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Abstract

Regulation of Rb function
by FBI-1 through repression

of Rb gene transcription

Jung-Yoon Yoo

Department of Medical Science

The Graduate School, Yonsel University

(Directed by Professavian-Wook Hur)

FBI-1 (also called Pokemon) is a transcription dacwith a POZ-
domain at N-terminus and four Kriippel-like zincdans at C-terminus. FBI-1
regulates transcription of various genes and plagportant roles in
differentiation, oncogenesis and adipocyte difféadion. Recently, FBI-1
was shown to have a proto-oncogenic activity asi@xipression is elevated in

many cancer tissues. We investigated whether Fiifekts tumor suppressor



Retinoblastoma (Rb) gene expression at transcription level. Rb propd@tys
important roles in the regulation of cell cycle, optosis, and cell
differentiation and the role is important in tunsuppressor. We found that
the several potential FBI-1 binding sites (FRE @emssis sequence,
GDGGGYYYY) are present in the proximal promoterioggof Rb gene. The
transcription of theRb gene is potently repressed by FBI-1. We found that
FBI-1 binds to the four FRE (bp -308 to -300, bp&2o -290, bp -244 to -
236, and bp -188 to -180) by EMSA vitro andin vivo, as evidenced by
ChIP assays. The transcriptionRi§ gene is regulated by transcription factor
such as Sp1, E4TF1, Fli-1, p53, ATF, E2F, CREB1 @bdr-1 by acting on
the region from bp -64 to -41, which is essentraltrianscription. TheRb
promoter contains two Spl sites at bp -64 to -58 bp -17 to -12, both
known to be critical transcription. We found th&!H could bind to one of
the Sp1l binding site located at bp -17 to -12. &oibind three FRESs located
at bp -308 to -300, bp -244 to -236, and bp -188.89. We demonstrate that
FBI-1 can repress transcription & gene by competitive binding with Sp1 to
the Spl binding GC-box (bp -17 to -12) and to tiRERbp -244 to -236).
Although the competition by FBI-1 can be importaint transcription
repression by excluding transcription activator $min the key regulatory

elements, FBI-1 can also repress transcription doyintg repression domain



called POZ-domain that was shown to repress trgoignr by recruiting
corepressor protein complex, as shown for other Padkily proteins, PLZF
and Bcl-6. We investigated whether the POZ-dom&iRBI-1 can recruit the
corepressors such as BCoR, NCoR, mSin3A, and SMRTidimmalian two-
hybrid reporter assays, and GST pull-down assdys.BICoR interacted with
the POZ-domain of FBI-1 most strongly, which isldaled by SMRT, and
NCoR. mSin3A did not show significant molecular eirgction. Histone
deacetylation caused by corepressors might be baoin the transcription
repression. In conclusion, FBI-1 might repress decaiption of Rb gene by
competitive binding with Spl to some key regulatelgments and also by
recruiting corepressors to the promoter regioncmdmatin modification.
Since Rb protein plays an important role in cetfleyarrest anéb gene
is repressed by ectopic FBI-1, FBI-1 may influene# cycle, apoptosis, and

cell differentiation by repressirigb gene expression.

Key words: RbRb promoter, FBI-1, Pokemon, transcription repressipil,

corepressors

Vi



Regulation of Rb function
by FBI-1 through repression

of Rb gene transcription

Jung-Yoon Yoo

Department of Medical Science

The Graduate Schooal, Yonsel University

(Directed by Professor Man-Wook Hur)

[. Introduction

The tumor suppressor retinoblastoma (Rb) has beenob the main
targets for cancer research. The importance of Rkeip in regulating key
cellular events was first suggested by the idewifon of a tumor,

retinoblastoma, in which the Rb locus was invagidblnd to be deleted, and



implicated in the development of various cancershsas small cell lung
carcinoma, osteosarcoma, breast cancer, head akdtureors, and mantle
cell ymphomas: ?

TheRb gene functions to suppress tumorigenesis by itihgocell cycle
progression at the G1/S transcription of severalege * Early studies
demonstrated that Rb is phosphorylated in a calleeylependent manner.
Accordingly, Rb appears to be predominantly unphosgated or
hypophosphorylated in the G1 and maximally phosghted in G2 phase of
the cell cycle (Fig. 1). The critical phosphorytati events regulating the
function of the Rb are likely to be mediated at bioeindary between the G1
and S phases (called check-point) of the cell cysfecyclin and cyclin-
dependant kinase (Cdk) protein compleké&Vhen it is not phospharylated,
Rb forms complexes with proteins in the E2F farity inhibits transcription
by recruiting proteins involved in transcriptionadpressior: © And when
phosphorylated, Rb can no longer efficiently foromplexes with E2Fs. The
E2F proteins, when dimerized with their differetiba-regulated
transcription factor (DP) partner proteins, arentlsepable of activating the
expression of a number of genes that are likelsetulate or promote entry
into S phase, including DNA polymerase, thymidylatgynthase,

ribonucleotide reductase, cyclin E, and dihydrdbiazductasé.‘l’he E2F
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Figure 1. Regulation of the retinoblastoma protein(Rb) inactivating by
phosphorylation during cell cycle progression. The Rb protein is
hypophosphorylated (~3 Pi) in G1 phase of cell €yaend phosphorylation
(Pi) of specific sites appears to increase durialh cycle progression. A
protein complex containing cyclin (Cyc) and cyatiapendant kinase (Cdk)
(e.g., CycD1 and Cdk4) phosphorylates Rb prior MAynthesis (S-phase)
The CycD1/Cdk4 complex is regulated by pl6 inhibipootein, which is
itself the product of a tumor suppressor gene. WhBb in
hypophosphorylated state binds with E2F transamptactor and is brought
to the E2F/DP target gene promoters and repressassctiption.
Hyperphosphorylation of Rb releases Rb from the /EPFbound protein
complex and results in transcription activationefF target genes such as
those involved in DNA synthesis. The figure indest that RDb
phosphorylation increases in G2 phase while Rbejghdsphorylated at or

near anaphase.



family members directly affect cell cycle progressi proliferation and
development was recently shown in conditional kmatkmouse models.
Consequently, th&b gene functions are important to suppress tumoeigjen
by inhibiting cell cycle progression.

So far, many studies of Rb function focused onotaicell function
regulated by the Rb/E2F complex at protein levdthdugh, studying Rb
function at protein level is important, investigats on how transcription of
Rb gene is regulated are also important in understgritie functions of Rb
and cellular function carried out by the protkifihe Rb promoter is located
upstream of the humaRb gene within an unmethylated CpG-rich DNA
sequence and contains no CCAAT or TATA box, indigatthat the
transcription initiation complex is recruited tatiator-binding factor$: ® A
sequence within the promoter, often referred tahasessential regulatory
region which contains the DNA binding motifs forISEE4TF1, Fli-1, p53,
ATF, E2F, and CREB1, has been shown to be impoftanboth basal and
regulated transcriptioll. The Spl and ATF sites within the essential
regulatory region are thought to be essential atig of basal promoter
activity.™ Also, MyoD is associated with CREB and targeted to Rhepromoter
CRE in a complex also containing the p300 transorgal coactivatof: *? The

resulting multiprotein complex stimulates transtidp from theRb promoter, so that



MyoD is a key event in the process of skeletal reudiferentiation™> Also, GABP
and E4TF1 activate transcription Bb promoter by directly binding to RBF maotif,
upon induction of differentiation, the GABP cofactbllCF-1 is recruited to and
coactivates theRb promoter with GABP* *® In contrast,YY1, which exerts an
inhibitory effect onRb gene expression, is removed from the promoteredls ¢
advance through myogenesis and translocates fremuhbleus to the cytoplas’nr’i.17
All these data suggests that multiple transcripti@ctors act on the
transcription ofRb genes and greatly affect the biological functicasried
out byRb gene.

