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The alternatively initiated c-Myc proteins
ditferentially regulate transcription
through a noncanonical DNA-binding site
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The myc proto-oncogene family has been implicated in multiple cellular processes, including proliferation,
differentiation, and apoptosis. The Myc proteins, as heterodimers with Max protein, have been shown to
function as activators of transcription through an E-box DNA-binding element, CACGTG. We have now
found that the c-Myc proteins regulate transcription through another, noncanonical, DNA sequence. The
non-AUG-initiated form of the c-Myc protein, c-Myc 1, strongly and specifically activates transcription of the
C/EBP sequences within the EFII enhancer element of the Rous sarcoma virus long terminal repeat. In
contrast, comparable amounts of the AUG-initiated form, c-Myc 2, fail to significantly affect enhancer
activity. However, both c-Myc proteins trans-activate the CACGTG sequence comparably. In addition,
Myc/Max heterodimers, but not Max homodimers, bind to the EFII enhancer sequence in vitro. Finally, c-Myc
1 overexpression, but not c-Myc 2 overexpression, significantly inhibits cell growth. These results reveal new
transcriptional activities for the Myc proteins and demonstrate that the different forms of the Myc protein are

functionally distinct. These results also suggest an interplay between two different growth regulatory

transcription factor families.
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Numerous reports have demonstrated a fundamental
and diverse role for the c-myc gene in cellular events,
including proliferation, differentiation, and apoptosis
(Cole 1986; Askew et al. 1991; Spencer and Groudine
1991; Evan et al. 1992). The control that c-myc exerts
over normal growth regulation is illustrated by the many
types of tumors that are associated with an alteration of
the c-myc locus in a variety of species, including humans
{Cole 1986; Spencer and Groudine 1991). Although little
is known about the molecular basis of how the Myc pro-
teins influence these varied cellular events, high-level
Myc expression results in the repression or activation of
several genes (Luscher and Eisenman 1990). As a hetero-
dimer with the Max protein (Blackwood and Eisenman
1991; Prendergast et al. 1991}, Myc protein binds to the
E-box sequence, CACGTG, termed the EMS (E box myc
site) sequence (Blackwell et al. 1990; Prendergast and
Ziff 1991). Both Myc/Max heterodimers and unphospho-
rylated Max homodimers have been found to bind to the
CACGTG sequence (Blackwood and Eisenman 1991;
Berberich and Cole 1992; Kato et al 1992), as have the
related transcription factors, USF (Gregor et al. 1990),
TFEB (Carr and Sharp 1990), TFE3 (Beckmann et al.

3Corresponding author.

1990), and AP-4 (Hu et al. 1990). Using an artificial target
sequence containing the EMS site, it has been shown
that ¢c-Myc protein activates transcription in mamma-
lian cells and yeast, albeit modestly, whereas Max re-
presses transcription (Kretzner et al. 1992; Amin et al.
1993). Recently, specific genes containing EMS se-
quences have been found to be activated by c-Myc pro-
tein, including the p53 gene (Reisman et al. 1993), the
embryonically expressed gene ECA39 (Benvenisty et al.
1992} and the ornithine decarboxylase gene (Bello-
Fernandez et al. 1993).

The structural features of c-Myc protein that appear to
be important for sequence-specific DNA binding and
Max binding are contained within the carboxy-terminal
region of the protein. These features consist of two pro-
tein dimerization motifs, a helix-loop-helix (HLH} do-
main and a leucine zipper (LZ) domain, and a basic re-
gion (b) necessary for DNA binding once dimerization
has occurred (Davis et al. 1990; Voronova and Baltimore
1990). The significance of having two dimerization mo-
tifs within the Myc proteins is not known; however, the
b, HLH, and LZ regions have all been shown to be es-
sential for biological activity (Stone et al. 1987; Dang et
al. 1989; Amati et al. 1993). Although the carboxyl ter-
minus of Myc is necessary and sufficient for sequence-
specific DNA binding and dimerization, the amino-ter-
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minal domain appears to be necessary for trans-activa-
tion (Kato et al. 1990; Kretzner et al. 1992).

A distinctive feature of the myc gene is that it encodes
two amino-terminally distinct proteins. Two transla-
tional forms of the Myc protein exist for all species of
c-Myc examined thus far (Hann and Eisenman 1984;
Hann et al. 1988}, as well as for N-Myc {Ramsay et al.
1986) and L-Myc proteins (Dosaka-Akita et al. 1991). The
c-Myc 1 protein arises from an upstream non-AUG
translational start site and thus contains an amino-ter-
minal extension of 14 amino acids compared with c-Myc
2 protein (Hann et al. 1988). There are several lines of
evidence to suggest a functional significance for c-Myc 1
protein in cell growth and tumorigenesis. The synthesis
of c-Myc 1 is disrupted in many human Burkitt’s lym-
phomas and avian bursal lymphomas (Hann and Eisen-
man 1984; Hann et al. 1988; G. Spotts and S. Hann,
unpubl.). In addition, these two forms of c-Myc protein
are differentially synthesized during cell growth. At high
cell density the normally inefficient non-AUG initiation
event is activated, resulting in a predominance of the
c-Myc 1 protein (Hann et al. 1992). These observations
suggest a growth inhibitory role for c-Myc 1 protein,
whereas c-Myc 2 and v-Myc proteins have long been
shown to be growth stimulatory (Cole 1986; Spencer and
Groudine 1991).

In this report we describe a functional difference for
the two forms of the c-Myc protein in the control of
transcription and growth. Through an investigation of
factors that specifically bind and influence the activity of
enhancer elements within the Rous sarcoma virus (RSV)
long terminal repeat (LTR), we examined the activity of
Myc proteins on the transcriptional activation by a spe-
cific enhancer element, EFIL. The EFII cis element {Sealy
and Chalkley 1987; Sears and Sealy 1992] consists of two
nearly direct repeat sequence elements that do not con-
tain EMS-binding sites. The upstream 15-bp repeat con-
tains a consensus binding site (TT/ JNNG</AAT/ ) for
the CCAAT/enhancer-binding protein (C/EBP) family of
transcription factors, whereas the downstream 13-bp re-
peat contains a related, but lower affinity C/EBP site
{Sears and Sealy 1992). The C/EBP family consists of
several related transcription factors that appear to be im-
portant in the regulation of growth and differentiation
{Caoetal. 1991; Umek et al. 1991). The EFII element has
been shown to be a binding site for C/EBPB (NFIL-6) in
nuclear extracts (Wegner et al. 1992; Sears and Sealy
1994), as well as purified C/EBPa (Ryden and Beemon
1989}, and two recombinant fusion proteins, B-galactosi-
dase-Ig/EBP-1 {C/EBP1) (Roman et al. 1990) and al/EBP-
GST (Bowers and Ruddell 1993) in vitro. In addition, the
C/EBPB protein has been shown to trans-activate the
EFII enhancer element in pituitary cells (Wegner et al.
1992). Herein, we demonstrate that the c-Myc proteins
also regulate the transcriptional activity of the EFII en-
hancer element through C/EBP-binding sequences and
that the alternative forms of the Myc protein differen-
tially regulate EFIl-mediated transcription. We also show
that Myc/Max heterodimers, but not Max homodimers,
can bind the EFII enhancer sequence in vitro. In addition,

