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Induction ofjun Gene Family Members by Transforming Growth Factor but not 

17/3-Estradiol in Human Breast Cancer Cells 1 
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A B S T R A C T  

To investigate whether estrogen treatment of hormone-responsive hu- 
man breast cancer cells was associated with activation of members of the 
jun family of immediate early response genes, the expression of these 
oncogenes in human breast cancer cells was examined. 17/3-Estradiol had 
little effect on expression of c-jun,jun B,jun D, or c-fos mRNA by MCF-7 
cells over 12 h, although it stimulated c-myc expression 4-fold within 30 
min. In contrast, several peptide growth factors, including transforming 
growth factor-c~ (TGF-~), rapidly and transiently induced expression of 
c-jun,jun B, and c-fos mRNA 4- to 10-fold over control. A similar pattern 
of expression was seen in two other estrogen-responsive human breast 
cancer cell lines, ZR-75-1 and T47D. Inhibition of protein synthesis by 
cycloheximide did not abrogate induction of c-jun or jun B mRNA by 
TGF-~ in MCF-7 cells, suggesting that new protein synthesis was not 
required. In addition, nuclear runoff transcription analysis demonstrated 
that increased expression of c-jun andjun B mRNA after TGF-a treatment 
of MCF-7 cells was regulated at least in part at the transcriptional level. 
Chronic exposure of MCF-7 cells to 1713-estradiol for 24-48 h was asso- 
ciated with decreased expression of jun B mRNA only, while similar 
treatment with TGF-~ did not change mRNA expression of anyjun family 
member. Thus, expression ofjun family members is induced by peptide 
growth factors like TGF-~ but not 17/3-estradiol in human breast cancer 
cells. These results suggest that these nuclear protooncogenes play differ- 
ent roles in modulating gene expression by MCF-7 cells after exposure to 
TGF-~ or 1713-estradiol. 

I N T R O D U C T I O N  

Several genes whose expression is activated by exposure of cells to 
a variety of exogenous stimuli have been shown to encode transcrip- 
tional factors. Examples of such immediate early response genes 
include members of the c-jun and c-fos families, c-jun, jun B, jun D, 
c-fos, fra-1, fra-2, and fos B. The prototype c-jun gene is the cellular 
homologue of the avian sarcoma retrovirus 17, a transforming retro- 
virus isolated from a spontaneous chicken sarcoma (1). The expres- 
sion of c-jun mRNA is rapidly induced by diverse extracellular 
stimuli, including serum (2), peptide growth factors (2-4), tumor- 
promoting phorbol esters (5), and ionizing radiation (6), and the 
resulting product encodes a DNA-binding protein, Jun/AP-1 (7, 8). 
Two other members of the jun protooncogene family have also been 
identified, jun B (9) and jun D (4, 10, 11), and they exhibit structural 
similarity to c-jun. A common feature of these Jun proteins as well as 
members of the Fos protein family is their "leucine zipper" region 
which allows dimerization between Jun and Fos proteins to form Jun 
homo- or Jun-Fos heterodimers (12-14). These dimers subsequently 
bind to a specific DNA regulatory sequence, the TRE phorbol ester 
response element, with varying efficiency to modulate target gene 
expression (15). For example, although binding of c-Jun homodimers 
to the DNA regulation sequence has been observed, heterodimers of 
c-jun/c-fos products bind far more efficiently (15, 16). 

Several lines of evidence suggest distinct functional roles for the 
three Jun proteins. Constitutive overexpression of murine c-Jun in 
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primary avian fibroblasts enhanced their ability to grow in low serum 
medium and form colonies in soft agar, while cells overexpressing Jun 
B grew in soft agar with reduced efficiency compared with c-Jun and 
did not grow in low serum medium. Overexpression of Jun D had no 
discernible effect on cell growth (17). Also, transient overexpression 
of c-Jun in MCF-7 human breast cancer cells suppressed estrogen- 
dependent transcriptional activation, while excess Jun B only partially 
inhibited that activity and Jun D had no effect (18). It has been 
postulated that the specificity and diversity of the response by a cell 
to extracellular stimuli might depend on the identities and affinities of 
the proteins which make up these transcriptional complexes. 

