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The mRNA cap-binding protein (eukaryotic initiation factor 4E [eIF4E]) binds the m’GpppN cap on mRNA,
thereby initiating translation. eIF4E is essential and rate limiting for protein synthesis. Overexpression of
elF4E transforms cells, and mutations in eIF4E arrest cells in G, in cdc33 mutants. In this work, we identified
the promoter region of the gene encoding eIF4E, because we previously identified eIF4E as a potential
myc-regulated gene. In support of our previous data, a minimal, functional, 403-nucleotide promoter region of
elF4E was found to contain CACGTG E box repeats, and this core eIF4E promoter was myc responsive in
cotransfections with c-myc. A direct role for myc in activating the eIF4E promoter was demonstrated by
cotransfections with two dominant negative mutants of c-myc (MycATAD and MycABR) which equally sup-
pressed promoter function. Furthermore, electrophoretic mobility shift assays demonstrated quantitative
binding to the E box motifs that correlated with myc levels in the electrophoretic mobility shift assay extracts;
supershift assays demonstrated max and USF binding to the same motif. cis mutations in the core or flank of
the eIF4E E box simultaneously altered myc-max and USF binding and inactivated the promoter. Indeed,
mutations of this E box inactivated the promoter in all cells tested, suggesting it is essential for expression of
elF4E. Furthermore, the GGCCACGTG(A/T)C(C/G) sequence is shared with other in vivo targets for c-myc,
but unlike other targets, it is located in the immediate promoter region. Its critical function in the eIF4E
promoter coupled with the known functional significance of eIF4E in growth regulation makes it a particularly

interesting target for c-myc regulation.

All mRNA molecules are capped by a 7-methyl guanosine
molecule (m’GpppN) which is recognized by the cap-binding
protein, eukaryotic initiation factor 4E (eIF4E) (33). This fac-
tor is part of an mRNA cap-binding complex which regulates
attachment of the 40S ribosomal subunit to mRNAs. eIF4E is
the least abundant translation initiation factor, and it is rate
limiting in protein synthesis (26). Consequently, it plays an
important role in the regulation of protein synthesis in the cell.

elF4E has also been shown to play an important role in the
regulation of cell growth and differentiation (69). Recessive
mutations in Saccharomyces cerevisiae eIFAE (cdc33) arrest
growth in the G, phase of the cell cycle (16). Overexpression of
elF4E transforms mammalian cells to a malignant phenotype
(45). eIF4E induces mesodermal differentiation in developing
Xenopus embryos (41). Considering that eIF4E is the least
abundant translation initiation factor, is rate limiting in protein
synthesis, and regulates cell growth, the regulation of eIF4E
levels must be critical in growth control.

The abundance of individual translation initiation factors
varies in different growth conditions (25). eIF4E is ubiqui-
tously expressed, but its abundance increases in response to
growth stimuli. Reasoning that the regulation of translation
initiation factors may be particularly important at points in the
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cell cycle at which protein synthesis is rate limiting for growth
(54), we found that levels of eIF4AE mRNA indeed peaked at
the restriction point in late G, in factor-stimulated fibroblasts
(59). Increased levels of eIFAE mRNA paralleled increased
c-myc levels and were markedly increased in rat embryo fibro-
blasts that stably overexpressed c-myc. Furthermore, activation
of an estradiol-regulated chimeric myc fusion protein resulted
in immediate transcriptional increases in mRNA for eIF4E.

The c-myc proto-oncogene has been studied as a critical
regulator of cellular proliferation and as a prominent onco-
gene in diverse tumors (23, 40, 70). The timing of the maxi-
mum expression of myc after growth induction implicates myc
as a key regulator of the growth response after mitogenic
stimulation (40). In addition, sustained high levels of myc are
required for the continuous growth of cells (32, 68). Conse-
quently, myc is likely to regulate genes that mediate the mito-
genic response and are important for sustained cellular prolif-
eration.

Translocations between the three immunoglobulin loci and
c-myc are always found in Burkitt’s lymphomas (47). This cy-
togenetic evidence implicates myc as a proximal cause of can-
cer. Abnormalities in myc expression have also been found in
a wide range of additional tumor types, and numerous exper-
imental systems confirm the importance of myc in tumorigen-
esis (44). myc is also a potent oncogene capable of initiating
transformation in diverse primary tissues in transgenic models
(1, 2, 66, 71). The wide range of tissue types in which myc can
function as an important oncogene suggests that potential myc-
regulated genes may well themselves transform diverse tissue
types.
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TABLE 1. Genes regulated by c-myc

Gene r;rgy&;z t;)(fn Screen Type of expression léflctg%gf Reference
eIF4E (cap-binding protein)  Up Candidate gene Ubiquitous Promoter 59 and this paper
Adenovirus MLP Up and down  Candidate gene Viral infection Promoter 49
elF-2a (Met-tRNA binding Up Candidate gene Ubiquitous Promoter CGCATG 59

complex)
ECA39 Up Subtraction library ~ Brain tumor, lymphoma, embryonal ~ Exon 1 10
carcinoma, teratocarcinoma
Carbamoyl-phosphate syn- Up Candidate gene Ubiquitous Exon 1 52
thase (cad)
a-Prothymosin Up Subtraction library = MYC-ER in Rat 1A Intron 1 27 and 30
ODC Up Candidate gene Ubiquitous Intron 1 8

A number of potential targets for myc regulation have been
suggested (Table 1). In particular, ornithine decarboxylase
(ODC) was suggested as a candidate myc-regulated gene on
the basis of known functions in growth control that are similar
to functions of eIF4E (8). Like eIF4E, ODC is a delayed early
gene, and it can transform cells. Mapping studies identified a
dimeric CACGTG motif that fell in the first intron of the ODC
gene and that was regulated by c-myc.

Major advances in our understanding of myc as a transcrip-
tional activator have been based on structural studies (19, 20).
Mutation studies identified DNA-binding and transcription ac-
tivation domains as being important to the transforming func-
tions of myc (37, 72). The DNA-binding region contains con-
served motifs, including a basic region, a helix-loop-helix, and
a leucine zipper (53). Additional studies identified max as the
heterodimeric DNA-binding partner for myc (14). With the
information gained from such structural studies being used, the
binding motif CACGTG was identified as the highest-affinity
target for myc binding (13, 31, 57), although less is known
about the importance of the sequences that flank CACGTG.

Additional helix-loop-helix proteins bind and activate
CANNTG (E box) motifs (7, 28). One abundant CACGTG-
binding protein found ubiquitously in all cells is upstream
factor USF that activates an essential CACGTG element in the
adenovirus major late promoter (MLP) (65, 67). USF plays an
important role in the basal expression of many genes (67).
Both USF and c-myc bind the adenovirus MLP CACGTG site,
and both interact with the basal transcription apparatus
through transcription initiation factor TFII-I (60, 61). Despite
their abilities to bind the adenovirus MLP site, the optimal
binding sites of USF and c-myc are thought to differ slightly.
Some studies suggest that they may be distinguished by altering
the core CG dinucleotide within the CACGTG target. The
TFE3 binding site (CACATG), for example, is an alternative
binding site for myc-max (7, 12, 29, 38), but USF does not bind
CACATG (57). In additional studies, binding of USF or c-myc
has been distinguished by nucleotides flanking the CACGTG
target sequences. A/T base pairs in the —4, —5, or —6 position
flanking the core E box were preferred by USF but inhibited
c-myc binding and activation (9, 29, 57).

Since levels of translation initiation factor eIFAE are impor-
tant in growth control and since c-myc regulates eIF4E in
several model systems, we cloned promoter sequences of
elF4E to identify important cis-acting elements in its regula-
tion. We now report that this promoter contains two inverted
12-nucleotide repeats that are homologous to myc- and USF-
binding motifs in the adenovirus MLP and to myc-regulated
sequences in other genes, particularly ODC. The core of these
sequences is CACGTG, identical to the canonical myc-binding
sequence.

MATERIALS AND METHODS

Phage, plasmids, and nucleic acids. Standard manipulations of Escherichia
coli, nucleic acids, and tissue culture cells were performed essentially as de-
scribed previously (63). A human placental genomic DNA library cloned in A
FIX II (Stratagene, La Jolla, Calif.) was screened with a Klenow fragment-
labeled Tagql-Dral fragment from plasmid pTCEEC containing the human eIF4E
cDNA (62) (a gift of R. E. Rhoads). Positive phage were mapped with frequent
cutting enzymes to identify phage likely to contain intronic DNA segments.
Phage whose frequent cutting enzyme maps suggested the possible presence of
introns were mapped and subcloned into pGem 4 (Promega) with the Tag-Dra
probe to identify appropriate phage fragments. The resulting subclones were
sequenced by double-stranded dideoxy sequencing to differentiate one pseudo-
gene-containing phage from two other phage carrying exons 2 and 3 of eIF4E.
Since exon 2 of eIF4E contained sequences from nucleotides 36 to 141, we
synthesized an oligonucleotide corresponding to exon 1 (ATCAGATCGATCT
AAGATGGCGACTGTCGAACCG) for repeat screening of the same library. A
positive phage clone was identified, and a 1,400-nucleotide BamHI-Xbal frag-
ment containing the exon was mapped. This fragment was subcloned into pGem
4 to make p4EBX, which was fully sequenced in both directions with appropriate
subclones and synthetic oligonucleotide primers to ensure that every region was
sequenced at least twice.

