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AEHAFIIEEHHRE L v ¥ — !, NRERFREFIIFRRE LSO

t“w | MESSRAMRER], VEGF/VEGFL T o—, MAMEHE, 7/iXF/0

e DB AACERER ORF I BAEEER D
HIECHIFE R < BE S s ERCETFICmMA T,
DNA, RNA RERARE EENRIEDLNTE
7o, THENERICBADBEIRED U LD HiE
M #8Eeg & L= ipE3E D F L, Folkman -1
DHEEFLE, KELHREIFE S/ (Folkman,
1971), ZOFER, VEGF 22U o & L& fHiE
FRER 7 2 /0T & L /83RO R SR s B RAY
IEDLNTER, TRbL, TVFAFFUP
FryPFATF 2oL LRERDERE
IR ¥, matrix metalloproteinases (MMPs) fH 2
#l, M/RENVET (PF-4), XFA=7E/ R
75 —¥ (Met AP-2) e ED 7w T 7 —¥HE
#l, 7=LY VEEE AT 7) CHEHER, F
72 VEGF L 7% —(VEGFR)[HE &2 & 2 &
% DIMEFHEBEFRDFREI N, BEREHSH
mENKY, UL LEEE T, EERERLE
WEINZD DL oT, BE, BRARDNE
HoONTWLRIMEFEEERHEZR 1AL T
5.

AFETIE, 2003 D T X ) HIERIEEF4 (ASCO)

TERGENSEEXNH VEGF & +Bxe /) ¥
2 — F LHi{d Bevacizumab (Avastin® ) 834 D 4
EIE & B 2 MEHEITODWTIRR S,

|| SRR CRRDIRE TN RMERN LA

B — VEGFEENE LT

VEGF RMEAEMEcHERDEVWSTE
34~45kDa DIFERF T, MEEEEET (VPF)
ER—TH %, VEGF OFEBEINEIRE { oBEBE
BEIELOE LT, BRBEEBEECRHE) v
Fip EOREBTOHREINTVS, VEGFIR&
EFE A AL UOEERT, BlEE, KL
a—R LIk THEINS, VEGFILINLT
HilE2R3 L 7% —& LT VEGFR-1(Fit-
1), VEGFR-2(XDR/Flk-1), VEGF-3, Neuropilin-
1, Neuropilin-2 % EVBHI OGN TV S, FNFho
VEGF 772V —DVUHFY P EL TlEHE
EVURNERETEH Ve —ErR 2 ICFL
T3, MEFEOFE Iz - LHELHESETS
L#EZ LN Tw5 VEGF-A/VEGFR-2 D 7 F
VBB TER, Eoi, IEE, Y
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A HERIZ AT T FEERY BERF
PTK787 AEDF VEGF-R1/2/3* | #Fus v ¥ +—¥
SU6668 e VEGF-R2 Fowiki—+

PDGF-RA
SUi11248 EaF VEGF-R2 FpyEFi—+F

PDGF-RA
AZD6474 i VEGF-R2 Foy i
AZD2171 &5 F VEGF-R3 Fu -8
CEP-7055 BaF VEGF-R1/2/3 | Fasv¥i—¥
CP-547.632 &sF VEGF-R2 FO X —¥
786034 BaF VEGF-R2 ForFi—¥
IMC-1C11 itk VEGF-R2 B
Angiozyme D RS L VEGF-R1 mRAN HI#T
Avastin® ERES VEGF HEHER
VEGF-Trap | AIEE VEGF-R VEGF FEHEA
Vitaxin HfE oy 3;-integrin AR
EMD121974 B oy B;~integrin FEHER

*VEGF-R1/2/3 : VEGF Z&M4 18, 2, 38

2 VEGF7 7 3 U—EREL 7 2—OMEHREE U 2 /VER

FAOHE
U L7y — eI e EmEN
VEGF-B

PIGF VEGFR-1 MEAK M
VEGF-A (F1t-1)
(VEGE-R)

(PIGF) Neuropilin-1 MEAK mEEmE
(VEGF-A)
VEGF-A
VEGEF-C VEGFR-2 M PR B
VEGF-D (KDR)
VEGF-A
VEGF-C VEGFR-2 VI SEHE | U oVERTE
VEGF-D
(VEGF-A)
(VEGF-C) Neuropilin-2 Y S ERE 1) A
(VEGF-D) .
vore | veerR-s | yuosmAR | v vocEls

{ VPTET VA ERETE IR,

v NS % S5 T 5 VEGF-C/VEGFR-3 O
#HLEHENTWS, Thbb, RILRTLD
I LY Y AAERERL TS — A —0 &
SFICHEERN, MEHKELEERS Y VAER
EDHYFEBEBERINTLS, VEGFR-1%®
VEGFR-2 £ 7= Neuropilin-1 % £ 2 M A K it
BRI ERLTWR DR, ITnozEN
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£ 3 MEELYAIVEIEBRLTVWSFFY—0—
o—h— mE Yvig FETRHNBE & REE:
Prox 1 - + IR, CNS, IS, B, [
LYVE-1 - + v rzu7y—¥, WEERARE(T, &
Podoplanin - + EEEE, MOiEdE, X FY4 R, E
B 24 /%4
VEGFR-3 - + MHAME, <su77—=2, BAHE
Neuropilin—2 - + e =V !
Desmoplakin - + LR ARG, DEh
.| Laminin + —/{+) ECM, EEZIJ
CollagenlV +  =/(+) LEE#EEZ I
Neuropilin—1 + - > a—n viEE
CD34 + - TuEkpEEHAAR
VEGFR-1 + - Bif/esu7r—¥
CD31{PECAM-1}) + (+)
VEGFR-2 + +

CNS : HigHER,

% 4 EBMABERECHT BVEGFE/ 7 O —F Wi fFAvastin® O5-FU/LV (5~

FU-O < aKYy ) EOERER
© bmg/kg Avastin® 10 mg/kg Avastin®
BRI A 5-FU/LV + +
5-FU/1LV 5-FU/LV
BB #n=36 n=35 n=33
LRI AE (A) 13.6 17.7 15.2
PR L AR T RE(R) 5.2 9.0 7.2
M ERIYE%0EE (%) 17% 40% 24%

fiz U 7z 1 f0 48 RHnMADb "C & % Bevacizumab
(Avastin®) # B8 L 7-. Genentech #£¢ Ferrara f#
+5i13% { Dt b IAD xenograft € FNFHRTH
ADEEKRIEB - VEGF MENEMTH B I L
2% CHRE LY.

Avastin® 13 2 $ETEPACH L T OEKIEH
D3BAAE & 4, 2003 SED ASCO T (BREIE) K
gL TA Y /2 5FHh v 5-FU/LV &£ OfFH
T, EEHHOEEFBEES N (R 4. R4
Avastin® b 5-FU/LV L OBtRAZREZTZ LTy
%, f75, Avastin® 2 ¥ ¥V —VFABAH,
MMP BEES], FRFAHY, FEFYAES VRE
r OHERAS xenograft €7V EOFE, BIZIRE,
T, DRALRE, MEEFHAERE, Wilms BE L &
HLUTHBEEDEZRT I EBES (REINT
W5, FNi»TE MEUEREMHRAKD xenograft €
FIWT, RT Y F X E)LE Avastin® & OFEFTICEE
TAHEE - ENFRIINT20ENEEINE
(& 1)9,

2005 £ D ASCO kB W T H Avastin® 3R E 4
EERED TS, BEENECETEOXEE
ekt LT Avastin® BHCRZIRIIA SN
23, SRR LEEERIORESIE % Avastin® 13FESE
W ERERTVS, Jain 53, VEGFR-2 Ok T
BT 5 LA DMERSEE EEIE O 2 NIk
WHDIT B L LD, HBAKDBA~DER
DHATAAHERZRBLTw3?, BERHE
2% Avastin® THHEAB I T3, BEKEEST
T % DDA LT b{L2EBEERl o b
FoERSEED N TWS,

| T SHIE U TeV\RHE & BiE T 5 N STE
FHEH]—NF- k BECOX2HEENE LT
Virchow 35 A OIREICRKREDEL
boTw3 I EREELTUERECABRMSHENT
VW3, DA EREOKEMNE, EELWMENR
ELUTHBRED, MAEREREE D 3 A
07 s 7' VR TR IR 5 i ENE U
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associated
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(TAM)

HMEEARTF

l l l CXCHEAT
nEHERTF

MmERE ?
D& ?