2442 GENES & DEVELOPMENT

the two alternatively initiated forms of c-Myc have dif-
ferential effects on cell growth.

Results

Differential trans-activation of the EFII enhancer
element by two translational forms of c-Myc

To examine the ability of the c-Myc proteins to regulate
transcription, the overexpression of the c-Myc proteins
in mammalian cells was required. Also, because there
are at least two c-Myc proteins differing at their amino
termini, it is possibile that the different forms have dif-
ferent trans-activation abilities. To allow for selective
synthesis, we performed site-directed mutagenesis as il-
lustrated in Figure 1A on the murine c-myc cDNA as we
had done previously with the human c-myc 1 cDNA
(Hann et al. 1988). The AUG-initiated c-Myc 1 protein
synthesized from this optimized cDNA is identical with
the CUG-initiated protein, because a methionine is used
to initiate at both non-AUG and AUG start codons (Don-
ahue et al. 1988; Peabody 1989). To distinguish the ex-
ogenous overexpressed murine c-Myc proteins from the
same or similar-sized endogenous c-Myc proteins of mu-
rine, human, or closely related mammalian species, we
also changed the penultimate carboxy-terminal amino
acid in the murine c-myc ¢cDNA from a glycine to an
arginine residue, as found in avian c¢c-Myc proteins. This
enabled specific recognition of the exogenous c-Myc pro-
teins with a peptide antibody directed against the car-
boxyl 12 amino acids of the avian c-Myc protein (anti-
av-myc 12C). The altered cDNAs were then placed into
a vector for in vitro transcription and translation and for
overexpression in eukaryotic cells. In vitro translation of
RNA from these constructs yielded the predicted murine
c-Myc 1 or 2 proteins, as illustrated in Figure 1B. COS
cells stably expressing the exogenous ¢c-Myc 1 or 2 pro-
teins were then generated for trans-activation assays by
transfection with the cytomegalovirus (CMV}-Myc 1 or
CMV-Myc 2 vectors. The expression of the exogenous
¢c-Myc proteins was quantitated by immunoprecipitation
using the anti-av-myc 12C serum. As shown in Figure
1C, the transfected COS cells synthesized either the
c-Myc 1 or 2 protein in comparable amounts. The anti-
av-myc 12C serum did not recognize the endogenous
c-Myc proteins (Fig. 1A, control lane). The appearance of
the ¢c-Myc 1 and 2 proteins as doublets in vivo was most
likely the result of post-translational modification. Sim-
ilar modified forms of c-Myc 1 and 2 have been observed
previously in several different cell types (Spotts and
Hann 1990).

Having the capability to selectively synthesize com-
parable amounts of c-Myec 1 or 2 protein in the COS cells
allowed us to examine the ability of each of the c-Myc
proteins to regulate transcription through the RSV LTR
enhancer elements using standard trans-activation as-
says. We initially used the chloramphenical acetyltrans-
ferase (CAT) reporter plasmid, ((EFI];CAT), which con-
tains minimal LTR promoter sequences {e-CAT), linked
to six copies of the EFII sequence (Sears and Sealy 1992).
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Figure 1. Selective synthesis of c-Myc 1 or 2 protein in vitro or
in vivo. {A) Site-directed mutagenesis of the initiator codon for
the murine c-Myc 1 protein was performed as described in Ma-
terials and methods. The indicated alterations were designed to
allow for optimal synthesis of c-Myc 1 or ablation of c-Myc 1
synthesis. (B) RNAs synthesized from the site-directed mutated
c¢DNAs described above and from the unaltered myc cDNA
were translated in a reticulocyte lysate, and the synthesized
proteins were then immunoprecipitated with anti-av-myc 12C
as described in Materials and methods. The affinity-purified
rabbit avian-specific c-myc peptide antibody {anti-av-myc 12C)
was used to detect the exogenous modified murine Myc pro-
teins expressed by the CMV-Myc vectors. (C) The c-Myc pro-
teins were immunoprecipitated with anti-av-myc 12C from sta-
ble COS cells that had been transfected with either CMV-Myc
1 or CMV-Myc 2 expression vectors. COS-1 cells stably over-
expressing the c-Myc proteins were generated as described in
Materials and methods. Untransfected COS cells (control} or
transfected cells were labeled with [**S]methionine for 20 min
and the cell lysates were equalized for TCA-precipitable counts
as described in Materials and methods.

The relative position of the EFII element in the RSV LTR
enhancer and sequence of the EFII element is illustrated
in Figure 2A. A SV40-B-galactosidase expression vector
was cotransfected to standardize for transfection effi-
ciency. The [EFIl|(CAT reporter gene and the SV40-3-
galactosidase expression vector were cotransfected into
the COS cells stably overexpressing either c-Myc 1 or 2
protein or into control COS cells. As shown in Figure 2B,
EFIl-mediated transcription was dramatically increased
in the COS cells overexpressing c-Myc 1 protein. The
EFII cis element was ~40-fold (range 10- to 40-fold) more
active in these cells compared with control cells. In con-
trast, no effect on EFII-driven transcription was detected
in cells overexpressing comparable amounts of c-Myc 2
protein. Next, we determined whether the c-Myc pro-

Differential trans-activation by c-Myc proteins

teins could trans-activate the EFIII element, another cis-
acting sequence found in the RSV LTR. This element has
a CArG DNA sequence motif (Fig. 2A), which is a bind-
ing site for the serum response factor (Boulden and Sealy
1992). The COS cells were transfected with an e-CAT
reporter construct carrying five copies of the EFIII cis
element ([EFIII;CAT) (Boulden and Sealy 1992). Figure
2B reveals that there were no significant increases in
EFIIl-dependent transcription in either the ¢c-Myc 1- or
2-overexpressing COS cells relative to the control cells.

