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ABSTRACT 

The pineal hormone melatonin (ML T) inhibits the promotion of human breast cancer 

cell growth in vitro by prolactin (PRL). When MCF-7 estrogen receptor (ER) positive 

human breast cancer cells were grown in a monolayer culture system containing 5 % 

charcoal-stripped fetal bovine serum (CSS) in the presence of PRL and/or MLT for up 

to 6-days, MLT at each of the time-points tested significantly reduced the mitogenic 

response to PRL. In fact, in some instances the addition of MLT further reduced 

growth below the levels of untreated controls. Doses of MLT within the normal 

nighttime physiological range (10-9 M - 1012 M) were most effective. However, MLT 

alone had no effect on growth. Additionally, MLT partially to completely blocks the 

"PRL-like" activity of human growth hormone and several different monoclonal 

antibodies (Mabs) directed against the PRL receptor (pRLR), which stimulate growth 

via an interaction with the PRLR. Furthermore, MLT diminishes the PRLR 

dimerization-induced enhancement of the Mabs activity by a second cross-linking 

antibody further indicating that MLT specifically blocks the PRLR-mediated growth 

signal in these cells. Melatonin inhibits PRL's activity in ER-positive ZR75-1, and 

ER-negative HS578T breast cancer cells as well. Conversely, neither MLT nor PRL 

has any effect on the growth of BT20 ER-negative cells, suggesting that MLT's activity 

depends more on the PRL-responsiveness of the cells than their ER-status. Moreover, 

MLT's activity was estrogen-independent since it is seen under phenol red-free 

(estrogen deficient) culture conditions. Under these conditions, MLT almost completely 
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blocks PRL's 7- fold stimulation of growth. Melatonin also inhibits the modest 

stimulatory effect of PRL on MCF-7 cell colonies in soft agar. However, under these s 

culture conditions sensitivity to MLT was altered. 

Polyamines (PA) reversed; the inhibitory effects of MLT, indicating their potential 

importance in MLT's mechanism of action. However, no effect of MLT was seen on 

ornithine decarboxylase (ODC), the rate-limiting enzyme in the synthesis ofPA. 

Melatonin did, however, block the PA rescue of cells from difluoromethylornithine's 

(DFMO) , suggesting that MLT may block PA action. 



Introduction 

This dissertation investigates the potential involvement of PRL in the mechanism by 

which melatonin modulates the growth of breast cancer cells. 

Fonnat of this Dissertation 

16 

After an overview of the literature (Chapter 1) and general statement of the problem 

addressed by this dissertation (Chapter 2) an introduction plus the materials methods 

and main conclusions are presented as four separate "manuscripts" dealing with the 

modulatory effect of MLT on the promotion of breast cancer growth in vitro (Chapters 

3, 4, 5, and 6). A general discussion and summary of the results follows these chapters 

in chapters 7, and 8 respectively. 
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Chapter 

Overview of the Literature 

The Pineal Gland 

A Physiological Perspective 

The pineal gland is a small pine cone-shaped endocrine gland, located deep between 

the cerebral hemispheres of the brain which produces and secretes both indoleamine 

and peptidergic substances. Although, the pineal was described as early as the 2nd 

century A.D., it's description was purely philosophical in context (Galen 1576). In 

fact, the biological relevance of this gland was not fully appreciated until more recent 

years with the discovery of it's secretory products (Axelrod and Weissbach, 1960) and 

their potential participation in the neuroendocrine systems governing a wide spectrum 

of seemingly unrelated physiological processes, including certain important aspects of 

reproductive (Kitay and Altschule, 1954) and immune function, as well as aspects of 

neoplasia (Reiter, 1993). 

Melatonin (MLT) is the chief hormonal secretory product from the pineal and is 

without question responsible for much of the pineal's activity. Surprisingly, the 

discovery of MLT and other potentially important indole and peptidergic substances 
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from the pineal and their widespread effects on both normal and malignant tissues, has 

done little to rid this gland of it's somewhat unfounded aura of mystique. The elusive 

nature of this gland may be due in part to the circadian nature of it's activity, which is 

dependent upon dark/light cycles and the unique chronobiologic properties of it's major 

hormone MLT. Because of the expansive influence of the pineal and MLT over each 

level within the hypothalamic-pituitary-ovarian axis, this gland may be master to the 

"master gland" (hypothalamus) in the body and could potentially function as a guardian 

to all endocrine processes. 

Circadian Regulation of Pineal Melatonin Metabolism 

There is a profound daily fluctuation in the concentration of MLT found in the 

pineal, blood and other body fluids of mammals. The levels of MLT during the 

daytime (photophase) are very low while nighttime (scotophase) levels are high. In 

man blood MLT levels increase between 12 am and 6 am reaching a peak around 2 am 

then falling precipitously thereafter to virtually undetectable levels by day (Arendt et 

al., 1977). The mean values in man are between 40-80 pg/ml at night and < 10 pg/ml 

at day. 

The suprachiasmatic nucleus (SeN) of the anterior hypothalamus is the primary site 

responsible for orchestrating the daily or diurnal variation of MLT synthesis in 

response to changes in the photo period (Moore and Klein, 1974). The SeN receives 

neural information regarding the amount of light in the environment from the eyes by 

way of the retinohypothamic tract. During the day, neural activity from the SeN 
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increases, ultimately resulting in a suppression of MLT synthesis. Conversely, at night 

the electrical activity of the SCN is decreased and MLT synthesis proceeds unabated. 

Neural impulses from the SCN are carried via long descending axons through the 

brainstem and reticular formation to the intermediolateral cell column of the thoracic 

spinal cord. The neural information leaves the spinal cord via preganglionic 

sympathetic fibers which in tum synapse on postganglionic cell bodies located in the 

superior cervical ganglia. The postganglionic nerves carrying the photic information to 

the pineal, terminate adjacent to the pinealocytes (secretory cells of the pineal) cell 

membrane in a synapse-like fashion. 

During the night, the inhibitory message from the SCN is suppressed and the 

electrical activity in the postganglionic nerve terminals increases resulting in the release 

of the catecholamine norepinephrine (NE). The NE interacts with both beta and alpha

adrenergic receptors on the pinealocyte membrane. However, the interaction with beta 

adrenergic receptors is responsible for 85 % of the resulting nighttime rise of MLT 

(Sugden, 1989; Reiter, 1990). The activation of the beta- adrenergic receptors leads to 

a rise in intracellular cyclic adenosine monophosphate (cAMP), which increases the 

activity of serotonin N-acetyltransferase (SNAT), the rate-limiting enzyme in the 

synthesis of MLT from serotonin, resulting in a nocturnal rise in MLT. Nighttime 

SNAT activity is increased by 10- to 100- fold above the value observed in the day. 

Like MLT and SNAT activity, the adrenergic receptors exhibit a 24h rhythm that is 

important not only to the nightly rise in MLT, but also in it's subsequent fall (panged 

et al., 1990). 

Once produced, MLT is quickly released into the blood vasculature. The majority of 



MLT is metabolized by a single passage through the liver to its major metabolite 6-

sulphatoxymelatonin which is found in both plasma and urine (Fellenberg, et al., 

1981). The biosynthetic steps leading to the production of MLT from its precursor 

molecule serotonin are well documented. Briefly, these steps include an initial 

acetylation of serotonin (5-hydroxy tryptamine) by SNAT to form N- acetylserotonin 

which is then 0- methylated via the enzyme hydroxyindole- o-methyltransferase 

(HIOMT), to form 5-methoxy-N-acetyltryptamine (MLT) (Axelrod, 1975). 

The Pineal, Photoperiod Time Measurement and the Control of Reproduction 

20 

The pineal gland has been referred to as a "neuroendocrine transducer, II because it 

receives neural impulses carrying photic information and converts it into an endocrine 

signal, the secretion of MLT. This signal in tum, conveys information about the time 

of day and season to other parts of the body (Wurtman and Axelrod, 1965; Reiter, 

1992). The circadian fluctuation in MLT levels, with highest levels present in the blood 

at night and low to undetectable levels present by day, in essence tells the body the 

time of day. The changing duration of the nighttime rise in ML T levels throughout the 

year reflects seasonal changes in daylength. The physiological implications of the 

nocturnal rhythm of MLT production, which ostensibly conveys information about 

time, in the body are astounding. Perhaps the best example of how this chronobiologic 

hormone influences the biological processes in the body is seen in seasonally-breeding 

species of mammals. Melatonin exerts either an inhibitory or stimulatory influence over 

the reproductive tract of mammals including, man. In seasonally- breeding species, the 
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anti-/ or progonadotropic effects of MLT are extremely marked during certain times of 

the year particularly during the winter months when the days are shorter and the 

duration of nocturnal MLT is longer (Reiter, 1973). Melatonin I s antigonadotrophic 

effects have been well documented in the golden Syrian hamster (Mesocricetus 

auratus), which is a long-day breeder. The reproductive organs of this species are 

highly sensitive to the amount of light in their natural habitat. If these animals sense 

less than 12.5 hr of light each day their gonads regress, and they are rendered incapable 

of producing offspring (Elliot 1976). Similarly, when these hamsters are placed under 

an artificial lighting condition of decreased light (short photoperiod) their reproductive 

organs atrophy, and the levels of gonadotrophins and prolactin (PRL) fall rendering 

them sexually incompetent (Tamarkin et al., 1977). However, elimination of the MLT 

signal by either pinealectomy, or surgical interruption of the neural pathways from the 

SeN to the pineal obliterates the antigonadal effect of short photoperiod (Reiter and 

Hester, 1966). Additionally, restoration of the normal levels of gonadotrophins and 

PRL, by the treatment of animals with pituitary homografts and exogenous injections of 

luteinizing hormone releasing hormone (LHRH), also prevents the gonadal atrophy and 

quiescence otherwise seen under short photoperiod conditions (Tamarkin et al., 1977). 

The exogenous administration of MLT to certain animals can mimic the effects of 

short photoperiod on the reproductive tract of these hamsters. For example, daily, late 

afternoon injections of MLT given to hamsters kept under long-day lighting conditions 

results in the regression of reproductive organs equivalent to that seen under short 

photoperiods. Furthermore, the reduction observed in gonadotrophin and PRL levels 

following MLT treatment are reminiscent of those seen in pineal intact animals under 
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short day conditions (Reiter 1971 , 1974). The MLT-induced reduction in plasma 

lutenizing hormone (LH), follicle stimulating hormone (FSH) and PRL is due to a 

direct neuroendocrine effect of MLT on the secretion of gonadotrophin-releasing 

hormone (GnRH) and presumably PRL-regulatory factors from the hypothalamus 

(Reiter, 1971; Tamarkin, et al., 1976). Interestingly, MLT had no antigonadci1 activity 

in either pinealectomized or ganglionectomized hamsters, indicating that an intact 

sympathetically innervated pineal was required by MLT in order to exert it's 

antigonadal effect in these animals (Reiter et al., 1976). In addition, no antigonadal 

effect is observed in Syrian hamsters when MLT is administered during the early 

morning hours further demonstrating the importance of the time of day in determining 

MLT's efficacy as an antigonadotrophin (Tamarkin, 1976). 

The requirement of an intact functional pineal for MLT's antigonadotrophic activity 

together with the observation of a circadian variation in the sensitivity to MLT, 

suggests that endogenous MLT is critical for maintaining tissue sensitivity to 

exogenously administered MLT. Indeed, recent experimental evidence indicates that 

there is a daily rhythm in the number of MLT receptors found in the SeN and pars 

tuberalis of the adenohypophysis, which is inversely correlated with the daily 

fluctuations in plasma MLT levels. Although this rhythm is lost in the absence of 

endogenous MLT via pinea1ectomy, it can be restored by an exogenous source of MLT 

(Gaur, et al., 1993, Gaur, 1993). Thus, the observed diurnal rhythm of sensitivity to 

MLT in the reproductive tract may be set by endogenous MLT signal itself, via an 

effect on the number of MLT receptors. Surprisingly, the inhibitory action of afternoon 

injections of MLT, and also of short days, on the reproductive axis are negated when 
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MLT is made continually available via subcutaneous deposits. This counter 

antigonadotropic effect has been attributed to either desensitization or reduction in the 

number of MLT receptors (Reiter, 1980). 

The pineal, phylogenetically speaking, is an end-organ of the visual system which 

has probably evolved over the eons as a means for increasing the survival of offspring 

in an ever-changing environment (Reiter, 1983). In mammals living in harsh 

environments, this link between the reproductive axis and photoperiod is particularly 

important to insuring that offspring are born during the time of year that is most 

supportive, in terms of food availability and climate, to their survival. 

While the importance of the diurnal or circadian fluctuations in MLT synthesis 

in regulating biological rhythms associated with reproductive function is well 

known, there is an ever-increasing number of other important biological systems 

in the body that appear to be similarly influenced by MLT. The interaction 

between ML T and some of these biological systems will be covered in the 

subsequent discussion of MLT and cancer. 

Melatonin And Cancer 

Over the past several decades a substantial amount of evidence has accumulated 

implicating an involvement of the pineal and hence MLT in the neuroendocrine 

regulation of cancers, particularly of those cancers arising from tissues of reproductive 

origin (Blask et al, 1988) The importance of MLT to the development and growth of 

breast cancer is not surprising given the highly endocrine nature of this neoplasm and 
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the fact that MLT's normal physiological activity is inherently inhibitory to at least two 

of the primary endogenous mitogens, estrogen and PRL, upon which these neoplasm 

are dependent (Welsch, 1977, 1985). Moreover, MLT may be an important regulator 

of normal mammary gland development (Sanchez-Barcelo, 1988, 1990), which is 

highly dependent upon both estrogen and PRL . 

Early accounts of the use of pineal extracts for the treatment of a variety of different 

diseases including malignancies, date back as early as 1913 (Georgiuou, 1919). Prior to 

this usage, the pineal gland was regarded as a "vestigial" organ within the brain, in 

terms of biological importance. A later report by Georgiou (1929) that the removal of 

this gland (pinealectomy) resulted in a suppression of the growth of both spontaneously 

forming and innoculated carcinoma cells in mice, sparked a wave of experimental 

investigation aimed at uncovering the "true" nature of this little gland (Reiter, 1988). 

The bulk of experimental evidence gained since this early account of a pineal-cancer 

interaction favors an inhibitory influence of this gland over neoplastic processes 

(Reiter, 1988) rather than a stimulatory one. To date, the endocrine nature of the 

pineal has been well documented and a relationship between normal pineal function and 

pathological disease, particularly cancer has been implied. Nevertheless, much remains 

to be learned about the nature of the pineal-MLT signal in the body and whether or not 

MLT's chronobiologic properties are in some way connected to its oncomodulatory 

effect. The following discussion will review some of the pieces of experimental 

evidence from both in vivo and in vitro studies suggestive of a pineal-MLT role in the 

regulation of cancer, particularly, breast cancer. 

In Vivo Studies 
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A wealth of information about the pineal and cancer has been gained from animal 

studies in which the pineal and hence MLT levels have been manipulated either by 

removal of the pineal or through artificial environmental lighting schemes. For 

instance, Lapin and associates (1974) reported a 50% reduction in the survival time of 

neonatally-pinealectomized rats carrying Yoshida sarcoma as compared to pineal intact 

rats, one of the most profound effects of pinealectomy on cancer progression observed. 

Similarly, the removal of the pineal not only enhanced the tumor take of transplanted 

methylcholantrene (MCA)-induced fibrosarcomas by two-fold as compared to sham

operated rats, but it increased the frequency of their metastasis to the lymph nodes as 

well (Barone, 1972). Additionally, removal of the pineal via pinealectomy increased 

the growth and mitotic index of transplanted tumors in mice. Moreover, the number of 

dimethylbenzanthracene (DMBA) carcinogen-induced melanomas was reportedly 

enhanced by pinealectomy in the hamster and rat (Aubert, et al., 1980, Guerinot, et 

al., 1975). 

Interestingly, constant light, depresses MLT to levels equivalent to pinealectomy, 

was associated with a decreased incidence of tumors. On the other hand, two separate 

studies have shown that either light restriction or blinding, which increases the activity 

of the pineal, impedes the development and growth of DMBA- induced mammary 

tumors (Lacassagne et al., 1969, Blask, 1984). In these studies, the percentage of rats 

developing tumors (tumor incidence) in response to DMBA was significantly lowered. 

Moreover, in one study the inhibitory effect of total light deprivation via blinding 

(orbital enucleation) on tumor formation was partially prevented by pinealectomy. 
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Furthermore, the removal of the pineal from blind rats reduced the number of 

spontaneously regressing tumors and led to a 55 % increase in the total number of 

tumors formed as compared to blind and intact controls (Blask, 1988). As was shown 

in other studies, pinealectomy alone enhanced DMBA-induced tumorigenesis in the rat. 

In a separate but similar study, blinding in combination with underfeeding completely 

prevented the development of DMBA-induced mammary tumors in female Sprague

Dawley rats (Blask, 1984). Underfeeding, like anosmia, is well known for it's ability 

to increase the sensitivity of the Sprague-Dawley rat to the actions of the pineal (Reiter, 

1980). Additionally, pinealectomy was shown to completely reverse the antineoplastic 

effect of blindness- underfeeding. In fact, tumor growth was promoted above the level 

observed in intact controls (Blask, 1984, Sanchez-Barcelo, 1988). 

An increase in the growth of innoculated cancer cells has also been associated with 

pinealectomy. In two independent studies the proliferation and spread of ovarian 

carcinoma cells (Das Gupta, 1968) and of melanoma cells (Das Gupta and Terz, 1967), 

were substantially greater in pinealectomized animals as compared with pineal intact 

animals. 

Altogether, these studies indicate that the removal of the pineal somehow potentiates 

the growth of tumors and increases the efficacy of chemically-induced tumorigenesis. 

Thus, the removal of the pineal may act as a "permissive" signal in the body allowing 

for the development and growth of tumors. However, some workers have been unable 

to find a difference in the number of carcinogen-induced tumors between 

pinealectomized, intact or sham-operated animals with a different chemical carcinogen, 

i.e., diethylnitrosamine or 2- acetylaminoflorene (Lacassagne et al., 1969), or even 



with the same carcinogen, DMBA, given orally Lapin, 1978). Clearly, the effect of 

pinealectomy on chemically - induced tumors is varied depending on the particular 

carcinogen in use or study in question with the most typical response being that of 

stimulation. 