A plasmid for RNase protection analysis (p4EProtect) was constructed by
amplifying eIF4E cDNA sequences between the Clal site at position +6 and
position +276 with oligonucleotide primers CCATCGATCTAAGATGGC
GACTGT and CGGGATCCAGGCATTAAATTACTAG and with plasmid
pTCEEC being used as a template. The PCR fragment was digested with Clal
and BamHI; the resulting fragment was cloned into p4EBX at its Clal and
BamHI sites to make p4EProtect. MscI-cleaved p4EProtect was used as a tem-
plate for SP6 RNA polymerase to generate a 370-nucleotide antisense [**PJUTP-
labeled RNA probe. This probe was used in RNase protections according to
published procedures (66). Total RNA (30 pg) harvested from HeLa cells was
used to identify the initiation site for transcription and was compared with 30 g
of yeast RNA as a negative control. The size of the protected fragment was
determined with radiolabeled RNA size markers (RNA Century Marker Kit;
Ambion, Inc.), and parallel sequencing reactions of p4EProtect primed with
CAGGCATTAAATTACTAG were used to precisely identify the start site.

The promoter region of the eIF4E gene extending from the Xbal site at —1042
to the Sau3AlI site at nucleotide 1 was cloned into pBLCAT 3 (51) to make
p4ECAT(1042). Nested deletions of this construct were made by a combination
of subcloning at known restriction sites and exonuclease I deletions. Insertion
mutations of the —403 deletion construct [p4ECAT(403)] were made by partial
Pmil digests at the CACGTG myc box sites and religation after the insertion of
BamHI oligonucleotide linkers. pDiMycCAT2 was constructed by inserting an
oligonucleotide linker containing

AGCTTCGGCCACGTGACCAGTCACTAGTTGGATATCTATCCGTCACGTGGCCAGAAT
AGCCGGTGCACTGGTCAGTGATCAACCTATAGATAGGCAGTGCACCGGTCTTAGATC

into the HindIII and Xbal sites of plasmid pBLCAT 2. The expression plasmid
(pPMVmyc) containing myc sequences regulated by Moloney murine leukemia
virus (MuLV) long terminal repeat sequences was the generous gift of James
Stone (72). The expression plasmids containing dominant negative mutants of c-
myc lacking the transactivation domain (amino acids 44 to 170 [pMVmycA
TAD)]) or the basic region (amino acids 353 to 367 [pMVmycABR]) were the
generous gift of P. Farnham (52). Expression plasmid pCXUSF was the generous
gift of R. Roeder (24).

For site-directed mutagenesis, a HindIlI-EcoRI fragment containing elF4E
sequences and a small portion of the chloramphenicol acetyltransferase (CAT)
gene from p4AECAT(403) was cloned into pAlter (Promega, Madison, Wis.). The
Altered Sites mutagenesis kit from Promega was used to introduce mutations
into the 4E sequences of pAlt4E by using single-stranded template DNA and
synthetic oligonucleotides. Plasmids containing only the desired mutant site were
identified by sequencing all 403 nucleotides of the eIF4E sequences to ensure
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that no second-site mutations were created. The HindIII-Xhol fragment contain-
ing mutated promoter sequences was placed into the HindIII-Xhol sites of
pBLCAT 3 to construct the mutant reporter plasmids indicated below (see Fig.
9).
Cells, transfections, and CAT assays. HeLa and CV1 cells were obtained from
the American Type Culture Collection; rat embryo fibroblasts transfected with
c-myc (REF-myc) or the neomycin resistance gene (REF-neo) were the generous
gift of R. Weinberg. Cells were routinely grown in Dulbecco modified Eagle
medium with 10% fetal calf serum.

Transfections were accomplished by standard calcium phosphate coprecipita-
tion (63). For promoter mapping transfections HeLa, REF-myc, and REF-neo
cells were transfected with 10 g of eIF4E-CAT reporter constructs and 3 pg of
pSVtkhGH which is not regulated by c-myc (35). We determined human growth
hormone levels in supernatant media with a commercial radioimmunoassay kit
(Allegro Inc.) to normalize for transfection efficiency. CAT assays were per-
formed by thin-layer chromatography and standard methods. Cotransfections of
CV1 cells to assess transactivation by c-myc were performed with various
amounts of c-myc or USF vector, up to a total of 20 ug, plus empty MuLV long
terminal repeat- or cytomegalovirus-containing expression vector, to a total of 20
ng of expression vector, together with 3 pg of the indicated eIF4E promoter
constructs and 3 pg of pSVtkhGH. Cotransfections of HeLa cells to assess
suppression of the eIFAE promoter by dominant negative myc mutants were
performed with 20 ug of one of the c-myc vectors or empty MuLV long terminal
repeat vector together with 3 pg of pAECAT(403) and 3 pg of pSVtkhGH. All
CAT assays were performed with duplicate points, and each experiment was
repeated multiple times. For the CV1 and HeLa cotransfections, the means and
standard errors for all assays are indicated (see Fig. 7).

Expression analysis of cells with Northern (RNA) and Western blots (immu-
noblots). Levels of expression of c-myc, USF, max, and actin in HeLa, REF-myc,
and REF-neo cells were compared with immunoblots containing 50 pg of total
protein harvested in TNE buffer as described previously (58, 63). Electrophoretic
mobility shift assay (EMSA) extracts were similarly analyzed with 10 pg of the
extracts described below. Briefly, 50 g of cell lysate or 10 pg of EMSA extract
was analyzed on a sodium dodecyl sulfate-10% 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-myc (9E10; Santa Cruz), anti-max (polyclonal; UBI), and anti-USF (poly-
clonal; Michele Sawadogo) antibodies at dilutions suggested by the suppliers. A
second blot with the identical quantities of lysates was probed independently with
anti-actin (N-350; Boehringer) being used as a loading control. Secondary anti-
bodies used were those included in an enhanced chemiluminescence detection
kit (Amersham) and were chosen according to the species used for the primary
antibodies. Exposure times for myc, USF, and max with the same film were
identical. The actin blot was exposed independently.

Total cellular RNA (18) from HeLa, REF-myc, and REF-neo cells was size
fractionated (10 pg per lane) on formaldehyde agarose gels, transferred to
Hybond-N nylon matrices, and cross-linked by UV light. Filters were hybridized
in a rapid hybridization solution (Rapidhybe; Amersham) at 65°C with eIF4E or
tubulin cDNA fragments that were *?P labeled by the Klenow reaction by ran-
dom priming.

DNA binding assays. Nuclear extracts were prepared from 10° HeLa, REF-
myc, and REF-neo cells during logarithmic growth for EMSAs by the Dignam
method (22) and by a recent modification of the same method (52). The modified
extraction buffer used (0.5% deoxycholate, 1% octyl-B-glucoside, 0.5% Nonidet
P-40, 20 mM HEPES [N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid]
[pH 7.9], 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM phenylmethyl-
sulfonyl fluoride, 0.5 mM dithiothreitol, 25% glycerol) is thought to result in
improved yields of c-myc and max in the lysates. Binding reactions included 3 p.g
of the indicated extracts. We evaluated gel shift activity first in standard EMSA
binding buffer (10 mM Tris [pH 7.5], 50 mM NaCl, 1 mM dithiothreitol, 1 mM
EDTA, 5 mM MgCl,, 5% glycerol [11]) with poly(dI-dC) (0.1 wg/ul) being used
as a nonspecific competitor. We compared these gel shift activities with those in
a HEPES binding buffer (7.1 mM HEPES [pH 7.0], 3.6 mM MgCl,, 100 mM KCl,
5.7% glycerol, 0.03% Nonidet P-40 [52]) with sonicated salmon sperm DNA (0.1
ng/pl) being used as a nonspecific competitor. Complexes formed in standard
binding buffer were resolved on 6% nondenaturing polyacrylamide gels contain-
ing 0.5X TBE (0.045 M Tris-borate [pH 8.0], 0.001 M EDTA); complexes
formed in HEPES buffer were resolved on 4% nondenaturing polyacrylamide
gels containing MOPS (morpholinepropanesulfonic acid) buffer (0.225 M MOPS
[pH 7.0], 5 mM EDTA).

The radioactive dimeric myc probe contained the proximal myc site of the
elF4E promoter:

CCAAACGGACATATCCGTCACGTGGCCAGAAGCTGGCC
GGTTTGCCTGTATAGGCAGTGCACCGGTCTTCGACCGG

Oligonucleotides were labeled with polynucleotide kinase and [y->?P]dATP.
Labeled oligonucleotide (0.1 to 0.5 ng) was used in each binding reaction.
Competition experiments were performed with the indicated molar excess of
unlabeled myc site oligonucleotide. Supershift experiments included 1 pl of the
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FIG. 1. Identification of sequences encoding the eIF4E promoter region.
Southern blot of candidate phage DNA hybridized with the Tag-Dra probe
containing the 5" end of the eIF4AE cDNA. The enzymes used for digestion are
indicated above the lanes (H, Hinfl; M, Mbol; R, Rsal). A single band in the
Hinfl digest of phage (¢) 16 is identical to the equivalent digest of the eIF4E
cDNA in pTCEEC. The faster-migrating Rsal band in both phages 16 and 19
migrates at the same size as that seen in the eIF4E cDNA. Phage 7 (exon 3)
contains three Hinfl bands and two Rsal bands, none of which migrates at the
same size as those seen in pTCEEC, suggesting the presence of intronic DNA in
phage 7.

indicated antibodies. The anti-USF and anti-max antibodies were as described
above.

