of both zinc finger proteins,
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FiG. 5. Comparison of the transactivating effects of KLF6 and Sp1 in
Drosophila Schneider cells. Schneider cells were cotransfected with 5
ug of the IGF-IR promoter construct p(—476/+640)LUC along with
300 ng actin promoter-driven KLF6 (pP,.Zf9) and/or Sp1 (pP,.Spl)
expression vectors, using the calcium phosphate method. LUC activ-
ity was measured after 48 h. A value of 1 was given to the promoter
activity in the absence of expression vectors. Shown are the results
(mean * SEM) of a typical experiment, repeated three times. *, P <
0.01 vs. cells transfected with Sp1 alone.

however, enhanced IGF-IR promoter activity in a synergistic
fashion, suggesting that Spl and KLF6 exhibit different
mechanisms of action. Furthermore, these results seem to
imply that the transactivating potentials of KLF6 and Spl
toward the IGF-IR promoter depend, to a significant extent,
on the cellular context.

In addition, the results of deletion analysis experiments
revealed that a cluster of four GC boxes located between nt
—399 and —331 appears to mediate a significant portion of
KLF6 activation of this promoter. We were unable, however,
to demonstrate a specific binding of KLF6 to this particular
fragment. Because this region was previously shown to bind
Spl with relatively high affinity (12, 34), our results are
consistent with a model in which KLF6 binds (and, poten-
tially, stabilizes) Sp1, thus enhancing its ability to bind and
transactivate the IGF-IR promoter. Interestingly, a CT box in
the 5'-untranslated region of the promoter, whose presence
was critical for Sp1 transactivation of the IGF-IR promoter
(12), had no major role in KLF6 action. Physical interactions
between Spl and KLF6/Zf9 have been reported in the tran-
scriptional activation of TGF-S1 during stellate cell activation
as well as in regulation of the endoglin promoter in response
to vascular injury (24, 27). Together with our data, these
studies underscore the important role of Sp/KLF family
members in cell growth and, furthermore, suggest the exis-
tence of a transcriptional network that allows the fine-tuning
of gene expression of target gene promoters (11). The par-
ticipation of other DNA elements in stimulation of IGF-IR
gene expression by KLF6 cannot be discounted. Further-
more, additional mechanisms, such as a KLF6-induced in-
crease in IGF-IR mRNA stability or translational efficiency,
may also contribute to the increase in IGF-IR expression.

In addition to its DNA sequence-dependent effects, the
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Fic. 6. Effect of p53 background on KLF6 action. Human colorectal
cancer cell lines HCT116™", containing wild-type p53, and
HCT116 /~, lacking p53, were cotransfected with 0.8 ug of the
p(—476/+640)LUC reporter plasmid and increasing amounts of wild-
type or truncated (X137) KLF6 expression vectors along with 0.4 ug
pCMVp, using the Metafectene reagent. Promoter activities are ex-
pressed as luciferase normalized to B-galactosidase levels. A value of
100% was given to the IGF-IR promoter activity in the absence of
expression vectors. The figure shows the results of three experiments,
performed in duplicate dishes. M, HCT116 '~ cells transfected with
KLF6; [, HCT116"" cells transfected with KLF6; N, HCT116 '~
cells transfected with KLF6/X137; &, HCT116"'" cells transfected
with KLF6/X137. *, P < 0.001 vs. control cells transfected with empty
pCl-neo; #, P < 0.01 vs. p53-lacking cells at the same dose of expres-
sion vector.

results of the present study suggest that a significant portion
of the biological actions of KLF6 may result from protein-
protein interactions with tumor suppressor p53. Specifically,
we demonstrated thatin HCT116 "/ cells, expressing a wild-
type p53, the transactivating effect of KLF6 was approxi-
mately 1.6-fold higher than that in p53-null HCT116™ "~ cells.
In addition, coexpression of KLF6 and p53 induced a sig-
nificant and consistent increase in endogenous IGF-IR and
IGF-IR precursor levels, whereas the expression of KLF6
alone had no major effect. We may speculate that the en-
hanced capacity of KLF6 to stimulate IGF-IR gene expression
in the presence of p53 results from its physical interaction
with this protein, which may lead to an increased stability of
the KLF6 molecule. These results are particularly intriguing
in view of our early results showing that wild-type p53, in
itself, strongly suppressed IGF-IR promoter activity, whereas
a number of tumor-derived mutated p53 molecules stimu-
lated IGF-IR gene transcription (39). The specific KLF6 and
p53 domains involved in protein-protein interactions remain
to be identified.

Consistent with these results, we recently demonstrated
that the inhibitory activity of tumor suppressor WT1 (a mem-
ber of the early growth response family of zinc finger tran-
scription factors whose mutation was linked to the etiology
of Wilms’ tumor) was significantly enhanced in the presence
of p53 (40). Similarly, tumor suppressor BRCA1 (breast can-
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Transfection:

Fia. 7. Cooperation between KLF6 and p53
in stimulation of IGF-IR gene expression.
HCT116 '~ cells were transfected with 4 ug each
of expression vectors encoding KLF6, p53, or
both, using the FuGene-6 reagent. Cells were
lysed after 48 h, and 50 ug protein were separated
through 10% SDS-PAGE gels. The resolved pro-
teins were transferred to nitrocellulose mem-
branes and blotted with IGF-IR, p53, KLF6, and
actin antibodies.

Fic. 8. Physical interaction between KLF6 and
p53. HCT116 /= cells were transfected with 3 ug
each of expression vectors encoding KLF6 (or
empty pCI-neo) and pcDNA3-HA-p53 (or empty
pcDNA3-HA). After 48 h cells were treated with
formaldehyde (final concentration, 1%) for 10 min
at room temperature, lysed in the presence of

protease inhibitors, sonicated, and immunopre- Transfection:
cipitated with an HA antibody. Precipitates

were loaded onto 10% SDS-PAGE gels, electro-

phoresed, and transferred to nitrocellulose LP.: aHA
membranes that were blotted with an anti-KLF6 1.B.: «KLF6

antibody. I.P., Immunoprecipitation; I.B., immu-
noblotting.

cer susceptibility gene) was able to suppress IGF-IR pro-
moter activity in the presence of wild-type, but not mutant,
P53 (41). Unlike the cooperative effect between p53 and KLF6
described in the present paper, we have previously reported
that Sp1 counteracted the inhibitory effect of p53 on IGF-IR
promoter in a dose-dependent manner (42). Together these
data indicate that the IGF-IR gene promoter constitutes a
molecular target to a number of transcription factors with
tumor suppressor activity (32). The level of expression of the
IGF-IR gene is the net result of complex interactions involv-
ing multiple DNA-binding as well as non-DNA-binding nu-
clear proteins.

In summary, we have demonstrated that the transcription
factor KLF6 is an important activator of the IGF-IR gene.
Regulation of the expression of this gene occurs primarily
through a cluster of GC boxes in the 5’-flanking region. In
addition, the ability of KLF6 to efficiently activate the IGF-IR
promoter depends to a significant extent on the cellular sta-
tus of p53. In the specific context of prostate cancer, we may
assume that the decrease in IGF-IR gene expression that
occurs in aggressive metastatic stages may result at least in
part from impaired activation of the IGF-IR promoter by
mutant KLF6. The concentration of cell surface IGF-I-binding
sites in malignant cells will ultimately have a significant
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impact on cell proliferation, differentiation, and sensitivity to
apoptosis.
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RAPID COMMUNICATION

Frequent Inactivation of the Tumor Suppressor
Kruppel-like Factor 6 (KLF6) in
Hepatocellular Carcinoma

Sigal Kremer-Tal,"? Helen L. Reeves,'3 Goutham Narla,' Swan N. Thung,* Myron Schwartz,> Analisa Difeo,°
Amanda Katz,! Jordi Bruix,” Paulette Bioulac-Sage,® John A. Martignetti,* *'° and Scott L. Friedman"10

Hepatocellular carcinoma (HCC) is a leading cause of cancer death worldwide, reflecting incom-
plete characterization of underlying mechanisms and lack of early detection. Kriippel-like factor
6 (KLF6) is a ubiquitously expressed zinc finger transcription factor that is deregulated in
multiple cancers through loss of heterozygosity (LOH) and/or inactivating somatic mutation.
We analyzed the potential role of the KLF6 tumor suppressor gene in 41 patients who had HCC
associated with hepatitis C virus (16 patients), hepatitis B virus (12 patients, one of whom was
coinfected with hepatitis C virus), and other etiologies (14 patients) by determining the presence
of LOH and mutations. Overall, LOH and/or mutations were present in 20 (49%) of 41 tumors.
LOH of the KLF6 gene locus was present in 39% of primary HCCs, and the mutational fre-
quency was 15%. LOH and/or mutations were distributed across all etiologies of HCC evaluated,
including patients who did not have cirrhosis. Functionally, wild-type KLF6 decreased cellular
proliferation of HepG2 cells, while patient-derived mutants did not. In conclusion, we propose
that KLF6 is deregulated by loss and/or mutation in HCC, and its inactivation may contribute to
pathogenesis in a significant number of these tumors. (HEPATOLOGY 2004;40:1047-1052.)

epatocellular carcinoma (HCC) is the fifth most
common cancer worldwide, typically arising
within livers with cirrhosis in patients who have
hepatitis B virus, hepatitis C virus, chronic alcohol abuse,

Abbreviations: HCC, hepatocellular carcinoma; KLF6, Kriippel-like factor 6;
LOH, loss of heterozygosity.
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and/or nonalcoholic fatty liver disease.! The majority of
HCCs are incurable, reflecting an incomplete under-
standing of pathogenic mechanisms and inadequate early
detection.

Established genetic events in HCC include loss of tu-
mor suppressor gene function through a combination of
genetic and epigenetic events, including loss of an allele,
mutation, or promoter methylation.>~4 Amplification
and/or mutation of oncogenes such as K-Ras and c-myc
have also been described, as has cyclin overexpression.’
Combined, these studies highlight many genetic alter-
ations that have been associated with the development
and/or progression of HCC; however, many key path-
ways and gene involvement remain to be elucidated.