Effects of MLT in the DMBA Mammary Tumor Model 
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A number of studies ~uggest that MLT is the most likely substance from the pineal 

responsible for influencing tumorigenesis. A number of investigators have reported an 

inhibition of carcinogen-induced tumors by pharmacological doses of MLT 

(Aubert,1980, Tamarkin, 1981, Blask, 1986). In addition, the treatment of tumor

bearing animals with MLT has been shown to stimulate, inhibit or have no effect on 

tumor growth depending on the type of tumor and time of day that ML Twas 

administered (Bartsch and Bartsch, 1981). 

The effects of the pineal, photoperiod, and MLT, on cancer have been studied most 

extensively in the DMBA-induced mammary tumor model. In fact, on the basis of 

some very promising data gained from this breast cancer model and a more recently 

developed N-nitroso-N- methylurea (NMU) mammary tumor model (Welsch, 1985), at 

least one investigator has proposed that the mammary gland may very well be the 

"target" or principal site of action for the pineal and MLT (Blask et al., 1990). 

In both the DMBA and NMU experimental animal models, mammary tumorigenesis 

or tumor induction, is initiated by the administration of a single or multiple injections 

of these DNA damaging chemical carcinogens into the female Sprague- Dawley rat. 
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The carcinogen is then either metabolized in the liver to it's active DNA damaging 

form, as is the case with DMBA, or acts as a direct DNA alkylating agent, as is the 

case for NMU. In either case, through the processes of initiation and promotion, 

treatment with either of these chemical carcinogens ultimately results in the appearance 

of palpable estrogen and PRL-sensitive mammary tumors (adenocarcinomas) along the 

milk lines. 

A number of workers have shown that daily late afternoon injections of MLT (200-

500 ug/day) to 55 day old Sprague-Dawley rats beginning prior to, coincident with, or 

just after the administration of the carcinogen DMBA, retards the subsequent 

development and growth of mammary tumors. Significant reductions in tumor 

incidence and/or total tumor number, accompanied by an increase in the number of 

tumors undergoing spontaneous regression, have all been reported (Tamarkin, 1981, 

Shah, 1984, Blask, 1986, Aubert, 1980). Moreover, an inhibitory effect of MLT on 

tumorigenesis was typically found regardless of the photoperiod (Blask, 1988, 1993). 

For example, the increase in DMBA-induced mammary tumorigenesis caused by 

maintaining animals inconstant light from birth was prevented by the concomitant 

administration of MLT (Hamilton, 1969, Kothari, 1982). The stimulatory effect of 

constant light exposure was attributed not only to the loss of the MLT signal, but also, 

to an increase in circulating levels of PRL, the primary hormone responsible for 

promoting the growth of these tumors (Welsch, 1977, 1985; Meites, 1980). 

In a later study, MLT injections were restricted to only the promotional phase of 

carcinogenesis, beginning several weeks after the administration of carcinogen and 

continuing thereafter, in order to assess which stage of carcinogenesis, initiation or 
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promotion, was inhibited by MLT. In this particular study, workers found only a slight 

difference in the number of tumors formed in response to MLT. However, when a 

potentiating factor, an experimental manipulation which exaggerates the influence of 

the pineal and MLT, such as underfeeding, accompanied the MLT treatment marked 

differences in tumor number were found between MLT-treated and vehicle-treated 

controls (Blask, 1984; Blask et al., 1986). Similarly, the inhibitory effect of blinding 

on tumorigenesis was less pronounced when it was induced during the promotional 

phase as opposed to the earlier initiation stage, unless it too was accompanied by a 

"potentiating factor". In contrast, when MLT injections were restricted to only the 

initiation stage of tumorigenesis, in both the DMBA and NMU model systems, no 

differences were found between MLT-treated and vehicle- treated rats (Blask, 1991). 

These observations indicate that MLT is a more effective oncostatic agent when it is 

administered during the period of tumor initiation and continued thereafter through the 

promotional stage unless it is accompanied by a potentiating agent, which suggests the 

interesting possibility that MLT may influence both the initial genetic event (initiation) 

and the subsequent extra cellular environmentally regulated stage (promotion) of 

tumorigenesis. The observations by Chang et al. (1985) also favors this idea. In their 

study, the inhibitory effect of total light deprivation in combination with anosmia on 

DMBA-induced mammary tumorigenesis were found to be greater when these 

procedures were performed early on, during the initiation phase. Subramanium and 

Kothari (1991) have also reported an effect of MLT on initiation. However, MLT's 

ability to suppress mammary tumorigenesis when it's administration was restricted to 

the promotional stage, but not when limited solely to the initiation stage, clearly 



demonstrates the potentially more important anti promoting actions of this hormone. 

The antipromoting activity of MLT is further strengthened by the observation that 

MLT injections cause the regression of pre- existing (established) carcinogen-induced 

mammary tumors (Aubert, et al., 1980). 
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Exogenously administered MLT inhibited tumor growth and prolonged the survival 

time in pinealectomized animals as well (Lapin and Frowein, 1981). Interestingly, in 

this study serotonin was an even more effective inhibitor than MLT. However, not all 

workers have seen an effect of MLT in pinealectomized animals (Lapin, 1978, Kothari, 

1984, Tamarkin et al., 1981, Shah, et al. 1984) and therefore these investigators have 

proposed that the pineal is required for MLT's antineoplastic activity. However, the 

the lack of the endogenous MLT rhythm in pinealectomized animals is not necessarily 

responsible for MLT's lack of activity as previously has been suggested by some of 

these workers, since MLT can suppress tumorigenesis under constant light conditions 

(Shah et al., 1984), which virtually eliminates endogenous MLT. 

Effects of Pinealectomy on DMBA-Induced Mammary Tumors 

There are a number of discrepancies with respect to the effect of pineal removal on 

DMBA-induced tumorigenesis. For example, in one study the removal of the pineal via 

pinealectomy reportedly increased by 84% tumor incidence when low dosages of 

DMBA were used, but not when higher dosages of the carcinogen (Tamarkin, 1981). 

In another study cited, investigators reported no effect of pineal removal on DMBA

induced tumorigenesis when animals were kept under short-photoperiod conditions. 

However, under other lighting conditions a stimulatory effect with pinealectomy was 
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seen (Kothari, et al. 1984). 

These studies indicate that at least two different parameters, the dosage of carcinogen 

used and the lighting conditions, can effect the outcome of pineal removal on 

mammary tumorigenesis, may have contributed to the discrepancies within the 

literature. 

The Effects of Photoperiodic Manipulations on DMBA-Induced Mammary Tumors 

The reported effects of photoperiodic manipulations on the development and growth 

of DMBA-induced mammary tumors appear to be more consistent. As previously 

mentioned, light deprivation due to either blinding or artificial short photoperiod (10 h 

lightl14 h dark), decreases tumor incidence in response to DMBA. These anti tumor 

effects were even more pronounced when blinding, via orbital enucleation, was 

combined with either olfactory bulbectomy or underfeeding (Blask, 1984). In a study 

by Blask (1984) blinding in combination with dietary restriction completely inhibited 

the appearance of DMBA-induced tumors over a 20 week period of observation. The 

inhibitory effects of blinding-bulbectomy were reversed by pinealectomy, which 

actually stimulated tumor growth beyond the level observed in pineal intact controls 

(Blask, 1984, Sanchez-Barcelo,1988). Moreover, some workers observed an increased 

incidence of DMBA-induced mammary tumors when animals were kept under constant 

lighting conditions, which extinguishes MLT production (Hamilton, 1969; Kothari et 

al., 1982). However, this observation was in contrast to the report by Aubert et al. 

(1980) that continuous lighting was not associated with an increase incidence of 
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DMBA-induced tumors. 

Effects of Melatonin on NMU-Induced Mammary Tumors 

Mammary tumors induced by NMU differ from those initiated with DMBA. Unlike 

the DMBA tumors, which depend on pituitary prolactin (PRL) for their growth, NMU

induced tumors, are largely estrogen responsive, and respond to PRL to a lesser 

extent. Because NMU tumors depend more heavily upon estrogen for their growth, 

they are considered to be more similar to hormone (estrogen) sensitive human breast 

tumors, and therefore, may represent a more valid model for predicting events in 

human breast cancer (Welsch, 1985). 

Melatonin can inhibit the development and growth of mammary tumors induced by 

NMU. When female Sprague-Dawley rats were injected daily with either MLT or 

vehicle during the late afternoon, beginning either immediately following or several 

weeks after the administration of NMU, but before the appearance of palpable tumors, 

the incidence and number of carcinogen- induced tumors was reduced in the MLT

treated rats (Blask et al, 1991). Furthermore, in the same study MLT was reported to 

be as effective as the antiestrogen tamoxifen in preventing the estrogen-stimulated re 

growth of ovariectomy-regressed mammary tumors (Blask et al., 1991). 

Effects of Pineal Removal on NMU-Induced Mammary Tumorigenesis 

When the MLT signal was completely extinguished by pinealectomy prior to the 
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administration of NMU, the initial number and incidence of chemically-induced tumors 

formed was markedly higher than that of sham-operated controls during the early weeks 

of tumorigenesis (Blask 1988). However, by the end of the study, no significant 

difference in NMU tumor incidence or numbers were found with this manipulation 

indicating that the stimulatory effect of pineal removal was only temporary, in contrast 

to the persistent effect observed on DMBA-induced tumorigenesis (Blask 1984). 

Taken together, the studies mentioned herein, indicate that daily MLT injections can 

retard the development and growth of mammary tumors induced by either the direct 

acting alkylating agent NMU, or the metabolically-activated carcinogen DMBA. 

On the basis of observations of pineal-MLT effects in experimental animal studies, 

Blask has designated pineal MLT as a "naturally-occurring, oncostatic hormone" within 

the body (Blask, 1984; 1991) Moreover, the observation that constant light or 

pinealectomy, enhances the formation of carcinogen-induced mammary tumors led 

some workers to propose that a reduction in the normal endogenous levels of MLT, as 

seen with aging, may in fact predispose the mammary epithelium to transformation by 

environmental agents (Kothari, 1988). 

While the studies may imply that MLT is exclusively responsible for exerting the 

pineal's antineoplastic effects, this is probably not the case. There are a number of 

other unidentified substances from the pineal that may work independently or perhaps 

even in conjunction with MLT, to modulate mammary tumorigenesis as well (Ebels, 

1980). 

Clinical Implications of Altered Circulatin2 ML T Levels in Cancer Patients 
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Based on the evidence presented so far indicating that MLT may exert an important 

antineoplastic influence on the body, it would seem highly probable that reduced levels 

of this hormone would be permissive to neoplastic disease in humans. Indeed, reduced 

blood and urinary levels of MLT have in fact been generally found in all cancer 

patients, including for example, in patients with cancer of the prostate (Barsch 1983), 

colon (Khoory and Stemme 1988), skin, kidney, liver, respiratory tract (Touitou et al., 

1991) and in particular cancers of the breast (Tamarkin et al., 1982, Danforth et al 

1985). 

There are, however, some reports of higher than normal ML T levels in cancer 

patients. For instance, Schloot and coworkers (1981) measured 24 hr rhythms of MLT 

in cancer patients and found higher than normal daytime levels of MLT in those 

patients with breast and prostate cancer. In addition, Touitou and coworkers (1985) 

reported an overall increase in the levels of MLT in elderly cancer patients based on 

morning sampling of blood MLT levels. In this study, the levels of MLT were 

determined to be substantially higher in women with either uterine or ovarian cancers, 

while either unchanged or significantly reduced in patients with other types of cancer 

i.e., breast, kidney, lung, skin and liver. Interestingly, these same workers reported 

lower than normal levels of MLT in patients with neurologic disease and in subjects 

with either alcohol or tobacco addictions. 

As alluded to above, most workers have observed reduced levels of MLT in patients 

with breast cancer. Some of the most provocative findings in this regard were reported 

by Tamarkin and coworkers (1982). In their study of 20 women with breast cancer, 
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they found that 50% of the patients with tumors that were positive for ER and 

progesterone receptors (PgR) had significantly lower nighttime MLT values as 

determined by 24 hr blood measurements of MLT. Moreover, the amplitUde of the 

nighttime rise in MLT was inversely correlated with the ER content in the primary 

tumor such that the lowest peak levels of MLT were observed in patients with the 

highest tumor ER content. This study suggests not only a relationship between reduced 

MLT levels and breast cancer but also, that a relationship between low MLT levels and 

the hormone-dependency of the tumor may exist as well. These observations were later 

corroborated by Danforth and associates (1985). Additionally, in this study, no 

relationship was found among either tumor glucocorticoid receptor status, stage of the 

cancer, or certain risk factors, i.e., age, parity, or menopausal status, with the 

circulating levels of MLT. Moreover, no correlation was found between ML T levels 

and the plasma levels of either estrogen, progesterone, FSH or luteinizing hormone 

(LH). The lack of a relatedness to the staging of the breast cancer found in this report 

was in contrast to a later report by Bartsch et al.(1991) that MLT was depressed in 

patients with stage 1 (no distant metastasis) breast cancer, and that the amplitude of the 

MLT peak increased with increasing tumor size, but not in patients with 

a more advanced stage of breast cancer (stage 2). In these breast cancer patients MLT 

levels were equivalent to the levels found in healthy age-matched controls. However, in 

a study by Barstch et al. (1983), no relationship was found between MLT and ER 

status, but serum MLT levels were positively correlated to tumor PgR and androgen

receptor content. 

In contrast to these studies, Dogliotti et al. (1990) found highly elevated MLT levels 
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in the morning and nighttime in patients with advanced metastatic breast cancer as 

compared to healthy controls. In addition, Falkson et al. (1990) reported significantly 

elevated morning levels of MLT in breast cancer patients with advanced progressive 

disease as compared with patients having stable or controlled disease. In addition, 

Lissoni and workers (1990) also reported elevated morning levels of MLT in breast 

cancer patients as compared with healthy age-matched controls. These studies suggest a 

possible correlation between elevated morning levels of MLT and advanced or 

progressive stages of breast cancer. Interestingly, in the Lissoni (1990) study, MLT 

levels in patients with tumors having a high proliferative index and poor prognosis, 

were twice as high as the levels found in patients having tumors with a low mitotic 

index. 

Altogether, these clinical studies indicate that the circulating levels of MLT were 

typically altered (elevated or reduced) in breast cancer patients as compared to healthy 

controls. Whether or not perturbations in MLT involve either increases or decreases in 

circulating levels of the hormone may depend upon either the time of day of blood 

sampling and/or the particular stage of the primary tumor since elevated levels of MLT 

in the serum were typically observed in the morning hours or in patients with more 

aggressive stage 2 tumors (Falkson et al., 1990; Eposti, et al., 1988) In contrast, the 

more frequently reported reductions in MLT levels were often seen during the late 

afternoon or evening hours in patients with less advanced stage 1 breast cancer. 

Additionally, other abnormalities in the circadian rhythimicity of MLT may also occur 

in breast cancer patients. For example, in one small study examining the morning, 

afternoon and nighttime levels of MLT in the serum of cancer patients, elevations were 
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observed in both morning and midafternnoon MLT levels while in others, the nighttime 

rise in MLT continued well into the dark to light transition (Lissoni et al. 1986). This 

observation may indicate a possible shift in the diurnal phasing of MLT production and 

secretion. 

However, it should be mentioned that at least one group of workers (Skene and 

colleagues 1990) have questioned the outcome of some of these studies on the basis that 

the breast cancer patients and healthy controls were not always properly age-matched in 

earlier studies. This may very well be an important issue, particularly in studies looking 

at levels in post menopausal breast cancer patients, since MLT production declines with 

age (Inguchi et al 1982), In addition, there may be seasonal variations in tumor activity 

(Starr, 1970) which could potentially be problematic in these types of studies. 

Furthermore, the question as to whether the reported perturbations in circulating levels 

of MLT is involved in the etiology of breast cancer or rather are merely a consequence 

of malignancy still remains unanswered. Nevertheless, some workers have advocated 

the use of MLT in the treatment of neoplastic disease (Starr, 1970; Dibella et al., 1979; 

Lissoni et al., 1990). However, as of yet, few clinical studies (Dibella et al., 1979, 

Lissoni et al., 1990) have explored the potential benefits of MLT in the treatment of 

women with breast cancer. 

POTENTIAL MECHANISMS FOR MELATONIN'S ANTINEOPLASTIC 

EFFECTS 

The mechanism(s) responsible for the pineal and MLT's inhibitory influence over 
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neoplastic processes is still unknown. However, there is some limited experimental 

evidence supporting the idea that the pineal through the production of MLT, functions 

as a natural "brake" or inhibitor of cellular division in normal and malignant cells. For 

example, several different studies have demonstrated an increase in the mitotic activity, 

as indicated by an increase in the incorporation of 32 P or 3H-thymidine, in tissues 

derived from pinealectomized animal as compared to normal pineal intact controls 

(Bin doni and Raffaele, 1968). In addition, a number of workers have observed that 

innoculated cancer cells grow more rapidly in pinealectomized animals than in animals 

with an intact pineal (Das Gupta and Terz, 1967, Domeiri et al., 1973, Das Gupta, 

1973; 1976). Moreover, both positive and negative colchicine-like effects of MLT on 

microtubule polymerization, which is required for mitotic spindle formation and 

mitosis, have been reported (Vasil'ev, 1979, Tapp, 1982). If the pineal does indeed 

release an anti mitotic agent, then one can easily envision a mechanism for the pineal's 

anti cancer activity based solely on it's ability to inhibit cellular division, which is 

essential to the initiation and promotion of cancer. However, at this time there is still 

only meager support for this hypothesis. Furthermore, the anti mitotic substance from 

the pineal may not even be ML T since it was present in sheep fractions devoid of 

indolamines, i.e., MLT, and of polypeptides (Bindoni, 1976). 

A number of additional, and perhaps more likely, mechanisms have been proposed to 

explain the antineoplastic activity of the pineal and MLT in mammary tumorigenesis 

including, but by no means limited to, the following: (1) alterations in the 

neuroendocrine regulation of neoplastic growth by endogenous tumor-promoting 

hormones, (2) direct anti tumor effects, or (3) a mechanism involving an alteration in 



immune function. 