The BTB/POZ (Ipoad complex, fTamtrack, and fic-a-brac/pavirusand
zinc finger) domain is an evolutionarily conserveadtpin-proteirinteraction
domain that is found at the N-terminus of variceltular and viral regulatory
proteinst® The proteins containinthe BTB/POZ domain have several C-
terminal structures importairt their biological functions, such as the zinc
finger, actin-bindingepeats, and ion channel motits:® The POZ-domains of
PLZF (promyelocytic_eukemia_inc finger) and Bcl-6 (Bcell lymphoma-§
have been shown to interact with BCoR (BCL-6 int&rg corepressor),
NCoR (nuclear receptao-repressor), mSin3A (mammalian homologs of
yeast repressor switch-independent), SMRT (silencirediator foretinoid

and thyroid hormone receptors), and histone dekasets’"?* POZ-domain



proteins are strongly involved in many critical lakdr processes such as
development, oncogenesis, apoptosis, ion chantigltgcand transcription,
as shown in some transcription repressor such Z&,Mcl-6 and FBI-1Also,
GAGA, a transcription regulator oDrosophila, facilitates long-range
activation by providing a protein bridge that meesaenhancer—promoter
communication and thus stimulate transcriptionibkihg an enhancer to its
cognate promotéf.”® Strikingly, in addition to facilitating activatioby a
remote enhancein cis, GAGA was also shown to direct activation of a
promoter by an enhancer located on a separate DNWcole. Enhancer
function in trans is critically dependent on POZ-domain-mediated @AG
oligomerization, enabling GAGA to bind two DNA moldes (e.g., PRE and
promoter) simultaneous®y:?® Currently, there are 183 proteins with
BTB/POZ domain. Among them 43 POK (POZ and Kruppekc finger)
family proteins are important in embryogenesis,| dhbfferentiation, and
tumorigenesis? In particular, PLZF and Bcl-6 were shown to be amant in
hematopoiesis, and in the development of lymphand,leukemia and other
cancers. Interactions between POZ domains and ress proteins (BCoR,
NCoR, mSin3A, and SMRT) and other transcriptiontdes could regulate
transcription of many genes. The transcription regicen by the molecular

interaction was proposed to be important in theogeaisis>>>*



We have been investigating on the biological fuwrctiof various
BTB/POZ-domain proteins, especially FBI-1. FBI-la¢for that Binds to the
Inducer of short transcripté human immunodeficiency virus-1) was purified
as a cellulafactor that binds specifically to the wild-type I$ihducerof short
transcripts) elements of human immunodeficiency s¢#itu (HIV-1) long
terminal repeats (LTR) and the proximal promoteitref ADH5/FDH gene,
and its cDNA was cloned:®* FBI-1 is a ubiquitous transcriptidactor that
contains a BTB/POZ domain at its N terminus Knigppel-like zinc fingers at
its C terminus® There havédeen several recent reports on the function of
FBI-1. FBI-1stimulates Tat (transactivator of transcriptionjiaty of HIV-1
LTR and represses hum&bH5/FDH gene expression by interactinith
Sp1 zinc fingerd? *® The mouse counterpart of FBI-1, LRF
(leukemia/lymphoma-related factor), is co-immunap#ated and co-
localized with Bcl-6"° The rat homolog of FBI-I)CZF (osteoclast-derived
zinc finger), is a transcription repressocand is involved in
osteoclastogenesi$. SAGE (serial analysi®f gene expression) analysis
shows that the expression of FBislincreased in cancer tissues (available at
www.ncbi.nlm.nih.gov/UniGene/clust.cgi?ORG=Hs&CI34640).

Recent studies showed that FBI-1 could play impartaellular

functional roles by regulating gene expression byious protein-protein,



protein-DNA interactions. FBI-1 was shown to intravith Spl zinc finger
DNA binding domain and thus regulates the transiompof ADH5/FDHgene
and also was shown to enhance transcription medibye NFKB by the
interaction between the POZ-domain and RHD of K#F** ** FBI-1could
selectivly bind to active chromatin and increasedhtivation potential of Tat.
More recently, FBI-1 was shown to repress transionip of several
transcription factors, important in cell cycle acamhtsuch as cyclin A, cdk2,
E2F-4, p130, and p170 although the detailed mesharémains obscurg>®
Recently, FBI-1 or Pokemon was shown as a protogeme to
promote®” Transgenic mice overexpressing FBI-1 was showrrefress
transcription of a tumor suppressor gene ARF bydibop to the promoter
region. p14~" is the transcription activator of p53, another dursuppressor.
Accordingly, repression of ARF can eventually inhéxpression of p53, and
promotes of oncogenesis in thymus, liver, splead, tamor infiltration into
bone marrow. In FBI-1 knockout mice, overexpressishARF increased
expression of p53, induces senescence apoptodis,eaentually blocks
cellular differentiatior?’® FBI-1 is overexpressed in solid tumors sash
colon cancer and bladder cancer in which the nofamaitionof the ARF/p53
pathway is frequently lost: * Accordingly, it is likely thaEBI-1 has multiple

additional target genes by which it @ert its oncogenic activity. These data



suggest that FBI-1 would have multiple additionalget genes related
oncogenesis.

We suspected that FBI-1 might be involved in thengcriptional
regulation ofRb genes important in cell cycle control and tumgomession.
We and others investigated potential binding dited=BI-1 and generated a
GC rich DNA binding consensus sequences, 5-GDGGE&Y8' or
RMGACCCCCCCCC! 1t is similar to Sp1 binding consensus sequences,
5'-KRGGMGKRRY-3".***3*We found 10 several potential FBI-1 binding sites
(FREs) in the proximal promoter region Bb gene and found that FBI-1
could repressed transcription of Rb gene with 4P0Oupstream regulatary
sequence. We investigated the molecular mechanigntramscriptional
regulation of Rb genes by proto-oncogene, FBI-1. FBI-1 represses
transcription by interacting with corepressors.cAlEBI-1 competes with Spl
in binding to some of the key regulating eleme@®€&;boxes and FREs.

FBI-1 represses Rb at the gene transcription lewgld it could drive
cells into S phase. We suggest that FBI-1 overessgiwa, found in cancer

cells, might be involved in altered checkpoint colst during oncogenesis.
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[I. Materials and Methods

1. Plasmid construction

pGL3-Rb gene promoter (bp -370 to +106) fusion plasmid kiaslly
provided by Dr. Masayuki Sekimata (Fufushima Mebigaiversity School of
Medicine, Japan). pGLRb gene promoter fusion plasmid was prepared by
enzyme digestion of pGLBb gene promoter into pGL2-Basic plasmid
(Promega, WI). Various mutanRb promoter and reporter gene fusion
plasmids were prepared by site directed mutagekigiStratagene, CA). The
expressiomplasmids for the VP16-corepressors, the BCoR (Hl2-753),
NCoR (a.a. 1709-2215nSin3A (a.a. 69-316), and SMRT (a.a. 194-657)
fusion proteins (pKH135EF-BcoR, pKH73/110EF-NCoR, pCMX-m3A,
and pCMX-SMRT), were kindly providday Drs. Ronald Evans (The Salk
Institute, CA), Vivian Bardwell (Universityof Minnesota, MN) and
Dominique Leprince (Institut Pasteur de Lille, killFrance), respectivel§i*°
pcDNA3-FBI-1, pcDNA3-FBI-WPOZ, and pGiuc were reported
elsewheré? Also, to prepare pGL2-FRE clustét-Luc, pGL2-6x (Sp1-1) -
tk*-Luc, and pGL2-3x (Spl-2)tk*-Luc, the parent pGL2*-Luc was
mutated at the two Spl binding sites t&f (thymidine kinasg minimal

promoter. 5-GCCCCCGCCC-3’ and 5-GGGGCGGCG-3' smpes of the

11



tk* promoter were mutated into 5-GCCCCCGEA' and 5'-
GGTTCGGCG-3' respectively. For site directed mutagenesiwo
oligonucloetides (only top strands are shown), 5-
GATCAGATCTGGATCCGGCCCCGCCCAGCG-3 and 5'-
CGCAGATGCAGTCGGTTCGGCGCGGTCCGAGG-3' were used. To
prepare pGL2-FRE clusték*-Luc, a promoter region with 4 FRE cluster
(149 bp fragment ranging from -318 bp to -170 b@swCRed fronRb
promoter using two oligonucleotides , 5-GATCGGTAGGATAGGGATGA
GGC-3' and 5-GATCCTCGAGGAAACCTGGCGTGGG-3', and aled into
pGL2tk*/Kpn /-Xho 7. pGL2-6x (Spl-1)tk*-Luc was prepared by cloning
6 copies of GC-box1 (top strand, 5’-GTGACGCCGCGG®&IAGTGACG
TTTTCCCGCGGTTGGACGCG-3) and pGL2-3x (Spl-2)k*-Luc was
prepared by cloning 3 copies of GC-box2 (top stranf'-
AGTTGCCGGGCGGGGGAGGG-3) in front ak* promoter of pGL2k*-
Luc. To prepare, the GST-P@¢; fusion protein expression plasmitie
cDNA fragment encoding the POZ-domain of FBI-1 wascloned into
PGEX4T3 (Amersham Biosciences, NJ) and reported elsewfiefhe
expression plasmids for Sp1ZDBD (a.a. 622-778) &Bi#+1ZFDBD (a.a.
366-495; 5-GATCGGATCCGCCTGGTCGCAGAAGGTGGAG-3’;  b5-

GATCGTCGACCGAGGGGACGCCGTTGCAGCCGTC-3') were premhre

12



by cloning PCRed cDNA fragments cloned into pGEX4The mammalian

expression plasmids of the corepressors \peepared by subcloning the
cDNA fragments encoding for BCdR.a. 112-753), NCoR (a.a. 1709-2215),
mSin3A (a.a. 69-316), and SMRA.a. 194-657) into pcDNA3.0 (Invitrogen,

CA) and reported elsewhef&?

