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Abstract

New proto-oncogene FBI-1(Pokemon/ZBTB7a)
inhibits p53 and Spl binding to repressthe cyclin-

dependent kinase inhibitor p21 genetranscription

Won-I| Choi

Department of Medical Science

The Graduate School, Yonsel University

Directed by Professdvl an-Wook Hur

FBI-1 (Pokemon/ZBTB7a) is a ubiquitous POK familycogenic transcription
factor. Virtually every gene in the Arf-Mdm2-p53-p2egulatory pathway, important
in the regulation of cell cycle progression, waan to be a repression target of
FBI-1. In this study, the cell cycle regulator gg24"*"“"* which is downstream of
Arf and p53, was selected for investigation int@ timolecular mechanism of
transcriptional repression. This repression is kmesvinvolve FBI-1, p53, Spl, the
FRE (FBI-1 binding site)/Sp1-3 GC-box, and a digB-binding element. The FRE

and Spl-3 GC box sequences were found to overlagh, FBI-1 was found to



represses transcription by molecular competitioth \®&ipl for binding to the Sp1-3
GC-box, an element critical in transcriptional riegion by Spl and synergistic
transcriptional activation by Spl and p53. FBI-1svedso found to compete with
p53 for binding to the distal p53-binding elemeantrépress transcription. FBI-1
bound to sequences from both the proximal and Idisgulatory elements. FBI-1
also interacted with corepressors such as mSin3&€0R, and SMRT, and such
interactions led to deacetylation of the Ac-H3 akmdH4 histones at the proximal
promoter, which is likely an important step in sariptional repression.

FBI-1 expression caused cellular transformation gwdmoted cell cycle
proliferation, as seen by a significant increasthannumber of cells in the S-phase.
Immunohistochemical staining showed that FBI-1 i®ngnently detected in
adenocarcinoma (particularly in colon cancer) agaamous cell carcinoma cells,
which express only low levels of p21. Overall, datam this study suggests that
FBI-1 is the major regulator of the Arf-Mdm2-p534§4"“** pathway and that FBI-

1 promotes oncogenic transformation and tumorgrelivth.

Key Words : FBI-1, Pokemon, ZBTB7a, p21, Spl, pABF, Arf-Mdm2-p53-p21

pathway, corepressor, SMRT, NcoR, mSIN3A, HDAC
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. Introduction

FBI-1 (Pokemon/ZBTB7a) is a ubiquitous transcriptfactor containing a
BTB/POZ domain and Krippel-like zinc fingers at Nsterminus and C-terminus,
respectively. FBI-1 was first purified as a celhictor that binds specifically to the
wild-type IST (nducemnf short ranscript) elements of HIV-1 long terminal repeats
(LTR) and the proximal promoter of tAdOH5/FDH gene (1, 2), thus earning FBI-1
its name__&ctor that lmds to the $Tof Human Immunodeficiency Virus-1

There have been several recent reports on theidunat FBI-1. FBI-1stimulates
Tat (ransativator of tanscription) activity orthe HIV-1 LTR, participates in
adipocyte differentiation, enhances the nucleaalipation of NFkB, and represses
humanADH5/FDH gene expression (3-6). The mouse counterpart ¢flIFBRF
(leukemia/lymphomaelated _&ctor), co-immunoprecipitatemd co-localizes with
Bcl-6 (7). The rat homolog of FBI-QCZF (csteodast-derived_inc finger), is a
transcriptional repressamvolved in osteoclastogenesis (8). SAGE analysid a
recent report show that the expression of FRBIl{ihcreased in multiple cancers and
that cells lacking FBI-1 are refractory to oncogeamansformation (9).

FBI-1 was recently shown to have proto-oncogenitivid¢ by repressing the
tumor suppressor genarf, which in turn lowers the expression of the tumor
suppressor genb3. While over-expressed FBI-1 causes oncogenedieithiymus,
liver, and spleen, down-regulated FBI-1 causeslleglisenescence, apoptosis, and

the blockage of cellular differentiation (9). Casiing that FBI-1 is also



overexpressed in solid tumors, sashcancers of the colon and bladder, where the
normal function®f Arf and p53 are lost (9), it is likely thaEBI-1 has additional
target genes by which it caxert its oncogenic activity. This study sought to
investigate whether genes in the Arf-Mdm2-p53¥##9** pathway, which is
important in cell cycle regulation and oncogenesi® controlled by FBI-1. In
particular, the molecular mechanism of repressiop2a"*"“" (hereafter indicated
asp2l) expression by FBI-1 was characterized in detail.

The cyclin-dependent kinase inhibitor p21 playsaamrole in the regulation of
cell cycle progression in mammalian cells. Its mé&imction is to inhibit the
activities of cyclin/cdk2 complexes and negativelgdulate cell cycle progression.
p21 is primarily regulated at theanscriptional level. Whereas induction il
leads predominantlo cell cycle arrest, repression p2l1 may have a varietgf
outcomes depending on the context (10-p2L is a transcriptional target of p53
and plays a crucial role mediating growth arrest when cells are exposeDNA
damagingagents such as doxorubicin affdrradiation (12, 13). In addition to its
role in the DNA damage respong®l has also been implicated in terminal
differentiation, replicativesenescence, and protection from p53-dependent and -
independenapoptosis (12, 17 and references therein). A waeétother factors,
including Sp1/Sp3Smads, Ap2, STAT, BRCA1, E2F-1/E2F-3, and C/kB&hd 3,
also activate the transcription p21 (17, 18), and overexpression gl results in

G-, Go- (14), orS-phase arrest (15, 16).



The major regulators that affeg?l gene expression are Sp-family transcription

factors bounat the proximal promoter region between base ghpy —120 to —
50 upstream of the transcription start site (18-2thong the six Spl binding sites
found in the region, the Sp1-3 GC-box has been shovbe particularly important
in the transcription of the@2l gene. Mutation of this particular site not only
dramatically reduces transcription but also disuie synergistic transcriptional
activation by Spl and p53, important fil induction under genotoxic stress (18).

Spl is a member of a family of transcription fastavith zinc finger DNA-
binding domains that bind to GC-box sequences imarous cellular and viral
genes (22). Spl is one of the best characterizqdesee-specific transcription
factors, and the domains of Spl crucial to its daativation DNA binding, and
oligomerization functions have been identified. T#¢erminal glutamine- and
serine/threonine-rich domains are esseritialtranscriptional activation, the C-
terminal ZFDBD (zinc finger DNA-binding domain dpl) is involved in
interaction with other transcription factors, amg ZFDBD alone is sufficient for
efficient recognition of its target gene (23).

Spl has been shown to interact directly with pnstef the basal transcription
machinery, several sequence-specific activatorgcto@tors, and corepressors
includingNF«B, GATA, YY1, E2F1, Rb, SREBP-1, p300, HDAC, NCoRVIRT,
and BCoR. These interactions are important in thescriptional regulation of
genes with Spl binding sites in their promoters2@, 24 and references therein).

The direct competition among Spl, Spl family membeaand Krippel-like



transcription factors is important in the transtopal regulation of the genes with
GC-boxes in their promoters (25 and referencesihger

The FBI-1 DNA-binding consensus sequence, FRE, &Carich sequence that
has similarity to the Spl consensus sequence (9, T study revealed that the
p21 promoter contains a potential FRE and @it was potently repressed by FBI-1.
Based on this initial finding, the molecular medkanof transcriptional repression
was investigated and found to involve p53, FBI-plSthe proximal FRE/Spl-3
GC-box, the distal p53-binding element, and a aasgpr-HDAC complex, which
is important in oncogenic cellular transformatiamdaumor growth. These results

showed that FBI-1 is the major regulator of the-Mdm2-p53-p21 pathway.



