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Melatonin, the hormonal product of the pineal gland, 
has been shown to inhibit the development of mam- 
mary tumors in viva and the proliferation of MCF-7 
human breast cancer cells in vitro by mechanisms 
not yet identified. However, previous studies have 
demonstrated that melatonin significantly de- 
creased estrogen-binding activity and the expres- 
sion of immunoreactive estrogen receptor (ER) in 
MCF-7 breast cancer cells. To determine the mech- 
anism(s) by which melatonin regulates ER expres- 
sion in MCF-7 cells, the relationship between the 
level of steady state ER mRNA and the rate of ER 
gene transcription were examined in response to 
melatonin. Physiological concentrations of mela- 
tonin decreased steady state levels of ER mRNA 
expression in a dose- and time-specific manner. 
This decrease was not dependent upon the pres- 
ence of estrogen since similar decreases in steady 
state ER mRNA levels were seen in MCF-7 cells 
cultured in both complete and estrogen-depleted 
media. The decreased expression of ER mRNA in 
response to melatonin appears to be directly related 
to the suppression of transcription of the ER gene. 
This regulation is independent of the synthesis of 
new proteins, as cycloheximide was unable to block 
the melatonin-induced decrease of steady-state ER 
mRNA levels. The down-regulation of ER by mela- 
tonin appears to not be mediated via a direct inter- 
action with the ER and subsequent feedback on its 
own expression, since melatonin treatment did not 
alter the transcriptional regulatory ability of the fully 
activated wild type ER or a constitutively active 
hormone-binding domain-deleted ER variant. In ad- 
dition, the stability of the ER transcript was unaf- 
fected by melatonin. Thus, it appears that the anti- 
proliferative actions of this pineal indoleamine are 

mediated, at least in part, through the suppression 
of the transcription of the ER gene in MCF-7 human 
breast cancer cells. (Molecular Endocrinology 8: 
1881-1890,1994) 

INTRODUCTION 

The elucidation of the molecular mechanisms respon- 
sible for the hormonal control of cell proliferation in 

Tina M. Molis, Louaine L. Spriggs, and Steven Ill. Hill 

breast cancer has been the object of intense research 
over the last several decades. Because most breast 
tumors are initially dependent upon estrogens for con- 
tinued growth, much of this research has focused on 
the role of estrogen and the estrogen receptor (ER) in 
the control of breast cancer gene expression and cell 
proliferation. Although the ER has a well established 
predictive value for endocrine responsiveness, prog- 
nosis, and survival in breast cancer (1, 2), there are still 
many aspects of ER regulation that have yet to be 
identified. MCF-7 human breast cancer cells, like two- 
thirds of primary breast tumors, express high levels of 
ER and are responsive to the mitogenic actions of 
estrogen (3, 4). Therefore, MCF-7 cells provide an 
excellent model system for the study of the hormonal 
regulation of ER expression in breast cancer. 

The growth of many breast neoplnsms as well as 
breast tumor cell lines is stimulated by estrogen via the 
induction of a number of growth-stimulatory factors 
such as transforming growth factor-a (TGFo), insulin- 
like growth factor I (IGF-I), and the lysosomal protease 
Cathepsin D (5-7). Recent studies have also found that 
estrogen induces the expression of the immediate-early 
protooncogenes, c-myc and c-fos (8, 9) which are 
believed to play an important role in cellular proliferation. 
In addition to the induction of growth-stimulatory fac- 
tors, there is also evidence that estrogen inhibits the 
expression of a growth-inhibitory peptide, transforming 
growth factor-p (TGFB) (10). Because these growth 
factors, and probably others, are believed to mediate 
the mitogenic effects of estrogen, hormones that mod- 
ulate ER expression may likewise regulate the devel- 
opment and growth of breast cancer. 

It has been demonstrated that estrogen induces a 
rapid down-regulation (within 6 h) of its own receptor in 
MCF-7 cells (11, 12). In fact, the decrease in ER in 
response to estrogen treatment has been reported to 
result from the autologous down-regulation of both ER 
mRNA and protein levels in MCF-7 cells via a posttran- 
scriptional mechanism (12-l 3) that causes a rapid des- 
tablization of the ER message, which has a normal half- 
life of approximately 3-4 h (14, 15). In addition, other 
hormones such as insulin and progesterone (16-18) 
as well as the phorbol ester 12-O-tetradecanoylphorbol- 

1681 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/m
e
n
d
/a

rtic
le

/8
/1

2
/1

6
8
1
/2

7
1
4
9
2
6
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



MOL ENDO. 1994 
1662 

Vol8No. 12 

1Sacetate (TPA) (19) are known to modulate the 

expression of ER in MCF-7 cells. 

ER expression has also been shown to be modulated 
by melatonin, the hormonal product of the pineal gland 

(20-22). In addition, we have previously reported that 
physiological concentrations of this pineal indoleamine 

inhibit the growth of human breast cancer cells (23). 

The mechanism(s), however, by which this is accom- 
plished are not yet established. There appears to be an 

association between the oncostatic effects of melatonin 

on breast tumor cells and the estrogen-response path- 
way, since melatonin is able to inhibit the proliferation 

of estrogen-responsive cell lines, but not estrogen- 
unresponsive cell lines. In addition to its growth-inhibi- 
tory effects, we have also shown that melatonin signif- 

icantly decreases both estrogen binding activity and the 

expression of immunoreactive ER in a dose-specific 
and time-dependent manner (24). 