Indirect Mechanism Involving an Alteration in the Neuroendocrine 

Regulation of Growth 

Up until very recent years, the bulk of experimental evidence favored the first 

mechanism proposed, namely, a pineal-MLT induced alteration in the neuroendocrine 

control mechanisms governing mammary tumor growth, or more simply put a MLT

induced suppression of the critical hormones governing breast cancer growth. 
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To begin with, MLT's well known antigonadal effects are due to a MLT-orchestrated 

suppression in the levels of gonadal steroids and PRL (Chen and Reiter, 1980) which 

are important not only in the maintenance of the reproductive tract but also in the 

regulation of mammary tumor growth as well (Welsch, 1985). Melatonin reduces the 

levels of estrogen indirectly by inhibiting the release of GnRH from the hypothalamus, 

which in tum inhibits the release of FSH/LH, and ultimately the production of estrogen 

by the gonads. In the case of PRL, MLT presumably either inhibits the PRL releasing 

hormone from the hypothalamus or alternatively, stimulates the release inhibiting 

hormone (dopamine) from the hypothalamus. In addition, MLT may have a more direct 

effect on the anterior pituitary PRL secreting cells themselves. In any case, regardless 

of the precise mechanism, MLT antigonadal activity is related to it's ability to suppress 

the circulating serum levels of these two critical hormones. 

As previously stated, mammary tumors induced by the chemical carcinogens DMBA 

or NMU are dependent upon pituitary-derived PRL and to a greater or lessor extent on 

ovarian estrogens for their existence (Welsch, 1985). When tumor bearing animals are 
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depleted of either of these hormones via ovariectomy to remove estrogen or 

hypophysectomy to remove PRL, the tumors immediately begin to regress, and will 

continue to regress unless an exogenous source of hormone is supplied. Revealingly, 

only PRL can reverse the inhibitory effects of both ovariectomy and hypophysectomy 

on DMBA- induced tumors demonstrating the greater dependence of these particular 

tumors on this hormone. In fact, the stimulatory effects of estrogen on DMBA-induced 

tumors was found to be due to a secondary effect of the steroid on the production and 

secretion of PRL (Welsch, 1976). 

It has been proposed that the pineal inhibits the development and growth of 

hormonally-responsive breast tumors, via an indirect mechanism involving a reduction 

in the hormones to which neoplasm are responsive, i.e. estrogen and PRL. There is a 

substantial amount of experimental evidence in favor of this notion. For instance, the 

stimulatory effect of constant light on DMBA-induced mammary tumorigenesis has 

been associated not only with the elimination of the MLT signal but perhaps more 

importantly with a rise in the circulating levels of PRL in the absence of MLT 

(Vaticon, 1980). Conversely, the inhibitory effect of total light deprivation (blinding) 

on DMBA-induced mammary tumorigenesis was related to a suppression in the levels 

of PRL was prevented by pinea1ectomy. Moreover, the inhibitory effects of 

blinding/olfactory bulbectomy was related to a decrease in PRL levels since PRL 

synthesis and secretion is reduced in rats rendered blind-anosmic (Leadem and BIask, 

1981). Furthermore, the potentiating effect of either underfeeding or olfactory 

bulbectomy on tumorigenesis in blinded animals may be due to an even greater 

suppression in PRL levels with these experimental manipulations. In addition, several 
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workers have reported reductions in the circulating levels of estrogen and or PRL in 

rats treated with MLT and a chemical carcinogen (Blask, 1984; Tamarkin, 1981; Shah, 

1984). For instance, in one study, which reported a 75% lower tumor incidence with 

MLT treatment after DMBA, the levels of circulating PRL in MLT treated animals 

were determined to be 60 % lower than in controls. Moreover, the potentiating effect 

of underfeeding has been attributed to the additional PRL lowering effect of dietary 

restriction (Sylvester et al., 1981). Furthermore, daily late afternoon injections of MLT 

markedly reduced the synthesis, storage and pituitary release of PRL in hamsters 

(Blask, 1989). However, Blask et al. (1984) did not observe a change in the 

circulating levels of PRL with MLT treatment under similar experimental conditions, 

which will be of particular interest in the subsequent discussion of an alternative MLT 

mechanism of action. 

While the exact means by which ML T influences the serum levels of PRL and or 

estrogen is still uncertain it is conceivable that MLT could interact at any level(s) in the 

hierarchy governing the production of these hormones. For instance, MLT could act 

either at the hypothalamic level, which in turn governs the production of pituitary 

tropic hormones via the secretion of releasing and or release inhibiting factors, or by a 

more direct action on the pituitary and/or ovaries. Additionally, the release of 

hormones from a peripheral endocrine target, i.e., the ovaries could in turn influence 

the secretory activity of an additional endocrine site, i.e., the anterior pituitary, to 

control the release of other important tumor promoting hormones, i.e., PRL. 

There are a number of reports of high affinity MLT binding sites in the 

hypothalamus of the rat, sheep and man, which were localized to the median eminence 
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and seN region, suggesting that these were the most probable sites for MLT 

action. (Vanecek, et al., 1887, Vanecek, 1988, Williams and Morgan, 1988, Weaver et 

al., 1989, Dunkan, et al., 1989, Williams, 1989, Reviers, et al., 1989, Reppert et al., 

1989) In contrast, reports from studies in which auto radiographic methods were 

employed to identify specific ML T binding, have identified the pars tuberalis region of 

the pituitary, and not the median eminence region, as the primary site of MLT binding 

and most logical site of it's action. (Williams and Morgan, 1988, Williams, 1989, 

Reviers et al., 1989, Morgan et al., 1989a) In addition, there may be specific MLT 

binding sites on the ovaries as well. Therefore, it still remains to be determined 

whether the MLT - induced suppression of PRL levels originated from a MLT-receptor 

interaction at either the hypothalamic, pituitary or ovarian level. Alternatively, MLT 

could potentially influence the levels of these endogenous tumor promoting hormones 

through "multiple interaction sites" at each of these levels or perhaps even at additional 

sites not mentioned here. Melatonin binding sites have been identified in a number of 

additional sites including one located outside of the central nervous system (Lopez

Gonzalez et al., 1991). 

It could be argued that MLT's antineoplastic activity was due to a MLT-induced 

suppression in the serum levels of PRL and/or estrogen since MLT's inhibitory effect 

on mammary tumorigenesis was, in many instances, correlated with a reduction in the 

serum levels of these hormones. There is however at least one piece of experimental 

evidence already mentioned here which upsets this otherwise promising mechanism, 

namely, that some workers did not detect a significant alteration in the serum levels of 

either PRL or estradiol following daily, late-afternoon, injections of MLT in rats that 
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had been previously treated with NMU to induce mammary tumors (Blask et al., 

1991). This study indicates that a MLT-induced suppression in the circulating levels 

of these hormones may not be a critical component of the mechanism by which MLT 

influences mammary tumorigenesis at least for some types of carcinogen- induced 

mammary tumors. One other potentially important indirect mechanism through which 

MLT may influence the development and growth of breast cancer involves a MLT 

modulation of immune function. 

An Indirect Mechanism Involving the Immune System 

In many respects cancer may be regarded as a disease of the immune system, 

resulting either from a direct dysfunction of some important aspect of immunologic 

function and or to a dysfunction of the neuroendocrine system, to which it is highly 

dependent upon. Melatonin, in addition to a number of other endocrine hormones 

(Gala, 1991) may be an important modulator of immune function since it can influence 

certain important aspects of acquired and natural immunity. For example MLT 

stimulates the production of the cytokines Interleukin 2 (IL-2) and gamma- interferon 

(g-INF), which are released by T-helper cells in response to a foreign antigen 

(Caroleao et al., 1992, Maestroni et al., 1986, 1978a, Giordano and Palermo, 1991). 

In addition, MLT can either stimulate or inhibit natural killer (NK) cell activity (Angeli 

et al., 1988, Lewinski et al., 1989). Moreover, cytokines (g-INF) may have a 

reciprocal stimulatory effect on pineal function (Withyachumnarnkul et al.,1990). 

Additionally, MLT enhances the IL-2 -stimulated production of cytolytic leukocyte 
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activated killer cells (LAK) from NK and T cells, and may increase the sensitivity of 

immune cells to IL-2 by increasing their cell surface receptor for IL-2 (Meastroni, 1986 

). Surprisingly, PRL also stimulates immune function and increases IL-2 receptors 

(Clevenger et al., 1991). 

The enhancement effect of MLT on these natural cytolytic cells may be an important 

component of MLT's antineoplastic activity in vivo since these immune cells have the 

exquisite ability to single- out and destroy malignant cells. In addition to boosting the 

bodies own natural anti tumor defense system, MLT may have important direct anti 

tumor effects (Blask et al., 1992), which may be related somehow to an interaction 

with the hormones upon which breast neoplasms depend such as estrogen and/or PRL. 

A Direct Anti Tumor Mechanism 

The potentially important direct anti tumor effects of this indolamine on the 

promotion of human breast cancer have been tested using an artificial in vitro breast 

cancer cell model system (Danforth, 1983, 1984; Blask and Hill 1986, Hill and Blask 

1988; Blask et al., 1991; Cos et al., 1989, 1990). The MCF-7 estrogen- responsive 

breast cancer cell model used by these workers is currently the most widely used in 

vitro model system for the study of hormone-sensitive breast cancer. In this system, 

MCF-7 human breast cancer cells, which were originally derived from a patient with 

metastatic breast cancer by pleural infusion (Soule et al., 1973), have been maintained 

for long periods of time in a monolayer culture system containing serum. MCF-7 cells 

still possess receptors for and physiological responses to a number of different steroid 
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and non steroid hormones and growth factors including, beta-estradiol (E2), PRL, 

insulin and transforming growth factors (TGF) beta and alpha and a number of 

different neurohormones (Vignon et al., 1983; Knabbe, et al., 1987). The presence of 

these hormones and growth factors in fetal bovine serum (fbs) is required for their 

maintenance and continued growth in culture. 

A number of workers have shown that MLT exerts an inhibitory or oncostatic 

influence over the proliferation of these cells. In one study, MLT, at nighttime 

physiological levels (10-9 M to 10-11 M) caused 60-80 % reduction in the proliferation 

of these cell over a 7 day period of continuos exposure to hormone. However, when 

the MCF-7 cells were exposed to MLT at concentrations outside of the physiological 

range, MLT treatment had no effect on the proliferation of these cells was found (Blask 

and Hill, 1986; Hill and Blask, 1988). Moreover, the same investigators reported that 

the oncostatic effect of MLT was due specifically to the MLT molecule itself since 

none of it's major metabolites or precursors, i.e., 6- hydroxy melatonin and serotonin, 

had any effect on growth. The reported lack of effect of MLT metabolites on the 

growth of MCF-7 cells was consistent with a a finding made by a different group of 

workers that MLT was not metabolized in vitro in these cells (Danforth et al., 1983, 

1984). However, one synthetic analog of MLT, 6-chloromelatonin was reportedly as 

effective as MLT in inhibiting MCF-7 cell proliferation (Hill, 1986; Blask and Hill, 

1986b). In contrast to the observations made in MCF-7 cells by Blask and Hill (1986a), 

other workers (Shellard et al., 1989; Sze et al., 1993) reported that methoxytryptamine 

was a more potent growth inhibitor than MLT in several different tumor cell lines 

including MCF-7 cells. 
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Blask and Hill (1986a) also reported that the oncostatic effects of MLT on MCF-7 

cell growth were serum-dependent since no effect on growth was observed when MCF-

7 cells were exposed to physiological levels of MLT under serum-free medium culture 

conditions or with less than 3 % fetal bovine serum (PBS) present in the medium. 

However, Danforth (1984) reported a MLT inhibition of estradiol- stimulated MCF-7 

cell growth in charcoal-stripped FBS. 

The oncostatic effect of MLT on MCF-7 cell growth was determined by Hill (1986) 

to be due to a sublethal effect of the indolamine, rather than to a cytotoxic one, since 

the growth inhibition was reversible by replacing the MLT-containing medium with 

fresh MLT-free medium. The sub lethal toxicity of MLT was further verified by 

scanning transmission electron micrograph of the surface morphology of MLT-treated 

cells. A number of morphological changes were associated with MLT-treatment, 

including a marked reduction in cell surface microvilli, nuclear swelling, changes in the 

mitochondria cristae and endoplasmic reticulum, and probably most telling an increase 

in the prevalence of autophagic vacuoles (Hill and Blask, 1988). 

Melatonin's reported lack of activity under serum-free medium conditions may have 

been due to either a masking effect of serum- deprivation due to the preexistence of a 

quiescent growth state (GO) in serum-deprived cells or alternatively, as suggested by 

Blask and Hill (1986), due to a MLT dependence upon normal constituents in serum, 

such as, growth factors and/or hormones. Estrogen and PRL were considered the most 

likely candidates to be required by MLT, due not only to their presence in serum, but 

also, because MLT may interact with these hormones in the regulation of normal 

mammary gland growth (Sanchez-Barcelo, 1990). Indeed, Blask and Hill (1986) 
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activity under serum-free medium conditions. 
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The "permissive" effect of these hormones on MLT's activity could be due to either 

an interaction with MLT or more simply to their ability to stimulate cell growth. 

Additionally, MLT inhibited the estrogen-stimulated proliferation of MCF-7 cells in 

serum-free medium. Moreover, MLT may inhibit the autocrine effects of estrogen

induced small molecular weight peptide growth factors as well. In a study by Cos et al. 

(1990) serum-free medium conditioned by MCF-7 cells exposed to estradiol (10-8 M) 

was determined to contain increased growth factor activity as compared with serum

free medium from MCF-7 cells not exposed to estrogen. However, the subsequent 

mitogenic response of MCF-7 cells to conditioned medium was completely blocked by 

a physiological concentration of MLT. In the same study, no effect of MLT on growth 

factor production was observed. Moreover, the inhibitory action of MLT on epidermal 

growth factor-stimulated proliferation was greater than that seen with the antiestrogen 

tamoxifen, a mainstay in the treatment of breast cancer. 

That a potentially important relationship exists between the estrogen- and MLT

responsiveness of breast cancer cells is further supported by the fact that MLT has no 

effect on the growth of estrogen-receptor negative breast cancer cells i.e., BT20 cells 

and the T47D ER-negative clone (Hill et al., 1992) 

On the basis of these observations, it was postulated that MLT inhibits the growth of 

MCF-7 cells via a MLT-induced inhibition of estrogen-regulated growth possibly by 

way of an interaction with the ER itself (Hill et al., 1992) The MLT-ER interaction 

hypothesis is further supported by reports of transient changes in the numbers of 
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cytoplasmic and nuclear receptors for estrogen in MCF-7 cells exposed to MLT 

(Danforth, 1983), and by the fact that MLT's inhibition of estrogen-stimulated MCF-7 

cell growth in serum-free medium was blocked by tamoxifen (Blask and Hill 1986; Hill 

et al., 1992). However, in the presence of serum-free chemically-defined medium, 

MLT blocked the inhibitory effect of tamoxifen. Furthermore, in a more recent study 

investigators demonstrated that the pre incubation of MCF-7 cells with MLT increases 

their subsequent responsiveness to tamoxifen (Wilson et al., 1992) 

Melatonin's activity was related to a specific point in the cell cycle as well. Flow 

cytometric analysis of MLT and vehicle- treated MCF-7 cells revealed that MLT

treated cells had a much a greater population in the 01/00 phase of the cell cycle and 

reduced numbers in the S phase (DNA synthesis) and 02 phases than did vehicle

treated cells. These distinct cell cycle differences were attributed to a MLT -induced 

01-S phase delay (Cos et al., 1991). A similar cell cycle specific effect of tamoxifen in 

these cells has been described as well (Taylor, 1983). Interestingly, the direct 

inhibitory actions of physiological levels of MLT on estrogen-stimulated MCF-7 cell 

growth was corroborated recently by de Launoit and associates (1990). However, in 

their study the stimulatory effects of estrogen were associated with a dose- dependent 

stimulatory effect on S phase but no relationship was found between MLT and a 

specific cell kinetic parameter. 

Taken together, the observations from the in vitro studies discussed above indicate 

that MLT may exert a cell cycle specific sub lethal growth inhibitory influence over 

estrogen and estrogen- induced growth factor-promoted MCF-7 human breast cancer 

cell proliferation and that the oncostatic potential of MLT may in fact be related to the 
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tumor effect of MLT at the level of the breast cancer cell itself, and suggest a 

mechanism for MLT's oncostatic actions based on an antagonism of estrogen's 

mitogenic activity. Furthermore, the "MLT-estrogen interaction" hypothesis proposed 

by some workers on the basis of these observations offers a viable explanation for 

MLT's antineoplastic effects on hormone-dependent breast cancer growth in vitro as 

well as in vivo. 

Potential Molecular Mechanism(sl of Action 

Melatonin Receptor and Cyclic Nucleotide Production 
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As of yet, little is known about the precise cellular and molecular means by which 

MLT inhibits breast cancer growth. Perhaps the most likely site of action for MLT 

would be at a MLT receptor (MLTR). Indeed, a number of different investigators have 

identified specific MLT binding in a variety of different tissues as putative sites of 

MLT action (Stankov and Reiter, 1990, Dubocovich, 1985, Vanecek et aI., 1987). In 

addition, there are some reports of MLTR being coupled to the production of cyclic 

nucleotide second messengers systems i.e., Abe et aI. (1969) reported that MLT 

inhibited the rise in cAMP and the darkening response of amphibian skin to 

melanocyte- stimulating hormone. Additionally, Lopez-Gonzalis and colleagues (1992) 

reported 

evidence for the MLTR being coupled to the activation of cyclic GMP in human 
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lymphocytes. These workers found that guanine nucleotides inhibited the specific 

binding of 2-[1251] iodomelatonin to crude membrane preparations of human 

lymphocytes, indicating that these sites were coupled to a guanine nucleotide regulatory 

protein. Moreover, they demonstrated a MLT enhancement of the effects of 

vasointestinal peptide (VIP) on cylic AMP production via a high- affinity binding site, 

while the low affinity MLT binding site was coupled to the stimulation of cyclic GMP. 