2. Cell culture/ stable cell line

HelLa cells were cultured in Dulbecco’ modified eagiedium (DMEM,
Gibco-BRL, MD) supplemented with 10% fetal bovirerwsm (FBS, Gibco-
BRL, MD) at 37C , 5% CQ@ Stable HelLa cells overexpressing FBI-1 were
prepared by transfection of HelLa cells with a rebimrant Lenti virus,
LentiM1.4-FBI-1 tagged with Flag peptide. Brief850 0 of 4x10 TU/ml
of LentiM1.4-FBI-1 (Vectorcorea, Korea) was usedni@ct HeLa cells plated
on 12-well plate supplemented with/&/ml of polybrene (Sigma, MO) to
increase infection efficiency and incubated at 37/3% CQfor 6~8 hrs and
replaced with fresh culture medium. After 2~3 daf$ncubation, cells were
transferred onto a 6-well plate and selected stables with 1 xg/ml of
puromysin (Sigma, MO). Control stable cells werepgared by infection with

LentiM1.4-LacZ (Vectorcorea, Korea).
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3. Electrophoretic mobility shift assays (EMSAS)

The oligonucleotide probes (100 picomoles each3i3 1M Tris-HCI,
pH 8.0, 16.7 mM MgGl 166.7 mM NaCl) were annealed by heating a€93
for 5 min and cooling down slowly to room temperatuAfter diluting the
solution containing the annealed oligonucleotidé$ water to 50 mM Tris-
HCI, pH 8.0, 10 mM MgGl 100 mM NacCl, 100 picomoles of annealed
oligonucleotides for EMSAs were labeled with-*fP] dATP and Klenow
enzyme (Roche, Mannheim, Germany) by incubating7&t 3or 10 min.*?P
labeled, double-stranded oligonucleotides werefipdriwith sephadeX’ G-
50 (Amersham Biosciences, NJ). For competition yassanlabeled
oligonucleotides (200x cold competitor) were adtiedhe reaction mixture.
The sequences of FREs and Spl binding GC-box alijentides are as
follows: top strand sequences are shown. FREXGAFCGGATGAGGCCC
ACAGTCACC-3; FRE2, 5-GATCCCACAGTCACCCACCAGACT-3;,
FRE3, 5'-GATCAGGGGGTGGTTCTGGGTAGA-3’; FRE4, 5'-GATTSC
CTGGACCCACGCCAGGT-3’; GC-box1, 5-GATCACGCCGCGGGCBG
AGTGAC-3'; GC-box2, 5-GATCAGTTGCCGGGCGGGGGAGGG-3'.
Each binding reaction was carried out in 20 of binding buffer containing
10 mM HEPES, pH 7.9, 60 mM KCI, @M ZnCl,, 1 mM dithiothreitol, 1%

BSA, 7% glycerol, 0.1zg recombinant FBI-1ZFDBD (zinc finger DNA

14



binding domain) or Sp1ZFDBD, and 10,000 cpm probeam temperature
for 30 min. Where indicated, antibody against T&gl-1 or Sp1l was added to
EMSA binding reaction. The protein-DNA complexeseveesolved from free
probe by 4% non-denaturing polyacrylamide gel etgdioresis (PAGE) at
room temperature in 0.5x TBE buffer (89 mM Tris-Ba, 2 mM EDTA, pH
8.3) at 150 V for 1.5 hrs. The dried gels were eggoto X-ray film at -7C

with a Kodak intensifying screen (Kodak, NY).

4. GST Fusion Protein Purification, in Vitro Transcription and
Translation of Corepressors

GST or GST fusion protegxpression was prepared frdncoli BL21
(DE3) transformed with GST or GST fusion proteirpression plasmid. The
E. coli were induced witl).5 mM isopropyl-1-thid3-D-galactopyranoside
(IPTG) for 4 hrs at 37°C. The cells were lysed ¥ysid buffer containing 1x
PBS, 1 mM PMSF, 2 mM EDTA, and 0.2 m/lysozyme, then sonicated 3
~ 5 times to make lysates. The recombinant protaigse purified with
glutathione-agarosé bead by affinity chromatography (Peptron, Daejeon
Korea). Thepurified proteins were resolved with 12% SDS-PAGE t
quantitate and assess purity. The same amountigioalof the protein-

agarose bead complex was used in GST-fusion prptgiown assays.

15



The corepressor polypeptides were prepanedtroby incubating lig
of pcDNA3.0 corepressor expression plasmids withT TRuick-coupled
Transcription/Translation Extract (Promega, Wi)nt@ining 40 0 of TNT
Quick Master Mix and I of [**S] methionine (1175.0 Ci/mol, PerkinElmer
Life Sciences, Inc.) at 30°C for 90 min. Polypeptideregpionievels were

then analyzed by running 3! of the totamixture on a 12% SDS-PAGE.

5. GST Fusion Protein Pull-down Assays

The purified GST fusiomproteins (51g) were incubated with GSH-
agarose (Sigma, M®r 1 hr in HEMG buffer (40 mM HEPES, pH 7.9, 100
mM KCI, 0.2mM EDTA, 5 mM MgC}, 0.1% Nonidet P-40, 10% glycerol,
1.5 mMdithiothreitol, and protease inhibitor mixture, ablet/50ml of a
protease inhibitor mixture (Roche, Mannheim, Gerghat4°C for 1 hr. After
the agarose-GST protein complexes were watired times with 1ml of
cold HEMG buffer, 10«0 of thein vitro translateadorepressors were added
and incubated in HEMG buffer at 4°C for 4 hrs. Thaction mixtures were
centrifugedat 3,000xg at 4°C, and the supernatants were remewetl the
pellets were washed five times with cold HEMG buffEhe bound proteins
were separated by a 12% SDS-PAGE. The SDS-PAGEwgs! driedand

exposed to X-ray film using image-intensifying saréKodak, NY).
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6. Site-directed Mutagenesis of Rb-Luc

Toinvestigate the role of FBI-1 binding sites, muiat werentroduced
into the proximal promoter sequenceRlf gene using the QuikChange site-
directed mutagenedidt (Stratagene, La Jolla, CA). To introduce mutas,
the following oligonucleotides were used (onmbp strands are shown):
Mutations were introduced into the core binding usmswges (5'-
GDGGGYYYY-3' to 5-GDAAA YYYY-3') of various FRE and GC-Box
using the following oligonucleotides primers: mMFREL 5'-
CCCGGGATAGGGATGAAATTTACAGTCACCCACCAGA-3'; mFRE2, 5'-
ATGAGGCCCACAGTCATTIACCAGACTCTTTGTAT-3'; mFRE3, 5'-
CACCCCGGCCTGGAGGAAAAAAITCTGGGTAGAAGCAC-3'; mFREA4,
5-CTGGAAGGCGCCTGGATTRCGCCAGGTTTCCCAG-3}; mGC-
Box1,5-ACGTGACGCCGCGGGCAAAGTGACGTTTTCCCG-3"; mGC-
Box2, 5-CGCTCAGTTGCCGGGCASGGGAGGGCGCGTCCGG-3'. PCR
cycling conditions used in site directed mutagenesere 18 cycles of
amplication of following reaction: denaturation®t°C for 30 sec, annealing
at 55°C for 1 min, and extension at 68°C for 10.mmplified mixtures were
treated withDpn 7/ (Stratagene, CA) at 37°C for 1 hr and aliquotesevwsed

to transform competeri. coli. All the constructs were confirmed by DNA
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sequencing using ABI automatic DNA sequencer (RaynlisIN).