To begin to identify the cellular level at which mela- 
tonin exerts its inhibitory effects on cell growth and ER 

expression (transcriptional, posttranscriptional, trans- 

lational, or posttranslational), we have examined the 

steady state levels of ER mRNA as well as ER gene 
transcription, in response to melatonin. Additionally, we 

have used the protein synthesis inhibitor, cyclohexi- 
mide, to determine whether melatonin’s down-regula- 

tion of ER mRNA is dependent upon the synthesis of 

new proteins. In these studies we demonstrate that 
melatonin treatment leads to a rapid reduction in steady 

state ER mRNA levels in a dose- and time-dependent 
manner, and that this diminution is due, primarily, to the 

suppression of ER gene transcription in a process that 
is not dependent upon the synthesis of new proteins. 

RESULTS 

Concentration-Dependent Regulation of ER mRNA 
by Melatonin 

The steady state levels of ER mRNA in MCF-7 calls 
were examined by Northern blot analysis after 48 h 

exposure of cells to increasing concentrations of mela- 

tonin (see Figs. 1 and 2). In these experiments the level 
of ER mRNA was normalized to the level of 36B4 

mRNA, a nonestrogen-regulated gene product (25). In 

all experiments, melatonin treatment produced a dose- 
dependent suppression of the steady state levels of ER 

mRNA. As shown in Fig. 1, a physiological concentra- 

tion of melatonin, 10eg M, significantly (P < 0.001 vs. 
control) decreased (76% vs. control cells) the steady 

state levels of ER mRNA in MCF-7 cells cultured in 
media supplemented with 10% fetal bovine serum (FBS) 

(complete media). The same concentration of melatonin 
also significantly (P < 0.001) decreased, by 65%, the 

steady-state ER mRNA levels in MCF-7 cells cultured 

in estrogen-depleted media [phenol red-free media sup- 
plemented with 5% dextran-treated charcoal (DCC)- 

FBS] (Fig. 2). In all experiments, neither supraphysio- 
logical (10e5 M and lo-’ M) nor subphysiological (lo-I3 

Fig. 1. Dosage Effects of Melatonin on Steady State ER mRNA 
Expression in MCF-7 Cells Cultured in 10% FBS 

MCF-7 cells were incubated with diluent (ethanol 0.001%) 
or decreasing concentrations of melatonin (1 OW5 ~-1 O-l3 M) for 
48 h. For each concentration examined, 50 Pg total RNA were 
fractionated on a 1% agarose gel and Northern blots ccn- 
ducted as described in Materials and Methods. Blots were 
probed with a 32P-labeled 2.1 kb human ER cDNA and a 0.2 
kb 3684 cDNA to monitor loading. A representative autoradi- 
ogram is shown in the upper portion of this figure. Autoradi- 
ographs from Northern blot analyses were quantified by scan- 
ning densitometry and normalization with 3684 mRNA. Re- 
suits are presented graphically as percent of control. n = 3 
independent experiments, ***, P < 0.001. 

M) concentrations of melatonin were effective in sup- 

pressing the steady state levels of ER mRNA. 

Temporal Regulation of ER mRNA by Melatonin 

The time course for melatonin’s regulation of ER mRNA 
levels in MCF-7 cells was examined by Northern blot 

analysis after exposure of MCF-7 cells to lo-’ M mela- 

tonin (the most effective concentration of melatonin 

from dose-response studies) for various times (1 h, 3 
h, 6 h, 12 h, 24 h, and 48 h). Changes in ER mRNA 

were again normalized against 36B4 mRNA by scan- 
ning densitometry, and the data are presented graphi- 

cally in Fig. 3 as the ratio of integrated ER to the 36B4 
signal. In all experiments, 10eg M melatonin treatment 

produced a time-dependent suppression of steady 
state ER mRNA levels. In cells cultured in complete 

media, melatonin treatment resulted in significant de- 
creases (P < 0.001) in steady state levels of ER mRNA 
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Melatonin Modulation of ER mRNA Expression 

Fig. 2. Dosage Effects of Melatonin on Steady-State ER mRNA 
Expression in MCF-7 Cells Cultured in 5% DCC-FBS 

MCF-7 cells were incubated with diluent (ethanol 0.001%) 
or decreasing concentrations of melatonin (1 Om5 ~-1 O-l3 M) for 
48 h. For each concentration examined, 50 pg total RNA were 
fractionated on a 1% agarose gel and Northern blots as 
described in Materials and Methods. Blots were probed with 
a -P-labeled 2.1-kb human ER cDNA and a 0.2-kb 36B4 
cDNA to monitor loading. A representative autoradiogram is 
shown in the upper portion of this figure. Autoradiographs 
from Northern blot analyses were quantified by scanning den- 
sitometry and normalization with 3684 mRNA. Results are 
presented graphically as percent of control. n = 3 independent 
experiments; l *‘, P < 0.001. 

as early as 3 h (44% decrease), with a maximum 
suppression of ER mRNA levels by 48 h (78% de- 
crease). In cells cultured in estrogen-depleted media, a 
slightly delayed, but still significant, decrease in re- 
sponse to melatonin treatment was noted in the level 
of ER mRNA beginning at 8 h (57% decrease), with 
maximal inhibition occurring at 24 h (78% decrease) 
(Fig. 4). Significant decreases in steady state ER mRNA 
levels were maintained through 48 h (66% decrease) 
without additional melatonin treatment (P < 0.001). 

