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Regulation of the mRNA cap binding protein (eIF4E) is critical to the control of cellular proliferation since
this protein is the rate-limiting factor in translation initiation and transforms fibroblasts and since eIF4E
mutants arrest budding yeast in the G1 phase of the cell cycle (cdc33). We previously demonstrated regulation
of eIF4E by altered transcription of its mRNA in serum-stimulated fibroblasts and in response to c-myc. To
identify additional factors regulating eIF4E transcription, we used linker-scanning constructs to characterize
sites in the promoter of the eIF4E gene required for its expression. Promoter activity was dependent on sites
at 25, 225, 245, and 275; the site at 275 included a previously described myc box. Electrophoretic mobility
shift assays identified DNA-protein interactions at 225 and revealed a binding site (TTACCCCCCCTT) that
is unique to the eIF4E promoter. Proteins of 68 and 97 kDa bound this site in UV cross-linking and
Southwestern experiments. Levels of 4E regulatory factor activities correlated with c-Myc levels, eIF4E ex-
pression levels, and protein synthesis in differentiating U937 and HL60 cells, suggesting that these activities
may function to regulate protein synthesis rates during differentiation. Since the eIF4E promoter lacked typical
TATA and initiator elements, further studies of this novel initiator-homologous element should provide
insights into mechanisms of transcription initiation and growth regulation.

The mRNA cap binding protein eIF4E, which recognizes the
m7GpppN cap structure on all mRNA molecules, is a critical
regulator of cell growth and protein synthesis (65). In binding
the cap structure, it also participates in pleiotropic functions
including regulation of mRNA export from the nucleus, splic-
ing, and mRNA stability (27, 47). eIF4E is especially important
in regulating new protein synthesis because its low abundance
makes it rate limiting for translation initiation (13, 27). eIF4E
mutants alter G1 cell cycle regulation (cdc33) and eIF4E over-
expression in mammalian cells is both mitogenic and tumori-
genic (2, 66), indicating that levels of eIF4E are critical for cell
division as well as protein synthesis control.

eIF4E abundance varies in response to growth stimulation
(13, 56). In addition, various signaling pathways regulate its
activity by phosphorylation of critical residues (especially
serine 209 [18–20, 28, 36, 52, 71]) and 4E binding proteins
inhibit its function (50). Nevertheless, its overall abundance is
of key importance to its regulation, since simple overexpres-
sion of its mRNA is sufficient to transform cells (10, 42).
Reasoning that the regulation of translation initiation factors
may be particularly important at points in the cell cycle where
protein synthesis is rate limiting for growth, we found that
levels of eIF4E mRNA peaked at the restriction point in late
G1 in growth factor-stimulated fibroblasts (56).

Recent studies have focused renewed attention on mecha-
nisms that regulate the transcription of gene products govern-
ing protein synthesis rates (3, 38, 69). Yeast ribosomal protein
levels are regulated by several transcription factors (32, 38, 46).
In mammalian cells, a transcriptional element in the promoter

of the gene encoding eukaryotic initiation factor 2a (eIF2a) is
shared among several promoters of genes encoding mitochon-
drial proteins (4) and promoters of several cell cycle regulators
(21, 68), thereby coordinating protein synthesis, energy metab-
olism, and cell cycle control. A newly described transcription
factor, nuclear regulatory factor 1 (NRF-1), regulates eIF2a
through that site, and its sequence is homologous to those of a
family of developmental regulators in Drosophila (14, 69). In
addition, the retinoblastoma tumor suppressor gene (Rb) in-
hibits RNA polymerase I and III transcription and is thought
to inhibit protein synthesis by decreasing ribosomal biogenesis
(3, 7, 41, 72). Taken together, the examples of yeast ribosomal
biogenesis, NRF-1, and Rb provide important illustrations of
transcriptional regulation of factors regulating protein synthe-
sis.

The c-myc oncogene is a key regulator of cell proliferation
and differentiation (16, 43). Despite intense scrutiny of its
biochemical functions, less is known about the c-myc target
genes that mediate its functions in growth control (23). We
previously observed that the peak levels of eIF4E mRNA at
the restriction point in late G1 coincided with peak levels of
c-Myc (56). Consequently, we evaluated the transcriptional
response of eIF4E mRNA to c-myc by using cells expressing
estradiol-regulated c-myc fusion constructs (myc-er cells) (56).
Transcriptional increases of eIF4E mRNA in myc-er cells co-
incided with elevated protein synthesis that preceded the start
of DNA synthesis (15, 54, 56). These experiments led us to
clone the proximal promoter of the eIF4E gene (35), which
revealed myc box motifs at 277 and 2232 that were essential
for promoter function. Surprisingly, this promoter lacked both
TATA and initiator (INR) elements, which are usually neces-
sary to guide the formation of RNA polymerase II transcrip-
tion complexes (22, 70). To understand the function of myc,
direct interactions between Myc binding in candidate target
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genes and transactivation or repression of basic promoter el-
ements in the same genes must eventually be identified (61).
The absence of the usual promoter elements in the eIF4E
promoter that are required for RNA polymerase II function
led us to search for alternative sequences that might function
in initiating its transcription.