To determine whether the C/EBP-binding sequences
were necessary for trans-activation, c-Myc l-overex-
pressing COS cells were transfected with an e-CAT con-
struct, which contained two copies of an EFII mutant
element ([EFII5'/3'mutant],CAT) lacking C/EBP sites
{Sears and Sealy 1992). As shown in Figure 2C, ¢c-Myc 1
protein failed to trans-activate the mutant EFII element.
Also, the e-CAT construct, containing only basal LTR
promoter sequences, was unaffected by c-Myc 1 overex-
pression {Fig. 2C). In contrast, the ¢c-Myc 1 protein was
able to trans-activate one copy of the EFII enhancer ap-
proximately ninefold (Fig. 2C). A reporter construct,
[EFII5'],CAT, containing tandem repeats of just the 5’
high affinity C/EBP-binding site (Fig. 2A) was also trans-
activated by the c-Myc 1 protein (data not shown). These
data suggest that the C/EBP sequences are necessary for
trans-activation and that the higher affinity 5’ C/EBP
sequence is sufficient. In support of this observation,
trans-activation analysis of the related NF-IL6 (C/EBPg)
sequence from the IL6 promoter by c-Myc 1 overexpres-
sion revealed that an e-CAT construct containing two
copies of the NF-IL6 oligonucleotide was trans-activated
efficiently {data not shown).

To determine whether the c¢-Myc 1 protein could
trans-activate the EFII enhancer sequence in its natural
context within the RSV LTR, trans-activation assays us-
ing the c-Myc 1- or 2-overexpressing COS cell lines were
performed with the Schmidt Ruppin A (SRA}-CAT con-
struct containing the entire RSV LTR (Boulden and Sealy
1990). As shown in Figure 2D, the c-Myc 1 protein stim-
ulated LTR enhancer-driven transcription approximately
sixfold relative to control cells, whereas c-Myc 2 over-
expression had no effect on LTR enhancer activity.
Taken together, these results suggest that ¢-Myc 1 pro-
tein is a specific and potent activator of the EFII en-
hancer sequence of the RSV LTR.

To determine whether the c-Myc proteins also differ-
entially trans-activate through the canonical EMS se-
quence, a CAT reporter construct containing four copies
of the CACGTG sequence was transfected into the COS
cells overexpressing the different forms of the c-Myc pro-
tein. Although the overexpression of c-Myc 2 had no
effect on EFIl-mediated transcription as shown in Figure
2, both ¢-Myc 1 and 2 trans-activated the [EMS|,CAT
reporter comparably (Fig. 3). In addition, a mutated
c-Myc protein lacking the first 100 amino acids of the
amino terminus failed to trans-activate the EMS or EFII
sequence (data not shown), as was shown previously for
the EMS sequence (Kretzner et al. 1992). Therefore, these
results demonstrate that the overexpressed c-Myc 2 pro-
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Figure 2. Trans-activation of EFIl en-
hancer sequences by the c-Myc 1 protein in
COS cells. (A) The RSV LTR enhancer plus
basal promoter (e—) is diagramed to illus-
trate the relative position of the enhancer
elements EFII and EFII. The sequences of
the enhancer elements from the reporter I
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cleotide are boxed. The CArG sequence (se-
rum response factor-binding site) is under-
lined in the EFII sequence. (B) Control COS
cells {can} or stable COS cells overexpress-
ing c-Myc 1 or 2 described in Fig. 1C were
transfected with 10 pg of [EFI,CAT or
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Because continuous overexpression of Myc proteins [EMS]4 )
may cause deleterious or aberrant effects on cellular pro- con myc2 mycl
cesses, we determined whether transient expression of
the c-Myc 1 protein could also trans-activate the EFII
enhancer element. The [EFII[CAT and SV40-B-galac- - .
tosidase constructs were transiently cotransfected with .
either the CMV-Myc 1, the CMV-Myc 2 or control vec- ;
tor into COS cells. Again, to confirm that the Myc pro- - -
teins were expressed after 48 hr following transfection,
the c-Myc proteins were immunoprecipitated with anti-
av-myc 12C serum from duplicate plates of COS cells. S e -
As shown in Figure 4A, the exogenous c-Myc 1 and 2
proteins were expressed at comparable levels. The rela-
tive levels of EFII-dependent transcription were then de-
termined. Figure 4B shows that COS cells overexpressing
the c-Myc 1 protein had ~16-fold higher levels of EFII 1.0 50 47

activity than control cells or cells expressing c-Myc 2.
Overexpression of the CMV-Myc vector that allows nor-
mal synthesis of the c-Myc proteins was also examined
with the [EFII|;CAT construct. Even though this con-
struct yields higher levels of c-Myc 2 than c-Myc 1, sig-
nificant trans-activation was observed {data not shown).
To determine whether the level of c-Myc 1 expression
correlated with the magnitude of EFII trans-activation,
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Figure 3. Trans-activation of the canonical EMS sequence by
overexpression of the c-Myc proteins. Control COS cells {con) or
stable COS cells overexpressing c-Myc 1 or 2 described in Fig.
1C were transfected with 10 g of [EMS],CAT and 5ug of SV40-
B-galactosidase by calcium phosphate coprecipitation. The
B-galactosidase and CAT activities were determined after har-
vesting the cells 48 hr later. The CAT activities relative to the
control cells are shown below the lanes.
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we cotransfected the [EFII],CAT construct with different
amounts of the CMV-Myc 1 vector. As shown in Figure
4c, there was a proportionate increase in the activity of
the EFII enhancer with an increased amount of CMV-
Myc 1 DNA. COS cells overexpressing c-Myc 1 protein
also had higher levels of CAT mRNA compared with
control cells as determined by RNase protection assays,
and the relative increase in mRNA was comparable to
the increase in CAT activity observed in parallel cells
(data not shown).