Effect of Cycloheximide on Melatonin Modulation of 
Steady State ER mRNA Levels 

To determine whether the synthesis of new proteins is 
necessary for the suppression of steady-state ER 
mRNA levels by melatonin, studies were conducted 
using the protein synthesis inhibitor, cycloheximide. 
Figure 5 is a typical autoradiograph showing the effect 
of melatonin, cycloheximide, or both on steady state 
levels of ER mRNA. Changes in ER mRNA levels were 
quantified by scanning densitometry, and the data are 
graphically presented in Fig. 5 as the ratio of integrated 
ER to the 3684 signal. In this study, melatonin treat- 
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Fig. 3. Time Course of the Effects of Melatonin on Steady 
State ER mRNA Expression in MCF-7 Cells Cultured in 10% 
FBS 

MCFJ cells were incubated with diluent (ethanol) or 1 OT9 M 
melatonin and harvested at the indicated times. For each time 
point, 50 pg total RNA were fractionated on a 1% agarose gel 
and blotted as described in Materials and Methods. Blots were 
probed with a 32P-labeled 2.1 -kb human ER cDNA and a 0.2- 
kb 3684 cDNA to monitor loading. A representative autoradi- 
ogram is shown in the upper portion of this figure. Autoradi- 
ographs from Northern blot analyses were quantiied by scan- 
ning densitometry and normalization with 3684 mRNA. Re 
sults are presented graphically as percent of control. n = 5 
independent experiments; l , P < 0.05; ***, P c 0.001. 

ment resulted in a maximal suppression (61% decrease) 
of ER mRNA by 24 h (P < 0.001). Cycloheximide alone 
had no significant effect on steady state ER mRNA 
levels and clearly did not abolish the suppressive effect 
of melatonin (71% decrease). The concentration of 
cycloheximide (10 pg/ml) used in these studies inhibited 
protein synthesis by greater than 95% (data not shown). 

Effect of Melatonin on ER Transcriptional 
Regulatory Activity 

A yeast expression system was employed to determine 
whether melatonin could modulate the transcriptional 
regulatory activity of the ER on ,&galactosidase expres- 
sion (see Figs. 6 and 7). In the presence of lo-’ M 
estradiol (Fig. 6), the wild type ER showed maximal 
transcription activity (2976 Miller units), whereas mini- 
mal activity was noted in the absence of estradiol or in 
the presence of the pure antiestrogen ICI 164,384 (600 
Miller units). Under these conditions, melatonin did not 
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Fig. 4. Time Course of the Effects of Melatonin on Steady- 
State ER mRNA Expression in MCF-7 Cells Cultured in 5% 
DCC-FBS 

MCFJ cells were incubated with diluent (ethanol) or 10-O M 
melatonin and harvested at the indicated times. For each time 
point, 50 pg total RNA were fractionated on a 1% agarose gel 
and blotted as described in Materials and Methods. Blots were 
probed with a 32P-labeled 2.1-kb human ER cDNA and a 0.2- 
kb 3684 cDNA to monitor loading. A representative autoradi- 
ogram is shown in the upper portion of this figure. Autoradi- 
ographs from Northern blot analyses were quantified by scan- 
ning densitometry and normalization with 3684 mRNA. Re- 
sults are presented graphically as percent of control. n = 3 
independent experiments; l **, P c 0.001. 

inhibit the ability of the fully activated ER to induce /3- 
galactosidase gene expression. Similarly, melatonin had 
no inhibitory effects on the transcriptional modulatory 
activity of the constitutively active, hormone-binding 
domaindeficient exon 5 deletion ER variant (Fig. 7). 

Effect of Melatonin Treatment on the Level of ER 
Gene Transcription 

The effect of melatonin on ER gene transcription was 
analyzed to determine whether the decrease in ER 
mRNA steady state levels produced by melatonin was 
the result of a decreased rate of transcription of the ER 
gene. To measure the rate of trasncription of the ER 
gene, nuclear transcription run-on assays were per- 
formed using intact nuclei isolated from MCF-7 cells 
treated with 10eg M melatonin or diluent. Newly synthe- 
sized radiolabeled transcripts were hybridized to either 
ER or &actin cDNAs immobilized on nitrocellulose 
membranes. The level of transcription was determined 
by. autoradiography and quantified by scanning densi- 

Fig. 5. The Effect of Melatonin (MEL) and Cycloheximide (CHX) 
on the Steady State Level of ER mRNA 

MCF-7 cells were grown in phenol red-free medium contain- 
ing 5% DCC-FBS for 5 days and treated with melatonin (10-O 
M) and/or cyclohexamide (10 rg/ml) for 24 h. Total RNA was 
isolated and analyzed using Northern blot analysis. Fii micro- 
grams of total RNA were fractionated on a 1% agarose gel 
and blotted as described in Materials and Methods. Blots were 
probed with a [32P]-labeled 2.1 -kb human ER cDNA and a 0.2- 
kb 3684 cDNA to monitor loading. A representative autoradi- 
ogram is shown in the upper portion of this figure. Autoradi- 
ographs from Northern blot analyses were quantiied by scan- 
ning densitometry and normalization with 3684 mRNA. Re 
sults are presented graphically as percent of control. n = 5 
independent experiments; ‘*‘, P < 0.001. 

tometry. Transcription of @actin was used as an inter- 
nal control, and the relative changes in ER transcription 
were normalized to the signal obtained for @actin. No 
significant differences in the results were observed 
when the data were normalized for the number of nuclei. 
As shown in Fig. 8, the transcriptional rate of the ER 
gene in MCF-7 human breast cancer cells was signifi- 
cantly reduced (P < 0.001) by melatonin (59% de- 
crease) after just 4 h of treatment and continued to be 
suppressed through 12 h of melatonin exposure (53% 
decrease). This decrease in ER gene transcription is 
not due to a nonspecific toxic response caused by the 
administration of melatonin as indicated by the consti- 
tutive transcription of ,&actin. 

