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HeLa cells were transformed to express antisense RNA against initiation factor eIF-4E mRNA from an
inducible promoter. In the absence of inducer, these cells (AS cells) were morphologically similar to control
cells but grew four- to sevenfold more slowly. Induction of antisense RNA production was lethal. Both eIF-4E
mRNA and protein levels were reduced in proportion to the degree of antisense RNA expression, as were the
rates of protein synthesis in vivo and in vitro. Polysomes were disaggregated with a concomitant increase in
ribosomal subunits. Translation in vitro was restored by addition of the initiation factor complex eIF-4F but
not by eIF-4E alone. Immunological analysis revealed that the p220 component of eIF-4F was decreased in
extracts of AS cells and undetectable in AS cells treated with inducer, suggesting that p220 and eIF-4E levels
are coordinately regulated. eIF-4A, another component of eIF-4F, was unaltered.

Formation of the 48S initiation complex is an ATP-
dependent process whereby mRNA becomes bound to the
43S initiation complex (3, 61). This is considered to be the
rate-limiting step in protein synthesis under normal (e.g.,
non-virus-infected) conditions, a conclusion that is based on

the observations that (i) 48S complexes are considerably less
abundant than 43S complexes (11) and can usually be
detected only in the presence of inhibitors (56) and (ii) the
ATP-dependent step of initiation is rate limiting (42). The
polypeptides which are most directly involved in binding of
mRNA to the 43S complex belong to the eIF-4 group of
initiation factors (reviewed in references 49 and 58): eIF-4A,
a 46-kDa RNA-dependent ATPase; eIF-4B, an 80-kDa poly-
peptide which stimulates the activity of eIF-4A; eIF-4E, a
25-kDa cap-binding protein; and a 220-kDa component re-
ferred to as either p220 (23) or eIF-4F-y (55). Collectively,
these factors carry out the ATP-dependent unwinding of
secondary structure in mRNA beginning from the 5' termi-
nus, which accompanies (or precedes) the migration of the
40S ribosomal subunit to the initiation codon.
eIF-4E is a phosphoprotein and exists as a mixture of

phosphorylated and unphosphorylated forms in rabbit retic-
ulocytes (51) and HeLa cells (8, 16). The overall rate of
protein synthesis is correlated with the degree of eIF-4E
phosphorylation in a number of systems: both are decreased
in HeLa cells following heat shock (16) and during mitosis
(5), and both are increased in reticulocytes stimulated with
phorbol esters (47), 3T3 Li or HIR 3.5 cells stimulated with
insulin (41, 48), 3T3 fibroblasts stimulated with serum (34), B
lymphocytes stimulated with bacterial lipopolysaccharide or
phorbol esters (53), and epithelial cells stimulated with
epidermal growth factor (15). Furthermore, whereas eIF-4E
accompanies the transfer of mRNA to the 48S initiation
complex (29), a variant containing Ala rather than Ser at the
major phosphorylation site (designated the [Ala53]eIF-4E
variant) fails to be transferred (33). These observations
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suggest that phosphorylation of eIF-4E is obligatory for its
action in the transfer of mRNA to the 43S initiation complex.
More direct evidence that eIF-4E plays an important role

in controlling the overall rate of protein synthesis comes
from cell transfection studies with vectors expressing eIF-
4E. Overexpression of eIF-4E by three- to eightfold over

endogenous levels causes shortening of cell doubling times
and loss of contact inhibition of rat fibroblasts (40) and HeLa
cells (12). Transfection with vectors expressing the
[Ala53]eIF-4E variant does not cause these effects. These
results, together with the knowledge that eIF-4E is the least
abundant of the initiation factors (16) and is present at only
1/10 the molar concentration of mRNA (29), implicate
eIF-4E as a major determinant of the overall rate of protein
synthesis.
The role of p220 in initiation is less well defined. p220 can

be isolated from high-salt-treated cell lysates or ribosomal
pellets in complexes with eIF-4E alone (9, 22), with eIF-4A
and eIF-4E (17, 26) (in this case the complex is termed
eIF-4F), with eIF-4A, eIF-4B, and eIF-4E (26), and with
eIF-3 (27). Whereas eIF-4E alone was originally reported to
restore protein synthesis to extracts of poliovirus-infected
cells (62), subsequent studies indicated that high-molecular-
weight complexes containing p220 as well as eIF-4E were

required (60). An explanation for this was provided by the
finding that poliovirus infection causes proteolytic cleavage
of p220 (23). Buckley and Ehrenfeld (9), on the other hand,
could not demonstrate the existence of a p220:eIF-4E com-

plex in the total cytoplasmic extract of HeLa cells not
treated with high salt. Thus, while it is clear that p220 is
intimately involved in the formation of 48S initiation com-

plexes involving capped mRNA, neither its mechanism of
action nor the nature of its interactions with other initiation
factor polypeptides or with the 40S ribosome is fully under-
stood.

In this study, we have further explored the role of eIF-4E
by expressing antisense RNA (AS RNA) against eIF-4E
mRNA. The results are consistent with the idea that eIF-4E
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plays a key role in determining the overall rate of protein
synthesis and cellular growth. Unexpectedly, we also found
that expression of AS RNA reduced the level of p220 as well
as the level of eIF-4E.

MATERIALS AND METHODS

Plasmids and oligonucleotides. The Escherichia coli-mam-
malian shuttle vector RDB, which replicates episomally, has
been described previously (12, 13). RDB-0 is the vector
alone, containing no inducible promoter or antisense se-
quences. Plasmid pG-eIF-4E is pGem-7Zf(+) (Promega Bio-
tec) containing the human eIF-4E cDNA from plasmid
pTCEEC (12).

All oligonucleotides were synthesized at the University of
Kentucky Macromolecular Synthesis Facility. These are (i)
antisense oligonucleotide 5'-AGTCGCCATCTTAGATCGAT-
3', complementary to nucleotides (nt) -11 to +9 of human
eIF-4E mRNA (numbering system of Rychlik et al. [50]); (ii)
polymerase chain reaction (PCR) 5' primer 5'-TACACATCC
CCAGAATCCATAAAT-3', the same sense as nt 885 to 909
of eIF-4E mRNA; and (iii) PCR 3' primer 5'-TAACCAA
AGCAAAATAACCTAAGT-3', complementary to nt 1520
to 1544 eIF-4E mRNA. Optimal annealing temperatures for
PCR were calculated by using the computer program
OLIGO (52). PCR conditions using these temperatures were
then optimized to produce a single product.
The vector to express AS RNA against eIF-4E mRNA was

constructed from RDB-DRE (13) by insertion of a double-
stranded form of the antisense oligonucleotide into the XbaI
site of the polylinker. E. coli JM110 cells were transformed,
and plasmids from ampicillin-resistant colonies were
screened for the presence of a ClaI site, which is created by
the insertion of the antisense oligonucleotide. The fidelity of
the construction and orientation of the insert were confirmed
by DNA sequencing. The plasmid containing the antisense
sequence in the proper orientation was called RDB-AS.