1. Materialsand Methods

1. Plasmids, antibodies, and reagents

pGL2-p21-Luc, pGL2-p21 Wt-131-Luc and pGL2-p21 VY uc
plasmids were kindly provided by Dr. Yoshihiro Sowé Kyoto Perpetual
University of Medicine (Kyoto, Japan). Various mitap21 promoter and
reporter gene fusion plasmids with mutations atRR& and Spl binding GC-
box were prepared using site-directed mutagenedis(Stratagene, CA).
Construction of the pcDNA3-FBI-1 and pcDNA3-FBM2OZ plasmids was
reported elsewhere (2, 4). pTrex-FBI-1 plasmid wafoned into
pcDNAS5.0/FRT/TJ (Invitrogen, CA) to prepare doxycyclin inducible33ex-
FBI-1 cell. The pcDNA3.1-p53 expression plasmid wespared by cloning the
human p53 cDNA into pcDNA3.1 (Invitrogen, CA). Tleapression plasmids
for Sp1ZDBD (a.a. 622-778) and FBI-1ZFDBD (a.a. -3@D) were prepared by
cloning PCR amplified cDNA fragments into pGEX 4T@Amersham
Biosciences, NJ). To prepare the GST-POZFBI-1 fusiwotein expression
plasmid, the cDNA fragment encoding the POZ-donwdirFBI-1 was cloned
into pGEX4T3 (Amersham Biosciences, NJ) as reportdsewhere (2).
Antibodies against FBI-1, p21, p53, His-Tag, FLA@gT Myc-Tag, Ac-Histone
3, Ac-Histone 4, tubulin, SMRT, NCoR, mSin3A, HDAG:d GAPDH were
purchased from Upstate (Charlottesville, VA), Chamni (Temecula, CA ), and

Calbiochem (San Diego, CA), SantaCruz Biotech &aniz, CA), Abcam



(Abcam, Cambridge, UK). Most of the chemical redgemere purchased from

Sigma (St. Louis, MO).

2. Cdl culture/stable cell line

HelLa, NIH3T3, HEK 293A, HCT116 p53 and HCT116 p5'3"*ce||s were
cultured in Dulbecco’ modified eagle medium (DME®if§co-BRL, MD)
supplemented with 10% fetal bovine serum (FBS)(GiBRL, MD). Saos-2
cells were cultured in McCoy’s 5A medium suppleneentvith 15% FBS.
MB352 MEF and human osteosarcoma Saos-2 cell litedh lacking
endogenous p53, were purchased from American tyjbere collection (ATCC)
(Manassas, VA).

HelLa cells stably overexpressing FBI-1 were prepara transfection with
a recombinant Lenti virus, LentiM1.4-FBI-1-FLAG. & TU/ml of LentiM1.4-
FBI-1_FLAG (Vectorcorea, Korea) in a volume of 3pl0were used to infect
HelLa cells plated on 12-well plates supplementeth violybrene 8ug/ml
(Sigma, MO) to increase infection efficiency. Init cells were incubated at 37

in a 5% COC,atmosphere for 6~8 hrs, after which culture media veplaced.

After an additional incubation for 2 to 3 days,l€elere transferred onto 6-well
plates and stable cells were selected withgdml puromysin. Control stable
cells were prepared by infection with LentiM1.4eGBRd LentiM1.4LacZ

recombinant virus over expressing GFP afwdjalactosidase, respectively

(Vectorcorea, Korea).



NIH3T3, HCT116 p53, and HCT116 p53 cells were cultured in DMEM
supplemented with 10% fetal bovine serum. Stable3¥B, HCT116 p53, and
HCT116 p53” cells overexpressing FBI-1 were prepared by tratisfe of
NIH/3T3 cells with a recombinant Lenti virus, Leviti.4-FBI-1 tagged with
His and Myc peptide. After 2~3 days of incubatioells were transferred onto a
6-well plate and selected stable cells with PuramySigma, MO). Control
stable cells were prepared by infection with Lerkti#(Vectorcorea, Korea).

FBI-1 over expression cells inducible by Doxycyclivere prepared by
transfection of mammalian Flph T-REx™ host 293T cells (Invitrogen, CA)
with a 9:1 ratio of pOG44:pcDNAS5/FRT/TEGFBI-1 plasmid DNA using
Lipofectamin 2000 (Invitrogen, CA). The FIpIhT-REX™ FBI-1 stable cells
overexpressing FBI-1 was selected by culturing ttemsfected cells in a
medium containing hygromycin (30@y/mL) and blasticidin (15ug/mL). To
induce expression of the FBI-1, the stable cellseweultured in medium

containing 1ug/mL doxycyclin for intended period of time.

3. Transcriptional analysis of the pGL 2-p21"2"/9PL|_yc, pGL2-ARF-Luc and
pGL 2-p53-Luc promoter
pGL2-p21-Luc, pGL2-ARF-Luc, and pGL2-p53-Luc promot fusion
plasmids were generously provided by Dr. Sowa.dderimutant pGL2-p21-Luc
promoter and reporter fusion gene plasmids werg@goeel by site-directed

mutagenesis (Stratagene, CA). Wt or mutant p2l+eporter plasmids, along
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with  pcDNA3-FBI-1, pcDNA3.1-p53 and pCMV-LacZ, werg&ansiently
transfected into HelLa using Lipopectamine Plus eaagInvitrogen, CA)
according to manufacturer’s recommended protocfier/86 hrs of incubation,
cells were harvested and analyzed for luciferaswigc The reporter activity
was normalized with cotransfecte@-galactosidase activity or protein

concentration.

4. Knock-down of FBI-1 mRNA and expression by SSRNA

The siRNA for glyceraldehyde-3-phosphate dehydragenand three
siRNAs of FBI-1 were designed and purchased fronbism Inc. (Austin, TX).
siFBI-1 #1, 5-GCAGAACGUGUACGAGAUCIt -3, 5'-
GAUCUCGUACACGUUCUGCtg-3; siFBI-1 #2, 5'-
CCUUGUAGAUCAAAUUGAULt-3, 5'-AUCAAUUUGAUCUACAAGGtc-3;
siFBI-1 #3, 5-CGGGUACUACACUUUAUCULt-3, 5'-
AGAUAAAGUGUAGUACCCGtt -3'. The siRNAs of FBI-1 (2(hg of each)
were transfected into 6x 16leLa cells by using Lipofectamine RNAIMAX
(Invitrogen, CA). After transfection, the cells weharvested, and total RNA

was prepared and RT-PCR of mRNA was performed scritbed below.

5. RT-PCR of FBI-1 mRNAin cells

Total RNA was isolated from HelLa cells and stabd & cells expressing

FBI-1, GFP and LacZ using TRIzol reagent (Invitroge&A). cDNAs were

_11_



synthesized using pg total RNA, random hexamer (10 pmol), and Supgrscr
reverse transcriptage (200 units) in 20ul using reverse transcription kit
(Invitrogen, CA). PCR were performed by followingnplification cycling

condition: 94C denaturation 5 min, 35 cycles of amplificationatian, 94C
30 sec, 5% 30 sec, 7Z 1 min, and final extension reaction at‘@25 min.

PCR primers used were as follows; FBI-1 primer wind primer: 5'-
GGCCTGCTGTGCGACGTGGT-3, reverse primer: 5'-
CAGCAGGCGGGCGGCGCTGA-3) p-actin primer (forward primer : 5'-
ATGGATGACGATATCGCTGC-3', reverse primer: 5'-
CACACTGTGCCCATCTACGA-3). GAPDH primer (forward prier: 5'-
ACCACAGTCCATGCCATCAC-3, reverse primer: 5'-
TCCACCACCCTGTTGCTGTA -3"). Human p21 primer (forvdaprimer: 5'-
ATGTCAGAACCGGCTGGGGATGTCC-3', reverse primer: 5'-

TTAGGGCTTCCTCTTGGAGAAGATC-3).

6. Western Blot Analysis

HelLa and NIH3T3 cells were harvested and lysedIPARbuffer (50 mM
Tris-HCI pH8.0, 1% NP-40, 0.25% sodium deoxychealaid, 150 mM NaCl, 1
mM EGTA, complete mini-protease cocktail), and welt extracts (4@g) were
separated on a 10% SDS-PAGE gel. Proteins weretthesferred to a Immun-
Blot™ PVDF Membrane (Bio-Rad, CA) and blocked with 5%nsknilk (BD,

Biosciences, MD) for 1 hr. Blotted membranes waibated with antibodies

_12_



against FLAG-tag (Abcam, Cambridge, UK), FBI-1 (Abt, Cambridge, UK),
GAPDH (Chemicon, CA), or p2%"“** (Upstate, NY) diluted 1:2000. Lastly,
blots were incubated with HRP conjugated mouse oat glgG (Vector
Laboratory, CA). Protein bands were visualized win ECL solution

(PerkinElmer, CA).