DISCUSSION 

Estrogens, via their cognate receptor, modulate the 
development and growth of breast tumors by regulating 
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TREATMENT 

Fig. 8. Effect of Melatonin on ER Transcriptional Regulatory 
Activity in Yeast 

Functional analysis of the ability of melatonin to inhibit the 
activation of a ,&galactosidase reporter gene in yeast cells 
expressing wild type (YEPE 10) ER grown in medium contain- 
ing 25 PM CuS04 in the presence or absence of estradiol(1 O-’ 
M). j3-Galactosidass activity is expressed in Miller units. n = 6; 
*, P I 0.001 vs. ETOH control; **, P 5 0.001 vs. E2 and E2 + 
Mel-treated cells. 

21)1111 

Fig. 7. Effect of Melatonin on Variant ER Transcriptional 
Regulatory Activity in Yeast 

Functional analysis of the ability of melatonin to inhibit the 
activation of a ,&galactosidase repotter gene in yeast cells 
expressing a hormone-binding domain deletion variant ER 
(YEPE A5) grown in medium containing 25 PM CuSO., in the 
presence or absence of estradiol (lo-’ M). ,&Galactosidase 
activity is expressed in Miller units. n = 6; l , P 5 0.001 vs. 
ETOH control, EP and EP + Mel-treated cells. 

the expression of specific genes. In addition to regulat- 

ing the expression of specific genes, estrogens also 
modulate the expression of their own receptor (11). 

Unfortunately, the major mechanism(s) controlling ER 
expression are currently not well understood. However, 

OhC 4hC 4hM 12hC 12h.M 

Jh 

llO”RS 

Fig. 8. Effect of Melatonin on ER Gene Transcription 
MCF-7 cells were grown in phenol red-free medium contain- 

ing 5% DCC-FBS for 5 days and treated with diluent (C) or 
1 OTg M melatonin (M). Cells were harvested, and nuclei isolated 
at 4 h or 12 h. Transcript elongation was performed in the 
presence of [32P]UTP, and the 3ZP-labelad run-on mRNA tran- 
scripts were hybridized to cDNAs bound to nitrocellulose 
membranes containing 20 pg human ER cDNA and 10 pg 
chicken @-actin cDNA. A representative autoradicgram is 
shown in the upper portion of this figure. The level of transcrip- 
tion was determined by autoradicgraphy and quantified by 
scanning densitometry. The level of transcription was ex- 
pressed as the ratio of the integrated ER signal divided by the 
integrated @actin signal. The results are presented as percent 
of control. n = 3; l **, P < 0.001. 

it is known that factors such as cell density, growth 
rate, processing after ligand-binding, and even other 

hormones (insulin, PRL) can substantially alter the cel- 
lular concentration of receptor (16, 17, 26-28). Since 

the phenotype of breast epithelial cells as well as breast 

tumor cells is modulated to a great extent by estrogen, 
it is important to understand the basis of ER regulation. 
The purpose of the present study was to begin to clarify 

possible mechanism(s) by which melatonin might mod- 
ulate the expression of the estrogen receptor in MCF- 

7 human breast cancer cells. To begin to understand 

how melatonin modulates ER expression, the relation- 
ship between the steady-state levels of ER mRNA and 

the level of ER gene transcription in response to mela- 
tonin treatment was examined. Additionally, cyclohexi- 

mide, an inhibitor of protein synthesis, was used to 

determine whether the decrease in steady state ER 
mRNA levels was dependent upon the induction of 

other proteins. A yeast transcriptional assay system 
was employed to determine whether melatonin inter- 

acts directly with the ER, and whether this might down- 
regulate ER mRNA expression. The results presented 
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here demonstrate that treatment of MCF-7 human 

breast cancer cells with melatonin resulted in a dose- 
and time-dependent diminution in the steady state lev- 

els of ER mRNA. This decrease in ER mRNA levels 

closely paralleled the time course of suppression of 

immunoreactive ER and estrogen-binding activity we 

previously reported (24). 
Our studies found that treatment of MCF-7 cells with 

a physiological concentration of melatonin (lo-’ M) 
caused a rapid reduction in the steady state levels of 

ER mRNA. This effect of melatonin on ER mRNA levels 

was not dependent upon, or significantly affected by, 

the presence of estrogens since similar decreases in 
steady state ER mRNA levels were noted in cells cul- 

tured in either complete medium or in estrogen-depleted 

medium. In these studies the suppressive effect of 
melatonin on ER mRNA levels is limited to a very narrow 

window of physiological concentrations as neither su- 

praphysiological (1 O-* to 1 Om6 M) nor subphysiological 

concentrations (lo-‘* M) of melatonin affect overall ER 

expression. 
This window of effectiveness is quite puzzling and 

may be a key to our understanding of melatonin’s 

action. One possible explanation for this observation is 
that supraphysiological concentrations of melatonin 

may rapidly down-regulate the recently cloned mela- 

tonin receptor (29) thus suppressing signal transduc- 

tion events necessary for ER down-regulation normally 
induced by physiological concentrations of melatonin. 

