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ABSTRACT

KLF5 enhances SREBP-1 action in
androgen-dependent induction of

fatty acid synthase in prostate cancer cell line

Min-Young Lee

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professdfyung-Sup Kim)

The Kruppel-like factor 5 (KLF5) is a zinc-fingenahscription factor that
plays important roles in regulating all aspectseifular signaling involved in
cell proliferation, differentiation and oncogenesisthe present studgesults
explain that KLF5 interacts with sterol regulataigment-binding protein-1
(SREBP-1) in regulating the expression of lipogemiotein called fatty acid

synthase (FASN), which plays an important role mdragen-dependent



prostate cancer cells. Genes involved in lipid foeliam, includingFASN, are
reported to be up-regulated by androgens in pestancer cells through a
coordinated cascade controlled by the activatioltsREBP-1 rather than a
direct action of androgen. The promoter and inttoregion of FASN gene
contains multiple GC-boxes that might show respdad€LF5. Deletion and
mutation analyses indicated that KLF5 binds to FA8N gene and strongly
induces its activity. Furthermoregsults demonstrated that KLF5 protein is
able to bind to SREBP-1 and enhance the SREBP-Ulateg activation of
FASN. Transfection of KLF5 into prostate cancer dekes enhancedrASN
promoter activity, and conversely, silencing of KBy small interfering
RNA in prostate cancer cells down-regulated FASNregsion. The multiple
GC motifs are scattered throughout the upstreamese® and first intron of
FASN gene whereas these are scarce in the promotetherf lipogenic and
cholesterogenic genes such as acetyl-CoA carbaxyRGAC), ATP-citrate
lyase ACLY), LDL receptor [(DLR), HMG-CoA synthaseHMGCSL) and
HMG-CoA reductaseHMGCR), which make$ASN gene very unique among
them. Taken togethelFASN gene could be activated by the synergistic action

of KLF5 and SREBP-1 which is increased by andrdgestment.

Key words: KLF5, SREBP-1, FASN, androgen, prostate
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[.INTRODUCTION

Prostate cancer is the most commonly diagnoseccatameous neoplasm
among males and the second leading cause of ceelatzd death in western
countrie$. Androgen plays an important role in the developtneaintenance,

management and progression of prostate candsrm consequence, androgen



ablation therapy has become the standard treatofeativanced diseases.
Unfortunately, most patients relapse because ofbthgrowth of androgen-
independent ceffs

An important key player in prostate cancer develepnand progression is
the androgen receptor (ARANdrogens exert most of their effects on prostate
cancer cells by binding to and activating the AReT®R is a member of the
nuclear receptor super-family which acts as a ligdependent transcriptional
regulatof. It consists of an activation domain (AD), a DNding domain
(DBD) and a ligand-binding domain (LBD). Circulagimandrogens in the
plasma enter the cell and bind to AR becoming diredrand phosphorylated.
This complex enters the nucleus and binds on tHeogen-response element
(ARE) of the target promoter to activate its atyivi

The AR promotes the growth and regulation of themab prostate and
remains present in nearly all prostate tumors, d@merecurrent androgen-
independent tumotsin prostate cancer cells, several alterationthen AR
have been found that render the AR more activéhar broaden its ligand-
specificity, this way helping to the escape frondragen ablation therapy
Mounting evidence demonstrates that altered exjoress co-activators and

crosstalk between the AR and other signaling pagevpday a central role in



the dys-regulation of AR function in prostate canesulting in abnormal and
sustained expression profiles of AR-regulated gesen after the escape
from androgen ablation therapy

Numerous reports have indicated that lipid metabolis a major target of
androgen action in prostate cancer éellghen LNCaP cells were exposed to
androgen, it led to a massive accumulation of aélipids, which are storage
products of fatty acid and cholestérdUp-regulation of FASN mRNA and
protein is one of the earliest and most common svienthe development of
prostate carcinoma, and a strong association batWASN expression and
tumor initiation has been shofvhA Accordingly, FASN expression was much
stronger in tumors than in BPH and this expressiorrelates with high
Gleason scorésincreased synthesis of fatty acid and cholesisrgbverned
by androgens through stimulation of the expressiomhole sets of lipogenic
enzymes, covering the entire pathways of fatty aaid cholesterol syntheSis

FASN, a 250-270 kDa cytosolic protein, is a soleyeme which catalyzes
de novo fatty acid synthesis. In normal human tissues,athgdogenous fatty
acid synthesis is minimal since exogenous influgpdies most of the fatty
acids required. On the contrary, FASN is over-egped in various human

malignancies including the prostate, breast, owargdometrial, colorectal,



lung, stomach and skit™® Although the exact role of the FASN gene in
tumorigenesis is not yet clearly elucidated, treatmof tumor cells with
pharmacological inhibitors of FASN leads to apojst@sd cell cycle arreSt
These observations illustrate that FASN over-exgioesconfers a selective
advantage to tumor cells by inhibiting apoptosisl amomoting cell cycle
progression. As FASN is expressed at low or undaée level in most
normal human tissues and is over-expressed inietyaf tumors, FASN has
become an important target for the potential diagnand treatment of cancer.
However, relatively not much is known about the hagsms controlling
FASN gene expression in human tumors, and understatialysg mechanisms
is of great interest to design the FASN enzymaditwway.