7. Electrophoretic mobility shift assays (EMSAS)

EMSAs were carried out as described previously.(dZ®e sequences of
FBI-1 binding FRE and mutant FRE probes used in EM& as follows. Top
strand sequences are shown. FRE, 5’-GATCGAGGCGGA2@CGCTCG-3';
MFRE, 5-GATCGAGGCGGGAAAAGCGCTCG-3.The sequencetbé Spl
binding GC-box 3 probe is, 5-GAGGCGGGACCCGCGCTCAItant Spl
binding GC-box 3 probe, 5-GAGGCTTTACCCGCGCTCG-Each hinding

reaction was carried out at room temperature fom®® in 20 of binding

buffer (10 mM HEPES pH7.9, 60 mM KCI, M ZnCl,, 1 mM dithiothreitol,
1% BSA, and 7% glycerol) with 0.Juig recombinant FBI-1ZFDBD or
Sp1ZFDBD and 10,000 cpm labeled probe. Where iteligaantibodies against
GST-Tag, FBI-1, or Spl was added to EMSA bindiractiens. To investigate
the binding competition between Spl and FBI-1 fREF probe was incubated
with recombinant Sp1ZFDBD (75 ng) and increasingants of FBI-1 ZFDBD

(75-675 ng).

_13_



8. Site-directed mutagenesis of pGL2- p21"@™ePL | yc

To investigate the role of FRE, mutation was intreed into the proximal
promoter sequence of thp2l gene using the QuikChange site-directed
mutagenesis kit (Stratagene, CA). To introduce tiautanto the core binding
sequences of FRE, the following oligonucleotide waed. Only top strand is
shown. mFRE5, 5-CCCGCCTCAAGGAGGCGGGAAAAGCGCTCGGCCC
3'. For site-directed mutagenesis, 18 cycles of R@GIR denaturation at 94
for 30 sec, hybridization at 85 for 1 min, and extension at &8 for 10 min
per cycle were used. Amplified mixtures were trdatgth Dpnl (Stratagene,
CA) at 37C for 1 hr and aliquots were used to transform cdegé. coli. All

of the constructs were confirmed by DNA sequencisipg an ABI automatic

DNA sequencer (Ramisey, MN).

9. Chromatin immunoprecipitation (ChlP) assays

We investigated whether the molecular interactietween FBI-1 and the
FRE is actually occurén vivo using the ChIP assay kit (Upstate Inc., VA).
Subconfluent HeLa and Saos-2 cells growing on arh@ish were transfected
with pGL2-p21-Luc (1ug) and either pcDNA3 or pcDNA3-FBI-1-Flag (i8)
using Lipofectamine Plus reagent and grown for #8 HelLa or SL2 cells were
fixed with formaldehyde (final 1%), washed with aldt phosphate-buffered
saline, lysed with SDS lysis buffer (1% SDS, 10 rBRITA, 50 mM Tris-HCI,

pH8.0), and sonicated to shear into DNA fragmerfts5@~1000 bp. The

_14_



sonicated supernatant was diluted 10-fold with CdfilBtion buffer (1% SDS,
1% Triton X-100, 16.7 mM Tris-HCI, pH8.1, 167 mM @k 1.2 mM EDTA)
and pre-cleared with protein-A agarose beads (Sig@). The supernatant
was then incubated with antibodies mouse M2 ant&LiAonoclonal antibody
(Sigma, MO) or control mouse IgG overnight at 4°@hwotation. Salmon
sperm DNA/protein A-agarose slurry was added tontirgure, incubated for 1
h at 4°C, and pelleted DNA-FBI-1/protein A-agarosemplex by brief
centrifugation (4,000 rpm) at 4°C. After extensivashing of the pellet with
various washing buffers, the pellet was dissolvéith W00 pl of elution buffer
(1% SDS, 0.1 M NaHC¢ and spun to remove agarose. The supernatant was
treated with 2Qul of 5 M NaCl and heated to 65°C for 4 hrs to reeeprotein-
DNA cross-linking. After treatment with EDTA and gieinase K, the
supernatant was extracted with phenol/chloroforih grecipitated with ethanol
to recover DNA. PCR reactions of immunoprecipitalfdA were carried out
using oligonucleotide primers designed to amplify proximal promoter region
or distal p53 binding region of p21 gene. Proximedion ChIP PCR primers
(bps -287 to +16, forward primer: 5'-AAAAAAGCCAGATIGTGGC-3,
reverse primer: 5-TGCTCACACCTCAGCTGGCG-3'). DistdtBI-1/p53
binding region (bp -2307 to - 1930, forward primer5'-
TGCTTGGGCAGCAGGCTGTG-3', reverse primer: 5'-
GCAACCATGCACTTGAATGT-3").

We also investigated whether the acetylation stafusistone H3 and H4

_15_



tails of nucleosomes at the proximal p21 promotement is modified by
ectopic FBI-1 using antibodies specific to Ac-HisdH3 and Ac-Histone H4 by
following the same procedures as described above.

Also to demonstrate the binding competition betw&gl and FBI-1 in
Drosophila SL2 cells, pGL2-p21-Luc 2.4 kb reponpsismid, and expression
vector of pPac-Spl and 1-4 fold of pPac-FBI-1 egpi@ vector were
contransfected. After 36 hrs, SL2 cells were fixadmuniprecipitated, and

analyzed as described above.

10. Immunoprecipitation assays

Human embryonic kidney 293Trex-FBI-1-FLAG cells wenduced with
doxycyclin for 12 hrs, washed, pelleted, and resndpd in lysis buffer
supplemented with protease inhibitors (20 mM Tr8HHH7.5, 150 mM NacCl,
10% glycerol, 1% Triton X-100). Cell lysate was joteared, and supernatant
was incubated with M2 anti-FLAG antibody on a rimtgtplatform overnight at

47C, followed by incubation with protein A-SepharosastEFlow beads. Beads

were collected, washed, and resuspended in equaieoof 5x SDS loading
buffer. Immuno-precipitated proteins were separabsd 12% SDS-PAGE.

Western blot assay was performed as described above

11. Fluorescence Activated Cell Sorter (FACS) analysis

HelLa cells were gently washed with PBS, fixed vigdtcold 70% methanol

_16_



at -20°C for 1 hr, washed with cold PBS, and sthwéh 50pug/mL Propidium
lodide (Sigma, MO) in the presence of JG§mL ribonuclease A for 30 min at
37°C in the dark. DNA content was analyzed by floywtometry analyzer
FACSCalibur (BD biosciences, NJ). DNA contents wessessed by cell
treatment with Pl and emission detection at théta&tkon wavelengths 488 nm
and the peak emission 575 nm. The cell cycle mrafiid forward scatter (FSC)
were determined using a Becton Dickinson FACS ealiind the data were
analyzed using ModFit LT 2.0 (Verity Software Hoube., ME) and WindMDI

2.8 (Created by Joseph Trotter, Scripps Reseastituite, CA).

12. Colony Foci Formation Assay

The Hela cells were cultured for 24 hrs in six-wahtes at a density of
1x1C cells/well in 2 ml of DMEM, and 0.;g/uL pcDNA3 or pcDNA3-FBI-1
was transfected into the cells using Lipofectangius reagent (Invitrogen, CA).
After transfection, cells were maintained in thedimen with 10% FBS for 2
weeks in the presence of G418 (§a§mL)(Sigma, MO). Medium containing
G418 was changed twice a week. After 2 weeks, Géb&tant HelLa cell

colonies were stained with 0.5% Crystal Violet (8&g MO) in 20% ethanol.

