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One mechanism by which nuclear-localized oncogenes might transform cells is through an ability to regulate 
gene expression. We show that the c-myc protein stimulates the level of appropriately initiated expression from 
the human heat shock protein 70 (hsp70) promoter. Sequences required for full activation lie upstream of the 
transcription initiation site and are distinct from sequences necessary for basal expression. These sequences also 
appear distinct from promoter sequences necessary for heat induction, serum induction, and induction by the 
papovavirus T antigens. The c-myc protein inhibits appropriately initiated expression from the mouse 
metallothionein I (MT-I) promoter. A mutation that removes 138 amino acids of exon 2 produces a c-myc gene 
product that is capable of activating the hsp70 promoter but is no longer capable of inhibiting MT-I expression, 
suggesting that these two properties reside in different domains of the c-myc protein. Expression from the 
adenovirus EII promoter is slightly inhibited, while expression from the SV40 early promoter is minimally 
affected by the c-myc protein. Both the spectrum of promoters regulated by the c-myc protein and the sequence 
requirements for that regulation differ from those of previously characterized viral trans-activating proteins. 
The data suggest that the c-myc protein can both stimulate and inhibit transcription from mammalian 
promoters in a novel manner. 
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Many viral and cellular oncogenes encode protein 
products that have been found to reside in the nucleus. 
Several viral representatives of this class have been 
shown to regulate gene expression (for review, see 
Kingston et al. 1985). The most extensively character- 
ized of these, the adenovirus EIa gene products, have 
been shown to modulate promoter activity both posi- 
tively and negatively (Berk et al. 1979; Jones and Shenk 
1979; Borelli et al. 1984; Velcich and Ziff 1985). These 
observations have led to the proposal that nuclear-local- 
ized oncogene products exert their transforming pheno- 
type by modulating expression of a set of genes impor- 
tant for growth control. One prediction of this hy- 
pothesis is that cellular oncogenes will share with viral 
oncogenes an ability to regulate gene expression. 

Several lines of evidence suggest that the cellular on- 
cogene c-myc may play such a regulatory role. The pro- 
tein is localized to the nucleus and appears to be a 
DNA-binding protein, although no specificity for this 
binding has yet been shown (Abrams et al. 1982; Donner 
et al. 1982; Alitalo et al. 1983; Harm et al. 1983; Persson 
and Leder 1984). This protein shares with the trans-acti- 
vating regions of the DNA tumor viruses the ability to 
complement c-Ha-ras in transforming primary cells 
(Land et al. 1983; Ruley 1983). Most notably, the product 
of a rearranged mouse c-myc gene stimulates expression 
of a chimeric gene containing a Drosophila heat shock 

protein 70 (hsp70) promoter region {Kingston et al. 
1984a). While it was not possible to determine whether 
this stimulation was at the level of appropriately initi- 
ated transcription, this observation raised the possibility 
that the c-myc protein might stimulate transcription 
from mammalian hsp70 promoters. 

The human genome encodes several hspT0 loci (for re- 
view, see Pelham 1986). The particular promoter used 
here (Wu et al. 1985) is stimulated when cells respond to 
heat shock as well as when resting cells are fed fresh 
serum (Wu and Morimoto 1985; Wu et al. 1986a). This 
promoter is also stimulated by the products of the aden- 
ovirus EIa gene and the polyomavirus and SV40 early re- 
gions, arguing that it is a. reasonable candidate for stimu- 
lation by a cellular oncogene (Nevins 1982; Kao and 
Nevins 1983; Imperiale et al. 1984; Khandjian and 
Turler 1983; Kingston et al. 1986; Wu et al. 1986b). The 
sequences responsible for serum stimulation lie within 
60 bases of the transcription start site, whereas those re- 
sponsible for heat induction are centered at - 100 (Wu et 
al. 1986a). The sequences necessary for stimulation of 
this hspT0 promoter by the polyomavirus early region lie 
within -70,  and are not separable from those required 
for basal expression of the promoter {Kingston et al. 
1986). 

We demonstrate here that the c-myc gene product 
stimulates appropriately initiated expression from this 
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human hsp70 promoter. In contrast with activation by 
the papovavirus T antigens, sequences requiredfor max- 
imal induction of the promoter by the c-myc protein are 
distinct from those required for basal activity. We also 
show that the level of appropriately initiated expression 
from the mouse metallothionein I (MT-I) promoter is in- 
hibited by the c-myc protein, implying that this protein 
can both positively and negatively regulate gene expres- 
sion. 

Results 

The c-myc protein stimulates expression from the 
human hsp70 promoter 

To determine the regulatory capabilities of the c-myc 
protein, we performed transient cotransfection experi- 
ments. We included three plasmids in each experiment. 
All transfections contain a plasmid (pa series) in which 
the human hsp70 promoter is fused to the reporter gene 
chloramphenicol acetyltransferase (CAT; Fig. 1). A 
second plasmid differs for each transfection, and either 
expresses the c-myc gene product (pSV2-cmyc, Land et 
al. 1983), produces a c-myc message that contains a 
frameshift mutation at amino acid 40 (pfsmyc-20), or 
contains only vector DNA (pUC13). We measure the ef- 
fect of the c-myc protein on hsp70 expression by com- 
paring the level of CAT activity in the presence and ab- 
sence of cotransfection with pSV2-cmyc. The use of 
plasmid pfsmyc-20 as a control ensures that we are mea- 
suring a characteristic of the c-myc protein. 