Cell culture, transfection protocols, and selection of G418-
resistant clones were carried out as described previously
(12). Where indicated, 10 nM tetrachlorodibenzo-p-dioxin
(TCDD) was added to the culture medium.

Determination ofRNA levels. RNA was isolated as follows.
Cells were resuspended in N-2-hydroxyethylpiperazine-N'-
2-ethane sulfonic acid (HEPES)-buffered saline containing 2
mM EDTA. After pelleting by centrifugation at 800 x g, they
were resuspended in 0.5 ml of lysis buffer (50 mM Tris, 0.5%
sodium dodecyl sulfate [SDS], 0.1 mg of proteinase K per
ml; adjusted to pH 7.2) and incubated at 37°C for 6 h. The
NaCl concentration was then adjusted to 1 M, and the
samples were kept on ice overnight to precipitate the bulk of
the chromosomal DNA. After a 5-min centrifugation, the
supernatant was phenol extracted once, and nucleic acids
were precipitated and washed with 70% ethanol. Total RNA
was resuspended in 50 mM Tris-2.5 mM EDTA, pH 7.2.
Integrity of the RNA was assessed by denaturing agarose gel
electrophoresis. For the PCR quantitations, RNA was fur-
ther treated with DNase (RQI; Promega), phenol-chloro-
form-isoamyl alcohol extracted, and ethanol precipitated.
RNA concentrations were determined spectrophotometri-
cally.
RNase protection assay. A 771-base, minus-sense probe

was generated by in vitro transcription with SP6 polymerase
of pG-eIF-4E linearized at the AccI site. Transcription
reaction mixes contained (in a total volume of 20 ,ul) 40 mM
Tris-HCl (pH 7.9), 6 mM MgCl2, 10 mM NaCl, 2 mM
spermidine, 10 mM dithiothreitol, 0.4 mM each ATP, CTP,

and GTP, 0.2 mCi of [5,6-3H]UTP, and 1 ,ug of pG-eIF-4E.
Transcription reaction mixes were incubated 1 h at 37°C and
then heated to 70°C for 5 min. DNase RQ1 (5 U) was added,
and the samples were incubated at 30°C for 15 min. Samples
were adjusted to 10 mM EDTA and 0.2 M NaCl and
extracted with phenol-chloroform, and the RNA was precip-
itated with 3 volumes of ethanol. The precipitate was washed
once with 70% ethanol and dried. The probe thus produced
had a specific activity of 2.3 x 107 cpm/,ug. Test RNA was
annealed to the probe (2 x 105 cpm) overnight at 50°C in 50
ptl of a solution containing 40 mM piperazine-N,N'-bis(2-
ethanesulfonic acid) (PIPES; pH 6.7), 0.4 M NaCl, 1 mM
EDTA, and 80% formamide. Then 0.3 ml of an ice-cold
solution containing 0.3 M NaCl, 10 mM Tris-HCl (pH 7.5), 5
mM EDTA, and 15 ,ug of RNase A (Boehringer) was added,
and the solution was incubated at 30°C for 1 h. Following
extraction of the sample with phenol-chloroform, 5 ,ug of
carrier yeast tRNA was added, and nucleic acids were
precipitated with 2 volumes of ethanol.
PCR amplification. One to five micrograms of total RNA

was reverse transcribed as described by Wang et al. (64),
with minor modifications. A 10-,I reverse transcription
reaction mix contained 20 mM Tris-HCI (pH 8.3), 50 mM
KCl, 10 mM MgCl2, 100 ,ug of bovine serum albumin per ml,
1 mM dithiothreitol, 50 p.M each deoxynucleoside triphos-
phate, 5 to 10 U of RNasin (RNA Guard; Promega), 0.1 p.g
of the 3' primer, and 3 U of avian myeloblastosis virus
reverse transcriptase (Promega). Prior to the addition of the
other components, the RNA and primer were heated at 65°C
for 10 min in diethylpyrocarbonate-treated H20. Reactions
were carried out at 37°C for 1 h. Aliquots of the reverse
transcriptase reaction were combined with carrier rRNA to
produce a total of 0.05 to 0.4 p.g of total RNA and were
amplified in a 100-,ul reaction mix containing 2 U of Taq
DNA polymerase (AmpliTaq; Perkin-Elmer-Cetus Corp.),
0.3 p.g of each primer, 200 p.M deoxynucleoside triphos-
phates, and 1 to 10 ,uCi of [a-32P]dATP. The PCR reaction
was carried out in a Perkin-Elmer-Cetus thermocycler at
94°C for 1 min, 55°C for 1 min, and 72°C for 1 min. Aliquots
of 1 to 3 p.l were taken at selected points by pausing the
machine for 1 min following the 72°C step, spotted onto
Whatman 3MM filter disks, and batch washed in trichloro-
acetic acid (TCA); the radioactivity was determined in
toluene-based scintillation fluid.