Melatonin in the absence of VIP had no effect on cyclic AMP. There are also reports 

that MLTR may be coupled to G-proteins in the lizard brain (Rivkees et al., 1990), 

pars tuberalis of sheep (Morgan et al., 1989b) rat SCN and area postrema (Latinen and 

Savendra 1990a) Furthermore, several investigators were able to inhibit forskolin

stimulated adenylate cyclase activity with MLT (Morgan et al 1989c, Niles and 

Hashemi, 1990) through a MLTR linked to a pertussis toxin-sensitive G protein 

(Carlson et al., 1989). 

Taken together, these studies suggest that at least some of MLT's actions may be 

mediated via an interaction with a MLTR coupled to a G-protein. However, some 

tissues do not have G- protein linked MLTRs i.e., blood vessels (Stankov 1993) 

Furthermore, the evidence for the existence of ML TRs in breast tumor cells is weak. 

While MLTR binding has been observed in rat mammary tumors induced by NMU 

there is very little experimental evidence for their presence in human breast cancers. 

Stankov and associates (1989) reported specific [1251] MLT binding in MCF-7 human 

breast cancer cells, however the binding kinetics was uncharacteristic of that observed 

in other tissues. In addition, MLT was reportedly localized, as determined by 

immunohistochemical staining, in 254 of 500 surgically-removed breast tumors 
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(Kerenyi, et al. 1988). While these results may implicate the existence of MLTRs in 

human breast tumor specimens they were by no means sufficient evidence in 

themselves for this conclusion. Thus, the question of the existence of MLTRs in breast 

neoplasms still remains to be resolved as does the potential importance of MLT-altered 

cyclic nucleotide production in breast cancers. 

Melatonin-Calmodulin Interaction 

Melatonin could potentially influence breast cancer growth via some other unknown 

mechanism not involving a MLTR per se. Certainly, the high lypophilicity of this 

indolamine which allows it to enter virtually every cell (Kopin et al. 1961) and possibly 

every cellular compartment is consistent with the idea that MLT may work through 

some novel or at least less conventional cellular mechanism. One such novel 

intracellular mechanism has been proposed by Benitez-King and colleagues (1990). 

These investigators were the first to postulate a potentially important interaction 

between MLT and calmodulin (CAM), the intracellular receptor for calcium (Ca + + ). 
Calcium-CAM is a component of the intracellular second messenger system responsible 

for translating a hormonal signal received from the cell surface into an appropriate 

cellular response. The idea for a MLT-CAM interaction was formulated on the basis of 

the observation that MLT's anti-microtubule and microfilament activity in MDCK and 

NIE-IIS cells was compatible with changes in CAM activity. Later these workers 

demonstrated that physiological levels of MLT modified both the compartmentalization 

of CAM and the proliferation of these cells in both in vitro and in vivo model systems 
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(Benitez-King et al., 1991). Moreover, when MLT was coincubated with CAM and 

then separated by electrophoresis, the MLT and CAM comigrated on the gel and the 

mobility of Ca + + -CAM was altered. These workers then proceeded to demonstrate 

high affinity 3H-MLT binding to CAM in Iiposomes (Anton-Tay et aI., 1993). 

Furthermore, MLT was capable of inhibiting CAM-regulated Ca + +Mg + + -ATPase 

activity and hence may be a specific CAM antagonist within the body (Anton-Tay et 

al., 1993). These data suggest that CAM may be an important the intracellular target 

for MLT actions. If so, this would imply that the effects of MLT on breast cancer cell 

growth may in fact be related to MLT - antagonism of Ca + + -CAM activity, which is 

responsible for controlling a number of important cellular processes including, protein 

phosphorylation, dephosphorylation, cyclic nucleotide metabolism, Ca++ transport, 

nitric oxide synthesis and cytoskeletal organization (Cohen et al., 1988). In the very 

least, a MLT-CAM interaction would be expected to account for the cytoskeletal 

alterations observed in MCF-7 breast cancer cells treated with MLT. Interestingly, 

tamoxifen not only binds with high affinity to calmodulin in MCF-7 human breast 

cancer cells, but itls estrogen- irreversible effects on the proliferation of these cells was 

equal in terms of potency and cell cycle kinetics to that seen with two separate 

calmodulin antagonists (Gulino, 1986; Musgrove et al., 1989) 

Although there is, as yet, no hard evidence for MLT's molecular mechanism of 

action in breast cancer, a MLT interaction with either a MLTR or with CAM offer at 

least two different tantalizing possibilities warranting further investigation. 

Melatonin-Polyamine Interaction 
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One other potentially important intracellular mechanism worth considering is a MLT 

interaction with the production or activity of polyamines. Like Ca + + -CAM, 

polyamines are important intracellular messengers which convey information received 

from cell surface receptors to the nucleus. These small polycationic substances can 

interact with cell membranes and macromolecules including RNA and DNA. 

Moreover, they are essential for a number of different cellular processes including the 

proliferative response to mitogens in breast cancer cells (pegg and McCann, 1982). In 

addition, elevated ODC levels are characteristically found in malignant tissues and have 

been associated with hyperprolactenemia and a worse-case prognosis in post 

menopausal women who have breast cancer (Glickman, 1987). Because polyamines 

are essential to the activity of a number of different mitogens, including estrogen and 

PRL, they may represent an important common pathway in hormone- and growth 

factor-promoted breast cancer,. and therefore, represent a potentially important target 

for the actions of MLT. Moreover, in a very recent report, the over expression of 

ODC in mouse 3T3 fibroblast cells resulted in transformation of these cells to a 

malignant phenotype (Auvinen, et al., 1992). The removal of melatonin, via 

pinealectomy, has a marked effect on the tissue levels of this enzyme (Fraschini et al., 

1980). The possibility of a MLT interaction with polyamines or ornithine 

decarboxylase (ODC), the rate-limiting enzyme in the production of polyamines, will 

be addressed further in chapter 5. Both the CAM and polyamine molecular mechanisms 

are particularly appealing in that both of these second messenger systems are required 

in order to observe the promoting effects of either E2 (Manni and Wright, 1983) or 
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PRL (Manni and Wright, 1985) in breast cancer cells. In fact, the antiproliferative 

effects of tamoxifen on breast cancer cell growth in vitro were reversed by exogenously 

added polyamines (Manni and Wright, 1984). A similar reversal of MLT's activity by 

exogenous polyamines might be expected given the possibility that MLT could be 

inhibiting breast cancer growth through a cellular mechanism involving an inhibitory 

interaction with the ER (Blask, 1984). However, at this point in time there is no direct 

evidence for a MLT-ER binding interaction, although as previously stated, acute effects 

of MLT on ER numbers were found in MCF-7 breast cancer cells. 

Other Potential Targets 

A MLT inhibition of prostaglandins may also be involved in MLT's molecular 

mechanism of action since these are also essential components of hormonal responses. 

However, their particular importance in breast cancer is not known. Nevertheless, there 

are reports of MLT inhibiting the release of prostaglandin E2 (PGE2) in the rat 

hypothalamus (Cardinali et al., 1980) and the CSF-induced rise in PGE2 and ovulation 

in the rabbit (Leach, 1982), indicating a physiologically relevant interaction between 

MLT and this cellular signal. Interestingly, there are structural similarities between 

MLT and indomethacin, an inhibitor of prostaglandin synthesis (Kelly et al., 1984). 

Melatonin may also influence the initiation of breast cancer by carcinogens through a 

protective interaction with DNA itself. For example, Reiter et al. (1992) recently 

reported that MLT blocked the formation of DNA damaging adducts by safrole in rat 

liver. Furthermore, there is evidence suggesting that MLT may be an antioxidant 
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(Reiter et al., 1993). MLT's antioxidant activity is particularly interesting in light of 

the important role prooxidant states play in the metabolic activation of carcinogens and 

in the promotion of cancer (Cerutti, 1985). 

The Role of Prolactin in Breast Cancer 

hnportance of Circulating Levels of Prolactin in Murine Mammary Tumorigenesis 

The anterior pituitary hormone PRL is a prime example of an estromedin, a 

hormone whose synthesis and release is indelible by estrogen. This 22,000 - 23,000 

MW polypeptide is perhaps best known for it's involvement in normal mammary tissue 

development, particularly, during pregnancy and lactation. Early observations in mice 

of pregnancy-related hormonal changes being stimulatory to the development of 

mammary tumors initiated investigations into the possible role of PRL in murine 

mammary cancer. There is no doubt that PRL is critical to the development and growth 

of breast cancer in experimental rodent models of mammary tumorigenesis (Welsch, 

1977). In these animal models the development and growth of mammary tumors is 

directly related to the circulating blood levels of PRL. Furthermore, the exogenous 

administration of PRL to carcinogen- treated rats decreases the latency period for the 

appearance of mammary tumors as well as the total number of tumors formed. 

Conversely, elimination of PRL by either hypophysectomy or pharmacologically, via 

the administration of the dopamine agonist bromocryptine, prior to or coincident with 

the administration of carcinogen reduces both the incidence and number of tumors. 
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Likewise, bromocryptine treatment reduces the incidence of spontaneously- occurring 

mammary tumors. In contrast, long-term exposure to hyperprolactinemia induced 

experimentally by neuropharmacologic agents increased the incidence of spontaneously

formed mammary tumors in susceptible mice (Mulbock and Boot, 1959). Thus, it 

appears that high circulating blood levels of PRL somehow predispose the mammary 

epithelium to transformation, while low levels of PRL may in fact be protective against 

transformation. 

Circulating PRL Levels and Breast Cancer Risk in Humans 

While PRL is without question a key player in the development and progression of 

murine mammary tumors, attempts to establish a clear function of PRL in the etiology 

and progression of human breast cancer have been somewhat less successful. One 

reason for the uncertainty regarding the role of PRL in human breast cancer is that 

single point measurements of serum PRL levels in women at high risk for developing 

breast cancer have yielded inconsistent results (Donnegan et aI., 1988). While a 

number of workers have reported elevations in the basal blood levels of bioactive but 

not immunoactive PRL in subsets of women with a familial risk for breast cancer, not 

all women at risk have elevated PRL levels when compared to healthy age-matched 

control subjects (Love et aI., 1985, Wang et aI., 1986). 

Some of the inconsistencies with respect to serum PRL levels and risk may be related 

to differences in the timing of serum sampling between these studies since there is a 

marked diurnal variation in the circulating levels of PRL with high levels present at 



nighttime (sleep-induced) and lower levels during the day (Bruning, 1987). Similarly, 

some of the inconsistencies found in the literature with respect to MLT's blood levels 

in cancer patients have been attributed to it's circadian rhythm of production. 
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When Kwa and Wang (1984), took into consideration the time of day for serum 

sampling, nighttime levels of PRL were significantly elevated in premenopausal women 

with a familial history of breast cancer as compared to control subjects. Nighttime 

levels of PRL were also elevated in women at increased risk for breast cancer, 

nulliparous women as well as women who were either tall or heavy. However, no 

difference in the daytime measurement of blood PRL levels was observed between 

women at risk and healthy controls. These investigators also reported an association 

between elevated PRL levels and a worse-case prognosis. 

In a study by Levin and Malarkey (1981), increased mean levels of PRL over a 24 hr 

sampling period and a decreased sensitivity to PRL lowering drugs in daughters with a 

family history of breast cancer were found. Another fundamental problem with these 

types of studies is that PRL levels fluctuate not only due to diurnal variations in it's 

release but in response to other factors such as, stress. 

Nevertheless, some workers have reported elevated PRL levels in as many as 44 

percent of metastatic breast cancer patients as compared with healthy controls and 

patients with other types of diseases. Moreover, the highest levels of PRL were found 

in patients whose cancers had relapsed. 

In general these studies indicate that the circulating levels of PRL may be elevated in 

breast cancer patients and in some women at risk for breast cancer. Thus, 

hyperprolactinemia may be involved not only in experimental animal models of 
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mammary cancer, but in the etiology of human breast cancer as well. 

Interestingly, in a prospective study of 5,000 women, Kwa and associates (1987) 

reportedly found elevated serum levels of PRL in post menopausal women who 

subsequently developed breast cancer as early as 5 years prior to the manifestation of 

their disease. This observation suggests at least two important possibilities; 1) that 

factors may act at a early age to influence the development of breast cancer, 2) these 

critical hormonal factors mayor may not be visible at the time of manifestation of the 

breast cancer. Not surprisingly, the "protective" effect of parity on breast cancer risk 

has been related to the reduction observed in the levels of both PRL and estrogen for up 

to 10 years following the birth of the last child (Bruning et al. 1984). 

One other complicating factor which may have a bearing on the importance of PRL 

in human breast cancer is that there are heterogeneous forms of PRL which have 

varying radioimmunologic and biologic properties. Some of these forms i.e., the 

smaller cleaved 16k MW form of PRL is more mitogenic than the native PRL molecule 

and are therefore potentially more "dangerous" with respect to the promotion of breast 

cancer. In fact, in one study comparing the amount of different forms of PRL in 

women with a family history of breast cancer to those in healthy control subjects, 

elevated levels of the smaller, cleaved, form of PRL were found in the women at risk 

(Love and Rose, 1985). Interestingly, MLT may inhibit the secretion of this small 

molecular weight variant in the rat (Kothari, 1988), suggesting the tantalizing 

possibility that MLT can selectively block the secretion of these potentially more 

harmful forms of PRL without affecting the overall circulating levels of 

immunoassayable PRL. 
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In Vitro Studies with Human Breast Cancer Tissue or Cells 

Although the results of the clinical studies mentioned herein are inconclusive, they 

are, however, suggestive of a potential role of PRL in the etiology of human breast 

cancer. This notion is further supported by the fact that PRL receptors (PRLR) exist in 

as much as 70% of all human breast cancer biopsies regardless of their ER status. 

Additionally, breast biopsy tissues maintained in organ culture demonstrate some 

degree of PRL-responsiveness or -dependence (Ben-Jonathan, 1985) and an abundance 

of PRLRs have been found in several human breast cancer cell lines such as, MCF-7, 

T47-D, ZR75- 1, MDA-MB-231 and HS578T cell lines. Moreover, a number of 

workers have demonstrated a direct promoting effect of PRL on the growth of some of 

these cells (i.e., T47-D and MCF-7 cells), when grown as solid tumors in the nude 

mouse (Welsch et al., 1981; Shafie, et al., 1981). However, several workers in this 

field were unable to demonstrate a mitogenic response to PRL in established breast 

cancer cell lines grown in culture (Shafie and Brooks, 1982; Shiu, 1981, Jozan et al., 

1984). However, other non-mitogenic responses to PRL treatment have been seen. For 

example, Shafie and Brooks (1982) reported an increase in ER levels in response to 

PRL in MCF-7 cells. While Leung et al. (1981) documented changes in lipid 

accumulation, cell morphology and adhesion in T47-D cells that were treated with 

PRL. 

In contrast to these early negative reports, Biswas and Vonderhaar (1986) reported a 

3 to 4 fold increase in cell number in response to a wide range of concentrations, 
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including the physiological range, (20-200 ng/ml) when MCF-7 or ZR75-1 breast 

cancer cells were cultured in medium containing 10 % charcoal- stripped serum FBS 

(CSS). According to these workers charcoal- treating the FBS to remove endogenous 

bovine lactogens, which bind to PRLR but lack mitogenic activity, was required in 

order to observe a mitogenic response to exogenously added PRL. Thus, the presence 

of variable amounts of endogenous bovine lactogens (1.9- 81.5 nglml, Hyclone 

Laboratories Inc., 1986) within the sera used in earlier studies may have interfered with 

the ability of exogenously supplied PRL to elicit a mitogenic response. Additionally, 

these investigators demonstrated that pharmacological doses of PRL which were used in 

some of the earlier studies performed by other investigators, were increasingly less 

effective stimulators of MCF-7 cell growth probably because of PRLR down 

regulation. Thus, the use of an appropriate concentrations of hormone may also be a 

critical requirement for eliciting the PRL-response. These studies indicate that very 

specific culture conditions are necessary in order to demonstrate the promoting effects 

of PRL on breast cancer cell growth in vitro and that deviations from these conditions 

may account for the lack of PRL-responsiveness observed by some workers in these 

breast cancer cells. 

Even though the evidence cited above is consistent with an important role for PRL in 

the development and growth of human breast neoplasms pharmacological attempts at 

lowering serum PRL levels in breast cancer patients thus far, have been of little 

therapeutic value. The ineffectiveness of PRL-Iowering drugs may relate to the fact that 

these agents do not eliminate the PRL-like activity of other hormones, namely, human 

growth hormone (hGH), which can bind to the PRLR with equipotency and mimic the 



growth promoting effects of PRL on human breast cancer cells (Vonderhaar, et al., 

1989). Furthermore, there is some evidence for elevated GH levels in patients with 

advanced metastatic breast cancer (Emmerman, 1985). The presence of additional 

mitogens such as, hGH, which can work via the PRLR to stimulate growth adds 

another level of complexity which must be addressed in order for anti-PRL therapy to 

be of value, and suggests a need for alternative therapies aimed at antagonizing the 

actions of PRL and other tumor promoting hormones at the tumor cell level. 
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Chapter 2 

Statement Of The Problem And Specific Aims 

There is a substantial amount of experimental evidence which indicates that MLT, 

the chief secretory product from the pineal gland, is an important neuroendocrine 

modulator of hormonally- responsive neoplasms, particularly, of estrogen and PRL

dependent breast neoplasms. However, as of yet, very little is known about the means 

by which MLT exerts it's antineoplastic effect. While a number of studies cited in the 

literature have investigated a potential mechanism based on the indirect neuroendocrine 

effects of this indolamine on the circulating levels of the hormones to which these 

neoplasms are dependent on i.e., estrogen and PRL, only a few studies have 

investigated the potentially more important direct anti tumor effects of this hormone. 