Breast carcinoma, one of the most common human cancers, may 
have both its genesis and growth profoundly influenced by hormonal 
factors. About one-third of advanced breast cancers are responsive to 
endocrine therapies (19). Human breast cancer cell lines provide a 
model for the study of hormonal regulation of cell growth. Breast 
cancer cells in culture which contain the estrogen receptor generally 
manifest a growth stimulation upon treatment with estrogen in vitro 
(20) and are dependent upon estrogen for tumor formation in nude 
mice (21). The mechanisms of estrogen action in these cell lines, 
including the well-characterized MCF-7, remain poorly understood. 
However, it has been postulated that estrogen may act in part by 
inducing the elaboration of secreted polypeptide growth factors which 
then promote cell growth (22). For example, estrogen treatment of 
MCF-7 cells is associated with a 2- to 4-fold increase in mRNA levels 
for TGF-ot 3 (23) and a similar increase in TGF-like activity (21, 23). 
This increased secretion is apparently regulated by estrogen at least in 
part through interaction with a putative estrogen-responsive ele- 
ment(s) in the 5'-flanking region of the TGF-a gene (24). MCF-7 cells 
have been shown to possess epidermal growth factor receptors for 
which TGF-a is a ligand (25) and are known to respond to exogenous 
administration of the growth factor (26, 27). Thus, MCF-7 cells pos- 
sess receptors for and respond to members of at least two different 
classes of growth regulatory ligands, steroid hormones, particularly 
E2, and peptide growth factors like TGF-ot. 

The goal of this study was to study the regulation of several early 
response genes, particularly c-jun, jun B, and jun D, in MCF-7 cells 
in response to E2 and selected peptide growth factors, especially 
TGF-o~. We postulated that the effects of these two families of growth 
factors on MCF-7 cells might be associated with different patterns of 
expression of early response genes. In this study we show that several 
peptide growth factors, including TGF-o~, rapidly and transiently in- 
duce expression of c-jun and jun B mRNA, while E2 has little affect 
on either during 12 h of treatment but rapidly increases c-myc mRNA 
expression. Expression ofjun D mRNA is not altered by either agent. 
Inhibition of protein synthesis by cycloheximide did not abrogate 
induction of c-jun or jun B mRNA by TGF-c~, suggesting that new 
protein synthesis is not required. Nuclear runoff transcription analysis 
demonstrates that increased expression of c-jun andjun B mRNA after 
TGF-o~ is regulated at least in part at the transcriptional level. Chronic 
exposure of MCF-7 cells to E2 for 24 or 48 h is associated with 
decreased expression of jun B mRNA, while similar treatment with 

3 The abbreviations used are: TGF, transforming growth factor; IMEM, improved 
minimal essential medium; CCS, charcoal-stripped calf serum; SSC, sodium chloride- 
sodium citrate; EGF, epidermal growth factor; E2, 17/3-estradiol; SDS, sodium dodecyl 
sulfate; TRE, phorbol ester response element. 
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TGF-oz did not change expression of any jun family member. Thus, 

peptide growth factors, particularly TGF-o~, and E2 exert markedly 

divergent effects on expression of immediate early response genes by 
MCF-7 cells. 

excess of denatured plasmid immobilized on nitrocellulose. Hybridization, 
washing, autoradiography, and densitometric analysis were carried out as pre- 
viously described except that results were normalized by comparison to /32- 
microglobulin (38). 

MATERIALS AND METHODS 
RESULTS 

Cell Lines and Culture. The acquisition and routine maintenance of 
MCF-7, ZR-75-1, and T47D human breast cancer cell lines have been previ- 
ously described (28). Prior to all experiments, subconfluent cells were pas- 
saged for 2 weeks in IMEM (MCF-7) or Dulbecco's modified Eagle's medium 
(ZR-75-1 and T47-D) supplemented with 5% CCS to remove endogenous 
estrogens and then switched to phenol red-free IMEM or Dulbecco's modified 
Eagle's medium containing 5% CCS 24 h before treatment. For some exper- 
iments, cells were synchronized with double thymidine blockade using 2 mM 
thymidine according to the method of Wilding et al. (26) before treatment was 
begun. At the time of release from block, IMEM with 5% CCS plus the 
treatment of interest (10 ng/ml TGF-a, 10 ng/ml EGF, 10 nM E2, 5 lag/ml 
insulin, or vehicle control) was added. In cycloheximide experiments, cells 
were treated with 10 pg/ml cycloheximide and the treatment of interest for 30 
or 180 min. This concentration of cycloheximide had been shown to decrease 
protein synthesis in MCF-7 cells by >90% (29). 