It is also possible that supraphysiological levels of me- 
latonin, independent of receptor binding, might modu- 

late other signal transduction events necessary for the 

down-regulation of ER. 

The simple suppressive effect of melatonin on ER 
mRNA expression is to some degree in contrast with 

our earlier findings that supraphysiological concentra- 

tions of melatonin were able to enhance ER protein 

levels. This discrepancy may suggest that, at physio- 
logical concentrations, melatonin modulates ER mRNA 

expression, while supraphysiological concentrations 

may work via alternative mechanisms to modulate ER 
protein synthesis and/or turnover. To understand 

whether the effect of melatonin on ER mRNA levels is 

dependent upon the synthesis of new proteins, we 

incubated MCF-7 cells with melatonin and the protein 

synthesis inhibitor, cycloheximide. Since cycloheximide 
was unable to prevent the melatonin-induced decrease 

in ER mRNA expression, we conclude that the steady 
state levels of the ER message are largely regulated at 

the transcriptional or posttranscriptional level rather 

than via a posttranslational mechanism involving the 

synthesis of new proteins. 
To further clarify whether melatonin interacts directly 

with the ER to mediate ER mRNA expression, we 

performed a series of studies in a yeast transcriptional 
assay system. Our studies clearly show that melatonin 

does not inhibit the transcriptional regulatory capacity 

of the fully activated (estrogen-bound) ER. Melatonin 

also did not effect the transcriptional regulatory activity 
of the constitutively active exon 5-deleted ER variant in 

which the hormone-binding domain is truncated. This 

information, combined with our earlier report (24) that 
melatonin does not compete with and displace estradiol 

from the ER, suggests that melatonin’s effects on ER 
mRNA expression are not mediated via a direct inter- 

action with any particular domain of the ER. It is, 

however, still a possibility that melatonin may act via 

other mechanisms, including its own putative receptor 
(29) to modulate ER activity (i.e. receptor phosphoryl- 

ation) that might lead to altered ER function and ulti- 

mately decreased ER gene expression. Additional stud- 
ies are currently underway to address such possibilities. 

The potential role of melatonin as a transcriptional 

regulator of the ER gene was suggested, given that the 

reported half-life of the ER transcript is just 3-5 h (15) 
and our data showed that melatonin decreased ER 

mRNA levels by approximately 50% after just 6 h and 

continued to reduce ER mRNA levels to a minimum 

after 24 to 48 h. Since our earlier studies (24) demon- 
strated that melatonin neither affects the affinity of the 

ER for estrogen, nor does it appear to bind to the ER, 

the possibility that the down-regulation of the steady 
state levels of ER mRNA was a consequence of de- 

creased ER gene transcription was investigated em- 

ploying nuclear transcription run-on experiments. Me- 

latonin was able to significantly suppress the transcrip- 
tion of the ER gene within 4 h of treatment. The greater 

than 50% reduction in transcription of the ER gene at 

this early time point is sufficient to account for the 

significant decrease in the steady state levels of ER 
mRNA seen after 6 h of treatment. It may be important 

to note that this was not a complete blockade of ER 

gene transcription but was only a general slowing of 
the transcription of this gene. These studies demon- 

strate that the decrease in steady state levels of ER 

mRNA upon melatonin treatment is mediated, at least 
in part, by a melatonin-induced suppression of ER gene 

transcription. 

Previous reports have demonstrated that decreases 

in ER levels seen in MCF-7 cells in response to estrogen 
treatment result from an autologous down-regulation of 

ER mRNA and protein (11,12). In fact, the phenomenon 

of negative autoregulation of steroid hormone receptor 

mRNA is not uncommon. Similar decreases in steroid 
receptor mRNA levels in response to their cognate 

hormone have also been found for the glucocorticoid 

(30) progesterone (31) and androgen (32) receptors. 

Additionally, it has been reported that the phorbol ester 
TPA induces marked decreases in ER protein levels, 

binding capacity, and steady-state mRNA levels (18). 

However, these investigators reported that the TPA- 
mediated decrease in ER mRNA was not accompanied 

by a significant decrease in gene transcription, but 

rather was principally due to posttranscriptional desta- 
bilization of the ER mRNA (19). Indeed, it also appears 

that the predominant mechanism by which estrogen 

regulates the expression of its own receptor is via 

posttranscriptional destabilization of ER mRNA (14). 
Using the RNA synthesis inhibitor, actinomycin D (32) 

we failed to find any effect of melatonin on the stability 
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of the ER transcript. Therefore, even though the levels 

of ER mRNA expression are often regulated through 

modulation of the stabilitv of the messaqe by various 

agents including its cognate ligand, melaionins modu- 
lation of ER mRNA expression appears to be mediated 

primarily at the transcriptional level. 

MATERIALS AND METHODS 

Materials 

Melatonin (N-acetyl-5-methoxytryptamine), 17 pestradiol, 
penicillin, streptomycin, actinomycin D, and cycloheximide 

were purchased from Sigma Chemical Co. (St.-Louis, MO). 

