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In RATlA fibroblasts, expression of the prothymosin a gene is under the transcriptional control of the c-myc

proto-oncogene. We have now cloned the rat gene encoding prothymosin a and show that the cloned gene is
regulated by c-myc in vivo. We find that regulation by c-myc is mediated by sequences downstream of the
transcriptional start site, whereas the promoter is constitutive and not regulated by c-myc. We have identified
an enhancer element within the first intron that is sufficient to mediate a response to Myc and Max in transient
transfection assays and to activation of estrogen receptor-Myc chimeras in vivo. We find that this element
contains a consensus Myc-binding site (CACGTG). Disruption of this site abolishes the response to Myc and
Max in both transient and stable assays. Mutants of either Myc or Max that are deficient for heterodimer-
ization fail to regulate the prothymosin a gene, suggesting that a heterodimer between Myc and Max activates
the prothymosin a gene. Our data define the prothymosin a gene as a bona fide target gene for c-myc.

The c-myc proto-oncogene was discovered as the cellular
homolog of the transforming gene of the chicken myelocyto-
matosis virus MC29 (16, 63). c-myc appears to act as a key
regulator of cell proliferation; this notion is supported by the
demonstration that expression of c-myc closely correlates with
cell proliferation (23, 34, 40, 45, 66, 67) and that cells express-
ing c-myc under the control of constitutive promoter lose the
ability to control proliferation in response to growth factors
and often undergo apoptosis when deprived of them (29, 39).

c-myc encodes two nuclear phosphoproteins (1, 21, 48) that
carry a number of structural and functional elements charac-
teristic of transcription factors. The Myc protein contains both
a helix-loop-helix (46) and a leucine zipper (42) motif, both of
which are essential for the transforming properties of the
protein (18, 59). The Myc protein binds to DNA and specifi-
cally recognizes CA(C/T)GTG sequences (termed E boxes)
(11, 50). Both in vitro and in vivo, Myc heterodimerizes with a

second helix-loop-helix protein, termed Max (12, 13, 49, 65).
Dimerization with Max enhances the affinity of Myc to DNA
and is a prerequisite for both transcriptional activation and
transformation by c-myc (2, 3, 41). In the absence of Myc, Max
forms homodimers that also recognize E-box sequences (9, 12,
37, 49) and, in contrast to Myc/Max heterodimers, repress
transcription from synthetic reporter constructs that carry E
boxes in their promoters (4, 33, 41, 51). In contrast to c-myc,
Max is also expressed in quiescent cells (9, 13, 49); the relative
levels of c-myc and Max therefore provide a model of how
growth regulation of E-box-containing promoters might be
achieved. Further proteins that heterodimerize with either
Max (5, 69) or Myc (53, 54, 57) have been isolated and may
affect gene regulation by c-myc.

However, little is known about the genes that might be
regulated by c-myc and its partner proteins (7, 8, 25, 52, 62). To
identify potential target genes of c-myc, we have previously
constructed chimeric proteins that carry the hormone-binding
domain of the human estrogen receptor fused to the carboxy
terminus of Myc (MycER) (24). MycER chimeras associate
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with Max in a hormone-dependent manner and thereby allow
the reversible assembly of a Myc/Max complex in vivo (48c).
Using cells that express these chimeras, we have isolated by
subtractive hybridization a gene, encoding prothymosin a, that
is regulated by c-myc (25). The prothymosin a gene encodes an

acidic nuclear protein (15, 17, 30, 44, 64) of unknown function
that appears to be essential for cell proliferation (56). Expres-
sion of this gene has been shown to correlate with cell
proliferation in a number of experimental systems (14, 17, 22,
26, 31, 58, 60, 68). Addition of estrogen to cells that express

MycER chimeras, but not to control cells, leads to a rapid
induction of transcription of the prothymosin at gene; this
induction is resistant to inhibitors of protein synthesis, dem-
onstrating that it is a primary response to activation of c-myc
(25). However, the molecular basis of this induction remained
obscure.
We now report the isolation of genomic clones encoding rat

prothymosin a. We show that induction by c-myc is mediated
by an enhancer sequence located in the first intron of the
prothymosin a gene. This enhancer contains a consensus

binding site for Myc which is both necessary and sufficient for
induction by c-myc and repression by Max. Our data define the
prothymosin a gene as a target gene for c-myc and provide
support that c-myc can indeed regulate genes via CACGTG
sequences in vivo.