2 HABEORESEE LTOFAREYYOY 7— ¥ (TAM)DREE
TAM A OEHE OB AT TEL S LT3, TAM D@, 7
B, TEmS, Mg EWE SV —w, AT/ R ETFERRLE

BB E T Y.

HTWE, ~Janrzy—rCPuVFELBEEP I
KBRCHEIT AN ARG L L ORERKRE EE
2% { DIET, RIEPHBAMD X H =X LICHEE
LTWwa I EBHenTn B NF-«B REE
BREENOVESTHD, RERGEZES TH
E3E, FECEAPHETRMTEIZ R IBEEL Ty
% . BF Karin 8+ 5 13, Okayasu L (ALEK2E)
5DIRE L7z, BiokoTBERERE. L oY
TREEYRIESTHEFNVE2HML T, NF-
kB FLeBETLEEICL>TREBRED
SEERBHIRS IR LIRS LAY, &5
WAL DEERE FIRT, NF-«B #BHE$52 ¢
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WD FHEORESEHICHA IR D, Ras T
BAAL L RSO MEB 2 M P S5 2 L b
WEZTN TS, BEL(DONF-«kB2EFENEL
TERIMEFESINTE D, BRERMRDH 2 3EH
DEHIHREL 2 nw?,

NF-«B OGS 70 L BE L THBEOER
EFIRT, w07 7—=UW CSF-1 X & > T
FEERT S LABOBAPEEZ{EETLI LY
MEIXNTHEY, X LEAL FOZHEZD
2R 7 7Y ERADHEIERETS Y
M3 tumor—associated macrophage (TAM) & ki,
ZLOE M PBATEERELBERICHEETS Z L8

A e T AN s e




MCP-17/ Cl2MDP-LIP

wy _L NF -« BIEEY
YIHIT = T A7 - (TAM)

> — ;,5:- I 3 . ,.‘ﬁ’v‘: 133‘ fl., ;‘m ﬂ@
MCP-1/MIP-1a/ iy
VEGF/CSFA <ipY
\ RN hbf o
(NF-xB)  ©H-1B/TNFa/lL-1a

! 4\ /A (NF-x8)
cOX2

sle) ¢
inhibitors I &ML FiNF - BHl

Y

FORE /1K M EEE T
(PGE2/TXA2) > (VEGF/IL-8/MMPs)

B A M E

3 BREFFLFEATVIFACIEREPEN/EBICHTS
REMY A bHA 2, NF-kB, COX2&EYIAT77— Y DREE

Mo T3 HAORERE E LTHRE LE
BT AMEWENEERREZRZLT0EDT
i LI NR TS, 2 2 TAM DA
DEEFEIHEST 2 EFVERTL TS,
FoXFUBARy— VOBERERTHEZV
DA% L F—¥ (COX)Icid, ChE T2 MIE
DT AV FA L(COXL, COX2)BEEENT VS,
FALY R EICREFEZINSE COXHEAN LT
LITHERPHEBESIREZRT I L ob b3 L)
2, COX b E-REODRFTHZIEWFETH B,
COX1 & COX2 &, fERDIERT v A FHEFIE
$(NSAIDS) TH BT ALY VDAV FR ¥y
TIHEXN%, NSAIDS 2R#lichi>TRAL
T b M, KRBERIC & 250308 40~50%1E
WIEDMEREI NI LS, BDAOTFHERD
B hicdeode, $£7, RBEE2HET 3 FikkE
RV R— ADETFNVEMCIL, COX2 DIHER
KEDORV—7THEEZNHT 2 L MEENT
w3, Tsujii Hick h®, COX2 EISER A EEME
fa¢i: PGE2 % VEGF, bFGF, PDGF 7% ¥ O
A {RERTFOEED b b I e e N R
DOWETEEREEHRETOETSE 2, s

COX2 BEMNHER TRERFERCNFIE NG 2

EREE N,

BEEFA FHA v THBIL-185Y A
JETERICIERE2FFE L COX2 BEAMIZIT
SEIEETEIL, X5k uXF /A FDS
t PGE2 % TXA2 H3& o &8s # 34
BILEREEEEZESOQIINV—TREEL T
20 JL-18CHME L S AE A I D - THEE
LTHL BREERIEO L ICEHBD-I2 77—
UPREZN, COX2BETHI I LLBEESIN
TWw3® XL wEBREFIILTTACELT, M
RO n 7 r— YR ENERTRET 2L, IL-
1Bk 2 MEFHENER WA T L L BE
LTWwa?, H3KEZESHEEEITHEET
VETRT., BADMB BT 3 REEDIMEE
FENIZLTCOX2 ®NF-kBRw/n77—
Pl EERBIE UE L WHIE AL 2
EZT{IENREEEZTHS,

| 8HbIc
VEGF o4 3% /) 70— VHEDEREE
DEZ2=A3OFHFTHEE L TEREVER
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LT B, NADBMEOEEIBEST 5 Y
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ABSTRACT

The eukaryotlc Y- box ‘binding protein YB-1 is
involved.in various biological processes, including
DNA repair, cell proliferation and-the regulation of
transcrlptlor'r and translation. YB-1 protein is abun-
dant and ‘expressed ublqmtously in human ce!ls,
functronmg in cell prollferatlon and transformat:on
Its’ cénceritration’ |s thought to be hlghly regulated
at both the, !evels of transcrlption and translatton
Therefore, we m\restrgated whether or’ not the
5’-UTR of YB-1, mRNA affects the translatlon of YB 1
protem, thus mfluencmg expressmn levets
Luciferase mF!NA ligated to the YB-1 mRNA 5-UTR
was used as a reporter construct. Ligation of the
full-length YB-1. 5-UTR (331 bases) enhanced trans-
lation as assessed by in vitro and in vivo translation
assays. Deletion constructs of the YB-1 5-UTR also
resulted in a higher efficiency of translation, espe-
cially in the region mapped to +197 to +331 from the
major transcrlption start site. RNA gel shift assays
revealed that the aﬁlmty of YB-1 for various 5-UTR
probe sequences was hlgher for the full-length
5-UTR than for deleted 5- UTR sequences. An
in vitro translation assay was used to demonstrate
that recombinant YB-1 protein inhibited iranslation
of the full-length 5-UTR of YB-1 mRNA. Thus, our
findings provide evidence for the autoregulation of
YB-1 mRNA translation via the 5-UTR.

INTRODUCTION

Y-box proteins function as transcriptional and translational
regulators of gene expression. They are found among

prokaryotes and eukaryotes and are characterized by the
evolutionary conservdtion of a cold shock domain (CSD).
Recently, it was reported that a major protein component of
messenger ribonucleoprotein (mRNP) particles in somatic
cells is a-member of the Y-box binding transcription factor
family. This protem acts either as a repressor or an activator of
protein synthes1s (1—4) It has been hypothesized that YB-1
might play a role in promoting cell proliferation through the
transcriptional regulation of various genes, including epider-
mal growth factor receptor, thymidine kinase, DNA topo-
jsomerase II and DNA polyrnerase (5,6). The multiple
biological roles of YB-1 include the modification of
chromatin, the translational masking of mRNA, participation
in a redox signaling pathway, RNA chapclonmg and regula—
tion of the stress response (7).