Kriippel-like factor 6 (KLF6), a ubiquitously expressed
zinc finger transcription factor,® has been identified as a
tumor suppressor gene in prostate,”-® colon,” and naso-
pharyngeal'® cancers, as well as astrocytic gliomas.!!
Moreover, downregulation of KLF6 messenger RNA lev-
els has been described in lung'>!? and esophageal'4 can-
cers, the latter also being associated with promoter
methylation. Reduced KLF6 expression levels in lung and
prostate cancers have been reported®'3; the latter has also
been correlated with increased likelihood of recurrence.!s
KLF6 also suppresses oncogenic transformation in glio-
blastoma.'® The principal aim of this study was to deter-
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mine the incidence of loss and/or mutation of the KLF6

gene in HCC.

Patients and Methods

Tumor Samples. All patient samples were collected
and analyzed with written Institutional Review Board
consent from each institution. In all cases, a 5-wm section
stained with hematoxylin-eosin was used as a histological
reference for normal and tumor-derived tissue. Tumor
DNA was isolated from 20-uM sections of paraffin-em-
bedded blocks using commercial reagents (Ambion, Aus-
tin, TX). Paired nontumoral DNA was isolated from
either nontumorous liver tissue from the same patient—
which in many cases was diseased—or gallbladder, xi-
phoid cartilage, or other extrahepatic tissue.

Loss of Heterozygosity Analysis. Fluorescent loss of
heterozygosity (LOH) analysis using genomic DNA from
paired control/tumor tissue was performed as described
previously.”? KLF6 is located 4.1 Mb from the telomeric
end of chromosome 10p and is flanked by microsatellite
markers D10S594 and D10S591, located 1.7 and 4.8
Mb, respectively, from the telomere (Table 1). The KLF6-
specific markers KLF6M1, M2, and M4 flank the KLF6
locus by 40 kb centromerically and 10 kb and 20 kb
telomerically, respectively. Data were analyzed using ABI
Genescan and Genotyper software packages (Perkin
Elmer, Boston, MA), and allelic loss was scored and con-
firmed by 2 independent observers. An X*OH score of 0.7
or less was defined as LOH. All LOH analyses were per-
formed at least twice.

DNA Sequence Analysis. KLF6 exon 2 polymerase
chain reaction products from normal and tumor-derived
genomic DNA were generated using combinations of
nine forward and reverse primers that generated overlap-
ping amplicons as described previously.® All mutations
were confirmed via bidirectional sequencing in 2 inde-
pendent polymerase chain reaction reactions, and, for the
T1791 mutation, further confirmed via restriction digest
as described previously.?

Cell Culture and Transient Transfection. HepG2
cells were obtained from the American Tissue Culture
Collection (ATCC, Manassas, VA). Cells were cultured
in Dulbecco’s Modified Eagle Medium (Gibco, Grand
Island, NY) containing 10% fetal bovine serum (Hyclone
Logan, UT) and antibiotics (penicillin, streptomycin 100
pg/mL) (Gibco) and were supplemented with L-glu-
tamine (30 ug/mL) (Gibco). The medium was changed
every 48 hours. Cells were passaged 1 to 2 times weekly
and were split 24 hours prior to transient transfection
experiments. Transient transfection was performed with
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Fugene reagent according to the manufacturers’ protocol
(Roche, Indianapolis, IN).

KLF6 Complementary DNA Constructs. Full-
length KLF6 cloned into the EcoRI and Xbal sites of pCI-
neo® was used as the template for site-directed
mutagenesis. Site-directed mutagenesis was performed
using the Quick-Change mutagenesis kit (Stratagene, La
Jolla, CA). All constructs were verified via DNA sequenc-
ing prior to expression studies.

Analysis of Proliferation. Measurement of prolifera-
tion was determined by assaying H-thymidine incorpo-
ration into DNA as described previously.¢

Results

LOH of KLFG6 is Common in Hepatocellular Car-
cinoma. KLFG6 maps to chromosome 10p15, which has
not been previously reported to be lost in HCC.17:18 We
therefore analyzed possible LOH of the KLF6 locus using
several fluorescently labeled microsatellite markers, in-
cluding 3 markers that tightly flank the gene (see Table
1).72 Using this approach, we have previously shown 50
to 100 kb minimal regions of KLF6 loss in colorectal
cancer.”

Of the 41 HCC cases studied, 16 (39%) had loss con-
sistent with allelic imbalance in 10p15, the KLF6 locus,
10 of which (24%) showed loss of flanking markers on
both sides of the KLF6 gene. The microsatellite markers
in the additional 6 cases show unilateral loss very close to
the gene, indicating LOH. Table 1 lists the tumor char-
acteristics for all patients, the etiology of underlying liver
disease, and LOH status.

Mutational Analysis of KLF6 in HCC. Direct se-
quence analysis of the KLF6 gene revealed that 6 (15%) of
41 HCCs harbored KLF6 mutations. None of these
changes were present in nontumorous tissue, confirming
that they were somatic mutations. Sequence analysis was
limited to exon 2. This exon encodes three quarters of the
full-length protein, and the majority of KLF6 mutations
identified in other cancers have been localized to this
exon.”” The mutations identified are shown in Table 1,
and the corresponding sequence electropherograms are
shown in Fig. 1A.

Four of the five KLF6 mutations were missense muta-
tions, predicting nonconservative amino acid substitu-
tions within the KLF6 activation domain. Two of these
mutations—P149S (bases 3392 C>T) in patient 15 and
P166S (3443 C>T) in patient 11—are predicted to dis-
rupt proline residues, which could be important in pro-
line-directed phosphorylation. One mutation (3483
C>T) predicts replacement of a threonine residue with
an isoleucine (T'1791) and was present in 3 distinct HCC
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Table 1. 10p15 Locus and Microsatellite Markers; KLF6 LOH and Mutation Status, and Tumor Characteristics

1049

4.1Mb

. Telomere

A
1.7Mb 20Kb 10Kb skn  4.8Mb

s o
2 2 5 s g | §.
] ] K 2 t 5E
o o - (<] [ o
- - 3 b= s £~
o Q = “ £ =
[a]
HBV, no cirr WD 2.7
HIV cirr PD 5.5
HBV no cirr MD 9
T1791 HBV cirr PD 6
Hemochromatosis, cirr WD 4
HBV fibrosis MDB/PD 9
HCV, no cirr MD 11.5
No cirr WD 13
HBV fibrosis PD 6.5
HCV, cirr WD 4.5
T1791; P149S HCV cirr WD/MD 24
HBV, in trans to cirr PD 7.8
No cirr WD 10
HBV, no cirr PD 23
No cirr WD 6.5
HBV ¢irr WD 7
T1791 HCV cirr WD/PD 4.5
No cirr WD/MD 4.5
HCV cirr WD 1.5
HBV cirr MD 43
Cryptogenic cirr MD 5
HCV cirr WD 1.8
HCV, cirr WD 6.5
HCV cirr WD/MD 5
HCV,alcohol, cirr MD 4.5
No cirr MD 12
HCV no cirr PD 2.5
HCV cirr MD 5
No cirr WD 8.2
HCV cirr WD,MD,PD 35
HBV cirr WD 6.5
No cirr WD 8
No cirr WD 8
HBV+HCV cirr WD/MD 2.8
W162X Autoimmune WD/MD 1.5
HCV cirr MD/PD 5
P166S HCV cirr WD/MD 5.5
K182R No cirr WD/MD 19
Alcohol cirr MD/PD 4
HBV in trans to cirr MD 5
HCV cirr WD 8.5

NOTE. LOH of the KLF6 locus was analyzed using microsatellite markers for 10p15: D10S591 and D10S594. KLF6M1, M2 and M4 microsatellite markers were
specifically designed to tightly flank the KLF6 gene, as shown in diagram at the top of the Table. The relative position of the KLF6 gene between the markers is indicated.
The etiology of HCC, degree of tumor differentiation, as well as tumor sizes are listed for each case. Identified mutations are shown with predicted amino acid changes.
Black cell-LOH; Grey cell—non-informative (NI) marker; White cell-no evidence of loss; Fail—represents a PCR reaction that failed three or more times; SNP—single
nucleotide polymorphism. Cases are ranked according to degree of loss. HBV—hepatitis B virus, HCV—hepatitis C virus, cirr—cirrhosis, trans—in transition to cirrhosis;

WD—well differentiated, MD—moderately differentiated, PD—poorly differentiated.
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Fig. 1. (A) KLF6 mutations identified in HCC. Bidirectional sequencing chromatograms are shown demonstrating 7 mutations from 6 patients. An
arrow indicates each mutation. The base changes and the predicted amino acid changes are stated. Each mutation was confirmed in both directions.
F, forward direction of sequence; R, reverse direction of sequence. (B) Allelic imbalance in a HCC patient identified by loss of a polymorphism.
Sequencing chromatograms are shown for tumor and control tissue from patient 9, who was heterozygous for a V165M (nt 3440 G>A) polymorphism
in the control tissue, while in the tumor DNA the A allele is lost, making it homozygous for G. This patient demonstrated no specific microsatellite
marker loss and was noninformative for KLF6M2 (see Table 1). Allelic imbalance, however, is suggested by the sequencing data. Arrows = base
3440. Fwd, forward direction of sequence; Rev, reverse direction of sequence.

cases (patients 4, 9, and 15). This mutation is predicted to
disrupt a putative consensus phosphorylation site for
three kinases: CaMII, p70s6k, and protein kinase A. The
3492 A>G mutation in patient sample 34 predicts a
K182R substitution, which may potentially affect acety-
lation of the transcription factor. One further HCC case
possessed a KLF6 nonsense mutation predicting replace-
ment of a tryptophan with a premature stop codon,
W162X (G3433 TGG>TGA). These mutations—with
the exception of K182R— have been previously detected
in colorectal cancers.”