7. Chromatin Immunoprecipitation (ChlP) Assays

To investigatevhetherin vivo molecular interaction between FBI-1 and
the FRE elements on thb promoter is actually occurring, ChIP assay was
performed with commercial kit (Upstate Inc., VAuI®onfluent HelLa cells
on al0 cm dish were transfected with g of pGL2-Rb-Luc plasmid an@®
ug of pcDNA3.0 or pcDNA3.0-FBI-1-Flag using Lipofeatne Plus
(Invitrogen, CA) and grown for additional 48 hrselth cells were treated
with formaldehydéfinal 1 %) to cross-link FBI-1 protein to thRb promoter.
Cells were washed with cold phosphate-buffex@the and lysed with SDS
lysis buffer (1% SDS, 10 mM EDTAQ mM Tris-HCI, pH 8.0). The lysate
was sonicated to shear DN#o fragments of 500 ~ 1000 bp. The sonicated
supernatanwas diluted 10-fold with ChIP dilution buffer (190S, 1%Triton
X-100, 16.7 mM Tris-HCI, pH 8.1, 167 mM NaCl, 1.2MmEDTA) and
incubatedvith antibodies against mouse M2-Flag antibody rf&ig MO) or
control mouse IgG overnight at 4°C withtation. To collect DNA-FBI-1-
antibody complex, a salmaperm DNA/protein A-agarose slurry was added
to the mixtureThe mixture was incubated for 1 h at 4°C with riotaénd

pelleted in a DNA/protein A-agarose complex by brdentrifugation(4000
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rpm) at 4°C. After extensive washing of the pelliéh washing buffers (low
salt immune complex wash buffer, high salt immuoengplex wash buffer,
LiCi immune complex wash buffer, and TE buffer) osunended by the
manufacturetthe pellet was dissolved with 50& of elution buffeand spun
to remove agarose. Supernatant was treated withl 26f 5 M NaCl and
heated to 65°C for 4 hrs to reverse protein-DNAsstlink. After treatment
with  EDTA and proteinase K, the supernatant wasraeted with
phenol/chloroform and precipitated with ethanol recover DNA.PCR
reactions of immunoprecipitated DNA were carried osingthe two sets of
oligonucleotide primers designed to amplify theximal and distal promoter
regions ofRb promoter. Distal FRE cluster region (bp -370 td7-1forward
primer: 5-CACTAGCCAGATATTCCCTGCGGGG-3', reverse iper: 5'-
TAAGTCATGAGGAATTAAACTGGGA-3). Proximal FRE clusteregion
(bp -131 to +93: forward primer: 5-CACCGACCAGCGCCBGTTCCCC

A-3', reverse primer: 5-GGGAGGACGCGCGCGCACGTCG-3)

8. Mammalian Two-hybrid Reporter Assays
African green monkey kidney cells (CV-1) were grown in [adbo's
Modified Eagle's Medium (DMEM) supplemented with 10% fetalvibe

serum, 100 unitsh? of streptomycin, and 100 unit#/ of penicillin
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(Invitrogen, CA). The cells were inoculated on Giviissue culturglates at a
density of 5x 10cells/well in 2 m¢ of DMEM. Afterthe cells were grown for
16 hrs, they were transiently transfecteth the POZ-domain of FBI-1 fused
with Gal4 expression plasmid (pCMX-GAL4-POZ), therepressors fused
with VP16 expression plasmid (pCMX-VP16-BCoR, pCMWR16-NCoR,
pCMX-VP16-mSin3A, and pCMX-VP16-SMRT), and the repo plasmid
(pG5-Luc) using Lipofectamin®lus reagent (Invitrogen, CA) in serum-free
OptiMEM, according to thmanufacturer's recommendations. After 3 hrs, the
cells were suppliedith fresh, complete DMEM, and allowed to grow for
additional 36 hours. The cells were then harvesiadl lysed in 100«( of
reporter lysis buffer (Promega, WI), vortexed fomin, andhen centrifuged
at 12,000 rpm for 15 min at 4°C. The luciferasporter assays were
performed with 5.0 of cell extractssing 50 0 of luciferase assay reagent
(Promega, WI) on mminometer (Microplate Luminometer LB 96V, EG&G
Berthold, MD).Luciferase activities were normalized with cotrauséd 3-

galactosidase activity.

9. Transcription analysis ofRb gene promoter

Cell culture was carried out as described above. OB 1g of Wt or

mutant of Rb promoter fused witduc plasmid and 0.5:g of pcDNAS3.0O,

20



pcDNA3.0-FBI-1 and pcDNAS3.O-FBIAPOZ were transiently transfected
into HelLa cells grown on 6-well culture vessel,ngsLipopectamine PLUS
reagent (Invitrogen, CA) according to manufactwestiggestion. The HelLa
cells were transfected as described in Mammaliaro-Aiybrid Reporter
Assays section. After 36 hrs of incubation, celkrevharvested and lysed in
100 L of reporter lysis buffer. Luciferase activities wenormalized with

protein concentration of the transfected cells.

10. RT-PCR (Reverse Transcriptase Polymerase ChaReaction)

Total RNA was isolated from Hela cells and stableL& cells
expressing FBI-1 or LacZ using TRIZatagent (Invitrogen, CA). cDNAs
were synthesized using 2 total RNA, 10 pmol of random hexamer, and
200 units of superscript reverse transcriptdbe 20nul using reverse
transcription kit (Invitrogen, CA). PCR was perfadhby using the following
amplification condition: 94°C denaturation 5 mir§ 2ycles of amplication
reaction cycling of at 94°C for 30 sec, 62°C orG%6r 30 sec, and 72°C for
40 sec, and final extension reaction at 72°C fonii. The primers used for
PCR FBI-1 cDNA were5-GGCCTGCTGTGCGACGTGGT-3' and 5'-
CAGCAGGCGGGCGGCGCTGA-3'. The primers féb were 5'-AAAGAA

AAAGGAACTGTGGG-3" and 5-AACTGCTGGGTTGTGTCAAA-3'. he

21



primers for glyceraldehydes-3-phosphate dehydrageit@APDH) were 5'-
ACCACAGTCCATGCCATCAC-3 and 5-TCCACCACCCTGTTGCTGTFA
3. The PCR products were separated by 1% agarselertrophoresis and

visualized with ethidium bromide staining.

11. Western Blot Analysis of Rb and FBI-1

HelLa cells and stable HelLa cells overexpressingIFBt LacZ were
harvested and lysed in TEN buffer (10 mM Tris-HEH 8.0, 1 mM EDTA,
and 0.1 M NaCl). Cell extract (40g) were separated by a 10% SDS-PAGE.
Proteins were transferred onto a Immun-BfoPVDF Membrane (Bio-Rad,
CA) with TRANS-Blof® Semi-Dry Transfer —cell (Bio-Rad, CA) at 15 V for
hr by transfer buffer (25 mM Tris-base, 0.2 mM ghg; and 20% methanol,
pH 8.5) and blocked with 5% skim milk (BD bioscies¢NJ) in TBST (20
mM Tris-HCI, pH 7.5, 140 mM NaCl, and 0.001% Twe2®) for 10 min.
Blotted membranes were incubated with Ab-FBI-1 §&gMO), Ab-Rb (BD
biosciences, NJ), and Adotubulin (Calbiochem, SD) diluted 1:1000 ratio at
4°C for overnight. Membranes were washed threedimith TBST for 10
min and incubated with a 1 : 2000 dilution of hoasksh peroxidase-
conjugated anti-mouse IgG (Vector, CA) or anti-gtggs (Santa Cruz, CA)

antibody at room temperature for 1 hr. Blots wewshed with TBST more
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than three times and developed with the ECL sysfeerkinElmer, CA)

according to the manufacturer’s protocols.

12. Cell cycle analysis with FACS (Fluorescence #ated Cell Sorter)
HelLa cells and stably FBI-1 or LacZ overexpersditel.a cells were
harvested. The cells were gently washed with PBSthan fixed with ice-
cold 70% methanol at -20°C for 1 hr. The fixed £ellere washed with PBS,
and stained with 5Q:g/m¢ PI (Propidium lodide) in the presence of 10§
ml ribonuclease A for 30 min at 37°C in the dark. Dbl#tent was analyzed
by flow cytometry analyzer FACSCalibur (BD biosaies, NJ). DNA content
was assessed by cell treatment with Pl and emiskgtattion at the excitation

wavelengths 488 nm and the peak emission 575 nm.
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[1l. Results

1. FBI-1 represses transcription oRb gene in HelLa cells

Recently, FBI-1 was shown to have proto-oncogenitivity by
repressing tumor suppressor ARF gene (mousé'ph@man p14"), which
in turn lower expression of tumor suppressor gep®&3. While, over
expressed FBI-1 caused oncogenesis in thymus, lsgeen, and tumor
infiltration into bone marrow, down-regulated FBI-taused cellular
senescence, apoptosis, and blockage of differemti¥t ** Considering that
Pokemon is also overexpressed in solid tumors ascholon cancer and
bladder cancer in which the normal functiwinthe ARF/p53 pathway is
frequently lostit is likely that Pokemon has multiple additionatget genes
by which it carexert its oncogenic activify: **

Pokemon consensus DNA binding sequences by CASysimaelected
a specific GC-rich sequence for Pokemon bindingiclvishows a certain
similarity to the consensus sequence for the trigstamn factor Sp’ *° We
suspected that the target gene controlled by FBIfbt limited to pARF and
in fact many other genes with certain GC-box lodaite the promoter or
enhancer could be regulated by FBI-1.