We wished to compare the effects of the c-myc protein 
on expression of various promoters. Initial results sug- 
gested that transcription from the mouse MT-I promoter 
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was repressed by the c-myc protein. To compare directly 
the effects of the c-myc protein on hsp70 and MT-I tran- 
scription, a third plasmid, pXGHS, was included in each 
experiment (Selden et al. 1986). This plasmid contains a 
chimeric gene in which the human growth hormone 
(hGH) coding region is fused to the mouse MT-I pro- 
moter (Dumam et al. 1980; Denoto et al. 1981; Hamer 
and Wailing 1982). The human growth hormone (hGH) 
gene product is secreted, and the amount produced can 
be easily quantitated by a radioimmune sandwich assay. 
The amount of CAT made from the human hsp70 pro- 
moter and the amount of hGH made from the mouse 
MT-I promoter can thus be measured in the same trans- 
fection. We can therefore calculate a ratio between 
hsp70 expression and MT-I expression in each trans- 
fected dish, and determine how the c-myc protein affects 
this ratio. 

The results of a typical experiment are shown in Table 
1. The transfections in which pSV2-cmyc (set 2) or 
pfsmyc-20 (set 3) is the cotransfected plasmid are iden- 
tical except for the four-base deletion in pfsmyc-20 that 
precludes synthesis of the complete c-myc gene product. 
Comparison of these two transfections demonstrates 
that expression of the complete c-myc protein increases 
CAT expression 3.3-fold. Note that cotransfection with 
pfsmyc-20 results in a two- to threefold stimulation of 
CAT activity relative to that seen after cotransfection 
with pUC13 (see also Fig. 4). This effect is highly repro- 
ducible. It might be due to an activity of the 40-amino- 
acid fragment of c-myc expressed from this vector. Al- 
ternatively, the SV40 enhancer region contained on the 
expression vector may stimulate expression of the hsp70 
promoter after recombination between the transfected 
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Figure 1. Plasmids used in transfection experiments. Hatched areas show promoter regions, open boxes denote noncoding regions, 
filled boxes denote coding regions, and lines denote vector sequences. Plasmid pal250 contains 1250 bp of 5'-flanking sequence of the 
human hsp70 promoter fused to the bacterial CAT gene at + 160. Plasmid pSV2-cmyc contains the SV40 early promoter fused to the 
second and third exons of a c-myc gene isolated from a mouse plasmacytoma (Shen-Ong et al. 1982; Land et al. 1983}. Frameshift 
mutants fsmyc-20 and fsmyc-13 were generated at the indicated Psti sites by introducing 4-bp deletions (Kingston et al. 19841. pXGH5 
expresses the hGH coding region fused to a mouse MT-I promoter {Selden et al. 1986}. (B) BamHI; (E) EcoRI; (H) HindlII; (K) KpnI; (P) 
PstI; (S)SacI; (X)XmnI. 
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Table 1. Modulation of human hsp70 and mouse MT-I 
promoter expression by the c-myc protein 

(Set 1) (Set 2) (Set 3) 
pUC 13 pSV2-cmyc pfsmyc-20 

CAT activity 9 69 21 
hGH level 48 17 62 
CAT/hGH 0.2 4.0 0.3 

Plasmid pAl250 (8 p~g) and pXGH5 (2 ~g) were transfected with 
5 ~g of either pUC13 (set 1), pSV2-cmyc (set 2), or pfsmyc-20 
(set 3) into BALB/c 3T3 cells. Forty-eight hours later, the level 
of hGH secreted into the media was determined by radioimmu- 
noassay and CAT activity was assayed in cell lysates. Each 
number is the average of triplicate plates. CAT values are per- 
cent conversion; hGH values are ~2sI counts x l0 -3. Values 
outside the linear range were determined by correction after se- 
rial dilution to within the linear range. Note that plasmid 
pfsmyc-20 has approximately a twofold stimulatory effect on 
both hsp70-CAT and MT-I-hGH expression. This effect is re- 
producible and is seen with every tested promoter. 

DNAs. The latter possibility is supported by the obser- 
vation that cotransfection with pSV2-gpt has a similar 
effect (data not shown). Thus, the approximately eight- 
fold stimulation observed in this experiment when ex- 
pression of the hsp70 promoter is cotransfected with 
pSV2-cmyc as opposed to pUC13 probably does not re- 
flect solely an effect of the c-myc protein, but contains a 
component due to the expression vector used. To insure 
that the effects we are studying are due to expression of 
the c-myc protein, it is therefore critical to compare 
transfections in which pfsmyc-20 is transfected as a con- 
trol plasmid. 

Expression from the MT-I -hGH gene decreased 3.6- 
fold after cotransfection with pSV2-cmyc. The ratio of 
CAT activity to hGH activity thus changes 12-fold when 
these two transfections are compared. As both transfec- 
tions contain the same amount of the hsp70-CAT gene 
and the MT-I -hGH gene, these data imply that the 
c-myc protein causes the hsp70 promoter to be utilized 
preferentially over the MT-I promoter. 

Variability of the stimulatory effects of the c-myc gene 
product 

When experiments of the sort presented in Table 1 were 
repeated numerous times over a 6-month period, we 
consistently found that the c-myc protein preferentially 
stimulated hsp70 promoter-driven CAT expression over 
MT-I promoter-driven hGH expression (Fig. 2C). There 
was variability in the degree of the effect, however. The 
degree of stimulation of CAT activity (Fig. 2A) varied 
between twofold and 32-fold (average sixfold), the inhi- 
bition of hGH activity (Fig. 2B) varied between 1.3-fold 
and 12-fold (average 3.6-fold), and the ratio CAT : hGH, 
reflecting the preferential utilization of the human 
hsp70 promoter, varied between threefold and 72-fold 
(average 20-fold). Note that in every experiment done, 
this ratio was greater than 1. The preferential stimula- 
tory effect of the c-myc gene product was thus highly 
reproducible--only the degree of the effect was not. 