We determined dissociation constants for USF and myc-max binding to the
wild-type probe so that the three mutants could be compared (17). Bacterially
synthesized USF was made with pET3dUSF (a gift of R. Roeder [39]) by
following published procedures (56). In vitro gst-myc and gst-max were made by
standard procedures with plasmids kindly provided by A. Rustgi and M. Billaud.
Various concentrations of bacterially synthesized USF and myc-max proteins
were bound to <10 pM labeled oligonucleotide (300 cpm) per reaction in the
standard binding buffer (described above) without poly(dI-dC). Complexes re-
acting in standard binding buffer were resolved, and the free DNA (percent) was
determined by densitometry. Because the concentration of DNA in these reac-
tions is <10 pM, the protein concentration required for half-maximal binding
approximates the apparent dissociation constant (K,;) for these proteins. The
mutant oligonucleotides compared in these experiments were chosen on the
basis of their published potential to distinguish between USF and myc-max
binding (57) and included

uN3 CCAAACGGACATATCCGTBAGGCCAGAAGCTGGCC
GGTTTGCCTGTATAGGCAGAGCGGTCTTCGACCGG

nCl CCAAACGGACATABGTCACGTGGCCAGAAGCTGGCC
GGTTTGCCTGTATRGAGTGCACCGGTCTTCGACCG

u2A  CCAAACGGACATATCCGTCACGHBGAAGCTGGCC
GGTTTGCCTGTATAGGCAGTGUATCTTCGACCGG

where the mutant sites are in boldface type.

RESULTS

Cloning the eIF4E promoter and identification of sequence
motifs. The presence of multiple eIF4E pseudogenes compli-
cated our initial attempts to identify genomic sequences en-
coding the promoter region of eIF4E. Screening of a human
genomic library with 5’ cDNA probes corresponding to eIF4E
revealed seven phage clones that remained positive on second-
ary and tertiary screens. Duplicate clones of two pseudogenes
were initially identified on DNA blots with frequent cutting
enzymes by comparison with the eIF4AE cDNA (Fig. 1); Rsal
cuts of these two phage identified a single band identical in size
to that seen in the cDNA. After subcloning, two other phage
clones proved by sequence analysis to correspond to exons 2
and 3 of eIF4E, and one additional pseudogene containing
several stop codons was also identified by sequence analysis.
Since exons 2 and 3 were found on separate phage clones, the
size of the human eIF4E gene is obviously quite large. The
phage clone encoding what appeared to be the second exon of
elF4E identified the presence of an intron at nucleotide 35 of
the human 4E cDNA; we therefore rescreened the human
genomic library with an oligonucleotide corresponding to the
first 35 nucleotides of eIF4E and identified a phage clone
containing exon 1 of the eIF4E gene. We subcloned a 1.4-kb
BamHI-Xbal fragment containing exon 1 for further studies.
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-1043 TCTAGAGTCCGATGCATTTTCAAA

-1020 GCCGGTTACAGTCATTACGAAGCACACCCTTGTGAGGTAAGTGTATCATCACCTTTGGTT
. . . . . API -

-960 CATAAATAAAAAAGCTGAGACGCCGAGCGATTAAGTCACTCGCCTAAGGAGAATGAGTCA

ap1 - . . - ap1
~900 ACGTCAAGAGTCATAGTTGACCCGGCCTAAAGACTCCAGACCATCAGTCCAGGGCTTAGT

-840 géGCGGGGCéCGGCGTGGC%TCCCTGGCTéGCATCTGGA&TTAGGCTAT%TCCGTGCAC@
-780 TAAAACGGAATATTGGAACéGTTGCACAGAACTTCCAAA%AATTTTTACéGCCACGCAAé
=720 ATTTAGCCC%GAGGTCTTAATCTCAGGAT%TGGGACAGTAAAAGCTGTCéTCCCTCCCCé
-660 TCGTCCAGC&GGTGGCAAGéGGGTACTGCéGCGGTTCCG%CCGTCCCCT%TCGCAGAAA%
-600 GGCAACGAA&GACCACCAGéATTAGCTGAéCCAGGGGACéTGGGAGGGT&GATTGCCTAA
-540 ACGACTCTGéATCGCCGCCiCTTTTTGAAACTAAGAGAAAATGGTGGGAéATCAAAAGAA
-480 AACTAAATAAACACACAGG&AACTTGTCCéGGGACCTCAACTAAGCAAA%GAAGCCTTA%
-420 TGTGTGTGC%GAGCCTGCAéTTCCCAACC%TCCGGGGAAéATGGGAGGAéAGGGCGACAé
-360 AGGGCACAG%AGGCTTGCC%GGCAGTAAGiGTGACCGCAéCTATCCAGGéGGAAGAGCAé
-300 AGGACTGAAACCACCCTCCAGCAAGCGAG%GTCCGCCGCéTTGAGAACCéCGCACCCTAé

mye . . . . .
-240 CCATCGGCCACGTGACCAGTCCTTTTTARAAARAATTTCTTTACCTTAARAAAAAAAAAA

. B . . AP1 .
-180 RAARAAAAAGGTGGGGGAGAGACTCCACTTCCCAGAAGCCTCTCGTTACTCACGCAGCCG

. . . . myc .
-120 CAGTCTTGCGCAGGTGCCGCCAGGGCCAAACGGACATATCICGTCACGTGGCCAGAAGCTG

CTF/NF1 M . N M N
-60 GCCAATCCGGTTTGAATCTCATTTTTTTCCTCTTACCCCCCCTTCTGGAGCGGTTGTGCG

Exon 1 - MetAlaThrValGluPr . .
TCAGATCGATCTAAGATGGCGACTGTCGAACCGGTGAGTATTGCCTTTGGCCCCCACCC

o

60 CCACGGGTC&CCGCGCTCC&TCTTCCTTCfGACTGGGGGACTCCGCGGGACGGCGTTCC&
120 GGCGCGCACiGTACCCCT?éEEEEéCCTTéCCCCTCATG%TGGACCTGA&CTCCCGCGGA
180 CAAGTGGGGACGTCCCGGAéGATGGCCGAéGCGGCGTGTAGCGCACACT&TCTGGTGGG&
240 GCCCGAGAA&TGGGGGAGC&GTGTGGGGGAGGGégéGQQiGGCGCCTCCfGCGGAACCG&
300 GAGGTGTCTACAGGGTGGAéGGTAGCTGGéGTTCTGGGC%GGGTATGCGAGGATGGTGT&
360 TTCATGATAéGAAGGCGCAéGGCCGGCTCéCAGCGAGTAéTGGGATCC

FIG. 2. Sequence of the eIF4E promoter. The sequence of the eIF4E pro-
moter region is shown. The numbers indicate positions relative to the start site
of transcription. The two potential myc protein binding sites are boxed. Potential
AP1, CCAAT, and SP1 boxes identified by sequence homology are indicated.
Exon 1 is boxed and designated.

We fully sequenced the subclone containing exon 1 to de-
termine which known sequence elements might be present in
the promoter of eIF4E (Fig. 2). Exon 1 nucleotide sequences
in our plasmid subclone exactly corresponded to published
cDNA sequences. The 3’ end of the apparent first exon con-
tained the sequence ACCGGTGAGT, which is highly homol-
ogous to consensus splice donor sequences and contains a
required GT dinucleotide.

Sequence analysis revealed several motifs in the eIF4E pro-
moter. A canonical CCAAT box was present at position —59;
TATAA sequences were not present. CACGTG sequences
were found at positions —77 and —232. The sequences sur-
rounding the upstream E box at position —232 represented a
12-nucleotide match to myc-regulated sequences found in the
first intron of the ODC gene (Fig. 3) and in other myc-regu-
lated genes. When the two elements were compared, it was
apparent that the two sequences represented inverted repeats.

We identified the transcription initiation site in RNase pro-
tections with two different template plasmids. RNase protec-
tions with pAEBX demonstrated a 35-nucleotide fragment cor-
responding to exon 1 (data not shown). However, the signal
from this short, protected fragment was weak. Consequently,
we extended the probe length by subcloning an additional 269
nucleotides of cDNA sequence into the Clal and BamHI sites
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Dimers:

eIF-4E:  GGCCACGTGACC--144--CGTCACGTGGCC
opC_ : GGCCACGTGTCG---28--CGACACGTGGCC
oDC__ : GGCCACGTGTCG---28--GGACACGTGGCC
opC_ : GGGCACGTGTGC---23--AGACACGTGGTC

human

FIG. 3. Homology between eIlF4E and ODC. An inverted repeat homolo-
gous to myc binding sites is present in the eIF4E promoter. The sequences of the
myc dimers in the eIFAE promoter are compared with those of myc dimers
present in ODC. Sequences of ODC myc-regulated sites from three species
(mus = mouse) are indicated (50) and compared with the sequences present in
the eIFAE promoter.

of p4AEBX to make p4EProtect. With SP6 polymerase being
used, a 370-nucleotide antisense probe identified a single 276-
nucleotide protected fragment (Fig. 4), confirming the initia-
tion site for transcription previously identified (34) and indi-
cated in Fig. 2.