The key players involved in fatty acid metabolisre the SREBP$> 2
SREBPs are a family of basic helix-loop-helix lewgizipper transcription
factors that are synthesized as inactive precupsoieins anchored to the
endoplasmic reticulum (ER) membraffeFhere they interact with an SREBP
cleavage-activating protein (SCAP), which is reddinn the ER by Insig
retention proteins (Insig-1 and InsigF2)The SCAP/SREBP/Insig complex is
stabilized by cholesterol. When sterol levels amg, ISCAP/SREBP complex

is released from Insigs and move to golgi, whergeminus of SREBP is



released by a two-step proteolysis resulting imdi@cation to the nucleus.
This transcriptionally active fragment activates thanscription of multiple
genes involved in the synthesis, binding, metabohlsid uptake of fatty acids
and cholesterd.

SREBP-dependent transcriptional activation fromesalv promoters is
dependent on the presence of an additional binditey for a ubiquitous
transcription factor. In theDLR, ACACA andFASN promoters, which are all
regulated by SREBP, the transcription factor is?$p1

Spl-like proteins and Kruppel-like factors contairleast 21 members with
highly related zinc finger proteins which are imot components of the
eukaryotic cellular transcriptional machin&ryAmong the family members,
the DNA-binding domain is highly conserved at ttaboxyl terminus that
has three tandem Gyis, zinc-finger motif$®> which binds not only to DNA,
but also functions in protein-protein interactitn®. Individual members of
the Sp/KLF family have preferences for binding eli#int DNA sequences in
the target gene promoter. Sp/KLF proteins can fands either activators or
repressors depending on the environment, such aghich promoter they
bind and with which co-regulators they intefaéf * Since many Sp1/KLF

proteins regulate cell growth in a variety of dgfpes, it is not surprising that



some members of the family also appear to partieipa carcinogenesis.
KLF5 has been reported to encode a delayed eahpnse gene product that
positively regulates cellular proliferatifrand plays an oncogenic role in the
human bladder cancer cell line through the requiatif a subset of geriés

In the present study, it has been observed thatSKbBRother member of
the Sp/KLF family, is capable in activating thensaription of FASN gene
through the synergistic action with SREBP-1 in ageén-dependent LNCaP
prostate cancer cell. Moreover, KLF5 expressiomadasistently associated
with high levels of FASN expression in prostatecarcells. By analyzing the
FASN promoter activity, KLF5 is a stimulator for FASNmression which
shows its activity in concert with SREBP-1. Theiselihgs suggest that KLF5

may be a novel target for therapy of prostate aance



|. MATERIALSAND METHODS

1. Cdll culture

The human prostatic adenocarcinoma cell line LN@aB obtained from
the American Type Culture Collection (Manassas, ¥Ajl PC3 was a kind
gift from Prof. Joohun Ha (Biochemistry and MolemuBiology, College of
Medicine, Kyunghee University, Seoul, Korea). Cellere maintained at
37 °C in a humidified incubator with a 5% €@ air in RPMI 1640 medium
supplemented with reduced level of sodium bicarbmi(a5 g/L), 10% fetal
bovine serum (FBS), 10Qg/ml streptomycin and 100 units /ml penicillin.
Cell culture medium and supplements were from togién (Carlsbad, CA).
To minimize and reduce the background level ofoétisy FBS was pretreated
with dextran-coated charcoal (CT-FBS)The synthetic androgen R1881 was
purchased from DuPont/New England Nuclear and hisdoin absolute
ethanol (Merck). Control cultures received similancants of ethanol only.

Final ethanol concentrations did not exceed 0.1%.



2. Promoter-reporter constructs and transient transfection assay

The promoters for ACACA-PI, ACACA-PII, ACLY, HMGCSand FASN
were constructed to evaluate the promoter activibg KLF5. They were
amplified from the genomic DNA isolated from LNCaPlls except for the
HMGCS1 promotéf which was kindly provided by Dr. Johannes V. Swveinn
(Experimental Medicine and Endocrinology, Gastheigh K. U. Leuven,
Leuven, Belgium). The primer sequences used fompter constructions
were listed in Table 1. In the case of ACACA-Plmputer construction, Xhol
and Bglll site were introduced in sense and amtsseprimers, respectively.
The amplified PCR fragments for ACACA-PI were digeswith Xhol and
Bglll, individually, and inserted into the Xhol/Bglsite of the pGL3-basic
vector (Promega). The amplified PCR fragments fGAEA-PIl, ACLY and
FASN were inserted into the Smal site of the pGhSib vector (Promega) by
blunt-end ligation. PCR was performed using LA Tpglymerase in 2 X GC
buffer Il (Takara).

For assays of androgen-dependent transcriptiorislation, LNCaP cells
were seeded in 100-mm dish in RPMI 1640 contairinge CT-FBS at a

density of 4 X 10 cells. Two days later, cells were transfected viith
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indicated luciferase reporter plasmids (§) using Lipofectamine and the
PLUS reagent according to the manufacturer’s patgavitrogen). After 6 h
incubation, the cells were changed with fresh mmdiith 5 % CT-FBS. The
next day, cells were trypsinized and transferred6toell dishes in the
presence or absence of®10l R1881. After 72 hours, cells were washed with
PBS and harvested in 204 reporter lysis buffer (Promega). They were
mixed vigorously for 15 seconds and centrifugatieas performed at 4 °C,
12,000 X g for 10 minutes. Supernatants were tearesfi to a fresh tube and
aliquots of 5ul of cleared lysate were assayed for luciferaswiacby using

a luciferase reporter assay kit (Promega). Eaclsfieation experiment was
performed in triplicate and the best result waslum®ong three independent
experiments.

