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ncrease in Cap- and IRES-Dependent Protein Synthesis
y Overproduction of Translation Initiation Factor eIF4G
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and the least abundant protein among initiation fac-
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The role of eIF4G during the initiation of protein
ynthesis was studied using mouse mammary carci-
oma FM3A cells and FM4G cells that overproduce an
-terminally truncated form of eIF4G, which lacks the
inding site of poly(A)-binding protein. An increase in
IF4G was correlated with an increase in protein syn-
hesis and RNA helicase activity. Translation of
RNAs having both short and long 5*-untranslated

egions (5*-UTR) increased significantly in FM4G cells
ompared to that in FM3A cells. Both full-length and
-terminally truncated eIF4G transfectants of NIH3T3
ells formed colonies in soft agar and increased the
aturation density of cell growth, indicating that both
IF4Gs function similarly. We also found that an inter-
al ribosome entry site (IRES) exists in the 5*-UTR
f ornithine decarboxylase mRNA and that IRES-
ependent protein synthesis increased in FM4G cells.
ur results indicate that an increase in eIF4G contrib-
tes to the formation of active eIF4F similarly to that
aused by an increase in eIF4E, as well as to a stimu-
ation of IRES-dependent protein synthesis. © 2000

cademic Press

Key Words: translation initiation; eIF4G; eIF4F; cap;
RES; RNA helicase; ODC mRNA.

Translational control plays an important role in the
egulation of gene expression in eukaryotes (1, 2). This
ccurs mainly at the level of initiation involving Met-
RNAi binding to 40 S ribosomal subunit and the sub-
equent subunit scanning to the initiation codon AUG
n mRNA initiated by m7G cap recognition. The latter
s especially important for the translation of mRNAs
aving a long 59-untranslated region (59-UTR). Until
ecently, subunit scanning was considered to be regu-
ated by eIF4E, since this is the cap recognition factor

Abbreviations used: IRES, internal ribosome entry site; ODC, or-
ithine decarboxylase; PABP, poly(A)-binding protein.

1 To whom correspondence should be addressed. Fax: 181-43-290-
900. E-mail: iga16077@p.chiba-u.ac.jp.
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ors (3). However, it was reported that eIF4E exists in
n inactive form, in which the factor binds tightly to
E-BP proteins (4–8). When 4E-BP proteins are phos-
horylated in response to insulin and some other
rowth factors, 4E-BPs dissociate from eIF4E, allowing
IF4E to interact with eIF4G to form the eIF4F com-
lex and to initiate translation (9). It is also known
hat eIF4E is phosphorylated in response to a wide
ariety of extracellular stimuli and that the phosphor-
lation correlates with increased translation and cell
roliferation (1, 2). Furthermore, cells that overpro-
uce eIF4E efficiently translate mRNAs having a long
9-UTR (10), and the overexpression causes malignant
ransformation (11). As the mRNA for ornithine decar-
oxylase (ODC), one of the key enzymes for polyamine
iosynthesis, has a long GC-rich 59-UTR (12, 13), ODC
RNA also was efficiently translated in the cells over-

roducing eIF4E (14). Elevated expression of eIF4E
as been also reported in several cancers and tumors
15, 16). In addition, we recently observed that the
verproduction of eIF4G protein in NIH3T3 cells
aused malignant transformation (17). The importance
f eIF4G like eIF4E as a key protein in the formation of
ctive eIF4F has been also pointed out (18–20).
We previously isolated mouse FM3A ODC-over-

roducing cells, termed EXOD-1 cells (21). Since ODC
RNA was translated efficiently in EXOD-1 cells, we

xamined the amount and properties of eIF4E and
ound an increase in the phosphorylation of eIF4E, its
ssociation with eIF4G, and an enhancement of RNA
elicase activity (22). In this study, we tried to identify
he role of eIF4G during the initiation of protein syn-
hesis by using FM3A cells and a derivative cell line
hat overproduces eIF4G. Our results show that an
ncrease in eIF4G is correlated with an increase in
rotein synthetic activity similar to that caused by the
ncrease in eIF4E, suggesting that active eIF4F is
ormed by an increase in either eIF4G or eIF4E. Dur-
ng our study, we realized that the eIF4G used was
-terminally truncated eIF4G (23). Overproduction of
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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ncreased the saturation density of cell growth. Thus,
e judged that N-terminally truncated eIF4G func-

ions similarly to full length eIF4G except in the inter-
ction with poly(A)-binding protein (PABP), and there-
ore it was used in this study. We also found that an
nternal ribosome entry site (IRES) exists in the 59-
TR of ODC mRNA and that IRES-dependent protein

ynthesis increases in FM4G cells compared to FM3A
ells.