One potential explanation for this variability is that 
when transfection efficiency is high, the introduction of 
8 ~g of hsp70 containing DNA produces near-maximal 
transcription from this promoter. Very little stimulation 
by c-myc could then be observed. To test this hy- 
pothesis, we transfected cells with increasing amounts 
of the human hsp70 CAT construct while holding the 
amount of either pSV2-cmyc or pfsmyc-20 constant. The 
degree of inhibition of hGH expression from the con- 
stant amount of pXGH5 in each transfection did not 
change in this experiment (data not shown). In contrast, 
the degree of stimulation of CAT expression decreased 
with increasing promoter concentration, as did the in- 
ternal ratio CAT: hGH (Fig. 3). When several transfec- 
tions were done using 1 or 2 ~g of pAl250, the degree of 
variability was reduced, but significant variation still 
occurred (data not shown). 

Does c-myc activate via the heat shock pathway? 

Protocols using varying amounts of the hsp70 promoter, 
such as described above, were used to determine the se- 
quence requirements for stimulation of the hsp70 pro- 
moter by the c-myc gene product. We focused on deter- 
mining the role of sequences upstream of those required 
for basal expression of the hsp70 promoter. In particular, 
we wished to address the possibility that c-myc induced 
the hsp70 promoter by stressing the cell and thus in- 
ducing the heat shock response. We were concerned that 
any difference we saw between activation of two con- 
structions would reflect the variability in activation de- 
scribed above (Fig. 2), and not an actual need for a spe- 
cific sequence. We had observed variability when trans- 
fections from separate days were compared. We found 
however that the degree of trans-activation seen on any 
given day was relatively constant (e.g., Fig. 3). We there- 
fore compared the degree of trans-activation of deleted 
promoters by doing several measurements of each pro- 
moter at the same time (Fig. 3). 

In BALB/c 3T3 cells, the sequences necessary for near- 
maximal basal expression of the human hsp70 promoter 
lie within 67 bases of the start site (Kingston et al. 1986), 
while a sequence centered at - 100 confers heat induci- 
bility (Wu et al. 1986a; see also Fig. 4). Stimulation by 
the c-myc protein of hsp70 promoters deleted to - 8 4  
(pA84) and - 1 2 0  (pAl20) is significantly reduced com- 
pared to that seen with a -1250  deletion (Fig. 3). Note 
that the level of effect of the c-myc protein in these ex- 
periments is relatively constant, in contrast to what is 
observed when transfections from different days are 
compared (e.g., Fig. 2). 

The values in Figure 3 are presented as ratios of the 
effect of the c-myc protein on expression of the hsp70 
promoter as compared with the effect on expression 
from the MT-I promoter contained in the same transfec- 
tion. These values therefore include a threefold effect of 
c-myc on repression of the MT-I promoter. An alterna- 
tive way to analyze the data is to examine only the effect 
of the c-myc protein on hsp70-CAT expression. When 
five experiments are analyzed in this way and averaged, 
the absolute stimulation of pa l250 is 5.3, pAl20 is stim- 
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ulated 2.2-fold, and pA84 is increased 1.5-fold. Sequences 
between - 84 and - 120 therefore play a m i n i m a l  role in 
s t imula t ion  of the h u m a n  hsp70 promoter by the c-myc 
protein. These same sequences are pr imari ly responsible 
for induct ion of this promoter by heat (Fig. 4; Wu et al. 
1986a). These data suggest that the c-myc gene product 
does not produce its s t imulatory effect solely through 
the heat  shock pathway. 

The c-myc product stimulates appropriately initiated 
transcription from the hsp70 promoter 

To characterize the ini t ia t ion site of hsp70 transcription 
in the presence of c-myc, and to ensure that the level of 
CAT expression reflects message levels, we performed 
S1 analysis on total RNA made from BALB/c 3T3 cells 
24 -48  hr after transfection. The level of appropriately 
ini t iated hsp70 transcript increased in the presence of 
c-myc (Fig. 4, lanes 1 and 2). We used S1 analysis to cor- 
roborate that  sequences between - 84 and - 120 played 
a major role in the heat  shock response of this h u m a n  
hsp70 promoter in BALB/c 3T3 cells. The level of appro- 
priately ini t iated h u m a n  hsp70 transcription from both 
p a l 2 5 0  and p a l 2 0  was dramatical ly increased by expo- 
sure of transfected cells to 4 hr at 43~ while  pA84 ex- 
pression was unaffected (Fig. 4, lanes 9-14).  