Therefore, the goal of this dissertation is to further elucidate and understand the cellular 

mechanism(s) by which the pineal hormone MLT inhibits the promotion of breast 

cancer. The studies presented in this dissertation address the following hypothesis: 

Melatonin inhibits the promotion of honnone-responsive breast cancer through a 

direct mechanism involving the antagonism of the mitogenic actions of the tumor 

promoting honnone PRL at the cellular level. This hypothesis was formulated on the 

basis of the following observations: 1) Melatonin inhibits the promotion of PRL

dependent mammary tumors in experimental models of mammary tumorigenesis 

(Blask, et aI. 1984) 2). Prolactin is an estromedin, a hormone whose production and 
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synthesis is regulated by estrogen, and estrogen-regulated breast cancer cell growth is 

inhibited by MLT (Hill, 1986; Molis, 1992). 3) Prolactin can restore MLT's serum

dependent activity in MCF-7 cells grown under serum-free medium conditions (Hill 

and Blask, 1986). 4) MCF-7 human breast cancer cells are responsive to the mitogenic 

activity of PRL (Biswas, et al 1987). 5) Melatonin modulates normal mammary gland 

development which is regulated to a large extent by PRL, in addition to other mitogenic 

hormones. 

The idea that MLT can inhibit the mitogenic activities of both a peptide hormone 

(PRL) and a steroid hormone (estrogen) on MCF-7 cell growth may not be a novel 

mechanism in light of the recent parallel finding that the antiestrogen tamoxifen has 

anti-PRL activity in both MCF-7 cells and PRL-dependent rat Nb2-lymphoma cells 

(Vonderhaar and Banerjee, 1991). This observation suggests that the stimulation of 

breast cancer cell growth by estrogen and prolactin may involve some final common 

intracellular signaling pathway which could potentially be interrupted by MLT. The 

information gained from these studies will hopefully shed some light on this otherwise 

elusive neuroendocrine substance of the night and it's participation in the 

neurohormonal regulation of hormonally- responsive neoplasms, and in addition could 

someday be beneficial toward the development of a novel endocrine strategy for the 

management of hormonally-responsive breast cancer. 

The specific questions addressed in this dissertation, are as follows: 

1) Does MLT inhibit the growth promoting effect of PRL on MCF-7 cell 

proliferation? 

2) Does MLT inhibit the PRL-like growth promoting activity of several different 
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monoclonal antibodies directed against the PRL receptor? 

3) Does MLT inhibit PRL-stimulated anchorage-independent MCF-7 cell growth in soft 

agar? 

4) Does MLT inhibit the mitogenic activity of additional lactogenic agents ( ie., hGH), 

which can stimulate MCF-7 cell growth through an interaction with the PRL cell 

surface receptor? 

5) Is MLT's anti-PRL activity unique to MCF-7 cells or does MLT inhibit PRL

stimulated proliferation of other estrogen responsive human breast cancer cells ( ie., 

ZR75-1) or alternatively, estrogen-unresponsive breast cancer cells (ie., HS578T)? 

6) Does MLT inhibit PRL-stimulated MCF-7 cell growth in vitro under phenol red -

free (estrogen-free) culture conditions? 

7) Is MLT's anti-PRL activity related to an inhibition of polyamines, which are critical 

intracellular mediators of PRL' s activity, at either the level of their biosynthesis 



65 

Chapter 3 

Physiological Levels of the Pineal Hormone Melatonin Antagonize Human Prolactin

Stimulated MCF-7 Human Breast Cancer Cell Growth in Culture 

Abstract 

The pineal hormone melatonin (MLT) may be an example of a naturally-occurring 

oncostatic substance within the body, particularly with respect to hormone-sensitive 

breast cancer. Previous studies in our laboratory have demonstrated that MLT can 

inhibit the estrogen-regulated growth of MCF-7 human breast cancer cells in monolayer 

culture. On the basis of these and other studies in vivo, we postulated that MLT 

inhibits breast cancer via a mechanism involving an antagonism of the actions of 

estrogen and other endogenous tumor-promoting mitogens at the cellular level. In the 

present study, we examined the possibility that MLT would inhibit the mitogenic 

activity of the tumor promoter prolactin (PRL) in MCF-7 and ZR75-1 human breast 

cancer cells grown under culture conditions in which PRL stimulates proliferation. 

Human PRL alone, at concentrations ranging between 10 and 200 ng per ml, 

stimulated the proliferation of both MCF-7 and ZR75-1 breast cancer cells by as much 

as 2-fold above the levels seen in untreated controls. The greatest stimulation of 

growth (2- fold higher than the levels of untreated controls) was seen with a 

physiological dose of PRL (20 ng/ml) following a 3 day incubation period. Melatonin, 

at each of the concentrations tested between 10-5 M and 10-12 M, diminished the 
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mitogenic response of MCF-7 cells to PRL (20 ng/ml). Complete inhibition of PRL' s 

mitogenic activity was seen with a physiological dose of MLT (10-9M). This dosage of 

MLT completely blocked the mitogenic activity of PRL in ZR75-1 cells as well. 

However, MLT alone had no effect on the growth of either of these cell lines. We also 

tested MLT's ability to inhibit the mitogenic response of MCF-7 cells to human growth 

hormone (hGH), which stimulates the proliferation of these cells through an interaction 

with the PRL receptor (PRLR). We found that hGH alone, at each of the 

concentrations tested betyween 25 and 100 ng/ml increased the growth of MCF-7 

cells in a manner similar to that of PRL. While hGH (25 ng/ml) in combination with an 

equivalent concentration of PRL, blocked PRL's mitogenic activity. Melatonin (10-9 

M), partially or completely inhibited hGH's. In addition, we demonstrated MLT's 

ability to inhibit the mitogenic activity of several different monoclonal antibodies 

(Mabs) directed against the PRL receptor (PRLR) in MCF-7 cells, and to diminish the 

dimerization-induced enhancement of the Mabs activity by a second cross-linking 

antibody (CLA). 

Taken together, these results indicate that MLT specifically inhibits the PRLR

mediated growth signal in these cells and support the notion that MLT's oncostatic 

activity is due, at least in part, to antagonism of the mitogenic actions of the tumor

promoting hormone PRL. 

Introduction 

Melatonin (MLT), the chief hormone from the pineal gland, maybe a naturally-
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occurring antineoplastic agent within the body. A substantial amount of evidence has 

accumulated indicating that MLT acts as a neuroendocrine regulator of neoplastic 

growth, particularly breast neoplasms (Blask, 1984, 1993). In general, reports from 

experimental rodent models of breast carcinogenesis indicate that removal of 

endogenous circulating levels of MLT via pinealectomy enhances tumorigenesis while 

daily administration of exogenous MLT impedes tumorigenesis (Aubert et al., 1980; 

Shah, et al., 1884; Tamarkin et al., 1981; Blask et al., 1988). Melatonin's potential 

importance to breast cancer is not so surprising given that the mechanism responsible 

for it's antigonadal effects in animals involves a suppression of gonadal steroids and 

prolactin (PRL) which have known mammary tumor promoting activity in animals. 

Furthermore, MLT appears to be involved in the hormonal regulation of normal breast 

development (Sanchez-Barcelo et al., 1990, 1991). While a MLT- induced reduction 

in the circulating levels of estrogen and PRL has been proposed as the mechanism by 

which MLT inhibits breast cancer, a direct anti-tumor effect of MLT on breast cancer 

cells may be of equal importance. Recent in vitro studies in our laboratory have shown 

that MLT has a direct inhibitory effect on MCF-7 human breast cancer cell growth in 

the presence of serum (Hill and BIask, 1988; Cos et al., 1991). In addition, MLT 

inhibits estrogen and estrogen- induced growth factor-stimulated MCF-7 cell growth in 

serum-free medium (Lippman et al., 1976). Moreover, we have reported that MLT 

enhances the sensitivity of MCF-7 cells to the antiestrogen tamoxifen (Wilson et al., 

1992). 

In recent years PRL, a polypeptide hormone produced by the anterior pituitary gland, 

has received increasingly greater consideration as an endogenous promoter of human 
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breast cancer growth (Welsch and Nagasawa, 1977; Vonderhaar and Biswas, 1987). 

Therefore, we want to determine whether MLT inhibits the promoting effect of human 

PRL on human breast cancer cell growth. In order to address this question, we tested 

MLT's ability to inhibit PRL-stimulated growth of both MCF-7 and ZR75-1 estrogen

receptor (ER) positive human breast cancer cells on monolayer culture in the presence 

of charcoal-stripped fetal bovine serum (CSS). These cells contain an abundance of 

PRL receptors and are sensitive to the mitogenic effects of PRL under culture 

conditions in which the fetal bovine serum (FBS) has been charcoal-stripped of it's 

endogenous lactogens, which interfere with PRL's mitogenic activity (14). In addition, 

we tested MLT's ability to inhibit the potentially important mitogenic activity of an 

additional lactogenic hormone, human growth hormone (hGH), which has also been 

implicated in the development and growth of human breast cancer (Bmerman et al., 

1985, Rose, et aI., 1986). Human growth hormone, which is structurally and 

functionally homologous to PRL, may influence the growth of neoplastic mammary 

tissue either through binding to it's own receptor, or through it's ability to bind to the 

PRL receptor (PRLR) (Kelly~ et al. 1991). For example, Biswas and Vonderhaar 

(1987) reported that hGH can stimulate the proliferation of MCF-7 breast cancer cells 

in culture, in a manner similar to that of PRL, through a competitive interaction with 

the PRLR. 

Additionally, we tested whether or not MLT could inhibit the mitogenic response of 

MCF-7 cells to several monoclonal antibodies (Mabs) directed against various epitopes 

of the extracellular domain of the PRL receptor (PRLR). If so, this would further 

indicate that MLT specifically blocks the PRLR- mediated growth signal in MCF-7 
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cells. The Mabs used in this study (Tl, T6, US, U6 and E21) have been extensively 

characterized by Kelly and associates (1988) in terms of their binding to the PRLR and 

ability to stimulate the proliferation of PRL- dependent rat NB2 lymphoma cells. 

MATERIALS AND METIIODS 

Human Breast Cancer Cells 

The human MCF-7 breast cancer cell line was obtained from Dr. Jeffrey Trent of the 

Arizona Cancer Center, at the University of Arizona and from American Type Culture 

Collection, Rockville, Maryland. The ZR7S-1 breast cancer cell line was purchased 

from the American Type Culture Collection as well. 

Other Materials and Honnones 

Culture media, antibiotics, and trypan blue were purchased from GIBCO, (Grand 

Island, NY). Fetal bovine serum was purchased from GIBCO and Tissue Culture 

Biologicals (Tulare, CA) Dextran T - 70 was purchased from Pharmacia Fine Chemicals 

(piscataway, NJ). Melatonin was purchased from Sigma Chemical Laboratories (St. 

Louis, MO) Human PRL (NIADDK-hPRL-I-6, >99.9% purity) was a generous gift 

from Dr. Salvatore Rairti of the National Pituitary Hormone Program. Monoclonal 

antibodies to the PRLR were generously provided by Dr. Paul Kelly, Director of 

Molecular Endocrinology, INSERM unit 344, Paris, France. Rabbit antiserum to 
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mouse Immunoglobulin G was purchased from CALBIOCHEM (La Jolla, CA.). 

Culture Techniques 

MCF-7 cells were maintained and routinely subpassaged in Dulbecco's modified 

Eagles medium (DMEM) supplemented with penicillin ( 200 U/ml), streptomycin (200 

ug/ml), and 10% fetal bovine serum (PBS), at 37 0C in a humid atmosphere containing 

5 % C~. For most experiments the cells were grown for at least 4 days, in 10 % CSS 

prior to seeding for growth experiments. This was done to minimize the carry-over of 

bovine lactogens into the experiments. Cells were then harvested with PBS/EDT A and 

reseeded onto 60 mm x 15 mm culture dishes at a density of 3 X loS cells I dish. Fresh 

DMEM supplemented with 5 % CSS and 2 % antibiotics was added to each dish. The 

cells were then given 24 h to attach before treating them with hormones and or Mabs. 

Cells were harvested following 3 to 6 days exposure to the various experimental 

treatments using PBS/EDTA. They were then passed through a 25 gauge syringe 

several times in order to obtain a single cell suspension and counted using a 

hemacytometer. Cell viability (>95%) was determined by trypan blue exclusion. All 

experiments were performed a minimum of twojk times. The growth rate in each of 

the dishes was determined by the following calculation: growth rate = no. of cells per 

dish at tn - no. cells initially plated % no. cells per dish at tn. Where t n = the 

incubation time which was anywhere from 24 to 144 h. 
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Preparation of CSS 

A modification of the charcoal-stripping methods of Lippman et al. (1976) was used 

in the present study. Briefly, Norit A charcoal was repeatedly washed first with 1 M 

HCL then with phosphate buffered saline containing 1 mg/ml of Dextran T-70 pH 7.2. 

The charcoal suspension was then dried in an oven overnight and 25 mg of dextran

coated charcoal was added to 500 ml of FBS at 56 0C for 30 min. This suspension was 

then centrifuged at 10,000 x g for 45 min, and prefiltered through a millipore glass 

fiber filter. The serum was then re exposed to dextran-coated charcoal for one to two 

additional cycles in order to further reduce it's lactogen content. The CSS was 

sterilized by passage through a 0.22 urn millipore filter and then stored at -20 0C until 

used. The final lactogen content of the serum based on human and ovine PRL 

equivalents was determined by RIA to be less than 3 ng/ml. In addition, 83 % of the 

endogenous estrogens were removed using this method. 

Statistical analysis 

Mean <S.EM) growth rate for hormone treated cells was expressed as a percent of the 

controls (100 %). Statistical differences among mean values were determined by one 

way analysis of variance or Student's t test. differences between and among means 

were considered significant at p<0.05. 
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Results 

As shown in Figs. La. and l.b. PRL at concentrations ranging from 20 to 200 ng/ml 

significantly increased the rate of MCF-7 and ZR7S-1 cell growth, at each of the 

concentrations tested, as compared to untreated controls when cells were grown for 3 

days on monolayer culture in medium supplemented with S% CSS. A physiological 

dosage of PRL (20 ng/ml) caused the greatest increase in MCF-7 cell growth (2-fold 

higher than controls). While higher concentrations of PRL, SO-loo ng per ml, 

maximally-stimulated ZR7S-1 cell growth (fig. 1.b). Melatonin, at a physiologically 

relevant concentration (10-9 M), substantially reduced the growth of both MCF-7 and 

ZR7S-1 cells in the presence of varying concentrations of PRL (figs La. and l.b.). In 

fact, the rate of growth in MCF-7 cell and in ZR7S-1 cells treated concomitantly with 

MLT and PRL (20 ng per ml) was equivalent to the level seen in untreated controls. 

Even greater differences ( below the level of control growth) were seen in ZR7S-1 cells 

exposed for longer periods (S-6 day) to MLT plus PRL ( data not shown). Melatonin 

alone had no effect on growth. 

Figure 2. shows the mitogenic response of MCF-7 cells to PRL (20 ng/ml) and/or 

MLT (10-9 M) over a six day incubation period. In cells treated with PRL alone the 

highest level of growth (two-fold greater than control) occurred by the third day of 

incubation. At four and six days, PRL increased growth by 1. 7-fold and 1.S-fold 

respectively, as compared to the untreated control level. The growth rate of cells 

treated with PRL in the presence of MLT was more than 100 % less than the rate 

observed with PRL alone during each day of the study. Furthermore, growth in MCF-7 

cells exposed to the combination of MLT and PRL was IS% - 30% below the level of 
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control at each of the timepoints tested. While MLT alone had no effect on growth. 

Figure 3. shows the response of MCF-7 cells to PRL in the presence of increasing 

concentrations ofMLT (10-12 M - 10-5 M) following a three day incubation period. 

Prolactin alone significantly increased growth by 1.6-fold as compared to control 

growth, while growth in cells treated with PRL and MLT at concentrations ranging 

from 10-10 M to 10-8 M was equal to or below the levels observed in untreated 

controls. Growth in cells exposed to PRL with lower concentrations of MLT (10-11 M 

and 10-12 M) was 10% and 30% above untreated control levels. This level of growth 

was still substantially lower (50 to 80% less) than the levels seen in cells exposed to 

PRL alone. When cells were treated with PRL plus MLT at superphysiologicallevels 

(10-7 M to 10-5 M) the rate of growth was similar to that seen with PRL alone. 

Figure 4. shows that hGH (25 ng/ml) increased MCF-7 cell growth by 1.5-fold as 

compared to control, while the same dose of PRL caused a two-fold increase in growth 

rate. The combination of hGH with PRL increased growth to levels seen with hGH 

alone (1.5 fold). 

Shown in figure 5. is the growth response of MCF-7 cells following a three day 

incubation period with increasing concentrations ofhGH (25-100 ng/ml) and/or MLT 

(10-9 M). Human growth hormone alone, at each of the concentrations tested, 

significantly increased growth by as much as two-fold, as compared to untreated 

control levels. However, when cells were exposed concomitantly to hGH and a 

physiological concentration of MLT, growth was reduced below the levels seen with 

hGH alone. Growth in cells treated with MLT plus hGH (50 ng/ml) was equal to the 

levels seen in untreated controls (100%), while MLT alone had no effect on the growth 
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rate. 

Figure 6. compares the mitogenic response of MCF-7 cells treated with PRL to the 

response to several different Mabs directed against the PRLR, following a three day 

incubation period. The growth rates in cells treated with the Mabs Tl, T6, US, U6 or 

E21, at a final concentration of 0.062 nM, were as follows; 2.0-,1.7-, 1.S-, 1.S-, and 

104- fold higher, respectively, than that of controls. Growth in cells treated with Tl 

(2.0-fold) was equal to that in PRL (100 ng/ml) treated cells. A nonspecific mouse IgG 

had no effect on growth (not shown). 

Figure 7. shows that Tl (0.62 nM) increased growth by 1.S- fold as compared to 

controls. However, growth in cells treated with MLT (10-9 M) plus Tl was 

significantly lower than in Tl-treated cells but almost equal to that of controls. U6 

(0.62 nM) increased growth by 2.2-fold as compared to controls. Growth in cells 

treated with U6 plus MLT was not significantly different from that of controls. US 

(0.62 nM) alone increased cell growth by lA-fold as compared to controls. However, 

in the presence of MLT, growth was significantly lower than in US-treated cells but not 

different from the rate of controls. Melatonin alone did not alter MCF-7 cell growth as 

compared with controls. 