ATERIALS AND METHODS

Cell culture. Mouse mammary carcinoma FM3A cells (Japan
ealth Science Foundation) were cultured in ES medium (Nissui
harmaceutical Co., Ltd.) supplemented with 50 U/ml streptomycin,
00 U/ml penicillin G, 50 mg/ml gentamicin and 2% heat-inactivated
etal calf serum at 37°C in an atmosphere of 5% CO2 (24). NIH3T3
ells were cultured in DMEM (Nissui Pharmaceutical Co., Ltd.),
upplemented with 2 mM glutamine, 40 mg/ml gentamicin and 10%
eat-inactivated fetal calf serum at 37°C in an atmosphere of 5%
O2.

Plasmid construction. The plasmid containing human eIF4G
DNA SK4G (Ref. 25; kindly provided by Dr. R. E. Rhoads, Louisiana
tate University Medical Center) was digested with XbaI–XhoI and

nserted into the same restriction sites of pMAM2-BSD (Funakoshi,
apan). The plasmid was termed pMAM-4G and transfected into
M3A cells by electroporation according to the method of Kimura et
l. (26). Stable transfectant cells thus obtained were named FM4G
ells. The eIF4G was induced by treatment of the cells with 1 mM
examethasone (27, 28).
To make a long GC-rich 59-UTR, HindIII sites were created on

ODC188 (29) at the positions 23 and 2192 (23 and 2192 nucleo-
ides upstream from the initiation codon ATG) by PCR using 59-
CTGAAGCTTGAATACACGG-39 and 59-TAGCAAGCTTCTCGA-
GTGC-39 as primers. The 189 nt HindIII fragment was inserted

nto the HindIII site of pGL2-Control vector (Promega), containing
he gene for luciferase (LUC). After determination of the nucleotide
equence, the plasmid, which has the reporter gene in the same
rientation as 59-UTR of ODC, was termed pGL2-279 since the size
f 59-UTR was 279 nt. The other one was termed pGL2-279rev since
he orientation of the 59-UTR was reversed. pGL2-Control vector was
ermed pGL2-89 since the size of 59-UTR of LUC mRNA was 89 nt.
GL2-34 was constructed from pGL2-89 by removing 55 nt of 59-UTR
f LUC mRNA using PCR.
The various pGL2 constructs (pGL2-279ODCD1-37, pGL2-

79ODCD53-88 and pGL2-279ODCD124-150), in which some portion
f the 59-UTR of ODC mRNA are deleted, were constructed from
GL2-279 using PCR. Bicistronic pRL-luc constructs (pRL-luc, pRL-
DC-luc, pRL-ODCrev-luc, pRL-ODCD1-37-luc, pRL-ODCD53-88-

uc and pRL-ODCD124-150-luc) were made by replacing the BamHI–
baI fragment of pRL-SV40 (Promega) with the BamHI–BlnI

ragment (3.1 to 3.2 kb) of the pGL2 constructs described above.
pCMV-eIF4G, encoding N-terminally truncated eIF4G (25), was

onstructed as described previously (17). pcDNA3-HA-extended
IF4G, encoding full-length eIF4G (23), was kindly supplied by Dr.
onenberg.
The nucleotide sequence of the plasmid DNA was confirmed using

he Gene Rapid System (Amersham Pharmacia Biotech).