MATERIALS AND METHODS

Manipulation of DNA. Genomic clones encoding prothymo-
sin a were isolated from a Fisher rat genomic library (Strat-
agene) by using a 32P-labelled rat cDNA probe (25). Purified
phages were resuspended in 500 pAl of SM medium (55); 10 ,ul
of this suspension was subjected to 30 rounds of PCR using
primers A (5'-GCG GAA TTC GAG GAA GAA GGT GGG
GAT-3') and B (5'-GCG AAG CTT CGT AGG AGC CTC
AGC TTC-3'). All other manipulations with DNA were car-

ried out as described previously (55). Northern (RNA) blotting
(36) and gel shift experiments (12) were carried out as

described previously.
Primer extension analysis. Fifty nanograms of an oligonu-

cleotide complementary to nucleotides 126 to 146 of the rat
cDNA sequence was end labelled with [,y-32P]ATP and T4
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FIG. 1. Identification of the rat prothymosin (x gene. (A) Southern
blot of rat genomic DNA probed with rat prothymosin ot cDNA. The
enzymes used for digestion are indicated above the lanes. (B) PCR
strategy used to identify intron-containing genes among the genomic
clones. The structure of the expressed human prothymosin ot gene (27)
is indicated at the top; positions of the primers used for PCR
amplification are indicated at the bottom. (C) Sequences obtained
after subcloning the PCR products from 30 different genomic phages.
Shown at the top is the rat cDNA sequence (25); numbers from 1 to 12
indicate the different genomic sequences obtained. A dash at a given

polynucleotide kinase to a specific activity of 2 x 104 cpm/
pmol. Then 30 ,ug of total cellular RNA or yeast tRNA was
ethanol precipitated with 50,000 cpm of primer, taken up in
hybridization buffer (250 mM KCl, 10 mM Tris-HCl [pH 7.5],
1 mM EDTA), and incubated for 2 min at 95°C and for 90 min
at 60°C. After cooling, 10 U of avian myeloblastos virus reverse
transcriptase was added in 40 ,ul of transcription buffer (25 mM
KCl, 50 mM Tris-HCl [pH 7.5], 10 mM dithiothreitol, 3.5 mM
MgCl2, 100 ,ug of bovine serum albumin per ml, 0.5 mM each
deoxynucleoside triphosphate), and the sample was incubated
for 60 min at 37°C. Nucleic acids were precipitated with
sodium acetate and ethanol, and the reaction products were
analyzed by electrophoresis through a denaturing polyacryl-
amide gel. A sequence ladder was generated by using the same
primer for a sequencing reaction with Sequenase (used as
instructed by the manufacturer [U.S. Biochemical]).
RNase protection assays. Templates were prepared from

plasmids containing either the wild-type or mutated 1.2-kb
HindIII-EcoRI fragment (see Fig. 2A) under the control of the
T7 promoter. Plasmids were linearized with HindlIl, gel
purified, and diluted to a final concentration of 100 ng/pl. In
vitro transcription was performed for 60 min at 37°C in a final
volume of 20 RI containing 40 ,uCi of [ot-32P]UTP, 500 ng of
template DNA, 500 ,uM each ATP, GTP, and CTP, 5 mM
dithiothreitol, 40 U of RNasin (Promega), and 20 U of T7
RNA polymerase in 40 mM Tris-HCl (pH 7.5)-6 mM MgCl2-2
mM spermidine-10 mM NaCl. After treatment with RQ
DNase (22 U, 37°C, 30 min), the sample was extracted with
phenol-chloroform, and the probe was precipitated with am-
monium acetate and taken up in diethylpyrocarbonate-treated
water at a concentration of 500,000 cpm/pl,. For each assay, 15
to 40 ,ug of total cellular RNA was precipitated, washed, and
dissolved in 30 RI of hybridization buffer [40 mM piperazine-
N,N'-bis(ethanesulfonic acid) (PIPES)-NaOH (pH 6.4), 1 mM
EDTA, 0.4 M NaCl, 80% deionized formamide]; 1 [lI of the
labelled RNA probe was added, and the sample was heated to
90°C for 3 min and then incubated at 46°C for 15 h. Next, 300
RI of RNase A (40 mg/ml) and 300 ,lI of RNase T1 (2 mg/ml)
(both in 20 mM Tris-HCl [pH 7.4]-5 mM EDTA-400 mM
NaCl) were added, and samples were incubated for 1 h at 37°C.
Finally, the samples were incubated with proteinase K (200 ng)
and sodium dodecyl sulfate (final concentration, 0.3% [wt/
vol]), extracted twice with equilibrated phenol, precipitated,
and analyzed by electrophoresis in a 7.5% polyacrylamide-7 M
urea gel.