Northern (RNA) blots. Actin mRNA was detected in total
RNA by Northern analysis (13), using human P-actin cDNA
in pGEM3 (1.95 x 108 cpm/pg) as the probe. AS RNA was
similarly detected with BS-DRE (13) (2.2 x 108 cpm/p.g) as
the probe. The relative abundances of actin mRNA and AS
RNA were calculated from the specific activities of the two
probes and the Northern results shown in Fig. 1B (inset) and
Fig. 4C. The ratio of the AS RNA signal from AS RNA-
expressing HeLa cells (AS cells) in the absence of inducer to
that of actin mRNA was 0.022, whereas that from the cells
plus inducer was 0.061.
Immunologic analysis. Extracts from HeLa and AS cells

were prepared as described previously (12). The protein
concentration in each sample was determined by the method
of Bradford (6), and equal amounts of protein were separated
by SDS-polyacrylamide gel electrophoresis (PAGE) using an
8% gel. The proteins were transferred to a polyvinylidene
difluoride membrane (MSI Nitroplus 2000; Micron Separa-
tions Inc., Westboro, Mass.) and probed with a monoclonal
antibody against p220 (19; gift from Diane Etchison) or
eIF-4A (17; gift from Hans Trachsel) as described by Win-
ston (66). The secondary antibody was affinity-purified
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horseradish peroxidase-conjugated rabbit anti-mouse immu-
noglobulin G (Vector Laboratories, Burlingame, Calif.). The
antigen-antibody complex was visualized by using the chro-
mogenic substrate 3,3'-diaminobenzidine hydrochloride.
Measurement of protein synthesis. In vivo protein synthe-

sis rates were measured by incorporating [3,4,5-3H]leucine
at 30 ,uCi/ml into cells for 3 h. A cytoplasmic extract was
prepared and subjected to either SDS-PAGE or TCA pre-
cipitation. The specific radioactivity of the leucine pool was
determined by extracting the TCA-soluble fraction with 5
volumes of ether and subjecting equal aliquots to scintilla-
tion spectrometry and automated amino acid analysis in the
University of Kentucky Macromolecular Structure Analysis
Facility.

In vitro protein synthesis was performed as follows. Cells
were collected by centrifugation and washed once with
phosphate-buffered saline (PBS). The pelleted cells were
homogenized in 2.5 volumes of hypotonic buffer containing
20 mM HEPES (pH 7.4), 10 mM NaCl, 1.5 mM magnesium
acetate, 0.3% Brij 58, 300 U of RNasin per ml, 2 ,ug of
leupeptin and pepstatin per ml, and 50 ,uM hemin. Cytoplas-
mic extracts were obtained by sedimenting nuclei and cell
debris at 30,000 x g. Protein synthesis was carried out at
30°C for 1 h in 50-,u reaction mixes containing 30 p1 of cell
extract, 10 pI of reaction mix (0.15 M NaCl, 0.2 M potassium
acetate, 5 mM dithiothreitol, 74 mM creatine phosphate, 40
U of creatine phosphokinase per ml, 1 mM ATP, 1 mM GTP,
0.1 M HEPES, pH 7.4), 35 puM amino acids minus leucine,
and 50 puCi of [3,4,5-3H]leucine (NEN).
Polysome analysis. The protocol of White et al. (65) was

carried out with the following modifications: (i) the cells
were detached by using a solution of 0.05% (wt/vol) trypsin
and 0.53 mM EDTA and washed with PBS, (ii) no NaCl was
added during purification of the cytoplasmic extracts, and
(iii) the cytoplasmic extracts were layered onto linear 4.5-ml
sucrose gradients (0.5 to 1.5 M), which were centrifuged for
50 min at 4°C in a SW6OTi rotor at 50,000 rpm.

Protein preparations. eIF-4E was purified from human
erythrocytes as described by Rychlik et al. (51) and from
HeLa cells as described by De Benedetti and Rhoads (12).
eIF-4F was purified from rabbit reticulocyte ribosomal salt
wash by m7GTP-Sepharose chromatography followed by
Mono Q chromatography as described by Lamphear and
Panniers (39).

RESULTS

Phenotype of transfected cells. The vector used to express
AS RNA was derived from BK virus and pSV-2neo and
contained a mouse mammary tumor virus (MMTV) long
terminal repeat promoter linked to a dioxin-responsive en-
hancer (13). A sequence complementary to 20 nt near the 5'
terminus of eIF-4E mRNA was placed under control of the
inducible promoter. Cells harboring this vector are resistant
to the antibiotic G418 as a result of the expression of the
aminoglycoside phosphotransferase gene present in the con-
struct. Cells transformed with this vector (hereafter referred
to as AS cells) grew slowly, with a doubling time of about
100 h (Fig. 1A), whereas untransfected HeLa cells doubled
in approximately 25 h (Fig. 1B). The fact that inhibitory
effects were observed in the absence of inducer is consistent
with previous observations that a low level of constitutive
gene expression occurs with this promoter-enhancer combi-
nation (12, 13, 32). Addition of the inducer TCDD to AS cells
caused further slowing of the growth rate and then a decline
in cell number after 2 days (Fig. 1A). TCDD had no
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FIG. 1. Growth curves of HeLa and AS cells. Cells were plated
in 25-cm2 flasks with a graduated bottom. The average cell number
in four random 1-cm2 grids was taken each day, beginning 1 day
after plating. (A) AS cells cultured in 0.2 mg of G418 per ml with
(closed squares) and without (open squares) the inducer TCDD. (B)
Control untransfected HeLa cells grown with (open circles) and
without (closed circles) TCDD. (Inset) Northern analysis of an-
tisense RNA produced in control HeLa cells (C), AS cells without
inducer (AS-), and AS cells with inducer for 18 h (AS+). Total
RNA was probed with BS-DRE (see Materials and Methods). The
film was exposed for 21 days.

detectable effect on untransfected HeLa cells (Fig. iB) or on
cells transformed with RDB-0 (data not shown).
The copy number of this vector can be altered by changing

the concentration of G418 in the culture medium (13). The
100-h doubling time in Fig. 1A was obtained with G418 at 0.2
mg/ml. When cells were cultured in G418 at 0.4 or 0.6 mg/ml,
the doubling time increased to 170 h (data not shown).
Conversely, when AS cells were maintained without G418
selection, they resumed normal growth rates in about 2
weeks, presumably because of a reduction of vector copies.
HeLa cells transformed with RDB-0 grew at normal rates in
the presence of G418 at either 0.2 or 0.4 mg/ml (data not
shown). These results indicate that the phenotype of slow
growth is due to the expression of eIF-4E antisense se-
quences and not to the vector per se, G418 or TCDD.
The nature of the RNA product containing the AS se-

quence was examined by Northern hybridization (Fig. 1B,
inset). The predominant product was approximately 3 kb,
consistent with the RNA beginning with the MMTV pro-
moter and ending with the termination signal and poly(A)
addition site of BK virus. The RNA downstream of the AS
sequence is derived from Bluescript. Control HeLa cells
contained no cross-hybridizing RNAs (lane C). The major
AS RNA was present at 2.2% the molar concentration of
P-actin mRNA in uninduced cells (lane AS-), and this
increased to 6.1% after 18 h of induction (lane AS+).