The eukaryotic expression constructs containinglénigth KLF4, KLF5
and SREBP1c were cloned using cDNAs synthesizad fle total RNA of
LNCaP cells. PCR was performed with appropriateealing temperatures
((Tm- 5) °C) by Ex Taqg. polymerase (Takara). The argaifPCR fragments
were then inserted into the pSG5-HA-tagged expoasgector by blunt-end
ligation, which was a kind gift from Dr. Ho-Geun &o (Yonsei University,

College of Medicine, Korea).
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Table 1. Oligonucleotide sequences used for

the preparation of promoter-reporter constructs

Name of Oligonuclectide

Oligonuclectide sequence

ACACA-PI Sense

Anti-sense

ACACA-PII Sense

Anti-sense
ACLY Sense

Anti-sense
FASN Sense

Anti-sense

5" CACGAGAATCGCTCGAGCCTGGGAG 3

5'TCCTCCCAGTCCT CGAGCACGGGGA 3

5’ TGGAACGCTGTGGCAACTATTT TGC &

S’AGTTTCTCCAGGTCCCCGGTCACAG 3

5" GGGTACTCCAGGTCCCAAAGCTGCG &

5’ GAACCCCGCAAAATCCGGAGCACCCE

5'ACACGAACA CAATGCTCTGC 3

5" TGAGGTTGTCCCAGAACTCC &

_12_




3. Western blot analysis

Cells were lysed in a buffer composed of 1.1 M péea3 M NacCl, 25mM
HEPES (pH 7.6), 1% Nonidet P-40, 1 mM phenylmethifdsyl fluoride, 1
mM DTT and 1 mM sodium orthovanadate. Lysates vieiefly vortexed and
cleared by centrifugation at 12,000 X g for 10 nbérsuat 4°C. Supernatants
were collected and transferred to a fresh tubetefPraoncentrations were
determined using Bradford assay system (Bio-ragllaEamounts of proteins
were subjected to electrophoresis on SDS-polyatrigda gels and transferred
to nitrocellulose membranes (Shleicher & Schu@&lle NC membranes were
blocked in phosphate-buffered saline containing®@Qv/v) Tween 20 and
5% (w/v) nonfat dried milk, and probed with primaagtibodies indicated in
the figure legends. The following antibodies wesedi polyclonal antibodies
against ACACA, ACLY, FASN, SREBP-1, SREBP-2 and $Cffom Genepia
(Seoul, Korea), anti-Flag mouse monoclonal antib(®igma, F3165), anti-
HA mouse monoclonal antibody (Santa Cruz Bioteabgyl sc-7392), anti-
KLF4 rabbit polyclonal antibody (Chemicon, AB413&nti-BTEB2 rabbit
polyclonal antibody (Santa Cruz Biotechnology, 2¢27), antie-tubulin

mouse monoclonal antibody (Calbiochem, CP06), ratbit IgG peroxidase

_13_



(Pierce, 31462) and anti-mouse IgG horseradishxase (Pierce, 31430).
Immunoreactive bands were visualized by secondatippadies (Pierce) using

the SuperSignal West Pico Chemiluminescent SubsBgdtem (Pierce).

_14_



4. RNA isolation and real time-PCR (RT-PCR)

Total RNA was isolated from cultured cells using tRIzol reagent
(Invitrogen) according to the manufacturer’s instion. For quantitative RT-
PCR, cDNAs were synthesized from total RNAuJ using random hexamer
primer and SuperScript reverse transcriptase \litfimgen) according to the
manufacturer’s protocol. The resulting cDNAs wdrert diluted with 8Qul of
Tris-EDTA (pH 8.0) and 21l was subsequently mixed with 2 X SYBR Green
PCR Master Mix (Applied Biosystems). Diverse sdtgene-specific primers
were mixed and subjected to RT-PCR quantificatismgi the ABI PRISM
7300 Real Time PCR System (Applied Biosystems). 3pecific sequences
of the primers used for RT-PCR are listed in Tahlé\ll the reactions were
performed in triplicate. The relative amounts af RNAs were calculated by
using the comparative C method. As an invariantroonGAPDH mRNA

was used.
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Table 2. Oligonucleotide sequences used for RT-PCR

Oligonuclectides Oligonuclectide sequence

ACACA Sense 5 TGGTCTCTTTCCGGACCTTTGAAG 3

Anti-sense 5'TCCTCCTCAAACTTATCCCTTGCTCGGAZ

ACLY Sense  S'TGCTCGATTATGCACTGGAAGT3

Anti-sense  5’ATGAACCCCATACTCCTTCCCAG3’

FASN Sense  5'TACGTACTGGCCTACACCCAGA3Z

Anti-sense 5 TGAACTGCTGCACGAAGAAGCATAT3Z

HMGCS1 Sense  5’GACTTGTG CATTCAAACATAGCAAZ’

Anti-sense 5’GCTGTAGCAGGGAGTCTTGGTACT3’

HMGCR Sense  5’CAAGGAGCATGCAAAGATAATCCZ

Anti-sense  5’GCCATTA CGGTCCCACACAZ

LDLR Sense  5'TGAACTGGTGTGAGAGGACCACZ

Anti-sense 5 TGTTCTTAAGCCGCCAGTTGTTS

SREBP-1 Sense  5’AAACTCAAGCAGGAGAACCTAAGTCT3’

Anti-sense 5’GTCAGTGTGTCC TCCACCTCAGT3’

SREBP-2 Sense  5’CAAGCTTCTAAAGGGCATCGZ

Anti-sense  5’CACAAAGACGCTCAGGACAA3Z

_16_



SCAP

KLF4

KLF5

PSA

Sense

Anti-sense

Sense

Anti-sense

Sense

Anti-sense

Sense

Anti-sense

S'TATCTCGGGCCTTCTA CAACCAZ

5’ACACAACTCCTCCAAGCTCCTG3’