It has also been demonstrated: that. eukaryotn: Y-box
proteins regulate gene expression at the level of translation
by binding directly to RNA (8,9). The rabbit Y-box protein,
p590, is found in cytoplasmic mRNP particles in somatic cells
and regulates translation by interacting with mRNA (2). The
murine MSY! protein and chicken Y-box protein both
regulate  transcription  and  translation  (7,10-12).
Furthermore, the Y-box family proteins, Xenopus mRNP3/
mRNP4 and mouse MSY2, have also been found to be
mRNA-masking proteins in germinal cells (13-15). Chen et al.
(16) have reported that YB-1 is involved in the mRNA
stability of the cdk4 gene; this stability is achieved by the
binding of YB-1 to a specific sequence of the mRNA. YB-1
also stabilizes cap-dependent mRINA, since depletion of YB-1
results in accelerated mRNA decay (17).

Previously, we identified several proteins as partners of YB-
1, including YB-1 itself, iron regulatory protein 2 (IRP2) and
the ribosomal proteins S3A, L18A, L5, L23A and S5. We also
provided evidence that YB-1 is involved in the translational
regulation of an iron-related protein (18). Y-box binding
proteins thus appear to perform critical functions in both
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mRNA turnover and translational control. Considering the
impostei'nt cellular functions-of YB-1, it is possible that its
expression is highly 1egulated in eukaryotes: In fact, the YB-1

gene behaves like a primary response gene. Stimulation of

mammalian cell proliferation in culture or in vive results in
increased YB-1 synthesis. The cellular level of YB-1 is
usual]y controtled by 130ulatmg the translation of its mRINA, It
is thought that an inicrease in the cellilar YB-1 concentration
could alte1 the. translation and - stability of some mRNAs.
Therefore, several pathways exist to contro] the function of
this important cellular protein.

The 5- and 3’-untranslated regions (UTRs) of eukaryotic
mRNAs are knowil to play a crucial role in post-transcrip-
tional regulation that modulates nucleo-cytoplasmic mRNA

transport, translation efficiency, subcellular localization and -

stability (19). Several regulatory signals have already been
identified within the 5- or 3"“UTR sequences (20). These
signals tend to correspond to short oligonucleotide tracts, able
to fold into specific secondary structures which provide
binding sites for various regulatory proteins (21-23).

To examine how YB-1 mRNA translation is regulated in
eukaryotic cells, we examined the possible role of its
relatively. long 5'-UTR. Deletion.of, the YB-1 mRNA 5'-
UTR enhances transiational activity in both in vitro and in vive
systems. The affinities of YB-1 for 5'~UTR probe sequepces of
various lengths were evaluated by RNA gel shift assays; the
affinity of YB-1 was higher for the full- length 5' -UTR than for
truncated sequences. The addmon of 1ecomb1nant YB-1
inhibited translation thtouah the 5 UTR of its mRNA; thts
effect was parncu]arly matked when the full-length 5'- UTR
was used, In this study, we have demonsuated for the first time
that the 5'- UTR region of ‘human’ YB i mRNA plays an
1mpo1tant 1ole in determining the. condtttons of ¥YB-1
b1osynth651s at the tlle’lS]Elthl]Etl level

MATERIALS AND METHODS
Construction of fusion pr otein expression plasmids
The plasrmds containing full- length glutathione S-transferase

(GST)-YB-1 cDNA fuswns GST-YB-1 deletion mutants and
Flag-¥YB-1 were described ple\nously (24-26).

Reporter gene constructs

A pT7 control plasmid, for in wvirre transcription and
translation experiments, was constructed by digesting lucifer-
ase cDNA of a pGL3 basic vectol (Promega, Madlson W])
with EcoRI, blunting with Klenow enzyme, and ligation to
pT7Blue3 (Novagen, Madison, WI). The pT?—YBS’-l plasmid
was constructed as follows. The entire length of the YB-1 5'-
UTR was amplified by PCR from human YB-1 ¢DNA. The
forward primer was 5-AGGCAGGAACGGTTGTAGGT-3
and the reverse primer was 5'-gtttitggcgteticcat-
GGTTGCGGTGATGG-3". The latter contains a luciferase
coding sequence at the 5-end (shown in lower case). A
luciferase cDNA fragment was also amplified by PCR from a
pGL3 basic vector, using the forward primer 5'-
CCATCACCGCAACCatgg'l'wacoccaaaaac-3 complemen-
tary to the reverse primer of the YB-1 5°-UTR and the reverse
primer 5'-ttacacggcgatctttce-3’. Each PCR-amplified fragment
wag ligated with the complementary primer regions and

amplified by PCR using the complementary primer pair. The
YB-1 5*-UTR-ligated luciferase cDNA fragment was cloned
into the EcoRI- dtgested pT7Blue3 vector in order to' generate
plasmid pT7-YB5’-1. To fuﬁctioually characterizé the 5-UTR
of the human YB-1I gene, a series of 5'-deletion plasmlds (pT7-
YBS5™-2-pT7-YB5’-6) were amplified by PCR using the pT7-
YBS5'-1 plasmid as a template. The forward primers were 5'-
AAGGTCCAATGAGAATGGAGGA-3 (pT7-YB5'-2), §'-
AAGCTAGGGATTGGGGTCAG-3' (pT7-YBS'-3), 5-CCT-
AGGGCGGGTCGCTCGTA-3 (pT7-YB5'-4), 5'-CGATCG-
GTAGCGGGAGCGGAG-3" (pT7-YBS'-5) and 5-CCG-
CCGCCGCCGGCC-3" (pT7-YB5'-6). Each of the PCR-

- amplified fragmenis were cloned -into the’ EcoRI-digested

pT7Blue3 vector to generate the pT7-YB5'-2-pT7-YB5'-6
plasmids. -To construct. pPCMV- and pCMV-YB5'-1-pCMV-

-YB5'-6 plasmids suitable for expression in maminalian cells,

the pT7 or pT7-YB5'-1-pT7-YBS5'-6 plasmids were digested
with EcoRI. The fragments of luciferase cDNA were ligated
into the EcoRI- digested pIRES EYFP vector (Clontech, Palo
Alto, CA), using various sizes of the YB-1 5-UTR region
{(pCMV-YB5'- 1-—pCMV YBS5’-6); a non-ligated fragment
(pCMV) was used as a control.

Site-directed mutagene51s of the ¥YB-1 5-UTR.in pT7-
YBY5'-1 was performed using a PCR-based method. To obtain
pT7- YBMl—pT’? -YBM3, the full lenigth of the YB-1'5-UTR
sequence ‘was first amplified-by - PCR The: forward ‘primers
were 5'-GGTGGGCAGTACATCAGTACCACTGG-3! (pT7-
YBM1),.: 5’-GCGGGTCGCTAGAGAGGCTTATCCCGCTT
(pT7-YBM2), : 5-CATTCTCGCTAGAACAGTCGGTAG-
CGGG-3., (pT7 -YBMS3),.and, the,.reverse,. primers; swere. 5%
CCAGTGGTACTGATGTACTGCCCACC—3' ApT7- YBM])
5 GCGGGATAAGCCTCTCTAGCGACCCGC 3, (pTT-
YBMZ) and X CCCGCTA GACTGTTCTAGCGAGA—
ATG 3’ (pT7 YBMB) A se '_PCR was then pelformed
wn:h Taq' polymerase usmg the “first PCR p1oducts as
Eemplates The' PCR products wére cloned mto the” EcoRI-
digested ‘pT7Blué3vector in ‘order to* -générate the pT7-
YBMI-—pT’I YBM3 plasmids. All constructs were confirmed
by sequencing using:a'DNA sequencing system (model 377,
Apphed Btosystems Foster Ctty, CA) Cn :

Cell lmes

A human epldermotd cance1 cell Ime KB3-1 was cultmed in
MEM supplemented with 10% newborn ca]f serum.. The
human lung cancer cell line H1299 was cultuied in RPMI
supplcmented with 10% fetal bovine serum (FBS). HUVECS
were 1'~:olated from 1nd1v1dual human umbilical cord veins by
collagéhase digéstion’ and wert Toutinely cultuled or type 1
coHagen coated’ plates in ‘endothélial ‘cell growth ‘medinm
(Clonettcs Boston, MA) supplemented with 2% FBS: Tissue
samples were obtained-under an Institutiénal Review Board
approved protocol, after the subjects had provided informed
consent. The cells were maintained under standard cell culture
conditions at 37°C and 5% CO, in a humid environment.