In vivo protein synthesis. If AS RNA decreases the intra-
cellular levels of eIF-4E, and if eIF-4E is rate limiting for
protein synthesis, then the slow growth of AS cells could be
due to a reduction in overall protein synthesis rate. To test
this, we measured the incorporation of [3H]leucine into
protein for 6 h in control and AS cells, the latter grown in
G418 at 0.6 mg/ml. The rate of leucine incorporation was
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FIG. 2. Protein synthesis rates in intact cells. Approximately 106
cells per sample were labeled for 3 h with 30 ,uCi of [3,4,5-3H]leucine
per ml. (A) HeLa cells, transformed with RDB-0 or RDB-AS, were
grown in 0.2 mg of G418 per ml. These cells plus untransformed
HeLa cells were incubated with (+) and without (-) TCDD for 48 h
prior to labeling and lysed in 0.15 ml of sample buffer (38). One-fifth
of the sample was subjected to SDS-PAGE on 10% gels. (B) AS cells
were labeled with [3,4,5-3H]leucine for 3 h at the times indicated
following the addition of TCDD. The positions of molecular weight
standards are indicated. The TCA-precipitable radioactivities of
selected samples were 26,285 (lane 3), 9,385 (lane 5), 2,165 (lane 6),
10,775 (lane 7), 7,040 (lane 8), 5,985 (lane 9), 3730 (lane 10), and
2,980 (lane 11) cpm/,ul. The film for panel B was exposed three times
longer than that for panel A.

reduced by 10-fold in AS cells (10,325 versus 1,230 cpm/104
cells). Addition ofTCDD at the beginning of the 6-h labeling
period did not change the rate of incorporation in either
control or AS cells, suggesting that the inducer requires a
period of time to produce its effect.

In a second experiment, AS and control RDB-0 cells were
maintained in 0.2 mg of G418 per ml to produce a lower copy
number of the vector. The transfected cells as well as
untransfected HeLa cells were then incubated with and
without TCDD, in this case 48 h prior to labeling with
[3H]leucine for 3 h (Fig. 2). The leucine pool-specific radio-
activities of the various cell lines, with or without TCDD
treatment, were the same to within 6%. Thus, the intensity
of bands in Fig. 2 is proportional to the protein synthesis
rate. The overall rate of protein synthesis was reduced
2.8-fold in the AS cells (Fig. 2A, lane 5 versus lane 3), and
the addition of TCDD caused a further 4.3-fold decrease
(lane 6). Protein synthesis was the same in HeLa and RDB-0
cells, and TCDD had no effect (lanes 1 to 4). Synthesis of
most proteins was reduced in AS cells, but that of some
proteins was more resistant to the general inhibition. These
presumably result from the translation of "strong" mRNAs,
i.e., those having the least requirement for eIF-4 group
initiation factors (reviewed in reference 41).
We also studied the time course of TCDD action on the

rate of protein synthesis in AS cells. The addition of TCDD
produced a progressive decrease in protein synthesis rates
over a 36-h period (Fig. 2B). Taken together, these experi-
ments indicate that the expression of eIF-4E AS RNA,
whether determined by vector copy number or by induction
of the promoter, reduces the in vivo rate of protein synthesis
in a dose- and time-dependent manner.

If the depletion of eIF-4E is responsible for the observed
inhibition of protein synthesis, one would expect polysomes
to be disaggregated because eIF-4E acts at the step wherein
mRNA becomes bound to the ribosome. To test this predic-

TOP BOT
FIG. 3. Distribution of polysomes after AS RNA expression.

Untransfected HeLa cells (A) and AS cells maintained in 0.2 mg of
G418 per ml without (B) or with (C) treatment for 42 h with TCDD
were harvested and analyzed for polysomes as described in Mate-
rials and Methods. Ribosomal subunits and monosomes are indi-
cated by 40, 60, and 80. Disomes, trisomes, etc., are indicated by 2,
3, etc. The direction of sedimentation in each case was left to right.

tion, polysome profiles were measured in control HeLa cells
and AS cells in the presence and absence of TCDD (Fig. 3).
The results indicated that polysomes were decreased in AS
cells with a corresponding increase in ribosomal subunits
(Fig. 3B versus 3A), and when TCDD was added to the
medium, polysomes became undetectable (Fig. 3C).
eIF-4E mRNA levels. AS RNA is believed to exert its effect

on target gene expression by inhibiting the synthesis, proc-
essing, transport, or translation of a specific mRNA (24). To
distinguish between translational and nontranslational ef-
fects in the case of eIF-4E AS RNA, we measured the level
of eIF-4E mRNA. Cells were treated with and without
TCDD for 36 h, a period which does not result in cell death
or even in the complete arrest of cell growth (Fig. 1A), and
the relative levels of eIF-4E mRNA were determined by two
independent methods. In the first, an RNase protection
assay, a minus-sense probe was generated by in vitro tran-
scription of the cDNA for eIF-4E with SP6 RNA polymerase
(Fig. 4A; Fig. 4B, lane 1; note that the markers refer to
mobility of double-stranded DNA and do not apply to the
single-stranded RNA probe). RNase A completely digested
the probe in the absence of complementary mRNA (lane 2).
Hybridization of the probe to a full-length, plus-sense tran-
script, produced by transcription of the same plasmid with
T7 RNA polymerase, resulted in a protected fragment mi-
grating at 725 bp (lane 3), the expected position of the duplex
RNA. Total RNA extracted from control cells yielded a
strong band (lane 4). AS cells, by contrast, yielded consid-
erably less of the protected band (lane 5), and TCDD
treatment further reduced this level (lane 6). Bands corre-
sponding to the protected probe were excised, and the
radioactivity was determined by scintillation spectrometry
(Fig. 4B, bottom). From the radioactivity in lanes 3 and 4,
we calculate that eIF-4E mRNA represents 0.04% of total
HeLa cell mRNA (see figure legend). AS cells and AS cells
treated with TCDD contained 3- and 11-fold, respectively,
less eIF-4E mRNA than did control cells. As a control that
all mRNA species were not decreased by AS RNA expres-
sion, we also measured actin mRNA content during the
course ofTCDD induction (Fig. 4C). Actin mRNA levels did
not change significantly over the 48-h period tested.
The second method used for mRNA quantitation was
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FIG. 4. Quantitation of eIF-4E mRNA by RNase protection. (A)
Transcription template used to synthesize the eIF-4E mRNA plus-
and minus-sense RNAs. (B) RNase protection assays carried out as