Promoter sequences contained in the proximal 403 nucleo-
tides are sufficient to direct reporter gene expression. We used
HeLa, REF-myc, and REF-neo cells to define a minimal pro-
moter region necessary for directing reporter gene expression.
We chose these three cell types to examine eIF4E expression
in cells with various amounts of c-myc—-max heterodimers but
constant amounts of USF (Fig. 5). For transfections, we cloned
4E promoter sequences from the Xbal site to a Sau3Al site
(positions —1042 to 3) in front of CAT sequences in pPBLCAT3
(51). Sequential deletions of the promoter by standard cloning
techniques (63) generated a set of deletions spanning the pro-
moter region (Fig. 6). These reporter constructs were trans-
fected into HeLa, REF-myc, and REF-neo cells, and promoter
activity was determined by standard CAT assays. Sequences
upstream of position —603 were inhibitory in this assay. The
most active promoter construct contained the region between
a Pst site at position —403 and the initiation site. Within this
maximally active promoter, deletion of the distal CACGTG
box at position —230 markedly decreased promoter activity in
all three cell types. Further deletion of a region containing a
23-nucleotide A-T homopolymer (positions —212 to —110)
abolished CAT activity. Consequently, we identified the prox-

SM H Y P sSM

500 N >
400 N >
- < 370 N
300 N >
o < 276 N
Msc 1 <SP6
370 N

< 276 N > eIF-4E mRNA

FIG. 4. Transcription initiation site. RNase protection confirms the start site
for transcription initiation for eIF4E as previously reported (34). Total HeLa (H)
mRNA (30 pg) was compared with yeast tRNA (Y). The size of the protected
human mRNA sequence (276 nucleotides [N]) was identified from sequencing
reactions run in parallel and from the indicated size markers (SM). The undi-
gested probe (P) migrated at 370 nucleotides.
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FIG. 5. Immunoblot analysis of HeLa, REF-myc, and REF-neo cells. Protein
lysates (50 pg) prepared from HeLa (He), REF-myc (RM), and REF-neo (RN)
cells were immunoblotted as described in Materials and Methods to compare
levels of myc, USF, and max. The same lysates were probed for actin as a loading
control.

imal 403-nucleotide region as a maximally active promoter,
and it contained a CACGTG box that was important in acti-
vating expression of the eIF4E promoter.

The eIF4E E boxes are a target for myc regulation. We used
the —403 4ECAT construct in CV1 cells in cotransfection
studies to assess direct interactions with c-myc by methods
previously described for artificial myc-activating sequences
(43). Cotransfection with an expression vector containing c-
myc sequences driven by the MuLV long terminal repeat
(pPMVmyc) (72) led to significant increases in the expression of
CAT driven by the eIF4E promoter (Fig. 7A). Since the two
CACGTG sites present in the —403 4ECAT construct were
obvious myc targets, we also examined a construct contain-
ing an oligonucleotide containing these dimeric myc sites
cloned upstream of the herpes simplex virus thymidine kinase
minimal promoter in pPBLCAT2 (pDiMycCAT?2). Addition of
the dimeric myc boxes conferred myc inducibility on the TAT
TA-driven herpes simplex virus thymidine kinase minimal pro-
moter (Fig. 7A). For both —403 4ECAT and DiMycCAT?2, we
found that increasing amounts of added c-myc vector resulted
in increased CAT expression in a dose-response relationship.
As was previously described (43), CV1 cells apparently express
sufficient max protein to accommodate the transfected myc
protein.

Deletion of c-myc’s transactivation (MycATAD [37]) or
DNA binding domains (MycABR [14]) results in myc mutants
containing dimerization domains that still bind max but no
longer function as transactivators. Since myc requires max for
transcriptional activity and oncogenic function (3-5), inhibi-
tion by dominant negative myc constructs would unequivocally
implicate myc and max in the activation of eIF4E. Further-
more, c-myc does not associate with USF in vitro (14), so these
dominant negative mutants are unlikely to sequester USF and
should strictly define a direct role for c-myc in activating eIF4E
promoter expression. Finally, inhibition by MycABR specifi-
cally implicates max-associated factors, since MycATAD could
potentially exclude other E box-binding proteins by binding to
target E box sites. Inhibition by MycATAD in preference to
MycABR would therefore identify genes regulated by non-
max-associated factors (52).

We transfected pAECAT(403) together with plasmids ex-
pressing dominant negative myc (pMVMycABR and pMVMyc
ATAD) in HeLa cells to assess direct myc regulation in the
highest myc-expressing target cells (Fig. 7B). Both dominant
negative mutants (MycABR and MycATAD) equally inhibited
4E promoter activity. Compared with an empty expression
vector (pBSltr), pMVMycABR inhibited pAECAT(403) expres-
sion to 16.6% * 4.5% of its normal activity and pMVMyc
ATAD inhibited expression to 16.8% =* 3.1%. The functional
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c-myc expression plasmid (pMVmyc) increased expression by
1.6 = 0.4-fold in these high-myc-expressing HeLa cells.

To evaluate the role of USF in activating eIF4E expression,
we tested a USF expression vector in the CV1 cell assay.
In contrast to cotransfection with c-myc, cotransfection with
pCXUSF had no effect on the promoter (Fig. 7C).

The inverted 12-nucleotide repeats in the eIF4E promoter
are binding sites for myc, USF, and max. Since c-myc levels
varied among HelLa, REF-myc, and REF-neo cells, we com-
pared eIF4E expression in these cell lines by Northern blotting
(Fig. 8A). Transfection of REF cells with c-myc produced a
large increase in eIFAE mRNA in a comparison of REF-myc
and REF-neo cells. The additional c-myc expression in HeLa
cells resulted in a smaller increase in the eIF4E level compared
with that in REF-myc cells. We therefore isolated nuclear
proteins from these three cell lines for use in EMSAs.

Demonstration of direct myc binding to E box motifs with in
vivo nuclear extracts has proven extremely difficult (15, 50).
Myc antibody experiments have only been successfully accom-
plished with purified preparations of c-myc and max. We com-
pared binding with Dignam nuclear extracts and with extracts
made with dialyzable nonionic detergents that have been re-
ported to better correlate with endogenous myc levels (52).
Both produced nuclear extracts containing myc levels in cor-
respondence with endogenous levels of c-myc (Fig. 8B). We
assessed binding of these extracts to the proximal E box site in
the eIF4E promoter with an oligonucleotide containing the 38
nucleotides immediately surrounding the proximal myc site
(Fig. 8C). A specific gel shift activity binding this E box was
identified by competition with the cold oligonucleotide (Fig.
8C [large arrowhead]). Competition with other known tran-
scription binding sites (AP1, AP2, SP1, and CTF/NF1) did not

1042 810 612 403 303 212 110 80 59 47 o

Rels ?99009;099 eeccccccce®e
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T 99990000000 0000000000 0,
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FIG. 6. A —403 4ECAT expression vector is functional in HeLa, REF-myc,
and REF-neo cells. Sequential deletions of eIF4E promoter-CAT constructs
reveal that the region between positions —403 and +3 is a functional promoter
in HeLa, REF-myc, and REF-neo cells. The eIF4E-CAT gene constructs dia-
grammed at the bottom were transfected into all three cell types. Transfec-
tion efficiencies were normalized in human growth hormone assays in which
pSVtkhGH was used as an internal control in each transfection. Each transfec-
tion is presented in duplicate, and the numbers correspond to the region of the
elF4E promoter included in each construct, with the lengths being given in
nucleotides. This experiment was repeated three times, and a representative
transfection is shown.
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FIG. 7. The eIFAE CACGTG E boxes are transactivated by c-myc. (A) The
elF4E promoter is transactivated by c-myc. The eIF4E-CAT gene constructs
diagrammed [p4ECAT(403) at left and pDimycCAT at right] were cotransfected
with pMVmyc into CV1 cells. Transfection efficiencies were normalized in hu-
man growth hormone assays in which pSVtkhGH was used as an internal control
in each transfection. Each transfection in the top panels is presented in duplicate,
showing the effect of 20 g of pMVmyc in the cotransfections compared with that
of 20 pg of an empty MuLV expression vector. In the lower panels, we compared
the dose-response effects of 0, 5, 10, 15, and 20 pg of pMVmyc (balanced with
appropriate amounts of the empty MuLV vector to equalize¢ DNA in each
transfection) on p4ECAT(403) (left) or pDimycCAT (right). The means and
standard errors for six transfections, each performed in duplicate, are presented.
(B) Dominant negative mutants of c-myc suppress expression of the eIF4E
promoter in HeLa cells. pAECAT(403) (3 pg) was cotransfected with expression
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alter binding (data not shown). A potential role for c-myc in
establishing this complex was suggested by correlation between
myc levels in the EMSA extracts and the binding activity (Fig.
8C, lanes 1, 3, and 5). USF may also bind to this motif, since
addition of antibodies to USF shifted the E box-binding com-
plex to a new position (Fig. 8C, lanes 7 to 9 [small arrowhead]).
This supershift was not seen with a nonspecific antibody (Fig.
8C, lanes 10 to 12 [anti-asialoglycoprotein]). Since anti-USF
antibodies identify both USF and TFII-I (60), USF, TFII-1, or
both may also bind to this site.

