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Amplification or overexpression or both of either the c-myc or the human neu (C-erbB-2) gene are common
events in many primary human tumors. Coamplification or overexpression or both of both genes have been
reported in some breast cancers. The possibility of cooperation between the c-myc and the normal rat neu
(c-neu) genes in transforming cells was examined. Surprisingly, the expression of c-myc in B104-1-1 cells, an
activated rat neu oncogene (neu*)-transformed NIH 3T3 line, resulted in morphologic reversion. This reversion
was found to be a consequence of a transcription-repressive action of c-myc on the neu gene via a 140-bp
fragment on the neu gene promoter. The effective concentration of a positive factor(s) interacting with this
fragment seemed to be lowered by the expression of c-myc. Our findings lend support to arguments concerning
the long-suspected function of c-myc as a transcriptional modulator. They also imply that an oncogene such as
c-myc, or possibly the rapidly explored class that encodes transcription factors, under certain conditions may
act to reverse a transformed phenotype that is induced by another oncogene instead of contributing positively
towards the transformation process. Therefore, the activity of an oncogene may depend on the environment in
which it is expressed. In addition, we may have identified the neu gene as a cellular target gene of negative
regulation by c-myc.

The neu oncogene was first identified and cloned from
ethylnitrosourea-induced rat neuro- and glioblastomas (26,
53). Its human counterpart, referred to as c-erbB-2 or HER2,
was identified as a homolog of the human epidermal growth
factor receptor (EGF-r) (6, 15, 36, 52, 60). The neu gene-
encoded protein p185 (2, 54) belongs to the class containing
growth factor receptor tyrosine kinase (for a review, see
reference 61). It may also be included in the class of
cytoplasmic oncogenes (59). Compared with its normal allele
(7), the activated neu oncogene (neu*) contains a single point
mutation in the transmembrane domain. The mutated pro-
tein product exhibits increased tyrosine kinase activity and
transforming potential (7, 8). Transgenic mice that expressed
neu* developed mainly mammary carcinomas (10, 47), while
a variety of tumors were induced by both normal and in
vitro-mutated c-erbB-2 (55). However, by transfection as-
say, only c-erbB-2, or HER2 (17, 25), but not c-neu (26), was
able to induce focus formation in NIH 3T3 cells.
Another oncogene, c-myc (for a review, see reference 13),

which belongs to the class of nuclear oncogenes (59), also
induced multiple forms of tumors in transgenic mice (44).
However, similar to the situation with c-neu, morphologic
transformation of NIH 3T3 cells upon transfection was not
detected (34). Expression of c-myc has been shown to be
stimulated by some growth factors and mitogenic signals (14,
35). It is possible that the still-to-be-identified ligand for
putative growth factor receptor c-neu (62) also stimulates
c-myc expression.
Both c-neu and c-myc have been shown to be associated

with many primary human tumors (3, 51). In fact, coampli-
fication or overexpression of both genes in some breast
cancers (1, 21, 24, 56) and in breast cancer cell line SK-BR-3
(39, 40) has been reported. Enhanced transforming ability
was recently shown for c-neu and EGF-r (38). Since c-myc
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has been known for its ability to cooperate with some other
oncogenes to transform primary embryo fibroblasts (42), we
investigated the possibility of cooperation or interaction
between c-neu and c-myc in inducing transformation in NIH
3T3 cells. Unexpectedly, not only was c-myc unable to
enhance the transforming potential of c-neu, but it also
exerted an opposite effect in terms of reversing the trans-
formed morphology that was induced by neu*. Further study
suggested that c-myc was acting as a transcriptional repres-
sor on neu. This activity was mediated through a 140-bp
DNA fragment on the neu gene promoter.