Accordingly, we investigated whether the other gemeh asRbwhich is
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directly involved with cell cycle control and tumsuppression, is the target
of Pokemon action. Using recently characterizedsensus sequence and
MacVector 7.0 program (Accelrys, San Diego, CA), feend four FBI-1
binding sites (FRE) and two GC-boxes on the Rb ptem The four potential
FREs have varying degree of sequence homologyet@dhsensus sequence
(5-GDGGGYYYY-3') (Fig. 2A).%°

We transiently cotransfected into HelLa cells wittee FBI-1 expression
plasmids (pcDNA3-FBI-1, pcDNA3-FBIAPOZ, and pcDNA3-POZ-NLS)
with the Rb-Luc fusion gene reporter plasmid and analyzed rephrtdfierase
gene expression (Fig. 2B). FBI-1 repressed trapsen of Rb promoter by
more than 50%, compared to the control. FBI-1 vdéieted POZ-domain
showed much weaker transcription repression armésspd transcription only
by 20%, suggesting that the POZ-domain is importanttranscription
repression. The POZ-domain polypeptide with NLS Idounot repress
transcription ofRb promoter, but rather increase reporter gene esioredy
20%. Since the POZ-domain-NLS polypeptide lacksc zfingers DNA
binding domain and cannot bind to the promoter,bineling to the promoter
is important in transcription repression (Fig. 2These data suggest thzi
gene is a newly identified transcription target ¢y@i FBI-1 and the POZ-

domain of FBI-1 plays an important role in the ganiption repression drb
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gene.
To investigate whether FBI-1 could repress genaesgion ofRb gene
in HelLa cells, we prepared stable HelLa cells ovaessing FBI-1
established by recombinant Lentivirus transfectiand selection. We
investigated whether overexpession of FBI-1 couwgdress expressions of
MRNA and protein ofRb gene by RT-PCR and western blot analysis,
respectively. The ectopic FBI-1 decreased mRNA@matkin level ofRb gene.
The control stable cells established with LacZ hants or control Hela
cells with no virus transfection, did not show asignificant change in
expression of mMRNA or protein &b gene (Fig. 2D, E). It is clear th&b
gene is the new target gene of FBI-1 action andrépgession could be

important in oncogenesis.
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Figure 2. Repression of transcription activity of he Rb promoter by FBI-

1 in Hela cells.(A) Structure ofRb gene promoter and sequence comparison
of putative four FBI-1 binding sites (FRE). Traription factor binding sites
are indicated by the shaded circles. Putative FiREs are located at bp -180
to -308 region. FBI-1, factor that binds to theuodr of short transcripté
human immunodeficiency virus-1Rb, retinoblastoma gene, FRE; FBI-1
binding site (B) Schematic diagram of the FBI-1 adeletion mutant
constructs. FBI-1 has a POZ-domain at N-terminosy Kruppel-like zinc
fingers, and nuclear localization signal (NLS) ate@minus. POZ, poxvirus
and zinc finger of FBI-1; ZF, Krippel-like zinc fiers domain; NLS, nuclear
localization signal (C) FBI-1 represses transaoniptof Rb gene promoter by
more than 50%. Also FBI-1 with POZ-domain deletéave much weaker
transcription repression. Interestingly, the POZdo with NLS attached
activates transcription. (D), (E) FBI-1 repress&pressions of mRNA and
protein ofRb gene by RT-PCR (D) and western blot analysisr@spectively.
FBI-1, stable HelLa cells over expressing FBI-1;Z,astable HelLa cells over
expressing LacZ; WB, western blot; GAPDH, contrbRT-PCR;a-tubulin,

control of western blot analysis.

28



2. The POZ-domain of FBI-1 interacts with the corpressorsin vivo and
in vitro.

We found that FBI-1 could repress transcription Rl gene, which
might be important in oncogenesis. One of the pi#&s is the molecular
interaction between the functional POZ-domain of I-EB with the
corepresssors and resulting histone modificationjccrepress transcription,
as reported for PLZF and Bcl?6% Accordingly, we investigated whether the
POZ-domain of FBI-1 can interact with the corepoes#n vivo using Gal4-
UAS reporter mammalian two-hybrid assay system.(B&j. We fused the
POZ-domain of FBI-1 with the DBD of Gal4 transciit factor and targeted
to the UAS (upstream activation sequence) of Gadnmalian two hybrid
reporter gene construct (p&be) in the presence or absence of the VP16AD-
corepressor (BCoR, NCoR, mSin3A, and SMRT) fusiootgin constructs.
We found that the POZ-domain of FBI-1 could intéraith BCoR, NCoR,
and SMRT, but not with mSin3A. Especially, the BCeRowed the most
strong molecular interaction, which is followed BMRT, and NCoR (Fig.
3B).

To investigate whether the molecular interactionwieen the POZ-
domain and corepressors are direct, GST-fusiorejrgiull down assays were

performed. We incubated the recombinant GST-POZaitoror GST protein
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with in vitro synthesized®fS] labeled corepressors (Fig. 3C), and pulled down.
The assays showed that the GST-POZ of FBI-1 inteedagtrongly with BCoR,
which is followed by SMRT, and NCoR. As in mammalisvo hybrid assays,
mSin3A did not interact with the POZ-domain (Fifp)3

Our data overall suggest that the POZ-domain of-FBiteracts with
the corepressors directiy vivo andin vitro. Because the corepressors were
shown to be important in transcription repression rBcruiting histone
modification enzymes such as HDACs, the molecutderaction between
FBI-1 and corepressors might be important in thedcription repression of

Rb gene by FBI-1.
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Figure 3. The POZ-domain of FBI-1 directly interacts with corepressors
in vitro and in vivo. (A) Diagram of mammalian two-hybrid assay used for
interaction study between the POZ-domain of FBIAtl @orepressors. (B)
The POZ-domain of FBI-1 interacts with corepressdtsinteracts most
strongly with BCoR, followed by SMRT, and rather akly interacts with
NCoR. It did not interact with mSin3A. (C) Struatuof the corepressors,
SMRT, NCoR, BCoR, and mSin3A, and FBI-1. RD, repi@s domain; N3-1
and S1-2, domains involved in interaction with mael receptor; PAH,
mediates protein-protein interactions. Domains arepressors useit vitro
pull-down assays are indicated below by light ditlgd bars. ZF, zinc finger
domain; POZ, POZ-domain of FBI-1 used in pull-doafr{**S] methionine-
labeled corepressors polypeptides. (D) Recombi@&it, and GST-POZFBI-
1 fusion proteins were incubated with the vitro synthesized 3S]
methionine-labeled corepressors polypeptides, aed tvere pulled down.
The precipitated samples were resolved by a 12%BASE and exposed to

X-ray film.
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3. FBI-1 binds to the proximal promoter ofRb genein vivo and in vitro.

We investigated whether FBI-1 could bind to the eptil FBI-1
binding FRE elements located in the promoter regibRb gene by EMSA
assays. We prepared foliP labeled FRE oligonucleotide probes (bp -308 to -
300, bp -298 to -290, bp -244 to -236, and bp -tB8180) and allowed to
interact with recombinant FBI-1ZFDBD (zinc fingemNB binding domain ;
a.a. 366-495). FBI-1ZFDBD binds to the FRE2, 3rdbes quite well and it
also binds to the FREL1 relatively weakly compa®dRE?2, 3, and 4. Cold
competitor competed well and antibody specific t8TGcaused binding
inefficient or prevented the probe from bindinghe FREs (Fig. 4A, B).