[32P]uridine5’-triphosphate (UTP) [3000 Ci/mmol], [3H]L-me- 

thionine (194 mCi/mmol), and ]32P]2deoxycytidine-5’-triphos- 

phate (dCTP) [806 Ci/mmol] were-obtained from DuPont-New 

England Nuclear (Boston, MA). The random primer DNA label- 

ing kit was purchased from Boehringer Mannheim Biochemi- 

cals (Indianapolis, IN). Nitrocellulose filters were purchased 

from Schleicher & Schuell, Inc. (Keene, NH), while Hybond 

nylon membranes were obtained from Amersham Corp. (Ar- 
lington Heights, IL). Dulbecco’s modified Eagles medium 

(DMEM) with or without phenol red was obtained from Irvine 

Scientific (Santa Ana, CA), while FBS and methioninedeficient 

DMEM were purchased from GIBCO Laboratories (Grand 

Island, NY). 

In an earlier study (24) and in the present study we 

have shown (in a yeast expression assay system) that 
melatonin neither inhibits the transcriptional regulatory 

activity of the activated wild type ER nor the constitu- 
tively active A5 variant ER that has its hormone-binding 

domain deleted. However, our current data also show 

that this indoleamine suppresses the transcription of 

the ER gene. Our general conclusion, therefore, is that 
melatonin’s actions on ER gene transcription are likely 

mediated via two possible pathways. First, melatonin 

may inhibit the ER gene transcription machinery 
through its interaction with the membrane-associated, 

putative melatonin receptor (29) and the subsequent 

activation of signal transduction pathways. Second, 

melatonin, being highly lipophilic, may diffuse into the 
nucleus to directly bind to promoter sequences and 

inhibit transcription of the ER gene. Other possible 

scenarios may involve the binding to and sequestering 
of key transcriptional regulatory factors or the induction 

of important negative regulatory transcription factors, 

mediated possibly through interaction with a nuclear 

melatonin binding protein (33). Currently, studies are 

underway in our laboratory to characterize the promoter 
elements in the 5’-upstream regulatory region of the 

ER gene. Additional studies using band-shift analysis 
will identify transcriptional regulatory proteins that in- 

teract with these upstream regulatory elements. Once 

the basic organization of the promoter region of the ER 

gene has been defined and key transcriptional regula- 
tory proteins have been identified and characterized, 

further studies into the exact mechanism by which 
melatonin modulates ER gene transcription will be pos- 

sible. 
Taken together, these data show that melatonin rap- 

idly and dramatically down-regulates the steady state 

levels of ER mRNA in MCF-7 human breast tumor cells 
by decreasing the transcriptional rate of the ER gene. 

Since the expression of various growth-regulatory fac- 

tors such as TGFcI, TGF& IGF-I, and Cathepsin D are 

modulated by estrogen, it is possible, and even likely, 
that melatonin, through its suppression of ER expres- 

sion, will modulate the down-stream expression of 

these growth factors, and thus, to some degree, the 
proliferation of these breast tumor cells. These studies 

provide a rational explanation for the rapid and dramatic 

decline in the celluiar ER mRNA and thus receptor 

protein levels upon melatonin treatment, and although 
they do not definitively delineate melatonin’s mecha- 

nism of action, they do begin to unravel the mystery of 

melatonin’s action in these cells. Maybe more impor- 
tantly, these studies highlight the cross-talk between 

different hormone receptor systems, and underscore 

the complexity of the hormone-response system in 

Cell Culture 

MCFJ human breast cancer cells were kindly provided by the 

late Dr. William McGuire (Universitv of Texas at San Antonio). 

MCF-7 cells (passage 187-210) are routinely propagated in 

75 cm2 (T75) Coming tissue culture flasks containing DMEM 

supplemented with 10% FBS, 50 mM nonessential amino 

acids, 2 mM Lglutamine, 100 U/ml penicillin, 100 pg/ml strep 

tomycin, and 10 nM bovine insulin at 37 C in a humidified 5% 
CO* atmosphere. In experiments examining the effects of 

melatonin on MCFJ cells in estrogen-depleted media, phenol 
red-free DMEM was supplemented with 5% FBS treated with 

DCC (DCC-FBS) to remove endogenous estrogens. The con- 

centration of melatonin in the FBS before dilution in DMEM 

was 20 pg/ml as measured by RIA. After charcoal stripping, 

to remove endogenous estrogens, the concentration of mela- 

tonin fell below the detectable limits of the assay. One week 

before the start of each experiment, cells were harvested from 

stock plates containing DMEM supplemented with 10% FBS 

and seeded at a density of 3 x 10’ cells/l 50 cm* flask (Tl50) 

in either medium supplemented with 10% FBS or phenol red- 
free DMEM containing 5% DCC-FBS and allowed to grow for 

5 days (three fourths confluency). While cells were still sub- 

confluent, the medium was replaced with fresh estrogen- 

deficient medium and melatonin was added directly from a 

lOOO-fold stock solution in ethanol, stored at 4 C, and pro- 

tected from light, to achieve the desired concentrations 
(10e5 M, 10m7 M. lo-’ M, 10-l’ M, lo-l3 M). Time course 

experiments were conducted under the same culture condi- 

tions as described above using the most effective concentra- 

tion of melatonin determined in the dose-response studies 

(lo-’ M). Semiconfluent monolayers of MCF-7 cells were ex- 

posed to lo-’ M melatonin and harvested at various times (1 

h, 3 h, 6 h, 12 h, 24 h, and 48 h). 