Chemicals and Hormones. 17/3-Estradiol, cycloheximide, and thymidine 
were purchased from Sigma Chemical Company (St. Louis, MO). EGF was 
obtained from GIBCO BRL (Gaithersburg, MD), and insulin was from Bio- 
fluids (Rockville, MD). TGF-c~ was the kind gift of Dr. M. Winkler, Genentech, 
Inc. (South San Francisco, CA). 

Northern Blot Analysis. Total cellular RNA from cell pellets was isolated 
according to the method of Auffray and Rougeon (30). For Northern analysis, 
30 lag total RNA was denatured in formaldehyde, size fractionated on 1.1% 
agarose-2.2 M formaldehyde gels, and transferred to a nitrocellulose or nylon 
membrane by the method of Thomas (31). Nitrocellulose filters (Schleicher & 
Scheull, Inc., Keene, NH) were used for c-jun, jun B, jun D, and c-fos 
hybridization and were hybridized in 40% formamide-1 • Denhardt's solu- 
tion-4• SSC-7 mM Tris (pH 7.4)-20 lag/ml salmon sperm DNA-12.5 lag/ml 
yeast tRNA-10% dextran sulfate at 42~ for 16 h. They were then washed once 
in 2• SSC-0.1% SDS at room temperature, twice in 0.2• SSC-0.1% SDS and 
twice in 0.1 • SSC-0.05% SDS at 60~ The hybridization of nylon Hybond N 
filters (Amersham Corporation, Arlington Heights, IL) to c-myc or pS2 and 
subsequent washing were as previously described (32). Autoradiography for all 
filters was performed by exposing the filters to Kodak XAR-5 film at -70~ 
Densitometry was performed on a model TBX densitometer (Tobias Associ- 
ates, Inc., Ivyland, PA). Equivalent loading was confirmed by photography of 
ethidium bromide-stained gels and hybridization to a human y-actin eDNA 
probe as noted below. 

The human c-jun probe pHJ (7) was the gift of Dr. D. Bohmann (University 
of California at Berkeley, Berkeley, CA) and a 2-kilobase SstI-EcoRI insert 
was used. The human c-fos probe was obtained from the American Type Tissue 
Collection, and the NcoI-XhoI insert was used. Plasmids p465.20 encoding 
mousejun B (9) and Jun D encoding mousejun D (10) were provided by Dr. 
D. Nathans (Johns Hopkins University School of Medicine, Baltimore, MD), 
and the EcoRI inserts were used. Human c-myc was studied using an exon 3 
probe cloned into pTZ18R (33), the kind gift of Dr. P. Celano (Johns Hopkins 
University School of Medicine). Clone pS2 (34) was a gift from Dr. P. Cham- 
bon (Institut de Chimie Biologique, Strasbourg, France), and LK 220 (35), a 
human 7-actin eDNA probe was obtained from Dr. L. Kedes (Stanford Uni- 
versity, Palo Alto, CA). The SacI-KpnI insert of/32-microglobulin was also 
used as a loading control (36). c-jun, c-fos, jun B, and jun D inserts were 
labeled by oligo-labeling using [32p]dCTP and a multiprime-labeling kit (Am- 
ersham). Other probes were nick translated using [32p]CTP and a kit from 
GIBCO BRL. 

Nuclear Runoff Transcription Assays. Nuclei from MCF-7 cells treated 
with vehicle, 10 nM E2, or 10 ng/ml TGF-a for 10 min were isolated as 
previously described (37). The transcription reaction was carried out by incu- 
bating 5 • 106-1 • l 0  7 nuclei for 10 min at 30~ in a 200-lal reaction volume 
composed of 35% glycerol-10 rnM Tris HC1 (pH 7.5)-5 mM MgCI2-80 mM 
KC1-0.1 mM EDTA-0.5 mM dithiothreitol-0.4 mM ATP, GTP, and CTP-200 
laCi-[c~-32p]UTP (3000 Ci/nmol; Amersham). Nuclear RNA was isolated using 
a modification of the acid phenol-guanidinium thiocyanate procedure of 
Chomczynski and Sacchi (33). Equal numbers of counts were hybridized to an 