S 1 analysis was next used as a second method of char- 
acterizing the sequence requirements for trans-activa- 
t ion of the hsp70 promoter by the c-myc protein. The 
use of S1 analysis allowed us to include a pseudo-wild- 
type promoter in each transfection as an internal  refer- 
ence. This  promoter contains sequences to -1250 ,  but 
also contains a 33-bp deletion in the 5' untranslated re- 
gion of the chimeric  h s p 7 0 - C A T  message (see Fig. 4). 
When this pseudo-wild-type promoter, contained on 
plasmid pIR17, is introduced into cells and the resulting 
RNA is analyzed by S1 analysis, a band of 129 bases re- 
sults due to looping of the probe sequences opposite the 

Figure 2. Variability of the regulatory effects of the c-myc protein. Fifteen sets of 
transfections were carried out on different days in the BALB/c 3T3 cell line. 
pHSmCAT (8 ~g) and pXGH5 (2 ~g) were cotransfected with 5 ~g of either pSV2- 
cmyc or pfsmyc-20. Forty-eight hours later, the supernatant was assayed for hGH 
and the cells were lysed and assayed for CAT production. (A) Effect of c-myc on 
CAT production driven from the hsp70 promoter. Each bar represents the level of 
CAT activity seen in the presence of pSV2-cmyc relative to the level seen in the 
presence of pfsmyc-20 (CATmyc/CATfs). (B) Effect of c-myc on hGH production 
from the mouse MT-I promoter in the same cells. The bars are a measure of hGH 
produced in the presence of pSV2-cmyc relative to that produced in the presence 
of pfsmyc20 (hGHmyc/hGHfs). The ratio of activation of hsp70-CAT to inhibi- 
tion of MT-I-hGH production, referred to as preferential utilization of hsp70, is 
shown in Fig. 2C for the same 15 experiments. The bars are the ratio (CATmyc/ 
CATfs)/{hGHmyc/hGHfs). All values are the average of duplicate or triplicate 
experimental dishes. The average value and standard deviation for all of the data 
in each panel is: (A) 6.6 _+ 2; (B) 0.3 _+ 0.2; (C) 17 ___ 10. The average standard 
deviation for each data bar (standard deviation between the duplicate or triplicate 
dishes done on the same day) are: (A) 0.3; (B) 0.1; (C) 0.2. 

deletion in the message (Kingston et al. 1986). This band 
is easily dist inguished from the 230-base band repre- 
senting appropriate ini t ia t ion from the pA plasmid. By 
cotransfecting the pseudo-wild-type promoter wi th  a de- 
leted promoter, we can compare the effect of the c-myc 
protein on these two promoters in the same cell. If the 
activation requires sequences that are on the pseudo- 
wild-type promoter, but not on the deleted promoter, 
then expression from the pseudo-wild-type promoter 
should be preferentially increased by the c-myc protein. 
This  protocol therefore allows us to determine the se- 
quence specificity for activation of the h u m a n  hsp70 
promoter in an internal ly controlled experiment,  elimi- 
nat ing the possibil i ty that the differences in response of 
a particular deletion to the c-myc are due to transfection 
variability. 
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Figure 3. Sequence dependence for c-myc stimulation. The 
hsp70 promoter was deleted from the 5' side to 120 bp up- 
stream of start site (pAl20) or to - 8 4  bp (pA84). The specified 
amounts of the indicated plasmid were transfected wth pXGH5 
(0.5 ~g) and 5 ~g of either pUC13, pSV2-cmyc, or pfsmyc-20. 
All transfections were done on the same day into cells split 
from the same pool. Forty-eight hours after transfection, CAT 
and hGH levels were determined. The value reported ("prefer- 
ential utilization") is the ratio of activation of the human hsp70 
promoter relative to the mouse MT-I promoter, and is calcu- 
lated as in the legend to Fig. 2. 

We cotransfected pAl20 and pIR17 into BALB/c 3T3 
cells with either pSV2-cmyc or pfsmyc-20. We saw very 
little effect of the c -myc  protein on the level of appropri- 
ately initiated hsp70 message from pAl20 (Fig. 4, lanes 4 
and 5), while the level of message from pIR17 in the 
same transfection was stimulated. Similar results were 

obtained with pA84 (Fig. 4, lanes 7 and 8). Note that we 
observe stimulation of hsp70 message levels by pfsmyc- 
20, an effect we attribute to vector sequences, as similar 
effects are seen with pSV2-gpt. These data confirm that 
sequences upstream of - 120 are necessary for full stim- 
ulation of the hsp70 promoter by the c-myc  protein. The 

Figure 4. The c-myc protein requires upstream hsp70 promoter sequences to stimulate hsp70 RNA level. (Lanes I and 2) BALB/c 3T3 
cells were transfected with pal250 (8 ~g), and 5 ~g of either pUC13 (lane 1 ) or pSV2-cmyc (lane 2). (Lanes 3-5) Cells were transfected 
with pa l20  (1 ~g), pIR17 (1 ~g), pXGH5 (1 ~g), and 5 ~g of either pUC13 (lane 3), pSV2-cmyc (lane 4), or pfsmyc-20 (lane 5). (Lanes 6-8) 
Cells were transfected with pA84 (5 ~g), pIR17 (5 ~g), pXGH5 (1 ~g), and 5 ~g of either pUC13 (lane 6), pSV2-cmyc (lane 7), or 
pfsmyc-20 (lane 8). (Lanes 9-14) Cells were transfected with pXGH5 (2 ~g) and 10 ~g of either pal250 (lanes 9 and 10), pal20 (lanes 11 
and 12), or pA84 (lanes 13 and 14). Cells in the transfections of lanes 10, 12, and 14 were incubated at 43~ for 4 hr immediately prior 
to harvest. Total RNA was harvested 32 (lanes 3-5) or 48 (lanes 1, 2, 6-14) hr after transfection, and was analyzed by $1 analysis using 
the indicated probe. Plasmid pIR17 contains the complete human hsp70-CAT gene of pd~1250, but has a 33-bp deletion in the leader 
sequence. It thus produces a 130-base protected fragment in the $1 analysis (~ WT). The values at the bottoms of lanes 3-14 are the 
relative level of hGH expression obtained from plasmid pXGH5 in each transfection. These values are arbitrarily normalized to the 
level expressed in the experiments of lanes 3 (for lanes 3-5), lane 6 (for 6-9), or lane 9 (for 9-14). 
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level of appropriately initiated transcription from pA84 
and pAl20 is similar in the absence of the c-myc protein, 
verifying that sequences upstream of - 8 4  are not im- 
portant for basal expression of the promoter in BALB/c 
3T3 cells. Expression of hGH from the MT-I promoter 
decreased in the presence of the c-myc protein in these 
experiments while expression from the truncated hsp70 
promoters remained constant. 