5’AA GACGATCGTGGCCCCGGA3Z’

5GGTTTCTCACCTGTGTGGGTTC3’

S'TTACCCACCACCCTGCCAGTTAACT3’

STAAACTTTTGTGCAACCAGGGTAAT3

S’ATTTGATGGAGAAACTGGCTGT3

5'GGATCAGGGTAGGAGACACAAG3’

_17_




5. siRNA transfection

Two siRNAs were designed to target KLF4 and KLF5NAR Their target
sequences were 5'-GACCGAGGAGTTCAACGATUU-3’ (siKLFdhd 5'-A
AAGTATAGACGAGACAGTGCUU-3 (siKLF5), respectively. Ascrambled
SiCONTROL (Dharmacon, Chicago, IL) was used as @rob For siRNA
transfection, cells were grown in 100-mm plated ®well plates for 48 hours
in 5% CT-FBS medium without antibiotics. The traattfons were performed
with 200 nM chemically synthesized siRNAs (DharmaaBhicago, IL) using
Lipofectamine RNAIMAX reagent (Invitrogen, Carlsha@A) according to
the manufacturer’s protocol, three times for thdegs. Briefly, the medium
was change to 1% CT-FBS in the presence 6f MOR1881. The siRNA
solution was then mixed with Lipofectamine RNAIMAKXH OPTI-MEM
media for 20 min and was added to the cultureds.cé&bbtal RNA or protein
extracts were collected 3 days after first trartgfacand RT-PCR or western

blot analyses were performed, respectively.
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6. Co-immunoprecipitation

Cells were lysed in a buffer composed of 50 mM ,TpH 7.4, 150 mM
NacCl, 0.3% Nonidet P-40, 0.2% Triton X-100, 1 mMison orthovanadate, 1
mM phenylmethylsulfonyl fluoride, 1 mM DTT, and pease inhibitors. After
centrifugation, 50Qug of the clarified cell lysate was pre-cleared tgiag 50
ul of 50 % slurry of G plus / protein A-agarose (Ba@ruz Biotechnology),
incubating it for 2 hours. The supernatant wasectdd and qug of FLAG
antibody was added to pre-cleared lysate. Afterraght incubation, 5l of
G plus / protein A-agarose bead was added and itktenm was incubated for
2 hours. The agarose bead was centrifuged, wabheel times with ice-cold
PBS, suspended in electrophoresis sample buffdrpaited for 3 min. The
immuno-precipitated protein was further analyzed vibgstern blotting as

described above.
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7. Preparation of fluorescent DNA probe and hybridization

LNCaP cells were seeded in 100 mm dish and incdbf@te48 h. Then,
cells were treated with androgen at a final corregion of 16° M. After 72 h
incubation, total RNA was extracted from cells witle use of TRIzol reagent
(Invitrogen) according to the manufacturer’s pralecEach of the total RNA
samples (30 ug) were labeled with Cyanine (Cy) yarhe conjugated dCTP
(Amersham) by a reverse transcription reaction gusegverse transcriptase,
SuperScript Il (Invitrogen). The labeled cDNA misguvas then concentrated
using ethanol precipitation method. The concentr&lg3 and Cy5 labeled
cDNAs were re-suspended in 10 of hybridization solution (GenoCheck,
Korea). After two labeled cDNAs were mixed, placed OpArray Mouse
genome 35K (OPMMV4, Operon Biotechnologies, GmblIA)l ®©pArray
Rat genome 27K (OPRNV3 Operon Biotechnologies, GinlaHd covered
by a hybridization chamber. The hybridized slidesewvashed in 2 X SSC,
0.1 % SDS for 2 min, 1 X SSC for 3 min, and theh R.SSC for 2 min at

room temperature. The slides were centrifuged @03pm for 20 sec to dry.
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8. Micro-array data analysis

Hybridized slides were scanned with the Axon Insieats GenePix 4000B
scanner and the scanned images were analyzed etlsaftware program
GenePix Pro 5.1 (Axon, CA) and GeneSpring GX 7(&illicongenetics,
CA). Spots that were judged as sub-standard byavisMamination of
each slide were flagged and excluded from furthealysis. Spots that
had dust artifacts or spatial defects were manuédiyged and excluded.
To filter out the un-reliable data, signal-to-nos@ots (signal - background -
background SD) below 10 were not included. Dateewenrmalized by global,
lowess, print-tip and scaled normalization for deghability. Fold change
filters included the requirement that the geneptasent in at least 200% of
controls for up-regulated genes and lower than 8%ontrols for down-
regulated genes. Data were clustered groups ofsgévad behave similarly
across time course experiments using GeneSpring@.GX (Sillicongenetics).
An algorithm based on the Pearson correlation vgasl to separate the gene
of similar patterns. The accuracy of micro-arraglgses in this study was

confirmed by Real-time PCR analysis.
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1. RESULTS

1. Androgen up-regulates the expression of lipogenic enzymes and
SREBPs areinvolved in thisregulation.

To investigate that androgen affects the expressfaiipogenic genes in
prostate cancer cells, LNCaP cells were incubaie8 flays in the absence or
presence of IOM of the synthetic androgen, R1881. Total RNA weepared
and subjected to RT-PCR with primers for lipoge(ACACA, ACLY and
FASN) and cholesterogenic genes (HMGCR, HMGCS1 abdR). The
levels of these transcripts were up-regulated ldragen and the increase of
FASN gene expression was the most predominant &ig8). The prostate
specific antigen (PSA) gene was markedly activdigdandrogen which is
known as a direct target gene of AR. Moreover pitotein levels of lipogenic
enzymes were also increased by androgen treatfrigoré 1B).