MATERIALS AND METHODS

Cell lines and transfection. Both cell lines used in the stable
transfection experiments, B 104-1-1 and DHFR-G8, have
been described before (26). NIH 3T3 cells were used as
recipient cells in transient transfection and chloramphenicol
acetyltransferase (CAT) assays. All the cell lines were grown
in a 1:1 mixture of Dulbecco's modified Eagle's medium and
F-12 Ham extract (DMEM-F12) containing 10% calf serum
(GIBCO). HeLa cells were passaged in DMEM-F12 supple-
mented with 10% fetal calf serum and were used in the
preparation of nuclear extract. Transfection was done by the
modified calcium phosphate precipitation method (11). Re-
cipient cells (5 x 105) were plated in a 100-mm tissue culture
dish and grown overnight. The drug selection plasmid
pSV2neo (0.5 p,g) was cotransfected with 10 ,ug of either
pSVc-myc-1 or pSVHu-c-myc-1, which contain the func-
tional mouse and human c-myc genes, respectively, under
the transcriptional control of the simian virus 40 (SV40) early
promoter (41). Plasmid pSV2E was constructed by deleting
the CAT gene containing the EcoRI-EcoRI fragment from
pSV2CAT (23) and was used in control transfection. The
DNA precipitate was left on the cells for 10 to 12 h at 37°C
in a 3% CO2 incubator. After several washes with serum-free
medium, fresh DMEM-F12 was added, and the cells were
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moved to a 5% CO2 incubator and grown for 36 to 48 h. Each
transfected plate was then trypsinized and the cells were
split onto 10 plates, each with medium containing 400 ,ug of
G418 (GIBCO) per ml for selection of drug-resistant colo-
nies. The cells were then grown for at least 2 weeks. On the
basis of morphology and refractivity, most colonies ap-
peared nontransformed. Individual colonies were picked
with a cloning cylinder and cultured in medium containing
G418 until individual clones were established.

Microscopy. Cells were photographed in phase contrast
with a Nikon Diaphotomicroscope (40x).

Southern and Northern (RNA) blot analysis. Both Southern
and Northern blots were essentially done according to
published procedures (46). For Southern blots, 10 ,ig of
duplicate samples of DNAs were restricted with HindlIl,
electrophoresed in a 0.7% agarose gel, transferred onto
nitrocellulose paper, and then hybridized to the respective
probe. Hybridized filters were washed finally at 65°C in 0.2 x
SSC (lx SSC is 0.15 M NaCI plus 0.015 M sodium citrate)-
0.1% sodium dodecyl sulfate, air dried, and then exposed to
Kodak XAR-5 film at -70°C. For Northern analysis, 10 ,ug
of total RNA was electrophoresed in a 1.1% formaldehyde-
agarose gel, transferred onto nitrocellulose, and then hybrid-
ized to the respective probe. Washes were done as for
Southern blots except that the final wash was done at 60°C.
DNA probes were the neu-specific probe, 0.4- and 0.8-kb
BamHI fragments from pSV2neu (26); the myc-specific
probe, a 1.2-kb SstI fragment from pSVHu-c-myc-1 contain-
ing the highly conserved exon 2 of the human c-myc gene
(41); and the glyceraldehydre-3-phosphate dehydrogenase
(GAPDH) probe, a 1.2-kb PstI fragment from pGAD-28 (19).

Transient transfection and CAT assays. The construction
of the neu promoter CAT plasmids has been described
elsewhere (SSa; also see Fig. 4a). Plasmids pNeuEcoRICAT
(construct 1 in Fig. 4a), pRSVCAT (23), and pERCAT9
(30) (4 ,ug each) were transfected with 10 ,ug of either
control vector plasmid pGEM3 (Promega) or pSVc-myc-1.
pSV2E was also used in control transfection in the case of
NeuCAT (for the pNeuEcoRICAT in Fig. 4a). For concen-
tration-dependent experiments, 4 ,ug of pNeuEcoRICAT
was cotransfected with 2, 5, 10, or 20 ,ug of pSVc-myc-l, and
an appropriate quantity of pGEM3 was added to each
transfection so that the total amount of DNA being added
remained constant.
For myc-responsive-element cotransfection competition

experiments, 2 ,ug of pNeuEcoRICAT was transfected with
25 jig of pGEM3 as the control or with 5 jig of pSVc-myc-1
plus 0, 5, 10, or 20 ,ug of pSp64(StuI-XhoI)2, a plasmid which
contains two copies of the presumably myc-responsive ele-
ment cloned into vector pSp64; total DNA was again made
constant by the addition of an appropriate amount ofpGEM3
to each transfection.
Three micrograms of pRSVlacZ (20), a plasmid that con-