We further investigated whether FBI-1 binds to Rliiepromoterin vivo
by ChIP assays in HelLa cells. We cotransfected FL#&Gged FBI-1
expression palsmid ariRb-Luc fusion reporter plasmid into HelLa cells. ChIP
assays showed that the antibody against the Flggpracipitated the distal
promoter region with four FRE elements, but it didt precipitated the
proximal region. Control IgG antibody did not pigithite neither proximal
nor distal region oRb gene promoter (Fig. 4C). Our data indicated ti&tF

could bind to the promoter region RIb genein vitro andin vivo directly.
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Figure 4. FBI-1 binds to theRb promoter in vitro and in vivo. (A) EMSA.
Four*?P labeled FRE oligonucleotide probes (bp -308 @9;®p -298 to -290,
bp -244 to -236, bp -188 to -180) were incubateith wecombinant zinc finger
DNA binding domain of FBI-1 (a.a. 382-490) and saped by a 4%
nondenaturating polyacrylamide gel. (B) Phosphoimnagnalysis of the
EMSA-PAGE gel. The relative molecular interactioh probe-FBI-1 zinc
finger complex retarded (lanes 2, 6, 10, and 1) Schematic diagram of the
Rb gene promoter and PCR primers used in ChIP aps®NA3.0-FBI-1-
flag andRb-Luc plasmids were transfected into HelLa cells androatm was

immunoprecipitation with anti-Flag antibody.
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4. Not only FBI-1 binding to FREs but also Spl biding GC-box 2 are
important in the transcription repression by FBI-1.

To investigate the role of the FBI-1 binding to FREments in the
transcription repression of thBb gene, we prepared the mutant FRE
oligonucleotides for EMSA by substituting the c&6&G with AAA (Fig. 5A).
We also analyzed the molecular interaction amorly 5BI-1, and GC-boxes
of the Rb proximal promoter, because we have found that soimtbe Spl
binding GC boxes bind to FBI-1 fairly well (datapublished). We mutated
two GC-boxes 5-CGGGCGAAG-3’ and 5'-CGGGCG&®GG-3’ sequences
of the Rb promoter into the 5’-CGGGCAAAG-3’ and 5-CGGGCAAGGG-
3’, respectively, for EMSA assays. FBI-1 did bineliso all the Wt probes
but not to any of mutant FRESs, which indicates thatcore GGG sequence is
critical in FBI-1 binding (Fig. 5B).

Having shown that the FBI-1ZFDBD does not bind totamt probes,
we introduced the mutations into the promoter negib Rb gene by PCR-
based site-directed mutagenesis. Also, we made ninfilam of the Spl
binding site on th&b promoter by similar method. We transiently trantdd
the Wt or mutantRb-Luc plasmids in HelLa cells to investigaia vivo
function of FRE1-4 elements and Spl binding GC boke 2 (Fig. 5C).

Mutations of FREs increased the transcription #gtiwf Rb promoter,
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compared to the Wt promoter by 20-130%. The dag@ests that FBI-1 acts
as transcription repressor by binding to the FRERbpromoter. First Spl
binding site mutant at bp -59 and -60 showed drakdyi reduced luciferase
gene expression compared to the wild tRtepromoter. This data indicate
that first Sp1 binding site is important in trarigtion of Rb gene, as reported
previously™ However, interestingly mutation of second Sp1 bigdite at bp
-12 and -13 showed increased luciferase activitgpared to the wild typBb
promoter (Fig. 5D). The data potentially suggest #econd Sp1l binging site
is either occupied by repressor member of Spl-fapdy or by FBI-1 as
shown by EMSA with FBI-1ZFDBD. Mutation of elemgmtevent binding by
Spl repressor member or FBI-1, and resulted ineas® transcription
although it wasn't shown that FBI-1 binds to sec@md binding site oRb

promoter by ChIP assay.
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Figure 5. Mutation of core GGG sequence of FREs anbinding by FBI-1.
The core sequence (GGG) of FRE consensus sequeimpdrtant in binding
by FBI-1. (A) Sequences comparisons of the conseasd mutant probes.
The core GGG sequence of the 4 FREs inRhegromoter was substituted
with AAA. (B) EMSA. The zinc finger of FBI-1 doedrd to the natural but
not to the mutant probes. (C) Schematic diagram sdries oRb-Luc Wt and
mutant plasmids. (D) Mutations of FREs and Spl-Zreased the
transcription ofRb promoter, compared to the Wt promoter by 20-13®#d.
binding site at GC-box 1 mutant showed drasticediguced luciferase gene

expression compared to the wild tyiRie promoter.
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5. FBI-1 and Spl compete for some of the FREs ar&p1 binding GC-
box

Although the binding of FBI-1 to the FREs and rditnent of
corepressor-HDAC complex can explain the trandoriptepression oRb
promoter by FBI-1, we investigated alternative fmBty of transcription
repression by FBI-1. This is based on the our puerfinding that FBI-1 and
Spl both bind to the GC-rich sequence (consensysesee of FBI-1, 5'-
GDGGGYYYY-3'; consensus sequence of Spl, 5-KRGGMIBX-3") and
some of the binding sites can be bound both by FBid Sp13" ***Firstly,
we investigated whether FBI-1ZFDBD could bind toe thypical Spl
consensus probe (5-GATCATTCGATCGGGGCGGGGCGAGC-3Jy
EMSA. FBI-1ZFDBD could bind to the typical Spl census probe quite
well (Fig. 6B). Based on this finding, we carriedt &EMSA to see whether
two GC-boxes oRb promoter can be bound by FBI-1ZFDBD. FBI-1ZFDBD
does not bind to GC-Box 1, while the some FBI-1ZEDEinds to GC-box 2
quite well, indicating that FBI-1 can indeed bimdsbme of the GC-boxes but
not all (Fig. 6B). Particularly, FBI-1 binds wel tSp1-2 site and Spl binds
partially well to FRE3. Therefore, binding compietit between Spl and FBI-
1 can be important in the transcription represséna gene with FBI-1

binding GC-box in their promoters.
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Also we investigated whether Spl could bind to sofihe FRES. Spl
indeed bound to three FRE1, 3, 4 elements at wvgrdiegree of binding
affinity, but it did not bind to the FRE2 (Fig. 6JREZ2 probe is the one to
which FBI-1 binds most strongly (Fig. 5B, lane 8gcordingly, FREZ2 is the
cisregulatory element that is bound only by FBI-1. cR&ment of
corepressor-HDAC complex via the POZ-domain of EBleund onto FRE2
may be important in transcription repressiofRbfgene. The three FREs (1, 3,
and 4) and GC-box2 are the regulatory elementshiohwFBI-1 and Sp1 bind.
And competition between FBI-1 and Spl may determihe level of
transcription particularly on the FRE3 and Spli2ssiOnce FBI-1 occupies
the sites, it may further repress transcriptiorabgpve mentioned corepressor
mechanism.

Above data showed that Spl binds to FRE3 most giroand the
binding was far stronger than to the two GC-BoXéwerefore, we did binding
competition assays for the two elements (FRE3 a@1d2}. Sp1ZFDBD (100
ng) was added to the probes in the presence ofdasitrg amount of FBI-
1ZFDBD (100 ng, 400 ng, and 800 ng). Increasing wahoof FBI-1
decreased the FRE3 probe-Spl or Spl-2 probe-Sgtadtibn, clearly
demonstrating the competition between FBI-1 and t8p/hrd the probes (Fig.

6D).
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We found that, on thBb promoter, proto-oncogene FBI-1 (or Pokemon)
could repress transcription by competing with SplFRE3 and GC-box 2.
This mechanism of repression is radically differéram the previously
proposed mechanism that FBI-1 POZ-domain intenaits Sp1ZFDBD and
prevents Spl from binding to GC-box target sequéh@ur new finding is
an important addition in our understanding on thle of POZ-domain in the

oncogenic development involving tumor suppre$dngene.
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Figure 6. FBI-1 and Spl1 compete in binding to somef the FRE and GC-
box. (A) Schematic diagram of th&b gene promoter and sequence
comparison of four potential FREs and two Spl-bigdsites. (B) EMSA.
FBI-1 can bind to Sp-1 consensus sequence pRiBEP1 probes were used
in EMSA with zinc finger of FBI-1. Only SP1-2 regidinds to FBI-1. (C)
Sp1 binds quite well to three FREs, Sp1-1 and S@Ep2 binds most strongly
to FRE3. (D) EMSA. Sp1 and FBI-1 compete with eatifer in binds to Sp1-

2 site and FRE 3.
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6. FBI-1 regulates transcription activity of fragments ofRb promoter