We tested these same extracts by an alternative gel shift
method (Fig. 8D [52]) to demonstrate max supershifts. Once
again, the main binding activity correlated with myc levels in
the corresponding cells, although the difference between HeLa
and REF-myc cells was less apparent (Fig. 8D, lanes 1, 3, and
5 [large arrowhead]). In the low-ionic-strength conditions used
for these gels, antibodies to USF shifted the binding complex
down to a new position (Fig. 8D, lanes 7, 10, and 13 [small
arrowheads]). Addition of anti-max antibodies revealed a su-
pershift (Fig. 8D, lanes 11 and 14 [large arrowheads]) that was
hidden by a nonspecific band in the HeLa cells (lanes 1, 2, and
7 to 9 [asterisk]). Supershifts were not seen with the addition of
anti-myc antibody (9E10) in either type of gel (data not
shown). In addition, we could not further define the nature of
the new complexes in the bands in lanes containing USF an-
tibodies, because the combination of anti-USF and either nor-
mal rabbit serum or anti-asialoglycoprotein further nonspecifi-
cally shifted the supershifted band (data not shown).

The proximal E box is essential for eIF4E promoter func-
tion. We mutated both individual CACGTG sites in the —403
4ECAT construct by inserting BamHI oligonucleotide linkers
into blunt PmlI sites (Fig. 9A), since the sequence CACGTG is
a recognition site for that enzyme. We also used site-directed
mutagenesis to change the proximal CACGTG site to the
MyoD recognition sequence CACCTG. The resulting insertion
mutant of the distal —232 site inhibited promoter activity by
over 80%. The linker insertion and the MyoD point mutation
in the proximal —77 myc site both abolished promoter activity.
Thus, we identified both CACGTG sites as critical elements,
with the proximal element being essential for 4E promoter
function in all three cell types.

The 12-nucleotide eIF4E E boxes, including their flanking
sequences, were nearly identical to the equivalent sequences in
ODC. Consequently, we compared the sequences flanking
CACGTG in the eIF4E promoter with those of a variety of
other genes containing CACGTG boxes thought to be acti-
vated by c-myc or USF (Table 2). Two classes of sequences
were apparent. Sites that were also candidates for regulation
by c-myc contained the consensus sequence GGCCACGTG

plasmids (20 pg) containing no insert (pBSltr), functional c-myc (pMVmyc), a
dominant negative myc mutant lacking the DNA binding domain of c-myc
(pMVmycABR), or a dominant negative myc mutant lacking the transactivation
domain of c-myc (pMVmycATAD). Transfection efficiencies were normalized as
described before, and a representative transfection containing duplicate assays
for each transfection is displayed in the top panel. The experiment was repeated
three times, and the means and standard errors for all six transfections are
presented in the lower panel. (C) The eIF4E promoter is not trans-activated by
USF. The eIF4E-CAT gene construct [pAECAT(403)] was cotransfected with
pCXUSF into CV1 cells as described above for panel A. The transfection in the
top panel is presented in duplicate, showing the effect of 20 pg of pPCXUSF in the
cotransfection compared with that of 20 ug of an empty cytomegalovirus expres-
sion vector. In the lower panels, we compared the dose-response effects of 0, 5,
10, 15, and 20 pg of pCXUSF (balanced with appropriate amounts of the empty
cytomegalovirus vector to equalize DNA in each transfection) on pAECAT(403).
The means and standard errors for three transfections, each performed in du-
plicate, are presented.
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FIG. 8. EMSAs evaluate binding specificity of the eIF4E myc sites in cells
expressing various levels of c-myc. (A) Northern blot analysis of eIF4E expres-
sion in HeLa (He), REF-myc (RM), and REF-neo (RN) cells demonstrates
increased eIF4E expression in HeLa and REF-myc cells compared with that in
REF-Neo cells. (B) Immunoblots of nuclear extracts (52) demonstrate increased
myc protein in extracts from HeLa and REF-myc cells compared with that in
REF-neo cells. (C) The myc site oligonucleotide
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have distinguished between USF and myc-max binding in pre-
vious studies. Mutation of sequence CACATG is thought to
inhibit USF binding more than myc-max binding; CACGTG
GAA is thought to inhibit myc-max binding more than USF
binding (7, 9, 12, 29, 38, 57). To compare in vitro USF and
myc-max bindings to the proximal E box site, we measured the
apparent K, of the wild-type oligonucleotide used in the pre-
vious EMSAs (Fig. 9B). The apparent K, in our measurements
for USF (0.3 £ 0.1 nM) was identical to previously determined
values (64). The apparent K, for the myc-max heterodimers
was lower at 8.5 * 2 nM.

We tested the effect of cis-acting mutations in the elF4E
promoter that were designed to alter its flanks and core nu-
cleotides by transfections into HeLLa, REF-myc, and REF-neo
cells. Three different mutations introduced into the —403
4ECAT construct abolished reporter gene activity equally in all
three cell types (Fig. 9C). The apparent K ;s of these mutations
were compared with that of the wild-type oligonucleotide; all
three mutants altered binding of both USF and myc-max (Fig.
9C). These mutations were also totally inactive in CV1 cells
and in CV1 cells cotransfected with c-myc (data not shown).
Thus, our data indicated that in contrast to previous experi-
ence (7,9, 12, 29, 38, 57), we could not identify mutations that
distinguished between USF and myc-max activation of the
elF4E E box.

DISCUSSION

Regulation of translation initiation factor eIF4E. eIF4E, the
mRNA cap-binding protein, is ubiquitously expressed, and
cdc33 mutations in yeast cells suggest that it is necessary for
cell growth. It is essential for translation initiation of nearly all
mRNAs. Consequently, its regulation should reflect aspects of
its housekeeping functions. However, it is also a regulatory
protein in its own right, probably by virtue of its participation
in the helicase function of the eIF-4F complex. It is involved in
posttranscriptional regulation of several proteins, including cy-
clin D1 (58), the ras pathway (46), activin (41), and mRNAs
with 5’ complex structures (42). Its pleiotropic regulatory func-
tions make it an interesting target for regulation by oncogenes
that function as transcription factors (48). This characteristic

CCAAACGGACATATCCGTCACGTGGCCAGAAGCTGGccled to our particular interest in clarifying the nature of the
GGTTTGCCTGTATAGGCAGTGCACCGGTCTTCGACCGG interaction between c-myc and the eIF4E promoter.

was radiolabeled with polynucleotide kinase and incubated with 3 pg of nuclear
lysates from HeLLa, REF-myc, or REF-neo cells. The protein-DNA complexes
were then fractionated by electrophoresis in a nondenaturing 6% polyacrylamide
gel containing TBE buffer (11) and detected by autoradiography. A cold com-
petitor oligonucleotide contained the same sequence as the probe to demon-
strate specificity. One microliter of anti-USF or anti-asialoglycoprotein (anti-
asialogp) antibodies was included in the indicated lanes. The large arrowhead
indicates a specific complex which correlates with myc levels in the extracts (lanes
1, 3, and 5). This complex is markedly decreased by the addition of anti-USF
antibodies, and a new complex appears (small arrowhead) in lanes 7 to 9. (D)
EMSAs with the identical nuclear extracts and probe were performed with a
nondenaturing 6% polyacrylamide gel containing MOPS buffer (52). The specific
complex again correlates with myc levels in the extracts (lanes 1, 3, and 5 [large
arrowhead]). An anti-max rabbit antiserum demonstrates supershifts in the REF-
myc and REF-neo extracts (lanes 11 and 14 [large arrowheads]) that were
obscured by a nonspecific band (asterisk) in the HeLa cells. The USF antibody
again markedly decreases specific binding in all extracts and supershifts the
complex to a new position (lanes 7, 10, and 13 [small arrowheads]).

WCS. Genes that were solely candidates for activation by USF
contained a T residue at —4 as predicted elsewhere (9) and
contained A/T base pairs in four of the six immediately flank-
ing residues.