Cell fractionation. Cells (5 3 105 cells/ml, 1 L) were suspended in
ml Buffer A containing 20 mM Mops/KOH, pH 7.6, 2.5 mM mag-

esium acetate, 10 mM KCl, 0.5 mM dithiothreitol, 0.1 mM EDTA,
0 mM 2-mercaptoethanol, 50 mM NaF, 1 mM okadaic acid, an
nhibitor of protein phosphatase (30), and 20 mM 6-amino-2-
118
roteinase inhibitor (31). They were frozen, thawed, then homoge-
ized with a Teflon homogenizer. The homogenate was centrifuged
or 10 min at 17,000g. The supernatant (S17) was then centrifuged
or 2 h at 200,000g to obtain the S200 fraction and ribosomes. The
recipitated ribosomes were homogenized with 2 ml of Buffer B
ontaining 20 mM Mops/KOH, pH 7.6, 10% glycerol, 450 mM KCl, 50
M NaF, 2.5 mM magnesium acetate, 0.5 mM dithiothreitol, 0.1 mM
DTA, 1 mM okadaic acid and 20 mM FUT-175, and the homogenate
as again centrifuged for 2 h at 200,000g to obtain the ribosome
ssociated fraction (RAF). Protein was determined by the method of
owry et al. (32).

Western blot analysis of eIF4G and eIF4E. Antibodies for eIF4E
nd eIF4G were prepared as described previously (22). Thirty micro-
rams of protein in RAF was separated by SDS/PAGE on a 7.5%
crylamide gel, and transferred to Immobilon transfer membranes
Millipore). eIF4G was detected with Western Exposure Chemi-
uminescent Detection System (CLONTECH). Phosphorylated and
nphosphorylated eIF4Es in RAF were separated by two dimen-
ional electrophoresis using 30 mg of protein according to the method
f O’Farrell (33). Separated eIF4E proteins were transferred to Im-
obilon transfer membranes and detected with ProtBlot Western

lot AP System (Promega) (34).

Northern blot analysis. Total RNA was isolated from 1 3 107 cells
sing the RNeasy Kit (Qiagen), and Northern blot analysis was
erformed as described previously (35), using 20 mg total RNA and

2P-labeled eIF4G cDNA as a probe.

Assay for protein synthesis. The cells were cultured for 72 h as
escribed, and then the 25 ml cell suspension (5 3 105/ml) was
repared. To the cell suspension, 366 kBq [3H]leucine (1480
Bq/mmol) was added and incubated at 37°C. A 3 ml aliquot was

aken out at the designated time, and hot trichloroacetic acid-
nsoluble radioactivity was measured by a liquid scintillation
pectrometer.

Cap-independent RNA helicase assay. The unwinding activity of
he RAF was measured according to the method of Rozen et al. (36)
ith some modifications (22). The reaction mixture (20 ml) con-

ained 20 mM Tris–HCl, pH 7.6, 100 mM KCl, 1.5 mM magnesium
cetate, 1.5 mM dithiothreitol, 0.5 mM ATP, 40 U of RNase
nhibitor (TOYOBO, Japan), 3500 cpm 32P-labeled uncapped
ouble-stranded RNA and RAF at the specified amount. The
tructure of double-stranded RNA is as follows: 59-GCG-
GCGCGCAACAACAUUACAAUUUACAAUCC-39 and 39-CCUAA-
AUUUAACAUUACAACAACGCGCGCGCG-59. After incubating

he reaction mixture at 37°C for 20 min, the reaction was terminated
y the addition of 2.5 ml of a buffer containing 30% glycerol, 3% SDS,
50 mM EDTA, 0.5% bromophenol blue and 0.5% xylene cyanol. The
roducts of unwinding were analyzed directly by electrophoresis on a
ative 10.5% polyacrylamide gel, followed by autoradiography.

Stable transfection. Trypsin-treated NIH3T3 cells (2 3 106 cells/
.2 ml) and pCMV z SPORT containing eIF4G genes (10 mg) were
ixed gently in a disposable cuvette (Bio-Rad; interelectrode dis-

ance, 0.4 cm) and a single electrical pulse was delivered from a
50-mF capacitor, charged at 0.5 kV/cm. The number of stable trans-
ectants in soft agar was counted after 20 days as described previ-
usly (17).