tains the bacterial ,-galactosidase gene under the control of
the Rous sarcoma virus long terminal repeat, was included in
each transient transfection to monitor the transfection effi-
ciency. Transfection was done as in the stable transfection
experiments. Cells were harvested 36 h after transfection,
and cell extracts were obtained by several freeze-thaw
cycles alternating between -70 and 37°C. Of the cell extract,
1 /10 to 1/5 was used for the ,B-galactosidase assay (49). The
results of the ,3-galactosidase assay were used to normalize
the quantity of cell extracts required for the CAT assay (23).
Experiments were repeated at least three times, and the
standard error was less than 15%.

Gel retardation assay. Nuclear extract was isolated from

HeLa cells by homogenization under hypotonic conditions
as previously described (18). The 140-bp StuI-XhoI fragment
was isolated and 5' end labeled with [-y-32P]ATP by Klenow
enzyme. Probe (1 ng, or 20,000 cpm) was incubated with the
nuclear extract in the presence of S ,ug of poly(dI-
dC) poly(dI-dC) at room temperature for 20 min. Unlabeled
competitive fragment, where appropriate, was added 10 min
before the addition of labeled fragment. The reaction was
stopped by the addition of gel loading buffer (0.25% bro-
mophenol blue, 0.25% xylene cyanole, 30% glycerol), and
then the mixture was loaded onto a 4% polyacrylamide gel
and the gel was run at 150 V for 2 to 3 h.

RESULTS

Morphologic reversion of neu*-transformed NIH 3T3 cells
by stable transfection of c-myc. To test if c-myc and c-neu
could cooperate to induce transformation, a focus-forming
assay was used. Plasmid pSVHu-c-myc-1 or pSV-c-myc-1
(41) was transfected into DHFR-G8 cells, NIH 3T3 transfec-
tants that contain 100 copies and overexpress the normal rat
c-neu gene (5, 26). The normal morphology of these cells
remained unaltered, and no foci were detected. On the other
hand, when these c-myc-encoding plasmids were transfected
into B104-1-1 cells (Fig. la), NIH 3T3 transfectants that
overexpress the transforming neu*, the transformed mor-
phology of these cells reverted to normal and the cells
became contact inhibited and formed a monolayer (Fig. lb
and c). This morphologic reversion was not observed in the
control transfection, in which the control plasmid pSV2E,
which contains only the SV40 early promoter, was used.

Integration of exogenous c-myc in revertants. To ensure
that the exogenous c-myc gene actually integrated into the
genome of these revertants and that the neu gene was not
lost or rearranged, DNAs were isolated from these revertant
lines and hybridized with the c-myc- and c-neu-specific
probes, respectively. Figure 2a shows that multiple copies of
the exogenous c-myc (left panel, lanes 4 and 5) had inte-
grated into the genome of these revertants. The acquisition
of c-myc did not seem to alter or rearrange the neu gene at
the DNA level. However, an apparently lower level of neu
gene was detected in the revertant lines. Quantitation of the
signals of the rat neu-specific bands against the endogenous
mouse neu signal by densitometric scanning indicated a two-
to threefold lowering of the neu gene level. This lowering
was not observed in the control transfection (Fig. 2a, right
panel, lane 3).