As shown in figure 8, the response to Mab Tl was altered in the presence of 

different dilutions of a second receptor cross-linking antibody (CLA ) following a 

three day incubation period. Tl (0.62 nM) alone increased growth two-fold as 

compared to control, while the rate growth in cells treated with Tl plus CLA at a 

dilution of 1/62S0, was reduced to control level. The combination of Tl with CLA at a 

1\2S0 dilution also reduced growth (by 66%), while Tl plus CLA at a dilution of 



111250, increased growth by 3.3 fold as compared to control. This was 130% above 

the level observed with Tl alone. The CLA alone, at each of the dilutions tested 

(116250, 111250 and 11250), had little to no effect on growth. 
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Figure 9. shows that Tl (0.62 nM) plus CLA (111250 dilution) increased growth by 

1.9-fold as compared to untreated controls. This was almost 25% greater than the rate 

with Tl alone. The rate of growth in cells exposed simultaneously to Tl, CLA and 

MLT (10-9 M), was equivalent to that of untreated control. US alone increased growth 

by 1.4-fold as compared to control, while US plus CLA increased growth by two-fold 

as compared to control. This amount of growth was 40% above the level observed with 

US alone. In the presence of MLT, cell growth in the US plus CLA treatment group 

was equivalent to that seen with US alone. Melatonin alone had no effect on growth 

(data not shown). U6 (0.62 nM) treatment group was excluded from this study because 

a maximum growth response was obtained with U6 alone and no further increase in 

growth could be seen with CLA. However, in a separate study using a sub-optimal 

concentrations of U6 (0.31 nM), both an enhancement effect with CLA and a MLT 

(10-9M)-induced suppression of CLA-enhanced cell growth was observed (data not 

shown). 
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Figure 1. a and b Effects of melatonin on the prolactin-stimulated growth of MCF-7 

and ZR7S-1 human breast cancer cells. Cells were treated with prolactin, at 

concentrations ranging from 20 to 100 ng per ml, in the presence of melatonin (10-9 

M) (-0), or in the absence of melatonin (-\7), following a three day exposure to 

hormones. Each study was repeated twice, and the data points represent the mean 

(+SEM) percent of untreated control growth rate from triplicate 

dishes/treatment/experiment. * p < 0.05 versus prolactin. 
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Figure 2. Effects of human prolactin (20 ng/ml) (-) either alone or in combination 

with melatonin (10 -9 M) Cv) on the growth of MCF-7 over a 6 day incubation 

period. The cells were harvested on day 2, 3, 4 and 6. The rate of cell growth in each 

treatment group was determined as described in the Materials and Methods. Data 

points represent the mean percentage of untreated control growth (100%) in triplicate 

dishes. * p < 0.05 as compared prolactin control. 
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Figure 3. Effects of increasing doses of melatonin (10-12 M - 10- 5 M) on the 

prolactin-stimulated proliferation of MCF-7 cells. Growth rate was determined 

following three days exposure to hormones as described in the Materials and 

Methods. Data points represent the mean (+SEM) percent of untreated control growth 

in triplicate dishes. Abbreviations: P, human prolactin (20 ng/ml), M, melatonin, * 
p < 0.05 as compared to prolactin control. 
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Figure 4. Effects of human prolactin and human growth hormone either alone or 

combined on the rate of MCF-7 breast cancer cell growth. Cells were harvested 

following a 3 day incubation period. Data points represent the mean (±SEM) percent 

of control growth rate from triplicate dishes. Abbreviations: C, control, P, human 

prolactin (25 ng/ml), hGH, human growth hormone (25 ng/ml), *, p < 0.05 as 

compared to control. 
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Figure 5. Effects of increasing concentrations of human growth hormone on the growth 

of MCF-7 cells in the presence of melatonin (-e) and in it's absence (- \7). The cells 

were harvested and counted following a three day incubation period in a monolayer 

culture system. Data points represent the mean(.±SEM) percent of control growth rate 

in triplicate dishes. *, P < 0.05 as compared to human growth hormone alone. 
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Figure 6. Effects of monoclonal antibodies, T1, T6, US, U6, and E21 (0.62 nM) on 

the proliferation of MCF-7 cells. Cells were harvested and counted following a 3 day 

incubation period. The bars represent the mean (+SEM) percent of untreated control 

growth (100%) in triplicate dishes. *p<0.05 versus untreated control. 
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Figure 7. Effects of prolactin receptor antibodies, Tl, U6 and U5, either alone or in 

combination with melatonin (10-9 M) on MCF- 7 cell proliferation. Cells were exposed 

to hormone and or antibodies for 3 days then harvested and counted. The rate of cell 

growth in each treatment group was expressed as a percentage of the untreated controls 

(100%). Columns represent the mean (±SEM) percent of untreated control growth in 

triplicate dishes. Monoclonal antibodies concentrations ( 0.062 M). *p < 0.05 versus 

control. 
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Figure 8. The enhancement effect of rabbit anti mouse (cross- linking) antibody, at a 

dilution of 111250 - 116250, on Tl- stimulated MCF-7 cell proliferation. CelIs were 

exposed to either Mab Tl (0.62 nM)(V -) or no-treatment (e-) for 72 h then harvested 

and counted. CeIl proliferation was expressed as a percentage of untreated control 

plates (100%). Data points represent the mean (±SEM) percent of untreated control 

growth in triplicate dishes. 
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Figure 9. The effects of melatonin on CLA-enhanced monoclonal antibody

stimulated MCF-7 cell proliferation. Growth was expressed as a percent of 

vehicle-treated control (100%). Bars represent the mean (±SEM) in triplicate 

dishes. Abbreviation; C, control, Tl, Mab "Tl" (0.62 nM), CLA, Rabbit IgG 

"cross-linking" antibody (1/1250 dilution, MLT, melatonin (10-9 M). 

*p < 0.05 versus TI alone. 
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Discussion 

MCF-7 and ZR75-1 human breast cancer cells are sensitive to a number of different 

mitogens including the pituitary hormone PRL, under the appropriate culture conditions 

(Vonderhaar and Biswas, 1987). In the present study, we used these specific culture 

conditions to investigate the possibility that MLT would inhibit the mitogenic response 

of these breast cancer cells to human PRL. In addition, we tested MLT's ability to 

inhibit the mitogenic activity of a homologous mammogenic hormone (hGH) which can 

stimulate MCF-7 cell proliferation via the PRLR. Moreover, we tested MLT's potential 

ability to inhibit the "PRL-like" activity of several different Mabs directed against the 

PRLR. 

As anticipated on the basis of earlier studies, we found that human PRL stimulated 

the growth of MCF-7 and ZR75-1 cells in medium supplemented with CSS. A 

physiological concentration of PRL (20 ng/ml) stimulated growth the best (2-fold 

higher than control levels). This amount of stimulation was within the range (1.5 - 3.0-

fold) typically observed by us, but was less than the maximum mitogenic response 

(greater than 3 fold) reported previously by Biswas and Vonderhaar (1987). The 

difference in sensitivity to PRL in our study may be related to differences in the FBS 

used, the charcoal-stripping process and/or to the heterogeneity of the MCF-7 cells. 

When either MCF-7 or ZR75-1 cells were exposed concomitantly to human PRL and 

a physiological level of MLT (10-9 M), the mitogenic response to PRL was completely 

blocked for each of the time points tested. In fact, in some instances the addition of 



MLT further reduced the rate of cell growth below untreated-control levels indicating 

that PRL may actually increase MCF-7 cell sensitivity to MLT. A similar idea was 

previously suggested to explain PRL' s apparent ability to restore MLT's oncostatic 

activity in serum-free medium (Hill and Blask, 1986). 
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Interestingly, MLT in the absence of mitogen had no apparent effect on cell growth 

as compared to untreated controls under these culture conditions. This observation is 

consistent with earlier reports of the dependence of MLT's antiproliferative activity on 

serum-factors in MCF-7 cells (Hill and Blask, 1986; Hill et al., 1992). 

When MCF-7 cells were exposed to MLT over a concentration range from 10-5 M to 

10-12 M in the presence of PRL (20 ng/ml), a bell- shaped dose-response was 

observed. While, physiologically relevant concentrations of MLT (10-11 M - 10-9 M) 

produced the most effective suppression of PRL-stimulated growth, concentrations of 

ML T outside of this range, were for the most part, increasingly less inhibitory. In fact, 

the most concentrated level of MLT tested (10-5 M) was completely ineffective in 

inhibiting PRL-stimulated growth. a similar bell-shaped dose-dependent inhibitory 

response to MLT was seen by Hill and Blask (1986) in MCF-7 cells grown under 

serum- containing culture conditions. Moreover, MLT's most effective inhibitory 

concentrations are in the range of the PRLR (kd= 10-10 M) (Kelly et al., 1988) 

suggesting that MLT might affect PRLR binding. In corroboration with the reports by 

Biswas and Vonderhaar (1987), we found that hGH-stimulated the proliferation of 

MCF-7 cells, and that it blocked PRL's mitogenic activity when the two hormones 

were combined. This observation was consistent with hGH's ability to competitively 

bind to the PRLR. A physiological level of MLT substantially reduced the mitogenic 
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response of MCF-7 cells to hGH, further suggesting that MLT is specifically blocking 

the PRLR- mediated proliferation of these cells. 

We also demonstrated a mitogenic response of MCF-7 cells to several distinct mouse 

Mabs directed against the PRLR. The response to each Mab varied somewhat as was 

anticipated based on differences in their abilities to compete for PRLR binding. The 

Mab designated T1, which recognizes the ligand binding site, was generally the most 

effective stimulator of cell growth in this study. Like the native ligand PRL, it 

increased the rate of growth by 1.5- to 2.2- fold as compared to untreated controls. The 

other Mabs tested (T1, U5, U6 and E21) which each recognize a different epitope of 

the PRLR, elicited a mitogenic response from MCF-7 cells as well, but to a lesser 

extent than did T1 or PRL itself. It is important to note that a nonspecific mouse IgG 

consistently had very little or no effect on growth indicating that the mitogenic activity 

of these Mabs was due to a specific interaction with the PRLR. Although these Mabs 

were previously shown to cross react with the PRLR in a number of rat tissues and to 

stimulate the proliferation of NB2 lactogen dependent rat lymphoma cells (Eldberg, 

1990), this is the first demonstration, to our knowledge, of their biological activity in 

human breast cancer cells. 

Melatonin, at physiological levels, partially to completely inhibited the mitogenic 

response of MCF-7 cells to the anti-PRLR Mabs. In addition, MLT diminished the 

mitogenic response of MCF-7 cells to the combination of Mab with a second cross

linking antibody (CLA). A nonspecific second antibody has been used elsewhere, in a 

PRL-dependent lymphoma tumor cell line (Eldberg et al. 1990), to enhance the 

mitogenic potentency of these Mabs. The enhancement on growth is presumably due to 
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the second antibody's ability to facilitate PRLR dimerization or oligermerization, a 

critical step in the PRLR signal transduction pathway. The greatest enhancement effect 

was observed with Mab Tl plus a 111250 dilution of CLA. This amount of second 

antibody increased Tl- stimulated MCF-7 cell growth by an additiona1140% resulting 

in a 3.3- fold total increase in the rate of growth as compared to controls not exposed 

to antibody. This level of growth was even greater than what was observed with the 

native ligand PRL. The mitogenic activity of each particular Mab tested varied 

somewhat between experiments. The reason for this variation is uncertain but may be 

related to the long-term freezer storage of the Mabs since a more recent supply of Mabs 

had greater mitogenic activity than did earlier batches. The CLA (111250) alone had no 

effect on growth indicating that the antibody itself did not interact with the PRLR. 

Thus, it appears that dimerization or oligomerization of the PRLR may be crucial to 

PRL's biological effects on breast cancer cells as well in other cell types. Therefore, it 

is conceivable that MLT's inhibition of PRL- stimulated MCF-7 cell growth might 

involve and interference with some aspect of the PRLR dimerization process. 

Altogether, the results from the studies included herein, indicate that MLT can 

attenuate the mitogenic response of human breast cancer cells grown in vitro to the 

tumor-promoting hormone PRL and to other mitogens, i.e., hGH, which can stimulate 

proliferation via an interaction with the PRLR. Furthermore, we have shown that 

MLT does this by specifically inhibiting the PRLR- mediated growth signal in these 

cells, since MLT was able to reduce the mitogenic activities of several distinct Mabs 

directed against the PRLR. Thus, it seems likely that MLT's reported antineoplastic 

effect on PRL-dependent experimental mammary carcinogenesis (Aubert et al., 1980; 
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Tamarkin et al., 1981; Blask, 1984; Shah et al., 1984;) in vivo may be due, at least in 

part, to it's ability to inhibit the mitogenic activity of PRL at the cellular level. 

Moreover, our demonstration that MLT inhibits PRL-regulated breast cancer cell 

growth at concentrations normally present in the blood during the night, lends further 

support to the notion that MLT is a naturally-occurring, oncostatic hormone within the 

body by virtue of it's ability to block, at a physiological level, the cellular actions of a 

physiological level of the endogenous tumor-promoting hormone PRL. 



Chapter 4 

Melatonin Inhibition of Prolactin-Stimulated Human Breast Cancer Cell Growth in 

Culture: Lack of dependency on Estrogen or the Estrogen Receptor. 

Abstract 
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The pineal hormone melatonin (MLT) can exert an inhibitory influence over the 

proliferation of hormonally-responsive human breast cancer cells grown on monolayer 

culture. In previous studies the inhibitory effect of MLT on breast cancer cell growth 

was attributed to an antiestrogenic mechanism potentially involving an interaction with 

the estrogen receptor (ER) itself. However, we have shown that MLT can inhibit the 

mitogenic actions of PRL on MCF-7 breast cancer cell growth as well. In the present 

study, we examined the possibility that MLT could inhibit the promotion of MCF-7 

human breast cancer cell growth on monolayer culture by the polypeptide hormone 

prolactin (pRL), through a mechanism that is independent of estrogen and the pH 

indicator phenol red, which has weak estrogenic activity. We report here that MLT, at 

a physiologically relevant concentration, completely blocked (100% inhibition) of the 

PRL (20 ng/ml)-stimulated growth of MCF-7 cells in medium supplemented with 5 % 

charcoal-stripped fetal bovine serum (CSS), regardless of the presence or absence of 

phenol-red. In fact, owing to the increased sensitivity of these cells to PRL (20 ng/ml) 

under the estrogen- deficient culture condition (7-fold higher growth versus a 2-fold 
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stimulation in the presence of phenol red) the inhibitory effect of MLT (10-9 M) was 

even more impressive looking. The antiestrogen tamoxifen, at a 0.1 micro molar 

concentration, also inhibited the PRL-stimulated growth of these cells in the presence 

of the pH-indicator. Melatonin's oncostatic activity in human breast cancer cells was 

not dependent upon the presence of the ER, since MLT, at concentrations ranging from 

10- 5 to 10-11 M, partially to completely reduced PRL's 4.5-fold stimulation of ER 

negative (PRL receptor positive) HS578T cell growth on monolayer culture. However, 

tamoxifen, at the same concentration used to inhibit MCF-7 cells, had no effect on 

their growth, indicating that MLT's antiproliferative effects may be exerted through a 

mechanism distinct from that of tamoxifen. However, neither, MLT nor PRL, alone or 

in combination, had any effect on the growth of ER-negative, PRLR-positive BT20 

cells, suggesting that MLT's activity may depend more on the PRL-responsiveness of 

the breast cancer cells than their ERlprogesterone receptor (pgR) status. 

Introduction 

A growing number of studies have shown that the pineal hormone melatonin (MLT) 

exerts a potent oncostatic influence over the growth of hormonally-responsive breast 

cancer cells. While very little is known as of yet about the nature of MLT's oncostatic 

signal, a number of workers have proposed an antiestrogenic mechanism, potentially 

involving the estrogen receptor (ER), to explain MLT's direct anti-tumor activity 

(Danforth et al. 1983; Blask and Hill 1986, Hill et al., 1992; Cos et al., 1990) This 

hypothesis was based primarily on the early findings of Blask and Hill., (1986) that 
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MLT may be dependent upon estrogen for it's oncostatic activity, since estradiol (E2) 

could restore MLT's inhibitory effects on MCF-7 breast cancer cell growth in serum

free medium, and MLT inhibited both E2- and E2-induced growth factor-stimulated 

MCF-7 cell growth in culture in a manner akin to that of tamoxifen (TAM), an 

antiestrogen used in the treatment of breast cancer (Jordan, 1989). Moreover, MLT's 

inhibitory activity in breast cancer cells correlated with the estrogen-responsiveness of 

the cells, with inhibitory effects being found in ER positive MCF-7 , T47D, and ZR75-

1 breast cancer cell lines but not in the ERlPgR- negative breast cancer cell lines BT20 

or a ER-negative clone of T47D (Hill et al., 1992). Furthermore, a possible MLT-ER 

interaction was proposed based on the observation that tamoxifen (Tam) could inhibit 

MLT's inhibitory effect on MCF-7 cell growth (Hill et al., 1992), and that MLT 

caused an acute rise in ER binding (Danforth, 1983) and a reduction in ER proteins 

(Molis et al., 1992). A MLT-ER interaction was further supported by the recent 

findings of Von Angerer and coworkers (1990) showing that 5 methoxy-indoles, which 

are structurally-related to MLT, were potent ER antagonists. In an earlier study 

performed by us (Lemus-Wilson, 1991) we demonstrated a MLT inhibition of PRL's 

mitogenic activity in MCF-7 cells grown under 5 % charcoal-stripped fetal bovine 

serum (CSS), with physiologically relevant levels ofMLT (10-9 to 10-11 M) being the 

most effective. On the basis of these observations, we proposed a mechanism for 

MLT's oncostatic effects involving an antagonism of the actions of PRL (Lemus

Wilson et al., 1991). Because this inhibitory activity occurs in the absence of 

exogenous E2, we have questioned the validity of MLT's proposed dependency upon 

estrogen and the ER (Lemus-Wilson et al., 1991). However, an important confounding 
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factor in our earlier studies, was the presence of the pH indicator phenol red, which has 

known estrogenic properties (Bindal and Katzenellenbogen, 1988). 

In order to determine whether MLT's inhibition of PRL-stimulated breast cancer cell 

growth is dependent upon the estrogen-response pathway for it's activity, we repeated 

the earlier experiments under phenol red-free culture conditions. Additionally, we 

tested the effects of MLT and PRL on the growth of ER negative and PRL receptor 

(PRLR) positive HS578T and BT20 cells in medium supplemented with 5 % CSS. 