Interestingly, an additional patient (patient 9) had ev-
idence of allelic imbalance demonstrated not by microsat-
ellite analysis but instead by the loss in the tumor of a
heterozygous polymorphism present in the corresponding
normal genomic DNA (Fig. 1B). The normal DNA har-
bors both KZF6 alleles, with both a G and an A nucleotide
present at nucleotide position 3440 G>A. In the tumor,
however, only the G nucleotide was present, suggesting
loss of the allele containing the A nucleotide. Interest-
ingly, KLF6M2—the marker closest to the KLF6 gene
locus (10 kb)—was noninformative for this patient, so
LOH based on single nucleotide polymorphism instead
of microsatellite analysis was identified.

KLF6 But Not HCC-Derived KLF6 Mutants Sup-
press Growth of HepG2 Cells. Wild-type KLF6 tran-
scriptionally activates the cell cycle inhibitor p21
independently of TP53 and suppresses cell growth in fi-
broblast and cancer cell lines.”? We have previously
shown increased p21 induction by wild-type KLF6 but
not by P149S, P166S, T1791, or W162X patient-derived
mutants.” Here we demonstrate a growth suppressive ef-
fect of the wild-type KLF6 protein in the HepG2 hepato-
blastoma cell line. Proliferation of HepG2 cells was
inhibited by 15% (P < .005; n = 4) (Fig. 2) with the
wild-type protein, but not by patient-derived mutant pro-
teins. These results suggest that these HCC tumor muta-
tions may functionally inactivate wild-type KLF6
function.

Discussion

In this study, we established that KLF6 is inactivated
by loss and/or mutation in approximately 50% of hepa-
tocellular cancers analyzed. Allelic imbalance in the KLF6
region was confirmed using a combination of microsatel-

lite markers and polymorphism analysis in approximately
41% (17 of 41) of patients. Individuals with evidence of
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Fig. 2. Loss of growth suppression by HCC-derived KLF6 mutations.
Relative proliferation was assessed via [3H]-thymidine incorporation into
DNA in the HepG2 cell line. Cells were grown in 10% fetal bovine serum
and transfected with expression vector pClneo (vector), KLF6 wild-type,
or mutants. At 24 hours, cells were incubated for 4 hours with 1 wCi/mL
[®H]-thymidine, fixed and lysed, and disintegrations per minute were
estimated via liquid scintillation counting. KLF6 has a significant anti-
proliferative effect relative to expression vector alone (***P < .001;n =
4), while the mutant isoforms do not.

50
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KLF6 flanking marker loss include those who had both
hepatitis B virus— and hepatitis C virus—associated cirrho-
sis. Notably, 5 of these cases had KLF6 allelic imbalance in
tumors arising in viral hepatitis not associated with cir-
rhosis, possibly indicating a mechanism of loss associated
with viral injury and/or prolonged inflammation rather
than the presence of established cirrhosis. LOH in hepa-
titis B virus—related tumors may well arise as a result of
genomic instability caused by viral integration into the
genome.'® However, KLF6loss in HCC was also seen in 1
case of hepatitis C virus not associated with cirrhosis (case
19) and in 1 other nonviral case not associated with cir-
rhosis (patient 37). Tumors in these individuals who do
not have cirrhosis are rare and are not associated with viral
integration events. Because the majority of individuals in
this study had viral hepatitis, additional studies are
needed to determine the incidence of KLF6 inactivation
in HCC:s associated with other etiologies. Of note, the
mean tumor size of those HCCs harboring LOH tended
to be larger (mean, 9.09) than in those without LOH
(mean, 4.09) (P < .05). Nonetheless, whether KLF6 de-
regulation is a late rather than early event in the develop-
ment of HCC merits additional studies.

KLF6 mutations were identified in 15% of patients
with HCC and were localized between amino acids 149
and 182 in the activation domain of KLF6. The mutation
T1791 found in 3 HCC cases was also particularly com-
mon in colorectal cancers® and was further validated by a
restriction digestion (data not shown). All the HCC-de-
rived mutations identified to date failed to suppress
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growth or induce p21 to the same extent as wild-type
KLF6in HepG2 cells, offering a potential mechanism for
their loss of tumor suppressor activity. The shared KLF6
mutations identified in colorectal cancer® and HCC, in
particular a predicted T1791 mutation, are noteworthy.
These mutations occur within the cluster of amino acids
148 to 155, a region predicted to be a consensus phos-
phorylation site for GSK3 . GSK3p is a key regulator of
the Wnt signaling pathway, which has a well-established
role in colorectal cancer? as well as HCC pathogene-
sis.>18

Consistent with Knudson’s two-hit hypothesis for a
classic tumor suppressor gene,?! 3 of our patients had
LOH in one KLF6 allele and a mutation in the retained
allele. Interestingly, given previous findings in esophageal
cancer suggesting inactivation of KLF6 by promoter
methylation'# and other tumor suppressor genes by hap-
loinsufficiency,?? the possibility that loss of 1 KLF6 allele
may lead to HCC development or progression warrants
further study.

Although the role of KLF6 in tumorigenesis is not
completely characterized at present, it appears to be in-
volved in many growth-suppressive pathways that might
be abrogated following its inactivation or down-regula-
tion in cancer. Here we demonstrate that KZF6 mutations
in HCC abolish its growth-suppressive activity, which has
been associated with loss of induction of the p21 cdk/
cyclin inhibitor as reported for prostate and colon can-
cers.”? Moreover, HCC mutations are predicted to affect
consensus phosphorylation sites for GSK33, a Wnt sig-
naling regulator whose role in HCC is well established.>!8
In addition, wild-type KLF6 can transcriptionally induce
transforming growth factor beta and its receptors.?* Loss
of transforming growth factor beta signaling frequently
occurs in HCCs,?4 suggesting that KLF6 inactivation or
down-regulation could affect this pathway. Overexpres-
sion of cyclins has also been observed frequently in HCC
cases,?> and we recently demonstrated that KZF6 can bind
and inactivate cyclin D1 and converge with the Rb path-
way.2¢ KLF6 may also up-regulate the insulin-like growth
factor 1 receptor,?” the loss of which could contribute to
HCC.?8 Finally, apoptotic activity of KLF6 has been re-
ported in lung cancer cell lines,'? and down-regulation of
this apoptotic potential could enable emergence of neo-
plastic cells.

KLF6is a tumor suppressor gene involved in a growing
number of neoplasms, including prostate, colon, glioma,
lung, and esophageal cancers. Here we report evidence
that this gene is also inactivated in a significant proportion
of HCC:s, some of the most common and least effectively
treated malignant tumors worldwide. KLF6 joins many
other genes that are deregulated in HCC, albeit not in a
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majority of cases, suggesting that accumulated abnormal-
ities rather than a single gene defect underlie this neo-
plasm. Nonetheless, based on its inactivation in major
human cancers and participation in converging pathways
of growth control, KLF6 deregulation may be an impor-
tant event in HCC pathogenesis.
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Targeted Inhibition of the KLF6 Splice Variant, KLF6 SV1,
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Abstract

Prostate cancer is a leading cause of cancer death in men. Risk
prognostication, treatment stratification, and the development
of rational therapeutic strategies lag because the molecular
mechanisms underlying the initiation and progression from
primary to metastatic disease are unknown. Multiple lines of
evidence now suggest that KLF6 is a key prostate cancer tumor
suppressor gene including loss and/or mutation in prostate
cancer tumors and cell lines and decreased KLF6 expression
levels in recurrent prostate cancer samples. Most recently, we
identified a common KLF6 germ line single nucleotide
polymorphism that is associated with an increased relative
risk of prostate cancer and the increased production of three
alternatively spliced, dominant-negative KLF6 isoforms. Here
we show that although wild-type KLF6 (WtKLF6) acts as a
classic tumor suppressor, the single nucleotide polymorphism-
increased splice isoform, KLF6 SV1, displays a markedly
opposite effect on cell proliferation, colony formation, and
invasion. In addition, whereas wtKLF6 knockdown increases
tumor growth in nude mice >2-fold, short interfering RNA-
mediated KLF6 SV1 inhibition reduces growth by ~50% and
decreases the expression of a number of growth- and
angiogenesis-related proteins. Together, these findings begin
to highlight a dynamic and functional antagonism between
wtKLF6 and its splice variant KLF6 SV1 in tumor growth
and dissemination. (Cancer Res 2005; 65(13): 5761-8)

Introduction

Disseminated prostate cancer is a leading cause of cancer death
in men. Although gene loci, candidate genes, and risk factors for
subsets of familial forms of prostate cancer development are
increasingly being identified, the molecular mechanisms underly-
ing the initiation and transition from localized to metastatic
phenotype are poorly understood (1). Identification of individual
genes and biomarkers which correlate with clinical behavior and
metastatic spread is an urgent priority in order to define both
therapeutic targets and improve patient stratification for future
treatment. KLF6/COPEB is one of a number of candidate genes
consistently emerging as a potentially relevant molecular target (2-7).

KLF6 is a member of the Kruppel-like family of zinc finger
transcription factors which are DNA-binding proteins regulating
growth-related signal transduction pathways, cell proliferation,
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apoptosis, and angiogenesis (8, 9). We previously showed that
KLF6, a ubiquitously expressed zinc finger transcription factor, is a
tumor suppressor gene inactivated by allelic loss and somatic
mutation in sporadic prostate cancers that can mediate growth
suppression both by a p53-independent, up-regulation of p21 (2),
and by disrupting the interaction between cyclin D1 and CDK4
(10). Independent studies, albeit not all (11), have also identified
inactivation in both sporadic prostate cancer and prostate cancer
cell lines (3). In support of its more general role as a tumor
suppressor in a number of human cancers, KLF6 mutation and loss
have also been described in colorectal cancer, hepatocellular and
nasopharyngeal carcinomas, and in malignant gliomas (2-7).
Moreover, in separate high-throughput array studies aimed at
identifying novel risk stratification markers and predictive gene
cluster fingerprints, decreased KLF6 expression has also been
shown to predict poor clinical outcomes in both prostate cancer
(12) and pulmonary adenocarcinoma (13).