Transient transfection and luciferase assay. The 5 mg of pGL2
onstructs was transfected into 1 3 107 FM3A and FM4G cells by
lectroporation as described above, except that a single electrical
ulse was delivered from a 950-mF capacitor, charged at 0.75 kV/cm.
icistronic pRL-luc constructs were transfected by the same method,
nd LUC activity of the cell lysate was determined at 30 h after
ransfection using the Dual-Luciferase Reporter Assay System
Promega) according to the manufacturer’s protocol.
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ESULTS

ellular Distribution of eIF4E and eIF4G in FM3A
and Its eIF4G Overproducing FM3A Cells

FM4G cells, designed to overproduce eIF4G, were
reated by transfection of FM3A cells with pMAM-4G
nder the control of a dexamethasone-inducible pro-
oter. Treatment of FM4G cells with 1 mM dexameth-

sone leads to expression of eIF4G (27, 28). The syn-
hesis of eIF4G mRNA in FM4G cells was higher by
.8-fold than that in FM3A cells (Fig. 1A). Under these
onditions, the amount of eIF4G protein in FM4G cells
as higher by 2.5-fold than in FM3A cells (Fig. 1B).
ur results confirmed previous results indicating the
xclusive distribution of eIF4G on ribosomes (37).
IF4E was mainly located in cytoplasm, and about 15%
f eIF4E was associated with ribosomes (data not
hown). The amount of phosphorylated and unphos-
horylated eIF4E in the RAF from FM4G cells was
early equal to that in the RAF from FM3A cells
Fig. 1C).

ncrease in Protein Synthesis and Cap-Independent
RNA Helicase Activity in eIF4G Overproducing
Cells

Protein synthetic activity was measured by incorpo-
ation of [3H]leucine into the hot trichloroacetic acid-
nsoluble fraction. As shown in Fig. 2A, protein
ynthetic activity of FM4G cells treated with dexa-
ethasone was higher than that of FM4G cells un-

reated with dexamethasone. Protein synthetic activity
f FM3A cells treated or untreated with dexametha-
one was nearly equal to that of FM4G cells untreated
ith dexamethasone.

FIG. 1. Levels of eIF4G mRNA (A), eIF4G protein (B) and phosp
ere cultured for 36 h in the presence of 1 mM dexamethasone.
adioactivity of each band was quantified using a Fujix Bas 2000II
ere determined by Western blot analysis using RAF. Intensity of e
uantifier 2.0.2.
119
Cap-independent helicase activity was then mea-
ured using RAF prepared from FM3A and FM4G
ells. As shown in Fig. 2B, RNA helicase activity was
nhanced through the increase in eIF4G. These results
learly show that an increase in eIF4G enhances gen-
ral protein synthesis as well as RNA helicase activity.
We next examined whether an increase in eIF4G

qually enhances protein synthetic activity of mRNAs
aving short and long 59-UTRs. FM3A and FM4G cells
ere transfected with plasmids containing the luc gene
ith the different sizes of 59-UTR (34, 89, and 279 nt).
190 nt portion of the 279 nt 59-UTR was derived from

ylated eIF4E (C) in FM3A and FM4G cells. FM3A and FM4G cells
vel of eIF4G mRNA was determined by Northern blot analysis.
aging analyzer. Levels of eIF4G protein and phosphorylated eIF4E
spot was measured using Bio Image Densitograph with Intelligent

FIG. 2. Protein synthesis (A) and RNA helicase activity (B) in
M3A and FM4G cells. (A) Protein synthetic activity was measured
s described under Materials and Methods. E and F, FM4G cells
reated and untreated with dexamethasone, respectively; L and },
M3A cells treated and untreated with dexamethasone, respectively.