c-myc revertant lines expressed significantly lower level of
neu RNA. Since the transformed morphology of the B104-1-1
cells was induced by the expression of the neu* oncogene,
the observed morphologic reversion could be due to sup-
pression of neu* expression or to interference with the signal
transduction pathway of neu* by c-myc. To distinguish
between these two possibilities, the RNA levels of neu* in
these revertants were examined by Northern blot analysis.
The c-myc transfectants expressed different-sized tran-
scripts in addition to the endogenous 2.4-kb c-myc (Fig. 2b,
left panel, lanes 4 and 5). As expected, neu* was undetect-
able in the NIH 3T3 cells (Fig. 2b, middle panel, lane 1), and
a transfection of pSV2E and the neomycin-resistant genes
alone did not alter the level of neu* (compare lanes 2 and 3,
middle panel of Fig. 2b). In contrast, the previously de-
scribed 9.0-, 5.0-, and 4.5-kb neu transcripts (6) were signif-
icantly reduced in the c-myc revertants (Fig. 2b, middle
panel, lanes 4 and 5). The loading of RNAs was examined
with a control probe of GAPDH (Fig. 2b, right panel).
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FIG. 2. (a) Southern blot analysis of B104-1-1 cells and their
c-myc transfectants. Left panel, myc gene-specific probe; right
panel, rat neu-specific probe. Lane 1, NIH 3T3 cells; lane 2,
B104-1-1 cells; lane 3, B104-neol (B104-1-1 cells transfected with
control plasmid pSV2E); lane 4, B104-MoMyc3; lane 5, B104-
HuMyc7. Size markers shown in kilobases are A phage DNA
restricted with Hindlll. (b) Northern blot analysis of total RNA
from B104-1-1 cells and their c-myc transfectants. Left panel,
myc-specific probe. The 2.4-kb transcript is the endogenous c-myc.
Middle panel, rat neu-specific probe. The 9.0-, 5.0-, and 4.5-kb
transcripts are neu specific and have been described before (6).
Right panel, GAPDH. The 1.3-kb transcript is the specific tran-
script. Lane assignments are the same as in panel a.

Quantitation by densitometric scanning showed a 10- to
12-fold decrease of the neu-specific transcripts in the myc
revertants.

c-myc also suppressed transcriptional activity of neu in a
transient assay. Although a decrease of neu gene at the DNA
level (2- to 3-fold) was observed in the revertants, it could
not account for the decrease that was seen at the RNA level
(10- to 12-fold). This suggests that c-myc might have an effect
on transcription of the neu gene. We therefore studied the
possibility that c-myc interacts with the promoter of the neu
gene to cause suppression of transcription. We have recently
defined and characterized the promoter of the neu gene
(55a). The functional 2.2-kb neu promoter CAT construct
(pNeuEcoRICAT, construct 1 in Fig. 4a) was cotransfected
with the c-myc plasmid, and the result is shown in Fig. 3a.
c-myc was found to inhibit NeuCAT activity to 30% (Fig. 3a,
right panel, lane +), compared with transfection of the
control plasmid vector pGEM3 (Fig. 3a, right panel, lane -).
This suppressing activity was not observed on the EGF-r
promoter or the Rous sarcoma virus long terminal repeat

FIG. 1. Morphology of B104-1-1 cells and their c-myc transfec-
tants. (a) Parental B104-1-1 cells. (b) B104-MoMyc3. These are
B104-1-1 cells transfected with plasmid pSVc-myc-1, which carries
a functional mouse c-myc gene. (c) B104-HuMyc7. These are
B104-1-1 cells transfected with plasmid pSVHu-c-myc-1, which
carries the functional human c-myc gene.
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FIG. 3. (a) Effect of c-myc on the transcriptional activity of neu in a transient CAT assay. Left panel, Effect of c-myc on the Rous sarcoma
virus long terminal repeat and the EGF-r promoter. Lanes -, Control cotransfection with pGEM3; lanes +, cotransfection with pSVc-myc-1.
Right panel, Effect of c-myc on the neu gene promoter. Lane sv, Cotransfection with plasmid pSV2E. (b) Concentration-dependent reduction
in neu-CAT activity by c-myc.

(Fig. 3a, left panel), which suggests that the transcriptional
repression on neu is not a general effect of c-myc. Since, the
c-myc plasmid is driven by the SV40 early promoter, the
effect of the SV40 early promoter itself on NeuCAT activity
was examined. Cotransfection of the NeuCAT construct
with pSV2E actually resulted consistently in a 10% increase
in CAT activity (Fig. 3a, right panel, lane sv). This demon-
strates that the reduction in NeuCAT activity was not due to
competition of a positive trans-acting factor(s) with the SV40
early promoter for binding to the neu gene promoter. A
concentration-dependent inhibition of NeuCAT activity by
c-myc is also shown in Fig. 3b, providing more support to
rule out the possibility of c-myc being an artifact. Further-
more, a similar suppressive effect of c-myc on NeuCAT
activity was observed in Rat-i fibroblasts (data not shown).