Effects of  Peptide Growth Factors and Estrogen on Growth of 
MCF-7 Cells. Because the expression of c-jun is known to vary 
during the cell cycle (39, 40), initial experiments were performed 
using estrogen-deprived MCF-7 cells which had been synchronized by 
double thymidine block (26). Cell growth studies were done to com- 

pare the growth effects of the steroid, E2, and the peptide growth 

factors, EGE TGF-oz, and insulin on the growth of MCF-7 cells under 
these synchronized and estrogen-deprived conditions. Release of 
MCF-7 cells from double thymidine blockade has been shown to be 
associated with peak [3H]thymidine incorporation at 6 h and cell 
division at 9 h (26). In preliminary studies, we also observed a dou- 

bling in cell number approximately 9 h after release from double 
thymidine blockade (not shown). Administration of 10 nM E2 or 5 
~tg/ml insulin increased cell number by about 1.7-fold over control 
after 6 d of treatment, while treatment with 10 ng/ml EGF or TGF-ot 
was associated with a lesser 1.2- to 1.3-fold increase in cell number. 
Dose-response studies using 10 -9-10 -6 M E2 showed that maximal cell 

proliferation was seen with 10 nM E2 (not shown), and that dose of E2 
was used for further studies. 

Expression of Early Response Genes in Estrogen-responsive 
MCF-7 Human Breast Cancer Cells. The effects of 10 nM E2, 10 
ng/ml EGE 10 ng/ml TGF-o~, or 5 mg/ml insulin on mRNA expression 
of c-jun, c-los, jun B, jun D, and c-myc in MCF-7 cells were first 
examined as shown in Fig. 1. When cells were treated with any of the 
three peptide growth factors simultaneously with release from thymi- 
dine blockade, c-jun, c-los, andjun B mRNA levels were all increased 
4- to 10-fold over control (released from thymidine block but treated 

with vehicle alone) at 30 rain. In contrast in E2-treated cells, expres- 
sion of c-jun mRNA was <2-fold greater than control at 30 rain, and 
expression of c-los and jun B mRNA was virtually unchanged. Ex- 

pression of jun D mRNA was not affected by treatment with E2, 
insulin, TGF-c~, or EGE However, the level of c-myc mRNA was 

increased 4-fold by E2 and 2- to 3-fold by the various peptide growth 
factors at the same time point. Thus, c-jun, c-los, and jun B mRNA 
expression are rapidly induced in MCF-7 cells by selected peptide 
growth factors, including TGF-ot, EGE and insulin. The expression of 
these same mRNA species is only slightly affected by treatment with 
E2. None of the agents utilized had any effect on jun D mRNA level 
at the time point studied, while all four agents increased expression of 
c-myc mRNA, E2 most strikingly. 

The patterns of expression of c-jun and c-fos mRNA in two other 
estrogen- responsive human breast cancer cell lines, ZR-75-1 and 
T47D, were also examined to ascertain whether these divergent effects 
of E2 and peptide growth factors on the prototype members of the jun 
and fos families were noted in other estrogen-responsive cell lines 
(Fig. 2). Again, treatment of thymidine-blocked ZR-75-1 and T47D 
cells with 10 ng/ml EGF or TGF-cx for 30 min was associated with a 
3- to 4-fold induction of c-jun mRNA, although 5 lag/ml insulin 
treatment resulted in a minimal induction. Treatment with 10 nM E2 
resulted in a <2-fold induction in c-jun expression in either cell line. 

Thus, rapid modulation of c-jun and c-fos mRNA levels by peptides 
such as TGF-cx or EGF with only a slight effect of E2 is a general 
feature of estrogen-responsive breast cancer cell lines. 

Finally, dose-response studies using 10-t~ -7 M Ee treatment of 
MCF-7 cells for 30 min were done to establish whether there was any 
effect of other concentrations of E2 on expression of c-jun, jun B, or 
jun D. In each case, expression of jun family mRNA level was <2-  
fold different from vehicle-treated control (not shown). 
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Fig. 1. Northern analysis of effects ofEGE TGF-ct, E2, or insulin on mRNA expression 
of immediate early response genes in MCF-7 cells. MCF-7 cells were grown and treated 
as described in "Materials and Methods." Total cellular RNA was isolated from synchro- 
nized untreated cells or from cells 30 rain after release from thymidine blockade and 
simultaneous treatment and subjected to Northern analysis with the indicated probes. 
C'-synchronized untreated cells, control (C) cells treated with vehicle control at time of 
release from thymidine blockade, kb, kilobase. 