[N

Recombinant proteins and antibodies

Recombinant proteins were expressed in Escherichia coli
DH3c. YB-1 and YB-1 deletion mutants were purified as GST
fusion proteins as described previously (25). Briefly, GST
fusion protein expressed in bacteria was induced by incubation
with isopropyl-1-thio-p-D-galactopyranoside and cells were



lysed by sonication in 1 mil of binding buffer 1 mM
ditiothreitol, 0.5 mM phenylmethylsulfonyl fluoride {PMSF),
200 mM NaCl, 10% v/v glycerol, 1% Triton-X, in phosphate-
buffered saline (PBS) pH 7.3]. Cellular debris was removed by
centrifugation and the supernatants were subjected to affinity
column chromatography using glutathione—Sepharose 4B
(Amersham Biosciences, Piscataway, NJ) according to the
manufacturer’s recommendations. Antibody to YB-1 was
generated as described previously (27).

Primer extension by reverse transcriptase

The primer extension experiments were carried out as
described previously (28). Total RNA was prepared from
each cell line using an RNeasy Miniprep Kit (Qiagen,
Chatsworth, CA) and a QIAshredder microspin homogenizer
according ‘to the manufacturer’s., recommendations. The
poly(A)* RNA was isolated from the total RNA using a
Poly(A)* Isolation Kit from Total RNA (Nippon Gene Co.
Ltd, Tokyo, Japan). The primer for the primer extension
analysis, 5.GCTCATGGTTGCGGTGATGG-3’, was synthe-
sized t0 hybridize the sense strand between nucleotides —14
and +6 in thé first exon of the YB-1 gene. The synthetic primer
was labeléd/ at its 5-end with [y**P]JATP using T4
polynucleotide kinase and hybridized to 1 pg poly(A)t RNA
in 80% formamide, 0.4 M NaCl, 40 mM PIPES (pH 6:4) and
1 mM EDTA for 4 h at 50°C. After precipitation, the nucleic
acid pellet was dissolved in reverse transcriptase buffer
(Imvitrogen Corp., Carlsbad, CA). The primer was extended
with 200 U of SuperScript II RNase H- reverse transcriptase
(Invitrogen) uiging: T /M 4ch of the foui deoxynucleotides.
After-1 h'at 37°C, the reaction was neutralized and the DNA
was ¢ollected. The reaction products were analyzed ona 7 M
urea—8% polyacrylamide gel to determine the size of the
éxtended product. The gel was exposed to an imaging ‘plate
and the blofs - were visualized and  quantified using a
phosphorimaging .analyzer (model BAS 2000; Fuji Photo
Film Co., Tokyo, Japan) and the Image Gauge (version 3.4}
program. o ;

RNA immunoprecipitation assay

Cells (100 mm dishes) were transfected with 5 pg of Flag-YB-
1 plasmid DNA using LipofectAMINE 2000 reagent
(Invitrogen). After 48 h, the cell extract was preincubated
with protein A/G-agarose in TNE buffer [50 mM Tris-HCI
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-44),
1 mM PMSF, 10 ug/ml leupeptin, 10 pg/ml aprotinin} for 1 h
at 4°C with rotation. After centrifugation, the supernatant was
incubated with anti-Flag. M2-agarose affinity gel (Sigma
Chemical Co., St Louis, MO) for 12 h at 4°C with rotation in
TNE buffer. The beads were washed four times with TNE
buffer. After centrifugation, total RNA was extracted from the
precipitate using a RNeasy Miniprep Kit (Qiagen). Total
mRNAs were reverse transcribed and amplified by PCR using
the ThermoScript RT~PCR System (Invitrogen). The follow-
ing YB-1- and P-actin-specific primer pairs were used: the
forward primers were 5-ACCACAGTATTCCAACCC-
TCCTG-3" (YB-1) and 5-CTGGCACCACACCTTCTA-
CAATG-3' (B-actin) and the reverse primers were 5-ATC-
TTCTTCATTGCCGTCCTCTC-3" (YB-1) and 5-ATAGC-
AACGTACATGGCTGGGG-3' (B-actin). The RT-PCR
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amplification products were analyzed by 2% agarose gel
electrophoresis.

RNA band shift assays

The RNA electrophoretic mobility shift assay (REMSA) was
carried out according to established technigues (29). Briefly,
32P.jabeled YB-1 5-UTR probe was transcribed in vitro from
the plasmid pT7blue3, which contains a sequence corres-
ponding to the 5-UTR of YB-1. An aliquot of 2 pg of the
linearized plasmid was transcribed in vitro by T7 RNA

_polyinerase in the presence of [¢-3?PJUTP. The DNA template

was removed by digestion with DNdse I and the YB-1 5-UTR
probe was then extracted by column chromatography. To form
RNA-protein complexes, 1-10 pg of cytoplasmic protein or
the indicated amount of purified GST-YB-1 was incubated
with 32P-labeled YB-1 5-UTR probe at 25°C for 15 min. Next,
the samples underwent - electrophoresis through a 4%
non-denaturing polyacrylamide gel (polyacrylamide:bisacryl-
amide, '80:1) in Tris-borate buffer. For the supershift experi-
ments, 2 Jig' of the 'YB-1 antibody was incubated with
cytoplasmic protein or purified GST-YB-1 at 25°C for 5 min
before adding the 3?P-labeled YB-1 5-UTR probe. The gels
were dried, visualized and then quantified as described above
for the primer extension afialysis.” o

In vitro transcription and translation

An aliquot of 2 pg of plasmid pT7Blue3, which encodes both
luciferase ¢DNA ligated to the YB-1 mRNA 5-UTR region
(YB-1 5-UTR-luciferase) as well as luciferase.cDNA not
ligated to the YB-1 mRNA 5-UTR regjon (luciferase) (sce
Fig. 2A), was transcribed in vitro .using an Jn viro
Transcription 'System  (Promega). The, DNA template . was
reinoved by digestion with DNase I and the RNA was purified
by phenol/chloroform extraction. The integrity of the RNA
was then examined using an Agilent 2000 Bioanalizer
(Yokogawa, Osaka, Japan). Then, 50 ng of each RNA was
translated using a rabbit reticulocyte lysate system (Promega).
The luciférase assay was performed aftei incubation for 1.5 h
at 30°C ‘as ‘described ‘previously (18). To characterize the
translation inbibition of each of the reporter constructs,
the indicated amounts of GST fusion proteins were added to
the rabbit reticulocyte lysate system either initially or after
10 min of incubation using 50 ng of the RNA constructs. The
in vigro translation was performed for 30 min at 30°C and the
translation activity of each experiment was measured. Data
are shown as the means. * SD from three independent
experiments.