SREBPs are principle regulators in determining éRkpression levels of
multiple enzymes involved in lipogenesis and chelegenesis. In prostate
cancer cells, androgen is known to induce the esjwa of SCAP, resulting
in the increase of processing the SREBP precutsorsature forn®. To

confirm whether SREBPs virtually play an importaisle in androgen-
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dependent activation of lipogenic and cholesterimggenes, we performed
transient transfection assay, using the reportestcocts harboring promoters
for FASN and HMGCSL1 (Figure 2). The critical elense(SRES) for SREBP-
mediated trans-activation have been precisely ckeriaed in promoters for
FASN*® and HMGCS?. These promoters were dramatically activated by
androgen treatment and mutations of the SREs alowmapletely abolished
the androgen-dependent activation. This indicdtas$REBP activities play a
critical role in androgen-dependent increasespaigénic and cholesterogenic
gene expressions. Nevertheless, the increase iletbis of mature form of
SREBPs and SCAP protein was not dramatic by andrtogatment although
the premature form of SREBPs was up-regulated (Eig€). The transcript
for SCAP, which is reported as a direct target Bf, vas minimally increased
as well as those of SREBPs. The above results sutge possibility that the
existence of other transcription factors, contbly androgen might regulate

the trans-activation activities of SREBP.
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Figure 1. Androgen-dependent regulation of lipogenic gene expressionsin
LNCaP prostate cancer cells. Cells were incubated for 3 days in the absence
or presence of 1M R1881 in 1% CT-FBS media. Total RNA was isolated
and subjected to RT-PCR with primers for lipogeaintd cholesterogenic
genes described in materials and methods (A).I&ltes were prepared and
western blot was performed with various antibodis
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Figure 2. SREBPs are involved in androgen-dependent regulation of
lipogenic gene expressions. LNCaP cells were transfected with wild- or SRE-
mutant types of reporter constructs containing FABNand HMGCS1 (B)
promoters. Constructs were incubated for 72 h énahsence or presence of
10 nM R1881. Total RNA and proteins were isolatedfiLNCaP cells 3 days
after hormone treatment and were subjected to RR-Bad western blot to
determine the levels of SREBP-1, SREBP-2 and SCRRAs and proteins,
respectively (C). SRE, sterol response element; By®fuitant sterol response
element; NF-Y, nuclear factor Y; Sp1, stimulatorgtgin 1
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Table 3. Micro-array analysis data*

Name Gene Intensity
Symbol | (R1881 / Ethanol)
LIPOGENIC ENZYMES
Fatty acid synthase (FASN) [2.3.1.85] FASN 9.7
Acetyl-CoA carboxylase (ACCa1) [EC 6.4.1.2] ACACA 24
CHOLESTEROGENIC ENZYMES
3-hydroxy-3-methyglutaryl-Coenzyme A synthase 1 (soluble) [EC 4.1.3.5]| HMGCS1 6.0
3-hydroxy-3-methyglutaryl-Coenzyme A reductase [EC 1.1.1.88]] HMGCR 3.2
Low-density lipoprotein receptor precursor (LDL receptor) LDLR 2.8
SREBP cleavage-activating protein (SCAP) SCAP 2.6
Farnesyl pyrophosphate synthetase (FPS) [EC 2.5.1.10] FDPS 3.3
Lanosterol synthase LSS 3.3
Squalene monooxygenase [EC 1.14.99.7] SQLE 3.7
Sp / KLF FAMILY
Kruppel-like factor 4 (Gut-enriched) KLF4 2.7
Kruppel-like factor 5 (Intestinal-enriched) (Colon kruppel-like factor) KLF5 25

* LNCaP cells were seeded in 100 mm dish and ineubfor 48 h. After that,

cells were treated with androgen at a final corregion of 16° M. After 72 h

incubation, total RNA was extracted from cells witle use of TRIzol reagent
(Invitrogen). Micro-array analysis was performedhaiuman 35 K oligo-chip

as described in Materials and Methods.
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2. KLF5 levd isincreased by androgen in LNCaP prostate cancer cells
and is associated with the expression of FASN gene.

In many promoters, the trans-activation functiolS&EBP work efficiently
in synergy with different ubiquitous transcriptifattors, such as Spl and NF-
Y?% 338 |n previous studies, Spl was reported to be reduior SREBP-
mediated activation of FASN, ACACA, ACACB and LDLBene&* ¥’
Contrary to prior reports, the DNA-binding activiijmd protein level of Spl
was not changed at all by androgen treatment (oattahown). Nonetheless,
micro-array analysis data provided the fact thaFKland KLF5, belonging to
Sp/KLF family, are induced by androgen (Table 13.&\result of RT-PCR for
these factors, KLF4 and KLF5 were significantlyre&sed in their transcripts
by androgen treatment up to 5.5 and 3.3 folds easpely (Figure 3).

To further confirm the association among KLF5 apddenic enzymes in
prostate cancer, KLF5 was over-expressed to sethamhi@rced expression of
KLF5 could affect the activity of the promoters fagirious lipogenic genes.
Only FASN promoter showed significantly increasetivity in response to
KLF5 over-expression (Figure 4B). Accordingly, camgon among FASN
promoters and other lipogenic enzyme promotersaixglthat multiple GC

motifs for KLF5 binding are scattered throughog tipstream sequence and

_28_



the first intron of FASN gene whereas GC elemergssaarce in ACACA-PI,
ACACA-PII, ACLY and HMGCSL1 promoters (Figure 4A).