To determine whether the ability of the c-Myc 1 pro-
tein to trans-activate the EFIl enhancer element is
cell type specific, we examined EFII enhancer activity
after transient cotransfection of HelLa cells, a mink epi-
thelial cell line (CCL64), or a human lung fibroblast cell
line (75) with the CMV-Myc 1 or 2 vectors and the
[EFI],CAT reporter construct. As shown in Figure 4D,
the transient overexpression of c-Myc 1 protein stimu-
lated EFII enhancer activity by 5- to 28-fold in all of the
cell lines examined. As with the COS cells, c-Myc 2
protein had a minimal effect on EFII transcription in the
HeLa and CCL64 cells; however, there was a significant
repression of EFII-driven transcription by c-Myc 2 pro-
tein in the human fibroblast line 75. This suggests that
the ability of c-Myc 2 protein to repress transcription
through EFII sequences may be dependent on the cell
type, whereas c-Myc 1 trans-activation is not limited to
specific cell types. In addition, we transiently cotrans-
fected mouse NIH-3T3 fibroblast cells with an SV40-v-
Myc expression vector and with the [EFII|(CAT reporter

5.0 0.02

determined as described in Fig. 2B. The CAT activi-
ties relative to the control cells are shown below the
lanes. {C) COS cells were cotransfected with 10 pg of
|[EFII},CAT, 5 ng of SV40—p-galactosidase, and 0, 2, or
5 ng of the CMV-Myc 1 vector. The relative CAT
activities were determined as described in Fig. 2B. (D)
The indicated cell lines were cotransfected with 10 p.g
of [EFII|(CAT, 5 pg of SV40-B-galactosidase, and 10
ng of the CMV-Myc 1, CMV-Myc 2, or control CMV
vector. After 48 hr in culture, the B-galactosidase
and CAT activities were determined as described in
Fig. 2B.

gene or the [EFII5'|,CAT reporter construct. The EFII-
mediated transcription was repressed four- to fivefold by
transient overexpression of MC29 v-Myc protein in the
NIH-3T3 cells (data not shown).

Myc/Max heterodimers, but not Max homodimers,
bind to the EFII enhancer DNA sequence.

Because the c-Myc 1 protein appeared to be a potent
trans-activator of the EFII enhancer element, we wanted
to determine whether c-Myc protein could bind to these
sequences. To examine the abilities of Myc and/or Max
to bind to the EFII enhancer sequence, we used the sol-
uble, bacterially expressed murine Myc249 protein (the
carboxy-terminal 249 amino acids) and the murine Max
protein. These proteins have been used previously to ex-
amine the ability of Myc and Max to bind to the EMS site
(Berberich and Cole 1992). Full-length Myc proteins
could not be used because they are insoluble in vitro.
Nuclear extracts containing c-Myc and Max proteins
were also not used because these extracts have failed to
show specific Myc/Max binding to the EMS sequence
(Berberich and Cole 1992; Littlewood et al. 1992). The
Myc249 and Max proteins both have amino-terminal
polyhistidine tracts that allowed purification by chroma-
tography on nickel-chelate columns. We first estab-
lished that our purified preparations of Myc249 and Max
proteins bind to the EMS site. Following dimerization,
the individual proteins or Myc/Max protein mixtures
were incubated with a radiolabeled 28-bp oligonucle-
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otide containing an “optimized”’ EMS site (Halazonetis
and Kandil 1991}, and the binding was measured by an
electrophoretic mobility shift assay (EMSA). In accor-
dance with observations published previously (Berberich
and Cole 1992; Kato et al. 1992), Figure 5A demonstrates
that both Myc/Max heterodimers and Max homodimers
bind well to the EMS sequence, although Myc249 pro-
tein, which does not form homodimers efficiently, does
not bind.

The same purified protein preparations were then used
to determine whether the Myc or Max proteins could
bind to the EFII enhancer sequence. We used a 44-bp
oligonucleotide containing the entire EFII enhancer ele-
ment (Sears and Sealy 1992). As with the EMS oligonu-
cleotide, the Myc249/Max protein mixture bound to the
EFII oligonucleotide while the Myc249 protein failed to
bind (Fig 5A). However, in contrast to efficient binding of
Max homodimers to the EMS oligonucleotide, Max pro-
tein did not bind to the EFII enhancer oligonucleotide.
These observations suggest that Myc binding to the EFII
DNA sequence, as with the EMS sequence, requires
Myc/Max heterodimerization. However, binding to the
EFII sequence is unique in that Max homodimers cannot
bind.

To confirm that Myc249 and Max proteins were
present in the shifted EMS and EFII DNA complexes, we
incubated the protein dimers with specific antibodies
against the murine Myc (anti-mu-myc 12C) or murine
Max protein before addition of the oligonucleotides. Fig-
ure 5B demonstrates that the Max antibody disrupted the
shift of the EMS oligonucleotide with Max protein.
When Myc and Max were incubated with the EMS olig-
onucleotide, both shifted complexes were disrupted with
Max antibody, whereas the Myc antibody only disrupted
the slower-migrating complex (Fig. 5B). This confirms
that the slower-migrating EMS complex was comprised
of Myc/Max heterodimers and the faster-migrating EMS
complex contained Max homodimers. The Myc antibody
also disrupted the heterodimer complex formed with
EFII oligonucleotide. However, the Max antibody caused
an additional reproducible supershift with the EFII com-
plex which was not observed with the EMS oligonucle-
otide (Fig. 5B).

Saturation binding assays, in which a constant amount
of protein was titrated with increasing amounts of radi-
olabeled oligonucleotide containing EMS or EFII se-
quences, revealed that the amount of probe bound by
Myc/Max heterodimers reached saturation at higher lev-
els for the EMS oligonucleotide {9 nm bound) compared
with the EFII oligonucleotide (5 nm bound) (data not
shown). Therefore, approximately half of the Myc/Max
heterodimers capable of binding the EMS DNA can bind
to the EFIl DNA. Moreover, at the ratios in which the
two proteins were mixed {approximately equimolar),
there were twofold more Max homodimers than Myc/
Max heterodimers in the mixture capable of binding the
EMS DNA (data not shown). This result is comparable
with other reports showing that bacterially expressed
Max homodimers bound to EMS DNA better than Myc/
Max heterodimers (Kato et al. 1992; Reddy et al. 1992).
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Figure 5. DNA binding of Myc and Max proteins by EMSA. (A}
Prior to incubation with DNA, 7.5 ng of Max or 15 ng of Myc249
was preincubated together or individually for 20 min at 37°C.
The proteins were then mixed with 100 ng of either radiolabeled
EMS (lanes 1-3) or EFII (lanes 4-6) DNA. After incubation at
room temperature for an additional 20 min, samples were ana-
lyzed on 6% native polyacrylamide gels. (B) DNA-binding as-
says were performed as in A except that 1 ul (lanes 3,4) or 2 pl
(lanes 6,7,11,12) of the indicated antibodies was incubated with
the protein samples for 10 min at room temperature prior to the
addition of 0.6 pmole of either radiolabeled EMS DNA (lanes
1-7) or EFII DNA (lanes 8-12). (C) Myc249 and Max proteins
were preincubated together as described in A prior to the addi-
tion of 0.6 pmole of radiolabeled EFII DNA in the absence or
presence of increasing amounts of nonradiolabeled competitor
DNAs as indicated. After further incubation at room tempera-
ture for 30 min, samples were analyzed by electrophoresis as
described in A. Autoradiography of EFII-Myc/Max complexes
and the specific C/EBP or E-box motifs present in the compet-
itor oligonucleotides is shown. Complete nucleotide sequences
of the 28-bp EMS and 44-bp EFII oligonucleotides are given in
Fig. 2A. The nucleotide sequences of NF-IL6 DNA, tk CCAAT
DNA, and the 44-bp EFIl G-mutant oligonucleotide are de-
scribed in Materials and methods.