In this study, we identified transcription elements required
for eIF4E expression by using reporter constructs containing
linker-scanning mutations of the eIF4E promoter. Although
coordination of growth and division is often studied at the
restriction point when cell proliferation is induced, we sought
to determine whether this coordination is also seen when cells
exit the cell cycle. Among its many functions, c-myc regulates
cell cycle arrest and differentiation in hematopoietic cells (25,
31, 73). Since c-myc plays a prominent role in arresting DNA
synthesis during differentiation of HL60 and U937 cells, its
target genes should be similarly down-regulated and studies of
this regulation should provide additional insights into mecha-
nisms coordinating protein synthesis and cell division.

MATERIALS AND METHODS

Phages, plasmids, and nucleic acids. Standard manipulations of Escherichia
coli, nucleic acids, and tissue culture cells were performed essentially as de-
scribed previously (60). With peIF4ECAT as a starting plasmid [p4ECAT(403)
from reference 35), a series of eIF4E-CAT linker scanner constructs were made
by the PCR-based overlap extension technique (29), as modified by Datta (8).
Briefly, sense oligonucleotides encoding the designed 10-base substitution (but
otherwise complementary to eIF4E promoter sequences; typically 15 to 20 bases
on either end of the 10-base linker) were used in PCRs with peIF4ECAT as a
template, along with an antisense primer complementary to sequences flanking
the 39 end of the eIF4E promoter sequences. The PCR products were purified by
agarose gel electrophoresis and used in a second PCR with peIF4ECAT as a
template and a sense primer complementary to sequences flanking the 59 end of
the eIF4E promoter sequences. The PCR products were then digested with PstI
and XhoI and subcloned into the same sites of peIF4ECAT. DNA sequencing of

the entire eIF4E promoter region verified all the introduced substitutions. These
constructs successively replaced every 10 bases with the sequence ACTCTAGA
CT, which contained no known transcription-activating elements.

A mouse genomic DNA library (strain 129SVJ) cloned in l FIX II phage
(Stratagene, La Jolla, Calif.) was screened with a Klenow-labeled fragment
containing human eIF4E genomic sequences from an FspI site at 2110 to a
BssHII site at 1103. Positive phages were plaque purified. Five phages were
mapped and found to represent two independent inserts. Mouse genomic se-
quences between an XbaI site at 21045 and an ApaI site at 1235 were subcloned
into plasmid vectors for sequencing. Sequences were obtained with an automated
sequencer through the Massachusetts General Hospital core sequencing facility.
The mouse genomic sequences were compared to equivalent human sequences
by using Genetics Computer Group software from the University of Wisconsin
package.

Unless otherwise designated, oligonucleotides used in electrophoretic mobility
shift assay (EMSA) experiments were custom synthesized by Gibco-BRL and are
summarized in Fig. 1.

Cells, transfections, and CAT assays. HeLa and HL60 cells were obtained
from the American Type Culture Collection, Manassas, Va.; rat embryo fibro-
blasts transfected with c-myc (REF-myc) or the neomycin resistance gene (REF-
neo) were the generous gift of R. A. Weinberg. U937 cells were the generous gift
of Ben Kreskel and Alan Ezekowitz. Adherent cells were routinely grown in
Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum; HL60 and
U937 cells were routinely grown in RPMI with 10% fetal bovine serum (FCS).

Transfections were accomplished by standard calcium phosphate coprecipita-
tion (60). For the linker-scanning constructs, HeLa cells were transfected with 10
mg of eIF4E-CAT reporter constructs and 3 mg of pSVtkhGH, which is not
regulated by c-myc (37). We determined human growth hormone levels in su-
pernatant media by using a commercial radioimmunoassay kit (Allegro Inc.) to
normalize for transfection efficiency. Chloramphenicol acetyltransferase (CAT)
assays were performed by thin-layer chromatography, using standard methods.
All CAT assays were performed with duplicate points, and each experiment was
repeated three times.

DNA binding assays. Nuclear extracts were prepared from 108 of the indicated
cells during logarithmic growth for EMSA by a modification of the Dignam
method (11, 12, 48). The modified extraction buffer used (0.5% deoxycholate,
1% octyl-b-glucoside, 20 mM HEPES [pH 7.9], 0.42 M NaCl, 1.5 mM MgCl2, 0.2
mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol
[DTT], 25% glycerol) results in improved yields of c-Myc in the lysates. Binding
reaction mixtures included 10 mg of the indicated extracts. We evaluated gel shift

FIG. 1. Oligonucleotides used in the EMSA experiments.
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activity in standard EMSA binding buffer (10 mM Tris [pH 7.5], 50 mM NaCl, 1
mM DTT, 1 mM EDTA, 5 mM MgCl2, 5% glycerol [1]) with poly(dI-dC) (0.1
mg/ml) as a nonspecific competitor. Complexes formed in binding buffer were
resolved on 6% nondenaturing polyacrylamide gels containing 13 TBE (0.090 M
Tris-borate [pH 8.0], 0.002 M EDTA).

Oligonucleotides were labeled with polynucleotide kinase and [g-32P]dATP if
they contained blunt ends or by Klenow reactions with [a-32P]dCTP if they
contained 59 overhangs. Each binding-reaction mixture contained 0.1 to 0.5 ng of
labeled oligonucleotide. Competition experiments were performed with the in-
dicated molar excess of unlabeled oligonucleotides.