Because of the potential for MLT, like TAM (Vonderhaar, 1992), to inhibit both 

antiestrogenic and anti-PRL activity in the MCF-7 cells we also re-examined TAM's 

ability to inhibit the PRL- stimulated growth of these cells in comparison with MLT. 

Materials and Methods 

Human Breast Cancer Cells 

The MCF-7 human breast cancer cell line was obtained from Dr. Steven Hill, Tulane 

University, School of Medicine, New Orleans, Louisiana, at passage 30 and passage 

300. The HS578T cell were obtained at passage 48 from American Type Culture 

Collection, Rockville, Maryland, and were determined in our laboratory to be 

mycoplasm-free. 

Honnones and Culture Materials 
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Culture media, antibiotics and trypan blue, were purchased from GIBCO (Grand 

Island, NY). Fetal bovine serum was purchased from Tissue Culture Biologicals 

(Tulare, CA). Dextran T-70 was purchased from Pharmacia Fine Chemicals 

(Piscataway, NJ). Falcon 60mm X 15 mm plastic tissue culture dishes were purchased 

from Fisher Scientific (pittsburgh, PA). Melatonin and tamoxifen were purchased 

from Sigma Chemical Co. (St. Louis, MO). On experimental day 0, these hormones 

were dissolved in 70% ethanol at a 0.1 mM concentration and then diluted into the 

culture dishes to the final concentration to be tested. The final concent.ration of ethanol 

in the growth medium was 0.0001 % or less. Human PRL( NIADDK-hPRL-1-6) was 

generously provided by Dr. Salvatore Raiti of the National Pituitary Hormone 

Program. 

Culture Techniques 

MCF-7 cells were maintained and routinely subpassaged in Dulbecco's modified 

Eagles medium (DMEM) supplemented with penicillin (200 U/ml), streptomycin (200 

U/ml), and 10% fetal bovine serum (FBS), at 37 oC in a humid atmosphere containing 

5 % C02. HS578T cells were maintained under similar conditions, however, high 

glucose DMEM was used. For the experiments cells were grown for at least 4 days in 5 

% CSS prior to seeding for growth experiments. This was done to minimize the carry 

over of bovine lactogens and steroids into the experiments. Cells in log-phase growth 

were then harvested with O.OlM PBS/0.02 % EDTA solution and reseeded on to 60 

mm x 15 mm culture dishes at a density of either 1 X 105 or 3 X 105 cell per dish 
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depending upon the particular study for both MCF-7 and HS578T cells. Fresh DMEM 

or phenol red-free DMEM, supplemented with 5 % CSS, antibiotics and glucose (in the 

case of HS578T studies) was added to each dish. Twenty-four hr later, following the 

attachment of cells, hormones were added. Cells were harvested following a 3- day 

exposure to hormones and triturated through a 25- gauge syringe several times in order 

to obtain a single cell suspension for counting on a hemacytometer. Cell viability (> 

95 % ) was determined by trypan blue exclusion. Each experiment was performed a 

minimum of 2 times. The growth rate in each of the dishes was determined by the 

following calculation: growth rate = no. of cells seeded per dish at to minus the no. of 

cells found at tn % by the no. cells at to. Where t= time of incubation, n= 3 days 

Preparation of Charcoal-Stripped Serum (CSS) 

A modification of the charcoal-stripping method of Lippman et aI. (1976) was used 

in the present study. Briefly, Norit A charcoal was repeatedly washed first with 1 M 

HCL then with phosphate buffered saline containing 1 mg/ml of Dextran T-70 pH 7.2. 

The charcoal suspension was then dried in an oven overnight and 25 mg of dextran

coated charcoal was added to 500 mls of FBS at 56 0C for 30 min. This suspension 

was then centrifuged at 10,000 x g for 45 min, and pre-filtered through a millipore 

glass fiber filter. The serum was then re-exposed to dextran-coated charcoal for one or 

two additional cycles in order to further reduce it's lactogen content. The CSS was then 

sterilized by passage through a 0.22 urn millipore filter and stored at -20 0C until used. 

The lactogen and estrogen content of the serum based on ovine and human equivalents 

was determined by RIA to be reduced by 90 % for lactogens (less than 3 ng/ml) and by 
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83 % for estrogens following a single stripping cycle. 

Statistical analysis 

Mean(±SEM) growth rate for hormone-treated cells was expressed as a percent of 

the control growth rate (100%). Statistical differences among mean values (triplicate 

plates) were determined by one way analysis of variance or Student's t test. Differences 

between and among means were considered significant at p<0.05. Some graphs 

represent one of three independent experiments. 

Results 

Figure 1. shows that PRL (20 ng/ml) significantly increased the growth of the MCF-

7 cells in DMEM supplemented with 5% CSS (Fig. 1.) The growth rate in MLT (10-9 

M) plus PRL-treated MCF-7 cells was significantly lower than that in PRL-treated cells 

but not different from controls. Melatonin alone did not alter growth from that of 

controls in the presence or absence of phenol red. In the absence of phenol-red, PRL 

significantly increased growth by 7.5-fold. The growth rate in cells treated with MLT 

plus PRL was significantly lower but still slightly higher than that in controls. The 

effects of TAM (1 uM) and of MLT (10-9 M) on MCF-7 (passage 300) cells in the 

presence of PRL (20 ng/ml) is shown in fig. 2. Prolactin alone significantly increased 

growth (75 % above the level seen in untreated controls). Growth in TAM plus PRL 

treated cells was significantly lower that of PRL-treated cells (p < 0.01) and of controls. 



Tamoxifen alone did not effect growth. Growth in cells treated with MLT plus PRL 

was significantly lower than in PRL- treated cells but not in controls. Treatment with 

MLT alone had no effect on growth. 
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Figure 3. shows the effect of several different concentrations of MLT on PRL

stimulated ER-negative HSS78T breast cancer cells following a 3 day incubation period 

in high glucose DMEM containing 5 % CSS. Prolactin (20 ng/ml) significantly 

increased the rate of HS578T growth (S.3-fold above the rate of untreated controls) 

(*p < .01). Growth in cells treated with PRL plus each of 4 different concentrations of 

MLT was significantly lower than PRL-treated cells but not of controls. The greatest 

difference in growth rate (nearly 100% lower) was seen in cells treated with a 

nanomolar concentration of MLT. Growth in cells treated with MLT alone was not 

significantly different from that of controls. Growth in cells treated with Tamoxifen (1 

uM) was not significantly different from PRL-treated cells. 

Growth in ER-negative BT20 cells in the presence of PRL, at concentrations ranging 

between 20 and 200 nglml andlor MLT (10-9 M), is shown in fig 4. Prolactin did not 

significantly alter the growth of these cells following a 3 day incubation period. 

Likewise, growth in PRL (20 or 100 ng/ml) plus MLT (10-9 M) treated cells was 

equivalent to that of controls. Growth was also not significantly different with PRL 

andlor MLT treatment following a 6 or 10 day incubation period (not shown). The 

number of BT20 cells counted in control and treatment plates was as much as 40% 

below the initial seeding density. In contrast, the number of cells found following a 3 

day incubation period, under the same culture conditions, had more than doubled in the 

other breast cancer cell lines tested. 
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Figure 1. Effects of Prolactin either Alone or in Combination with Melatonin on 

MCF-7 cells Growth in Either Normal DMEM or Phenol Red-Free DMEM. Cells were 

harvested and counted following a 3 day incubation period. The rate of cell growth in 

each treatment group was determined as described in the Materials and Methods. Data 

points represent the mean(±SEM) percent of the untreated control growth (100 %) in 

triplicate dishes. * p > 0.05 versus prolactin control. Abbreviations: C, untreated 

control, P, human prolactin (20 ng/ml) control, P+M, prolactin plus melatonin (10-9 

M), Tam+P, tamoxifen (10 nM) plus prolactin. 
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Figure 2. Effects of MLT and the antiestrogen tamoxifen on PRL- stimulated growth 

of MCF-7 cells. Cells were harvested following a 3 day incubation in DMEM plus 5 % 

CSS. Data points represent the mean(±SEM) percent of untreated control growth rate 

in triplicate dishes. *p .s,.0.05 versus PRL alone. Abbreviations: C, untreated controls, 

P, human PRL (20 ng/ml) control, P+M, PRL plus MLT (10-9 M), P+T, PRL plus 

tamoxifen (10 nM), T, tamoxifen alone. 
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Figure 3. Effects of human prolactin either alone or in combination with increasing 

doses of ML T (10-11 M -10-5 M) on HS578T. Cells were grown in the presence of 

High glucose DMEM supplemented with 5 % CSS. Growth rate was determined 

following 3 days exposure to hormone as described in the Materials and Methods. 

Data points represent the mean (±SEM) percent of untreated control growth in 

triplicate dishes. P values based on a n of 1 *p < 0.05 versus PRL. Abbreviations: C, 

untreated control; P, human prolactin (20 ng/ml); M+P, melatonin (10-9 M) plus 

prolactin; Tam +P, tamoxifen (O.lnM) plus prolactin. 
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Figure 4, Effects of prolactin on the growth of BT20 ER-negative human breast cancer 

cells in the presence (-0) of MLT (10-9 M) and in it's absence (-'\7). Cells were 

harvested following a 3 day incubation period. Data points represent the mean (+SEM) 

percent of control growth rate in triplicate dishes. no significant differences noted. 
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Discussion 

We have found a potent inhibitory effect of MLT, at several different concentrations, 

on PRL-stimulated proliferation of low passages of ER negative HS578T human breast 

cancer cells when grown in medium containing 5 % CSS. This observation was in 

contrast with an earlier report of a lack of MLT activity in ER negative breast cancer 

cells, including in this particular cell line (Hill et al., 1992). We do not know why 

other workers did not find an effect of MLT in these cells in the presence of 10% 

unstripped fbs or whether the difference in response to ML T was somehow related to 

differences in the culture conditions or the heterogeneity of the cells. In contrast, MLT 

did not alter the growth of BT20 ER-negative cells in corroboration with the findings of 

Hill et al. (1992) under different culture conditions. 

The demonstration of a mitogenic response in ER negative cells to a physiological 

concentration of PRL, is to the best of our knowledge the first of it's kind, albeit 

Vonderhaar, et al. (1992) has mentioned a PRL-responsiveness in ER negative BTIO 

cells, but no data was shown to support this response. Moreover, we did not find a 

response in BT20 cells to PRL. 

Our findings indicate that MLT's oncostatic activity in PRL responsive cells is not 

dependent upon the presence of the ER. In contrast, no inhibitory effect with TAM was 

found on the growth of these cells suggesting that the ER is required for its activity 

even under PRL-stimulated growth conditions. Furthermore, these results indicate that 

TAM's antiproliferative effect is probably exerted through a mechanism that differs 
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from the one mediating the actions of MLT. However, we have shown an inhibitory 

effect of TAM on PRL- stimulated MCF-7 cell growth, which corroborates the earlier 

findings by Vonderhaar et al. (1992) that TAM had anti-PRL activity in these cells and 

in PRL-dependent rat lymphoma cells. 

In addition, we found that MLT completely inhibited PRL's mitogenic activity even 

under phenol red-free medium conditions. In fact, the difference in growth between the 

PRL-treated cells and those treated with the combination of MLT plus PRL was even 

more impressive looking under this culture condition due to the enhanced mitogenic 

response of these cells to PRL-treatment under E2- deficient conditions. These findings 

indicate that MLT's anti-PRL, antiproliferative, activity is estrogen-independent. 

However, there is still the possibility that minute levels of estrogen may have been 

present in these studies due to the incomplete removal of steroids by the charcoal

stripping method. Nevertheless, these observations demonstrate that the ER and 

probably E2 were not required by MLT in order to demonstrate it's oncostatic activity 

in breast cancer cells under PRL-stimulated conditions. Furthermore, the 3-fold greater 

responsiveness of MCF-7 cells to PRL under the phenol red-free conditions is 

consistent with an earlier report by Vonderhaar et al.(1989). More importantly, 

however, these observations corroborate the findings from an earlier study (Lemus

Wilson, et al., 1991) that physiologically relevant concentrations of MLT inhibit the 

PRL-regulated growth of MCF-7 human breast cancer cells. Additionally, these results 

demonstrate that the MLT/anti-PRL phenomenon is not a pecUliarity unique to ER

positive cells (i.e., MCF-7 and ZR75-1 cells) but rather is found in the ER-negative 

HS578T cells as well. 
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Taken together, these observations indicate that MLT's oncostatic activity is not 

dependent upon estrogen under PRL- stimulated growth conditions, and that a MLT 

inhibition of PRL promoted breast cancer growth may be an important component of 

MLT's mechanism of action. However, they do not completely rule out the possibility 

that MLT inhibit the growth of some breast cancers through antiestrogenic mechanisms 

involving an interaction with the ER as well as through a non estrogen-dependent anti

PRL mechanism. A similar dual mechanism has been suggested to explain the rare 

oncostatic effects observed with tamoxifen in ER negative breast cancer cell lines i.e., 

BT20 cells (Vonderhaar, 1992), and in the treatment of some breast cancer patients 

with ER negative tumors (Hawkins et al., 1980, Furr and Jordan, 1984) 
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Chapter 5 

Melatonin Inhibits the Prolactin-Stimulated Growth of MCF-7 Human Breast Cancer 

Cell Colonies in Soft Agar. 

Abstract 

Melatonin (MLT) inhibits the human prolactin (PRL)-stimulated proliferation of 

human breast cancer cell when grown in monolayer culture in the presence of 5 % 

charcoal-stripped fetal bovine serum (CSS). In the present study, we examined the 

effects of this hormone in combination with PRL on the anchorage-independent growth 

of these cells as colonies in a soft agar, clonogenic assay system. Our preliminary 

findings indicate that PRL (l 0-1 00 ng) alone stimulates the growth of MCF-7 cells in 

soft agar as determined by an increase in the number of colonies formed with PRL

treatment. However, MLT, at physiological and supraphysiological concentrations, 

diminishes the modest stimulatory effect of PRL on growth (colony formation). In this 

study, a pharmacological dose of MLT was more effective, where as, in previous 

studies in monolayer culture, physiological levels were more potent. Prolactin (100 ng) 

had a more profound effect on the growth of large sized colonies (colonies greater than 

175 urn) than on smaller sized colonies. However, there was no difference, with 

respect to the formation large sized colonies, with MLT plus PRL treatment, as 

compared to untreated controls. Interesting, MLT by itself, had a stimulatory effect on 

the growth of these cells as colonies. These results indicate that the lack of cellular 
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attachment under soft agar culture conditions may modify the responsiveness of MCF-7 

cells to MLT. However, the reduced sensitivity to MLT under soft agar culture 

conditions, as compared to a monolayer culture system, may also be due, in part, to the 

presence of horse serum (HS) in the soft agar system, since HS altered the 

responsiveness of these cells to MLT under monolayer culture conditions as well. 

Introduction 

We have previously demonstrated the ability of the pineal hormone melatonin (MLT) 

to inhibit the prolactin (PRL)- stimulated proliferation of hormonally-responsive MCF-

7 human breast cancer cells in monolayer culture. Under these culture conditions, the 

most potent inhibitory concentrations of MLT were within the normal nighttime 

physiological range (10-9 to 10-11 M). However, concentrations of MLT outside of 

this range were increasingly less effective. Similarly, other workers have also reported 

a similar dose-dependent inhibitory effect of MLT on the serum-dependent growth of 

these cells on monolayer culture (Hill et al., 1988). However, Cos and associates 

(1990) reported that the sensitivity of these cells to MLT was altered when the cells 

were grown as colonies in soft agar. 

In light of the importance the extracellular environment plays in the regulation of cell 

function and proliferation (Cos et al., 1990), we deemed it important to further 

examine the MLT anti-PRL phenomenon in MCF-7 human breast cancer cells grown 

under different culture conditions. In order to address this potentially important issue, 

we tested the effects of MLT and human PRL on MCF-7 cell growth in a soft agar 



107 

clonogenic assay which has been extensively used to study the effect of hormones and 

growth factors on tumor growth (Arafah et al., 1982, Fuller et al., 1982, Manni and 

Wright 1983). In this culture system, cells were grown as colonies in a semi-solid 

liquid as opposed to the anchorage-dependent substratum growth seen in a monolayer 

culture system. 

One of the advantages of this culture system over the monolayer culture system used 

previously by us, was that it selectively measured growth in cells having a high 

proliferative capacity, which may be more similar to tumor stem cell populations 

(Arafah et al., 1982). In addition, this system allows us the opportunity to examine the 

effects of MLT on anchorage-independent growth, which is a characteristic feature of 

metastasizing cells (Arafah et al., 1982). In addition, a stimulatory effect of PRL on 

the growth of rat mammary tumors in this culture system has already been 

demonstrated by Arafah et al. (1982). 

This study addressed the following questions: 1) Does PRL- stimulate MCF-7 cells 

to form colonies in soft agar? 2) If so, does MLT inhibit the promoting effect of PRL 

on growth under conditions in which the cells are not attached to a substratum? 3) Is 

there a change in the sensitivity of these cells to MLT under soft agar culture 

conditions, as indicated by a change in the dose-response profile of these cells to 

exogenously administered MLT. 

Materials and Methods 

Human MCF-7 breast cancer cells were obtained from Dr. Steven Hill, Tulane 
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University, New Orleans, Louisiana, at passage 30. 

The culture media, antibiotics, MLT, and media supplements: non essential amino 

acids, catalase, hydrocortisone, transferrin, ascorbic acid, insulin (100 ug/ml), 

asparagine and L-glutamine were purchased from Sigma Chemical Co. (St. Louis, 

MO.) Fetal bovine serum (FBS) and horse serum (HS) were purchased from Tissue 

Culture Biologicals (Tulare, Ca). Dextran T-70 was purchased from Pharmacia Fine 

Chemicals (piscataway NJ). Bacto agar was purchased from DIFCO Laboratories 

(Detroit, MI). Agarose, was purchased from FMC BioProducts (Rockland, ME) Falcon 

35 mm x 15 mm gritted dishes and 100 mm x 20 mm culture dishes were purchased 

from Fisher Scientific (pittsburgh, PA). Human prolactin (NIADDK- hPRL-I-6) was 

generously provided by Dr. Salvatore Raiti of the National Pituitary Program. 