To examine the specificity of Myc/Max heterodimers
for the C/EBP-binding site, competition analyses were
performed in which Myc/Max binding to radiolabeled
EFII probe was competed by oligonucleotides containing
various C/EBP sites (Fig. 5C). These oligonucleotides in-
cluded one with a C/EBPB (NF-IL6)-binding site (Akira
et al. 1990), an oligonucleotide containing a suboptimal
binding site for C/EBPa first identified in the herpes sim-
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plex virus (HSV} thymidine kinase (tk) promoter that
contains a CCAAT sequence rather than a GCAAT mo-
tif preferred by C/EBP proteins (Ryden and Beemon
1989), and a mutated EFII oligonucleotide harboring a
G — C substitution. In the cross-competition experi-
ment shown in Figure 5C, the EMS oligonucleotide had
a higher affinity (2- to 5-fold) for the Myc/Max het-
erodimers when compared with EFIl DNA. The NF-IL6
{C/EBPB) oligonucleotide also had a higher affinity for
Myc/Max heterodimers, approximately equivalent to
the EMS sequence. Both of the oligonucleotides with
suboptimal C/EBP-binding sites, however, exhibited
severalfold lower affinity for the Myc/Max heterodimers
relative to the EFII or NF-IL6 sequences.

Differential effects on cell growth by two
translational forms of c-Myc protein

During the generation of COS cell lines stably overex-
pressing the two forms of the c-Myc protein for the
trans-activation assays (Fig. 1) we consistently observed
that the cells overexpressing c-Myc 1 appeared to grow
slower than the untransfected cells or the cells overex-
pressing c-Myc 2. To examine these effects further, sev-
eral different subclones were isolated and analyzed. The
expression of the exogenous c-Myc proteins was quanti-
tated by immunoprecipitation using the anti-av-myc
12C serum. Two subclones overexpressing each form
were selected. As shown in Figure 6A, the subclones ex-
pressed comparable amounts of c-Myc protein. As shown
in Figure 6B, the growth of the two different subclones
overexpressing c-Myc 1 was significantly slower than
the subclones overexpressing c-Myc 2 and the c-Myc
1-overexpressing cells grew to a significantly lower sat-
uration density. Several other subclones and mixed cul-

clone
1 7 8 11

Differential trans-activation by c-Myc proteins

tures of COS cells overexpressing c-Myc 1 also grew to a
lower saturation density.

Discussion

Two translational forms of c-Myc function
differentially

We have found that the c-Myc 1 protein is a potent and
specific trans-activator of the EFIl enhancer element
through the C/EBP-binding site. This trans-activation
was independent of the specific cell type or species and
occurred either with transient or constitutive expression
of the c-Myc 1 protein. Specificity of the EFIl-dependent
trans-activation was suggested by the observation that
the ¢-Myc 1 protein did not trans-activate the RSV LTR
basal promoter sequence {e—), another RSV LTR cis el-
ement (EFII), or a mutant EFII enhancer element {EFII5'/
3’ mutant). In contrast to the dramatic trans-activation
by the c-Myc 1 protein, the c-Myc 2 protein either failed
to trans-activate the EFII enhancer element or repressed
EFII-driven transcription. In addition, the v-Myc proteins
appeared to repress transcription significantly through
the EFII enhancer element (R. Sears and L. Sealy, un-
publ.). Both ¢-Myc 1 and 2 proteins were competent to
trans-activate through the canonical EMS sequence.
Because both of the Myc proteins have the same car-
boxy-terminal domain, the region sufficient for specific
DNA binding and heterodimerization with Max (Black-
wood and Eisenman 1991), the opposing effects of these
two proteins on EFIl-driven transcription are most likely
a result of differing amino termini. There are at least two
possible explanations for the difference in trans-activa-
tion abilities. The short amino-terminal extension of the
c-Myec 1 protein {14 amino acids in human and mouse)
may contain a trans-activation domain that c-Myc 2

Figure 6. Growth properties of COS cell
subclones overexpressing c-Myc 1 and 2
proteins. {A) Numerous subclones were iso-

c-Myc 1
c-Myc 2

2 v o
- - e

Cell Number (x10%)
=
|

lated from the COS cell transfection exper-
iments described in Fig. 1. Four representa-
tive subclones of COS cells stably overex-
pressing the CMV-Myc 1 or 2 expression
vectors were labeled with [**S]methionine
for 20 min, and the cell lysates were equal-
ized for TCA-precipitable counts. The ex-

i ogenous c-Myc proteins were immunopre-
., o cipitated with anti-av-myc 12C as de-
v ©come? scribed in Materials and methods. The low

¥ clone 1

abundant c-Myc protein migrating slightly
higher than c-Myc 1 from the CMV-Myc 2
expression vector (subclones 1 and 7} is

0 1 2 3 4 5

¥ gdmt | probably synthesized from an inefficient
non-AUG codon adjacent to the CUG start