Cell culture and transient transfection assays. MycER-
transfected RATIA (RATlA-MycER) cells were grown as
described previously (25). Stable transfection mixtures con-
tained 8 ,ug of prothymosin a- reporter plasmid and 2 ,ug of
pSV2hygro (kind gift of David Schatz); resistant colonies
appeared in 200 mg of hygromycin per ml after 10 to 14 days
and were pooled. For transient transfection assays, 3 x 105 to
5 x 105 CV-1 or HeLa cells were plated into 60-mm-diameter
dishes in Dulbecco modified Eagle medium containing 10%
fetal calf serum and grown overnight. Four hours before
transfection, they were refed. Transfections were carried out
with a standard calcium phosphate protocol (55). The total
amount of DNA was kept constant in each transfection by
adding equal amounts of expression plasmids. In all experi-

position indicates sequence identity to the cDNA, and an asterisk
indicates a deletion; insertions are shown with their sequences. Phage
12 is identical to the cDNA within the coding region and has an intron
at the same position as the expressed human gene (27).
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FIG. 2. The cloned prothymosin a gene is a target for regulation by
c-myc in vivo. (A) Strategy used to distinguish RNA derived from the
transfected gene from the endogenous prothymosin a RNA. The
diagram shows the positions of the MluI sites used for tagging the
transfected gene and the sequence of this site after mutation. In vitro
transcription lo generate the 32P-labelled probe was performed with
the EcoRI-HindIII fragment. (B) Pattern of protected RNAs obtained
from three pools each of vector-only transfected cells (Con) or of three
pools of cells transfected with the genomic tagged prothymosin a clone
(Tx). RNase protection assays were carried out with either the
wild-type (wt) or mutated (mut) probe, as indicated. Positions of the
upper bands correspond to the expected sizes of 224 and 220 bp; those
of the lower bands correspond to the expected size of 150 bp. The
other fragment expected upon cleavage (70 bp) was also detectable on
the original autoradiogram (not shown). (C) RNase protection assays
from RATlA-MycER cells stably transfected with tagged genomic
prothymosin a clones carrying either 2.6 kb (lanes 1 and 2) or 250 bp
(lanes 3 and 4) of sequence upstream of the start site of transcription.
RNA was isolated from confluent cells before (-) or after (+)
exposure to 200 nM estrogen for 24 h and probed with an antisense

ments, RSV-,gal (kind gift of G. Schutz) was used to control
for transfection efficiencies; expression of this promoter was
not significantly affected by either CMV-MYC or CMV-MAX
expression vectors. After 24 to 48 h, cells were harvested and
subjected to three freeze-thaw cycles. Luciferase and galacto-
sidase activities were determined as described previously (38).
Each assay was performed three times independently, and each
experiment was repeated at least twice. Western blots (immu-
noblots) of transiently transfected cells were prepared as
described elsewhere (36), using monoclonal antibody 3C7 (28).
CMV-MAX expression vectors and mutant derivatives

thereof were kind gifts of G. Prendergast. CMV-MYC was
constructed by excising the human c-myc cDNA from
pSP65cmyc (24) and inserting it into pUHD10-1 (20). Mutant
alleles of c-myc have been described elsewhere (48c, 59).
Fragments carrying the mutations were transferred into CMV-
MYC. In each case, the identity of the mutations was verified
by sequencing.

RESULTS
To identify the rat prothymosin a. gene, a Southern blot of

rat genomic DNA was probed with a 32P-labelled cDNA probe
(25). The result of this experiment is shown in Fig. 1A. Upon
digestion with a number of different restriction enzymes,
numerous fragments hybridized to the cDNA probe, suggest-
ing that prothymosin a is encoded by a multigene family.
Reprobing of the blot with a single copy gene confirmed that
the bands were not due to partial digestion of the genomic
DNA (not shown).
The human gene family encoding prothymosin ax has been