Time Course of c-jun, jun B, and jun D mRNA Induction in 
MCF-7 Cells. We next wished to study the time course of induction 
of jun family members by E2 and polypeptide growth factors in 
MCF-7 cells. For these and subsequent studies, TGF-ct was chosen for 
more detailed analysis because MCF-7 cells have been previously 
shown to have increased levels of TGF-a mRNA (23) and secreted 
TGF-a-like activity after E2 treatment (21, 23). In addition, because 
companion studies (not shown) demonstrated that both unsynchro- 
nized and thymidine block-synchronized MCF-7 cells showed a sim- 
ilar pattern of c-jun expression after treatment with TGF-o~ or E2, the 
studies described below used cells which were growing under estro- 
gen-deprived conditions without thymidine synchronization. Fig. 3 
depicts the pattern of c-jun, jun B, and jun D mRNA accumulation in 
MCF-7 cells after treatment with 10 ng/ml TGF-o~ or 10 nM E2 for up 
to 12 h. A 2- to 3-fold increase in c-jun andjun B mRNA was observed 
after 15 min of TGF-ot treatment with maximal levels of both achieved 
at 30 min. This increase was transient, and the level of c-jun orjun B 
transcript returned to that of control cells by 3 h. The pattern of 
induction of c-fos mRNA by TGF-ot paralleled that seen for c-jun (not 
shown). In contrast, little effect of E2 on c-jun, jun B, or c-fos (not 
shown) expression was observed at any time :>12 h. In addition 
neither E2 nor TGF-a had any effect on the level of jun D mRNA 
expression. Thus, increased mRNA levels of c-jun and jun B are 
coordinately and rapidly induced by TGF-a but not E2 in MCF-7 cells, 
while jun D expression is not modulated by either agent. 

Effect of Long-Term Treatment with Ez or TGF-a onjun Fam- 
ily Expression in MCF-7 Cells. E2 can increase the expression of 
TGF-a mRNA and stimulate the production of TGF-a-like activity in 
MCF-7 cells. Increased TGF-ot mRNA has been detected by Northern 
analysis after 6 h of E2 treatment (23), and transient transfection 
assays using the TGF-ct 5'-flanking region ligated to the chloram- 

phenicol acetyltransferase gene showed that increased chlorampheni- 
col acetyltransferase activity was detected within 24 h after addition of 
E2 (24). Therefore, the effects of E2 and TGF-o~ on c-jun, jun B, and 
jun D mRNA expression after 24 or 48 h of treatment were examined. 
As shown in Fig. 4, at neither time did c-jun or jun D mRNA expres- 
sion differ significantly from that in control cells. However, jun B 
expression was progressively decreased to about 40% of control levels 
after 48 h of treatment of E2 and was not affected by TGF-o~ exposure. 
To confirm that the cells manifested an estrogen effect, levels of the 
estrogen-induced pS2 mRNA were assessed and were markedly in- 
duced after E2 treatment. 

Effect of Cycloheximide on Induction of c-jun andjun B mRNA 
by TGF-c~. Modulation of the levels of mRNA species by a particular 
agent can occur in the absence of protein synthesis if this a primary 
response to the agent. We therefore tested the effect of the protein 
synthesis inhibitor, cycloheximide, on the induction of c-jun and jun 
B by TGF-c~ to determine whether new protein synthesis is required. 
MCF-7 cells were treated with vehicle control, 10 ng/ml TGF-a, 10 
nM E2, or 10 ~g/ml cycloheximide alone or with 10 ng/ml TGF-ol plus 
10 ~g/ml cycloheximide or 10 nM E2 plus 10 lag/ml cycloheximide. 
Total cellular RNA was then isolated after 30 min or 3 h of treatment 
and subjected to Northern analysis as shown in Fig. 5. The expected 
induction of c-jun and jun B mRNA species by TGF-a but not E2 at 
30 min was observed as was the return to baseline expression by 3 h. 
Cycloheximide treatment alone induced a major increase in the basal 
level of c-jun and jun B mRNA after 3 h. This superinduction of 
immediate early response gene mRNAs by protein synthesis inhibitors 
has been observed in other model systems (3, 39) and is primarily due 
to prolongation of mRNA half-life with subsequent accumulation in 
the cell. TGF-a increased c-jun andjun B mRNA level in MCF-7 cells 
to the same extent with or without cycloheximide, suggesting that new 
protein synthesis was not required for this induction. This supports the 
hypothesis that induction of c-jun and jun B mRNA by TGF-ol is a 
primary response to the polypeptide rather than a secondary response 
to a product of a TGF-a-responsive gene(s). 
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b O  
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B T47D 
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Fig. 2. Northern analysis of effects of EGE TGF-ct, E2, or insulin on c-jun and c-fos 
mRNA expression in ZR-75 and T47D cells. ZR-75 or T47D cells were grown and treated 
as described in "Materials and Methods." Total cellular RNA was isolated for Northern 
analysis of c-jun or c-fos expression. Equivalence of RNA loading was ascertained by 
visualization of ethidium bromide staining of the gel as well as hybridization of the same 
membrane to a human actin probe (not shown). 
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Fig. 3. Effect of E2 or TGF-c~ on the time course of expression of c-jun, jun B, and jun 