Localization of c-myc-responsive element on neu gene pro-
moter. To localize the DNA element that mediates this
repression by c-myc, a series of neu promoter deletion CAT
constructs (Fig. 4a) was used in cotransfection experiments.
As shown in Fig. 4b, CAT activity of all the deletion
constructs was suppressed to about 30 to 50% in the pres-
ence of c-myc, with the exception of construct 6. This
suggests that the c-myc-responsive element is located be-
tween the StuI and XhoI restriction sites. Since it is still
possible that the transcriptional repression is due to se-

quences on the c-myc exon and intron acting in cis, all the
deletion constructs were tested by cotransfection with
pfsmyc-20 (37), a plasmid identical to pSVc-myc-1 except
that a 4-bp deletion has been introduced into exon 2 of the
c-myc-coding sequence, resulting in a frameshift and thus a

truncated MYC protein product. No inhibition of NeuCAT
activity was observed in any of the deletion constructs (Fig.
5, compare lanes + and fs). This result suggests that the
MYC protein is the mediator of the transcription inhibition.
To further study how the transcription repression was me-
diated through the DNA element on the neu gene promoter,
a plasmid containing two copies of the presumed c-myc-

responsive element (the StuI-XhoI fragment) cloned into
pSp64 was cotransfected with the NeuCAT construct, either
in the presence or absence of c-myc. As shown in Fig. 6, the
plasmid was able to further lower the CAT activity (columns
3 to 5) to a level which was already suppressed by c-myc
(column 2). This plasmid, however, did not alter the Neu-
CAT activity by itself in the absence of c-myc (data not
shown; 55a). Therefore, the c-myc-responsive element is
able to show a competitive effect only in the presence of
c-myc.

Sequence and characterization of c-myc-responsive element.
The sequence of the c-myc-responsive element is shown in
Fig. 7. It is located between nucleotides -312 and -173
upstream of the neu gene translation start site. A CCAAT
box is found between -211 and -207, while a consensus GC
box or Spl-binding site is located between -203 and -198.
A repetitive sequence, GGAGGAGGA, is observed from
-199 to -191 and from -187 to -176. This sequence has
also been found in the EGF-r promoter, albeit in the opposite
orientation as TCCTCCTCC (29, 30). Both Spl and an
EGF-r-specific factor, named TC factor, from HeLa cells
were shown to bind to this sequence and stimulate transcrip-
tion (31-33). A gel retardation assay was performed to see if
there were factors bound to this c-myc-responsive element.
The StuI-XhoI fragment was 5' end labeled with [-y-32P]ATP
and incubated with nuclear extract from HeLa cells in the
presence or absence of an excessive quantity of unlabeled
fragment (Fig. 8, left panel). The specificity of the protein-
DNA complex (indicated in Fig. 8 with a C) was determined
by the competitive effect of the same fragment but not of the
nonspecific pSp64 DNA. No competition was detected ei-
ther with a fragment from the EGF-r promoter or with SV40
promoter, which contain the GGAGGAGGA repeats and six
GC boxes, respectively. However, the specific complex was
competed away by a fragment that contains the SV40 72-bp
enhancer. This result was confirmed by a concentration-
dependent competition shown in the right panel of Fig. 8.
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FIG. 4. (a) neu promoter CAT deletion constructs are numbered from 1 to 6. Number 7 represents the negative-control CAT vector
plasmid; pRSVCAT and pRSVlacZ, used respectively for control and for monitoring transfection efficiency, are also shown. (b) Localization
of the c-myc-responsive element. The effect of c-myc cotransfection on the series of CAT deletion constructs is shown. Numbers 1 to 7
correspond to the constructs shown in panel a. + and -, Cotransfection with plasmids pSVc-myc-1 and pGEM3, respectively. CAT activities
were expressed relative to the activity of construct 1 cotransfected with pGEM3. The experiment was repeated four times, and the standard
error was less than 10o.

Therefore, the protein complex that binds to the c-myc-
responsive element is likely to be a common factor that also
binds to the SV40 enhancer.