S codon. (B) Each subclone was plated in rep-

7 8 g licate 100-mm dishes at 5x10%/dish in

DME containing 10% CS. The number of
cells per dish was then determined each day.
Each cell count is an average of two dishes.
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lacks. However, this is unlikely because the specific
amino acid sequences of the ¢-Myc 1 amino-terminal
extensions are not conserved. Even though the amino-
terminal extension of ¢-Myc 1 is not conserved, both
murine and human ¢-Myc 1 trans-activate the EFII se-
quence (S. Patel and S. Hann, unpubl.). Therefore, the
second, and more likely possibility, is that the amino-
terminal extension causes an overall conformational
change in the amino-terminal region of the Myc protein
containing the trans-activation domain. Evidence sup-
porting such conformational differences comes from the
differential recognition of the two c-Myc proteins with
an amino-terminal domain antibody. Persson et al.
{1984} found that one of their amino-terminal domain-
specific antibodies only recognized the c-Myc 2 protein,
whereas their other antibodies recognized both proteins.
This conformational difference may allow differential
contact with the transcriptional machinery depending
on the DNA-binding site. The importance of amino-ter-
minal interactions is illustrated by several recent find-
ings. B-Myc protein, which only has an amino-terminal
domain, inhibits the function of c-Myc proteins, suggest-
ing that amino-terminal protein—protein interactions are
important for c-Myc function (Resar et al. 1993]. In ad-
diton, the TATA-binding protein (TBP; Hateboer et al.
1993; Maheswaran et al. 1994), and the Rb-like protein,
pl07 (Gu et al. 1994), have recently been shown to in-
teract with the amino-terminal domain of c-Myc.

Our finding that the two c-Myc proteins have different
transcriptional activities is supported by an earlier report
examining the effects of c-Myc overexpression on the
Ela-regulated adenovirus promoters, E4 and E2A. On-
clercq et al. (1988) demonstrated that the overexpression
of the c-Myc proteins strongly trans-activated E4-CAT
and E2A-CAT reporter genes. However, a c-myc cDNA
expression vector that contained only exons 2 and 3, and,
therefore, could not synthesize c-Myc 1, failed to trans-
activate these sequences. Therefore, they concluded that
the c-Myc 1 protein may be necessary for the trans-acti-
vation of these promoters. This idea is especially intrigu-
ing because of the similarities between the Myc and Ela
proteins. They have been proposed to be functionally
similar (Land et al. 1983; Ruley 1983), and the Ela pro-
tein exists as two major forms with only the larger one
displaying the ability to activate transcription (Velcich
and Ziff 1985). Therefore, even though the Ela proteins
are not thought to bind directly to DNA and do not share
any significant sequence homologies with the Myc pro-
teins, perhaps they can regulate transcription through
common DNA elements. The DNA sequence in the E4
adenovirus promoter, which was found necessary for Ela
and c-Myec trans-activation (CTATGCAGT), is very sim-
ilar to the EFII C/EBP-binding site (TTATGCAAT).

A new binding site for Myc

Our results demonstrate that bacterially expressed Myc/
Max heterodimers, but not Max homodimers, can bind
to the C/EBP site in vitro. In contrast, both Myc/Max
heterodimers and Max homodimers can bind to the EMS
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sequence in vitro. The differential binding of Max ho-
modimers to these two different sites is supported by the
observation that Max overexpression inhibits the trans-
activation of EMS sequences (Kretzner et al. 1992; Reddy
et al. 1992; Amin et al. 1993; Gu et al. 1993), whereas
Max overexpression has no effect on the trans-activation
of EFII sequences {M. Dixit and S. Hann, unpubl.). We
have also confirmed the earlier results of Kato et al.
(1992) demonstrating that unphosphorylated Max ho-
modimers preferentially bind to EMS sequences com-
pared with Myc/Max heterodimers.

Our results suggest that the trans-activation of EFII
sequences by c-Myc 1 protein involves a direct interac-
tion with DNA rather than through an indirect effect. As
discussed above, however, the conformation of the
c-Myc 1 trans-activation domain may allow a differen-
tial contact with the transcriptional machinery even if
¢-Myc 1 and 2 both bind DNA comparably. Because both
c-Myc proteins trans-activate EMS sequences compara-
bly, a differential effect of c-Myc proteins through a
C/EBP-binding site cannot be explained by an increase in
transcription of a C/EBP gene or related factor contain-
ing EMS regulatory sequences. This idea is also sup-
ported by the observation that Max overexpression has
no effect on EFII trans-activation while it inhibits EMS
trans-activation. Further investigation of the binding of
Myc proteins to C/EBP sites is restricted by the limita-
tions of the in vitro binding assays with Myc proteins.
Many of the studies examining the DNA-binding prop-
erties of c-Myc proteins have used amino-terminally
truncated, bacterially expressed fusion proteins (Black-
well et al. 1990; Blackwood et al. 1991; Berberich and
Cole 1992; Kato et al. 1992), because full-length Myc
proteins expressed in bacteria are largely insoluble. Fur-
thermore, we have been unable to detect protein~-DNA
complexes containing Myc/Max heterodimers in EMSAs
with either EMS or EFII DNA using c-Myc/Max proteins
from in vitro translations or from nuclear lysates,
whereas in vitro-translated C/EBP proteins bind effi-
ciently to the EFII oligonucleotide in EMSAs (S. Hann
and L. Sealy, unpubl.). This inability of nondenatured
Myc/Max heterodimers translated from reticulocyte ly-
sates or from nuclear lysates to bind efficiently in vitro
has also been observed by several investigators (Berber-
ich and Cole 1992; C. Dang, pers. comm.}. A more com-
plete analysis with the native forms of the ¢-Myc pro-
teins using multiple variations of the sequences will be
required to define the optimal DNA binding site and
determine the contribution of flanking sequences to the
efficiency of c-Myc protein binding.