characterized extensively (27, 43, 61). It consists of one ex-
pressed gene and several silent pseudogenes; these pseudo-
genes lack introns that are present in the expressed gene (27).
We speculated that a similar situation might exist in the rat
genome. To test this, we purified 30 independent phages that
hybridized with prothymosin a cDNA from a genomic library.
From each of these phages, PCR was performed with two
primers homologous to rat sequences that would be present in
exons 3 and 4 of the human gene (Fig. 1B). The products of
this reaction were subcloned into a plasmid vector and se-
quenced, and 12 different sequences were obtained (Fig. 1C).
The results show that 11 of the 12 sequences contained no
intron at a position equivalent to that of intron 3 of the human
gene; each of these phages contained several mutations that
rendered it unable to encode the rat cDNA. In contrast, one of
the phages (designated phage 12 in Fig. 4C) carried a gene
with an intron at exactly the same position as the human gene
and with a sequence identical to the rat cDNA sequence
outside this intron. Therefore, the rat prothymosin at gene
family most likely also consists of several processed pseudo-
genes and one expressed gene. Genomic DNA from phage 12
was isolated and found to contain the entire coding region of
the prothymosin ao gene and 2.6 kb of sequence upstream of
the start site of transcription as well as 2 kb downstream of the
polyadenylation site (not shown).
To determine whether the clone that we had isolated

contained all of the responsive elements required to be regu-

probe corresponding to the mutated (transfected) allele. The clone
containing 250 bp of promoter sequence was expressed at lower levels
relative to the endogenous gene; therefore, the endogenous RNA is
overexposed on the autoradiogram. As a control, equal aliquots of the
RNA were subjected to Northern blotting and probed for the amount
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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lated by c-myc in vivo, we subcloned the entire genomic DNA
present in phage 12 into a plasmid vector. Subsequently, a
single MluI site present in exon 1 was mutated (Fig. 2A), and
the mutated plasmid was transfected together with a hygromy-
cin resistance vector into RATlA cells expressing the MycER
protein. Resistant colonies were pooled and analyzed for
expression of the transfected gene. To distinguish RNA de-
rived from the transfected gene from endogenous prothymosin
a RNA, RNase protection assays were carried out with probes
corresponding to either the wild-type or the mutated sequence
(Fig. 2A). The controls for this experiment are shown in Fig.
2B. RNA isolated from three pools transfected with a hygro-
mycin resistance vector alone showed one band corresponding
to the full-length protected probe when probed with a wild-
type probe and one band of the expected cleaved size when
probed with the mutated probe. Protection assays with RNA
isolated from cells transfected with the mutated prothymosin a
gene showed in addition a second band that was fully protected
from RNase digestion by the mutated probe and cleaved by
RNase in the presence of the wild-type probe. These data show
that it is possible to detect both exogenous and endogenous
prothymosin a RNAs simultaneously.
To determine whether the cloned gene responds to activa-

tion of c-myc, transfected cells were grown to confluence and
RNA was isolated before or after exposure to 250 nM estro-
gen. RNase protection assays were carried out with a mutated
prothymosin ao probe as before. The results (Fig. 2C, lanes 1
and 2) show that both the endogenous and the transfected
gene respond to activation of c-myc, demonstrating that the
cloned gene carries all cis-acting elements necessary for regu-
lation by c-myc. Under these conditions, the amount of glyc-
eraldehyde-3-phosphate dehydrogenase RNA was not affected
by activation of c-myc (Fig. 2C, lower panel). Identical results
were obtained with a clone that contained only 250 bp of
sequence upstream of the transcription start site (Fig. 2C, lanes
3 and 4). The data show that the cloned prothymosin at gene is
an in vivo target for regulation by c-myc.
To identify the promoter of the prothymosin a gene, primer

extension analysis was carried out and the start site of tran-
scription was determined. The result of this experiment is
shown in Fig. 3A. Figure 3B shows the sequence surrounding
the start site of transcription. Two major start sites located 30
bp downstream from a potential TATA element were identi-
fied. Sequences upstream of the start site had strong promoter
activity in transient transfection experiments (data not shown).
To determine whether the promoter is a target for regulation
by c-myc, transient transfection experiments were performed in
CV-1 cells with two reporter plasmids that carry either 2.6 kb
or 250 bp of sequence upstream of the transcriptional start site
in front of a luciferase reporter gene. In these experiments, we