Beyond these findings in tumor samples, we recently identified a
germline KLF6 single nucleotide polymorphism (SNP), IVS1 —27
G>A/IVSAA, that is significantly associated with increased prostate
cancer risk in men (14). This intronic SNP, which is the first
reported high-prevalence, low-penetrance prostate cancer suscep-
tibility allele, generates a novel functional SRp40 DNA binding site,
ablating two other overlapping SR-protein binding sites, and
increasing transcription of three alternatively spliced KLF6 iso-
forms, KLF6 SV1, SV2, and SV3. These alternatively spliced KLF6
proteins, present in both normal and cancerous tissues, antagonize
the ability of wild-type KLF6 (wtKLF6) to up-regulate p21
expression and suppress cell proliferation (14). Although alterna-
tive splicing is present in both normal and cancerous cells,
expression of the KLF6 splice variants seems to be up-regulated in
prostate cancer (14). These results suggested that the IVSAA SNP
effectively disrupts a regulated pattern of KLF6 splicing and
through overexpression of splice variants, could lead to an
increased relative risk of prostate cancer. Given that KLF6 SV1
and SV2 antagonize the ability of wtKLF6 to up-regulate p21
expression and suppress cellular proliferation (14), these isoforms
may provide the physiologic and biological link between this KLF6
germ line SNP and increased risk of prostate cancer.

Thus, the present studies explore the biological relevance and
implications of one of the recently identified KLF6 splice variants,
KLF6 SV1, on a number of cancer-related phenotypes. In addition,
this study provides the first demonstration that suppressing
wtKLF6 expression increases prostate cell growth in culture and
tumor growth in vivo.

Materials and Methods

Cell culture and transient transfection. All cell lines were obtained
from the American Tissue Culture Collection (Rockville, MD). Polyclonal
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pools of stable cell lines were generated by cotransfection of the pSUPER-si-
luc, si-wtKLF6, si-SV1, or si-SV2 with a puromycin expressing plasmid.
Transfected cells were selected with 2 pug/mL of puromycin. For each
construct, three independent polyclonal pools of stable cell lines were
generated and analyzed.

PSUPER plasmid construction and transfection. The pSUPER-siSV1
and pSUPER-siSV2 plasmids used to down-regulate KLF6 SV1 and KLF6
SV2 expression and the control pSUPER-luc construct were previously
described (14). The pSUPER-si-wtKLF6 construct was generated as
previously described using this pSUPER vector (ref. 15; generously provided
by R. Agami). To insert the targeting sequence, DNA oligonucleotides were
designed and cloned into the Bg/II-HindIlI sites of the pSuper vector.

Si-wtKLF6-F: GATCCCCTGGCGATGCCTCCCCCGACttcaagaga
GTCGGGGGAGGCATCGCCATTTTTGGAAA

Si-wtKLF6-R: AGCTTTTCCAAAAATGGCGATGCCTCCCCCGAC
tetettgaaGTCGGGGGAGGCATCGCCAGGG

Immunohistochemistry. Inmunohistochemical staining for factor VIII-
related antigen and proliferating cell nuclear antigen (PCNA) were carried
out as previously described (16, 17) using a factor VIII-related antigen
(DAKO, Carpinteria, CA) antibody for the detection of tumor microvessel
density and a PCNA antibody (Santa Cruz Biotechnology, Santa Cruz, CA)
for the detection of tumor cell proliferation, respectively. Measurements of
PCNA staining and microvessel density were done as previously described
(18). Briefly, microvessels that stained positive for factor VIII-related antigen
were counted on four representative high-power fields (400x) for each
tumor. Data was expressed as the average number of microvessels per 400x
field for each experimental tumor group. PCNA staining was determined by
counting the number of positive cells per 400X field and dividing that
number by the total number of cells in that particular field. For each tumor,
four high-powered fields were counted and the average for each
experimental tumor group was determined.

Colony formation assays. The ability of different transfectants to
proliferate in an anchorage-independent manner was quantified by
standard soft-agar assay. Approximately 10° cells were resuspended in
2 mL of 0.4% (w/v) Noble agar (Difco) and overlaid on top of 1% (w/v)
agar as described previously (19). After 3 weeks of incubation at 37°C,
continuously growing colonies were visualized by staining with 1 mg/mL
of p-iodonitotetrazonium violet. Colonies >2 mm in diameter were
counted.

Tumorigenicity assay. Stable short interfering RNA (siRNA) PC3M cells
(1 x 10°) were injected into the left flank of 6- to 8-week-old female BALB/c
nu/nu mice. Tumor volume was assessed every week and determined by
the formula (length X width X width X 0.4). The mice were sacrificed
8 weeks after inoculation and tumors were excised for RNA, protein, and
immunohistochemical analysis. All animal work and protocols were
approved by the Mount Sinai School of Medicine Institutional Animal Care
and Use Committee.

Migration and invasion assays. Standard invasion assays were done in
Boyden chambers by using a reconstituted basement membrane (Matrigel,
0.5 mg/mL; Becton Dickinson, Mountain View, CA; ref. 20). Coated
membranes were first blocked with 0.5% bovine serum albumin (BSA) in
DMEM and equilibrated in 0.1% BSA/DMEM. Approximately 10° cells in
serum-free DMEM were added to the upper chamber and conditioned
medium derived from NIH 3T3 fibroblasts was used in the lower chamber as
a chemoattractant. Following incubation for 19 hours at 37°C, cells in the
upper chamber were thoroughly removed by gentle suctioning. Cells
invaded through the barrier were fixed in 10% formalin and stained with
4,6-diamidino-2-phenylindole in PBS. Nuclei were visualized under a
fluorescence microscope and images of five randomly selected nonover-
lapping fields were counted.

Generation of KLF6 monoclonal antibodies. A 67 kDa glutathione
S-transferase fusion peptide containing amino acids 28 to 199 of the human
KLF6 activation domain (pGEX-2-PM) and the following peptide: EKSLT-
DAHGKGVSGVLQEVMS were purified and used to generate the 2A2 and
9A2 monoclonal KLF6 antibodies, respectively.

Western blot analysis. Cell extracts for Western blotting were harvested
in radioimmunoprecipitation assay buffer (standard protocols, Santa Cruz
Biotechnology). Tumor tissue extracts were harvested and prepared in the
T-PER reagent (Pierce, Rockford, IL). Equal amounts of protein (50 ug) as
determined by the Bio-Rad (Richmond, CA) DC Protein quantification assay
were loaded and separated by PAGE and transferred to nitrocellulose
membranes. Western blotting was done using a goat polyclonal antibody to
actin and VE-cadherin (SC-1616 and SC-6458, respectively), and monoclonal
antibodies to p21 (Santa Cruz Biotechnology) and the KLF6 2A2 and 9A2
antibodies (Zymed).

Densitometric analysis. Enhanced chemiluminescent images of immu-
noblots were analyzed by scanning densitometry and quantified with a
BIOQUANT NOVA imaging system. All values were normalized to actin and
expressed as fold changes relative to control.

Analysis of proliferation. Proliferation was determined by estimating
[*H]thymidine incorporation. PC3M stable cell lines expressing either si-luc,
si-wtKLF®6, si-SV1, or si-SV2 were plated at a density of 50,000 cells per well
in 12-well dishes. Forty-eight hours after plating, 1 uCi/mL [*H]thymidine
(Amersham) was added. After 2 hours, cells were washed four times with
ice-cold PBS and fixed in methanol for 30 minutes at 4°C. After methanol
removal and cell drying, cells were solubilized in 0.25% sodium hydroxide/
0.25% SDS. After neutralization with hydrochloric acid (1 N), disintegrations
per minute were estimated by liquid scintillation counting.

RNA and quantitative real-time PCR analysis. Cell line and tumor
RNA was extracted using the RNeasy Mini and Midi kit (Qiagen,
Chatsworth, CA). All RNA was treated with DNase (Qiagen). A total of
1 png of RNA was reverse-transcribed per reaction using first-strand
complementary DNA synthesis with random primers (Promega, Madison,
WI). Quantitative real-time PCR was done using the following PCR primers
on an ABI PRISM 7900HT sequence detection system (Applied Biosystems,
Foster City, CA): Ki-67 forward, 5-GAA GAG TTG TAA ATT TGC TTC T-3}
and Ki-67 reverse, 5-ATG TTG TTT TGA CAC AAC AGG A-3. Primer
sequences for total and wtKLF6, p2l, and glyceraldehyde-3-phosphate
dehydrogenase (14) as well as for markers of angiogenesis including Flt-1,
VE-cadherin, Ang-2, Tie-1, and PECAM have all been previously described
(21). All experiments were done in triplicate and repeated three
independent times. All values were normalized to glyceraldehyde-3-
phosphate dehydrogenase levels. Levels of KLF6 alternative splicing was
determined as previously described (14).

Results

KLF6 alternative splicing is differentially regulated in
prostate cancer cell lines. Prior to their experimental manipu-
lation, we established the baseline level of KLF6 alternative splicing
in two well-characterized prostate cell lines, the benign prostatic
hyperplasia cell line, BPHI1, and the metastatic prostate cancer—
derived cell line, PC3M. The levels of wtKLF6 and alternative
splicing in both of these cell lines was determined and compared at
both the mRNA and protein levels. We chose these two cell lines
because of their highly contrasting genotypic and phenotypic
features. The nontumorigenic human prostatic epithelial cell line,
BPH1, was originally immortalized using the large T antigen
oncogene and fails to form tumors in nude mice (22). PC3M was
originally derived from liver metastases produced in nude mice
subsequent to intrasplenic injection of PC3 cells (23).