UV cross-linking and Southwestern analyses. The LS3 trimer oligonucleotide,
AAGGGGGGGTAAGAGGAAGAAGGGGGGGTAAGAGGAAGAAGGG
GGGGTAAGAGGAAACTCTAGACT, was annealed with AGTCTAGAGT
TT. These oligonucleotides were then radiolabeled with 5-bromo-29-dUTP (50
mM) and a32-P-labeled dCTP (5 mM) by using standard Klenow reaction mix-
tures together with cold dATP (50 mM) and dGTP (50 mM) (6). The 66-bp
trimeric oligonucleotide was then purified by electroelution by using polyacryl-
amide gel electrophoresis and size markers to identify the full-length product.
The full-length cross-linking probe was then incubated with 25 mg of nuclear
lysates from HeLa cells, 1 mg of bovine serum albumin per ml, and 20 mg of
poly(dI-dC) under standard EMSA conditions (6). Each reaction mixture was
irradiated from 5 cm directly above by inverting a UV transilluminator of 305 nm
and intensity 7,000 mW/cm2 for a period experimentally determined to optimize
cross-linking (20 min). After incubation with DNase I (2 mg per reaction), the
samples were analyzed on 10% denaturing polyacrylamide gels to identify pro-
teins which bound the eIF4E promoter sites.

Southwestern analyses were performed essentially as described previously (26,
63, 67, 68). Nuclear extracts (50 mg) from the indicated cell types were run on
10% denaturing polyacrylamide gels, electroblotted to nitrocellulose for 12 h,
and allowed to dry. The filters were then immersed for 10 min in denaturation-
renaturation buffer containing 6 M guanidine hydrochloride. Partial renaturation

of immobilized proteins was performed by five successive incubations of the
filters in buffer containing progressive (twofold) dilutions of guanidine hydro-
chloride and finally in buffer lacking the denaturant. The filters were blocked
with 5% nonfat dry milk in binding buffer (50 mM Tris [pH 7.5], 50 mM NaCl,
1 mM EDTA, 1 mM DTT) and were then washed twice with 0.25% nonfat dry
milk in binding buffer. The filters were hybridized in binding buffer containing
Klenow-labeled LS3 trimer oligonucleotide probe, 0.25% nonfat dry milk, and 1
mg sonicated salmon sperm DNA per ml for 60 min at room temperature. The
filters were then washed three times with binding buffer containing 0.25% nonfat
dry milk alone and dried.

Expression analysis of U937 and HL60 cells. HL60 and U937 cells were
initially seeded at 105 cells per 150-mm plate for all determinations. Differenti-
ation was induced with 5 nM 12-O-tetradecanoylphorbol-13-acetate (TPA). Cells
from individual plates were harvested at the indicated time points for RNA and
protein analyses.

Levels of expression of eIF4E, c-myc, and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) RNAs were analyzed with total cellular RNA (5) from
U937 and HL60 cells that was size fractionated (10 mg/lane) on formaldehyde-
agarose gels, transferred to Hybond-N nylon matrices, and cross-linked with UV
light. Filters were hybridized in a rapid hybridization solution (Rapidhybe; Am-
ersham) at 65°C with eIF4E, c-myc, or GAPDH cDNA fragments a32-P labeled
by the Klenow reaction with random priming.

Levels of expression of eIF4E, c-Myc, and actin proteins were compared in
U937 and HL60 cells by using immunoblots containing 50 mg of total protein
harvested in Laemmli loading buffer as described previously (56, 60). Briefly, 50
mg of cell lysate was analyzed on a standard 10% denaturing polyacrylamide gel.
Proteins were electroblotted onto a nylon membrane (Immobilon; Millipore)
and blocked overnight in 5% dry milk. The membrane was cut according to the
molecular weights of the proteins to be identified, and the identical blot was
incubated with anti-c-Myc (9E10; Santa Cruz), anti-actin (N-350; Boehringer), or
anti-eIF4E (rabbit polyclonal; gift of Nahum Sonenberg) antibodies. The sec-

FIG. 2. Identification of sites within the eIF4E promoter necessary for promoter activity. (Top) General scheme of linker-scanning mutations. (Bottom) The
indicated eIF4E-CAT linker-scanner constructs were transfected into HeLa cells and analyzed for CAT activity. The effect of the mutation on CAT expression
compared with that of the unaltered eIF4E-CAT construct is presented as the mean and standard error. The mean and standard error are based on three transfections,
each performed in duplicate (n 5 6 for each determination).
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ondary antibodies used were those included in an enhanced chemiluminescence
detection kit (Amersham) and were chosen on the basis of the species used for
the primary antibodies.

Protein and DNA synthesis rates in HL60 and U937 cells were determined by
adding 20 mCi of [35S]methionine (Dupont-NEN) to each plate along with 20
mCi of [3H]thymidine for 3 h. The labeled cells were lysed, and incorporated
counts were determined by trichloroacetic acid precipitation as described previ-
ously (9). Identical plates were also harvested at the end of the 3-h incubations
in 250 ml of Laemmli loading buffer; 50-ml samples of this lysate were compared
on standard protein electrophoresis gels at each time point. The pattern of
proteins displayed on these one-dimensional gels has been used to evaluate the
synthesis rates of the most abundant individual proteins in cells (9).

Nucleotide sequence accession number. The nucleotide sequence of the mouse
eIF4E promoter has been deposited in GenBank (accession no. AF079156).