We tested the significance of this prediction by making mu-
tations in the eIF4E promoter corresponding to sequences that

We identified a functional promoter region of the eIF4E
gene that is contained within 400 nucleotides upstream of the
transcription initiation site. This promoter was active in several
cell types and contained two E box motifs within the immediate
promoter region that were essential for its function. The loca-
tion of the CACGTG E boxes in the eIF4E gene is unique,
since other candidate myc-regulated genes contain E boxes in
less critical sites that are not part of core promoter regions
(Table 1). The adenovirus MLP contains an E box in its pro-
moter proximal region, but MLP is biphasically downregulated
by myc interactions at its initiator (INR) site (60). The E boxes
in ECA39 and cad lie within exon 1, and neither is essential for
promoter function. The E boxes in a-prothymosin and ODC
lie in their first introns, and they are not essential for promoter
function. The critical function of the E boxes for overall eIF4E
expression therefore underlines the particular importance of
c-myc expression in activating eIF4E but poses an additional
dilemma, since other E box proteins, USF in particular, may
also play a role in activating basal expression of the promoter.

The role of c-myc in eIF4E regulation. Levels of e¢IF4E
increase in response to growth induction, and in our earlier
study of eIF4E regulation, we identified eIF4E as a potential
myc target gene (59). We now find that dimeric CACGTG
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FIG. 9. A proximal myc site at position —73 is required for eIF4E expression
in HeLa, REF-myc, and REF-neo cells. (A) The eIF4E-CAT gene constructs
containing the mutations indicated at the bottom were transfected into HeLa,
REF-myc and REF-neo cells. Transfection efficiencies were normalized in hu-
man growth hormone assays in which pSVtkhGH was used as an internal control
in each transfection. Each transfection is presented in duplicate, and the exper-
iment was repeated three times. We compared the —403 4ECAT construct (WT)
with mutations of the same construct containing GGATCC insertions in the
distal myc box (INS1), the proximal myc box (INS2), and a MyoD site-specific
mutant containing CAGGTG (MyoD). (B) The dissociation constant of the
elF4E E box for USF was compared with that for myc-max heterodimers. The
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motifs present in the eIF4E promoter were transactivated by
cotransfections with c-myc, providing strong supportive evi-
dence for our earlier hypothesis. These motifs also conferred
myc inducibility on a heterologous promoter. A direct role for
myc in activating the eIF4E promoter is best supported by the
sixfold decrease in 4E transcription that resulted from cotrans-
fection with dominant negative c-myc mutants. Since mutants
lacking either the transactivation domain or the DNA binding
domain are equally inhibitory, myc’s DNA binding partner max
must lie in the pathway regulating eIF4E.

Direct participation of myc in promoter activation has been
difficult to prove by EMSAs, since myc antibodies are generally
inactive in supershifts (15, 50). The correlation between myc
levels and binding activity in our EMSAs supports the presence
of c-myc in the gel shift activity binding the eIF4E E box.
Supershifts demonstrating max in the same complex provide
additional support. However, we could not supershift the com-
plex with any available myc antibodies, as was previously de-
scribed in other publications.

The role of USF in the regulation of the eIF4E promoter is
less clear. Previous binding studies strongly suggested that both
USF and myc-max bind to the identical target sequence (57).
Since homozygous loss of c-myc in transgenic mice is still
compatible with development to 10.5 days of gestation (21),
other transcription factors are likely to provide redundant ac-
tivation of CACGTG sites targeted by c-myc. USF is certainly
a leading candidate for such a redundant factor. In contrast to
cotransfection in the myc experiments, cotransfection with
USF did not alter expression of the eIF4E promoter despite
the supershift experiments revealing USF in the binding com-
plex. We further attempted to distinguish between myc-max
and USF activation of the eIF4E promoter by cis-acting mu-
tations of the E box site. Several studies previously identified
mutations that potentially distinguish between myc-max and
USF binding (7, 9, 12, 29, 38, 57). However, quantitative gel
shift studies with the eIFAE promoter sequences demonstrated
equivalent decreases in myc-max or USF binding of the pro-
moter site regardless of the mutations. The eIF4E binding site
has apparently evolved to accommodate binding by either myc-
max or USF.

Our data are most consistent with a simple model for acti-
vation of the eIF4E promoter in which USF supports basal
expression of the eIF4E promoter and myc-max activates ex-
pression in response to growth signals. The higher affinity of
USF for the E box site in the eIF4E promoter suggests that
USF occupies the eIF4E E box site until a growth stimulus
alters the E box occupant. This may simply result from in-
creased levels of c-myc in response to the growth stimulus.
However, additional trans-acting factors altered by the growth

apparent K, of the 38-mer used in our EMSAs was determined (17). The
indicated concentrations (nanomolar) of bacterially synthesized USF and myc-
max proteins were bound to <10 pM labeled oligonucleotide (300 cpm) per
reaction. Because the concentration of DNA in these reactions is <10 pM, the
protein concentration required for half-maximal binding approximates the ap-
parent dissociation constant (K,) for these proteins. (C) cis-acting mutations in
the proximal E box inactivate expression of eIF4E reporter constructs in HeLa,
REF-myc, and REF-neo cells. The eIF4E-CAT gene constructs containing the
mutations indicated at the bottom were transfected into HeLa, REF-myc, and
REF-neo cells. Transfection efficiencies were normalized in human growth hor-
mone assays in which pSVtkhGH was used as an internal control in each trans-
fection. Each transfection is presented in duplicate. We compared the —403
4ECAT construct (WT) with mutations of the same construct containing CGT
CATGTGGCC (N3 [this mutation results in CACATG in the opposite reading
frame]), GGTCACGTGGCC (C1), or CGTCACGTGGAA (2A). Apparent K,
constants (determined as described above for panel B) for all three mutant
oligonucleotides are indicated at the bottom.
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TABLE 2. Comparison of myc and USF binding sites

s . No. of
Bmd;l:sgﬂi)ts and Sequence flanking
A/T bp
myc
PCR* CACCACGTGGTG 2
In vivo®
elF-4E1 GGCCACGTGACC 1
elF-4E2 GGCCACGTGACG 1
Adenovirus MLP GGCCACGTGACC 1
ODCI1 (mouse) GGCCACGTGTCG 1
ODC?2 (mouse) GGCCACGTGTCC 1
ODCS3 (rat) GGCCACGTGTCG 1
ODCH4 (rat) GGCCACGTGTCC 1
ODCS5 (hamster) GGCCACGTGTCG 1
ODC6 (hamster) GGGCACGTGTCC 1
a-Prothymosin GGCCACGTGCTC 1
cad AGCCACGTGGAC 2
ECA39 CGCCACGTGTCA 2
Consensus GGCCACGTGWCS 1
777777 +H++++
654321123456
USF
PCR* AGTCACGTGGTA 4
In vivo?
Cytomegalovirus major GGTCACGTGAAA 4
early transcript
Plasminogen activator AATCACGTGGCT 4
inhibitor
TFIII A TATCACGTGCTC 4
C4 gene CATCACGTGGTT 4
\2 chain TCTCACGTGACA 4
AAV P5 GGTCACGTGAGT 3
Consensus NRTCACGTGNNN 4

—————— ++++++
654321123456

“ Reference 13.

> See Table 1 for references for myc-regulated sites.
¢ Reference 9.

4 See reference 67 for USF-regulated sites.

stimulus might also decrease the affinity of USF or provide
additional functions that increase the affinity of myc-max het-
erodimers for the same site. EMSA experiments may not ac-
curately reflect these changes, since an excess of CACGTG
binding sites is included in a standard EMSA experiment,
compared with the limited number of E box sites available in
vivo. The difficulties encountered in demonstrating myc super-
shifts are explained in this model by the higher affinity of USF
for myc sites in vitro. This model predicts that increases in
c-myc levels after growth stimulation lead to E box occupation
by myc-max in preference to USF. Alternatively, USF binding
partners may be critical in altering affinities for the normal
binding site for these transcription factors.

An alternative model is suggested by biochemical interac-
tions between USF and c-myc shown in several previous stud-
ies. Although the two proteins do not form heterodimers in
standard in vitro assays (56), myc directly interferes with in-
teractions between USF and TFII-I in in vitro transcription
assays (60). The model proposed in the study by Roy et al. (60)
suggests that myc is a dual-function activator capable of inhib-
iting initiator-driven transcription while stimulating E box ac-
tivation. In their model, both myc and USF bind to TFII-I to
activate expression and might therefore be part of the same
complex.
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Biological functions of c-myc. Our study potentially provides
insights into biological functions of c-myc. The functions of
other candidate myc-regulated genes (ECA39 and a-prothy-
mosin) in growth regulation remain obscure. In contrast, the
mRNA cap-binding protein (eIF4E) plays an essential role in
the regulation of cell growth. Some of the functions of eIF4E
and ODC, another important myc target, in growth regulation
are similar. ODC transforms cells if it is overexpressed in
standard fibroblast assays (6). ODC is necessary for the enzy-
matic transfer of the 4-aminobutyl moiety of spermidine to a
lysine residue in the eIF-5A translation initiation factor, pro-
ducing a modified hypusine residue that is essential for eIF-5A
function (55). Translation initiation factor eIF-5A is then
thought to regulate formation of the initial dipeptide bond
during translation initiation. eIF-5A may not always function
in exactly this manner, however, since depletion of eIF-5A in
yeast cells does not abolish protein synthesis (36). However,
the model is attractive in that it suggests that ODC may also be
involved in a translation initiation pathway.