Similar to previous findings in patient-derived tissues (14),
wtKLF6 levels were lower, whereas alternatively spliced isoforms
of KLF6 were higher in the metastatic, cancer-derived cell line PC3M
than those in BPHI cells (Fig. 14 and B). Densitometric analysis of
the KLF6 protein isoforms in PC3M cells showed an average 2.8-fold
increase in the ratio of alternatively spliced KLF6 to wtKLF6.

Interestingly, the endogenous splicing preferences between wild-
type and splice forms in these two cell lines were maintained
following transfection of a KLF6 minigene construct. Each cell line
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Figure 1. The KLF6 gene is differentially spliced in prostate cell lines. A, quantitative real-time PCR was done on the benign prostatic hyperplasia cell line (BPH1)
and the metastatic prostate cancer cell line (PC3M) to determine the baseline level of endogenous KLF6 alternative splicing in these prostate-derived cell lines.
The PC3M cell line had a significantly higher endogenous splicing ratio (x = 0.83) than did the BPH1 cell line (x = 0.41; ***, P < 0.0001). B, Western blot analysis
for KLF6 expression in BPH1 and PCM cells using the 2A2 KLF6 monoclonal antibody. Consistent with the RNA findings, the PC3M cell line expresses increased levels
of both KLF6 variant proteins. The ratio of splice variants to wild-type protein was determined by densitometry to be ~2.8-fold. C, transient expression of the
pSUPER-si-wtKLF8, si-luc, si-SV1, and si-SV2 in PC3M cells. Three independent transfection experiments were done and analyzed for each pSUPER-siRNA construct.
Transient si-wtKLF6 expression cells results in a 70% decrease in wtKLF6 mRNA (***, P < 0.0001), whereas targeted reduction of si-SV1 and SV2 expression
results in an ~80% decrease in KLF6 alternative splicing as measured by quantitative real-time PCR (***, P < 0.0001). D, cell proliferation analysis of transiently
transfected PC3M cells. The pSUPER-si-wtKLF6 expressing cells proliferate 80% more than pSUPER-luc expressing cells (**, P < 0.001), whereas the
pSUPER-si-SV1 expressing cells proliferate 65% less than control cells (***, P < 0.0001).

was transfected with an expression vector containing the entire
KLF6 gene including the 5" and 3’ untranslated regions (14). Again,
wtKLF6 levels were decreased, whereas alternatively spliced forms
were increased in the PC3M cells when compared with the BPH1
cell line (Fig. 14).

Targeted silencing of wtKLF6 and KLF6 SV1 divergently
affects cellular proliferation. Having shown differential regula-
tion in KLF6 alternative splicing levels in these two cell lines, we
next examined the effect of targeted down-regulation of each

isoform specifically by RNAi-mediated gene silencing on growth-
and metastasis-related features of the PC3M cell line. We have
previously shown that both KLF6 SV1 and KLF6 SV2 proteins
mislocalize to the cytoplasm and fail to either up-regulate
endogenous p21 or suppress cell proliferation (14). Silencing of
either the endogenous KLF6 SV1 or SV2 transcripts increases p21
mRNA and protein levels (14). However, the isoforms are not
biologically equivalent because silencing SV1, but not SV2, results
in decreased cell proliferation in culture (14).

Figure 2. Stable abrogation of KLF6 SV1
by siRNA decreases anchorage-
independent growth of PC3M. Stable cell
lines expressing siRNA to either luciferase
(luc), wtKLF6 (si-wt), or SV1 (si-SV1) and
were assessed for their ability to grow in
soft agar (arrowheads), as described in
Materials and Methods. A, targeted
reduction of full-length KLF6 (si-wtKLF6)
results in increased colony formation in soft
agar as compared with the control cell line,
pSUPER-si-luc. Targeted reduction of
KLF6 SV1 results in a significant decrease
in colony formation. B, the total number of
all colonies and large colonies was counted
by two independent observers in three
independent experiments, each done in
triplicate. Targeted reduction of wtKLF6
resulted in a 30% increase in the number of
total colonies (*, P < 0.01) and a 90%
increase in large colony formation
compared with the si-luc control cell line
(***, P < 0.0001). Furthermore, targeted
reduction of KLF6 SV1 leads to a 50%
reduction in both the number of all colonies
and large colonies formed compared with
controls (**, P < 0.001).

Fold Change in colony formation TJ

si-luc

all colonies
Il large colonies
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First, we generated stable cell lines expressing siRNAs specific
to either wtKLF6 (si-wtKLF6), KLF6 SV1 (si-SV1), or KLF6 SV2
(si-SV2). Each pSUPER-derived siRNA specifically targets the
respective KLF6 mRNA, with no effect on the other isoforms
(14). Multiple polyclonal cell line pools for each construct were
generated and analyzed by quantitative real-time PCR and
Western blotting. As shown in Fig. 1C, wtKLF6 levels were
reduced ~50%, whereas each targeted KLF6 alternative splice
form was reduced ~60% in the respective stable cell lines
expressing pSUPER-si-SV1 and si-SV2 as compared with
pSUPER-Luc expressing cell lines. Proliferation rates were
drastically and divergently affected in two of the generated
lines. Cell proliferation increased by almost 90% in the si-wtKLF6
cells but reduced by almost 60% in the si-SV1 cell lines when
compared with controls (Fig. 1D). No changes in proliferation
rates were noted in the pSUPER-si-SV2 stable cell lines (data not
shown).

Differential effects of wtKLF6 and SV1 gene silencing on
tumor cell colony formation, migration, and invasion. We next
explored the effect of targeted reduction on the ability of different
KLF6 siRNA stable cell lines to proliferate in an anchorage-
independent manner as quantified by soft-agar assay. Consistent
with its function as a tumor suppressor gene, targeted reduction of
wtKLF6 (si-wtKLF6) led to a >50% increase in colony formation
(Fig. 24 and B; P < 0.01). Reduction of KLF6 SV1, on the other
hand, had exactly the opposite effect, resulting in a >50% decrease
in colony formation (Fig. 24 and B; P < 0.001).

Given the role of cell migration and invasion in the progression of
localized cancer to disseminated disease, we next analyzed these

phenotypes. Interestingly, these were only affected by one of the two
KLF6 isoforms. Targeted reduction of the KLF6 SV1 protein resulted
in a 60% decrease in both cell migration (Fig. 34; P < 0.01) and
invasion (Fig. 3B; P < 0.001) of this highly metastatic cell line. In
contrast to its markedly opposite effects to SV1 on cellular
proliferation and colony formation, reduction of the wtKLF6 protein
had no effect on either cell migration or invasion (data not shown).

Inhibition of wtKLF6 and KLF6 SV1 differentially affect
tumorigenicity in vivo. Based on the marked functional differ-
ences between the various KLF6 isoform siRNA cell lines, we next
explored whether wtKLF6 or the splice variants affected tumori-
genicity in vivo. Beyond the previous patient-derived tumor
findings—that decreased wtKLF6 expression correlated with worse
prognosis (12) and KLF6 SV1 expression is increased in prostate
cancer tissue (14)—the tumorigenicity data provides the first
experimental evidence that these isoforms differentially regulate
tumor growth in vivo.

PC3M stable cell lines expressing specific siRNAs to either
luciferase, wtKLF6, SV1, or SV2 were injected s.c. into nude mice
and after 8 weeks, the mice were sacrificed and tumor mass was
determined. Tumor take rates were consistent between the various
groups, with less than two of the injected mice in each group
failing to produce a measurable tumor after 8 weeks of growth.
Consistent with its role as a tumor suppressor gene, reduction of
wtKLF6 mRNA led to >2-fold increase in tumorigenicity (Fig. 44
and B; P < 0.01). In marked contrast, silencing of the KLF6 SV1
transcript resulted in a 40% reduction in tumorigenicity ir vivo
(Fig. 44 and B; P < 0.001). Targeted reduction of the KLF6 SV2
transcript had no effect on tumor growth (data not shown).
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Figure 4. Divergent effects of stably expressed siRNAs to KLF6 wild-type and SV1 on PC3M xenograft growth in vivo. Stable cell lines expressing siRNAs to
either luciferase wtKLF6, or splice forms SV1 or SV2 were injected into nude mice and their volume assessed as described in Materials and Methods.

A, reduction of the full-length wtKLF6 mRNA resulted in >90% increase in tumorigenicity in vivo (P < 0.01); whereas PC3M cells expressing siRNA to KLF6 SV1
were 50% less tumorigenic in vivo (P < 0.001). B, a representative tumor from each group. C, KLF6 alternative splicing was quantified by quantitative real-time
PCR as previously described (14) from RNA isolated from these tumors. The si-wtKLF6 derived tumors had 60% more alternative splicing relative to wtKLF6
mRNA than did control luc tumors (P < 0.01), whereas tumors derived from the si-SV1 and si-SV2 cell lines had a 50% and 70% decrease in KLF6 alternative
splicing, respectively, compared with the control tumors (P < 0.001). D, Western blot analysis of tumor proteins extracted from independent animals injected
with PC3M cells expressing pPSUPER-Iuc (n = 3) and si-SV1 (n = 3) using the KLF6 9A2 monoclonal antibody specific to the KLF6 SV1 protein. Si-SV1 tumors

expressed significantly less KLF6 SV1 protein than control si-luc tumors, as measured by densitometry relative to an actin-loading control.

To determine if the siRNA-derived tumors maintained their down-
regulation of KLF6 isoforms in vivo, the ratio of alternatively spliced
KLF6 transcripts to wtKLF6 levels was quantified by quantitative
real-time PCR from tumor-isolated RNA at the end of the expe-
rimental time course. As predicted, tumors derived from the si-
wtKLF6 cell line had decreased wtKLF6 levels compared with si-luc
tumors (Fig. 4C). This resulted in a significant increase in the ratio of
KLF6 splice variants to wtKLF6 mRNA (Fig. 4C; P < 0.01). On the other
hand, tumors derived from the si-SV1 and si-SV2 cell lines had a
reduction in KLF6 alternative splicing which effectively increased the
wtKLF6 to total ratio of KLF6 (Fig. 4C; P < 0.001). Western blot
analysis of the si-SV1 tumors with the KLF6 SV1 specific monoclonal
(9A2) revealed a significant reduction in SV1 protein level in vivo (Fig.
4D). Interestingly, although si-SV2 tumors paralleled the significantly
decreased ratio in KLF6 splice forms to wtKLF6 seen in the si-SV1
tumors, SV2 reduction had no effect on tumorigenicity (Fig. 44-C).