RESULTS

Linker-scanning reporter constructs of the eIF4E promoter
reveal novel sites necessary for its transcription at nucleotides
25, 225, and 245. Our previous analysis of the eIF4E pro-
moter revealed a unique transcriptional start site, although
TATA and initiator elements were absent; classic c-myc and
CCAAT box motifs were also identified (35). To identify ad-
ditional elements required for transcriptional regulation of
eIF4E, we constructed a series of linker-scanning constructs
within the eIF4E proximal promoter. Linker-scanning con-
structs were made by site-directed mutagenesis in which 10
successive nucleotides were replaced with the sequence ACT
CTAGACT (Fig. 2). This sequence was chosen because it
contained no homology to any known transcription factor
binding sites and was designed to include an XbaI site. These
constructs were transfected into HeLa cells, and promoter
activity was determined by standard CAT assays (Fig. 2). Mu-
tations at four sites markedly decreased promoter activity com-
pared to that of the unaltered eIF4E-CAT construct. The loss
of the c-Myc binding site in the reporter construct containing
a linker spanning 271 to 280 (LS8) resulted in a 10-fold
decrease in promoter activity. Reporter activity was also mark-
edly decreased in the constructs containing linkers spanning
21 to 210 (LS1), 221 to 230 (LS3), and 241 to 250 (LS5).
These sites were located downstream of the CCAAT box (po-
sition 259), in a region of the promoter that typically directs
transcriptional initiation.

Critical transcriptional elements are often conserved among
different species. To help us identify regions of the eIF4E
promoter that might specify conserved promoter elements, we
screened a murine genomic library for phages containing
genomic eIF4E sequences. Probes made with human promoter
sequences between FspI and BssHII sites (2110 to 2122)
detected a single band on murine Southern blots (data not
shown). We used this probe to screen a murine genomic library
and identified three independent phages carrying eIF4E pro-
moter sequences. We subcloned sequences between an XbaI
site at 21043 and an ApaI site at 1240 for use in automated
sequencing. A comparison of the human and mouse eIF4E
promoters revealed extensive homology between the two spe-
cies throughout the whole promoter region (Fig. 3). The distal
c-Myc binding site at 2232 was conserved, and its flanking
sequences were similar to those of the human site. The prox-
imal c-Myc site at 277 and its flanking sequences were iden-
tical between the two species. Additionally, the three proximal
sites identified by the linker-scanning mutations LS1, LS3, and
LS5 were highly conserved. TATA and consensus binding sites
for initiator regions were again absent from the mouse pro-
moter. A canonical CCAAT box was present in both species at
position 259.

EMSAs reveal a novel polypyrimidine transcription element
between 217 and 228 in the eIF4E promoter. Although the
linker-scanning mutations identified sites at 25, 225, and 245

that were critical to eIF4E promoter activity, none of the sites
corresponded to known targets for DNA binding proteins.
Consequently, we used electrophoretic mobility gel shifts to
define candidate DNA binding activities interacting with the
eIF4E promoter. To identify DNA binding activities, we gen-
erated three sets of probes containing eIF4E promoter se-
quences between 259 and 13. These sets included insertion

FIG. 3. Comparison of sequences from the mouse and human eIF4E pro-
moter. The sequences of the mouse and human promoter regions extending 59 to
the PstI site used to make peIF4E-CAT are compared. The mouse and human
promoters are markedly similar in the regions of the human promoter used in
these studies. MB1 and MB2 identify the two myc boxes previously identified in
this promoter (35). Exon 1 is shaded. The CCAAT box and the three linker sites
critical to promoter functions are boxed and indicated.
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FIG. 4. EMSA experiments identify a unique protein binding region within the eIF4E proximal promoter sequences. (A) LS1 through LS5 digested with MscI and
XhoI generated a series of insertions across the promoter. These oligonucleotides and the corresponding sequences from unaltered eIF4E-CAT were radiolabeled and
analyzed by standard EMSA. The indicated cold competitor oligonucleotide (10003 Cold) contained the wild-type eIF4E oligonucleotide to evaluate specificity. The
sites where linker sequences replace endogenous sequence are written in lowercase and are underlined for emphasis throughout this figure. (B) LS2 through LS7 were
digested with XbaI and XhoI, generating a series of 59 deletion mutants. These oligonucleotides were radiolabeled and EMSAs were performed as above. The indicated
cold competitor oligonucleotide (10003 Cold) contained the wild-type eIF4E oligonucleotide. (C) LS1 through LS5 were digested with MscI and XbaI, generating a
series of 39 deletion mutants. These oligonucleotides and the corresponding sequences from unaltered eIF4E-CAT were radiolabeled and EMSAs were performed as
above. The indicated cold competitor oligonucleotide (10003 Cold) contained wild-type eIF4E.
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mutations, 59 deletions, and 39 deletions (Fig. 4A, B, and C,
respectively). The probes containing sequential insertion mu-
tations (Fig. 4A) were generated by digesting LS1 through LS5
with MscI and XhoI, resulting in a series of constructs with the
sequence ACTCTAGACT successively replacing 10 nucleo-
tides at a time. Unaltered eIF4ECAT was similarly digested to
provide a wild-type, control probe. When the constructs were
analyzed in standard EMSAs, it was found that the insertion of
sequences between 211 and 230 abolished gel shift activity
(probes MX2 and MX3 [Fig. 4A, lanes 1, 4, and 5]. Activity was
also decreased by the insertion of a linker between 241 and
250 (probe MX5 [lane 2]), although this effect was less
marked. These data identified an activity that bound DNA
sequences between 211 and 230 which was critical for eIF4E
promoter activity and provides independent confirmation of
these sequences compared to the previous reporter construct
experiments.