B) RNA helicase activity. Percentage of remaining double-stranded
NA was quantified using a Fujix Bas 2000II imaging analyzer. F,
AF from FM3A cells; E, RAF from FM4G cells. Values are means 6
D of triplicate determinations.
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he 59-UTR of mouse ODC mRNA, and it was inserted
nto the 59-UTR region of the luc gene in the correct or
everse orientation. As shown in Fig. 3, LUC synthe-
ized from LUC mRNAs having different sizes of 59-
TR was always greater in FM4G cells than FM3A

ells. LUC activity in both cells was decreased with the
ncrease in the size of 59-UTR with the exception of

RNA having 279 nt of 59-UTR in the correct orienta-
ion of the 59-UTR of ODC mRNA. The reason for this
xception has been clarified subsequently. These re-
ults indicate that an increase in eIF4G enhances pro-
ein synthetic activity regardless of the size of 59-UTR
f mRNA.

ncrease in IRES-Dependent Protein Synthesis
in eIF4G Overproducing Cells

Translation of mRNA having the 59-UTR of ODC
RNA in the correct orientation was much higher than

FIG. 3. Translational efficiency of LUC mRNAs having different
izes of 59-UTR in FM3A and FM4G cells. (A) Structure of plasmids
ncoding luc gene. The black portion is 59-UTR of LUC mRNA and
he white portion is 59-UTR of ODC mRNA, which was inserted into
he 59-UTR of LUC mRNA in either correct or reverse orientation.
he figure on the gene indicates the number of nucleotides in the
9-UTR. (B) The luc genes described in A were transfected into FM3A
nd FM4G cells, and LUC activity was detected as described under
aterials and Methods. No LUC activity was observed with un-

reated FM3A and FM4G cells. Values are means 6 SD of triplicate
eterminations.
120
everse orientation (Fig. 3). This behavior is suggestive
f the presence of an IRES in the 59-UTR of ODC
RNA. To examine whether an IRES exists in the

9-UTR of ODC mRNA, bicistronic constructs, in which
arious sizes of the 59-UTR of ODC are inserted up-
tream of the second luc open reading frame, were
ade, and LUC activity was measured in FM3A cells

y transfecting the bicistronic constructs. As shown in
ig. 4, significant LUC activity was observed in the
ransfectant having the 59-UTR of ODC mRNA in the
orrect orientation, but not in the reverse orientation.
n IRES was located in the first stem and loop struc-

ure upstream of the initiation codon AUG of ODC
RNA, since LUC activity greatly decreased in the

ransfectant with pRL-ODCD124-154-luc (III). Compa-
able results were obtained with FM4G cells, although
he activity was always greater compared to that of
M3A cells (Fig. 4). The results indicate that an IRES
xists in the 59-UTR of ODC mRNA. Similar results,
ndicating that an IRES of ODC mRNA functions at
2/M of the cell cycle, have been recently reported by
yronnet et al. (38).

omparison of the Function of Full Length
and N-terminally Truncated eIF4G

Our data were obtained using N-terminally trun-
ated eIF4G (23). To compare the function of full length
nd N-terminally truncated eIF4G, malignant trans-
ormation by overproduction of both full length and
-terminally truncated eIF4G was examined using
IH3T3 cells. As shown in Table 1, both full length and
-terminally truncated eIF4G overproducing cells ex-
ibited a malignantly transformed phenotype, and
oth cells formed colonies in soft agar. Furthermore,
oth cells continued to grow after NIH3T3 cells became
onfluent on day 5, and the saturation density in-
reased up to 1.2- to 1.4-fold. The increase in eIF4G
RNA in both cells was 2- to 3-fold (data not shown).
ince the increase in protein synthetic activity is prob-
bly correlated with the malignant transformed phe-
otype, the results suggest that both full length and
-terminally truncated eIF4Gs function similarly.

ISCUSSION

We studied the role of eIF4G on the initiation of
rotein synthesis using eIF4G-overproducing cells.
ur results clearly show that eIF4G stimulates cap-

ndependent RNA helicase activity and translation of
RNAs having different sizes of 59-UTR. The results

uggest that RNA helicase activity of eIF4A is stimu-
ated by forming the eIF4F (eIF4A, eIF4E and eIF4G)
omplex.
It has been reported that overproduction of eIF4E

11) or eIF4G (17) caused malignant transformation,
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nd translation of mRNA having different sizes of 59-
TR was enhanced in both cells (10, 14 and this pa-
er). We confirmed that protein synthesis in eIF4E
verproducing NIH3T3 cells (11) was enhanced regard-
ess of the size of 59-UTR of mRNA. In both cells,
rotein synthesis is probably enhanced through eIF4F
ormation by competing with 4E-BPs because 4E-BPs