described in Materials and Methods. After ethanol precipitation of
the protected RNA, the samples were resuspended in 10 mM
Tris-HCl (pH 7.2)-i mM EDTA-15% glycerol and separated on a

nondenaturing 1.5% agarose gel, using DdeI-cut pGem-7Zf(+) DNA
as markers. In this system, RNA duplexes shorter than 1.5 kb
comigrate with DNA duplexes of the same size. Lane 1, 500 cpm of
single-stranded probe (synthesized with SP6 polymerase); lane 2,
probe digested with RNase A in the absence of complementary
RNA; lane 3, signal obtained after annealing of probe to 5 ng of
plus-sense RNA (synthesized with T7 polymerase). Total RNA (70
gLg) from control untransfected cells (lane 4), AS cells grown in 0.2
mg of G418 per ml (lane 5), and AS cells treated for 48 h with TCDD
(lane 6) was annealed to the probe and digested with RNase A. The
radioactivity in the major band of selected lanes is shown at the
bottom. The level of eIF-4E mRNA in control cells was estimated as
follows. Five nanograms of the T7 transcript protected 27,930 cpm
of the probe. Assuming that 2% of total RNA is mRNA, the 70 F±g of
total RNA used in protection assays contained 1,400 ng of total
mRNA, and this protected 3,085 cpm of probe. 3,085/27,930 x 5 ng
= 0.55 ng of eIF-4E mRNA. 0.55/1,400 = 0.0004. Thus, eIF-4E
mRNA represents 0.04% of total HeLa mRNA. (C) Northern
analysis of actin mRNA. Total RNA was extracted from AS cells at
various times after addition of TCDD as indicated and analyzed by
Northern blotting using a p-actin cDNA probe (see Materials and
Methods). The film was exposed for 1 day.

selective reverse transcription of eIF-4E mRNA followed by
PCR in the presence of [a-32P]dATP. This yielded a single
PCR product of 659 bp which could be quantitated directly
by precipitation with TCA and scintillation spectrometry
(Fig. 5B, inset). To demonstrate that the method was quan-
titative, we subjected several dilutions of reverse-tran-
scribed RNA from a single source to PCR (Fig. 5A). The
product increased exponentially for each dilution and was

proportional to the amount of RNA added, provided that it
was measured in the exponential range. AS cells contained
1.7-fold less eIF-4E mRNA than did control HeLa cells by

CYCLE NUMBER

FIG. 5. Quantitation of eIF-4E mRNA in control and AS cells by
PCR. (A) Dose response quantitation of eIF-4E mRNA in total RNA
isolated from continuous rat embryo fibroblast cells. The amounts of
total RNA used for PCR were 0.4 ,ug (open circles), 0.2 ,ug (open
triangles), 0.1 ,ug (closed circles), and 0.05 ,ug (closed triangles).
Carrier RNA was added after reverse transcription, and the samples
were subjected to PCR amplification in the presence of [a-32P]dATP,
using eIF-4E mRNA-specific primers. Products were quantitated by
TCA precipitation and scintillation spectrometry. (B) Effect of AS
RNA on eIF-4E mRNA levels. Total RNA (0.1 p.g) from untrans-
fected HeLa cells (open circles), AS cells (closed circles), and AS
cells treated with TCDD as for Fig. 3 (open triangles) was analyzed
as for panel A. (Inset) Ethidium bromide-stained 2.5% agarose gel of
Hindlll-cut A DNA (lane 1) and the eIF-4E mRNA-specific PCR
product (lane 2).

this assay, and AS cells treated with TCDD for 36 h
contained 3-fold less than did control cells (Fig. SB). The
quantitative discrepancy between the two methods is not
understood, but it is clear that eIF-4E mRNA was signifi-
cantly reduced in AS cells and that a further decrease
occurred upon induction of the promoter with TCDD.

eIF-4E protein levels. The level of the eIF-4E protein was

measured in cytoplasmic extracts from control HeLa and AS
cells grown in 0.6 mg of G418 per ml with or without a 48-h
induction with TCDD. eIF-4E was affinity purified on
m7GTP-Sepharose columns, and aliquots of both total pro-
tein and column-bound protein were separated by SDS-
PAGE and stained with Coomassie blue (Fig. 6). Total
protein patterns were similar (lanes 1 to 3), but eIF-4E was

detectable only in the column-bound fraction of control cells
(lane 4 versus lanes 5 and 6). In a similar experiment, the
vector copy number was decreased by growing the cells in
0.2 mg of G418 per ml in an attempt to obtain a less severe

reduction of eIF-4E. Under these conditions, AS cells con-
tained sevenfold less eIF-4E than did control cells, as

estimated by densitometry, whereas eIF-4E could not be
detected in TCDD-treated AS cells (data not shown). Inter-
estingly, an m7GTP-Sepharose-enriched protein of 220 kDa
was also decreased in AS compared with control cell ex-

tracts (lane 4 versus lanes 5 and 6). On the basis of its
molecular weight and retention on m7GTP-Sepharose, this is
likely to be the p220 component of eIF-4F (17, 26, 60).

In vitro protein synthesis. The results presented thus far
indicate that AS cells grow slowly, that protein synthesis in
vivo is decreased up to 10-fold, and that the cellular levels of
both eIF-4E mRNA and eIF-4E protein are decreased in
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FIG. 6. Quantitation of eIF-4E in control and AS cells. The
cytoplasmic extract from 5 x 107 cells (3 ml) was applied to a 2-ml
m7GTP-Sepharose column, and the bound protein was eluted with
m7GTP and precipitated with TCA (12). The protein was resus-

pended in Laemmli sample buffer, subjected to SDS-PAGE, and
stained with Coomassie blue. The positions of molecular weight
markers, eIF-4E, and a 220-kDa polypeptide, which is thought to be
the p220 component of eIF-4F, are shown. AS cells were grown in
the presence of 0.6 mg of G418 per ml, and the gel used was 10%.
Lanes: 1 to 3, 30 ,u1 of total protein from control HeLa cells, AS
cells, and AS cells treated for 48 h with TCDD, respectively; 4 to 6,
m7GTP-Sepharose-bound protein from the same extracts (the entire
sample); 7, 1.7 ,ug of purified eIF-4E from human erythrocytes.
eIF-4E migrates as doublet when incompletely reduced (51). The
dark bands at around 66 kDa in lanes 1 and 2 are bovine serum
albumin, which was not completely removed when the cells were
collected.