Because KLF4 recognizes the same GC elements a5 Kh#& were also
increased by androgen, forced expression of KLF& adane to test whether it
could show similar results. However, the promotetiviay of FASN did not
show any response to KLF4 over-expression (Fig@e As a result, KLF5,

but not KLF4, increases the promoter activity ofSswhen over-expressed.
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Figure 3. The mRNA level of KLF4 and KLF5 are increased by androgen
treatment in LNCaP prostate cancer cells. LNCaP cells were incubated for
3 days in the absence or presence of 10nM R188a&l RINA was prepared
and subjected to RT-PCR with primers described &tevals and Methods.
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Figure 4. KLF5 regulates the FASN promoter activity in LNCaP prostate
cancer cells, but KLF4 isnot involved in this regulation. (A) Structures of
lipogenic promoter constructs, ACACA-PI, ACACA-PICLY, HMGCS1
and FASN, with GC-boxes indicated with black veatibars. (B) Promoters
of lipogenic enzymes were co-transfected with adnbr KLF5 expression
vector and luciferase activities were measured.REJN reporter construct
was co-transfected with control or KLF4 expressientor and the activity of
the promoter was measured.
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3. KLF5interactswith SREBPsin regulating FASN expression.

The next step was to determine the role of GC-baox&REBP-1-mediated
activation of FASN promoter. The over-expressioasplid(s) for SREBP-1c
and/or KLF5 were transfected in company with FASNnpoter construct into
PC3 prostate cancer cells. The promoter activityg imareased by KLF5 and
SREBP-1c over-expression up to 14 and 27 foldpews/ely (Figure 5A).
Furthermore, the activity was dramatically increbsemore than the additive
value when SREBP-1c and KLF5 were over-expresggethier. Nevertheless,
the SRE mutated FASN plasmid almost completelyishetl the SREBP-1c-
mediated activation and the synergistic action betwKLF5 and SREBP-1c,
without affecting KLF5 responsiveness.

To confirm synergistic effect between KLF5 and SRER:, the induction
of FASN promoter activity was measured when thewarhof SREBP-1c was
changed in the absence or presence of KLF5 ovaession. The promoter
activity of FASN was already saturated at only 2bafi SREBP-1c plasmid
alone and remained constant even when more SREB®&@dded (Figure
5B). On the other hand, when KLF5 was over-expgsbe activity of FASN
promoter continuously increased by SREBP-1c in sediependent manner

without becoming saturated. As a result, SREBP-&diated activation of
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FASN promoter was enhanced by the addition of KLFb5.

Next, protein-protein interaction was observed siKt.F5 and SREBP-1c
showed cooperative action. HA-tagged SREBP-1c arfdag-tagged KLF5
were transfected in PC3 cells. After 48 h incubatibe cells were harvested
and total lysate was precipitated by anti-Flagbaty. The lysate was then
subjected to western blot analysis. This resulicatés that SREBP-1c and
KLF5 could physically interact with each other (kg 5C).

To elucidate the correlation between KLF5 and FASNression in LNCaP
cells, KLF5 expression plasmids were transfectetithe endogenous level of
FASN was measured. When the cells were transfewitédthe empty vector,
the endogenous level of FASN was low. Nonethelebgn exogenous KLF5
expression vector was introduced by transfectibe, éndogenous level of

FASN protein increased dramatically (Figure 5D).
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Figure 5. Co-operate action and physical interaction between SREBP and
KLF5 in regulating FASN transcription. (A) FASN reporter construct was
cotransfected with SREBP1c, KLF5 expression plasmnidoth and promoter
activities were measured in PC3 cells. (B) FASNhmoter construct was co-
transfected with control or KLF5 expression plassnéohd different doses of
SREBP-1c expression plasmid in LNCaP cells andriies were measured
after 24 h incubation. (C) Control plasmid or KLE&Spression plasmid was
transfected in LNCaP cells and whole cell lysateseaprepared for western
blot analysis. (D) HA-tagged SREBP-1c, FLAG-tagddd-5 or both were
transfected in PC3 cells and samples were subjéctédwestern blot assays.
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4. KLF5 dramatically enhances androgen-dependent activation of FASN
promoter.

FASN promoter can be markedly activated by a systcgaction between
exogenously introduced KLF5 and SREBP-1 in PC3scdll SREBP-1c is
activated by androgen treatment in LNCaP cells,etkmgenous KLF5 could
enhance the androgen-dependent activation of FABMater. Consequently,
the androgen-dependent activity of FASN promotarstaict was measured
in the presence or absence of KLF5 over-expres3iba.promoter activities
of FASN by androgen treatment and KLF5 expressimreased up to 68
folds and 34 folds, respectively. Furthermore, dbtivity markedly increased
up to 545 folds when androgen was added in theepoesof over-expressed
KLF5 (Figure 6A).