'/ 7l
, 41 41

9'1~C",-C -14

FIG. 3. The prothymosin a promoter is not a target for regulation
by c-myc. (A) Primer extension analysis demonstrating the two major
start sites of transcription observed in RATlA cells. Lane 1 contains a
control with yeast tRNA; lanes 2 and 3 contain 5 and 15 ,ug each of
total cellular RNA; lanes 4 and 5 are shorter exposures of lanes 2 and
3, respectively. (B) Sequence of the rat prothymosin a gene around the
start site of transcription in comparison with the human DNA se-

quence (27). The fragment shown corresponds to the upstream
sequence present in the clone used for the RNase protection assays
shown in Fig. 2C (lanes 3 and 4). Arrows indicate the start sites of
transcription. (C) Transient transfection assays in CV-1 cells with
reporter plasmids carrying either a 2.6-kb (pX-2.6proT) or 250-bp
(pX-0.25proT) promoter fragment in front of a luciferase reporter
gene. Shown is the response to both CMV-MYC and CMV-MAX.
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FIG. 4. Sequences downstream of the start site of transcription mediate regulation by c-myc and Max. Shown are transient transfection assays

with either tk81luc or ProTtk8lluc as the reporter plasmid in CV-1 cells. (A) Response of tk8lluc and ProTtk81luc to increasing amounts of
CMV-MYC (upper panel). The lower panel shows the induction by expression of c-myc of ProTtk811uc relative to tkluc. (B) Titration of both
CMV-MYC and CMV-MAX on ProTtk8lluc. (C) Effects of different mutants of Max on expression of ProTtk81luc in the absence (-MYC) or

presence (+MYC) of CMV-MYC. In each experiment, 0.5 ,ug of effector plasmid was used. MaxRR carries two point mutations in the basic
domain that abolish its ability to bind to DNA; MaxALZ carries a deletion of the leucine zipper (49).

consistently observed a slight inhibition by cotransfection of
c-myc; no significant response to expression of Max was seen

(Fig. 3C). A control experiment using a synthetic reporter
plasmid that carried multiple E boxes in front of a simian virus
40 minimal promoter showed that this construct was activated
fivefold by expression of c-myc relative to a similar reporter
lacking E-box sequences (not shown). When stably reintro-
duced into RATlA-MycER cells, the prothymosin ot promoter
had strong constitutive activity that was not down regulated in
confluent cells and did not respond to addition of estrogen (see
Fig. 6A; also data not shown). We conclude that the promoter
of the prothymosin ox is not a target for regulation by c-myc.

Therefore, we wished to determine whether sequences
downstream of the start site of transcription contain a cis-
responsive element that is regulated by c-myc. Sequences
downstream from the transcriptional start site were cloned in
front of a herpes simplex virus type 1 thymidine kinase minimal
promoter in a luciferase reporter plasmid (tk8lluc, generating
ProTtk8IIuc) (47). This plasmid was transiently transfected
into CV-1 cells together with increasing amounts of a CMV-
MYC expression vector. As a control, tk8l1uc was transfected
into the same cells. The results are shown in Fig. 4A.

Even at low concentrations, expression of c-myc leads to a

two- to threefold repression of expression from tk8l1uc relative
to control transfections. Similar results were obtained with a

simian virus 40 minimal promoter, suggesting that c-myc can

repress core promoter elements in these transfection assays

(not shown; see also Fig. 3C) (1). In contrast, ProTtk811uc was
stimulated by low concentrations of c-myc; relative to tk8lluc,
expression of c-myc mediated a three- to fourfold activation of
the prothymosin ot promoter, similar to the fivefold regulation
by MycER observed in vivo (25). We conclude that sequences
downstream of the transcription start site mediate activation by
c-myc.
To test whether expression of prothymosin ox is affected by

Max, the experiment was repeated in the presence of increas-
ing amounts of a CMV-MAX expression plasmid. Expression
of Max did not affect the activity of the tk8lluc reporter
plasmid (Fig. 5A). The results obtained with ProTtk8lluc (Fig.
4B) showed that expression of Max reduced the basal activity
of this construct and abolished transactivation by c-myc in a

dose-dependent manner. Repression by Max required an

intact leucine zipper but not an intact DNA-binding domain
(Fig. 4C), suggesting that Max could repress expression of
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FIG. 5. The cis-responsive element for regulation by c-myc is localized within the first intron. (A) Transient transfection assays with a series of
deletion mutants of ProTtk8Iluc. Indicated at the right is the degree of transactivation by CMV-MYC and repression by CMV-MAX relative to
the basal activity of each reporter and the basal activity of each reporter relative to tk8lluc. (B) Sequence of the 1,109-bp BbsI-EcoRI fragment
shown in the fourth line of panel A. The consensus Myc-binding site is boxed; the 36-bp oligonucleotide used as a reporter in panels C and D is
underlined. (C and D) Transient transfection assays with either CMV-MYC or CMV-MAX. (C) The CACGTG sequence was disrupted within
the BbsI-MluI reporter plasmid by insertion of either an EcoRI or BglII linker. (D) A 36-bp oligonucleotide spanning the CACGTG site was

synthesized and inserted into tk8lluc. Shown is the response to increasing amounts of CMV-MYC and to CMV-MAX.