Northern blot analysis

To detect in vitro transcribed RNA, a luciferase cDNA" was
used as the probe. The luciferase cDNA was obtained by
digesting the pGL3-Basic vector (Promega) with Narl and
Xbal. Réaction mixtures (20°pl, as described above) contain-
ing 50 ng of in virro trinscribed RNA were preincubated or
treated after 10 min incubation with 5 pmol of GST-YB-1.
After incubation for 30 min in a rabbit reticulocyte lysate
system, total RNA was extracted using an RNeasy Miniprep
Kit (Qiagen). RNA samples (0.5 pg/lane) were separated on a
1% formaldehyde—agarose gel and transferred onto Biodyne B
membranes (Pall, Port Washington, NY). The membrane was
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prehybridized and hybridized with [0-32P)dCTP-labeled
probe. Radioactivity was analyzed by autoradiograpy.

Transfections and luciferase assays

Cells underwent ftransient transfection using the
Lipofect AMINE method. Human lung cancer H1299 cells
were plated at a density of 1 X 10° cells/35 mm well the day
before transfection. At ~80-90% confluence, the cells were
transfected with 1 pg of reporter plasmid DNA or control
vector using LipofectAMINE 2000 reagent (Invitrogen).
Three hours later, the cells were washed twice with PBS and
placed in fresh medium. T'wenty-four hours post-transfection,
the luciferase activity was measured as described below. The
luciferase activity of the transfected cells was measured using
the Dual Luciferase Assay System (Promega). Briefly, cells
were lysed with 250 yl of 1 X Passive Lysis Buffer (Promega).
After a brief centrifugation, 10 pl of each supernatant was
assayed for luciferase activity. Light emission was measured
for 15 ¢ with a luminometer. To standardize uanslanon
efficiency, the relative luciferase activity was expressed as the
ratio of downstream cistron expression to upstream cistron
expression (luciferase/EYFP). The fluorescence of enhanced
yellow fluorescent protein (EYFP) was excited at 488 nm and
measured for 1 s using a fluorometer. .

RESULTS

Analysis of the multiple transcription initiation sites of
the YB-1 gene

To’ mvestlgate the mechanisms of translatlonal control regu-
lating YB-1 protein levels, the possible involvement of YB-1
MRNA was investigated. The 5-UTR has a hlgh G+C content
(61%), suggesting that it could assume a }ngh level of
secondary structure in vivo. Computer modeling of poténtial
secondary ~ striictures suggested that structures with free
energies (AG values) lower than -190 kcal/mol could be
formed (data not shown), We previously identified several
transcription initiation sites for the YB-1 gene in KB3-1 and
T24 cells (28). To compare the major transcription initiation
sites in other cell lines, primer extension analysis was
performed (Fig. 1A). The lung cancer ce}I line H1299 and
endothelial cells (HUVECS) were compared with KB3-1
cells. The transcription initiation sites (*) were identical in 2ll
of the cells and eight transcrlpts (*1-*8) were observed in the
region ‘mapped to +1 to +197 (Fig. 1B). The ratio of the
transcripts differed in each cell line. The proportion of
t1anscr1pts starting at initiation site *1 was significantly higher
in HUVECs, compared to the other cancer cells. These results
suggest that the multlple transcription’ start sites of YB-1
mRNA observed in cell lines may be involved in the
regulation of YB-1 protein expression.

The 5-UTR of YB-1 mRNA increases the expression of
a luciferase reporter in vitro and in vivo

To study the possible involvement of the 5-UTR of YB-1
mRNA in translation control, we generated two types of
reporter constructs. (i) Those containing luciferase cDNA
ligated to the full-length 5-UTR of YB-1 gene (pT7-YB5'-1)
and (i) the non-ligated luciferase control construct (pT7)
(Fig. 2A). The predominant 5 transcription initiation site is
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Figure 1. Ana!ysts of the transcription start site, of lhe YB-1 gene by pnmer
extension assay. (A) Primer extension assay, Hybridization of the primer
extension was performed with 5'-labeled oligonucleotide and 1 ug poly(AY*
RNA of each cell line. The markers shown on the left are end-labeled Hinfl
fragmenis of ¢-X174 DNA.. Black asterisks (*) indicate transcription
initiation start sites. The 5 furthest transcription initiation start site is
indicated as +] and the first AUG codon is indicated at +331. The arrow -
indicates the position of the primer that was used for exiension. The primer
hybridizes the sense strand between nucleotides 4317 and 4337 of the YB-1
gene. (B) Schematic distribution of the transcription initiation site in the
YB-1 5.UTR.

designated +1 in the text and figures. Additional experiments
were performed to investigate the regulatory region of the 5'-
UTR of YB-1 mRNA. A total of five serial deletion mutants
(pT7-YB-5-2—pT7-YBS5'-6) were constructed; each cormres-
ponding to a particular transcription initiation site. We first
cloned transcripts *1, *2, *4, *7 and *8, which were each
expressed at up to 10% of the total. These transcripts
corresponded to YB5-1-YB5-5. We made an additional
probe, YB5'-6, for detection of the shortest 5-UTR fragment
of YB-1. In vitro transcription reactions were performed on
each of these constructs using T7 RNA polymerase and the
integrity of the transcripts was confirmed by gel electrophor-
esis (data not shown). The differences in the transcript sizes
were consistent with the length of the 5-UTR (Fig. 2A). Equal
amounts of the transcripts were translated in rabbit reticulo-
cyte lysate and the luciferase activity was measured. The
presence of the full-length 5-UTR of YB-1 mRNA by itself
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UTR 6f YB-1 on the expression of a luciferase reporter in vitro and i vive. (A) Schematic representation of the

reporter constructs containing luciferase cDNA ligated to the YB-1 5-UTR region (pT7-YBS-1pT7-YB5'-6) fragments of varione sizes, as well as the non-
ligated contral construct {(pT7). The YB-1 5-UTR region (pT7-YBS5-1-pT1-YB5'-() fragments were enlarged to show the limits of regions of the 5-UTR of
YB-1. The right-angled arrow denotes the stari site and direction of transcription. Each of the reporter plasmids was transcribed in vitro in a reaction driven
by T7 RNA polymerase and then 50 ng of the RNA constructs were transiated using the rabbit reticulocyte lysate system. The luciferase assay was performed
afler incubation for 90 min a1 30°C. (B) Schematic representation of the bicistronic reporter constructs containing luciferase cDNA ligated to the YB-1 5'-

UTR region (pCMV-YRBS'-1-pCMY:YB5-6) fragments of various sizes,

as well as the non-ligated control construct (pCMV), Each of the reporter plasmids

was transcribed under the contro) of the human cytomegalovirus early promoter (CMV). The right-angled arrow indicates the start site and direction of trans-
lation. 11299 cells were transfected with these constructs and their Juciferase activities were measured. To standardize the translation efficiency, relative luci-
ferase activity was expressed as the ratio of downstream cistron expression to upstream cistron expression (Juciferase/EYFP). Data are shown as the means =

SD (error bars) of three independent experiments.

increased the level of luciferase activity ~2-fold relative to that
of the control mRNA (pT7). Furthermore, each of the YB-1 5-
UTR deletion constructs showed higher translational activity
than did the pT7 control. Of all the constructs, pT7-YB5'-5
showed the highest activity, whicll was ~4-fold greater than
that of the conirol construct (Fig. 2A).