Inhibition of expression from the mouse MT-I promoter 

As described above, the c-myc protein caused on average 
a three- to fourfold decrease in hGH expression from the 
mouse MT-I-hGH chimeric gene (Fig. 2B). To confirm 
that this inhibition reflected the level of appropriately 
initiated MT-I transcription, S1 nuclease analysis was 
performed using a probe that extended from + 130 to 
-170  of the MT-I promoter (Fig. 5). We observed good 
correlation between hGH levels and appropriately initi- 
ated MT-I transcripts, implying that hGH expression is 

an accurate measure of message level of the chimeric 
genes. These results suggest that the c-myc protein has 
the ability to inhibit promoter expression. In the experi- 
ments described above (Fig. 2), a possible explanation for 
inhibition of MT-I-hGH expression was that stimula- 
tion of the cotransfected human hsp70 promoter by the 
c-myc protein resulted in a decrease in MT-I expression 
due to competition for a common transcription factor. 
We observed, however, a comparable degree of inhibi- 
tion of the mouse MT-I promoter in the presence of 
varying concentrations of hsp70 promoter tFig. 5, lanes 
3-7), as well as in the absence of any cotransfected 
hsp70 promoter (Fig. 5, lanes 1 and 2). 

Regions of the c-myc gene necessary for trans-activation 

The c-myc gene used in the preceding experiments was 
isolated from a mouse plasmacytoma (Shen-Ong et al. 
1982), and produces the characteristic Mr 62,000 and 
64,000 phosphoproteins that have been seen in both 
human and mouse cells (Wurm et al. 1986). To insure 

Figure 5. Inhibition of appropriately initiated mouse MT-I transcription by the c-myc protein. Cells were transfected with plasmid 
pXGH5 {2 ~g) and 5 ~g of either pUC13 {lanes 3 and 6), pSV2-cmyc (lanes 1, 4, and 71,or pfsmyc-20 (lanes 2 and 5). Included was either 
no pAl250 Ilanes 1 and 2), 3 }~g pA1250 (lanes 3-5), or 8 ~g pal250 (lanes 6 and 71. All transfections except lanes 6 and 7 contain 10 ~g 
total DNA with the remainder made up by pUC13. Total RNA {30 ~.g) was analyzed by S1 analysis using an end-labeled single- 
stranded probe that extended from + 130 (labeled) to - 170 of the MT-I-hGH gene. Values at the bottom of each lane are the relative 
level of hGH expression from plasmid pXGH5, arbitrarily normalized for the level of expression in the experiment of lane 3. 
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Table 2. Effects of human and mouse c-myc proteins on gene expression 

Effector plasmid CAT GH CAT/GH 

Transcriptional regulation by c-myc 

Set A 
pSV2-cmyc 6.4 ___ 0.6 0.5 • 0.3 12.8 • 4.0 
pfsmyc20 1.2 __+ 0.2 1.1 • 0.6 1.1 • 0.8 
pfsmycl3 1.1 • 0.2 1.1 • 0.5 1.1 -- 0.7 

Set B 
pSV7pLHumyc 5.7 _+ 1.0 0.6 __ 0.1 9.5 __ 2.1 
pSV7pLHumycapst 12.0 • 0.8 2.0 • 0.6 6.0 • 1.6 
pSV7pL-mousemyc 7.4 • 1.2 0.3 • 0.2 24.6 • 3.5 

Transfections contained pal250 (1-2 lag), pXGH5 (0.5 ~xg), and 5 txg of the indicated effector plasmid. The control effector plasmid 
was either pSV2-gpt (set A) or pSV7pL-polylinker (set B). The values of CAT and GH reported in set A represent two ratios, R1 and R2, 
respectively, where R1 = CAT expression in the presence of the indicated effector/CAT expression in the presence of pSV2-gpt 
plasmid and R2 = GH expression in the presence of the indicated effector/GH expression in the presence of pSV2-gpt plasmid. In set B 
the values are corrected for pSV7pL-polylinker instead of pSV2-gpt. Set A numbers are the average of three experiments done in 
duplicate and set B is an average of five experiments. Error values represent the standard deviation over these experiments. Plasmid 
pfsmyc-20 and psmyc-13 contain frameshift mutations at amino acids 40 and 189, respectively. Plasmid pSV7pL-Humycapst contains 
a deletion of amino acids 40-189. Plasmid pSV7pL-polylinker is the parent plasmid in which the human c-myc gene or its mutants 
was cloned. Note that all effector molecules are expressed from the SV40 early promoter. 

that  the regulatory capabilities reported above reflect a 
general property of the c-myc protein, we next  per- 
formed transfections using plasmids that  express the 
h u m a n  c-myc gene product (Sarid et al. 1986). The 
h u m a n  c-myc protein functioned similarly to the mouse 
protein: hsp70 expression was s t imulated relative to 
MT-I expression (Table 2). This s t imulat ion was the re- 
sult of both an increase in h s p 7 0 - C A T  expression and a 
decrease in M T - I - h G H  expression. We also were inter- 
ested in determining what  regions of the c-myc protein 
are necessary for trans-activation. Frameshift  mutat ions  
at either amino acid 40 (pfsmyc-20) or amino acid 178 
(pfsmyc-13) el iminated the ability of the protein product 
of the mouse  gene to regulate expression. 