Decreased si-SV1 tumor growth is associated with an
antiproliferative and antiangiogenic gene expression profile.
To explore potential mechanisms underlying the si-SV1-mediated
reduction in tumorigenicity, we examined the expression patterns
of a number of key genes regulating cell proliferation, angiogenesis,

and apoptosis in the stable cell-derived tumors. Consistent with
our previous findings in patient-derived tumors (14), p21 mRNA
and protein levels were increased over 2-fold in si-SV1-derived
tumors (Fig. 54 and B; P < 0.01). This up-regulation of p21 was
associated with decreased expression of markers of cellular
proliferation as assessed by decreased PCNA staining and a
~30% reduction in Ki-67 mRNA levels (Fig. 5B-D). On the other
hand, si-wtKLF6-derived tumors were significantly larger than
control tumors and displayed higher PCNA staining, as well as a
50% increase in Ki-67 mRNA levels (Fig. 5C and D). Targeted
reduction of the SV2 transcript had no effect on tumorigenicity
or p21 levels (data not shown).

Tumor growth in vivo is known to be dependent on the ability
of cancer cells to stimulate blood vessel growth through up-
regulation of angiogenic mediators. Platelet/endothelial cell
adhesion molecule-1 (PECAM-1)/CD31 is highly expressed by
endothelial cells and is a reproducible marker of angiogenesis in
transplanted tumor models. Given the relatively pallid appear-
ance of the si-SV1-derived tumors (Fig. 4B), we analyzed the
effects of SV1 silencing on a number of angiogenic markers,
including CD31. Si-SV1-derived tumors had a >50% reduction in
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CD31 expression compared with control tumors (Fig. 64;
P < 0.0001) consistent with an overall inhibition of in vivo
angiogenesis. To broaden this finding, we then included an
analysis of the expression levels of a panel of genes, VEGF, Ang-1,
Ang-2, Flt-1, KDR, Tie-1, VE-cadherin, and PECAM-1, that together
have been shown to more accurately reflect angiogenesis than any
single marker gene alone (21). Consistent with the PECAM-1/CD31
protein immunohistochemical data, expression of five angiogenic
genes, Ang-2, Fit-1, Tie-1, VE-cadherin, and PECAM/CD31 was
significantlyreduced insi-SV1tumors (Fig.6B). VEGF, Ang-1,and KDR
KDR levels were not significantly changed. This potentially reflects
the differences in the regulation of angiogenesis in different tumor
types and tissues (21). Nonetheless, levels of VE-cadherin, a key
molecule in endothelial cell-cell interaction and in the formation of
mature, functional blood vessels, were decreased on average by
>70% as assessed by Western blotting (Fig. 6C).

Discussion

A growing number of studies have highlighted the mechanisms
by which the KLF6 tumor suppressor gene may be functionally
inactivated in human cancer. Somatic KLF6 mutations and allelic

loss have been identified in several primary human neoplasms,
including prostate (2, 3), colorectal (4), hepatocellular carcinoma
(5), malignant glioma (6), and nasopharyngeal carcinoma (7).
Additionally, KLF6 is transcriptionally silenced in esophageal
cancer cells through promoter hypermethylation (24) and is
significantly down-regulated in primary lung cancer samples and
lung cancer cell lines (13, 25), as well as in some prostate cancer
cell lines (3), whereas the mechanism(s) of inactivation in these
cases have yet to be defined. Furthermore, KLF6 protein expression
is absent in a number of glioblastoma cell lines and primary glioma
patient samples and reconstitution of wtKLF6 protein expression
reverts tumor growth both in vitro and in vivo (26).

Our experimental findings suggest an important role for the
KLF6 tumor suppressor gene in regulating prostate cancer
development and progression through two distinct yet comple-
mentary pathways. First, decreased expression of wtKLF6 leads to
increased proliferation, colony formation, and tumorigenicity
in vivo. This is the first report demonstrating the biological
function of the KLF6 tumor suppressor gene by siRNA-mediated
targeted gene silencing in culture and in vivo. These findings
provide a biologically relevant link to independent studies
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Figure 5. Correlation of cell growth effects with p21 and proliferation markers in tumors stably expressing siRNAs for wtKLF6 or KLF6 SV1. Tumors were
analyzed for their expression of p21 mRNA or protein, PCNA, and Ki-67 in response to abrogation of wtKLF6 or KLF6 SV1. A, targeted reduction of the KLF6 SV1
protein results in a significant up-regulation of both p21 mRNA and protein as measured by quantitative real-time PCR and Western blotting, respectively. B,
immunohistochemistry for PCNA in siRNA tumors. Targeted reduction of wtKLF6 results in increased PCNA staining in vivo (P < 0.01), whereas tumors derived from
si-SV1 cells express significantly less PCNA (P < 0.001). For each group of tumors, si-luc (n = 6), si-wtKLF6 (n = 5), and si-SV1 (n = 7) six independent
high-powered fields for each tumor were counted, assessing both the total number of cells and the number of PCNA-positive cells. The graph represents the average
percentage of PCNA-positive cells for each group. C, quantitative real-time PCR analysis for Ki-67 mRNA levels in siRNA-derived tumors. Si-SV1 tumors (n = 7)
expressed significantly less Ki-67 mRNA (P < 0.0001) than control luc (n = 6) controls, whereas targeted reduction of wtKLF6 (n = 5) in vivo resulted in an

almost 50% increase in Ki-67 mRNA (P < 0.001).
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Figure 6. Reduced KLF6 SV1 expression leads to decreased angiogenesis by PC3M-derived tumors in vivo. Tumors generated as described in Fig. 5 were
analyzed for expression of angiogenesis-related markers in vivo. A, CD31/PECAM staining of stable siRNA cell line—derived tumors. Targeted reduction of the KLF6
SV1 protein results in a 60% decrease in microvessel density (P < 0.0001) as measured by the number of CD31/PECAM-positive endothelial cells per 400x field.
For each siRNA-derived tumor, four independent 400x fields were counted for CD31-positive endothelial cells. B, quantitative real-time PCR analysis of a panel of
markers of angiogenesis. Si-SV1-derived tumors expressed significantly lower levels of Flt-1, VE-cadherin, Ang-2, Tie-1, and PECAM compared with luc control tumors
(P < 0.0001). C, Western blot analysis of pSUPER-luc and si-SV1-derived tumor protein using a VE-cadherin antibody. Si-SV1 tumors expressed significantly less
VE-cadherin protein than control si-luc tumors as measured by densitometry relative to an actin loading control. Three independent si-luc tumors compared with three
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demonstrating that decreased KLF6 expression correlates with Similarly, the mechanisms by which the KLF6 family regulates
poor outcomes in lung and prostate cancer (12, 13). cancer development and progression are still being elucidated.
Second, enhanced alternative splicing in a metastatic-derived Emerging cell cycle-related mechanisms include up-regulation of
prostate cancer cell line leads to increased production of the the cyclin-dependent kinase inhibitor p21 in a p53-independent
dominant-negative splice variant KLF6 SV1. This isoform antag- manner (2) and disruption of the CDK4/cyclin D1 interaction
onizes the ability of wtKLF6 to suppress cell proliferation and (10). KLF6 may induce apoptosis and suppress colony formation
tumorigenicity in vivo. siRNA-mediated gene silencing experi- independent of the p53 tumor suppressor gene (25). Of potential
ments suggest that the KLF6 SV1 variant significantly reduces interest, KLF6 and p53 have also recently been shown to
colony formation, migration, invasion, and tumorigenicity. Com- physically interact and to cooperate in the transcriptional up-
plementing these studies and suggesting the global importance of regulation of the insulin-like growth factor-IR gene (27);
these findings to prostate cancer, we have recently shown that the however, the importance of this interaction in human cancer
germ line KLF6 gene IVSAA polymorphism results in increased remains unknown. Combined, these studies highlight not only
prostate cancer risk and increased production of KLF6 SV1 and the general role of KLF6 in cancer pathogenesis but also the
SV2. Thus, the biological activity of KLF6 SV1 in these studies mechanisms of its action and regulation on key pathways
identifies a possible mechanistic basis for the association of the regulating cell proliferation and angiogenesis in culture and
KLF6 SNP with increased lifetime prostate cancer risk. Indeed, in vivo.
enhanced generation of KLF6 alternative splice forms may The role of dysregulated alternative splicing in disease
contribute to a tumorigenic phenotype independent of either progression is now being shown in a range of human diseases
allelic loss, inactivating somatic mutation, or promoter methyla- (28) and cancer in particular (29). Similarly, genomic analysis
tion, possibly through a dominant-negative activity on wtKLF6 suggests the existence of cancer-induced splice forms for a
function. The molecular basis for this effect has yet to be number of genes (29). Examples of other known tumor suppressor
determined. genes that are alternatively spliced include WT-1 (30), mdm-2
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(31), WWOX (32), NF1 (33), Menl (34), and PTEN (35). In general,
dysregulated splicing of many genes and the subsequent
generation of alternatively spliced transcripts may reflect a by-
product of underlying defects in the genes regulating splice site
selection and control and may therefore play little, if any role, in
the development of cancer. No reports have suggested biological
differences secondary to changes in these genes. In contrast, our
findings suggest that cancer-induced/overexpressed splice forms
can promote tumorigenesis rather than simply exist as by-
products of cancer development.