FIG. 4. Translational efficiency of LUC mRNAs synthesized from
ossible secondary structure of 59-UTR of ODC mRNA. Optimal comp
tiegler (48). Two stretches of pyrimidines in boxes A and A9 were sh
f bicistronic pRL-luc constructs. Structure of the deletion construct
nd FM4G cells was shown as the ratio of LUC/RLuc. Values are m
121
nd eIF4G recognize a common motif on eIF4E (9).
alignant transformation may be caused by increas-

ng translation of oncogenes whose synthesis is not so
fficient under normal conditions.
As for eIF4G, two kinds of eIF4G (I and II) exist, but

he amount of eIF4GII is low (39). Thus, we judged that
IF4GI is more relevant than eIF4GII, and performed

arious bicistronic pRL-luc constructs in FM3A and FM4G cells. (A)
r folding of ODC mRNA was performed by the method of Zucker and
n to be important for the IRES by Pyronnet et al. (38). (B) Structure
, II, and III) are shown by shadows in A. (C) LUC activity of FM3A
s 6 SD of triplicate determinations.
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he experiments using N-terminally truncated eIF4GI,
hich lacks 156 amino acid residues in the N-terminus

23). PABP binds in this region of eIF4G and enhances
rotein synthesis by about 2-fold (23). Since both full
ength and N-terminally truncated eIF4G caused ma-
ignant transformation to a comparable degree, essen-
ial functions of eIF4G seem to be performed ade-
uately by N-terminally truncated eIF4G.
Translation of mRNA having the 59-UTR of ODC
RNA in the correct orientation was much higher than

hat of mRNA having the 59-UTR of ODC mRNA in the
everse orientation (Fig. 3). We found an IRES in the
9-UTR of ODC mRNA. Similar results have been ob-
ained recently by Pyronnet et al. (38). Thus, ODC
RNA is probably translated by both cap-dependent

nd independent (IRES-dependent) mechanisms. It
as been reported that an IRES exists on the 59-UTR of
everal mRNAs like human immunoglobulin heavy
hain binding protein (BiP) (40), Antennapedia (Antp)
f Drosophila (41), fibroblast growth factor-2 (FGF-2)
42), vascular endothelial growth factor (VEGF) (43),
-linked inhibitor of apoptosis (XIAP) (44), and c-myc

45, 46). Thus, IRES-dependent translation probably
lays important roles in some aspects of protein syn-
hesis. Pyronnet et al. (38) proposed that IRES-
ependent translation is likely to be a general mecha-
ism to synthesize short-lived proteins even at mitosis,
hen cap-dependent translation is interdicted.
A common RNA structural motif in the IRES of cel-

ular mRNAs has been analyzed (47). Our results in-
icate that an IRES exists in the first stem and loop
tructure upstream the initiation codon AUG of ODC
RNA (Fig. 4). In this structural motif, two stretches

f pyrimidines (Box A and A9 in Fig. 4), which are
hown to be important for IRES activity (38), are in-
luded. The IRES in ODC mRNA is very similar to that
n Antp mRNA (47). Experiments are in progress to
larify how the IRES is recognized by 40 S ribosomal
ubunits.

Efficiency of Growth in Soft Agar of eIF4G Transfectants
of NIH3T3 Cells

Transfectant Growth efficiency (31022%)

one 1.89 6 1.86
ector 2.08 6 4.20
IF4G (N-terminally truncated) 15.5 6 4.95
IF4G (full length) 21.7 6 6.72

Note. For growth in soft agar, 5 3 104 cells were resuspended in 2
l of 0.35% (w/v) agar solution, containing DMEM plus 20% FCS,

nd overlaid onto a 0.5% (w/v) agar solution in a 35-mm plate. On
ay 2 after incubation, 2 ml of DMEM supplemented with 20% FCS
ere added. Colonies were counted 20 days after plating. Cloning
fficiency in agar was calculated as the number of colonies 3 100,
ivided by the number of cells plated. Values are means 6 SD of
riplicate determinations.
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We thank Drs. A. J. Michael and K. Williams for their help in
reparing this manuscript. Thanks are also due to Drs. N. Sonen-
erg, and R. E. Rhoads for their kind supply of full length and
-terminally truncated eIF4G cDNAs and eIF4E overproducing
IH3T3 cells (NIH3T3-pCMV7-4E(P)). This work was supported by
grant-in-aid for Scientific Research from the Ministry of Education,
cience, Sports and Culture, Japan, and by a Sasakawa Scientific
esearch Grant from the Japan Science Society.