13. BrdU incorporation Assays
The Hela, NIH-3T3 and NIH-3T3-FBI-1 stable cellsrevglated onto glass

cover slips at 40% confluency and were transfeati¢l 1.68 g of SIRNA in a
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3.5 cm dish or with pcDNA3-FBI-1-FLAG or pcDNAS. #&r 48 hrs, cells were
grown for 4 hrs in DMEM containing 20M BrdU. The cells were washed
twice in PBS, fixed in a methanol/formaldehyde (99:mixture, and
permeabilized with PBS containing 0.2% Triton X-100he cells were
incubated with anti-BrdU moncoclonal antibody fohg, washed with PBS,
and further incubated wih Alexa Fluor 488 goat -amtiuse IgG secondary
antibody for 1 h. To stain nuclei, cells were saathkith DAPI solution for 10
min. HelLa cells were mounted and analyzed with &ach 2100 Laser
Scanning System (Bio-Rad, UK). Each analysis wafopaed at least three

times.

14. Immuno-histochemistry

Serial sections of colonal cancer tissuesufd) were applied to silane
coated slides (Muto Pure Chemicals, Tokyo, Jap@®paraffinixation and
rehydration were performed using Xylene and gradiedhols. Endogenous
peroxydase was blocked with 3% hydrogen peroxidé®minutes. For antigen
retrieval, the slides were pretreated in a micravaven for 15 minutes in a
pressure cooker filled with citric acid buffer (pl8 The slides were then
incubated at room temperature for 1 hour with primantibodies, anti-FBI-1
(Abcam, Cambridge, UK), anti-p53 (SantaCruz, CA)ti-a21 (Dako, CA),
followed by a 4C overnight incubation. After washing, the signalere

detected with the Envision kit (Dakocytomation, &tap, Denmark) and
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diaminobenzidine as a chromogen. In case of FBb] wWe used biotinylated
anti-goat IgG (Vector Laboratory, Burlingame, CA)dastreptavidin-HRP as
detection system. The slides were also countenedaiwith hematoxylin.
Appropriate positive and negative controls werduded in all stains to ensure
the quality and consistency of staining results.

Various cancer anc colon cancer tissue AccuMaysit{€at# A203, A201)
were purchased from ISU Abxis ( Seoul, South Koraa) were treated the

same way as the paraffin embedded tissue samples.
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[11. Results

1. FBI-1repressestranscription of p21 genein HeL acells

FBI-1 causes multiple cancers by repressing trgstgam of Arf, which results
in an inhibition ofp53 gene expression (9). Several groups have shovir-Bial
can modulate various target genes important in l&jogical functions (1-9).
Although Arf was shown to be repressed by FBI-1 and such reépnessght be
important in oncogenesis, FBI-1 might also regutsteer genes in the Arf-Mdm2-
p53-p21 regulatory pathway that play critical rdlesncogenesis, such p21(10).

To further explore this possibility, FBI-1 regulani of three genes in the pathway
(Arf, p21, p53) was evaluated in HelLa cells cotransfected withmarter-luciferase
plasmids and an FBI-1 expression plasmid (Fig. FBI-1 potently repressefrf
as previously reported (9) and also repressedo@tie but not thep53, promoter.
Further investigation into the transcription of §h&l gene assessed whethpl
expression is modulated by either overexpressioknock-down of FBI-1. In the
HelLa cells transfected with recombinant lentivimgerexpressing FBI-1, FBI-1
expression reduced protein and mRNA levels of paihand p53, but did not affect
levels of the control, GAPDH (Fig. 1B). The weakluetion of p53 appeared to be
caused by the transcriptional repressionAof, which is an activator op53
transcription. Alternatively, HeLa cells were trahteith three siRNAs specific to
FBI-1 mRNA. Decreasing FBI-1 expression resultednicreasedp2l expression

while the FBI siRNA did not affect p53 or GAPDH egpsion (Fig. 1C).
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Figure 1. FBI-1 represses transcription of the p21"@“" gene in Hel a cells. (A)
Structures of the ARF, p53, and p21 gene promdtesesd with luciferase reporter
gene cloned in pGL2-Luc. Binding sites for trangtion factors are indicated. +1,
transcription start site—). Hela cells were co-transfected with promoter-Luc
fusion palsmid, FBI-1 expression plasmid, and pCMA¢Z expression plasmid.
After 48 hrs, cells were harvested and analyzeduidferase reporter activity. The
data shown are an average of three independentsa&ars, S.D(B) Western blot
and RT-PCR analysis of the stable HelLa cells oyeessing FBI-1, GFP, or LacZ
established by transfection with recombinant Leftises. GAPDH, control(C)
Knock-down of FBI-1 mRNA by three different siRNAmd p21 transcription.
HelLa cells were transfected with three differeRMNAs against FBI-1 mRNA and
MRNA expression of FBI-1, p21, p53, and GAPDH waslgzed. NC, negative
control scrambled siRNA. PC, positive control siRN#gainst GAPDH.(D)
Structures of the three p2l-Luc plasmids and the BBl cDNA constructs in
pcDNA3.0. Shaded circles, Spl binding GC-box; PO@mdin, Open box;
numbered filled circles, zinc fingers; triangle,ctaar localization sequencéE)
FBI-1 represses transcription by acting on the ipnak promoter of the p21 gene
and the POZ-domain is important in transcriptiorgpression. HeLa cells were
transiently co-transfected with plasmids expressiij-1 or FBI-1APOZ and
pGL2-p21-Luc. Luciferase activity was measured #8dfter transfection. The data

shown are an average of three independent assais. RD.
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All together, the data showed that {1 gene, &ey regulator of the cell
cycle and end regulator of the Arf-Mdm2-p53-pRdthway, is potently
repressed by FBI-1.

The mechanism of repression was evaluated by ¢estitich regions of the21
promoter and which domains of FBI-1 were imporfanttranscriptional repression.
HelLa cells were co-transfected with two differel@L2-p21- promoter-luciferase
plasmids with a vector expressing wild-type FBlflnutant FBI-1 POZ (Fig. 1D)
(2). FBI-1 potently repressed transcription of ttneee promoter constructs by
>60%-70%. FBI-1 most potently repressed the coostacking 2.4 kb of upstream
sequence. Deletion of the POZ domain resulted irtranscriptional repression,
suggesting that the POZ domain is important fandcaiptional repression (Fig. 1E).
The data suggest that FBI-1 represses transcrigiioracting on the proximal
promoter, which is highly loaded with Sp1-bindin@ ®Goxes, and potentially also

by other mechanisms that involve distal upstreagnlegory elements.

2. ldentification of proximal FBI-1 binding promoter eement (FRE) and
overlap of the FRE which the Sp1-3 GC-box

Analysis of the reported FBI-1 binding sites andSTAassay data showed that
the FBI-1 binding consensus sequence is 5-GDGGGY™8Y(9, 26). Using the
consensus sequence, th&l promoter was examined for potential FBI-1 binding
sites. Seven potential FBI-1 binding sites (FREs)esfound, located proximal to or

overlapping with the six well-defined Sp1 bindindges. EMSA and transcription
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assays revealed one functionally significant FREGEGGGCCCC-3’) which
overlaps with the Sp1-3 GC-box (bp -82 to -77). ddekinant FBI-1ZFDBD (zinc
finger DNA-binding domain) and the FRE probe showadstrong binding
interaction, which was inhibited by excess coldhgrand super-shifted by antibody.
Mutation of the core GGG sequence into TTT complepeevented probe binding
to FBI-1 ZFDBD (Fig. 2A, B).

To investigate whether the FRE is important in ttamscriptional repression of
the p21 gene by FBI-1in vivo, mutations were introduced into the pGh2t-Luc
W1t-131 bp construct, resulting in the pGp21-Luc-mFRE-131 bp construct, where
the core GGG was replaced with TTT. In HeLa cdiB|-1 potently repressed the
pGL2p21-Luc Wt-131 bp promoter but could not repress traption on the
mutated promoter, suggesting that FBI-1 binds te #tRRE and represses
transcription (Fig. 2C).