D mRNA expression in MCF-7 cells. MCF-7 cells growing under estrogen-deprived 
conditions were treated with vehicle control, 10 nM E2, or 10 ng/ml TGF-c~ for the 
indicated times. Total RNA was isolated and subjected to Northern analysis with c-jun (A), 
jun B (B), orjun D (-C) probes. Loading equivalence was ascertained by ethidium bromide 
staining of the gel. Expression was normalized by comparison to intensity of actin 
hybridization to the same membrane. The data represent the mean fold induction over 
control from two identical experiments which gave similar results. 

Transcriptional Analysis of Early Response Gene mRNA by 
TGF-a and E2 in M C F - 7  Cells. To determine whether the effect of  
TGF-a  and E2 on early response gene expression is controlled at the 
transcriptional level, nuclear runoff  assays were performed. Nuclei 

were isolated from cultured MCF-7 cells treated with 10 nM E2 or 10 

ng/ml TGF-a  for I0 rain and incubated in an in vitro transcription 

system to allow in vivo initiated nascent RNA transcripts to elongate 

in the presence of  [32p]UTE In Fig. 6, TGF-ot increased the transcrip- 

tion of  c-jun, jun B, and c-fos by 3-, 7-, and 2-fold respectively, after 

10 rain of  treatment but had little effect on transcription ofjun D or 

c-myc at this time. In contrast, Ez treatment increased c-myc transcrip- 

tion by 4-fold within 10 rain but had little effect on c-jun, jun B, jun 
D, or c-fos. The effects of  T G F -a  on c-jun, c-fos, and jun B mRNA 

steady-state levels and gene transcription were comparable in magni- 

tude, suggesting that the action of  this growth factor on expression of  

these genes is primarily on their transcription. In contrast, TGF-a  

induced steady-state c-myc mRNA expression but had no effect on 

c-myc transcription at the time point examined; this suggests that 

TGF-a  may regulate c-myc mRNA expression at the posttranscrip- 

tional level. E2 clearly increased the transcription of the c-myc gene 

only, consistent with previous observations that E2 controls c-myc 
mRNA level expression in MCF-7 cells at least in part at the tran- 

scriptional level (41). 

D I S C U S S I O N  

We have studied the mRNA expression of jun family members  in 

human breast cancer cells as an indicator of  possible protooncogene 

mediation of  the signals transmitted by E 2 and several peptide growth 

factors, particularly TGF-et. A 4- to 10-fold increase in c-jun, jun B, 
and c-fos mRNA was observed in estrogen-responsive MCF-7 cells 30 

min after treatment with TGF-tx, EGF, or insulin. However, E2 in- 

creased expression of  each of  these mRNA species <2-fold.  A similar 

pattern of  c-jun and c-fos expression was noted in two other estrogen- 

responsive human breast cancer cell lines, suggesting that regulation 

of  c-jun and c-fos expression plays little role in mediating the estro- 

gen-induced phenotype in these human breast cancer cell lines. De- 

tailed time-course studies showed that T G F -a  treatment was associ- 

ated with maximal induction of  c-jun, jun B, and c-fos mRNA after 30 

min, while estrogen treatment had essentially no effect on their ex- 

pression over 12 h. Coincubation with cycloheximide failed to abro- 

gate TGF-ot effects on c-jun and jun B, suggesting that new protein 

synthesis is not required. Nuclear runoff  studies confirm that the rapid 

1 2 3 4 5 6  

c-jun 

jun B 

jun D 

pS2 

actin 
Fig. 4. Effect of chronic TGF-a or E2 on expression of c-jun, jun B, orjun D mRNA 

in MCF-7 cells. MCF-7 cells growing under estrogen-deprived conditions were treated 
with vehicle control (lanes 1 and 4), 10 nM E2 (lanes 2 and 5) or 10 ng/ml TGF-~ (lanes 
3 and 6) for 24 (lanes 1-3) or 48 h (lanes 4-6). Total cellular mRNA (30 pg) was isolated 
and subjected to Northern analysis with the indicated probes. Shown is one of two 
identical experiments which gave similar results. 