We next determined whether a similar increase in activity
could also be induced in cultured cells by the 5-UTR. We
constructed eukaryotic expression vectors containing lucifer-
ase cDNA ligated to various regions of the YB-1 5-UTR
(pPCMV-YB5'-1-pCMV-YB5'-6), as described for the in vitro
experiment (Fig. 2A). The reporter constrocts were transcribed
under contral of the human cytomegalovirus early promoter.
After transfection into a H1299 lung carcinoma cell line, the
levels of luciferase activity were compared (Fig. 2B). As
observed with the in vitro translation assays (Fig. 2A), the YB-
1 5-UTR increased the level of luciferase expression. The
full-length YB-1 5-UTR by itself increased luciferase activity
~2-fold compared to the control construct (pCMV).
Furthermore, pCMV-YB5’-5 also showed the highest activity,
which was 4-5-fold that of the control. The mRNAs encoded

by the reporter constructs were equally expressed, as deter-
mined by northern blot analysis (data not shown). These
results suggest that the YB-1 5'-UTR enables more efficient
translation of MRNA in vitro and in vive and the short-length
construct (YB5'-5) facilitates the most efficient translational
activity,

YB-1 binds its own mRNA in the cytoplasm

YB-1, which posseses RNA binding activity (26), has been
reporled to be involved in translational regulation and in the
regulation of mRNA stability (16). In order to identify whether
or not YB-1 protein interacts with its own mRNA in the
cytoplasm, we performed RT-PCR using mRNA isolated by
co-immunoprecipitation  with YB-1  immunoprecipitant
(Fig. 3). Flag-YB-1 or an empty Flag expression vector
were transfected into an H1299 lung carcinoma cell line. After
48 h, cells were lysed and YB-1 proteins were immunopre-
cipitated with Flag antibody. The mRNA was purified after
immunoprecipitation and amplified by RT-PCR using YB-1-
and P-actin-specific primers. YB-1 mRNA and B-actin mRNA
were both expressed in the H1299 cell lines (Fig. 3, lane 4).
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Figure 3. YB-1 interacts with its own mRNA in the cytoplasm. Flag-YB-1
or Flag expression vector was transfected into H1299 cels! After 48 h, cells
were lysed and the YB-1 proteins were Jmmunoprempntatcd (IF), with Flag
antibody. The mRNA were purified after immunoprecipitation and® ampl:ﬁed'
by RT-PCR with YB-1- (upper panel) and;B:actin-specific. (lower. panel)
primers. The RT-PCR amplification products were anaiyzcd by 2% agarose
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Flag-YB-1 1mmunoprec;pxtates contained YB- 1 mRNA
(Fig. 3, lane 3), while the, control Flag.inumnoprecipitate did
not (Fig. 3, 1ane 2). Furthermore, the YB-1 immunoprecipitate
also contained B-actin mRNA (Fig. 3, lane 3). These data
provide evidence that YB-1'interacts with its own mRNA and
[-actin mRINA in the cytoplasm of cultured cells.

YB-1 binds to the 5-UTR: of its cognate mRNA through
a C terminal domain -

We next mvestlgated the intcraction of YB-1 protein with the
5*-UTR of its own mRNA in vitro. An RNA gel shift assay
(REMSA) was performed by using KB3-1 and HI299 cell
lysates and an in vitro synthesized mRNA probe correspond-
ing to the full-length -UTR of YB-1 mRNA (Fig. 4A). YB-1
5’-UTR formed an RNA—protein complex with lysates made
using KB3-1 and H1299 cell lysates (Fig. 4A, lanes 2—4 and
8- 10) The p1esence of endogenous YB-1 protéin in the major
complex was conﬁlmed by the ability of a YB-1-specific
aniibody to supe1sluft most of the complex (Fl" 4A, lanes 6
and 12). To determine whether YB-1 protein is able to directly
interact with the 5-UTR of YB-1 mRNA, we performed a
REMSA using purified recombinant YB-1 (Fig. 4B).
Recombinant YB-1 also clearly bound to the 5-UTR of
YB-1 mRNA (F]o 4B, Tanes 5-7), while control GST protein
did not (Fig. 4B, lanes 2-4). The interaction with YB-1 protein
was also confirmed by the use of YB-1- spec:ﬂc annbody
(Fig. 4B, lanes 10 and 11).

We previously observed that rabbit p50, a homolog of
human YB-1 protein, was present in rabbit reticulocyte lysate,
To assess the nature of the rabbit p50 interaction with the 5-
UTR of YB-1 mRNA, we performed a REMSA using rabbit
reticulocyte lysate (Fig. 4C). When added to rabbit reticulo-
cyte lysate, the YB-1 5-UTR formed an RNA-proicin
complex (Fig. 4C, lanes 2 and 3). The presence of rabbit
P30 in the major complex was confirmed by the ability of a
YB-1-specific antibody to supershift most of the complex
(Fig. 4C, lane 5).
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Figure 4, YB-] binds to the 5-UTR region of YB-1mRNA. (A) Endogenous
YB-1 protein binds to the 5-UTR region of YB-1 mRNA in the cytopiasm.
The indicated amounts of KB3-1 and H1299 cell lysate were incubated with
#2p-labeled YB-1 5-UTR RNA at 25°C for 15 min. An aliquot of 2 ug YB-1-
specific antibody (Ab) was added 1o lanés 5, 6, 11 and 12. An arrow indicates
the YB-1/¥B-1 5-UTR RNA complex and a double-headed arow indicates
supershifted complexes. (B) Purified YB-1 binds to YB-1 5-UTR RNA. The
indicated amount of GST or GST-YB-1 fusion was incubated with 2P-labeled
YB-1 5-UTR RNA at 25°C for 15 min. An aliquot of 2 g YB--specific anti-
body (Ab) was added to lanes 8-11. An arrow indicates the YB-1/YB-1 &'
UTR RNA complex and a double-headed arrow indicates supershified com-
plexes, (C) Rabbit YB-1 (p50) binds to the 5-UTR region of YB-1 mRNA in
the in virro translation system. The indicated amouats of rabbit reticuiocyte
lysate (RRL) were incubated with 32P-labeled YB-1 5-UTR RNA nt 25°C for
15 mir. An aliquot of 2 pug YB-1-specific antibody (Ab) was added to lanes 4
and 5. An arrow indicates the rabbit YB-1/YB-1 5-UTR RNA complex and a
double-headed arow indicaies supershified complexes. YB-1/YB-1 §-UTR
RNA probe complexes were separated as described above.
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Figure 5. Identification of the.YB-1 5-UTR binding domain in YB-1.
(A) Schematic illustration of the GST-YB-1. deletion mutants used in this
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indicated - amount of each- GST-YB-1 deletion - mitant and GST was
incubated With'32P-labeled YB-1 5-UTR ENA at 25°C fdr'15 min. An
aliquot of 2 g YB-]-speeific.antivody (Ab) was added to lanes 11-15, An
arow md:catcs He' YB- 1/YB- 1 5-UTR RNAT comp]cx and a double-headed
arrow indicates supershifted complcxes YB-1 mutanrfYB 1 5*-UTR RNA
probe complexes were separated using 4% native polyacrylamide gels.