Furthermore, the interactions between the FRE/S@IC3box and FBI-1 on the
endogenoup2l genein vivo were investigated by chromatin immuno-precipitatio
(ChIP) assays. ChIP assays clearly showed thatlFBbund to the proximal
promoter region (bp -287 to +16) and that FBI-1 doet bind to the GLUT2

promoter, which was used as a control (Fig. 2D).
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HelLa cells were transiently co-transfected withsplals expressing FBI-1 and
pGL2p21-Luc-Wt FRE or pGL2321-Luc-mFRE. Luciferase activity was measured
36 hrs after transfection. The data shown are arege of three independent assays.
Bars, S.D(D) ChIP assays and structures of two endogenous hgerapromoters,
p21 and hGLUT2. The arrows indicate the locations GRPprimers used in ChIP
assays. GC boxes, filled circles; FRE, open cirgl2NA, human genomic DNA
from Hela cells; IgG and Flag Ab, antibodies usedrimunoprecipitation; Tsp (+1,

—), transcription start site.
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3. Molecular competition between Spl and FBI-1 at the FRE/Sp1-3 GC box is
partly responsiblefor transcription repression

The EMSA data showed that FBI-1 binds to the FRIEclvoverlaps the Sp1-3
GC-box, raising the possibility that the two ovppgang elements might be the
center of molecular interactions or competitionwmtn FBI-1 and SpIThus, the
ability of Sp1ZFDBD to bind the FRE was investightand EMSA showed that
Spl1ZFDBD binds well to the FRE (Fig. 3A). Alternatiy, the ability of FBI-1 to
bind to the Sp1-3 GC box probe was also investigd8I-1 also binds well to the
GC-box probe, and mutation of the GGG core into Bbblished FBI-1 binding to
the probe (Fig. 3B).

The EMSA suggests that molecular competition betweBI-1 and Spl for the
FRE/Sp1-3 GC box may occur vivo, and that this competition may be important
in the transcriptional repressionpfl by FBI-1.

Competition between Spl and FBI-1 for binding t® BRE/Sp1-3 GC-box was
evaluated by EMSA using recombinant Spl1ZFDBD (7% imgthe presence of
increasing amounts of FBI-1ZFDBD (75-700 ng). FBtdmpeted well with Sp1 at
the FRE (Fig. 3C). The molecular competition wasoahvestigatedn vivo. The
pGL2p21-Luc reporter and pPac expression vectors for Spl FEBI-1 were co-
transfected into Drosophila SL2 cells. ChIP assstyswed that as the amount of
FBI-1 expression is increased, Spl binding sigaifity decreased, demonstrating a
molecular competition between Spl and FBI-1 aip@feproximal promotern vivo

(Fig. 3D).
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Figure 3. Spl and FBI-1 compete with each other in binding to the FRE/Sp1-3
GC-box in vivo and in vitro. (A) EMSA. The Sp1ZFDBD binds to the FREB)
EMSA. Sequence alignment of the Spl consensus segu&pl-3 GC box, and
mutated Spl1-3 GC box. In mSpl-3 GC-box, the coré&sGas mutated into TTT.
The FBI-1ZFDBD bound to the Sp1-3 GC-box probe, Wwas unable to bind the
mSp1-3 GC-box probe. ZFDBD, zinc-finger DNA-bindidgmain.(C) EMSA and
binding competition between FBI-1ZFDBD and Spl1ZFDBbDe Spl1ZFDBD (200
ng) and FRE probes were incubated in the abseniretbe presence of increasing
amounts of FBI-1ZFDBD (75, 200, 675 n¢p) ChIP assays of binding competition
between FBI-1 and Sp1 to th&1 promoter in SL2-cells. SL2 cells were transiently
co-transfected with pPac-Spl and increasing amooifsPac-FBI-1, and pGL2-
p21-Luc -2.4 kb. The cells were analyzed by ChIP usinganti-Sp1 antibody or an
anti-FBI-1 antibody. With increasing amounts of pf8I-1, Spl binding is
decreasedE) Transcriptional activation by Spl is repressed-By-1 on the pG5-
5X(GC box)-Luc. HelLa cells were transiently traieséel with pG5-5x(GC box)-Luc
in the presence or absence of Spl and FBI-1 expresgctor and analyzed for
luciferase activity. The data shown are an aveoddghree independent assays. Bar,
S.D.
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Furthermore, the transcriptional activation of p&&C-Luc by Spl could be
repressed by FBI-1 in HelLa cells. While Spl inceglashe transcription of the
reporter gene, FBI-1 repressed the transcripti@wivation by Spl when co-
transfected (Fig. 3E).

These data suggest that FBI-1 can repress tratisoripf p21 by acting on the
same proximal regulatory element, the FRE/Sp1-3 I&R; which can be bound not
only by Spl but also by FBI-1. Previous reportsehaliown that the Sp1-3 GC-box
(or newly defined FRE) is the most critical regalgtelement in the transcriptional

regulation of thg21 gene (18).

4. FBI-1 binds to the p53-binding element of p21 and blocks transcriptional
activation by p53.

p53, the expression of which is inducible by DNAvd@e, was shown to
interact with Sp1 bound at the Sp1-3 GC-box anémbt activatgp21 transcription
(18). Thus, the ability of FBI-1 to block the p5&eession-mediated transcriptional
activation of p21 was investigated by inducing DNA damage with egipe
treatment in HelLa cells. These cells contained ntepoconstructs bearing a
promoter with 2.4 kb op21 upstream regulatory sequence, which containsigtal d
p53-binding element. The transcription of &l gene was activated by induced

p53 expression in this system, and such activatiasrepressed by FBI-1 (Fig. 4A).
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Figure 4. FBI-1 represses transcription of p21"#SP by binding competition
with p53 on the distal p53 binding element. (A) Induction of p53 expression by
etoposide and transcriptional repressiop2f by FBI-1 in HelLa cells. HelLa cells
were transfected with pGL221-Luc -2.4 kb and FBI-1 expression plasmids. After
culturing for 40 hrs, cells were treated with theAdamaging agent etoposide for
8 hr, harvested, and analyzed for luciferase repeaxttivity. The data shown are an
average of three independent assays. Bars,(B)Oranscriptional activation qi21
gene by p53 is inhibited by FBI-1 in p53-/- Saosells. Plasmids expressing FBI-1,
p53, and pGL321-Luc-2.4 kb were transiently co-transfected intams$a cells.
After culturing for 48 hrscells were harvested and analyzed for luciferaperter
activity. The data shown are an average of three indepeadsays. Bars, S.[{C)
Transcriptional activation of pGL2-6x(p53RE)-Luguogter plasmid by ectopic p53
can be repressed by FBI-1 in Saos-2 cells. Saadi? were co-transfected with
pGL2-6x(p53RE)-Luc and p53 expression vectors im afbsence or presence of
FBI-1 expression vectofD) ChIP assay and the structures of the two endogeous
human gene promoters and locations of ChlIP PCReprbimding sites are shown.
HeLa cells were transfected with FBI-1-FLAG expiess vector and
immunoprecipitated with 1gG or anti-FLAG afkE) ChIP assay of FBI-1 binding to
the endogenous distp?1 promoter in Saos-2 cells. Saos-2 cells were austezted
with p53 expression vector with or without FBI-1 pegssion vector, and
immunoprecipitated with the antibodies indicat@e) EMSA. Distal p53 binding
probe was incubated with FBI-1ZFDBD and analyzed % nondenaturing PAGE
and the gel was exposed to X-ray filg&) ChIP assays and binding competition
between FBI-1 and p53 on the distal p53-bindingnelet of endogenoys?1 gene

in Saos-2 cells. Saos-2 cells were co-transfectitld pb3 expression vector with
increasing amount of FBI-1 expression vector, amchiinoprecipitated with the

antibodies indicated ChIP assays.
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Co-transfection experiments with pGL2-p53-Luc argl-E expression plasmids
showed that FBI-1 does not affect transcriptiothefp53 gene itself (Fig. 1A).

The ability of FBI-1 to block the transcriptionaitavation of p21 by ectopic p53
was examined in Saos-2 cells lacking p53. FBI-ahalcan repress transcription in
Saos-2 cells while ectopic p53 expression increesgorter gene expression by 3.5-
fold. When p53 and FBI-1 were co-expressed, tr@pisanal activation by p53 was
potently repressed by FBI-1 (Fig. 4B).