We have shown that FBI-1 repressed transcriptioRbofjene. In order
to investigate which part &b gene promoter is the target of FBI-1 repression,
we divided the promoter into 3 segments: the FRIStel located at -318~-
170 bp, cluster containing Spl-1, ATF2, E2F, CREB# so on binding sits
located at -74~-31 bp, and the Sp1-2 GC-box (-24pHlocated just in front
of transcription start site (Fig. 7A). We prepatadt Ro promoter segment-
Luc fusion constructs that have 1 copy of FRE clustecopies of Spl-1
contain region, and 3 copies of Spl-2 insertedrepst oftk* promoter
(mentioned at page 14). We cotransfected FBI-1lasgion plasmid with the
Rb fragmentkuc gene fusion reporter plasmid into the Hela ceisl a
analyzed the reporter gene expression. ExpressipGb2-FRE clustetk*-
Luc was increased by overexpressed FBI-1 compardtetodntrol. However,
this increasing may not so significant, becauséfdrase activity was very
low. Expression of pGL2-6x (Sp1-lik:-Luc was repressed by overexpressed
FBI-1 by 45 %. We found that FBI-1 cannot bind e IGC-box 1 by EMSA
assay (Fig. 6B). The 6 copies of Spl-1 containegian have many binding
sites of other transcription factors such as ATE2%1, CREB1 and so on. So
we can guess that FBI-1 may bind to those binditeg ®r interact with these

transcription factors and represses transcriptford expression of pGL2-3x
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(Sp1-2) tk*-Luc was repressed by overexpressed FBI-1 by 70 %.Ugest
that overexpressed FBI-1 binds competitively wigil &t Spl-2 region dRb

promoter and represses transcription (Fig. 7).

46



FRE

+

B4~ 5:3\5555 50 5| 41 A7-12 Tsp
B Luc
R e . e CREBP
— = =1
1l I |
+1 Tsp
FRE
—> Luc
I
i Tsp
6x : Luc
+1 Tsp
3x Luc
60
50
=
s 40 ‘
[<}]
(72}
*5
L35 ¥
U —
E i
(3]
2 M
1)
D
o
10
X |-l-| |—x-|
I I | | I
1 2 3 4 5 1 §
GL2-tk*-Luc + +
pGL2-FRE-tk*-Luc + +
pGL2 -6x Sp11 -tk*-Luc + +
pGL2-3x (Sp1-2) -tk*-Luc + +
|;-;cD A3.0 + + +
pcDNA3.0-FBI-1 + + + +

47



Figure 7. FBI-1 regulates transcription of fragmens of Rb promoter. (A)
Schematic diagram of tHeB promoter construct and FRE, 6 copies of Sp1-1,
and 3 copies of Sp1-2 fragmentsRlif gene inserted itk promoter. (B) FBI-

1 expression plasmid was cotransfected withRhdragment fusedk*-Luc
gene into HelLa cells. Expression of pGL2-FRE cluite Luc was increased

by overexpressed FBI-1 compared to the control.ré&sgion of pGL2-6x
(Spl-1) tk*-Luc was repressed by overexpressed FBI-1 by 45 %. And
expression of pGL2-3x (Spl-2k*-Luc was repressed by overexpressed FBI-

1 by 70 %.
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7. FBI-1 stable cells increase in S phase.

We investigated whether overexpression of FBI-Hala cells could
increase cell number in S phase by promoting gellecprogression by FACS
analysis. Cells in S phase were increased in FBlerexpressing HelLa cells
by more than 34% compared to the LacZ stable Hedlls ¢Fig. 8). This
suggests that more cells in S phase existed betasell cycle could not be
arrest at the check point G1 by repressioRlmgene expression by FBI-1.

These data suggest that cell cycle progressiorvesegpressed of FBI-
1 could affect biological processes such as cétrdintiation, apoptosis, and

tumorigenesis by repressionih gene.
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Figure 8. FBI-1 overexpressing HelLa cells increasen S phase. Flow
cytometry analysis of cell cycles in LacZ stale Hetells (A) and FBI-1
overexpressing HelLa cells (B). FBI-1 overexpressited.a cells in S phase

were increased 34% more compared to the LacZ dtidila cells
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V. Discussion

Recently, over expression of FBI-1 in mice causadcer in thymus,
liver, spleen, and also tumor infiltration into omarrow. FBI-1 repressed
ARF gene expression, which resulted in repressionrabt suppressor p53.
%.48 On the other hands, down-regulation of FBI-1 bydking out FBI-1
gene caused cellular senescence, apoptosis, ackhb of differentiation.
FBI-1 is overexpressed in solid tumors sashcolon cancer and bladder
cancer in which the normal functioh the ARF/p53 pathway is frequently
lost3" 38 Accordingly, it is likely thateBl-1 has multiple additional target
genes by which it caexert its oncogenic activity. These data suggest th
FBI-1 would have multiple additional target genefated oncogenesis. We
suspected that FBI-1 might regulate genes that haae direct and critical
role in oncogenesis such@s gene.

Rb is a tumor suppressor gene that regulate GXkgiant of cell cycle
by making a complex with transcriptor EZF® Abnormalities in Rb cause
Retinoblastoma, small cell lung carcinoma, ostemsaga, breast carcinoma,
head and neck tumors, and mantle cell lymphohfag® Most of studies
about Rb function have investigated in Rb protewvel. Investigations on

how transcription oRb gene is regulated are important in understandieg t
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cellular function of RB ** For this reason, we set out to investigate whether
FBI-1 could regulate gene expressionRifat transcription level. Firstly, we
studied whetheRb gene promoter has potential FBI-1 binding sites by
searching for the sequences that show certain €egfreequence homology
with the FBI-1 consensus sequence (GDGGGYYYY) uditacVector?.0.
Among those sequences, we found four potential FBInding sites which
have more than 80 percentages identity with the FBbnsensus sequences
and contain the core sequence (-GGG-) that we densis important ‘core’.
Transcription analysis showed that FBI-1 represe@dene transcription by
more than 50% in Hela cells. Mutant FBI-1 lackin@Zdomain was not
able repress to transcription, suggesting that BQ#ain is important in
transcription repression (Fig. 2C).

The highly conserved BTB/POZ domain is involvedpiotein-protein
interaction. In particular, the interactions betwed*OZ-domain and
corepressors (BCoR, NCoR, mSin3A and SMRT) are mapb in the
biological functions such as transcription repr@ssimmunological function,
oncogenesis, and etc carried out by the POZ clagsdatory proteind 32
For example, GAGA, transcription regulator Dfosophila, facilitates long-
range activation by providing a protein bridge thmédiates enhancer—

promoter communication and thus stimulate transonipby linking an
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enhancer to its cognate promdt&? Strikingly, in addition to facilitating
activation by a remote enhancir cis, GAGA was also shown to direct
activation of a promoter by an enhancer located saparate DNA molecule.
Enhancer functionn trans is critically dependent on POZ-domain-mediated
GAGA oligomerization, enabling GAGA to bind two DN#olecules (e.g.,
PRE and promoter) simultaneous?® PLZF, the most well characterized
BTB/POZ-domain proteins, interacts with NCoR andim83. Also, Bcl-6,
oncogenic protein important in B-cell lymphoma, dsrto BCoR, NCoR and
SMRT??* Accordingly, we investigated whether the POZ-domai FBI-1
interacts with corepressors such as BCoR, NCoRn&#Sand SMRT. The
POZ-domain of FBI-1 interacts with the corepressessept mSin3A.
Interestingly, the POZ-domain of FBI-1 binds mostosgly with BCoR,
which is followed by SMRT, and NCoR (Fig. 3).

BCoR was identified as a noble Bcl-6-interactingtpin. It is expressed
ubiquitously in human tissué§ BCoR interacts with clas§  (HDAC1 and
HDAC3) and classll (HDAC4 and HDAC5) HDACSs, suggeastihat,
through BCoR, FBI-1 may recruit HDACs to represangcriptior.” - 2
Therefore, clasd and clafs  HDACs may be involaettié transcription

repression of FBI-1 target genes.
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We found that the zinc finger of FBI-1 could didgcbind to the
promoter ofRb gene by EMSA and ChIP assays (Fig. 4). Our mutesjerof
FREs and EMSA demonstrated that GGG of FRE consessguence is
important in FBI-1 binding to DNA. To investigaie vivo function of each
FRE, Rb promotertuc reporter plasmids with or without mutation at FRE
were transiently transfected into HelLa cells. Leidbe activity drived by
these mutanRb promoter was increased by 20~130% compared tdRbVt
promoter (Fig. 5D). These data suggest that FRE&hnpromoter are
important in transcription repression by FBI-1.