Although KLF6 alternative splicing is present in both normal
and cancerous tissue (14), we suggest that the KLF6 family
tumor suppressor gene function is regulated by a critical balance
between wild-type and alternatively spliced forms. We show that
targeted and specific alterations of this ratio, combined with

specific regulation of KLF6 SV1 levels, have profound effects on
many key processes regulating cancer cell growth and metastasis
including colony formation, migration, invasion, proliferation,
and angiogenesis.
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Abstract

KLF6 is a tumor suppressor gene functionally inactivated by loss of heterozygosity (LOH),
somatic mutation, and/or alternative splicing that generates a dominant negative splice form,
KLF6-SV1. Wild type KLF6 expression is also decreased in many human malignancies,
which correlates with reduced patient survival. Additionally, loss of the KLF6 locus in the
absence of somatic mutation in the remaining allele occurs in a number of human cancers,
raising the possibility that haploinsufficiency of the KLF6 gene alone contributes to cellular
growth dysregulation and tumorigenesis. Our earlier studies identified the cyclin dependent
kinase inhibitor p21 as a transcriptional target of the KLF6 gene in cultured cells, but not in
vivo. To address this issue, we have generated two genetic mouse models to define the in vivo
role of KLF6 in regulating cell proliferation and p21 expression. Transgenic over-expression
of KLF6 in the liver resulted in a runted phenotype with decreased body and liver size, with
evidence of decreased hepatocyte proliferation, increased p21, and reduced PCNA expression.
In contrast, mice with targeted deletion of one KLF6 allele (KLF6 +/-) display increased liver
mass with reduced p21 expression, compared to wild type littermates. Moreover, in primary

hepatocellular carcinoma (HCC) samples, there is a significant correlation between wtKLF6



and p21 mRNA expression. Combined, this data suggest that haploinsufficiency of the KLF6
gene may regulate cellular proliferation in vivo through decreased transcriptional activation of

the cyclin dependent kinase inhibitor p21.

Main Text

Kruppel-like factor 6 (KLF6) belongs to the Kruppel-like family of transcription
factors, which play roles in the regulation of diverse cellular processes including development,
differentiation, proliferation, and apoptosis(Bieker, 2001). Functional inactivation of the KLF6
gene occurs through several mechanisms, including loss of heterozygosity (LOH), somatic
mutation, and/or increased alternative splicing that yields a dominant negative splice isoform,
KLF6-SV1. KLF6 dysregulation has been demonstrated in a number of human cancers
including prostate (Chen et al., 2003; Narla et al., 2001), colorectal (Reeves et al., 2004). non-
small cell lung (Ito et al., 2004), gastric (Cho et al., 2005), nasopharyngeal (Chen et al., 2002),
hepatocellular (Kremer-Tal et al., 2004), and ovarian carcinomas (DiFeo et al., 2006) as well
as glioma (Jeng et al., 2003). Furthermore, decreased KLF6 mRNA expression is associated
with reduced patient survival in prostate (Glinsky et al., 2004; Singh et al., 2002) and lung
cancers (Kettunen et al., 2004). Interestingly, reconstitution of KLF6 decreases cell
proliferation and reverts tumorigenicity in glioblastoma cell lines (Kimmelman et al., 2004).

Depending on cell type and context, KLF6’s growth suppressive properties have been

associated with key pathways disrupted in human cancer, including p53-independent



upregulation of p21(Narla et al., 2001), reduced interaction of cyclin D1 with CDK4 (Benzeno
et al., 2004), induction of apoptosis (Ito et al., 2004), and inhibition of c-jun (Slavin et al.,
2004). Recently, a single nucleotide polymorphism (SNP) in the KLF6 gene has been
associated with increased prostate cancer risk (Narla et al., 2005).

Overall, the majority of the published data to date report frequent loss of heterozygosity

(LOH) of the KLF6 gene locus in primary HCC patient-derived samples. KLF6 LOH was

reported in 36% of 14 informative HCC patient samples and somatic mutations were detected

in 3 patient samples (Wang et al.. 2004). These findings complement our original report

describing frequent loss and somatic mutation in primary HCC tumor samples (Kremer-Tal et

al., 2004). In a separate study., somatic mutations were identified in 8.7% of patient samples

(Pan et al., 2006). In addition, LOH was reported in 6.8% of tumors with no mutation or

promoter methylation in a Korean cohort of HCCs (Song et al., 2006). On the other hand, two

reports have either failed to identify KLF6 mutations in HCC samples (Bovault et al., 2005) or

did not find a decrease in KLF6 mRNA expression in HCCs (Wang et al., 2004), however

methodologic differences may account for these discrepant results (Narla et al., 2003). We and

others, however, have demonstrated significant downregulation of wtKI.F6 expression by both

quantitative real time PCR analysis and microarray studies in both HBV and HCV derived

HCC patient samples (Kremer-Tal et al., 2006; Lee et al., 2004). Although the frequency of

somatic mutation in the KLF6 gene is quite variable, the bulk of evidence from published

studies supports a role for the KLF6 tumor suppressor gene in the development and

progression of HCC, through either KLF6 loss and / or somatic mutation and decreased

wtKILF6 expression.

Interestingly, there are a number of tumor types in which loss of one KLF6 allele



occurs in the absence of somatic mutation in the remaining allele, including glioblastoma,
ovarian, gastric and head and neck squamous cell cancers. This finding raises the possibility
that haploinsufficiency of the KLF6 gene alone might contribute to increased cellular
proliferation and tumor development in vivo. To explore this possibility, and to investigate the
in vivo biologic activity of KLF6, we generated transgenic mice with hepatocyte-specific over-

expression of KLF6 by using a well validated transgenic construct (Wu et al., 1996) in which

the human KLF6 ¢cDNA was cloned downstream of the transthyretin promoter. Three

independent lines of mice, TTR1-KLF6, TTR4-KLF6, and TTR9-KLF6 were generated with

modest (~2-3 fold) but reproducible expression of KLF6. Expression of the transgene is

confined specifically to hepatocytes with variable expression in the choroid plexus of the brain

at high transgene copy number (Wu et al., 1996)(data not shown). Transgenic mice were

analyzed at 6 weeks of age since this is the period of rapid murine liver growth and

differentiation (Walthall et al., 2005), and studies of mice with hepatocyte specific

overexpression of p21 (Wu et al., 1996) demonstrated a significant phenotype during this time
period. Compared to wild type littermates, KLF6 transgenic mice had diminished body
weight and liver mass, with reduced serum albumin levels; serum ALT and AST levels were
normal, however, indicating a lack of hepatocyte injury, as documented also by lack of

inflammatory infiltrates within the liver (Table 1). Interestingly, the liver/total body ratio was

not different between transgenic and wild type mice suggesting that both are reduced equally

in KI.F6 transgenic mice. There was no distortion of liver architecture, although the length of

portal-triades-hepatic plates was greatly reduced (Figure la,b). This is nearly identical to the

phenotype originally identified in mice in which hepatocyte specific p21 expression was

generated using the same promoter (Wu et al., 1996). Expression of proliferating cell nuclear




antigen (PCNA) in hepatocytes of 4-week-old transgenic pups was markedly diminished,
consistent with reduced hepatocyte proliferation (Fig 1¢,d). There was no increase in cellular
apoptosis as assessed by TUNEL (data not shown). Correlating with the decreased liver mass,
transgenic mice yielded ~50% fewer hepatocytes than their non-transgenic littermates

following cell isolation using standard methods — this difference was a result of decreased

cellular proliferation, as assessed by *H thymidine incorporation and PCNA staining. No

differences in apoptosis or cellular viability were noted between transgenic and wild type-

derived hepatocytes, as measured by TUNEL staining and FACS analysis. Of note, the altered

weight, histology and KLF6 expression were confined to the liver, and there were no

differences in these features in any other tissues.

Because an anti-proliferative effect of KLF6 was apparent in the hepatocytes of
transgenic mice, and since we had previously established that KLF6 transactivates p21
independent of p53 (Narla et al., 2001), we examined the expression of p21, an inhibitor of
several cyclin-dependent kinases and a key regulator of the G1/S transition (el-Deiry et al.,
1993). By Western blot there was a 3-fold increase in KLF6 and a 10-fold increase in p21 in
transgenic hepatocytes, which was associated with an ~80% reduction in PCNA expression
(Figure 1f) and a 50% reduction in DNA synthesis, as assessed by “H thymidine incorporation
compared to hepatocytes isolated from wild type mice (data not shown).

In light of the mounting number of studies reporting KLF6 involvement in HCC

through L.OH and / or mutation, and to further establish a direct relationship between KLF6

and p21 in vivo, we characterized the livers of KLF6 heterozygous mice that had been
generated by homologous recombination and targeting of KLF6 exon 2, as previously

described (Matsumoto et al., 2006). Two independent lines of mice, AH2 and CH2 were



generated and heterozygous AH2 mice were examined. KLF6 heterozygous mice were

analyzed between the ages of 50-70 weeks. This time was selected because previous studies

describing haploinsufficiency of other tumor suppressor genes including p53. PTEN, and

SMAD4 demonstrated growth-relevant phenotypes during this time period. Specifically, mice

heterozgygous for p5S3 (Venkatachalam et al., 2001), PTEN (Kwabi-Addo et al., 2001), and

SMAD4 (Alberici et al., 2006) demonstrate significant tumorigenic phenotypes within a
similar time interval. Compared to wild type littermates, KLF6 heterozygous mice weighed
more and their livers were larger (Figure 2a). Hepatic KLF6 mRNA levels were reduced by
70% in KLF6 +/- mice compared to wild type littermates, which were associated with equal
reductions in p2/ mRNA, as assessed by quantitative real-time PCR (qRT-PCR) (Figure 2b).
These findings were further verified by semi quantitative RT-PCR, as illustrated in Figure 2c.
In parallel with the mRNA expression levels from the KLF6 heterozygous mice, both wtKLF6
and p21 protein levels were significantly reduced compared to wild type littermates (Figure 2d

and Table 2). Of note, there was no change in the hepatic expression of E-cadherin or iNOS

in the heterozygous mice compared to wild type littermates (data not shown), both of which

have been previously shown to be regulated by KLF6 in other tissues or cell types (Difeo et

al., 2006; Warke et al., 2003). Combined, these results suggest that KLF6 is a critical

regulator of hepatocyte proliferation and liver size in vivo at least in part through up-regulation
of the cyclin dependent kinase innhbitor p21.