proportion to the expression of AS RNA. The most straight-
forward interpretation of these findings is that cell growth is
slowed because of a decrease in protein synthesis resulting
from the loss of eIF-4E. If so, then extracts of AS cells
should likewise be restricted in protein synthetic capacity,
and this should be restored with exogenous eIF-4E. Cell
extracts were prepared from control and AS cells and
assayed for [3,4,5-3H]leucine incorporation. As observed for
intact cells (Fig. 2), protein synthesis in extracts of AS cells
was drastically reduced (Fig. 7A, lane 2 versus lane 1).
Surprisingly, however, the addition of purified eIF-4E did
not stimulate translation to any significant degree (Fig. 7B,
lanes 8 to 12; note that the aliquots analyzed in lanes 8 to 12
were three times larger than that in lane 7). The highest level
of eIF-4E added (lane 8) corresponded to fivefold more than
was present endogenously in the cell-free system from
control cells (see figure legend). It was unlikely that the lack
of stimulation was due to loss of activity of eIF-4E itself,
since eIF-4E purified by m7GTP-Sepharose retains its activ-
ities of cap binding, association with the 48S initiation
complex (33), and restoration of translation in m7GTP-
inhibited lysates (28).
The failure of eIF-4E to stimulate translation was unex-

pected, since the AS RNA was targeted specifically to
eIF-4E mRNA. However, this is reminiscent of the inability
of eIF-4E to restore translation to extracts of poliovirus-
infected cells (60). In the latter case, high-molecular-weight

complexes containing p220 were effective in restoring trans-
lation. We therefore tested highly purified eIF-4F (Fig. 7C)
on extracts of AS cells (Fig. 7A). Addition of eIF-4F, in
contrast to eIF-4E, was effective in restoring translational
activity. By analogy to poliovirus-infected cells, this finding
suggested that the p220 component of eIF-4F might be
affected in AS cells.
p220 is decreased in AS cells. To determine the levels of

p220 directly, we prepared cytoplasmic extracts from HeLa
cells and AS cells grown in G418 at 0.2 mg/ml, the latter
treated for 48 h with and without TCDD. Equal amounts of
protein were separated by SDS-PAGE, transferred to a
membrane, and probed with a monoclonal antibody against
p220. The antibody recognized a collection of polypeptides
in the 200-kDa range in both rabbit reticulocyte lysate (Fig.
8, lane 6) and control HeLa cell extracts (lane 1). This
collection of bands is consistently observed and is consid-
ered to be p220; it is not known whether they represent
isoforms of p220 or products of degradation or posttransla-
tional modification (19, 20). p220 levels were decreased in
the uninduced AS cells (lane 4) and were undetectable in the
AS cells induced with TCDD (lane 5). AS cells grown for 1
week without G418 selection contained intermediate levels
of p220 (lane 2). As noted above, such AS cells regain almost
normal growth rates after 2 weeks in the absence of G418.
Addition of TCDD to these cells decreased the p220 level
only slightly (lane 3). Presumably, the recovery of normal
growth rates is due to the loss of vector, so that TCDD
addition results in insufficient AS RNA to produce a major
effect. We did not observe the breakdown products of p220
(100 to 130 kDa) which are characteristic of poliovirus-
infected cell extracts (23), though the monoclonal antibody
used is capable of recognizing such products (19).
Decay of eIF-4E, p220, and protein synthesis rates after

induction with TCDD. To analyze the relationship between
the levels of eIF-4E and p220 and the overall in vivo rate of
protein synthesis, we determined all three parameters in a
single experiment as a function of time after addition of
TCDD (Fig. 9). AS cells grown in 0.2 mg of G418 per ml were
treated with TCDD, and aliquots from multiwell flasks were
removed at intervals. Protein synthesis was determined by
pulse-labeling cells during the last 3 h of each time point. A
parallel set of cells which had been previously labeled to
equilibrium with [3,4,5-3H]leucine was used for quantitation
of eIF-4E levels. Another set was analyzed by Western
immunoblotting to measure p220 levels. The results indi-
cated that except for a slight initial lag, eIF-4E and p220
decayed with nearly the same kinetics. Protein synthesis
decreased the most between 6 and 18 h, in parallel with
eIF-4E and p220, and thereafter more slowly, presumably
reflecting the residual translation of specific "strong"
mRNAs.
Another component of the eIF-4F complex is eIF-4A,

although the major portion of this factor exists in the free
form (see the introduction). It was therefore of interest to
determine whether eIF-4A levels were also decreased when
AS RNA was expressed. eIF-4A was monitored immunolog-
ically during the course of TCDD induction (Fig. 9, double
triangles). Interestingly, over the period in which eIF-4E and
p220 decreased to undetectable levels, eIF-4A was un-
changed. In a separate experiment, the level of eIF-4A in
control HeLa cells was found to be the same as in AS cells
(data not shown).
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FIG. 7. Effect of added eIF-4F and eIF-4E on translation by extracts of AS cells. Proteins were labeled with [3,4,5-3H]leucine in extracts
of control HeLa cells (C; lanes 1 and 7) and AS cells grown in 0.6 mg/ml G418 (AS), separated by SDS-PAGE, and visualized by fluorography.
(A) The indicated amounts of rabbit reticulocyte eIF-4F were added to 50-,ul translation reactions. Aliquots of 5 p.l were loaded on the gel.
(B) Same as panel A except that human erythrocyte eIF-4E was added to translation reaction mixes. The aliquot loaded for control cell
extracts (lane 7) was 5 p1l, whereas that for AS extracts (lanes 8 to 12) was 15 ,ul. From the data in Fig. 6, we estimate that 1.0 p.g of eIF-4E
is present in 3 ml of HeLa extract. Thus, the control in vitro translation system (lane 7) contained 10 ng of endogenous eIF-4E in a 50-,ul
reaction mixture. (C) SDS-PAGE of the eIF-4F preparation used in panel A. Staining was with silver.