Although FBI-1 inhibits transcriptional activatidoy p53, it is unclear how FBI-1
represses transcription. Thus, the ability of eictéiBl-1 to repress transcription on
the pGL2-6x(p53RE)-Luc construct, containing sixpies of p53-binding element
of thep21 gene in the proximal promoter, was assayed in-3amls. p53 potently
activated transcription on this construct and sactivation was repressed by FBI-1
(Fig. 4C). The data suggest thaBI-1 represses transcription p2l and that the
repression involves not only the proximal FRE/SpGB-box but also p53 or the
p53-binding element.

Because FBI-1 transcriptional repression involvéisee p53 or the p53-binding
element, the molecular events ocurring betweenligtal p53-binding element, p53,
and FBI-1 were investigated by ChIP assays. Chigayass from Hela cells
transfected with FBI-1-FLAG expression vectors shdwhat FBI-1 binds to the
distal p53-binding elements of the endogenpl% gene (Fig. 4D). ChIP assays
were also performed with Saos-2 cells transientiyndfected with FBI-1-FLAG

expression vectors in the presence or absencedExdression vectors. FBI-1 or
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p53 independently bound to the distal p53 bindiegjan (bp -2307 to -1947), and
the binding of each protein was decreased by coeszjon of the other protein (Fig.
4E). These data suggest that FBI-1 might actuatigl to the p53-binding elemeint
vivo and may compete with p53 in binding to the elememépress transcription. To
test whether FBI-1 binds directly to the p53-birdiglement,n vitro EMSA was
performed. Indeed, EMSA showed that FBI-1 ZFDBDdéjpeally binds the p53
binding probe. Furthermn vivo ChiP assays of the endogenp24 gene showed that
p53 and FBI-1 actually compete with each otherimtling to the distal p53-binding

element in Saos-2 cells (Fig. 4F, G).

5. The zinc-finger DNA-binding domain of FBI-1 direct interacts with p53 via
the p53 DNA binding domain

ChIP assays showed that FBI-1 expression resuttetecreased p53 binding
and vice versa. One possibility for this decreasedhiat the two proteins may
physically interact with each other and affect tli@NA binding activities. To assess
whether FBI-1 is directly interacting with p53, tomunoprecipitation and GST-
fusion protein pull-down assays were performed. Ték extracts, prepared from
control cells or cells stably transformed with a AB-FBI-1 construct, were
immunoprecipitated using an M2 anti-FLAG antiboadyl analyzed by Western blot
assays using an antibody against p53. p53 and Rd+& found to interact with
each othein vivo (Fig. 5A). The molecular interaction between FB#id p53 was

investigated usingn vitro GST-fusion protein pull-down assays.
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Figure 5. FBI-1 interacts with p53 via the p53 DNA-binding domain. (A) Co-
immunoprecipitation of FBI-1 and p53. Lysates prepafrom 293Trex cells and

293Trex-FBI-1-FLAG cells were immunoprecipitatedngsthe anti-FLAG M2-
antibody and analyzed by western blotting with 88 antibody.(B, C) GST-
fusion protein pull-down assays. Recombinant GSdtgim, GST-POZFBI-1, or
GST-ZFFBI-1 was incubated with®*§]-methionine labeled p53 or its deletion
polypeptides, was pulled down, and was resolveth W% SDS-PAGE. The gel

was then exposed to X-ray film.
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Recombinant GST-POZFBI-1 and GST-ZFFBI-1 were adldio interact withn
vitro translated [8]-methionine labeled p53 polypeptides.

The GST-ZF domain, but not the GST-POZ-domain rattieed directly with the
polypeptide containing the p53 DNA-binding domaiihese data indicate that FBI-
1 and p53 directly interact with each other vianimNA-binding domains, and this

interaction may affect their DNA binding activitlify. 5B, C).

6. The FBI-1 interacts with corepressor-HDAC complexes in vitro and in vivo.
and results in deacetylation of histones Ac-H3 and Ac-H4 at the proximal
promoter

FBI-1 can repress transcription by competing withex Sp1 and/or p53 for the
FRE/Sp1-3 GC-box and the distal p53-binding elemeritich are critical for
transcription. A question remains as to how FBlah ¢epress transcription other
than by binding competition with transcriptionatieators such as Spl and p53. The
data above suggest that the POZ-domain is impoftarttanscriptional repression
because the FBIAPOZ fragment cannot repress transcription (Fig. . 1E)
Transcriptional repressors such as PLZF and BCké known to repress
transcription by interacting with corepressors sashmSin3A, SMRT, NcoR, and

BCoR via their POZ-domains (27, 28).
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Figure 6. FBI-1 interacts with corepressors, and deacetylates histones, AC-H3
and AC-H4 bound at the p21 proximal promoter. (A) Co-immunoprecipitation of
FBI-1 and corepressors, SMRT, NCoR, and mSin3A.l&arextracts prepared from
293Trex control and stable 293Trex-FLAG-FBI-1 ceNgre immunoprecipitated
with ant-FLAG M2 antibody, and the precipitates weraalyzed by western blot
using antibodies against FBI-1 and corepresg@}.Co-immunoprecipitation of
FBI-1 and HDACs of class 1, 2 and 3. Assays wengiezh out as in (A).(C)
Transcriptional repression by FBI-1 involves HDACGHLa cells were transfected
with pGL2p21-Luc with or without FBI-1 expression vector. Cellere treated
with TSA for 30 hrs before harvest and analyzedlfiferase activity(D) ChIP
assays of histone modification at the proximal prtan of endogenoup2l gene
using antibodies against Ac-H3 and Ac-H4. HeLasce#re transfected with FBI-1-

FLAG expression plasmid and immunoprecipitated whthantibodies indicated.
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Accordingly, interactions beteween FBI-1 and coespors and functional
consequences of such interactions were evaluatdtkeitranscription regulation of
p21 bothin vivo andin vitro. Stable 293 Trex FBI-1 FLAG cells were prepared
which overexpress FBI-1 in the presence of an iaduaoxycycline. Co-
immunoprecipiation of nuclear extract prepared fr283 Trex-FBI-1 FLAG cells
showed that FBI-1 was interacting with corepressush as NCoR, SMRT, and
mSin3A (Fig. 6A).

Often, corepressor complex recruited by transamati repressors contain
HDACSs (histone deacetylases), and these HDACs tdatzethe histones in nearby
nucleosomes. Thus, FBI-1-corepresor complex immrguipitates were examined
for the presence of HDACs of class 1, 2, or 3. Vfestblots of the
immunoprecipitates showed that HDACs are componaiitsthe precipitated
complex (Fig. 6B). Accordingly, the effects on reportranscription of HDAC
inhibitor treatment on cells cotransfected with @321-Luc and pcDNA3-FBI-1
were evaluated. Treatment with TSA, an HDAC inhlubitresulted in a two-fold
increase in reporter transcription (Fig. 6C). FB#pression repressed transcription
by more than 50%, consistent with results seendn Ei However, in the presence
of FBI-1, TSA treatment did not result in the falttivation of transcription. This
data suggests that HDACs are at least partly imebhn the transcriptional
repression and that other mechanisms of transamigtirepression, such as binding
competition between transcriptional activators $pp53 and the repressor, FBI-1,

are also contributing to the transcriptional repi@s (Figs. 3, 5).

_38_



Because FBI-1 interacted with a corepressor-HDA@pex, the deacetylation of
the Ac-H3 and AcH4 histones by the the FBI-1-coespor-HDAC complex was
investigated using ChIP assays in HelLa cells. FRlecreased the levels of
acetylated histones 3 and 4 significantly. Thisultessuggests that histone
deacetylation at the proximal promoter is respdasifor the transcriptional
repression by the FBI-1-corepressor-HDAC complexemvhrecruited to the

FRE/Sp1-3 GC-box and the distal p53-binding elenfEigt. 6D).

7. FBI-1 induces céllular transformation and stimulates proliferation of HelL a
and NIH3T3 cells

As p21, an important negative regulator of cell cyclegrassion, is potently
repressed by FBI-1 at thranscriptional level, FBI-1 expression may causkutar
transformation and promote cell cycle progressidre ability of FBI-1 to form foci
of transformation was tested in HelLa cells trartsi@evith FBI-1 expression vector.
The transfected cells formed a substantial numbérad, suggesting that FBI-1 can
cause cellular transformation (Fig. 7A).