Comparing the functions of eIFAE and ODC (mediated by
elF-5A), our studies suggest an interesting model in which myc
plays a role in regulating two pathways that control initiation of
protein synthesis. Since myc expression peaks at the point in
G, when new protein synthesis is rate limiting for cell cycle
progression, this model provides a potential explanation for
myc’s importance in growth regulation (54).

The particular sequence of the E box motif in eIF4E
matches a GGCCACGTGWCS consensus that is found in
other candidate myc-regulated genes but not in genes for
which USF alone has been found to activate expression. This in
vivo binding sequence also differs from optimal binding se-
quences identified by PCR for either c-myc or USF. This se-
quence may therefore have been selected to permit alternative
binding by c-myc or USF. Its identification in the eIF4E pro-
moter is particularly important, since this E box site is essential
for both basal promoter function and activated expression,
indicating an essential role for E box-binding proteins in the
regulation of eIF4E.

The scarcity of myc target genes has inhibited progress in
understanding its biological functions. c-myc is a ubiquitously
expressed, transforming gene involved in growth regulation.
We originally proposed that significant myc-regulated genes
should therefore also regulate growth and be capable of func-
tioning as transforming genes in a broad range of tissues.
elF4E fits both of these criteria. We have now demonstrated
myc-regulated sites in the eIF4E promoter. Since the eIF4E
promoter contains these sequences in the proximal region of
the promoter and they are essential for promoter function, the
elF4E promoter will be extremely useful for additional future
studies of the role of c-myc in growth regulation.

ACKNOWLEDGMENTS

We thank Robert E. Rhoads for the generous gift of the plasmid
containing the eI[F4E ¢cDNA (pTCEEC), Peggy Farnham for pMV
mycABR and pMVmycATAD, Robert Roeder for pET3dUSF and
pCXUSF, Michele Sawadogo for the antibody to USF, and Jim Bau-
dreau for his timely synthesis of oligonucleotides.

Robin M. Jones was supported by a grant from the American Brain
Tumor Association and by training grant NINDD T32NS07340-04.
Michele Gadd was supported by a grant from the Massachusetts
Division of the American Cancer Society. This work, John Branda,
Kelly Johnston, Michael Polymenis, Larry Callanan, and Emmett
Schmidt were supported by a grant from the Markee Foundation to
the Massachusetts General Hospital Cancer Center and by PHS RO1-
CA63117.

Robin M. Jones and John Branda contributed equally to this work.



VoL. 16, 1996

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

REFERENCES

. Adams, J. M., and S. Cory. 1991. Transgenic models of tumor development.

Science 254:1161-1167.

. Adams, J. M., A. W. Harris, C. A. Pinkert, L. M. Corcoran, W. S. Alexander,

S. Cory, R. D. Palmiter, and R. L. Brinster. 1985. The c-myc oncogene driven
by immunoglobulin enhancers induces lymphoid malignancy in transgenic
mice. Nature (London) 318:533-538.

. Amati, B., M. W. Brooks, N. Levy, T. D. Littlewood, G. I. Evan, and H. Land.

1993. Oncogenic activity of the c-Myc protein requires dimerization with
Max. Cell 72:233-245.

. Amati, B., S. Dalton, M. W. Brooks, T. D. Littlewood, G. I. Evan, and H.

Land. 1992. Transcriptional activation by the human c-Myc oncoprotein in
yeast requires interaction with Max. Nature (London) 359:423-426.

. Amati, B., T. D. Littlewood, G. I. Evan, and H. Land. 1993. The c-Myc

protein induces cell cycle progression and apoptosis through dimerization
with Max. EMBO J. 12:5083-5087.

. Auvinen, M., A. Paasinen, L. C. Andersson, and E. Holtta. 1992. Ornithine

decarboxylase activity is critical for cell transformation. Nature (London)
360:355-358.

. Beckmann, H., L. K. Su, and T. Kadesch. 1990. TFE3: a helix-loop-helix

protein that activates transcription through the immunoglobulin enhancer
muE3 motif. Genes Dev. 4:167-179.

. Bello-Fernandez, C., G. Packham, and J. L. Cleveland. 1993. The ornithine

decarboxylase gene is a transcriptional target of c-Myc. Proc. Natl. Acad. Sci.
USA 90:7804-7808.

. Bendall, A. J., and P. L. Molloy. 1994. Base preferences for DNA binding by

the bHLH-Zip protein USF: effects of MgCl, on specificity and comparison
with binding of Myc family members. Nucleic Acids Res. 22:2801-2810.
Benvenisty, N., A. Leder, A. Kuo, and P. Leder. 1992. An embryonically
expressed gene is a target for c-Myc regulation via the c-Myc-binding se-
quence. Genes Dev. 6:2513-2523.

Bernards, R. 1991. N-myc disrupts protein kinase C-mediated signal trans-
duction in neuroblastoma. EMBO J. 10:1119-1125.

Blackwell, T. K., J. Huang, A. Ma, L. Kretzner, F. W. Alt, R. N. Eisenman,
and H. Weintraub. 1993. Binding of Myc proteins to canonical and nonca-
nonical DNA sequences. Mol. Cell. Biol. 13:5216-5224.

Blackwell, T. K., L. Kretzner, E. M. Blackwood, R. N. Eisenman, and H.
Weintraub. 1990. Sequence-specific DNA binding by the c-Myc protein.
Science 250:1149-1151.

Blackwood, E. M., and R. N. Eisenman. 1991. Max: a helix-loop-helix zipper
protein that forms a sequence-specific DNA-binding complex with Myc.
Science 251:1211-1217.

Blackwood, E. M., B. Luscher, and R. N. Eisenman. 1992. Myc and Max
associate in vivo. Genes Dev. 6:71-80.

Brenner, C., N. Nakayama, M. Goebl, K. Tanaka, A. Toh-e, and K. Mat-
sumoto. 1988. CDC33 encodes mRNA cap-binding protein eIF4E of Sac-
charomyces cerevisiae. Mol. Cell. Biol. 8:3556-3559.

Carey, J. 1988. Gel retardation at low pH resolves trp repressor-DNA com-
plexes for quantitative study. Proc. Natl. Acad. Sci. USA 85:975-979.
Chirgwin, J. M., A. E. Przybyla, R. J. MacDonald, and W. J. Rutter. 1979.
Isolation of biologically active ribonucleic acid from sources enriched in
ribonuclease activity. Biochemistry 18:5294-5299.

Collum, R. G., and F. W. Alt. 1990. Are myc proteins transcription factors?
Cancer Cells 2:69-75.

Dang, C. V. 1991. c-myc oncoprotein function. Biochim. Biophys. Acta 1072:
103-113.

Davis, A. C., M. Wims, G. D. Spotts, S. R. Hann, and A. Bradley. 1993. A null
c-myc mutation causes lethality before 10.5 days of gestation in homozygotes
and reduced fertility in heterozygous female mice. Genes Dev. 7:671-682.
Dignam, J. D., R. M. Lebowitz, and R. G. Roeder. 1983. Accurate transcrip-
tion initiation by RNA polymerase II in a soluble extract from isolated
mammalian nuclei. Nucleic Acids Res. 11:1475-1489.

Downs, K. M., G. R. Martin, and J. M. Bishop. 1989. Contrasting patterns of
myc and N-myc expression during gastrulation of the mouse embryo. Genes
Dev. 3:860-869.

Du, H., A. L. Roy, and R. G. Roeder. 1993. Human transcription factor USF
stimulates transcription through the initiator elements of the HIV-1 and the
Ad-ML promoters. EMBO J. 12:501-511.

Duncan, R., and J. W. Hershey. 1985. Regulation of initiation factors during
translational repression caused by serum depletion. Abundance, synthesis,
and turnover rates. J. Biol. Chem. 260:5486-5492.

Duncan, R., S. C. Milburn, and J. W. Hershey. 1987. Regulated phosphor-
ylation and low abundance of HeLa cell initiation factor eIF-4F suggest a
role in translational control. Heat shock effects on eIF-4F. J. Biol. Chem.
262:380-388.

Eilers, M., S. Schirm, and J. M. Bishop. 1991. The MYC protein activates
transcription of the alpha-prothymosin gene. EMBO J. 10:133-141.
Fisher, D. E., C. S. Carr, L. A. Parent, and P. A. Sharp. 1991. TFEB has
DNA-binding and oligomerization properties of a unique helix-loop-helix/
leucine-zipper family. Genes Dev. 5:2342-2352.

Fisher, F., D. H. Crouch, P. S. Jayaraman, W. Clark, D. A. Gillespie, and
C. R. Goding. 1993. Transcription activation by Myc and Max: flanking

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

REGULATION OF eIF4E 4763

sequences target activation to a subset of CACGTG motifs in vivo. EMBO
J. 12:5075-5082.

Gaubatz, S., A. Meichle, and M. Eilers. 1994. An E-box element localized in
the first intron mediates regulation of the prothymosin a gene by c-myc. Mol.
Cell. Biol. 14:3853-3862.

Gu, W., K. Cechova, V. Tassi, and R. Dalla-Favera. 1993. Opposite regula-
tion of gene transcription and cell proliferation by c-Myc and Max. Proc.
Natl. Acad. Sci. USA 90:2935-2939.