Cycloheximide and Actinomycin D Studies 

To assess whether the down-regulation of ER by melatonin is 

dependent upon protein synthesis, studies were conducted 

with cvcloheximide, a protein synthesis inhibitor. MCF-7 cells 

were treated with either 1 Oes M melatonin, 10 pg/ml cyclohex- 

imide, or both for 24 h. To determine the half-life of the ER 

mRNA, MCFJ cells treated with melatonin (lo-’ M) for 6 h 
were incubated for various times (0 h, 1 h, 2 h, 3 h, 6 h, 12 h, 

24 h) with actinomycin D (5 rg/ml). Control cells were treated 
with vehicle (0.001% ethanol) and actinomycin D (5 pg/ml). 

Monolayers of treated cells were harvested in a solution of 

0.25% EDTA in PBS by scraping with a rubber policeman. 

After centrifugation, cell pellets to be used for Northern blot 

analysis were snap frozen in liquid nitrogen and stored at 

breast cancer cells. -70 C until total cellular RNA was isolated. 
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Radioactive Labeling of Protein 

Protein synthesis was evaluated in MCFJ cells in the presence 

or absence of 10 pg/ml cycloheximide by measurement of 

uptake of [3H]methionine into trichloroacetic acid (TCA)-precip- 

itable proteins as described previously (34). Briefly, 1 x lo6 

cells/25 cm2 flask were seeded in DMEM containing 10% FBS. 

After 2 days, the cells were switched to DMEM supplemented 

with 5% FBS and allowed to grow for 5 days (three fourths 

confluency). The cells were then incubated for 2 h in methic- 
nine-free DMEM supplemented with 5% FBS which had been 

dialyzed with two changes of PBS to remove amino acids. 

Labeling was then performed in the presence of 25 &i/ml [3H] 

methionine (194 mCi/mmol) with or without cycloheximide for 

3 h or 6 h. The incubation was terminated by placing the cells 

at 4 C, and the cell monolayer was then lysed by the addition 

of 1 ml 0.1 N NaOH. The protein samples were heated at 37 

C for 20 min before precipitation by the addition of 1 ml cold 

10% TCA. Samples were then chilled on ice for 15 min. 

collected by filtration under vacuum onto 0.45-pm HA filters 

(Millipore, Milford, MA), washed with 5% TCA and dried, and 

their radioactivity was counted. 

RNA Isolation and Northern Blot Analysis 

Isolation of total cellular RNA from frozen cell pellets was 

performed using the guanidine thiocyanate-phenol-chloroform 

procedure (35). The resulting RNA pellet was precipitated in 

ethanol and resuspended in RNase-free water. The concentra- 

tion of RNA was determined spectrophotometrically by meas- 

uring absorbance at 260 nm, and RNA integrity was assessed 

by agarose gel electrophoresis. Fifty micrograms per sample 

of total RNA were heat denatured at 85 C for 15 min and 

electrophoretically separated on a 1% denaturing agarose gel 
containing 2.2 mol/liter formaldehyde, and transferred to Hy- 

bond membrane (Amersham) by capillary action in 20 x sodium 
citrate (SSC) (1 x SSC = 0.15 M NaCI, 0.0125 M sodium citrate, 

pH 7.0) overnight. RNA was fixed to the membrane by W- 

cross-linkinq followed bv baking at 80 C for 2 h. The mem- 

branes were prehybridized for 12 h in a solution containing 5x 

SSC. 10% sodium-dextran-sulfate (SDS). 0.1% Ficoll. 0.1% 

BSA[ 0.2% polyvinylpyrrolidone, 26 mM”sodium phosphate, 

0.2% SDS, 200 pg salmon sperm DNA, and 50% formamide 

at 42 C. The membranes were then hybridized at 42 C in the 

same solution with the full length coding region of the human 

ER cDNA probe [2.1 kilobases (kb)], kindly provided by Dr. 

Geoffrev Greene (36). labeled with f3*PldCTP bv nick transla- 

tion (37). After hybrklization, the membranes were washed 
once with 2x SSC, 0.2% SDS at room temperature for 3 h 

followed by two washes at 65 C with 0.1~ SSC containing 

0.2% SDS for 12 min. The membranes were exposed to Kodak 

X-Omat AR film (Eastman Kodak, Rochester, NY) at -70 C 

for l-2 days. The transfer and loading of RNA were monitored 

by staining the gel with ethidium bromide both before and after 

transfer, and by reprobing of the blot with a 3684 cDNA (0.2 

kb), a non-estrogen-regulated gene. The resultant autoradi- 

ographs were analyzed by a GS300 scanning densitometer 

(Hoefer Scientific Instruments, San Francisco, CA). The size 

of the ER transcript was determined by comparison to an RNA 

ladder (0.36-9.49 kb; Novagen, Madison, WI) run on an adja- 

cent lane and stained with ethidium bromide (10 pg/ml). 