294 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/2/291/2451878/crs0530020291.pdf by guest on 19 M

ay 2023



jun EXPRESSION IN HUMAN BREAST CANCER CELLS 

c- jun 

C TGFa E 2 

J :  .1= .I= .1= , ~ . 1 =  
~ O U') O U~ O 

TGFo E2 
CHX CHX CHX 

Fig. 5. Effect of cycloheximide on c-jun and jun B mRNA expression. MCF-7 cells 
growing under estrogen-deprived conditions were treated with vehicle control, 10 nM E2, 
10 ng/ml TGF-t~, cycloheximide 10 lag/ml, or various combinations for 0.5 or 3 h as noted. 
Equivalence of RNA loading was confirmed by ethidium bromide staining of the gel as 
well as hybridization of the membrane to a human actin probe (not shown). C, control; 
CHX, cycloheximide. 

effects of TGF-,~ on c-jun, c-fos, and jun B mRNA level are regulated 
at least in part at the transcriptional level. In contrast, the major early 
effect of Ez was to increase the transcription of c-myc, and chronic Ez 
treatment was associated with a selective diminution in jun B mRNA 

to about 40% of control level. The effects of E2 and peptide growth 
factors on expression of jun proteins were not examined; thus, it 
remains to be established whether the observed modulation in jun 
mRNA expression results in similar modification of Jun protein ex- 
pression. 

One cellular response common to the agents which rapidly induced 
c-jun, c-fos, andjun B expression is protein kinase C activation. EGF 
and TGF-ot both activate protein kinase C through their stimulation of  
EGF receptor kinase and phosphatidylinositol turnover, while insulin 
acts similarly through its interaction with its receptor (42, 43). By 

contrast, estrogen does not appear to be a direct activator of protein 
kinase C in MCF-7 cells. Rather, E2 treatment of MCF-7 cells results 
in increased steady-state levels of phosphatidylinositol turnover be- 
ginning about 12 h after estrogen exposure and peaking about 48 h 
later (27). Freter et al. (27) demonstrated that this stimulation may be 
mediated through induction of TGF-ot-like activity by estrogen. 
We were unable to demonstrate a late increase in c-jun mRNA ex- 
pression after estrogen treatment. One possible explanation for this 
observation is that a rapid and transient increase in c-jun expression 
occurred at a time when TGF-ot protein was first secreted but was not 
detected at the time points studied (12, 24, and 48 h). A second 
possibility is that c-jun may mediate the effect of exogenous TGF-ot 
but not estrogen-induced TGF-tx activity which is presumably acting 
in an autocrine fashion. Finally, it has been suggested that MCF-7 
cells do not themselves respond to the estrogen-induced growth fac- 
tors that they produce (44). Our failure to observe a late estrogen- 
induced increase in c-jun mRNA is also consistent with this hypo- 
thesis. 

These studies demonstrate that peptide growth factors, particularly 
TGF-ot, have differential effects on c-jun, c-fos, jun B, and jun D 
mRNA expression and transcription in MCF-7 cells, c-jun, c-fos, and 
jun B transcription are increased within 10 min with a corresponding 
increase in mRNA species. Neither mRNA level nor transcription rate 
for jun D is modulated. This differential pattern of expression is 
consistent with previously described effects of each gene product. 

Boyle et al. (45) have provided evidence that c-Jun protein is present 
in resting cells in an inactivated phosphorylated form that is activated 
by site-specific dephosphorylation in response to protein kinase C 

activation, c-Jun protein is known to be an activator of its own 

promoter, leading to increased c-jun transcription (46, 47). c-Fos 

expression is also rapidly increased after treatment with TGF-o~, lead- 

ing to the formation of c-Jun/c-Fos heterodimers with greater stability 

than c-Jun homodimers and a correspondingly greater ability to bind 
to TRE (48). 

The coordinate induction of Jun B which is known to function as a 

negative regulator of c-Jun (46, 49) may serve to limit the expression 
of c-jun and its resulting signal after TGF-ct treatment. Finally, the 
expression ofjun D mRNA did not change after TGF-c~ treatment, a 

result compatible with observations in other experimental systems that 
expression of jun D is constitutively high and appears to vary little 

after a variety of stimuli (4, 10, 11, 50). 