FACS analysis was used to investigate whether gpegssion of FBI-1 could
stimulate cell cycle progression and increase timaber of HelLa cells at S phase.
Stable Hela cells overexpressing FBI-1 and LacZevgemerated by infection with
recombinant lentivirus-LacZ or -FBI-1, and cell &y@rogression was analyzed.
The number of cells in S phase increased from 28.9%the control HeLa-LacZ

cells to 50.49% in HelLa-FBI-1 cells, suggestingt tthee cell cycle could not be
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arrested at the G1 check point because of trarigergh repression of thp21gene
by FBI-1. In addition, the number of cells in the-® phase decreased from
19.68% to 0.0%. However, in contrast, there wdlg lthange in the number of cells
in GO-G1 phase (Fig. 7B).

The effect of FBI-1 knock-down or overexpressionaatlular proliferation was
also examined using BrdU incorporation as an inafesell proliferation. While the
percentage of cells incorporating BrdU was sigatifity increased from 2% to 37%
in the NIH3T3 cells stably expressing FBI-1 (FigD)7 knock-down of FBI-1
MRNA significantly decreased the number of BrdUomporation-positive HeLA
cells (Fig. 7C, D). A similar BrdU incorporationsay was performed with control
and stably-transformed 294 Trex-FLAG-FBI-1 cellsduced expression of FBI-1 by
doxycycline significantly increased the percentafeells with BrdU incorporation
while the control cells did not show a significatiference (Fig. 7E). These data,
along with the data from FACS analysis, suggest Btl-1 expression promotes

cell proliferation.
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Figure 7. FBI-1 causes cdlular transformation, and promotes cell cycle
progression and proliferation. (A) Foci-formation assays. HelLa cells transfected
with the FBI-1 expression vector were cultured iedmm containing G418 for two
weeks. Cells were fixed with 4% formaldehyde araingtd with 0.1% crystal violet.
(B) FACS analysis of cell cycle progression. HelLa cgtigbly overexpressing FBI-1
and LacZ were established by Lentivirus transfeciind G418 selection. Cells were
stained with Propidium lodide and cell proliferativas measured with FACEC)
Knock-down of FBI-1 and BrdU incorporation. HeLallsewere transfected with
control siRNA or three different FBI-1 siRNA. Aftéransfection, cells were grown
in DMEM media containing BrdU and analyzed as dbscr above.(D) BrdU
incorporation assay. NIH3T3 and stable NIH3T3-FRiells were grown in DMEM
media containing BrdU. The cells were fixed in 3.78maldehyde, rinsed, and
treated with 2N HCI. Cells were then incubated waithi-BrdU antibody, and further
incubated with goat Cy2-conjugated anti-mouse s#gignantibody. The cells were
treated with DAPI, and the cells with incorporatediB were counted(E) BrdU
incorporation assay in 293Trex cells. 293Trex aunénd stable 293Trex FBI-1-
FLAG cells were grown in DMEM media containing Brdb the presence or
absence of inducer Doxycycline. The cells were ameaml\as described above.
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8. FBI-1 and p53 is highly expressed and p21 expression is low in colorectal
cancer tissues

The relationship among p53, FBI-1, and p21 in dotencer tissues was
evaluated by immunochemical staining of micro-tessaurays of human normal and
caner tissues. FBI-1 was weakly detected in 120bu45 non-neoplastic tissues
tested (prostate, testis, proeddometrium, sec-edtrum, paratoid glans, pancrea,
fallopian tube, stomach, jejuni, ileum, kidney eortand gal bladder) . Most positive
staining of the normal tissue showed weakly positeaction in the cytoplasm.

FBI-1 was abundantly expressed in both the nuctewus cytoplasm of various
tumor tissues and, interestingly, the majority wiors showing positive staining
reactions were adenocarcinoma and squamous ceihoaras of stomach, pancreas,
lung, and prostate. In rare tumor cases, FBI-1 se&s mainly in the cytoplasm. In
an immunohistochemical staining assay for FBI-46fcolon cancer array cores,
approximately half (19 out of 45) of the cases stwstrong positive nuclear and
cytoplasmic staining patterns (Fig. 8E). As rephr{gs3 was abundantly expressed
in the nucleus of cancer cells (Fig. 8G).

In agreement with the above transcription analys4, a target of p53 and FBI-1,
was detected in only two cases, both of which sldoweak staining in a small
number of clonal cancer cells (Fig. 8H), althoughnycases showed positive p53
nuclear staining. This data suggestes that FBI+l aantribute to the repressed
transcription of21 in clonal cancer tissues, which may be importardricogenesis

and tumor growth.
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Figure 8. Immuno-histochemistry of colon cancer tissues for FBI-1, p53 and
p21 expression. Low power microscopic images comparison between H&dning
and FBI-1 immunohistochemical staining of colomeaocarcinomgA, H&E, 12x;
B, FBI-1 12%. The colonic adenocarcinoma cells show more inteRBé1
immunoreactivity than adjacent normal colonic mac@adicated by arrows») (C,
FBI-1, 40x; D, FBI-1 100%. Although most of the adenocarcinoma tissues show
prominent nuclear and cytoplasmic FBI-1 immunoldktmical staining pattei(t,
FBI-1 200%, some colonic adenocarcinoma cells show cytoplasfiRi-1
immunoreactivity (F, FBI-1 200%. In many cases, p53 shows intense nuclear
immunoreactivity(G, p53 1003. But p21 expression is low and, only in rare cases,

focal immunoreactivity was observéd, p21 2003.
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V. Discussion

FBI-1 expression was shown to cause cancer irhgmaus, liver, and spleen of
transgenic mice by repressing mousé, a tumor suppressor gene, which in turn
lowers expression of the tumor suppressor g&3g9). FBI-1 has broad biological
functions outside of its activity on th&f gene:p53, p21, and, possiblyMdm2 of
the Arf-Mdm2-p53-p21 pathway, are also targets BFE. Although FBI-1 appears
to regulate virtually every gene of the pathwayedily or indirectly, we selected a
gene which plays a more direct role in controllingll cycle progression to
investigate the molecular mechanism of protoondejmoFBI-1 action in cellular
transformation and oncogenesis. We found thatptiegene is a direct target of
FBI-1 and the molecular mechanism of its regulation FBI-1 is complex,
involving both the proximal promoter and the digi&B-binding element.

EMSA, mutagenesis, and transfection assays all stidhat FBI-1 competes with
Spl to bind to the proximal FRE/Spl1-3 GC-box, ledaat -82 to -77 bp. With
respect to Spl, the FRE/Sp1-3 GC-box is probakdyntiost important regulatory
element in the transcriptional regulationpgfl. It is a direct target of regulation by
Spl and Sp family members, and mutation of the etgndramatically lowers
transcription, as shown by others (18). The FRE/SEC-box is also essentfat
the synergistic transcriptional activation by p58tSnteractions. The p53-mediated
transactivation of theg2l promoteris achieved through functional cooperation
between p53 and Sphound to the FRE/Spl-3 GC-box. Intriguingly, FBI-1

competes for this particular site to disrupt ba#nscriptional activation by Sp1 and
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also p53-Spl interactions, which are importantriducible expression gi21 upon
p53 induction by genotoxic stress.

ChIP assays showed that FBI-1 was also cross-litdkéiae distal p53-responsive
region of thep21 promoter. EMSA and protein-protein interactionagssshowed
that FBI-1 binds to the p53-binding element by cetimy with p53 and that FBI-1
interacts with p53 directly to inhibit p53 bindingsulting in reduced transcriptional
activation by p53. This site has previously beemmshto mediate the induction of
p21 by various agents such as T&Fbutyratethe histone deacetylase inhibitor
trichostatin A, lovastatin, and @faamong others. Accordingly, not only are DNA-
damaging signals that result in p53-medicated itidonmf p21 blocked by FBI-1,
but the various signals mentioned above are likelige blocked by FBI-1 as well,
since it occupies the FRE/Sp1-3 GC-box by compatiity Sp1 and it also binds to
the distal p53 binding site.