Next, the promoter activity of FASN was measureidgi&LF4 expression
plasmid instead of KLF5. Contrary to previous resuthe increased promoter
activity of FASN by androgen treatment did not shamy synergistic action
when KLF4 was over-expressed (Figure 6B). BesilesHMGCS1 promoter
was affected by androgen but not by KLF5 transbectiFurthermore, the
activity remained unchanged when androgen was adddéide presence of

over-expressed KLF5 indicating that HMGCS1 promaigivity is regulated
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only by SREBP-1c (Figure 6C). A possible explanatmrthese results is that
KLF5, but not KLF4 specifically regulates the praeractivity of FASN and
this is synergistically activated when androgeradgled. In addition, this

action is limited to FASN promoter among varioymtjenic gene promoters.
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Figure 6. The effect of FASN promoter by SREBP, KLF5 and AR. FASN
wt- or mSRE-construct was transfected with contalF5 (A) or KLF4 (B)
plasmid. After 24 h incubation, media was changetthé presence or absence
of 10®° M R1881 and cells were incubated for 3 days. Ge#se harvested
and luciferase activity was measured. (C) Equakegrgent was performed
except that HMGCS1 promoter was used instead oN-ASpromoter.
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5. KLF5 sRNA suppresses androgen-mediated FASN expression by
inhibiting the cooper ative action of KLF5 with SREBP-1c.

FASN expression is most prominently activated bg&1lin LNCaP cells
and SREBP-1 plays a critical role in this inductiblowever, dramatic change
in the levels of SREBP-1 mature form after R18&htment was not detected.
The fact that KLF5 is activated by R1881, even dt much, and has the
properties of the synergistic action with SREBRgasted the possibility that
KLF5 also plays a critical role in FASN inductiory landrogen as well as
SREBP-1. Based on this hypothesis, knock-down of¥Klwas performed to
test whether FASN induction is blocked by R188htiment in LNCaP cells.
A specific KLF5 siRNA, which was synthesized asaed previousli
effectively suppressed FASN mRNA level up to 40%hait of control SIRNA
group (Figure 7A) and also decreased the protei lef FASN (Figure 7B).
Since the mRNA level of KLF4 was increased by agdroand it binds to the
same GC-box as KLF5, it was tested whether KLFANgiRIso repressed the
expression of FASN in prostate cancer cells. Terigfn of KLF4 siRNA did
not reduce the level of FASN mRNA (Figure 7A) ootein level (Figure 7B).
These results indicate that KLF5 is directly invadvin androgen-dependent

expression of FASN in prostate cancer cells, bukihdi4.
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Figure 7. The effects of KLF5 sSiRNA on expression of endogenous KLF5
and FASN mRNA and protein level. LNCaP cells were transfected with
200nM of control, KLF4 or KLF5 siRNAs three timegrfthree days. Total
RNA or protein extracts were collected 3 days ditst transfection and RT-
PCR (A) and western blot (B) were performed.
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6. GC-boxes are scattered on the FASN promoter and intron 1 region
which makesKLF5 a positive regulator.

The promoter of FASN, which shows the responsivete&LF5, contains
multiple GC-boxes for KLF5 binding. To discriminatdich GC-boxes play a
critical role in KLF5 responsiveness, serial deleticonstructs of FASN
promoter were generated as shown in Figure 8A maukient transfection
assay was performed in prostate cells with overesged KLF5 (Figure 8B).
When the (-2.7kb) construct was over-expressed Witk5, the promoter
activity increased up to 58 folds. Moreover, (-kk) and (-0.4 kb) constructs
were increased up to 42.1 and 39.7 folds by KLESpectively. To narrow
down the specific binding sites, the intron regiwas deleted from the
construct. The basal activity of FASN promoter wihleted intron were
highly increased even though the KLF5-responsivesth exists, suggesting
that the intron region strongly suppressed the FABdnoter activity. As a
result, scattered multiple KLF5 binding sites ptayole in this promoter, and

these GC-boxes helps the SREBP-mediated activatiBASN promoter.
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Figure 8. Deletion and mutation analysis of the FASN promoter activity.
(A) Structures of deleted and/or mutated FASN prma@onstructs. SRE,
sterol response element (B) Transient transfecioth luciferase assay was
performed in PC3 cells with over-expressed KLF5SRApromoters were co-
transfected with either KLF5 or control construcis.48 h post-transfection,
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V. DISCUSSION

The present study demonstrates that KLF5 enhaheeactivity of SREBP,
resulting in the activation of FASN expression imdeogen-treated LNCaP
prostate cancer cells. KLF5 is expressed in LNGaBtate cancer cells and
acts as a positive regulator inducing the expressfathe oncogenic protein
FASN. KLF5, as well as SREBP, is increased by ageindreatment and this
result in up-regulation of FASN expression. Funthere, silencing of KLF5
by siRNA in LNCaP cells decreased the expressidiA&N.

Previous reports have revealed that lipogenic eegymvolved in fatty
acid and cholesterol synthesis are up-regulatedrastate cancer cells by
androgef ® *and are coordinately regulated by SREBBS*° Specifically,
lipogenic enzymes are reported to be up-reguldbedugh an increase in
mature SREBP level by androg@and this increased processing of SREBP
occurs by an escort protein called SCAP which isvwkmas a direct target of
AR*. Among those lipogenic enzymes, FASN is known t@wer-expressed
in not only prostate cancer cells but also in déffe cancer cell lin&s” %1%+
and is thought as an oncogenic prdtein

In the study presented here, lipogenic enzymes imereased by androgen
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treatment in LNCaP cells and these up-regulaticsuiwed at transcriptional
level (Figure 1A) in contrary to HER2-mediated mases of ACACA and

FASN in breast cancer cells, which take place atdliational levels by the
activation of mTOR signaling pathw®&y However, results from this study
illustrates that the mMRNA (Figure 2A) and protefriglire 2B) levels of

SREBP-1 and SREBP-2 were increased minimally byrageh treatment.

Furthermore, SCAP, known as a direct target of*’ARlid not increase

dramatically by androgen (Figure 2). Therefore,eotlndrogen-regulated
transcription factors might help and/or participateegulating FASN level by

androgen.