We further confirmed the importance of the 211 to 230 site
by using sequential 59 and 39 deletions (Fig. 4B and C, respec-
tively). The 59 deletions were generated by cutting LS2 through
LS7 with XbaI and XhoI; the reporter construct containing
wild-type eIF4E sequences was identically digested (Fig. 4B).

Gel shift activity was lost when sequences between 221 and
230 were deleted (XX3 [Fig. 4B, lanes 1, 5, and 6]), precisely
matching our results obtained with the insertion constructs. To
generate nested 39 deletions, LS1 through LS5 were digested
with MscI and XbaI (Fig. 4C). Deletion of sequences between
21 and 210 actually increased binding compared to a wild-
type eIF4E probe (MB1 [Fig. 4C, lanes 1 and 2]). In contrast,
deletion of sequences between 211 and 220 resulted in a loss
of gel shift activity (MB2 [lanes 1 and 3]). Our results sug-
gested that DNA binding activity was critically dependent upon
intact sequences between 211 and 230 and that flanking se-
quences centered at nucleotides 25 and 245 modulated the
activity.

To determine the minimum sequence necessary for binding
activity, we made a series of 3-nucleotide insertion and dele-
tion mutations spanning nucleotides 215 to 230. The first
series of insertion construct oligonucleotides, in which every 3
nucleotides was sequentially replaced by the sequence GGG,
revealed the core sequence necessary for binding activity as
TTACCCCCCCTT (Fig. 5A). Addition of the 59-flanking CTC
sequence resulted in maximum activity (compare lanes 3 and
5). This binding sequence was confirmed by using oligonucle-

FIG. 5. A core 12-nucleotide element is sufficient for binding activity. (A) A series of LS3 oligonucleotides was generated in which every 3 nucleotides were
sequentially replaced by GGG. The indicated oligonucleotides were analyzed by EMSA. Cold competitor oligonucleotides contained the same sequences as the probes
to demonstrate specificity. (B) Another series of mutant LS3 oligonucleotides was generated in which deletions of three nucleotides were made sequentially from both
ends. The indicated oligonucleotides were analyzed by EMSA. Cold competitor oligonucleotides contained the same sequences as the probes.
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otides in which 3 nucleotides were successively deleted from
either end of the sequence (Fig. 4B), although the 59 terminal
TTC also appeared to contribute to binding in this experiment
(compare lanes 1 and 9). Again, we identified the TTACCCC
CCCTT core as necessary for binding activity, with the 59-
flanking TTCCTC being needed to maximize activity. The core
DNA binding motif apparently extends from nucleotides 228
to 217 and is contained primarily within LS3.

We further explored the apparent modulation of binding
activity by the flanking sites at nucleotides 25 and 245 by
generating a series of oligonucleotides containing various com-
binations of the sites centered at nucleotides 25, 222, and
245. Oligonucleotide 543 contained the sites centered at 222
and 245 but lacked the site at nucleotide 25. Oligonucleotide
LS3 contained only the core 222 binding site, flanked by the
CTC motif to generate maximum binding activity. XbaI and
XhoI digests of LS4 produced the XX4 oligonucleotide. This
oligonucleotide contained the sites centered at 25 and 222
but lacked the site centered at 245. Oligonucleotide 4E con-
tained all three sites. We found maximum binding with the LS3
oligonucleotide (Fig. 6A). Activity was partially decreased in
the presence of the site centered at nucleotide 245 (543) and
decreased significantly with addition of the site at nucleotide
25 (XX4). Indeed, the two activities which bind to the 4E
nucleotide are barely seen in Fig. 6A compared with Fig. 4
because of the difference in the exposure time of gels needed
to accommodate the strong binding of the LS3 oligonucleotide.
This suggests that flanking sites in both LS1 and LS5 affect
binding to the core LS3 activity. The site centered in LS1
markedly inhibited binding, and the site at 245 curbed this
effect somewhat, although it was inhibitory on its own.

The TTACCCCCCCTT sequence was not homologous to

any known DNA element or the binding site of any transcrip-
tion factor in current databases. The absence of a TATA se-
quence led us to consider possible similarities between the
eIF4E polypyrimidine element and initiator sequences. Al-
though the novel element appeared similar to classic initiator
sites because of its high pyrimidine content, it was not located
at the site of transcription initiation as expected of typical
initiator sites (64). To evaluate this apparent similarity in se-
quences, we used cross-competition experiments with previ-
ously described binding sites for various initiator elements
(Fig. 6B). We performed cross-competition experiments with
both the core LS3 site and an oligonucleotide containing the
entire proximal promoter region. Cold competitor oligonucle-
otides containing the Yin-Yang 1 (YY1) binding site, the initi-
ator region of the terminal deoxynucleotidyltransferase pro-
moter (TDT), and the initiator region of the adenovirus major
late promoter (MLP) were compared. An AP-1 binding-site
oligonucleotide unrelated to these factors was used as a con-
trol. Binding activity was unaffected by any competitor; no
cross-reactivity was observed with the 222 site alone or in the
presence of the flanking activities at sites 25 and 245. Com-
petition with the homologous cold oligonucleotides confirmed
the specificity of the binding activity. This result suggested that
the binding activity seen at the site at 225 is due to a novel
polypyrimidine DNA binding site which does not correspond
to known initiator elements.