DISCUSSION

In an attempt to study the possible interaction between the
proto-oncogenes c-neu and c-myc in a rather simple focus-
forming assay, we discovered an interesting and exciting

phenomenon: c-myc is able to reverse the transformed
morphology that is induced by the oncogene neu*. Our
results imply that an oncogene, particularly the class of
oncogene that encodes transcription factors (57), does not
necessarily contribute positively towards a transformed phe-
notype, as one might predict. The activity of an oncogene
may be dependent on the environment in which it is ex-
pressed.
The decrease at the DNA level of the neu gene in the myc
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FIG. 5. The frameshift myc plasmid has no effect on CAT
activity. The experiment was done as for Fig. 4b. Numbers 1 to 7
refer to the CAT constructs in Fig. 4a. Lanes fs, Cotransfection of
the CAT construct with the frameshift myc plasmid pfsmyc20; lanes
+ and -, cotransfection with pSVc-myc-1 and pGEM3, respec-

tively.

revertants could be due to negative selection against the
neu* oncogene, since colonies that exhibited nontrans-
formed morphology were selected. Nevertheless, the much-
reduced RNA level of the neu gene could not be explained
by the lowered DNA level alone. Therefore, a mechanism at
the level of transcription might be involved. The transient
expression assays we used support strongly the possibility
that c-myc is able to act as a transcriptional repressor. myc

may be involved in DNA replication (27). The MYC protein

120

10

so-

60

40

1 2 3 4 5
FIG. 6. Effect of c-myc-responsive element on CAT activity in

the presence of c-myc. Activities of CAT plasmid 1 in Fig. 4a
cotransfected with pGEM3 (column 1), pSVc-myc-1 alone (column
2), or pSVc-myc-1 plus 5,ug (column 3), 10,ug (column 4), or 20sLg
(column 5) of pSp64(StuI-XhoI)2. For experimental details, see

Materials and Methods.

is known to bind DNA nonspecifically (16, 58), and certain
regions of the MYC protein are similar to some enhancer-
binding proteins (43, 48). Some have suggested that the myc
family of proteins negatively regulates transcription of c-myc
(12, 50). More recently, c-myc was shown to bind directly to
a 7-bp sequence located upstream of the first exon of the
c-myc gene which is indispensable for both DNA replication
and enhancer activities (4, 28). The expression ofDrosophila
melanogaster heat shock protein 70 has also been shown to
be stimulated by c-myc (37). Other than these findings, little
has been reported on the transcriptional modulatory effects
of c-myc. Therefore, we may have identified a mammalian
target gene, besides c-myc itself, that is negatively regulated
by c-myc. The fact that the frameshift-mutated myc plasmid
did not suppress the NeuCAT activity of the deletion con-
structs provides evidence that the MYC protein, but not the
DNA or RNA of the c-myc gene, is the mediator of tran-
scription inhibition of the neu gene. When the stable trans-
fection experiments with B104-1-1 cells were repeated with
the frameshift c-myc plasmid, no morphologic reversion was
observed, as expected (data not shown). In addition, c-myc
is known as one of the early response gene for some growth
factors and mitogenic signals (14, 35). It is possible that
c-myc is a normal negative-feedback control factor on the
signal transduction pathway of the neu gene, a putative
growth factor receptor.

There are several possibilities for how c-myc-induced
repression might occur through interaction with the c-myc-
responsive element: (i) c-myc might bind directly to the
fragment and suppress transcription; (ii) c-myc might in-
crease the effective concentration of a negative factor(s) that
interacts with this fragment; or (iii) c-myc might decrease the
effective concentration of a positive factor(s) that interacts
with this fragment. If either one of the first two possibilities
was true, we would expect to see a derepressive effect on
CAT activity when the amount of the c-myc-responsive
element in the CAT competition experiments was increased.
However, what we observed was exactly the opposite: the
c-myc-responsive element further decreased the CAT activ-
ity to a level lower than that caused by c-myc (Fig. 6).
Furthermore, the recently described c-myc-specific binding
sequence (4) was not detected in this DNA element. We
therefore favor the third possibility as the mechanism of
c-myc-induced repression on the neu gene transcription.
Moreover, our recent characterization of the neu gene
promoter by deletion and competition studies also suggested
the presence of positive factor binding to this fragment (55a).
This factor is likely to exist in abundance, since the fragment
itself is unable to lower the CAT activity by competition.
However, the fragment is able to show a competitive effect
in the presence of c-myc, possibly because the effective
concentration of the positive factor(s) in the cell has already
been lowered by c-myc. This kind of enhancer repression
has been demonstrated in N-myc-induced suppression of the
transcription factor H2TF1, resulting in a lowering in major
histocompatibility complex class I antigen expression (9,
45). Whether the same or more-complicated mechanisms are
responsible for the c-myc-induced suppression of neu ob-
served in this study is now under investigation.
The c-myc-responsive element has been sequenced (Fig.