ProTtk8lluc either by forming homodimers or by sequestering
Myc upon formation of nonfunctional heterodimers. Similarly,
mutant alleles of Myc that are deficient for dimerization with
Max failed to activate the prothymosin a gene (see Fig. 7),
suggesting that prothymosin cx is indeed activated by a hetero-
meric Myc/Max complex (see Discussion).
A series of deletion constructs was used to localize the

cis-responsive elements within the prothymosin cx gene. Figure
5A indicates which constructs could be activated by c-myc and
repressed by Max and shows the basal activities of these
constructs relative to tk8lluc. The results show that the
c-myc-responsive element is localized within a 1,109-bp BbsI-
EcoRI fragment contained within the first intron. The data also
demonstrate that intron 1 contains at least two distinct ele-
ments that affect basal promoter activity: first, a silencer

element is located within the 5' half of the intron, and second,
an enhancer element overlaps the c-myc-responsive element.
The sequence of the BbsI-EcoRI fragment was determined
(Fig. SB) and found to contain a single consensus Myc-binding
site (CACGTG; boxed in Fig. 5B). Two experiments were

performed to demonstrate that this element is both necessary

and sufficient to mediate the response to c-myc. First, the E box
was disrupted in a reporter plasmid that carried the BbsI-MluI
fragment (Fig. 5A) by insertion of two different oligonucleo-
tides within the central CACGTG. Second, a 36-bp oligonu-
cleotide spanning this E box was synthesized (underlined in
Fig. 5B) and cloned in front of tk8lluc. Transient transfection
assays were performed as before, and the results are shown in
Fig. 5C and D. The data demonstrate that disruption of the
CACGTG sequence abolishes the response of the BbsI-MluI
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1 AGTCTTCAGA ACAGAGGGTA CCCATCAGCC AAAGTGCTGA AAACTAAACA

51 AAGCTGACTT ACAGAACTAA TGTGTCACTG GCTACTTAGC CACCCTGGAG

101

151

201

251

301

351

401

TGTTAGAGGA TGGGCCATAG ATCTCTCTAC TCAAGGCCTG TATCCAAATC

CTGACTCCCA TCTTCTGGAT ACATCGAAAA CAAGGCAGTC AGGTGTTGAC

TCAAGGCTCA CATATGGCAC CACAGCCACA AACCCGCCAG CCAGGCAGAC

AAGCTCGGGA ACTGTCTCCC TCACCTGCAC GCCCTTTGCC GCCGGTTTCC

AGCTAGAGGG AGCTCCACCC CTCAGAAACC CTTCTTGGAA GGCGGTGGCT

GTGTGCATAA ATAAATAAGG TATTGAAGGG AGGAGCCAGT CGATGGTCAG

TAGCTCAGGG ATGGATGGGG AGAATCTGGA TGGAGATCAG GAAGCGCTTG

451 AGCATGCAGA CACCCCCCAC TTCCAAATCA CCAGTCATGC TTGGTACTAC

501 AGGCCTTCCT AGCCTCCATA ACCCAAAGCA AGTAGCAAGC TAGCACTTTG

551 GAAACTGGCG GCTTCGGGGC GGGACCGTGT GTAACTTTTC CACTCCATGG

601 CTCAACGGTG GGACCACCAG GAAGGCCAGG CACATAGTCG AGCTAGTCCT

651 GCGGGGCCCA CCCCCTGGGT TACCTGCTGG GGTTGGTGGG TTCGCGCCCA

701 CCGAAGGCCT GCGTCGGACC CCATTGCACC CGTTCCGCCC CTGGTGCCGA

751 AGCCCGGGGG AGTGGGTGGG GGCGGGGTGG CTCAGGCGCA CCGCTCACCC

801 AGAGAACTAC GCGGCGAGCC TCGGCACGCA CCGCGCGCAA CGA 4H

851 GCCTGGGGCG CCAAGTGCGC CCTGTGCCCT GGAGACCCAA GGTACGCTTT

901 CATCTAGGTG AGCGAGTTTG CCGCTGGAG GAAAGCGCGC TACGTGCTGCC

951 CCCTTGGAT CGCGACTGAG GGTCAACACG CGGCTTCGGG CTGCAATTTTG

1001 GCGCGCAAC GTCCGGCGTT AAGTCACCGG GGTATTGGAG CTTCTGAGCTC

1051 GGAGCCTCG AGACCGTCGG GGGCGCACTC CCCAGAAGGG TCGAACTCGCG

1101 GGAATTC

FIG. 5-Continued.