Because overexpression of Max has no effect on EFII
trans-activation and Max homodimers do not bind to
EFII sequences, there is also the possibility that another
protein, instead of Max, heterodimerizes with c-Myc for
optimal binding to the EFII enhancer sequences. There
are other reports suggesting that at least some functions
of Myc may not require Max protein. One report exam-
ined overexpression of a mutated v-Myc protein
(Tikhonenko et al. 1993). This predominately cytoplas-
mic mutated v-Myc protein was still transforming, yet
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the inhibitory Max homodimers (or Mad/Max and Mxi/
Max heterodimers) would have prevailed in the nucleus
to block trans-activation of EMS sequences (Tikhonenko
et al. 1993). DNA binding, however, was found to be
critical for the transforming ability of the mutated
v-Myc protein (Tikhonenko et al. 1993). In addition, a
recent report demonstrated that the association of Max
protein is not required for the ability of c-Myc to repress
transcription of the cyclin D1 promoter, but a region of

the amino-terminal domain is necessary (Philipp et al.
1994},

Implications for the biological function of c-Myc

The current model on the function of c-Myc suggests
that growth stimulatory genes are trans-activated
through EMS elements by c-Myc/Max heterodimers. If
the amount of c-Myc protein is low, then unphosphory-
lated Max homodimers (Kretzner et al. 1992; Gu et al.
1993}, Mad/Max heterodimers (Ayer et al. 1993), or Mxi/
Max heterodimers (Zervos et al. 1993) inhibit the trans-
activation. This simple model is complicated by the
presence of other factors that bind well to the EMS se-
quence, such as USF (Gregor et al. 1990), TFE3 {Beck-
mann et al. 1990), TFEB (Carr and Sharp 1990), and AP-4
(Hu et al. 1990), other noncanonical Myc/Max binding
sites (Blackwell et al. 1993), multiple forms of the Max
protein {Makela et al. 1992), and the interactions with
pl07 (Gu et al. 1994), TBP (Hateboer et al. 1993; Ma-
heswaran et al. 1994), TFII-I (Roy et al. 1993), and YY-1
(Shrivastava et al. 1993). As proposed earlier, c-Myc pro-
tein also may have several distinct molecular functions
besides transcriptional activation, including transcrip-
tional suppression (Philipp et al. 1994) and modulating
DNA synthesis directly {Luscher and Eisenman 1990).
Our finding that c-Myc 1 and 2 proteins differentially
trans-activate through another sequence, the C/EBP-
binding site, yet both trans-activate through the EMS
sequence, suggests both distinct and overlapping func-
tions for the two proteins.

The regulation of transcription by the Myc proteins
through a C/EBP sequence suggests that the overall tran-
scription of genes containing this sequence may be reg-
ulated by the relative ratios of the two c-Myc proteins
and C/EBP family members in cells. In support of this
idea, Freytag and Geddes (1992) have shown that there is
opposing regulation of adipogenesis by the C/EBPa and
c-Myc 2 proteins. We have also found that the relative
levels of the two ¢c-Myc proteins vary greatly in cells
depending on the specific growth status (Hann et al.
1992). Growing cells normally have low levels of c-Myc
1 protein compared with c-Myc 2. However, as cells ap-
proach high densities in culture, there is a sustained 5- to
10-fold increase in the synthesis of c-Myc 1 protein to
levels greater than or equal to the levels of c-Myc 2 syn-
thesis. This dramatic and specific translational activa-
tion of c-Myc 1 protein appears to be controlled by the
availability of methionine in the growth media (Hann et
al. 1992). Therefore, modulating the levels of c-Myc 1
protein may be one of the early cellular responses to

Differential trans-activation by c-Myc proteins

control growth in response to limiting nutrients. The
existence of a C/EBP/c-Myc 1-trans-activating element
in the RSV LTR may ensure vigorous expression of the
retrovirus even under poor growth conditions.

Considering the differential, and at times opposing,
regulation and transcriptional activities of the two
c-Myc proteins, it is likely that they have different bio-
logical roles. Previous studies have shown a clear role for
¢-Myc 2 and v-Myc proteins in growth stimulation and
oncogenesis (Cole 1986; Spencer and Groudine 1991). In
contrast to the ability of c-Myc 2 and v-Myc proteins to
stimulate growth, the loss of c-Myc 1 in most Burkitt’s
lymphoma cell lines and avian bursal lymphoma cell
lines and the induction of high levels of ¢-Myc 1 in
growth-inhibited cells suggest that the ¢c-Myc 1 protein
has a growth inhibitory function. Our preliminary
growth studies with the different COS cell subclones
overexpressing the c-Myc proteins demonstrate that
c-Myc 1 does have a growth inhibitory effect. Interest-
ingly, overexpression of C/EBPa has also been shown to
be growth inhibitory (Umek et al. 1991). However, con-
sidering that both the ¢-Myc 1 and 2 proteins trans-ac-
tivate through EMS sequences, there are some biological
functions that may be common to both proteins in some
cells. Both proteins are able to cotransform Rat 1 cells
with bcr-abl {Blackwood et al. 1994), and both are able to
block differentiation of murine erythroleukemia cells
{G. Spotts and S. Hann, unpubl.). Perhaps when there is
a disruption of c-Myc 1 protein synthesis as a result of a
genetic mutation or rearrangement, as in human Bur-
kitt’s lymphomas and avian bursal lymphomas, specific
cells lose a growth-inhibiting response to limiting nutri-
ents which contributes to tumorigenicity.

Materials and methods
Cell lines

COS-1 cells were obtained from Stephen Brandt and Tom
Danie] (Vanderbilt University, Nashville, TN). HeLa cells were
obtained from Roland Stein (Vanderbilt University}. The mink
epithelial cell line CCL64 was obtained from Ed Leof (Mayo
Clinic, Rochester, MNJ. The human lung fibroblast cell lines
and 75 were obtained from the ATCC. COS-1 cells stably over-
expressing the c-Myc proteins were generated by electropora-
tion of 10 ng of CMV-Myc 1 or CMV-Myc 2 expression vectors
and selected in growth medium containing 400 pg of G418 after
48 hr.

Plasmids and vectors

The construction of the plasmids SRA-CAT, e-CAT, [EFII];-
CAT (p[EFI1+CAT), [EFI);CAT (p[EFII6+CAT), [EFII5'/
3'mutant],CAT (p[EFI3'/5')2 + CAT), and [EFII5'|,CAT4 (p[E-
FII5']4-CAT4) have been described previously (Sears and Sealy
1992). The construction of the [EFII|;CAT plasmid has been
described in Boulden and Sealy (1992). Site-directed mutagene-
sis of the murine myc ¢cDNA {obtained from Michael Cole,
Princeton, NJ) was performed by Samuel Pfaff (Vanderbilt Uni-
versity) using the Amersham kit. The Xhol restriction frag-
ments of the mutated murine c-myc ¢cDNAs were subcloned
into the pGem3 plasmid (Promega) and then HindIlI-Xbal re-
striction fragments were subcloned into the CMV expression
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vector, pRc/CMV (Invitrogen). The SV40-B-galactosidase ex-
pression vector was obtained from Mark Magnuson (Vanderbilt
University). The pbsCAT riboprobe plasmid was constructed by
Amy Boulden and contains an EcoRI fragment from pBLCAT4
(Buscher et al. 1988 with tkCAT gene sequences from —79 to
+242 subcloned into the EcoRI site of the Bluescript{+ ] plas-
mid containing a T7 promoter. The bacterial expression vectors,
His-Max and His—Myc249, were obtained from Michael Cole
and were described in Berberich and Cole (1992). The complete
nucleotide sequences of NF~IL6 DNA, a 32-bp oligonucleotide
containing sequences —163 to —138 of the human IL-6 gene
promoter, and tk CCAAT DNA, a 30-bp oligonucleotide con-
taining sequences — 68 to — 97 of the HSV tk gene promoter, are
given in Boulden and Sealy (1992] and Faber and Sealy (1990,
respectively. Nucleotide sequence of the 44-bp EFII G-mutant
oligonucleotide is CCGAGAATGTAGTCTTATCCAATACT-
CTTGTAGTCTTCCAACAC CTTACATCAGAATAGGTTA-
TGAGAACATCAGAAGGTTGTGGGCT.