Yeast Expression Assay 

The effect of melatonin on the rate of ER mRNA transcription 

was examined using a nuclear run-on transcription assay as 

described previously (41). A 500 ~1 sample containing approx- 

imately 1 x 10’ nuclei was incubated with 50 &i [32P]UTP 

(3000 Ci/mmol; New England Nuclear) and unlabeled ATP, 

CTP, and GTP (1.6 mM each) in a transcription reaction buffer 

[50 mM HEPES (pH 7.8) 6 mM MgC12, 4 mM MnC12, 6 mM 

spermidine, 10 mM dithiothreitol, and 0.4 M ammonium sulfate] 

at 26 C for 1 h. The reaction was terminated by digestion with 

50 pg/ml DNase I (DPRF, Worthington, Freehold, NJ) in the 

presence of 20 mM CaCI, and 100 rg/ml yeast tRNA for 30 
min at 26 C. The reaction mixture was deproteinized bv 

digestion with 100 pg/ml proteinase K in the presence of 1.5 

mM EDTA and 0.1% (vollvol) SDS for 30 min at 42 C. The 

radiolabeled nascent mRNA transcripts were precipitated from 

the aqueous phase with 5% TCA at 4 C for 15 min, and the 

precipitate was collected on 0.45 pm HA filters (Millipore) by 

vacuum filtration and washed with 3% TCA. RNA was then 

eluted from the filters by incubation at 65 C for 10 min in 100 

UI 1 Ox SET 10.1 M Tris (DH 7.5). 0.05 M EDTA. 10% SDS1 and 

recovered by precipitation at L20 C with an additional SO- pg 

yeast tRNA, 180 mM sodium acetate, and 2.5 vol ethanol. The 

radiolabeled RNA transcripts were isolated and hybridized to 

an excess of denatured plasmid DNA immobilized on nitrocel- The YEPE 10 expression vector containing wild type ER cDNA 

and the truncated YEPE A5 ER cDNA were used-as previously lulose filters. The denatured plasmids (1 O-20 ng) used for the 

described (38). The YEPE A5 cDNA contains a deletion of detection of specific transcripts were ER pOR8 and @-actin. 

exon 5 that results in a frame-shift mutation and the presence After hybridization, the filters were washed with four changes 

of a stop ccdon just inside exon 6. When transcribed and of 2x saline-sodium phosphate-EDTA (SSPE), 0.1% SDS for 

translated, this variant cDNA gives rise to a truncated ER 5 min at 25 C, and subsequently washed with four changes 
lacking the hormone-binding domain that is unable to bind of lx SSPE, 1 .O% SDS for 30 min at 65 C. Filters were 

estradiol, but is able to constitutively activate estrogen-re- exposed for 5-7 days to Kodak XAR film at -70 C, autoradi- 

sponsive genes (39). The YEPE 10 and YEPE A5 constructs 

were transformed into a proteasedeficient strain of S. cerevis- 

iae (BJ3505). These yeast cells were also cotransformed with 

an estrogen-responsive reporter construct, YEPE 2, which 

contains two copies of the vitellogenin A2 estrogen response 

element within the proximal promoter elements of the yeast 

isochrome C promoter, fused to the jZ+galactosidase gene. 

This construct was used as an ER-inducible marker. Yeast 

cells were grown overnight at 30 C in 5 ml minimal media 

supplemented with 2% glucose. An additional 5 ml media were 

added along with 25 /IM CuSOI, and the cells were grown 

overnight. The absorbance of the cells was determined at 595 

nm, and the cells were seeded at a density of 0.5 A/ml, 
supplemented with 25 PM CuSO, in the presence or absence 

of 17gestradiol (1 Ow9 M), melatonin (lo-‘%” M), and/or the 
antiestrogen ICI 164,384 (1 O-’ M), and allowed to grow for an 

additional 4 h at 30 C. p-Galactosidase activity was measured 

as previously described (24). Briefly, protein extract (2-40 pg 

protein) was preincubated for 10 min at 30 C before a 30-min 

incubation with 200 ~1 o-nitrophenyl j?-o-galactopyranoside (4 

mg/ml). The reaction was stopped by the addition of 1 M 

sodium carbonate (500 ~1) and the absorbance measured at 

420 nm. Enzyme activity was expressed as Miller units. 

Isolation of Nuclei 

Briefly, MCF-7 cells, after exposure to either 1 Om9 M melatonin 

or vehicle (ethanol) for either 4 or 12 h, were harvested and 

resuspended in 5 ml 1.5 M sucrose buffer plus 0.1% Brij 58 

(40). The cells were then homogenized with 10 strokes in a 

Dounce homogenizer using pestle A. The homogenate was 

diluted to 15 ml with 1.5 M sucrose and centrifuged at 10,000 

rpm for 20 min at 4 C. The nuclear pellet was resuspended in 

0.5 ml nuclei storage buffer (20 mM HEPES, 75 mM NaCI, 0.5 

mM EDTA, 0.85 mM dithiothreitol, 0.124 mM phenylmethylsul- 

fonyllfluoride, 50% glycerol). The concentration of nuclei was 

determined by diluting an aliquot in 0.4% (wt/vol) trypan blue 

and counting the number of nuclei. Nuclei were stored at -70 

C until the transcription elongation assay was performed. 

Transcriptional Elongation Assay 
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ographs were analyzed by scanning densitometry, and the 

background was subtracted. These results were normalized 
for the number of nuclei or by comparison to the transcriptional 

level of ,T-actin. Transcription rate values for ER were then 

expressed as percentages of control values. 

Statistical Analysis 

The data are presented as the mean f SEM. Statistical signif- 

icance was determined by two-way analysis of variance fol- 
lowed by the Newman-Kuels post hoc test. 
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