YB- l p1ote1n consists of three major domains, each of
which has the potential to bind nucleic acids (30): the alanine/
proline-rich N-terminal domain, the highly conserved nucleic
acid binding domain and the C-tail domain. To identify which
domains of YB-1 protein'are responsible for this interaction,
we performed a REMSA using & series of GST fusion proteins
containing either full-length YB-1 (FL) or the mutant
derivatives GST-YB-1 N-ter, CSD and C-tail (Fig. 5A). A
strong interaction was observed using the full-length YB-1
(Fig. 5B, lanes 3 and 4) and the C-tail of YB-1 (Fig. 5B, lanes
9 and 10). The central CSD, containing the RNP1 motif, was
not able {0 bind to the 5-UTR of YB-1 mRNA (Fig. 5B, lanes
7 and 8). The binding activity of both constructs resulted in the
appearance of a supershifted band in the presence of a YB-1-
specific antibody that recognizes the C-terminal tail of YB-1
(Fig. 5B, lanes 12 and 15). These resulis suggest that the C-tail
domain of YB-1 protein interacts with the 5 -UTR of its own
mRNA,; independent of othel domams

Identification of the YB 1 bmdxng region in the 5-UTR
of YB-1 mRNA

To identify which region of the YB-1 mRNA 5-UTR interacts
with YB-1 protein, we performed a REMSA using probes
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mRNA. (A) Schematic illustration of YB-1 S~UTR deletion consiructs used
as the prabe in a REMSA. To produce RNA of defined length, restriction
enzyme (Pvul or Pvull) was used to linearize the DNA templates.
(B) REMSA. The indicated amount of GST-YB-1 fusxon was 1ncubated
with each **P-labeled YB-1 5°UTR deletion mRNA at 25°C far 15 min. An
arrow indicatés the YB-1/YB-1 5-UTR RNA complex. YB-1/YB-1 5“UTR
RNA probe complexes were separated using 4% native polyacrylamide gels.
(C) Kinetic analysis of GST-YB-1 binding to, YB5’-1, YB/Pvul and YBS'-5
probes, The GST-YB-1 binding activity to YB-1 5-UTR f{ragments
identical to that shown in (B) were quanttﬁed by monitoring amounts of the
binding complexes.

corresponding to YB5-1 (295 bases), YB/Pvul (200 bases)
and YB5'-5 (98- bases), as defined in Figure 1B (Fig. 6A).
Al three construcis formed RNA-protein complexes in a
dose-dependent manner. However, thie affinity of YB-1 for the
three probes differed, When GST-YB-1 was added to the full-
length YB-1 5-UTR (YB5-1) and YB/Pvul, a retarded
complex was clearly visible (Fig. 6B): When 0.6 pmol of
GST-YB-1 was added, up to 60% of the YB5'-1 and YB/Pvul
probes were bound to GST-YB-1 (Fig. 6C). However, little
retarded band was observed using the deleted YB5'-5 probe
(Fig. 6B) when the same amount of YB-1 was used. When
0.6 pmol of YB-1 was added to YB5'-5, <20% YB5'-5 was
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bound. These results indicate that YB-1 protein binds to the
full-length and the first half of the YB-1 5-UTR more
efficiently than a construct containing the second half of the
YB-1 5-UTR, YB5’-5.

Recombinant YB-1 protein decreases translation
through its own 5-UTR mRNA element in vitro

As shown in the REMSA, we observed higher affinity binding
to the full-length 5°-UTR of YB-1 mRNA with recombinant
YB-1. It has been shown that inhibitory concentrations of YB-
1 suppressed the interaction with initiation complexes such as
elF4E, elF4A and elF4B, and these concentrations inhibited
translation at the stage of initiation (17,31). YB-1 has also
been reported to affect the translation of both cap* poly(A)*
and cap~ poly(A)- mRNAs (1,2). Skabkina ez al also
demonstrated that poly(A) binding protein positively affects
YB-1 mRNA translation through specific interaction with YB-
1 mRNA (32). Thus,” we investigated whether or not
recombinant YB-1 inhibits translation in a cell-free translation
system by using the full:length and deleted YB-1 5-UTR
constructs:In this system the transcript of YB-1 5-UTR were
neither capped nor polyadenylated. We therefore excluded the
possibility that binding between YB-1 protein and translation
initiation and elongation factors such as cap binding protein or
poly(A) binding protein was involved. To test the functional
activity of ¥YB-1 protein, recombinant YB-1 protein was added
to the in vitro translation system. In vitro transcripts from pT7,
pT7-YB5’-1 and pT7-YB5'-5 were translated in a rabbit
reticulocyte lysate system in the absence or presence of
recombinant YB-1 protein and the luciferase activity was
measured. As shown in Figure 7A, the addition of YB-1 at the
start of translation inhibited the translation of all three
constructs in a dose-dependent manner to a maximum of
~60%. - ;

Next, we measured the kinetics of luciferase translation in a
rabbit retilculocyte lysate. After the first 10 min, almost 10%
of translation had occurred and translation efficiency was
saturated after 60 min (data not shown). To investigate the
inhibitory effects of YB-1 protein on translation, we added
varjous amounts of YB-1 protein 10 min after translation was
started (Fig. 7B). The addition of YB-1 10 min after
translation inhibited the luciferase activity in a dose-depend-
ent manner when the construct containing the full-length 5'-
UTR (pT7-YBS5'-1) was uvsed; this reduction amounted to
~50% with 5 pmol of YB-1, implying that only 10% of the
inhibition results from translation that could have occurred in
the first 10 min of the 30 min reaction. On the other hand, little
YB-1-dependent repression of translation was seen using pT7-
YB5°-5 and pT7-luciferase. These results suggested that
pretreated YB-1 inhibited translation of all constructs and
the addition of ¥YB-1 after translation also. specifically
inhibited translation of the construct with the full-length 5'-
UTR.. :

YB-1 protein was also involved in stabilization of mRNA in
rabbit reticulocyte system. We confirmed the integrity of the
in vitre transcribed mRNA by northern blot analysis before
and after treatment with YB-1 (Fig. 7C). No change in
transcribed RNA stability was observed with up to 30 min
incubation in rabbit reticulocyte system (Fig. 7C, lanes -3, 4—
6 and 7-9).
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Figure 7. Characterization of translation inhibition by YB-1 protein through
its own 5-UTR mRNA element in virro. The indicated amounts of GST-
YB-1 fusion were added 1o a rabbit reticulocyte lysate system either initiaity
(A) or after 10 min incubation (B} using 50 ng of the RNA constructs de-
scribed in Figure 2A. The in vitro translation was performed for 30 min at
30°C and the translational products were directly used for the luciferase
assay. Data are shown as means = SD (error bars) of three independent
experiments. (C) The effect of YB-1 on mRNA stability was examined. An
aliquot of 50 ng of in virro tanscribed RNA constructs was preincubated
{pre) or treated after 10 min incubation (after) with 5 pmol of GST-YB-1.
After incubation for 30 min in a rabbit reticulocyte lysate system, the RNA
was detected by northern blot hybridization. Lanes 1, 4 and 7 (Inpug) show
the in vitro transcribed RNA constructs isolated from the exact at 0 min
incubation.

Recombinant YB-1 protein did not decrease translation
through a mutant 5'-UTR element

Next, we focused on the possible secondary structure of the
full-length 5-UTR of YB-1 mRNA. In general, the stem-loop
structure found in 5-UTRs of mRNAs affect their transla-
tional efficiency as, for example, in the ferritin 5'-UTR (18). In



the YB-1 5-UTR, we observed three regions which are
predicted to form possible stem-loop structures. To investi-
gate the translational regulatory region of the 5-UTR of YB-1
mRNA, we constructed three mutants which disrupt the stem—
Joop structure. These contained internal mutations {mutl—
mut3) which we have designated using the nucleotide at the 5
end comesponding to the transcription initiation site (%)
(Fig. 8A). To characterize the translational inhibition observed
with the addition of YB-1, we performed cell-free trans-
lational assays using mutants of the above constructs of the
YB-1 5-UTR fused to luciferase mRINA (Fig. 8B and C). The
addition of YB-1 at the start of translation resulted in up to a
60% inhibition of luciferase activity in a dose-dependent
manner, in the case of both the mutant and full-length 5-UTR
(Fig. 8B). However, no repression of the luciferase activity of
these mutant constructs (pT7-YBMI1-pT7-YBM3) was ob-
served when YB-1 was added 10 min after translation was
initiated (Fig. 8C). These results suggest that YB-1 protein
regulates the translation of all constructs and also that it
specificaily inhibits translation when the 5'-UTR of YB-1
mRNA is present. Our findings are consistent with a model in
which YB-1 protein specifically binds to the full-length 5"-
UTR of YB-1 mRNA and inhibits its own translation in vitro.