DNA oligomers and EMSA

The EFII oligonucleotide was synthesized (DRTC DNA core,
Vanderbilt University) and purified as described by Boulden and
Sealy (1990). The EMS oligonucleotide was synthesized and pu-
rified by Bio-synthesis, Inc. (Lewisville, TX). The proteins were
purified as described by Qiagen (Chatsworth, CA) with final
dialysis in 6.25 mm MES [2-{4-morpholino}-ethane sulfonic acid]
at pH 8, 5% glycerol, and 1 mm dithiothreitol. Double-stranded
synthetic EMS and EFII oligonucleotides were radiolabeled by
incubation with [y-32P]ATP and T4 polynucleotide kinase and
then purified by gel electrophoresis. Prior to incubation with
DNA, Max and Myc249 were preincubated together or individ-
ually for 20 min at 37°C in a buffer containing 7 mm HEPES at
pH 8, 1.8 mm MES at pH 8, 2.1 mm MgCl,, 0.7 mm EDTA at pH
8, 0.3 mm dithiothreitol, 35 mm NaCl, and 36.5% glycerol. The
proteins were then mixed with DNA in a buffer containing 12
mM HEPES at pH 8, 2.5 mm Tris at pH 8, 0.5 mm MES at pH 8,
2.7 mm MgCl,, 0.7 mm EDTA, 2.5 mm B-mercaptoethanol,
0.075 mm dithiothreitol, 40 mm NaCl, 16% glycerol, and
0.035% NP-40. After incubation at room temperature for an
additional 20 min, samples were analyzed on a native 6% poly-
acrylamide gel containing TGE (25 mM Tris at pH 8.5, 190 mMm
glycine, 1 mm EDTA) buffer. Antibodies {1 or 2 ul} were incu-
bated with the protein for 10 min at room temperature before
addition of the oligonucleotide.

In vitro transcription and in vitro translation

The CMV-Myc vectors were linearized with Xbal, and RNA
was prepared using the Gemini II kit (Promega). The RNA was
then translated using the rabbit reticulocyte translation kit
(Promega).

Antisera

The affinity-purified rabbit avian-specific c-myc peptide anti-
body (anti-av-myc 12C) was generated as described previously
(Hann et al. 1983) and was used to detect the exogenous modi-
fied murine Myc proteins expressed by the CMV-Myc vectors.
The affinity-purified rabbit murine-specific c-myc peptide anti-
body (anti-Mu-myc 12C) was generated as described in Spotts
and Hann (1990). The Max antiserum was generated by inocu-
lating a New Zealand white rabbit with complete Freund’s ad-
juvant containing 500 pg of purified bacterially expressed mu-
rine His~Max protein.
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Immunoprecipitation

Cells were labeled and immunoprecipitations were performed
as described previously in Spotts and Hann (1990). Briefly,
1x107 cells were labeled with 350 wCi of [**S|methionine in 1
ml of methionine-free medium for 20 min. Cells were solubi-
lized in Ab buffer (Hann et al. 1983) and disrupted by sonication.
The amount of [>*S|methionine incorporated into cellular pro-
teins was determined by precipitation onto filters with 10%
trichloroacetic acid (TCA). Equivalent amounts of TCA-precip-
itable counts from each cellular lysate were adjusted to equal
volumes with Ab buffer, precleared with Staphylococcus aureus
membranes (Immunoprecipitin, BRL} and clarified by centrifu-
gation. The appropriate antiserum was incubated with the clar-
ified lysates overnight at 4°C, and the immune complexes were
precipitated with Immunoprecipitin for 30 min. After three
washes in RIPA buffer, the complexes were disrupted by incu-
bation in Laemmli sample buffer for 3 min at 95°C. Samples
were subjected to SDS-PAGE {10% acrylamide), and fluorogra-
phy was performed as described by Skinner and Griswold (1983).
Molecular mass standards consisted of phosphorylase B (97.4
kD), bovine serum albumin (68.4 kD), and ovalbumin (43 kD).

Transient transfections and enzymatic assays

Transfections were performed by the calcium phosphate copre-
cipitation technique as described by Graham and Van der Eb
(1973). Cells were plated onto 100-mm dishes at 1x10° cells/
dish in Dulbecco’s modified Eagle medium (DMEM) containing
10% calf serum {CS) (Colorado Serum Co.) 24 hr prior to trans-
fection and were ~80% confluent when transfected. The quan-
tities and type of DNA used are described in the figure legends.
Cells were exposed to the CaPO,~DNA precipitate for ~4 hr, at
which time they were washed twice with PBS and refed fresh
DME plus 10% CS. After an additional 48 hr, lysates were pre-
pared from the transfected cells by sonication in 0.25 m Tris-
HCI at pH 8 and clarified by centrifugation. Units of B-galac-
tosidase activity in the cell extracts were determined as de-
scribed in Norton and Coffin (1985), and the amount of extracts
to be used for CAT assays was determined by equalizing for
units of B-galactosidase to normalize for transfection efficien-
cies. CAT assays were performed by the procedure of Gorman et
al. {1982). CAT activity for each sample was calculated by cut-
ting out the acetylated and unreacted forms of [**C]chloram-
phenicol, quantitating the radioactivity by liquid scintillation
counting, and then determining the percent acetylation.
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The alternatively initiated c-Myc proteins differentially regulate
transcription through a noncanonical DNA-binding site.
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