The consensus sequences of FBI-1 (GDGGGYYYY) andl Sp
(KRGGMGKRRY) are very similar in that they are GiEkr (Fig. 6A).%" 4**
We investigated whether Spl could bind to any ef4Ai-REs oRb promoter.
Sp1 can bind to three FREs, except FRE2 (Fig. 58.FRE?2 site was bound
by FBI-1 most strongly (Fig. 3A). AlsBb promoter with mutation at FRE2
showed 2.3 fold higher luciferase activity than Rl promoter (Fig. 5D).
FBI-1 appears to repress transcriptionRbf gene by binding to FRE2, and
recruitment with corepressors such as BCoR, NCold, 3MRT. Although,
the two GC-boxes could be bound by FBI-1, FBI-1ldocanly bind to GC-
box 2 (Fig. 6B). We considered that GC-box 1 regi®rimportant in the

transcription of Ro gene since the mutation in GC-box 1 significantly
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decreased transcription compared toRb{promoter (Fig.5B). However, FBI-
1 cannot bind to the GC-box 1 (Fig. 6B), nevertbglartificial promoter with
6 copies of Spl-1 was repressed by ectopic FBlgl. {B). It is also possible
that FBI-1 may also bind to the sites occupied theotranscription factors
such as ATF2, E2F1, and CREB1, or interact witlsehianscription factors,
to repres$b gene expression.

The transcription oRb gene may be regulated by binding competition
between FBI-1 and Spl at FRE1, FRE3, FRE4, and &C2bsites which
were shown to bind Sp1 and FBI-1. FRE3 and GC-bixtRe site where Spl
binds quite strongly. So, we investigated whethgl-F could compete with
Spl at FRE3 and GC-box 2 sites by EMSA assay amddf¢éhat FBI-1 and
Spl bind competitively to FRE3 and GC-box 2 (Fi).60ur data suggest
that competitive binding between Spl and FBI-1 dARE3 and GC-box 2,
and recruitment of corepressors by FBI-1 may beo@elnmechanism of
transcription regulation d®b gene by FBI-1.

Base on our findings, we came up with the followmgchanisms of
transcriptional regulation d®b gene by FBI-1. In case when FBI-1 is highly
expressed as in cancer, FBI-1 could repress trigtisor by two mechanisms.
Firstly, FBI-1 binds to FRE3 and Spl-2 by competinith Spl and

significantly lower transcription level. FBI-1 caso bind to FRE2 which
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does not involved binding competition with Sp1. @rmchored to the FRE2,
FRE3, and Spl-2, the POZ-domain of FBI-1 could uictHDAC-
corepressors complexes and caused histone dediogtylavhich repress
transcription. Secondary, the POZ-domain of FBldudd at FREs cluster
located at bp -308 to -180 could exclude Spl bip@dnhFRES by the closing
of the site by POZ-domain-POZ-domain interactionrmbat FRE1, 2 and 4.
Also FBI-1 binding to GC-box 2 can be significantihake a loop structure of
the Rb promoter via POZ-domain-POZ domain interactiort thaolves FBI-

1 on the Sp1-2 and any of the FBI-1 bound at thE ERster located further
upstream. The formation of this loop structure neffigctively exclude the
transcription activators such as Spl, ATF2, CREB1] E2F1 bound at the
region bp -65 to -41 which is locate in between FRREsters and Spl-2 site.
This exclusion can be important in the transcriptiepression oRb gene by
FBI-1 in the situation where FBI-1 expression isvalted.

It is also intriguing to imagine howb gene might be regulated when
FBI-1 expression level is sufficiently low, as imrmal cells. When FBI-1
expression is low, it cannot compete with Spl t&eBRnd Spl-2. And the
FREs at the FRE cluster and Spl-2 is not likehbeooccupied by FBI-1.
Accordingly, Sp1 binding FRES is likely opened 8pl binding and Sp1-2 is

also more likely occupied by Spl. In this case auping is possible by the
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POZ-domain-POZ-domain interaction. With Sp1 bouhdha FRE3, Spl-2,
and at the region bp -65 to -4BRb gene is likely activated by Spl and
maintain certain cellular level of transcriptionr@sponding to the Spl
expression level. Also, the transcription activatench as Spl, ATF2, CREBLI,
and E2F1 bound at the region bp -65 to -41, mdy @xert their transcription
activation potential. FBI-1 is not able to exclusiel binding at FRE3, and to
make a loop structure dRb promoter. Although the mechanism appears
plausible, we need some more investigation to stipgocurrent mechanism
(Fig. 9).

Regulation ofRb gene expression can affect cellular functioh®.For
example, MyoD and CREB regulaté® promoter and the regulation is
important in muscle cell differentiatidfi.Induction ofRb gene transcription
by MyoD, via the CREB, is a key event in the preced muscle
differentiation. Also, GABP and HCF-1 bind to tRb promoter and activates
transcription and induces muscle differentiatidri® In contrast, MIZF and
YY1 were shown to repress transcription Rb gene and inhibit muscle
formation™*’ We investigated whether FBI-1 regulates any cailfinctions
by repressingRb gene expression. One of the primary functions bfi&
inhibition of cell cycle progressiolt. *> *° Accordingly we investigated

whether RB repression by FBI-1 has any effect ercell cycle progression.
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Figure 9. Hypothetical mechanisms of transcriptionhregulation of Rb
gene by FBI-1.Top part of this figure is schematics of FBI-1,1Spther
activator such as Spl, ATF2, CREB1, and E2F1, améptessor-HDAC
complex. Square box means FBI-1 binding site, F&Hptical box means
Spl binding site, GC-box, and light gray ellipticabx means another
activator binding sites. In high expression of ABIFirstly, FBI-1 binds to
FREs and GC-box 2 oRb promoter by competing with Spl. After FBI-1
binding, chromatin modification by corepressor-HD&G@mplex recruited by
the POZ-domain of FBI-1 may repress transcriptibRmgene (a). Secondary,
Rb promoter is formed a loop structure by POZ-donR@Z-domain
interaction of FBI-1 bound at FREs cluster and GR2-8 region. This loop
structure may exclude the transcription activasmich as Spl, ATF2, CREBL,
and E2F1. S&b expression is down regulated (b). In low expressibFBI-

1: In this case no looping is possible by the P@#din-POZ-domain
interaction. Not only Sp1 but also another activatld bind toRb promoter
and activate transcription d&®b gene. Interestingly, Spl also could bind to

three FREs, especially FRE3.
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We prepared stable HelLa cells over expressing FBihd LacZ gene and
analyzed the cell cycle progression by FACS. Ovaressed FBI-1 increased
number of cells in S phase by more than 34% comdparéacZ stable HelLa
cells (Fig. 7). Rb forms complexes with proteinsE@F family and inhibits
transcription by recruiting proteins involved imnscriptional repressior’ *°
And when Rb level is low caused by transcriptigoression by FBI-1, Rb no
longer efficiently form complexes with E2Fs. Thesdr E2F proteins, by
forming complex with DP proteins, then activatepression of a number of
genes that are likely to regulate or promote eintity S phase, including DNA
polymerasen, thymidylate synthase, ribonucleotide reductagelirc E, and
dihydrofolate reductaseWe suggest that FBI-1 functions are important to
oncogenesis by promoting cell cycle progressiorouth transcription
repression oRb gene expression.

Overall, we were able to demonstrate the noble am@sm of FBI-1 as a
protoncogene regulating gene expression. FBI-1 represses transcription of
Rb gene by binding mainly onto FREZ2, and also ont&&Rnd Spl-2 site of
Rb promoter by competition Sp1. And histone modifmatthrough recruited
corepressor-HDAC complex formed on the POZ-domdif®I-1 anchored
onto FRE2, 3, and Spl-2 site may be important istasiied transcription

repression oRb gene by FBI-1. The repression b gene expression could
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change the cellular function controlled by Rb i tell cycle progression

control and FBI-1 increased cell proliferation.
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V. Conclusion

1. We investigated wheth&b is the target gene affected by FBI-1, during
oncogenesis.

2. Rb proximal promoter (~-370 bp) has four FBI-1 birglisites (FRE; bp -
308 to -300, bp -298 to -290, bp -244 to -236, pd188 to -180).

3. FBI-1 represses transcriptionkRif gene by direct binding to FREs and GC-
box 2 We confirmed binding of FBI-ih vitro andin vivo by EMSA and
ChIP assays, respectively.

4. The POZ-domain of FBI-1 interacts with the coesgors such as BCoR,
NCoR, and SMRT, and the interaction may play impartrole in
transcription repression &b gene through histone modification.

5. FBI-1 competes with Spl in binding to three FR&specially FRE3, and
GC-box 2 sites.

6. Overexpressed FBI-1 promotes cell cycle progpasand thus increases
cell numbers in S phase.

7. We found thaRb gene is targeted by proto-oncogene FBI-1.
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