The molecular mechanism of cell cycle regulati@n tvanscriptional repression
of p21 by FBI-1 is intriguing (Fig. 9). Under normal agdlr conditions, where p53
is expressed at a low basal level and FBI-1 isone$ent or is low compared to Sp1,
the p21 gene is expressed at a low basal level and celldgrate normally. When
cells are challenged with genotoxic stress, theotusappressor p53 is induced and
activates transcription gi21l by interacting with the Sp1 bound at the FRE/Sp1-3
GC-box. The induceg?2l arrests cell cycle progression, allowing cellsrépair

DNA damage.
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Figure 9. Molecular mechanism of transcriptional regulation of the cell cycle
regulator p21"*"“" gene by proto-oncogene FBI-1. (A) Regulation of Arf-Mdm2-
p53-p21 pathway by FBI-1. FBI-1 represses trangonpof Arf, p21 genes. Solid
line, transcription repression; double arrow lipeptein-protein interaction(B)
Hypothetical molecular mechanism of transcriptioregulation of the p21 gene in
three different physiological states. In the norrstdte, where p53 and FBI-1
expression are low, transcription of the p21 gsneontrolled mainly by Sp1 family
transcription factors acting on the proximal GC-®xand transcription is at basal
level. Cells proliferate normally. When cells atealenged by genotoxic stress and
the expression of FBI-1 is low, induced tumor segpor p53 binds to the distal
element and communicates with proximal promoter ndouwSpl to activate
transcription of p21. The induced p21 arrests cgdlle progression and allowing
cells to repair DNA damage. When expression of Ip&B8 and FBI-1 is high, as in
cancer cells, FBI-1 binds to the distal p53 bindakgment by binding competition
with p53 and also to the proximal GC-box 3/FRE alatrby binding competition
with Spl. The FBI-1 on the p53 binding element anoiximal promoter, in turn,
recruits the corepressor-HDAC complex to deacedgldtistones, Ac-H3 and AcH4
at the proximal promoter, which repress trans@iptiTsp (+1), transcription start
point ().
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In cells where FBI-1 expression is high and with D&IA damage, FBI-1
represses transcription by directly binding to bibid proximal FRE/Sp1-3 GC-box
and distal p53-binding element. Such DNA-bound EBdan recruit corepressor-
HDAC complexes and deacetylate histones of the ip&x promoter, which

represses transcription.
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Figure 10. FBI-1 represses transcription of the p21"#“" genein HCT-116 cells.
(A) HCT-116 cells were co-transfected with promoter-lfusion palsmid, FBI-1
expression plasmid, and pCMV-LacZ expression pldswfter 48 hrs, cells were
harvested and analyzed for luciferase reportewigctiThe data shown are an
average of three independent assays. Bars,(B)FBI-1 represses transcription by
acting on the proximal promoter of p21 gene. HC®B-t&lls were transiently co-
transfected with plasmids expressing FBI-1 and p@22-Luc. Luciferase activity
was measured 48 hrs after transfection. The datavrshare average of three
independent assays. Bars, S(B) Induction of p53 expression by etoposide and
transcription repression of p21 by FBI-1 in HCT-1délls. HCT-116 cells were
transfected with pGL2-p21-Luc -2.4 kb and FBI-1 mgsion plasmid. After
culturing 40 hrs, cells were treated with DNA daimaggagent etoposide for 8 hr,
harvested and analyzed for luciferase reportewigctiThe data shown are an
average of three independent assays. Bars,(B)Dlranscription activation of p21
gene by p53 is inhibited by FBI-1 in HCT-116 p53cklls. Plasmids expressing
FBI-1, p53, and pGL2-p21-Luc-2.4 kb were transient-transfected into HCT-116
p53-/- cells. After culturing 48 hrs, cells werenested and analyzed for luciferase
reporter activity. The data shown are an averaghrek independent assays. Bars,
S.D. (E) Western blot and RT-PCR analysis of the stable HC&-p53 +/+ and
p53-/- cells overexpressing FBI-1 or control veastablished by transfection with
recombinant Lenti viruses. GAPDH, control.
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This mechanism suggests that FBI-1 itself may pbterepressp2l gene
expression and promote cell proliferation. Thisacof FBI-1 may be important in
sustained tumor growth, where p53 is no longeréedwr p53 expression is low.

In the situation where cells are under genotoxiesst and FBI-1 expression is
high or in cancer tissues which have high levelbaih p53 and FBI-1, as in some
clonal cancer tissues, FBI-1 represses transconigiiodirectly binding to both the
proximal FRE/Spl-3 GC-box and the distal p53-bigdaiement. Although p53
expression is also highly induced, p53 has to coepéath FBI-1 to bind to the
distal p53-binding element. In addition, molecuilateractions between the DNA-
binding domains of p53 and FBI-1 affect the bindioigp53 to the distal p53-
binding element. Also, because the proximal FRE/S@E1box is occupied by FBI-1,
p53 cannot exert its transcriptional activationegmbial. The DNA-FBI-1 complex
recruits corepressor-HDAC complexes, which deaagtyhistones at the proximal
promoter. Although p53 is arounpRl transcription is potently repressed by FBI-1.
In this case, cells proliferate without arrest angtations accumulate, resulting in
cells that are likely to undergo oncogenic transiation.

Molecular interactions occurring in both the proainand distal promoter are
unique and may be applicable to the transcriptioegllation of other genes in the
Arf-Mdm2-p53-p21 pathway. Maeda al. found that FBI-1 competed with Sp1 to
bind the GC-box regulatory element ARF (18). Recently, Our laboratory found
that FBI-1 competed with Spl for the proximal GGebregulatory element of the

Rb gene (in preparation). Upon EMSA, FBI-1 showseaharacteristics of Spl-
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family Kruppel like zinc-finger proteins and boutwl sequences similar to the GC
boxes recognized by Spl (data not shown). CASTyaisafor the FBI-1 DNA
binding consensus sequence selects GC—rich sequitratehave some similarity to
the Spl binding consensus sequence (9, 26). Ngtdwds recombinant Spl bind
most of the FRE probes, some of the Sp1-bindingo@X&s can be bound by FBI-1.
This suggests that a subset of GC-boxes recogiige®pl may be transcriptional
repression targets of FBI-1, and, accordingly Spl-FBantagonism may be a
general mechanism of transcriptional repressidrBif1 target genes.

Our findings suggest that FBI-1 plays a criticale in regulating important
biological processes such as DNA repair, cell ghodifferentiation, an@poptosis
by complex molecular interactions that involve FBISpl1, p53, a distal p53-
binding element, and a proximal promoter FRE/Sp&c3box element of thp2l
gene. It seems that a major modepd1 transcriptional repression by the negative
regulator FBI-1 is the interferencgith positive transcription factors, such as

constitutitve Sp1 and inducible p53.
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V. Conclusion

FBI-1 represses transcription of &l gene in HelLa cells

Identification of the proximal FBI-1 binding pronsst element (FRE) and
overlap of the FRE with the Sp1-3 GC-box

Molecular competition between Spl and FBI-1 atFRE/Spl-3 GC box is
partly responsible for transcriptional repression

FBI-1 binds to the p53-binding element @21 and blocks transcriptional
activation by p53

. The Zinc-finger DNA-binding domain of FBI-1 intettacdirectly with p53
via the p53 DNA-binding domain

FBI-1 interacts with corepressor-HDAC complexesitro andin vivo and
results in the deacetylation of histones Ac-H3 #&uwdH4 at the proximal
promoter

FBI-1 induces cellular transformation and stimudapgoliferation of HelLa
and NIH3T3 cells

FBI-1 and p53 are highly expressed and p21 exmmessilow in colorectal
cancer tissues

FBI-1 plays a criticadole in regulating important biological processeshsas
DNA repair, cell growthdifferentiation, anépoptosis by complex molecular
interactions that involve FBI-1, Sp1l, p53, a digtaB-binding element, and a

proximal promoter FRE/Sp1-3 GC-box element ofg& gene.
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