Cotransfect ion of a construct  that  contains an internal 
deletion between amino acids 40 and 178 of the h u m a n  
c-myc gene resulted in activation of the h u m a n  hsp70 
promoter  but no inhibit ion of the MT-I promoter  (Table 
2). This deletion leaves exon 3 intact  and in frame, but 
deletes the majori ty of exon 2. It is not clear how such 
an extensive deletion affects the stability of the resul- 
tant  protein; however, the observation that  there is a sig- 
nificant st irnulatory effect of this construct  suggests 
that  a protein is produced. The observation that  this 

construct  has lost the ability to inhibit MT-I expression 
suggests that  the domains responsible for activation and 
suppression of gene expression by the c-myc protein are 
separable. 

Regulation of other promoters by the c-myc protein 

The nuclear oncogenes of adenovirus, polyomavirus,  and 
s imian virus 40 are capable of regulating gene expres- 
sion. These gene products all s t imulate  expression from 
the adenovirus EII promoter  {Jones and Shenk 1979; Berk 
et al. 1979; Loeken et al. 1986; W. Solomon, pers. 
comm.I. They all inhibit expression from the SV40 early 
promoter,  al though by different mechanisms.  This inhi- 
bition is accomplished by direct binding of the papova- 
virus T antigens to the promoter, while the EIa proteins 
inhibit  via the SV40 enhancer region (Rio et al. 1980; 
Borrelli et al. 1984; Velcich and Ziff 1985). In contrast  to 
these viral proteins, the c-myc protein does not stimu- 
late expression from the adenovirus EII promoter  (Table 
3). We observe instead a slight inhibition. Expression of 
the c-myc protein produces very little change in CAT 
expression from pSV2-CAT, also in contrast  to observa- 
tions with  the viral proteins. 

Table 3. The effect of the c-myc protein on expression from the adenovirus EH and SV40 early promoters 

CATmyc/CATfs 

Test promoter CATmyc/CATfs GHmyc/GHfs GHmyc/GHfs 

pAEII-96-CAT 0.7 --- 0.4 0.5 • 0.2 1.6 • 0.2 
pSV2-CAT 1.0 • 0.6 0.5 • 0.2 2.0 • 0.8 

Transfections contained 1-8 p.g of the test promoter (pAEII-96-CAT or pSV2-CAT), 1 txg of pXGH5, and 5 lag of either pSV2-cmyc or 
pfsmyc-20. The levels of CAT expression and hGH secretion were determined 48 hr after transfection. Error values represent the 
standard deviation over these experiments. The results are the average of 10 transfection experiments done in duplicate. The expres- 
sion of CAT from these different promoters is compared with the expression of hGH from the metallothionein promoter in the same 
transfected ceils. The numbers presented are calculated as in the legend to Fig. 2, and reflect the decrease in CAT or GH expression 
when transfections containing pSV2-cmyc are compared with transfections containing pfsmyc-20, pAEII-96-CAT contains the adeno- 
virus EII promoter fused to CAT, and pSV2-CAT contains the SV40 early promoter fused to CAT. 
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Discussion 

Determining the mechanism by which oncogenes exert 
their phenotype is of fundamental importance to under- 
standing neoplastic transformation. The c-myc product 
has been found to reside in the nucleus and to bind 
DNA. These observations, coupled with the observation 
that the c-myc protein can stimulate expression from a 
Drosophila hsp70 promoter region, have raised the hy- 
pothesis that the c-myc protein functions as a regulator 
of mammalian transcription. 

The c-myc protein has a novel trans-activation function 

We demonstrate here that expression of the c-myc pro- 
tein in mammalian cells increases appropriately initi- 
ated transcription from a human hsp70 promoter. This 
activation requires sequences upstream of the initiation 
site, suggesting that stimulation is a result of increased 
transcription, not increased stability, transport, or trans- 
lation of the message. How does this activation occur? 
The mechanism by which other nuclear oncogenes stim- 
ulate expression from cellular promoters appears at this 
point to be indirect, as sequences required for stimulated 
expression have not been separated from those required 
for basal expression (Green et al. 1983; Brady et al. 1985; 
Keller and Alwine 1985; Kingston et al. 1986; Kovesdi et 
al. 1986; SivaRaman et al. 1986; for review, see Kingston 
et al. 1985). 

The c-myc protein modulates gene expression by a 
mechanism different than that of previously character- 
ized viral trans-activating proteins, however. The se- 
quences required for stimulation of hsp70 expression by 
the c-myc protein are different from those required for 
stimulation of this same promoter by the early region 
proteins of polyomavirus and simian virus 40 (Kingston 
et al. 1986; W. Solomon, unpubl.). These latter proteins 
do not need sequences upstream of - 6 7  for activation, 
while the c-myc protein requires sequences upstream of 
-84 ,  and hence upstream of the elements required for 
basal expression of this promoter in mouse cells (Fig. 4). 
In addition, the c-myc protein slightly represses expres- 
sion from the adenovirus EII promoter and has very little 
effect on the SV40 early promoter. These latter effects 
contrast with the effects of the adenovirus EIa proteins 
and the papovavirus T antigens of these promoters. 
Therefore, one cannot infer the mechanism of trans-ac- 
tivation by the c-myc protein from present studies on 
these other trans-activating proteins. 