EFERENCES

1. Sonenberg, N., and Gingras, A.-C. (1998) Curr. Opin. Cell Biol.
10, 268–275.

2. Clemens, M. J., and Bommer, U.-A. (1999) Int. J. Biochem. Cell
Biol. 31, 1–23.

3. Duncan, R., Milburn, S. C., and Hershey, J. W. B. (1987) J. Biol.
Chem. 262, 380–388.

4. Lin, T.-A., Haystead, T. A. J., Pause, A., Belsham, G., Sonenberg,
N., and Lawrence, J. C., Jr. (1994) Science 266, 653–656.

5. Pause, A., Belsham, G. M., Gingras, A.-C., Donze, O., Lin, T.-A.,
Lawrence, J. C., Jr., and Sonenberg, N. (1994) Nature 371, 762–
767.

6. Graves, L. M., Bornfeld, K. E., Argast, G. M., Krebs, E. G., Kong,
X., Lin, T.-A., and Lawrence, J. C., Jr. (1995) Proc. Natl. Acad.
Sci. USA 92, 7222–7226.

7. Haghighat, A., Mader, S., Pause, A., and Sonenberg, N. (1995)
EMBO J. 14, 5701–5709.

8. Poulin, F., Gingras, A.-C., Olsen, H., Chevalier, S., and Sonen-
berg, N. (1998) J. Biol. Chem. 273, 14002–14007.

9. Marcotrigiano, J., Gingras, A.-C., Sonenberg, N., and Burley,
S. K. (1999) Mol. Cell 3, 707–716.

0. Koromilas, A. E., Lazaris-Karatzas, A., and Sonenberg, N. (1992)
EMBO J. 11, 4153–4158.

1. Lazaris-Karatzas, A., Montine, K, S., and Sonenberg, N. (1990)
Nature 345, 544–547.

2. Brabant, M, McConlogue, L., Wetters, T. D., and Coffino, P.
(1988) Proc. Natl. Acad. Sci. USA 85, 2200–2204.

3. Manzella, J. M., Rychlik, W., Rhoads, R. E., Hershey, J. W. B.,
and Blackshear, P. J. (1991) J. Biol. Chem. 266, 2383–2389.

4. Shantz, L. M., and Pegg, A. E. (1994) Cancer Res. 54, 2313–2316.
5. Nathan, C., Carter, P., Liu, L., Li, B. D., Abreo, F., Tudor, A.,

Zimmer, S. G., and Benedetti, A. D. (1997) Oncogene 15, 1087–
1094.

6. Nathan, C., Liu, L., Li, B. D., Abreo, F. W., Nandy, I., and
Benedetti, A. D. (1997) Oncogene 15, 579–584.

7. Fukuchi-Shimogori, T., Ishii, I., Kashiwagi, K., Mashiba, H.,
Ekimoto, H., and Igarashi, K. (1997) Cancer Res. 57, 5041–5044.

8. Ohlmann, T., Rau, M., Pain, V. M., and Morley, S. J. (1996)
EMBO J. 15, 1371–1382.

9. Rau, M., Ohlmann, T., Morley, S. J., and Pain, V. M. (1996)
J. Biol. Chem. 271, 8983–8990.

0. Hentze, M. W. (1997) Science 275, 500–501.
1. Kameji, T., Hayashi, S., Hoshino, K., Kakinuma, Y., and Iga-

rashi, K. (1993) Biochem. J. 289, 581–586.
2. Shimogori, T., Suzuki, T., Kashiwagi, K., Kakinuma, Y., and

Igarashi, K. (1996) Biochem. Biophys. Res. Commun. 222, 748–
752.