We have previously described decreased wtKLF6 expression in primary HCC samples

compared to matched surrounding tissue (ST)(Kremer-Tal et al., 2006). ST were either

cirrhotic or non cirrhotic livers (Lee et al., 2004). Based upon our findings in the KLF6




mouse models, we examined the levels of KLF6 and p21 expression in a set of 33 of matched
HCC-derived tumors (Kremer-Tal et al., 2006) to establish a correlation between p21 and
KLF6 expression in patient-derived tumor samples. Real time PCR using wild type KLF6- and
p21-specific primers demonstrated a significant correlation between decreased KLF6 and p21
expression in primary tumors compared to matched ST (p value < 0.001) (Figure 3),
suggesting that decreased expression of p21 in primary tumors result in part from the down-
regulation of the KLF6 tumor suppressor gene.

Previous reports in both ovarian and prostate cancer demonstrated that increased KLF6

alternative splicing into the dominant negative isoform KLF6-SV1 results in functional

inactivation of wild type KLF6 tumor suppressive function. Detailed analysis of KLF6 in the

HCC samples demonstrated a relatively low prevalence of increased KLF6 splicing (data not

shown). In addition, analysis of mouse tissue derived from both transgenic and wild type mice

revealed that although the KLLF6 gene is alternatively spliced in the mouse, the dominant

negative KLF6-SV1 isoform is not expressed.

Our data reveal a unique role for KLF6 in regulating cell growth in vivo and suggest
that upregulation of the cyclin dependent kinase inhibitor p21 accounts for much of KLF6’s
growth suppressive properties. In addition, loss of one KLF6 allele, a frequent event in human
cancer, leads to decreased wtKLF6 and p21 expression in vivo suggesting that
haploinsufficiency of the KLF6 gene may also contribute to tumorigenesis. Our results further
establish p21 as a transcriptional target of KLF6. In addition to a direct anti-proliferative effect
mediated by p21, KLF6 may also indirectly inhibit cell growth through its ability to upregulate

the antiproliferative cytokine TGFB1 and its receptors (Kim et al., 1998) and to stimulate



plasmin mediated activation of latent TGFf1 by driving transcription of the urokinase type
plasminogen activator gene (Botella et al., 2002).

The decrease in hepatic synthetic function in KLF6 transgenic mice may reflect an
indirect effect of impaired cellular growth, similar to that observed in transgenic mice with
hepatocyte-specific expression of p21(Wu et al., 1996). Alternatively, KLF6 might directly

impair hepatocyte differentiation through transactivation of target genes not yet identified. The

current studies further enumerate the biologic pathways and mechanisms of KLF6 tumor
suppressor gene, and extend previous findings of KLF6 regulation of p21 to mouse models
and human cancer in vivo. In addition, these current studies highlight the potential for
haploinsufficiency of the KLF6 gene in the regulation of cellular proliferation in vivo.
Combined, these findings highlight not only the general role of KLF6 in cancer pathogenesis,

but also the mechanisms of its action and regulation on key pathways regulating cell

proliferation in vivo.
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Table 1. Features of Wild type (WT) and KLF6 Transgenic (TG) Mice

Wt (n=6) | TG (n=6)
Albumin (g/dL) 2.7+ 0.1 2.1+ 1.0
Total Protein (g/dL) 52+ 0.1 38+ 0.5
ALT (units/L) 25+ 6 21+ 4
AST (units/L) 62+3 65+ 6
Weight (g) 11+ 0.7 8+1

Table 1: Clinical parameters of KLF6 transgenic mice vs. control littermates

Clinical parameters, including serum analysis and body weight for transgenic mice (TG)
(6) and wild type (wt) littermates (6) are provided. Serum protein and albumin levels are
reduced in the TG compared to wt. In addition, there was no evidence of inflammation in
either of the groups to account for these changes as there is no difference in ALT and

AST levels. Body weight is reduced in the TG mice compared to WT. (p < 0.01)



Table 2.

tumor samples compared to matched surrounding tissue (ST)

Correlation between wtKLF6 and p21 expression in 33 HCC patient

High KLF6 levels | Low KLF6 levels Total
High p21 levels 11 5 16
Low p21 levels 5 12 17
Total 16 17 33

mRNA levels for both KLF6 and p21 in HCC patient samples were categorized as either
higher or lower than their matched ST. There was a significant correlation between

tumors expressing low levels of p21 and wtKLF6 ( p <0.05).



Figure Legends

Figure 1. KLF6 transgenic mice have runted phenotype with increased levels of
wtKLF6 and p21. a. KLF6 transgenic mice are runted compared to wild type littermates;
b,c. H&E staining of 5 um sections of livers derived from wild type (b) and KLF6

transgenic mice (c). No distortion of liver architecture or injury is noted, however the

length of eel hepatic plates between the pertal-triads the central vein and the portal triad

is greatly reduced. Arrows indicate the hepatic plates. the-distance-between-theportal

pertaltriads d, e. Immunohistochemistry using a proliferating cell nuclear antigen

(PCNA) antibody on sections of liver derived from wild type (d) and transgenic (e) mice.
Decreased or absent PCNA staining is seen in transgenic KLF6 mice consistent with its
anti-proliferative effect. f. Primary hepatocytes isolated by standard methods (Bissell et
al., 1980) were characterized from both transgenic and wild type littermates. Western
blotting was performed on cell extracts harvested from three KLF6 transgenic and wild
type mice in RIPA buffer (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Equal

amounts of protein (50 ug; BioRad, Hercules, CA, USA) DC Protein quantification

assay, BioRad) were loaded, separated by polyacrylamide gel electrophoresis, transferred

to nitrocellulose membranes and probed with KLF6 (SC-7158), p21 (SC-6246) (Santa

Cruz Biotechnology) and PCNA (DAKO) antibodies. KLF6 transgenic mice
demonstrated a significant upregulation of the cyclin dependent kinase inhibitor p21, with

concomitant decreases in PCNA expression.

Figure 2. KLF6 heterozygous mice have larger livers, with decreased expression of
wtKLF6 and p21. a. A total of 10 wild type (wt) and 14 KLF6 heterozygous (Hef) were

analyzed. The body and liver weights of the Het mice were significantly increased
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compared to wt littermates. Error bars represent SEM. b. KLF6 mRNA levels were

analyzed in liver samples by qRT-PCR. Livers were homogenized in RLT buffer
(Qiagen) and RNA was extracted using RNEasy kit (Qiagen) with DNase. For
quantitating target gene expression, one ug of RNA was reverse transcribed for each
reaction using first strand cDNA synthesis with random primers (Promega). mRNA
levels were quantified by qRT-PCR using the following PCR primers on an ABI PRISM
7900HT (Applied Biosystems): wtKLF6 Forward: 5°’-CGG ACG CAC ACA GGA GAA
AA-3’ and Reverse: 5’- CGG TGT GCT TTC GGA AGT G-3’; GAPDH Forward: 5’-
CAA TGA CCC CTT CAT TGA CC-3’ and GAPDH Reverse: 5’- GAT CTC GCT CCT
GGA AGA TG-3’; beta-actin Forward: 5° - CCC ACA CTG TGC CCA TCT AC-3’ and
beta-actin Reverse: 5’ - GCT TCT CCT TAA TGT CAC GC-3’; p21 Forward: 5° —
ACTCTCAGGGTCGAAAACGG-3° and p21 Reverse: 5’ —
CCTCGCGCTTCCAGGACTG-3’. All values were calculated by normalizing the levels
of each target for each cDNA to both GAPDH and f-actin to determine the relative
amount of wtKLF6 in each sample. All experiments were performed in triplicate and
repeated three independent times. In KLF6 heterozygous mice There was a ~70%
reduction in KLF6 and p21 mRNA levels compared to age-matched wild type littermate
liver samples (p < 0.001). ¢. In order to confirm that the high cycle number obtained by
qRT-PCR was a true representation of low mRNAs in the tissue and not a technical
artifact due to the formation of primer dimers, cDNAs from liver samples were also
amplified by conventional PCR using GAPDH, wtKLF6 and p21 primers as indicated
above. PCR reactions were performed for 25, 30, 35 and 40 cycles and the products were

separated by agarose gel electropheresis. While GAPDH expression was evident within
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the 25-30 cycles and equal between the wild type and heterozygous derived liver RNA,
wtKLF6 and p21 products were detected within the 35-40 cycle range in the livers of
KLF6 heterozygous mice, compared to the 30-35 cycle range for wild type mice,
indicating decreased wtKLF6 and p21 expression within the livers of KLF6 heterozygous
mice. d. Mouse livers were homogenized using the T-PER buffer (Pierce, Rockford, IL)
and the 60 ug of each of the lysates were separated by polyacrylamide gel
electrophoresis. Gels were transferred to a nitrocellulose membrane that was blotted for
KLF6 (1:250; Rabbit 1:2500; Santa Cruz SC-7158), p21 (SC-6246) and GAPDH (SC-

32233). KLF6 heterozygous mice had significantly reduced expression of KL.F6 and p21

protein compared to wild type littermates.

Figure 3. KLF6 and p21 expression in primary HCC tumor samples is reduced
compared to matched ST.

Patient samples were obtained with the approval of the Institutional Review Board (IRB)
of all institutions involved, as described recently (Kremer-Tal et al., 2006). wtKLF6 and
p21 mRNAs were assessed in 33 HCC and matched surrounding tissue (ST) by gqRT-PCR
and normalized to GAPDH. wtKLF6 and p21 were significantly reduced in the tumors

compared to ST (p < 0.001). Error bars represent SEM.
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