reporter plasmid to c-myc and Max (Fig. 5C). In contrast, a
short oligonucleotide spanning this sequence mediates a re-
sponse to transfection of either effector plasmid (Fig. 5D).
Similar results were obtained when this element was cloned in
front of a 250-bp fragment of the prothymosin a promoter (not
shown). Taken together, these data define an E box localized
within the first intron as the c-myc-responsive element of the
prothymosin ax gene. The basal activity of the 36-bp reporter
construct was comparable to that of the entire BbsI-EcoRI
fragment, showing that the enhancer element localized in the
first intron overlaps the c-myc-responsive element. Gel shift
experiments with either Max or the DNA-binding domain of
Myc (AMyc) synthesized in a reticulocyte lysate demonstrated
that both proteins recognize this element with high affinity
(data not shown).
To show that the element that we have identified is regulated

by Myc in vivo, we stably integrated the reporter plasmids
shown in Fig. 5A into RATlA-MycER cells and tested whether
they were activated in response to addition of estrogen.
RATlA-MycER cells were cotransfected with the indicated
plasmids and a hygromycin resistance plasmid. Resistant col-
onies were selected, pooled, and grown to confluence (25).
Estrogen or, in control experiments, ethanol was added, and
cells were harvested 8 h later. The results (Fig. 6A) show that
reporter constructs carrying an intact but not a disrupted E-box
element are activated by MycER in vivo. The promoter of the
prothymosin a gene does not respond to activation of MycER
(two leftmost bars). These results confirm those obtained in
transient transfection assays; they show that the E-box element
in the first intron is both necessary and sufficient to mediate a
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FIG. 6. Activation by c-myc occurs in vivo and is cell type specific.
(A) Activation by MycER in vivo. The indicated reporter plasmids (see
Fig. SA) were stably integrated into RATlA-MycER cells (see Mate-
rials and Methods). Shown is the specific luciferase activity in response
to addition of 200 nM estrogen (+) relative to untreated cells (-); cells
designated HO (rightmost lane) were treated with 200 nM hydroxy
tamoxifen instead of estrogen. (B) Transient transfection assays in
HeLa cells. Shown are the results of transient transfection assays with
the indicated reporter plasmids.

response to Myc in vivo. Activation in MycER cells was
observed both in response to estrogen (leftmost lanes) and in
response to hydroxytamoxifen (rightmost lane), similarly to
what is observed for the endogenous gene (25).
We were concerned about the low level of activation by Myc

observed in CV-1 cells; to determine whether activation of this
element by Myc might be cell type specific, we transfected
reporter constructs carrying the intron E-box element into
several different cell lines. We observed that the degree of
stimulation of this element by Myc varied strongly among
different lines; in particular, a 20-fold stimulation was observed
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FIG. 7. Domains of Myc required for transactivation of prothymo-

sin a. (A) Results of transient transfection assays with the 36-bp E-box
reporter construct in CV-1 cells. The amino acids mutated in each
construct are indicated below each bar. (B) Western blot using
monoclonal antibody 3C7 (28) documenting expression of the different
alleles of Myc after transient transfection into CV-1 cells.

in HeLa cells (Fig. 6B). Our data suggest that the element that
we have identified mediates a cell-type-specific response to
Myc; this is reminiscent of the behavior of the endogenous
gene, which is regulated by c-myc in RAT1A, but not BALB/c
3T3 cells (23a).

Finally, we wished to determine which domains of Myc are
involved in regulation of prothymosin a. Transient transfection
assays were performed as before with a number of mutant
alleles of c-myc that affect different domains of the protein.
Control experiments show that all mutants are expressed at
equivalent levels in these transient transfection assays (Fig.
7B). The data (Fig. 7A) show that the integrity of both the
helix-loop-helix and leucine zipper domains is critical for
activation of prothymosin a. All mutants in either of these
domains abolish transactivation of prothymosin a by c-myc; in
vitro immunoprecipitation assays show that all of these mu-

tants also abolish the association of Myc with Max (48b).
Second, the data show that an amino-terminal domain previ-
ously shown to be critical for transformation (A104-136) is also
critical for transactivation; in contrast, smaller deletions within
the amino terminus affected transactivation only moderately.