KLF family proteins are transcription factors cafling the expression of
genes linked to either positive or negative regotaof cell proliferation and
growtt?* **8 Consequently, members of this family are assediah the
pathological process of cancers. Although most ldf Kamily members have
not been characterized for their cellular functiseveral KLF members have
recently been revealed to be linked to human cararal induced apoptosis in
cancer cell® 33 498 However, the molecular mechanisms of KLF proteins
are not clearly defined yet.

Among those transcription factors, KLF4 and KLFB awo closely related
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members of the zinc finger-containing KLFs. Althautpey bind to a similar
DNA sequence that has either a CACCC homology oicksin GC content,
previous reports have been demonstrated that they spposing effects on
transcription of target gerf8sFor example, KLF4 activates the promoter of
its own gene which is a negative regulator of petlliferation, while KLF5
suppresses the KLF4 promoteMoreover, KLF4 and KLF5 bind to the same
sequence in the promoters of two smooth muscle sgeremooth muscle
actin and SM2&%°. Here, KLF4 inhibits and KLF5 activates TEHependent
stimulation of the SM22 promoter. In another example, KLF4 and KLF5
antagonize each other in regulating the CYP1A1 ptemactivity* +*“

The difference in the biochemical behavior of KLEBnd KLF5 reflects
their biological behavior. For example, the celiuthstribution of the two
KLFs is different with each other. Usually, KLF4rigainly expressed in the
post-mitotic differentiated villus epithelial celts the intestinal traét, while
KLF5 is expressed mostly in the proliferating cryatlls. Moreover, the
pattern of expression of the two genes in vitrotiasis each other. KLF4 is
mainly associated with a process of growth attesthile KLF5 mainly

accompanies cellular proliferatiyn Moreover, forced expression of KLF4

leads to a G1/S cell cycle arf®st but that of KLF5 causes a transformed
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phenotyp&.

In this study, KLF4 and KLF5 were revealed toihereased by androgen
(Table 3, Figure 3). Promoters for ACACA-PI, ACACAL ACLY and
HMGCSL1 contain none or very scarce GC-boxes buthercontrary, FASN
promoter contain multiple GC-boxes throughout thenmter and intron 1
(Figure 4A). In the transient transfection assalyf-&, but not KLF4 (Figure
4C), increased the promoter activity of FASN wtlilie remaining promoters
were not affected by KLF5 at all (Figure 4B). Thismonstrates that among
lipogenic enzymes which are regulated by androbesugh SREBPs, FASN
is the only gene that is also regulated by KLF3hat transcriptional level.
This makes KLF5 a very important and unique trapson factor which
controls the transcriptional level of an oncogepriatein FASN.

Further study was done to elucidate the role ofdbeelation between
KLF5 and FASN expression in LNCaP prostate canedir @hen the cells
were cultured in CT-FBS media, the endogenous lef’/édLF5 and FASN
was very low. However, when exogenous KLF5 DNA virisoduced by
transfection, the endogenous level of FASN protagreased dramatically
(Figure 5D). In contrast, inhibition of KLF5 by WA was accompanied by

down-regulation of FASN (Figure 7). Furthermore,-8@xes scattered within
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the FASN promoter and intron 1 region act as resp@bements for promoter
activity, and KLF5 strongly induces FASN promotetity through these
GC-boxes (Figure 8).

Another novel founding of the present study iattKLF5 is involved in
SREBP-mediated regulation of FASN. In the transigahsfection assay,
increased FASN promoter activity by SREBP was gfiymp-regulated by
the addition of KLF5 (Figure 5A-B). Moreover, SREBRd KLF5 physically
interact with each other (Figure 5C). Indeed, tssidicated that SREBP
activates FASN through interaction with KLF5.

The interaction between SREBP and KLF5 in reguipEASN expression
has possible clinical significance. KLF5 strongly-negulates the expression
of FASN which acts as an important oncogenic proteicancer cell growth
and proliferation. Targeting the KLF5-FASN pathwasging siRNA against
either KLF5 or FASN may be a treatment approachpimstate and other
cancers with activated SREBPs. Furthermore, it bala good progress to
find the role of KLF5 in other cancer cells suchbasast, ovarian and colon

since FASN is known to be over-expressed in thelig.c
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V. CONCLUSION

In androgen-dependent LNCaP prostate cancer nel lithe expression of
lipogenic enzymes, including FASN, is up-regulalsdandrogen through a
coordinate cascade involving transcription factceied SREBPs. Previous
reports elucidate that the levels of active mag&iREBPs are increased by an
escort protein called SCAP which is known as actliterget of AR. On the
other hand, results in this study demonstratettt®atnRNA and protein levels
of SREBPs and SCAP are minimally increased by ageiroTherefore, other
transcription factors were considered which migitiaamce the transactivation
activity of SREBP by androgen treatment. Supportig idea, the level of
KLF5, a member of Sp/KLF family, was increased hgragen treatment and
was associated with the expression of FASN genavelder, the promoter
activity of other lipogenic genes was not affedbgdKLF5. Furthermore, the
FASN promoter activity was not increased by KLF4jei binds to the same
region of KLF5. On the promoter and intron 1 regarFASN gene, multiple
GC-boxes are scattered which enhance the acti@R&BP on FASN gene
expression. Over-expression of KLF5 by transfectioamatically enhances

the androgen-dependent activation of FASN promaer silencing of KLF5
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by siRNA specifically suppresses the expressiokefaogether, FASN gene
is activated by the synergistic action of KLF5 aSB8&EBP-1, which is

increased by androgen treatment.
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