Identification of proteins which bind the novel 222 poly-
pyrimidine element by using UV cross-linking. Our data sug-
gested that a novel polypyrimidine site centered at nucleotide
222 was responsible for binding activity. To identify proteins
that bound this site, we used UV cross-linking studies. We first
compared multimeric LS3 site probes and found that a trimeric

FIG. 6. Core binding activity at the eIF4E binding site differs from known initiator elements in cross-competition experiments. (A) Core binding seen at a unique
binding site in the eIF4E promoter is modified by interactions at flanking sites. The LS543 oligonucleotide and the LS3 oligonucleotide were directly radiolabeled. LS4
and eIF4E-CAT were digested with XbaI and XhoI and radiolabeled. The resulting oligonucleotides were subjected to EMSA as described in the text. Cold competitor
oligonucleotide (row 1003) was included to demonstrate specificity. Lines in the schematic below the gel show what portion of the whole region between 259 and 13
is included in each of the indicated oligonucleotides. (B) Core binding activity at the eIF4E binding site differs from known initiator elements. The LS5 and LS3
oligonucleotides were directly radiolabeled. LS2 and LS6 were digested with XbaI and XhoI and radiolabeled. The resulting oligonucleotides were subjected to EMSA
as described above. Cold competitor oligonucleotides (row 10003) were used to determine specificity (see Fig. 1 for identification of competitors).
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probe resulted in the highest binding affinity (data not shown).
This oligonucleotide, the LS3 trimer (tri), was radiolabeled
with [a-32P]dCTP and with 5-bromo-29-deoxyuridine along
with excess cold dGTP and dATP. Full-length, double-
stranded probes were purified for these studies. The trimeric
probe bound three retarded complexes in EMSAs: one doublet
of slow-migrating complexes and a single fast-migrating com-
plex (Fig. 7A). Cross-competition with cold trimeric probe (tri)
confirmed binding specificity. We then used cold oligonucleo-
tides containing the indicated sites in cross-competitions. The
lower band in this EMSA appeared more specific, competing
only with the LS3 monomer, the LS3-7 oligonucleotide, and
trimer oligonucleotides. The upper doublet appeared less spe-
cific. No competition was observed with TATA, NF-1, or SP-1.

We then used UV cross-linking to identify proteins binding
at the LS3 site. The affinity-labeled, full-length, double-
stranded LS3 trimer oligonucleotide was incubated with nu-
clear lysates from HeLa cells under standard EMSA conditions
and then subjected to UV irradiation to cross-link DNA bind-
ing proteins to the radioactive oligonucleotide. After incuba-
tion with DNase I, the lysates were resolved on 10% denatur-
ing polyacrylamide gels (Fig. 7B). Two specific proteins, of 97
and 68 kDa, bound the 222 site. Cross-competition reactions
with the TFII-D, LS3 trimer, LS3 monomer, LS3-7, LS3-8,
LS3-9, MLP, TDT, YY1, NF-1, and SP-1 oligonucleotides
were also performed in the cross-linking studies. We found

that the 97-kDa protein corresponded to the more specific
lower band on the EMSA, since only the cold LS3 trimer
oligonucleotide itself competed for binding. Binding to the
97-kDa protein was not competed by any other polypyrimidine
elements used, nor did it compete with the unrelated control
factors, NF-1 and SP-1. The 68-kDa protein appeared less
specific. It did not cross-react with TFII-D or with the NF-1 or
SP-1 oligonucleotides but was competed by all polypyrimidine
oligonucleotides as seen with the upper band in the EMSA
analysis.

Levels of the novel 97- and 68-kDa proteins identified in
Southwestern blots correlated with expression of c-Myc and
with down-regulation of protein synthesis during differentia-
tion. We also identified the 97- and 68-kDa proteins by using
the same trimeric probe in Southwestern analyses of three cell
lines (HeLa, REF-myc, and REF-neo cells) expressing differ-
ent levels of eIF4E and c-Myc (Fig. 8A). Renatured filters were
probed with the radiolabeled LS3 trimer oligonucleotide. The
amounts of the 97- and 68-kDa LS3 binding activity corre-
sponded to the amounts of eIF4E and c-Myc present in the
cells. HeLa cells express high levels of c-Myc, rat embryo
fibroblasts stably transfected with c-myc (REF-myc) express
moderate levels of c-Myc, and rat embryo fibroblasts stably
transfected with the neomycin resistance gene (REF-neo) ex-
press low levels of the protein (35, 56).

To confirm this finding, we performed an EMSA with nu-

FIG. 7. Novel 97- and 68-kDa proteins bind the LS3 site in UV cross-linking experiments. (A) A trimeric form of the LS3 oligonucleotide, AAGGGGGGGTA
AGAGGAAGAAGGGGGGGTAAGAGGAAGAAGGGGGGGTAAGAGGAAACTCTAGACT, was primed with AGTCTAGAGT and labeled with 5-bromo-29-
dUTP and [a-32P]dCTP, and an excess of cold dGTP and dATP. A full length, double-stranded, trimeric probe containing all 66 bp was purified by polyacrylamide gel
electrophoresis. This oligonucleotide (lane tri) was analyzed by EMSA as described above (Fig. 4). The cold competitor oligonucleotides used to demonstrate specificity
included TATA (lane IID), the LS3 monomer (lane LS3), the LS3-7, LS3-8, and LS3-9 mutant oligonucleotides, the initiator region binding sites in the adenovirus
major late promoter (lane MLP), the initiator region of the terminal deoxynucleotidyltransferase promoter (lane TDT), the Yin-Yang 1 (lane YY1) binding site, and
unrelated NF-1 and SP-1 sites. (B) The full-length, double stranded LS3 trimer oligonucleotide was radiolabeled with 5-bromo-29-dUTP and [a-32P]dCTP along with
cold dATP and dGTP in standard Klenow reactions. The 66-bp probe was then incubated with 25 mg of nuclear lysates from HeLa cells as described in Materials and
Methods. Each reaction mixture was irradiated with a UV transilluminator for a period experimentally determined to optimize cross-linking. After incubation with
DNase I, the samples were analyzed on a 10% denaturing polyacrylamide gel. The indicated cold competitor oligonucleotides were used to demonstrate specificity (see
Fig. 1 for identification of competitors). Size markers are indicated (SM).
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clear extracts from REF-myc and REF-neo cells together with
the radiolabeled LS3 trimer oligonucleotide (Fig. 8B). Again,
we found that LS3 trimeric binding activity corresponded to
relative c-Myc levels in cells.