DISCUSSION

kDa
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FIG. 8. Immunological analysis of p220 in control and AS cells.
Cell extracts were prepared from HeLa and AS cells, and 150 p.g of
protein from each sample was analyzed by immunoblotting with an
anti-p220 antibody. Lanes: 1, control HeLa cells; 2, AS cells
cultured without G418 for 1 week; 3, same as lane 2 but treated with
TCDD for 48 h; 4, AS cells cultured in 0.2 mg of G418 per ml; 5,
same as lane 4 but treated with TCDD for 48 h; 6, 5 of rabbit
reticulocyte lysate.

Determining the mechanisms which regulate the overall
rate of protein synthesis is central to a general understanding
of cellular metabolism. Nearly all of the translational control
mechanisms identified to date occur at the initiation step, so

it is logical to study the initiation factors as targets and
mediators of translational regulation. Most or all of the
initiation factors have now been isolated and characterized
in vitro. However, the sheer complexity of protein synthe-
sis, involving the coordinated action of over 200 proteins and
100 RNAs, requires that the roles of initiation factors be
defined using in vivo systems as well. The favorable genetic
approaches available in Saccharomyces cerevisiae have
permitted several initiation factors to be studied in vivo.
eIF-2, was shown to be essential to the cell and to play a
role in initiation codon selection (14). Similarly, an intact
eIF-4A gene is required for survival of the yeast cell (4). The
eIF4E gene is likewise essential to yeast cells (1) and,
interestingly, is the same as a gene involved in control of cell
division, cdc-33 (7). The phenotype of cdc-33 mutants re-
sembles cells arrested at the GO/G1 boundary during amino
acid starvation.

In higher eukaryotes, studies of initiation factors involving
disruption of genes or their replacement with mutated deriv-
atives are not presently feasible. Alternative approaches for
studying these factors in vivo include (i) expressing addi-
tional copies of the initiation factor, either of the normal
sequence or of a variant, by transfecting cells with expres-
sion vectors and (ii) reducing the endogenous levels of the
initiation factor with antisense sequences. The first of these
approaches has been used for eIF-2a, whereby the essential
role of Ser-51 in regulating this factor's activity was demon-
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FIG. 9. Decay rates of eIF-4A, eIF-4E, p220, and protein syn-
thesis in AS cells. AS cells (105) were incubated with TCDD in
multiwell plates. At the times indicated, 15 pCi of [3,4,5-3H]leucine
per ml was added for 3 h. The cells were lysed in 0.5 ml of 1% SDS,
proteins were precipitated with 10% TCA and collected on GFA
filters, and the radioactivity was determined (closed squares).
eIF-4E was measured in samples of 3 x 106 cells labeled to
equilibrium with [3,4,5-3H]leucine (50 ,uCi/ml) for 48 h. TCDD was
added for the times indicated. The cells were lysed, and eIF-4E was
isolated as described in Materials and Methods and separated on an
SDS-10% polyacrylamide gel. After fluorography, the eIF-4E band
was quantitated with a laser densitometer (open squares). For
determination of p220 and eIF-4A, 150 jig of protein for each sample
was analyzed by Western blotting as for Fig. 7. The eIF-4A (double
triangles) and major p220 (closed triangles) bands were quantitated
by densitometry with reflective illumination. All values are ex-
pressed relative to those for AS cells not treated with TCDD.

strated (35). The importance of the hypusine modification at
Lys-50 of eIF-4D was similarly demonstrated in COS-1 cells
(57). Overexpressing eIF-4B in COS-1 cells by 50-fold re-
sulted in a general inhibition of translation (45). This ap-
proach has also been used for eIF-4E. Overexpression by as
little as three- to eightfold led to a rapid growth phenotype
reminiscent of oncogenically transformed cells (12, 40). The
absence of this phenotype in cells transformed with the same
vectors expressing the [Ala53]eIF-4E variant provides in
vivo evidence that phosphorylation at Ser-53 is essential for
eIF-4E activity.
The second approach, to reduce the level of an initiation

factor with AS RNA technology, has not been used prior to
the study reported here. AS RNA is thought to inhibit
expression of an mRNA by the formation of an RNA duplex
which either inhibits its processing and transport from the
nucleus, prevents its translation, or enhances its degradation
(24). Melton (44) used AS RNA in Xenopus oocytes to
inhibit P-globin translation and found that sequences com-
plementary to the 5' noncoding region or the 5' region
including the translation initiation site were more inhibitory
than those complementary to the 3' coding or 3' noncoding
regions. Izant and Weintraub (31) observed maximal inhibi-
tion of thymidine kinase expression in LTK- cells when
they used AS RNA directed against the 5' untranslated
portion of the mRNA. On the basis of these results, we
constructed the vector to express RNA which was comple-
mentary to 20 nt at the 5' terminus of eIF-4E mRNA.
Whether because of the level of AS RNA in the cell or

because of the site of complementarity, the expression ofAS
RNA against eIF-4E mRNA produced marked effects in our
system. The rate of cell division was slowed or stopped,

depending on the level of expression (Fig. 1), the rate of
protein synthesis was dramatically decreased in vivo and in
vitro (Fig. 2 and 7), polysomes disaggregated (Fig. 3), and
the levels of both eIF-4E mRNA (Fig. 4 and 5) and eIF-4E
protein (Fig. 6) were decreased. The two methods of eIF-4E
mRNA estimation gave qualitatively similar results and
indicated that AS cells grown in 0.2 mg of G418 per ml
contained 1.7- to 3-fold less mRNA than did control cells.
Addition of the inducer further reduced the mRNA level 2-
to 3-fold, giving an overall reduction of 3- to 10-fold com-
pared with control cells. Contente et al. (10) achieved a
comparable reduction of rrg mRNA, but the reduction
varied greatly among clonal transformants. Griep and West-
phal (25) used the simian virus 40 early promoter to express
AS RNA complementary to portions of the mouse c-myc
gene. Cells transformed with these constructs displayed a
dramatic reduction in myc protein. Surprisingly, the total
cellular levels of myc mRNA were not affected, suggesting
that the effect was at the level of mRNA transport or
translation as opposed to synthesis, splicing, or stability. In
the present study, the loss of eIF-4E protein appeared to be
more dramatic than the loss of eIF-4E mRNA (compare Fig.
6 with Fig. 4 and 5), suggesting that there may be transla-
tional effects in addition to the decrease in eIF-4E mRNA
levels.
Another important feature of the system described here is