3. Imataka, H., Gradi, A., and Sonenberg, G. (1998) EMBO J. 17,
7480–7489.

4. Ayusawa, D., Iwata, K., and Seno, T. (1981) Somatic Cell Genet.
7, 27–42.



25. Yan, R., Rychlik, W., Etchison, D., and Rhoads, R. E. (1992)

2

2

2

2

3

3

3

3
3

3

3

37. Rhoads, R. E., Joshi, B., and Minich, W. B. (1994) Biochimie 76,

3

3

4
4

4

4

4

4

4

4

4

Vol. 277, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
J. Biol. Chem. 269, 23226–23231.
6. Kimura, M., Takatsuki, A., and Yamaguchi, I. (1994) Biochim.

Biophys. Acta 1219, 653–659.
7. Murakami, Y., Matsufuji, S., Miyazaki, Y., and Hayashi, S.

(1992) J. Biol. Chem. 267, 13138–13141.
8. Sakata, K., Fukuchi-Shimogori, T., Kashiwagi, K., and Iga-

rashi, K. (1997) Biochem. Biophys. Res. Commun. 238, 415–
419.

9. Ito, K., Kashiwagi, K., Watanabe, S., Kemeji, T., Hayashi, S.,
and Igarashi, K. (1990) J. Biol. Chem. 265, 13036–13041.

0. Cohen, P., Schelling, D. L., and Stark, M. J. (1989) FEBS Lett.
250, 601–606.

1. Fujii, S., and Hitomi, Y. (1981) Biochim. Biophys. Acta 661,
342–345.

2. Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J.
(1951) J. Biol. Chem. 193, 265–275.

3. O’Farrell, P. H. (1975) J. Biol. Chem. 250, 4007–4021.
4. Nielsen, P. J., Manchester, K. L., Towbin, H., Gordon, J., and

Thomas, G. (1982) J. Biol. Chem. 257, 12316–12321.
5. Ito, K., and Igarashi, K. (1990) Arch. Biochem. Biophys. 278,

277–283.
6. Rozen, F., Edery, I., Meerovitch, K., Dever, T. E., Merrick, W. C.,

and Sonenberg, N. (1990) Mol. Cell. Biol. 10, 1134–1144.
123
831–838.
8. Pyronnet, S., Pradayrol, L., and Sonenberg, N. (2000) Mol. Cell

5, 607–616.
9. Gradi, A., Imataka, H., Svitkin, Y. V., Rom, E., Raught, B.

Morino, S., and Sonenberg, N. (1998) Mol. Cell. Biol. 18, 334–
342.

0. Macejak, D. G., and Sarnow, P. (1991) Nature 353, 90–94.
1. Oh, S. K., Scott, M. P., and Sarnow, P. (1992) Genes Dev. 6,

1643–1653.
2. Vagner, S., Gensac, M.-C., Maret, A., Bayard, F., Amalric, F.,

Prats, H., and Prats, A.-C. (1995) Mol. Cell. Biol. 15, 35–44.
3. Stein, I., Itin, A., Einat, P., Skaliter, R., Grossman, Z., and

Keshet, E. (1998) Mol. Cell. Biol. 18, 3112–3119.
4. Holick, M., Lefebvre, C., Yeh, C., Chow, T., and Korneluk, R. G.

(1999) Nat. Cell Biol. 3, 190–193.
5. Nanbru, C., Lafon, I., Audigier, S., Gensac, M. C., Vagner, S.,

Huez, G., and Prats, A.-C. (1997) J. Biol. Chem. 272, 32061–
32066.

6. Stoneley, M., Paulin, F. E. M., Le Quesne, J. P. C., Chappell,
S. A., and Willis, A. E. (1997) Oncogene 16, 423–428.

7. Le, S.-Y., and Maizel, J. V., Jr. (1997) Nucleic Acids Res. 25,
362–369.

8. Zucker, M., and Stiegler, P. (1981) Nucleic Acids Res. 6, 133–148.


	MATERIALS AND METHODS
	FIG. 1

	RESULTS
	FIG. 2
	FIG. 3

	DISCUSSION
	FIG. 4
	TABLE 1

	ACKNOWLEDGMENTS
	REFERENCES