Our studies confirm work of Wilding et al. (26) showing that 

steady-state expression of c-fos mRNA in MCF-7 cells is induced 4- 
to 6-fold by treatment with EGF or TGF-c~ but <2-fold by Ez. In 
addition, van der Burg et al. (44) have shown that E2 failed to induce 
c-jun mRNA in MCF-7 cells over 27 h of treatment, although a 
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FOLD INDUCTION OVER CONTROL 
Fig. 6. Effect of TGF-~ or E2 on transcription of immediate early response genes. 

MCF-7 cells growing under estrogen-deprived conditions were treated with vehicle con- 
trol (C), 10 ng/ml TGF-tx, or 10 nM E2 for 10 min. Cells were harvested, nuclei isolated, 
and transcription assays performed as detailed in "Materials and Methods." Autoradio- 
graphs were quantified by densitometry, and the expression of each mRNA species was 
normalized by comparison to the intensity of hybridization to/32-microglobulin. The data 
were then expressed as the fold of induction over control which is the ratio of intensity of 
hybridization from treated to untreated cells. Shown are the results of one of two identical 
experiments which gave similar findings. A. autoradiograph from one of two similar 
experiments. B, quantitation of relative transcription rates from autoradiograph in A. 
pBR322, plasmid without cDNA insert; /32MG/32-microglobulin. 
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severalfold increase in c-fos mRNA was noted after 1 h. Indeed, E2 
was found to stimulate transcription of a reporter gene linked to 
multiple TREs <2-fold in MCF-7 cells (44, 51), a finding compatible 
with our observation that it had minimal effect on steady-state ex- 
pression or transcription of c-jun mRNA. Finally, we observed that the 
major early effect of E2 was to enhance c-myc transcription. This 
result confirms the work of Dubik and Shiu (41) who demonstrated 
that E2 stimulated c-myc at the transcriptional level; in contrast, San- 
tos et al. (52) suggested that E2 modulates c-myc mRNA levels by a 
posttranscriptional mechanism that depends on gene sequences 5' of 
c-myc exon 2. The observation that chronic E2 treatment was associ- 
ated with decreased expression of jun B mRNA without effects on 
c-jun was unexpected and not readily explained. Further studies fo- 
cused on regulation ofjun B expression will be required to understand 
this late effect of E2. 

The effects of E2 on c-jun and c-fos expression have been examined 
in other estrogen-responsive tissues. In chicken oviduct steady-state 
c-jun mRNA is decreased to 50% of control values within 30 min after 
estrogen injection into animals (53), while treatment with the anties- 
trogen, tamoxifen, results in a rapid induction of c-jun mRNA (54). In 
contrast, both c-jun (51, 55) and c-fos (56, 57) mRNA expression are 
rapidly and coordinately induced 3- to 4-fold in whole immature rat 
uterus by E2 administration. This induction occurs at the level of gene 
transcription rather than as a result of mRNA stabilization (51, 55-57). 
Interestingly, Webb et aL (55) isolated RNA specifically from the 
stroma-myometrial compartment of the uterus from mature ovariec- 
tomized rats and observed an induction of c-jun mRNA in that tissue. 
These data raise the possibility that induction of c-jun (and presum- 
ably other members of thejun family) is tissue and/or species specific, 
a hypothesis which is consistent with a minimal effect of E2 on c-jun 
expression in estrogen-responsive human breast cancer cells. 

In conclusion, we have shown that c-jun, c-fos, and jun B mRNA 
expression are transiently induced after treatment of MCF-7 cells with 
TGF-ot but not E2. Their increased expression results from an increase 
in gene transcription. However, the primary early effect of E2 is to 
induce c-myc transcription, and neither E2 nor TGF-o~ modulates jun 
D expression. Thus, two different sets of nuclear oncogenes that are 
transcription factors are engaged by TGF-a and E2. One set, c-jun, jun 
B, and c-fos, is sensitive to growth factor modulation through an EGF 
receptor-activated pathway but is insensitive to the effect of E2. In 
contrast, induction of c-myc mRNA expression is common both to 
growth factors which activate the EGF receptor and to estrogen which 
functions through an estrogen receptor-mediated pathway. This lack of 
synchrony reflects the existence of distinct control mechanisms and 
suggests that these nuclear protooncogenes might have different roles 
in modulating gene expression by MCF-7 cells after exposure to 
TGF-a or E2. 
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