the ability to regulate the level of AS RNA expression.
Inducible promoters have been used in previous studies to
express AS RNA with varying success. Holt et al. (30) made
constructs expressing c-fos AS RNA under the control of the
MMTV promoter. Addition of dexamethasone to stable
transformants caused rapid production of AS RNA and
inhibition of cell proliferation. On the other hand, AS RNA
against the mRNA encoding the tissue inhibitor of metallo-
proteinases, directed from a metallothionine promoter, was
found to be constitutive and not inducible by heavy metals
(36). A heat shock promoter was used to generate AS RNA
against Drosophila hsp-26 mRNA, but only cells with high
copy numbers of the vector exhibited reduced levels of
hsp-26 protein (43). In the present study, AS RNA levels
were altered either by varying the G418 selection or by
inducing the promoter with TCDD. These two methods
provide a wide range of experimental flexibility. Cells may
be maintained indefinitely with different dosages of the
antisense-encoding DNA by culturing in different G418
concentrations. Because of the low level of constitutive
expression of the promoter-enhancer combination, these
cells exhibit characteristic growth rates, but rapid changes in
AS RNA levels are not possible because establishment of
new G418 concentrations must be conducted in stages over
periods of days to weeks. Activation of the promoter by
TCDD, by contrast, can be demonstrated in as little as 1 h
(18). The combination of G418 and TCDD is required for
maximal expression of AS RNA; without G418, the vector
copy number decreases so that addition of TCDD has little
effect (Fig. 8, lane 2 versus lane 3). On the other hand, if AS
RNA expression had been constitutively high, we would not
have been able to obtain transformants because of the lethal
phenotype (Fig. 1A, closed squares).
The coordinate loss of eIF-4E and p220 in AS cells was

unexpected and may open the way for studies to clarify the
relationship between these two polypeptides. Originally,
eIF-4E was independently detected as a polypeptide which
would either cross-link to mRNA caps (59), reverse the
inhibition of protein synthesis caused by poliovirus infection
(62), or reverse the inhibition of cell-free translation caused

MOL. CELL. BIOL.



ANTISENSE RNA AGAINST eIF-4E mRNA 5443

by cap analogs (28). Subsequently, Tahara et al. (60) found
that high-molecular-weight complexes containing eIF-4E
were effective in reversing poliovirus inhibition but that
eIF-4E alone was not. p220 was first identified as a protein
which was proteolytically cleaved coincident with the shut-
off of protein synthesis caused by poliovirus infection (23). It
was then found by Grifo et al. (26) and Edery et al. (17) to be
a component of the high-molecular-weight complexes dis-
covered by Tahara et al. (60). It is worth noting, however,
that all such complexes have been isolated from cells or
ribosomal extracts after treatment with 0.5 M KCl, and that
attempts to isolate p220:eIF-4E complexes from whole cell
lysates without high-salt treatment have failed (9). Thus, the
association between these two proteins may be transient and
occur only during a specific stage of initiation. The phos-
phorylation of eIF-4E may also have a bearing on the
association of p220 and eIF-4E. The nonphosphorylatable
[Ala53]eIF-4E variant does not become bound to the 48S
initiation complex (33). Assuming that eIF-4E is bound to
the 48S complex via p220, this may mean that phosphory-
lated eIF-4E has a higher affinity for p220 than does unphos-
phorylated eIF-4E. Consistent with this idea, Tuazon et al.
(63) found that phosphorylated eIF-4E could be isolated in a
complex with p220, but that a similar complex was not
formed when unphosphorylated eIF-4E was added. This
would be reminiscent of eIF-2B having a higher affinity for
eIF-2a-P than for eIF-2a (54). These results, coupled with
the knowledge that the phosphate group of eIF-4E turns over
more rapidly than does the polypeptide chain (53), suggest a
model in which the association of eIF-4E with p220 is in
dynamic equilibrium and is determined by eIF-4E phosphor-
ylation.
As noted above, eIF-4F is isolated as a complex of three

components: eIF-4A, eIF-4E, and p220. The fact that
eIF-4A does not decrease under the same conditions which
lead to a complete loss of eIF-4E and p220 (Fig. 9) suggests
that the eIF-4E and p220 components may be more closely
associated, physically, functionally, or from a regulatory
standpoint. In fact, eIF-4A is present at a considerably
higher level than is either eIF-4E or p220 (16). Also, some
purification schemes yield a p220:eIF-4E complex with no
eIF-4A (9, 22, 39).
Although there are several possibilities which might ex-

plain why a reduction of p220 is correlated with a loss in
eIF-4E, the most likely explanation is that p220 is degraded
by cellular proteases unless it is complexed with eIF-4E.
This interpretation, as opposed to the hypothesis that eIF-4E
affects p220 expression at the transcriptional or translational
level, is supported by the nearly simultaneous loss of eIF-4E
and p220 (Fig. 8). Such a mechanism could potentially
reconcile the observations of Trachsel et al. (62), who found
that the addition of purified eIF-4E was sufficient to stimu-
late translation in extracts of poliovirus-infected cells, with
those of Grifo et al. (26), who found that eIF-4F rather than
eIF-4E was required. Perhaps poliovirus infection initially
causes an inactivation or sequestration of eIF-4E, and the
failure of eIF-4E and p220 to interact leads to the degrada-
tion of p220. Thus, addition of eIF-4E alone could restore
translation to cell extracts at early times during the course of
viral infection but not later, when the p220 component is
degraded.
From a practical standpoint, the AS cells provide a model

system for the study of translation in mammalian cells and
cell extracts which are deficient in eIF-4E and p220, akin to
the yeast cell-free system containing a temperature-sensitive
eIF-4E variant (2). It is yet to be determined whether other

translational components are reduced in the AS cells, but the
ability of highly purified eIF-4F to restore translation (Fig.
7A) together with the unchanged levels of eIF-4A (Fig. 9)
argues against this. Previously, poliovirus-infected cells and
their lysates, or cell-free translation systems derived from
components of poliovirus-infected and normal cells, have
been useful in investigating the role of p220 and eIF-4F (21,
46). An advantage of the AS cells and their extracts for this
purpose is that the numerous biochemical and morphological
changes occurring in poliovirus-infected cells (37) would not
be complicating factors. The system will be especially suit-
able for studies of mRNA competition and discrimination
both in vitro and in vivo.
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