We assessed potential functional roles for the 97- and 68-
kDa proteins in the regulation of both eIF4E and net protein
synthesis by evaluating their expression patterns during differ-
entiation of U937 and HL60 model cell lines. We induced
differentiation and analyzed LS3 trimer binding activity at var-
ious time points after differentiation by using Southwestern
blots (Fig. 9A and B). We found that levels of the 97- and
68-kDa proteins decreased markedly at 24 h and remained low
through 72 h. Although c-myc Northern blots revealed imme-
diate decreases in c-myc mRNA levels, the level of c-Myc
protein did not decrease until 24 h in Western blots. The levels
of eIF4E mRNA likewise fell at 24 h, corresponding to the
decreased c-Myc protein and LS3 binding activity, and this
decrease was accompanied by decreased eIF4E protein levels.
All of these decreases corresponded with matching changes in
both protein and DNA synthesis (Fig. 9C through F). These
correlations were seen in both U937 and HL60 cells.

DISCUSSION

Translation initiation factor eIF4E levels must be regulated
within a narrow concentration range because as little as a
threefold increase in the level of eIF4E transforms cells while
inactivation of eIF4E arrests cell growth (2, 66). Tight regula-
tion of eIF4E is especially important since the abundance of
critical translation factors differentially affects both translation
of specific mRNA molecules and global protein synthesis (17,
39, 45, 51, 55, 57). In contrast to the narrow range within which
eIF4E is regulated in non-differentiating tissues, we observed a
fifty-fold decrease in eIF4E mRNA during growth arrest in
differentiating myeloblasts (Fig. 9). Thus, although eIF4E is
typically regulated within a narrow range of concentrations in
model fibroblast cells, transcriptional controls of eIF4E expres-
sion can also respond over a much wider range in more com-
plex tissues. These contrasting regulatory requirements have
apparently selected for tight conservation of eIF4E promoter
sequences between diverse species, since the murine and hu-
man promoters revealed a high overall degree of sequence
conservation (Fig. 3). Although most previous efforts to un-
derstand eIF4E regulation focused on its phosphorylation (18–
20, 28, 36, 52, 71) or its interactions with inhibitory proteins
(50), our results emphasized the need for additional investiga-
tion of its transcriptional regulation.

We used linker-scanning mutagenesis of the eIF4E pro-
moter to explore mechanisms regulating eIF4E expression and
identified sites necessary for its transcription. Using this ap-
proach, we recognized the same proximal c-Myc box at nucle-
otide 275 that we had previously described (35). Linker-scan-
ning mutations further identified a novel pyrimidine-rich site,
TTACCCCCCCTT, which was also critical for promoter func-
tion. This sequence motif has not been previously identified as
a transcriptional target in any other gene (74). Intriguingly, its
position 25 nucleotides upstream of the unique transcription
initiation site in eIF4E places it in the normal location for a
TATA box (30, 53, 75). Nevertheless, its sequence did not fit
any known TATA-binding motif (40), and the molecular
masses of the eIF4E regulatory factors (Fig. 7 to 9) clearly
distinguished them from the TATA-binding protein (38 kDa).

The absence of TATA or INR elements from the 4E pro-
moter therefore prompted us to investigate possible sequence
similarities between the eIF4E 225 element and INR motifs
(Fig. 10) (34, 40). Our comparison between the TTACCCCC
CCTT sequence in the eIF4E promoter and published initiator
consensus sites revealed similarities in the pyrimidine-rich se-
quences flanking a conserved adenosine (Fig. 10, pPy element
3). In contrast, typical INR sites usually contain thymidine
residues 39 to the adenosine where the eIF4E element con-
tained cytosines. The eIF4E polypyrimidine element also con-
tained CTT 59 to the conserved adenosine where YY1 consen-
sus sites usually contain GCC. These sequence differences may
explain the absence of cross-competition between the eIF4E
element and either YY1 or INR oligonucleotides (Fig. 6).
Moreover, the molecular masses of the 4E regulatory factor
differed from those of any of the proteins known to bind
initiator sites including TFII-I, YY1, and USF (58, 59, 62, 64).
These data, taken together, strongly suggest that these eIF4E
regulatory factors have not been previously recognized.