DISCUSSION

In this report, we show that regulation of prothymosin at by
c-myc occurs via an E box localized within the first intron of the
prothymosin a gene. c-myc had been suggested to regulate
genes via E boxes mainly because of its ability to bind to these
sequences in vitro and to transactivate synthetic reporter
plasmids that carry E boxes in front of a minimal promoter
(see the introduction). Evidence that c-myc regulates genes via
such sequences in vivo is still limiting. The prothymosin ao gene

C A C G T G G C C T G G G G C G prothymosin-a
C A C G T G C C C G G G G C C C human ODC MycBoxl
C A C G T G T C G C G A G G C C C G rodent ODC MycBoxl
C A C G T G C C C C G G G G C C hamster ODC MycBox2

C A C G T G G C C G G A G G C T rat ODC MycBox2

C A C G T G G C C N G G G G C consensus
C G A C C

FIG. 8. Sequence comparison of several Myc response elements.
Shown are the sequences surrounding the core CACGTG sequence
from the Myc response elements of the prothymosin a gene and of
human, rat, and hamster ornithine decarboxylase genes (7) together
with a potential consensus sequence.

had been isolated as a c-myc-inducible gene by subtractive
hybridization from a cell line that carries a hormone-inducible
allele of c-myc (25). Our finding that the cis-responsive ele-
ment in the prothymosin at gene contains a consensus E-box
(CACGTG) sequence provides strong support that c-myc
indeed activates genes via this sequence in vivo. Similar
conclusions have recently been drawn from the analysis of the
ornithine decarboxylase (7, 62), p53 (52), and ECA39 (8)
genes, other genes that have been suggested to be regulated by
c-myc.

Transcriptional activation by c-myc has been shown to
depend on heterodimerization with Max (3, 41); it is not clear,
however, whether Max is the only partner protein of Myc.
Transcription of ornithine decarboxylase has been suggested to
be activated by Myc in association with a partner protein other
than Max (7). Support for this notion came from the finding
that mutants of Myc that are unable to associate with Max were
still capable of activating transcription of the ornithine decar-
boxylase gene. In contrast, all mutants of Myc that failed to
associate with Max (In412, A370-412, and A412-434) (48a) also
failed to transactivate transcription of prothymosin a (Fig. 7).
This finding suggests that prothymosin a is activated by a
Myc/Max complex. Consistent with this idea is our recent
finding that MycER proteins associate with Max in a hormone-
dependent manner (48c), providing a mechanistic model for
how transcription of prothymosin a is induced by hormone in
cells that carry MycER chimeras. However, it has been sug-
gested that placing the cis-responsive element (which is found
downstream of the transcription site in the ornithine decarbox-
ylase, prothymosin a, p53, and ECA39 genes) in front of a
minimal promoter may affect the outcome of the mutant
analysis that we performed (14a). Further work is necessary to
resolve this issue.
Many cell lines express a number of proteins that can bind to

E-box sequences with a sequence specificity very similar or
identical to that of Myc (10); these include USF (32), TFE-3
(6), and AP-4 (35). In nuclear extracts from RATlA cells, USF
is the predominant binding protein when a gel shift experiment
is performed with the prothymosin a E box (56a), raising the
question of why prothymosin a responds to activation of Myc
in vivo. It is possible that although proteins other than Myc can
bind to this sequence, they fail to activate after binding. Similar
observations have been published for the achaete-scute pro-
tein, which binds to E boxes found in many muscle-specific
genes but fails to activate transcription of these genes (19).
Alternatively, binding of Myc to and/or transactivation by Myc
from this sequence in vivo could be favored via protein-protein
interactions with other factors binding to the prothymosin at
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intron, possibly close to the CACGTG element. Support for
this idea comes from the finding that synthetic reporter
constructs that carry E boxes in front of a minimal promoter
(and that would presumably lack such additional interactions)
are, in contrast to prothymosin a, not activated by MycER in
vivo (56a). Also, the E box that we have identified is not the
only CACGTG element present in the prothymosin ox gene;
the promoter also contains such an element but did not
respond to Myc in either transient or stable assays. Sequence
comparison with the c-myc-responsive region of the ornithine
decarboxylase gene reveals that the homology between the two
elements extends significantly beyond the E box (Fig. 8),
suggesting that factors other than Myc or Max might bind in
the vicinity of and affect proteins binding to the E boxes. The
availability of a Myc response element from an in vivo target
gene of c-myc provides a useful model with which to address
this question.
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