Does the c-myc protein interact directly with the 
hsp70 promoter to activate it, or does it indirectly acti- 
vate through other factors? One possibility is that pro- 
duction of the c-myc protein in our experiments stresses 
the cell, and thus activates the hsp70 promoter via the 
heat shock response. The regulatory element responsible 
for heat induction of promoters is well characterized, 
and a perfect fit to the consensus sequence is found cen- 
tered at - 100 of the promoter used in this work (Mirault 
et al. 1982; Pelham 1982, 1985; Hunt and Morimoto 
1985). This single element is primarily responsible for 
heat induction of this promoter, as evidenced by the dra- 
matic difference in heat inducibility between pa84 and 

pa l20  {Fig. 4; see also Wu et al. 1986a). Sequences be- 
tween - 84 and - 120 play very little role in induction of 
the human hsp70 promoter by c-myc (Figs. 3 and 4), 
while sequences upstream of - 120 play a major role in 
c-myc induction. Because there is a minimal effect of 
sequences upstream of - 120 on the magnitude of heat 
shock induction of this promoter (Fig. 4; J. Greene, un- 
publ.), it is impossible rigorously to exclude some role 
for the elements of the heat shock response in stimula- 
tion of this human hsp70 promoter by c-myc. The data, 
however, argue that the c-myc protein stimulates hsp70 
transcription by a separate mechanism 

The sequences required for c-myc stimulation are also 
distinct from those required for serum induction of the 
promoter (Wu et al. 1986a). Activation of this promoter 
by the c-myc protein thus has different sequence re- 
quirements than induction by any previously character- 
ized effector. The data therefore suggest that the c-myc 
protein either interacts directly with the promoter or ac- 
tivates via a novel pathway involving other factors. The 
assays for trans-activation by the c-myc protein de- 
scribed here in combination with biochemical studies 
involving purified c-myc protein should allow dissection 
of the mechanism by which this cellular oncogene stim- 
ulates gene expression. 

Inhibition of expression from the mouse MT-I promoter 
region 

Expression of the c-myc protein inhibits the level of ap- 
propriately initiated transcripts from the mouse MT-I 
promoter. Two prominent explanations exist for this 
phenomena; either the c-myc protein specifically re- 
presses expression from this promoter region or the inhi- 
bition is an indirect result of a cytotoxic effect of c-myc 
in transfected cells. Overproduction of the c-myc protein 
can result in cell death under certain conditions (Wurm 
et al. 1986). Determination of whether the level of c-myc 
expression achieved in the transfection experiments de- 
scribed here results in cell death is problematic due to 
the low percentage of cells that express transfected 
DNA. However, when we perform cotransfection exper- 
iments with a mutant  hsp70 promoter (pA84) containing 
only sequences necessary for basal expression, hsp70 ex- 
pression remains constant while MT-I -hGH expression 
decreases (Fig. 4). Furthermore, both the SV40 early and 
adenovirus EII promoters are minimally affected by the 
c-myc protein in experiments where we observe inhibi- 
tion of the MT-I promoter (Table 3). These results argue 
that specific components in the MT-I promoter are re- 
quired for inhibition, and that the effect is not one of 
general cytotoxicity. An alternative interpretation, that 
inhibition of the MT-I promoter is caused by cytotox- 
icity while the differential effects of the human hsp70, 
EII, and SV40 early promoters are due to a specific ability 
to stimulate these three promoters, would appear less 
likely. 

Modulation of gene expression and transformation 

The implication that the c-myc protein can both posi- 
tively and negatively regulate gene expression raises the 
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hypothes is  that  neoplastic t ransformation is a direct ef- 
fect of these regulatory capabilities. In this study, we re- 
port that  a c-myc gene deleted for most  of exon 2 is ca- 
pable of s t imulat ing hsp70 expression, but appears inca- 
pable of inhibi t ing MT-I expression (Table 2). This 
mu tan t  is not  capable of collaborating wi th  the EJ-ras 
oncogene to transform rat embryo fibroblasts (Sarid et al. 
1987). These data may be taken to suggest that the 
abil i ty to inhibi t  expression from the MT-I promoter  is 
more relevant  to t ransformation than the ability to stim- 
ulate hsp70 expression. One must  be cautious, however 
due to the inherent  differences in sensit ivi ty of the 
t ransformation and regulatory assays. A more detailed 
analysis of muta t ions  in c-myc that  affect these func- 
t ions will  be necessary to correlate these two regulatory 
activit ies wi th  an abili ty to transform cells. 

The adenovirus EIa region shares l imited homology 
wi th  the c-myc gene (Ralston and Bishop 1983), behaves 
similarly in the abili ty to induce various transformed 
phenotypes (Ruley 1983; Land et al. 1983), and shares an 
abili ty to modulate  gene expression posit ively and nega- 
tively. The regions of the adenovirus EIa proteins neces- 
sary for trans-activation do not  correlate well wi th  those 
necessary for collaboration wi th  EJ-ras in t ransformation 
of rat embryo fibroblasts. Interestingly, there is a better 
correlation between transformation potential  and the 
abili ty to inhibi t  expression from the SV40 early pro- 
moter  (Lillie et al. 1986). As detailed above, the mecha- 
n i sm by which  the c-myc protein regulates gene expres- 
sion appears to differ from that  by which the adenovirus 
EIa proteins regulate gene expression. This latter consid- 
eration suggests that  there is not  a common regulatory 
capability shared by these nuclear oncogenes that  is re- 
sponsible for the t ransformation phenotype of these pro- 
teins. The observation that  many  nuclear-localized on- 
cogenes are able to modulate  gene expression, however, 
argues that  this abili ty is important  to the funct ion of 
these proteins. Whether  the regulatory abilities of the 
c-myc protein play a role in cellular t ransformation 
awaits further study. 