Heikkila, R., G. Schwab, E. Wickstrom, S. L. Loke, D. H. Pluznik, R. Watt,
and L. M. Neckers. 1987. A c-myc antisense oligodeoxynucleotide inhibits
entry into S phase but not progress from GO to Gl. Nature (London)
328:445-449.

Hershey, J. W. 1991. Translational control in mammalian cells. Annu. Rev.
Biochem. 60:717-755.

Jaramillo, M., J. Pelletier, I. Edery, P. J. Nielsen, and N. Sonenberg. 1991.
Multiple mRNAs encode the murine translation initiation factor
eIF4E. J. Biol. Chem. 266:10446-10451.

Kaddurah-Daouk, R., J. M. Greene, A. S. Baldwin, Jr., and R. E. Kingston.
1987. Activation and repression of mammalian gene expression by the c-myc
protein. Genes Dev. 1:347-357.

Kang, H. A, and J. W. Hershey. 1994. Effect of initiation factor eIF-5A
depletion on protein synthesis and proliferation of Saccharomyces cerevi-
siae. J. Biol. Chem. 269:3934-3940.

Kato, G. J., J. Barrett, M. Villa-Garcia, and C. V. Dang. 1990. An amino-
terminal c-Myc domain required for neoplastic transformation activates
transcription. Mol. Cell. Biol. 10:5914-5920.

Kato, G. J., W. M. Lee, L. L. Chen, and C. V. Dang. 1992. Max: functional
domains and interaction with c-Myc. Genes Dev. 6:81-92.

Kaulen, H., P. Pognonec, P. D. Gregor, and R. G. Roeder. 1991. The Xenopus
B1 factor is closely related to the mammalian activator USF and is impli-
cated in the developmental regulation of TFIIIA gene expression. Mol. Cell.
Biol. 11:412-424.

Kelly, K., B. H. Cochran, C. D. Stiles, and P. Leder. 1983. Cell-specific
regulation of the c-myc gene by lymphocyte mitogens and platelet-derived
growth factor. Cell 35:603-610.

Klein, P. S., and D. A. Melton. 1994. Induction of mesoderm in Xenopus
laevis embryos by translation initiation factor 4E. Science 365:803-806.
Koromilas, A. E., A. Lazaris-Karatzas, and N. Sonenberg. 1992. mRNAs
containing extensive secondary structure in their 5’ non-coding region trans-
late efficiently in cells overexpressing initiation factor eIF4E. EMBO J.
11:4153-4158.

Kretzner, L., E. M. Blackwood, and R. N. Eisenman. 1992. Myc and Max
proteins possess distinct transcriptional activities. Nature (London) 359:426—
429.

Land, H., L. F. Parada, and R. A. Weinberg. 1983. Tumorigenic conversion
of primary embryo fibroblasts requires at least two cooperating oncogenes.
Nature (London) 304:596-602.

Lazaris-Karatzas, A., K. S. Montine, and N. Sonenberg. 1990. Malignant
transformation by a eukaryotic initiation factor subunit that binds to mRNA
5’ cap. Nature (London) 345:544-547.

Lazaris-Karatzas, A., M. R. Smith, R. M. Frederickson, M. L. Jaramillo,
Y. L. Liu, H. F. Kung, and N. Sonenberg. 1992. Ras mediates translation
initiation factor 4E-induced malignant transformation. Genes Dev. 6:1631-
1642.

Leder, P., J. Battey, G. Lenoir, C. Moulding, W. Murphy, H. Potter, T.
Stewart, and R. Taub. 1983. Translocations among antibody genes in human
cancer. Science 222:765-771.

Lewin, B. 1991. Oncogenic conversion by regulatory changes in transcription
factors. Cell 64:303-312.

Li, L. H., C. Nerlov, G. Prendergast, D. MacGregor, and E. B. Ziff. 1994.
c-Myc represses transcription in vivo by a novel mechanism dependent on
the initiator element and Myc box II. EMBO J. 13:4070-4079.

Littlewood, T. D., B. Amati, H. Land, and G. I. Evan. 1992. Max and
c-Myc/Max DNA-binding activities in cell extracts. Oncogene 7:1783-1792.
Luckow, B., and G. Schutz. 1987. CAT constructions with multiple unique
restriction sites for the functional analysis of eukaryotic promoters and
regulatory elements. Nucleic Acids Res. 15:5490.

Miltenberger, R. J., K. A. Sukow, and P. J. Farnham. 1995. An E-box-
mediated increase in cad transcription at the G,/S-phase boundary is sup-
pressed by inhibitory c-Myc mutants. Mol. Cell. Biol. 15:2527-2535.
Murre, C., P. S. McCaw, and D. Baltimore. 1989. A new DNA binding
dimerization motif in immunoglobulin enhancer binding, daughterless,
MyoD, and myc proteins. Cell 56:777-783.

Pardee, A. B. 1989. G1 events and regulation of proliferation. Science 246:
603-608.

Park, M. H., E. C. Wolff, and J. E. Folk. 1993. Is hypusine essential for
eukaryotic cell proliferation? Trends Biochem. Sci. 18:475-479.

Pognonec, P., and R. G. Roeder. 1991. Recombinant 43-kDa USF binds to
DNA and activates transcription in a manner indistinguishable from that of
natural 43/44-kDa USF. Mol. Cell. Biol. 11:5125-5136.

Prendergast, G. C., and E. B. Ziff. 1991. Methylation-sensitive sequence-
specific DNA binding by the c-Myc basic region. Science 251:186-189.



4764

58.

59.

60.

61.

62.

63.

64.

65.

JONES ET AL.

Rosenwald, 1. B., A. Lazaris-Karatzas, N. Sonenberg, and E. V. Schmidt.
1993. Elevated levels of cyclin D1 protein in response to increased expression
of eukaryotic initiation factor 4E. Mol. Cell. Biol. 13:7358-7363.
Rosenwald, 1. B., D. B. Rhoads, L. D. Callanan, K. J. Isselbacher, and E. V.
Schmidt. 1993. Increased expression of eukaryotic translation initiation fac-
tors eIF4AE and elF-2 alpha in response to growth induction by c-myc. Proc.
Natl. Acad. Sci. USA 90:6175-6178.

Roy, A. L., C. Carruthers, T. Gutjahr, and R. G. Roeder. 1993. Direct role for
Mpyc in transcription initiation mediated by interactions with TFII-I. Nature
(London) 365:359-361.

Roy, A. L., M. Meisterernst, P. Pognonec, and R. G. Roeder. 1991. Cooper-
ative interaction of an initiator-binding transcription initiation factor and the
helix-loop-helix activator USF. Nature (London) 354:245-248.

Rychlik, W., L. L. Domier, P. R. Gardner, G. M. Hellmann, and R. E.
Rhoads. 1987. Amino acid sequence of the mRNA cap-binding protein from
human tissues. Proc. Natl. Acad. Sci. USA 84:945-949.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed., vol. 1-3. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, N.Y.

Sawadogo, M. 1988. Multiple forms of the human gene-specific transcription
factor USF. II. DNA binding properties and transcriptional activity of the
purified HeLa USF. J. Biol. Chem. 263:11994-12001.

Sawadogo, M., and R. G. Roeder. 1985. Interaction of a gene-specific tran-

60.

67.

68.

69.

70.

71.

72.

MoL. CELL. BIOL.

scription factor with the adenovirus major late promoter upstream of the
TATA box region. Cell 43:165-175.

Schmidt, E. V., P. K. Pattengale, L. Weir, and P. Leder. 1988. Transgenic
mice bearing the human c-myc gene activated by an immunoglobulin en-
hancer: a pre-B-cell lymphoma model. Proc. Natl. Acad. Sci. USA 85:6047-
6051.

Sirito, M., Q. Lin, T. Maity, and M. Sawadogo. 1994. Ubiquitous expression
of the 43- and 44-kDa forms of transcription factor USF in mammalian cells.
Nucleic Acids Res. 22:427-433.

Sklar, M. D., E. Thompson, M. J. Welsh, M. Liebert, J. Harney, H. B.
Grossman, M. Smith, and E. V. Prochownik. 1991. Depletion of c-myc with
specific antisense sequences reverses the transformed phenotype in ras on-
cogene-transformed NIH 3T3 cells. Mol. Cell. Biol. 11:3699-3710.
Sonenberg, N. 1993. Translation factors as effectors of cell growth and
tumorigenesis. Curr. Opin. Cell Biol. 5:955-960.

Spencer, C. A, and M. Groudine. 1991. Control of c-myc regulation in
normal and neoplastic cells. Adv. Cancer Res. 56:1-48.

Stewart, T. A., P. K. Pattengale, and P. Leder. 1984. Spontaneous mammary
adenocarcinomas in transgenic mice that carry and express MTV/myc fusion
genes. Cell 38:627-637.

Stone, J., T. de Lange, G. Ramsay, E. Jakobovits, J. M. Bishop, H. Varmus,
and W. Lee. 1987. Definition of regions in human c-myc that are involved in
transformation and nuclear localization. Mol. Cell. Biol. 7:1697-1709.