7) and characterized by gel retardation assay (Fig. 8). Since
the GGAGGAGGA repeat has also been found in the EGF-r
promoter and since neu and EGF-r show high homology, the
factor that was shown to bind to EGF-r promoter may
represent a common regulatory factor between the two
genes. However, this is unlikely, since the EGF-r promoter
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FIG. 7. Sequence of the 140-bp c-myc-responsive element. This sequence is located between -312 and -173 upstream of the translation
start site of the neu gene. The CCAAT box and GC box (Spl-binding site) are boxed in solid and broken lines, respectively. The
GGAGGAGGA repeats are underlined. A palindromic sequence, half of which resembles the TC-I or TC-II motif of the SV40 enhancer, is
underlined with a pair of inverted arrows. The consensus E12-MyoD (CANNTG)-binding site is marked by bold dots. The sequence with a
wavy overline also resembles a KE2 site.

did not compete against the formation of protein-DNA
complex with the c-myc-responsive element. A fragment
from the SV40 early promoter which contains six GC boxes
also could not compete for the protein-DNA complex,
suggesting that the complex we detected is not Spl. How-
ever, the formation of complex is inhibited in a concentra-
tion-dependent manner by the SV40 enhancer (Fig. 8). We
therefore searched for homologous sequences in the c-myc-
responsive element and the SV40 enhancer. A sequence

located between -285 and -277, GCTGGGAGC, matches
very well with the TC-I or TC-II motif of the SV40 enhancer
(63), with the exception of four Gs in the SV40 enhancer.
Another sequence, located between -194 and -186 (GGAG
GTGG) but not found in the SV40 enhancer, must be noted.
This sequence resembles the KE2 site (GGCAGGTGG)
found in the immunoglobulin kappa-chain enhancer (48).
This is particularly interesting since protein factors E12 and
E47, which were shown to bind to this site, share DNA-
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FIG. 8. Detection of protein-DNA complex on the c-myc-responsive element (StuI-XhoI) from 10 ,ug of HeLa cell nuclear extract
incubated with 5 ,g of poly(dI-dC). Left panel, All lanes except lane F contain the probe plus nuclear extract from HeLa cells. Unlabeled
competitors added are shown at the bottom of each lane except lane -, to which no competitor was added. Right panel, Concentration-
dependent competition of specific complex. The number at the bottom of each lane indicates the fold excess of unlabeled competitor. The
specific protein-DNA complex is indicated by C. Competitors are StuI-XhoI, the c-myc-responsive element itself; EGF-r, a DNA fragment
from the promoter of EGF-r which contains the TCCTCCTCC repeats as well as GC boxes; SV40 GC boxes, the promoter region of SV40
which contains six GC boxes in tandem; SV40 enhancer, a fragment containing only the SV40 72-bp enhancer; and pSp64, a nonspecific
competitor from plasmid vector pSp64.
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binding and dimerization motifs with the myc proteins (48).
At the same time, a CAGTTG sequence between -252 and
-247 also fits the consensus of the recognition sequence for
the E12-MyoD helix-loop-helix family. At this moment, we
do not know whether any of the described factors or a novel
transcription factor is responsible for c-myc suppression.
Further deletion and subcloning into a heterologous pro-
moter will be necessary for narrowing down the location of
the c-myc-responsive element to a smaller region. These
studies are now under way.
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