M e t h o d s  

Cells and transfections 

BALB/c 3T3 cells were cultured in Dulbecco's modified Eagle's 
medium {DMEM) supplemented with 10% calf serum in 10-cm 
plates. Cells were used for no longer than 10 passages, and were 
carefully passaged to avoid confluence. Transfections were car- 
ried out using a modification of the calcium phosphate precipi- 
tation procedure of Graham and van der Eb (1973; Kingston et 
al. 1986). Total transfected DNA (8-15 ~g) was ethanol-precipi- 
tated and resuspended in 0.5 ml of 250 m~ CaC12. The DNA 
solution was added dropwise to 0.5 ml of buffered 2 x HEPES- 
buffered saline (HeBS). The precipitate was immediately vor- 
texed for 5 sec and allowed to sit at room temperature for 20 
min. This solution was then added to a 10-cm dish of cells 
(20-40% confluent) that had been fed with flesh media 2 hr 
earlier. Sixteen hours later, the cells were washed with phos- 
phate-buffered saline (PBS) and fed with fresh media. Cells were 
harvested 8-32 hr after removing the precipitate for either pro- 
tein or RNA studies. Cells were not allowed to reach con- 

Transcriptional regulation by c.myc 

fluence before harvest. Transfections were done in duplicate or 
triplicate. 

Plasmids 

Construction of all plasmids used is described in detail else- 
where. Plasmids contain the following sequences. 

pA series (Kingston et al. 1986): The human hsp70 promoter 
(Wu et al. 1985) is fused to the structural gene of pSV2-CAT 
(Gorman et al. 1982) at a BamHI site at + 160 of the human 5' 
untranslated region. Plasmids contain the indicated number of 
bases 5' of the transcription initiation site (pA84 contains se- 
quences to - 84). 

pXGH5 (Selden et al. 1986): The mouse MT-I promoter is 
fused to the coding region of the hGH gene. 

pSV2-cmyc (Land et al. 1983): Exons 2 and 3 of a mouse 
c-myc gene isolated from a plasmacytoma (Shen-Ong et al. 
1982) are fused to the SV40 early promoter. 

pfsmyc-20 and pfsmyc-13 (Kingston et al. 1984a): Both are 
derived from pSV2-cmyc by deleting the four internal bases of 
either the promoter proximal (pfsmyc-20) or distal (pfsmyc-13) 
PstI site in exon 2. 

pSV7PL myc series (Sarid et al. 1986): Exons 2 and 3 of either 
the mouse c-myc gene (mousemyc) or the human c-myc 
(Humyc) are fused to the SV40 early promoter region. Plasmid 
pSV7PLHumycApst contains a deletion of the sequences be- 
tween the two PstI sites in exon 2. This deletion leaves the 
carboxy-terminal portion of the protein in frame. 

pAEII-96-CAT (Kingston et al. 1984b): The adenovirus EII 
promoter, containing 96 bases of 5'-flanking sequence, is fused 
to the CAT gene. 

pSV2-CAT (Gorman et al. 1982): The SV40 early promoter is 
fused to the CAT gene. 

All plasmid DNA was grown using M9 minimal media and 
purified by banding twice by ethidium bromide-CsC1 gradient 
centrifugation. DNA concentrations were determined spectro- 
photometrically and were verified by restriction digest and 
agarose gel electrophoresis. 

RNA preparation and analysis 

Total cellular RNA was prepared by the guanidium/CsC1 
method described elsewhere (Ullrich et al. 1977; Maniatis et al. 
1982). Single-stranded end-labeled probes were prepared as de- 
scribed previously (Kingston et al. 1986). The human hsp70 
probe contains bases +229 (labeled) to -133 of the hsp70- 
CAT fusion gene. 

S1 nuclease analysis (Berk and Sharp 1977) was performed as 
follows: 10-30/~g total cellular RNA was mixed with 3 x 104 
dpm probe, ethanol-precipitated, and resuspended in hybridiza- 
tion buffer (40 mM Pipes (pH 6.4), 1 m_M EDTA, 0.4 M NaC1, 
80% formamide). Hybridization was 30~ for 16 hr. S 1 nuclease 
digestion and analysis on 8% denaturing polyacrylamide gels 
was by standard procedures (Maniatis et al. 1982). 

Determination of GH expression levels 

At the time of harvest of transfected cells, hGH levels in the 
media were measured using a solid-phase two-site radioimmu- 
noassay kit under the conditions recommended by the manu- 
facturer (Hybritech Inc.). Standards were used to verify that all 
values were within the linear range of the assay. 

GENES & DEVELOPMENT 355 

 Cold Spring Harbor Laboratory Press on May 19, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Kaddurah-Daouk et al. 

Determination of CAT activity in transfected ceils 

At the time of harvesting, cells were washed thoroughly with 
ice-cold PBS, lysed by three rounds of freeze-thaw in 250 mM 
Tris buffer, and the supernatant was analyzed for CAT activity 
using the standard procedure (Gorman et al. 1982). Serial dilu- 
tions were performed to bring the value in the assay to under 
30% conversion to the acetylated form. Activities reported are 
corrected for any dilution required to bring the assay into this 
range. 
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