DISCUSSION

In this report, our data demonstrate that YB-1 protein not only
binds to an RNA containing the human YB-1 5°-UTR in vitro
and in vivo, but that it also exhibits functional activity by
specifically- inhibiting the translation of a YB-1 5-UTR-
luciferase reporter mRINA in rabbit reticulocyte lysate assays.
The multifunctional protein YB-1 was first identified as a
transcription factor which binds to the Y-box of the MHC
class 1l promoter sequence (33). Recent studies have demon-
strated that YB-1 regulates gene expression not only at the
jevel of transcription, but also at the level of mRNA
translation. Considering these characteristics, it is possible
that YB-1 might regulate its own expression at the transla-
tional level. . :

The present paper provides evidence that the translational
control of YB-1 expression is mediated via the 5-UTR of
Y¥YB-1 mRNA. Global control of translational efficiency can be
achieved by regulating the phosphorylation state of an array of
initiation factors (such as elF2 and eIF4E). However, control
of translational initiation on an individual mRNA is deter-
mined primarily by its nucleotide sequence and the secondary
structure of the regulatory protein, The 5-UTR plays a
particularly important role in the regulation of translation
initiation via an interaction with RNA binding proteins or by
secondary structure formation, which hinders the activity of
the translational machinery. Analysis of the 5-UTR sequence
of YB-1 (331 bases in length) revealed several important
features that are known to influence translation.

Many in vitro and in vive studies have shown that mRNAs
with a high likelihood of forming a stable secondary structure
in the 5-UTR tend to be inefficiently translated (34).
However, in both in vitro and in vivo experiments we found
that the 5"-UTR sequence of YB-1 mRNA, with its high G+C
content, acts as a potent translational enhancer. The full-length
5'-UTR of YB-1 mRNA increased the level of translation
activity and cloning a 134 base region of the YB-1 5-UTR
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Figure 8. Effect of mutation of the ¥B-1 5-UTR mRNA element on
translation. {A) Schematic representation of the YB-1 5-UTR-luciferase
fusion reporter constructs used in this study. pT7-YBEMI-3 containing an
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construets described in (A), The in vitro translation was performed for
30 min at 30°C and the trenslation activity of each experiment was meas-
ured. Data are shown as the means = SD (error bars) of three independent
experiments.
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upstream of the coding initiation sequence was also associated
with a significant increase in translation activity (Fig. 2A and
B). This region might therefore be crucial for the translation
activity of the 5-UTR of YB-1 mRNA. These data suggest
that elemnents within the 5-UTR of YB-1 mRNA can act as
enhancers of mRINA translation.

According to the scanning mechanism -postulated for
translation initiation, the small (40S) ribosomal subunit enters
at the 5" end of the mRNA and migrates linearly, stopping
when the first AUG codon 1s reached (35). Nekrasov et al. (31)
demonstrated that YB-1 protein inhibited the initiation step of
translation, but did not inhibit the elongdtion step. Rabbijt YB-
1 displays both RNA melting and annealing activities in a
dose-dependent manner;, a relatively low. amount of YB-1
promotes the formation of RNA" dup]exes whereas an excess
of YB-1 causes unwinding of double-stranded forms (36). It is
also possible that YB-1 additionally facilitates movement of
the small ribosomal subunit to the initiation codon tomplexed
with initiator tRNAMet This may occur up to the initiation
codon by YB-1 melting the secondary structure in the mRNA
5-UTR @31). ‘

In this -study, we': observed that YB-1 inhibited the
translation of all“of the transcripts of YB-1. §-UTR that
lacked sequence specificity, suggesting that YB-1 rediced the
translation efficiency of 5-UTR elements, :either at the
initiation step or by binding dlrect]y to the whole RNA.
These results provided evidence that YB-1 might block the
first step in mRNA recruitment into translation initiation.

The addition” of YB-1 10 min after initiation inhibited
translational activity only when the full-length 5-UTR of YB-
1 mRNA was present (Figs 7B and 8C). No repression of the
luciferase activity of the deleted or mutant constructs (pT7-
YBM1-pT7-YBM3) (with disrupted stem-loop structures)
was observed. We also.observed that YB-1 binds to the first
half-region of YB-1 5* UTR RNA more efficiently than does
the latter half construct comprising the second half.(Fig. 7).
The affinity of YB-1 for the mutated probes was the same as
for the w11d-type YBS5’-1 probes (data not shown) These
resulis suggest. that ribosome scanning or ongoing iranslation
might be required for repression by YB-1 when the full-length
YB-1 5“UTR wis uséd. And when mutated and deleted probe
were used, YB-1 did not affect ribosomal scanning due to
alterations in the secondary structure of the YB-1 5" UTR. The
precise secondary structures of the YB-1 5-UTR 1ema1ns to
be determined.

By combining the results presented here with previous data,
we are able to describe the effect of YB-1 on transtation. First,
YB-1 blocks the initial step in mRNA recruitment to
translation initiation, YB-].then turns off the interaction of
the mRINA with eIlF4F (31) Second, YB-1 promotes move-
ment of the small ribosomal subunit within the complex by
melting the mRNA '5-UTR secondary structure, suggesting
that YB-1 affects ribosome scanning through the 5-UTR.

The 5-UTR plays an important role in regulation of the
expression of a number of genes. For instance, the UTRs of
mRNAs encoding heat shock proteins (HSPs), known to
protect cells against a wide variety of stresses, including heat
shock, viral infection and exposure to oxidative free radicals
and toxic metal ions (37), have been reported to contain
elements important for the post-transcriptional regulation of
these key components of the stress response (38,39).

YB-1 has been reported to be involved in the regulation of
stress-inducible target genes (40,41), suggesting that YB-1
itself is a stress-activated protein. YB-1 mRNA accumulates
in cells when they are treated with UV imadiation or
apticancer agents. We previously reported that c-myc and
p73 activate YB-1 transcription and may regulate important
biclogical processes via their effects on YB-1 gene expression
(42). Additional experiments are needed to confirm the role of
YB-1 in regulating translation in vivo under various siress
conditions. It would be of interest to determine how the 5'-
UTR of YB-1 mRNA affects the translation of YB-1 in
response to extracellular stimuli or environmental stress.

The translational control of gene-expression has been
identified as an important regulatory mechanism for many
gene products involved in the regulation of proliferation [e.g.
c-mos (43), FGF-2 (44,45), PDGF-B (46), p27 (47)-and cdk4
(48)]. The tumor suppressor p53 has been implicated.in the
translational regulation of both p53 and cdkd mRNAs (49).
Similarly, several' distinct components of the: -translation
apparaius have been shown to be deregulated or overexpressed
in human tumors: So, it is of note that the level of the YB-1
mRNA: from the 5" furthest transcription initiation start site
was significantly higher in HUVEC cells, compared to: the
other cancer cell lines examined (Fig. 1). The deregulation of
the translational control of YB-1 might therefore, also play a
role in tumor progression.

In conclusion, YB-1 protein binds to an RNA containing the
5-UTR of human YB-1 mRNA in vitro. and in vivo. and
exhibits functional activity by inhibiting.the translation of a
YB-1.5-UTR-luciferase reporter mRNA tlirough the aid of its
own 5-UTR mRNA. We propose,a model.in which:-YB-1
protein autoregulates its own translation by binding to the 5’
UTR of its own mRNA. .Our results support a trans-acting
repressor hypothesis, in which a repressor plotem spemﬁcally
binds to.its-own 5-UTR element, resulting in translational
repression and the maintenance of constant protein levels.
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