The dependence of eIF4E transcription on a gene-specific
regulatory factor is similar to the situation seen for the eIF2a
promoter. The eIF2a gene also lacks a TATA site and requires
the binding of a unique transcription factor, NRF-1, at 221 for
expression (4, 14, 33, 69). In general, transcription initiation of
most genes is accomplished through the common basal tran-
scription apparatus, which is then regulated by nearby activat-

FIG. 8. Levels of LS3-interacting proteins correlate with c-Myc in fibroblast
cell lines. (A) Nuclear extracts (50 mg) from HeLa (lane He), REF-myc (lane
RM), and REF-neo (lane RN) cells blotted on nitrocellulose filters were rena-
tured through guanidine hydrochloride and then hybridized in Southwestern
binding buffer containing the a-32P-labeled LS3 trimer oligonucleotide probe.
c-Myc levels decrease from 90,000 copies of c-Myc protein in HeLa cells (49) to
30% of that level in REF-myc cells and 10% in REF-neo cells (35). Size markers
(lane SM) are indicated. (B) Binding of the a-32P-labeled LS3 trimeric probe to
REF-myc and REF-neo nuclear extracts (10 mg) was compared in EMSA ex-
periments. Binding conditions were identical to those used for experiments in
previous figures. The indicated amounts of cold-competitor oligonucleotides
(LS3 and SP1) were added in the designated lanes to evaluate the specificity of
binding. A trimeric version of mutant oligonucleotide LS3-8 (mut) is included in
lanes 4 and 9.
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ing sequences that achieve specificity through combinatorial
interactions. More rarely, promoters achieve regulatory spec-
ificity via gene-specific activators (24). The transcriptional
mechanisms regulating translation initiation factors eIF4E and
eIF2a are therefore quite interesting. The binding of eIF4E

regulatory factors (4ERFs) at the typical location of a TATA
box and the similarity of their binding site to initiator se-
quences suggest that they might play a role in formation of the
preinitiation complex. The unique specificity of the 4ERF
binding sites, their high degree of regulation during differen-

FIG. 9. Decreased eIF4E expression during myeloid differentiation correlates with decreased levels of the 4E regulatory factors, c-Myc and protein synthesis. (A
and B) For Southwestern analyses, protein lysates from U937 (A) and HL60 (B) cells were prepared with Laemmli buffer at 0, 3, 6, 24, 48, and 72 h after the addition
of TPA. The lysates (50 mg) at the indicated time points were analyzed with the radioactively labeled LS3 trimer oligonucleotide in a Southwestern assay (SW panels).
Size markers (lane SM) are indicated. For Northern blots, total cellular RNA was harvested from U937 (second through fourth panels in panel A) and HL60 (second
through fourth panels in panel B) cells after the addition of TPA. RNA was size fractionated, run on formaldehyde-agarose gels, blotted, and hybridized with eIF4E,
c-myc, or GAPDH plasmid fragments (4E, myc, and GAPDH, respectively). The protein lysates used for the Southwestern analyses were additionally run on 10%
denaturing polyacrylamide gels, blotted, and probed with anti-eIF4E, anti-c-Myc, and anti-actin antibodies for the U937 (fifth through seventh panels [4E, myc, and
actin] in panel A) and HL60 (fifth through seventh panels [4E, myc, and actin] in panel B) cells. (C through F) U937 (C and E) and HL60 (D and F) cells were
pulse-labeled for 3 h with [35S]methionine and [3H]thymidine at the indicated time points. Aliquots of protein lysates at each time point were harvested directly in
Laemmli buffer and run on 10% denaturing polyacrylamide gels to simultaneously evaluate protein synthesis rates of multiple individual proteins (C and D). Counts
incorporated during pulse labeling were further evaluated by trichloroacetic acid precipitation of cell lysates (E and F). [35S]methionine (solid bars; y axis on right) and
[3H]thymidine (open bars; y axis on left) incorporation is displayed as the mean and standard deviation of four determinations at each time point to evaluate the
regulation of net protein synthesis (35S) and DNA synthesis (3H) during differentiation.
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tiation, their molecular masses, and their unique functions in
transcriptional control suggest that the eIF4E regulatory fac-
tors are novel and may reveal new mechanisms of transcrip-
tional control.

Whether oncogenic proteins involved in transcriptional ac-
tivation exert their effects by targeting single genes and path-
ways or through global effects on transcription of many or all
genes remains an open question (44). Despite the many bio-
logical functions that have been suggested for c-myc, the mech-
anism(s) by which it transactivates its targets and the identities
of myc-regulated genes continue to challenge investigators.
The translation factor eIF4E is an appealing candidate because
of its functions in growth control and the presence of the
CACGTG myc boxes in its promoter. We were therefore sur-
prised to find that levels of the 4ERFs were increased in cells
expressing higher levels of c-Myc (Fig. 8 and 9), providing a
second, indirect mechanism by which c-myc might regulate
eIF4E (Fig. 10B).

Cell growth is required before S phase starts in both yeast
and mammalian cells. Translational control of G1 cyclin syn-
thesis responds to the ribosomal content of the yeast cell,
thereby coupling cell growth and division in yeast (51). In
contrast to yeast, recent findings that the Rb gene product
controls transcription of cell cycle regulators and ribosomal
biogenesis suggest that shared regulatory molecules may coor-
dinate cell growth with cell division in mammalian cells (3, 72).
Our findings suggest a potentially similar role for c-myc in the
coordination of cell growth and division by regulating the cell
cycle regulator CDC25a (21) and by regulating eIF4E and
eIF2a (56). The 4ERFs may also be important in these control
mechanisms, since they may themselves be c-myc targets and
function to coordinate cell growth and division.
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