Culture Methods 

MCF-7 cells were routinely subpassaged in DMEM plus 10% PBS and 2 % 

penicillin-streptomycin in T150 cm2 flasks. At least 4 days prior to their use in either 

the monolayer or soft agar assay system, the medium was changed to DMEM plus 5% 

CSS. For the experiments cells were harvested with PBS/EDTA, passed repeatedly 

through a 25-gauge needle to obtain a single cell suspension and counted on a 

hemacytometer. The appropriate density of cells was then added to each petri dish. Por 

the growth studies in monolayer culture, cells were seeded at a density of 3 x 105 cells 

per dish onto 100 mm x 20 mm dishes, then kept in a 37 0C humidified air 

environment. Twenty- four hour later, hormones were added and the cells were then 

incubated for 3 days. The cells were then harvesting and counted. Six plates per 
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treatment group were counted. The growth rate in each experimental plates in the 

monolayer culture system was calculated as follows: growth rate = no. cells counted 

on day 3 - no. cells initially seeded, divided by the no. of cells initially seeded. The 

growth rate for each treatment was expressed as a the mean (± SEM) percent of 

untreated control growth. Cell viability was determined by trypan blue exclusion to be 

> 90%. 

Soft Agar Techniques. The bilayer soft agar culture techniques were a modified from 

methods described by Hamburger and Salmon (1977), and Manni and Wright, 1983. 

Briefly, a single cell suspension of MCF-7 cells was mixed thoroughly with a 

suspension of enriched Dulbecco's modified Eagles medium (DMEM): DMEM 

containing 15% HS, insulin (2 units/ ml), ascorbic acid (0.3 mM), 1 % 

penicillin/streptomycin (10,000 units/ml), L- glutamine (4 mM), asparagine 

(O.4mg/ml), and 20 % tryptic soy broth plus a warm (40 0 C) 3% agar solution, to 

make a final concentration of agar in the upper plating medium of 0.5%). 1 ml of this 

suspension containing 10,000 cells / ml was added to each 35 mm x 15 mm culture 

dish, on top of a semisolid underlayer of DMEM containing 10% CSS, 5% horse 

serum, sodium pyruvate (0.20 %) and L-serine (0.4%) combined with a 20% tryptic 

soy broth and a 3 % agar solution at a final concentration of agar of 0.5 %. Melatonin 

and PRL were diluted in DMEM to the appropriate concentration (100X greater than 

the final dilution sought), 20 ul of hormone were added to each dish (n=6) 1-2 h 

following the addition of the upper plating medium, when the layer was still semi

liquid. The plates were kept at room temperature for an additional 30 min, then 
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transferred to a 37 °C humid atmosphere containing 5% C02. Because small cell 

clumps could be confused with colonies, within 4 h of plating, 1 plate from each 

treatment group was counted to obtain a background count for clumps. This value was 

subtracted from the total number of colonies found in each plate. 

Colony Counting. Twenty-four prior to colony counts, the cells were stained with 20 

ul of tetrazolium solution ( 2-iodopheny-3- nitophenyl-5-phenyl-tetrazolium chloride 

and then returned to the incubator. Colonies were counted on day 14 of the experiment 

with an inverted phase microscope. Half of the petri dish was inspected for colonies > 

50 urn in diameter (approximately 20 cells). Size of colonies was determined using a 

special eyepiece to measure colony size. The total number of colonies counted per dish 

x 2, minus the background count for clumps was recorded. 

Experiment 1. Human PRL (10, 50 or 100 ng) diluted in 20 ul of DMEM was added 

to cells embedded in a freshly made semi-solid bilayer of soft agar. Following a short 

incubation period at room temperature, the plates were placed in a incubator. Fourteen 

days later cells were stained, then counted. 

Experiment 2. Prolactin (100 ng) and/or MLT, at a 100 X concentration were diluted 

in 20 ul of DMEM and added to the freshly poured upper layer of soft agar containing 

MCF-7 cells, at room temperature. The final concentration of MLT in agar was 10-5, 

10-7 and 10-9 M. Cells were exposed to hormone(s) for 14 days then stained and 

counted. 



111 

Experiment 3. Melatonin and/or human PRL was added to dishes following the 

attachment of MCF-7 cells (24 hr after seeding). The cells were then incubated in the 

presence of hormone for 3 days at which time they were harvested and counted. 

Statistical analysis 

Mean(±) growth rate for hormone treated cells was expressed as a percent of the 

controls (100%). Statistical differences among mean values were determined by one 

way analysis of variance or Students t test. Differences between and among means were 

considered significant at p < 0.05. 

Results 

The number of MCF-7 cell colonies formed following a 14 day exposure to 

increasing concentrations of human PRL is depicted in figure 1., Exp. 1. Prolactin 

increased the total number of colonies formed as compared with untreated controls in a 

dose-dependent manner. Prolactin at a concentration of 50 ng or higher maximally

stimulated growth 25% above the level of control. However, when colonies were 

divided into categories based on size, no effect of PRL (100 ng) on the number of 

small to midsized colonies (50 urn - 175 urn) was seen and only a slight stimulatory 

effect was found with higher concentrations of PRL (50 ng and 100 ng). Conversely, 

PRL (100 ng) increased the number of large colonies (175 to 250 urn) 40% above the 

level of controls, while lower concentrations of PRL had no effect on colony number. 
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Less than 2 % of the colonies counted within each treatment group were greater than 

250 urn (not shown). The mean number of colonies formed in control dishes was 300. 

Melatonin, at each of the 3 concentrations tested, diminished the stimulatory effect of 

PRL (100 ng) on colony formation (fig. 2, Exp. 2). A supraphysiological concentration 

of MLT (10-5 M) was the most effective in reducing the number of colonies formed in 

the presence of PRL to almost 70% below the level found with PRL alone. However, 

ML T alone, at the same concentrations, increased the total number of colonies formed 

as compared to untreated controls by 1.7-, 1.35- and 1.45- fold respectively. The mean 

number of colonies formed in control dishes was 200. The initial seeding density was 

10,000 cells per In the third experiment, when MCF-7 cells were exposed for 3 days 

to PRL (100 ng) and MLT (10-9 M) either alone or in combination, in a monolayer 

culture system supplemented with 5 % CSS plus or minus 10 % HS, PRL significantly 

increased the proliferation of these cells by 1.5-fold in the absence of horse serum, and 

by 2.2- fold in its presence. In addition, MLT at concentrations of 10-5 M and 10-9 M 

diminished the mitogenic response to PRL regardless of the presence of horse serum. A 

physiological concentration of MLT was most effective in reducing growth, to levels 

equivalent to that of controls. However, just as was seen in the study above, MLT 

alone at the two concentrations tested, had a slight stimulatory effect on the growth of 

these cells in medium supplemented with 10% HS. However, no effect on growth was 

found in the absence of horse- serum. 
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Figure 1. Influence of increasing concentrations of human PRL on the number of 

small, large and total MCF-7 cell colonies formed in soft agar, following a 14-day 

incubation. Bars represent the mean(± SEM) number of colonies found in response to 

treatment. Abbreviations: P, human prolactin, C, untreated control. Graph is a 

representative of the findings of one of 2 independent but identical experiments, with 5 

plates per treatment group. * p < 0.05 versus untreated control. 
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Figure 2. The effect of decreasing concentrations of melatonin on the total number of 

colonies formed in soft agar in the presence and absence of prolactin. Bars represent 

the mean(±SEM) number of colonies counted per treatment after a 14 day exposure. 

Abbreviations: C, control; P, prolactin (100 ng); M, melatonin (10-9 M, 10-7 M or 

10-5 M). * P < 0.05 as compared to prolactin. 
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Figure 3. The effects of horse serum(HS) on melatonin-inhibited prolactin-stimulated 

MCF-7 cell growth in monolayer, following a 3 day incubation. Data represents the 

mean (±SEM) percent of untreated control growth from triplicate dishes. 

Abbreviations: C, untreated control, p, human prolactin (100 ng), M, melatonin (10-5 

M), m, melatonin (10-9 M). * P < 0.05 as compared with prolactin control. 
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Discussion 

Physiological concentrations of the pineal hormone MLT exert a potent inhibitory 

influence over the hormone-dependent growth of human MCF-7 breast cancer cells in 

vitro (Blask et al., 1986; Hill and Blask, 1988; Hill et al., 1992). Furthermore, we 

have demonstrated that MLT blocks the promotion of MCF-7 cell growth in monolayer 

culture by PRL and therefore have proposed a mechanism for MLT's oncostatic actions 

based, at least in part, on it's ability to antagonize PRL's mitogenic activity. However, 

the hormonal sensitivity of these breast cancer cells is highly dependent upon the 

particular culture conditions used (Page et al., 1983; Soto and Sonnenschein, 1984; 

Jozan et al., 1985; Van Der Burg et al., 1988). Therefore, we tested the effects of 

MLT on PRL-regulated breast cancer cell growth in a completely different in vitro 

culture system in which cells are grown in suspension rather than attached to a 

substratum. 

Prolactin at a dose of 100 ng per dish, modestly but significantly stimulated the mean 

number of MCF-7 cell colonies formed over a 14 day period by 25 % to 80 %, as 

compared with untreated controls. For example, in one study, PRL had an even greater 

effect on the number of "large sized" colonies (> than 175 urn). A physiological 

concentration of MLT (10-9 M) reduced the stimulatory effect of PRL on colony 

formation, and completely inhibited it's mitogenic effect on the growth of these cells in 

a monolayer culture system. However, a supraphysiologicallevel of MLT (10 -5 M) 

was more effective in inhibiting growth, indicating that the sensitivity of these cells to 



117 

MLT in soft agar was reduced. It is difficult to determine whether the decreased 

sensitivity to MLT in soft agar was due to a difference related to the anchorage

independent growth of these cells or alternatively, to distinct differences in the serum 

requirements for growth in these two culture systems. In order to address the potential 

role that serum played in the responsiveness of MCF-7 cells to MLT, we tested the 

effects of MLT plus PRL in monolayer culture in the presence of either 5 % CSS or 5 

% CSS plus 10 % HS (the serum condition used in the soft agar studies). Surprisingly, 

our preliminary data suggest that PRL elicits an even greater mitogenic response from 

MCF-7 cells in the presence of un-stripped HS indicating that HS contains either a 

permissive agent which increases PRL-induced growth and/or, an inhibitory constituent 

whose actions are overcome by PRL. 

Melatonin, at a physiological and supraphysiological concentration, greatly 

diminished PRL's mitogenic activity corroborating our earlier findings (Lemus-Wilson, 

1992). A physiological concentration of MLT (10-9 M), was more effective than was a 

higher dosage (10-5 M) in the absence ofHS (Lemus-Wilson et al., 1992), but they 

were equally effective in HS in the present study. More importantly, the effects of 

MLT alone, were significantly different in the presence of HS. Typically, MLT alone 

has no effect on the growth of these cell in monolayer culture in the presence of 5 % 

CSS serum (Chapter 3) however, in this study MLT had a slight (10-25%) stimulatory 

effect on growth in the presence of HS. 

These results indicate that at least some of the differences seen in the hormonal 

response to MLT in the soft agar culture system versus in the monolayer culture 

system, i.e., the stimulatory response seen with MLT by itself, may have been related 
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in part, to differences in the serum composition between these two culture systems, and 

further demonstrates the importance of culture conditions to the hormonal sensitivity of 

these cells. However, as of yet, we have not identified the critical factor(s) in HS 

responsible for these differences. 

One other potentially important factor, which was not addressed in this study, but 

could account for the decreased sensitivity to MLT in soft agar, may be a decrease in 

the cells access to hormone in soft agar due to the solid phase of the c1onogenic assay 

(Mrumi and Wright, 1981). Consequently, the amount of MLT actually reaching the 

cells may be somewhat less than the concentration added. Nevertheless, we have 

shown that MLT was consistently able to inhibit PRL's mitogenic effect on MCF-7 cell 

growth in monolayer culture under varying culture conditions, lending further support 

to the notion that MLT's oncostatic effect on breast cancer cell growth is due in part to 

an inhibition of PRL's mitogenic activity. Moreover, MLT's ability to inhibit colony 

formation in model of tumor stem cell growth, suggests that this endogenous hormone 

may potentially exert an inhibitory influence over the growth of breast tumor stem 

cells, as well as, the anchorage-independent growth of more progressive metastasizing 

breast cancer cells. 
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Chapter 6 

Possible Involvement of Polyamines in Melatonin's Inhibition of Prolactin-Stimulated 

MCF-7 Human Breast Cancer Cell Growth In Vitro. 

ABSTRACT 

The present study explored the possible involvement of polyamines in the cellular 

mechanism mediating melatonin's (MLT) inhibitory effect on prolactin (PRL)

stimulated MCF-7 human breast cancer cell growth on monolayer culture. Prolactin (20 

ng/ml) stimulated MCF-7 cell growth by 2-fold in the absence of MLT. This 

stimulation was dependent upon the integrity of the polyamine biosynthesis pathway. 

Prolactin in the presence of alpha difluoromethylornithine (DFMO, 0.1 mM), a suicide 

inhibitor of ornithine decarboxylase (ODC), the first and rate limiting enzyme in the 

synthesis of polyamines, had no effect on cell growth. Melatonin, at a physiologically 

relevant concentration, blocked the PRL-stimulated proliferation of these cells. 

However, in the presence of putrescine and spermine (0.1 uM), the inhibitory effects of 

either DFMO or MLT on PRL-stimulated growth were partially to almost completely 

reversed. However, the combination of putrescine and spermine alone had no effect on 

growth, indicating that polyamines are critical but probably not sufficient in mediating 

PRL's effect on growth. Interestingly, polyamines did not reverse the inhibitory effect 
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of MLT, in combination with DFMO, on PRL-stimulated growth, suggesting that 

either MLT or DFMO blocked the polyamine rescue of PRL's mitogenic activity. In 

addition, we found that the cells were resistant to the inhibitory effect of DFMO alone 

or in combination with PRL, on ODC activity following a 4 or 24 h incubation. In 

addition, 1 h measurements of ODe activity did not differ with exposure to either 

PRL, MLT or PRL plus MLT when compared to controls. Thus, MLT did not alter 

ODC and polyamine synthesis. The lack of responsiveness to DFMO and hormones 

may be related to the high endogenous levels of ODC found in these cells. 

Nevertheless, the lack of a noticeable change in ODC activity in cells treated with 

MLT, suggests that MLT's inhibitory effect on PRL-regulated MCF-7 cell growth was 

not due to an DOC-regulated depletion in intracellular polyamine pools. However, the 

fact that polyamines rescued cells from the growth inhibitory effect of MLT implies an 

important inhibitory interaction between this hormone and some aspect of the 

polyamine second messenger system, possibly at the level of polyamine action. 

Moreover, MLT may inhibit the polyamine rescue of PRL's mitogenic activity in the 

presence of DFMO, by blocking the actions of the polyamines. 

INTRODUCTION 

A substantial amount of experimental evidence indicates that the pineal hormone 

melatonin (MLT) is an important neuroendocrine modulator of neoplastic growth, 

particularly, of hormone-dependent breast cancer (Blask, 1984; 1993). 
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Earlier studies that were performed in vitro with MCF-7 human breast cancer cells, 

indicated that MLT's direct oncostatic activity was related to an antagonism of the 

actions of endogenous tumor promoting mitogens, such as estrogen and estrogen

induced growth factors (Blask and Hill, 1986; Hill et al., 1988, 1992; Cos et al., 

1991). 

More recently, we have shown a MLT antagonism of the growth promoting actions 

of the tumor-promoting polypeptide hormone prolactin (PRL)( Lemus- Wilson et al., 

1992). In our studies, MLT, alt physiological concentrations, completely inhibited the 

prolactin (PRL)- regulated proliferation of MCF-7 human breast cancer cells in the 

presence of bovine lactogen deficient charcoal-stripped serum (CSS). However, the 

cellular mechanism for MLT's observed anti-PRL activity was not addressed in these 

studies, in part, because very little is known about the nature of PRL's growth signal 

(Kelly et al., 1991). 

At least one important aspect of PRL's signal transduction pathway known, also 

shared by estrogen, involves the production of polyamines, small poly-cationic 

substances which can interact with DNA, RNA and phospolipids and are produced 

during protein synthesis and proliferation (Janne et al., 1978; Pegg and McCann, 1982; 

Tabor and Tabor, 1984). 

Polyamines are important intracellular mediators of PRL's mitogenic activity in both 

normal and malignant tissues (Manni and Wright, 1985; Rillema and Whale, 1988). 

Although polyamines probably do not themselves initiate all of the actions of PRL, they 

are however important participates in many of the sustained responses to PRL, 

including the mitogenic responses to PRL in both normal and malignant mammary 
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tissue. 

Buckley and coworkers (1986) demonstrated that the mitogenic activity of PRL and 

growth hormone (GH) on experimentally-induced rat mammary tumors and on PRL

dependent NB2 lymphoma cells grown in vitro was blocked with 

difluoromethylornithine (DFMO), a synthetic, irreversible inhibitor of ornithine 

decarboxylase (ODC), the rate -limiting enzyme in the biosynthesis of polyamines. 

Additionally, they showed that exogenously administered polyamines could reverse the 

inhibitory effect of DFMO and restore the mitogenic activity of PRL and GH. In a 

later study, the same workers reported that polyamines were essential for the colony

stimulating effect of both PRL- and estradiol-induced autocrine growth factors (Manni 

and Wright, 1984, Lima and Shui, 1985, Manni et al., 1986). Although, polyamines 

by themselves did not elicit a mitogenic response from mammary tumor cells in these 

studies, they were able to potentiate the mitogenic activity of PRL- induced autocrine 

growth factors (Manni, et al., 1985). 

These studies strongly suggest the possibility that polyamines may be intracellular 

mediators of PRL's mitogenic activity in human breast cancer cells as well. This idea is 

further supported by the observation that PRL induces both ODC and cellular 

replication in breast tissue explants (Buckeley, et al., 1986) and from the clinical 

finding that elevated ODC was correlated with both hyperprolactenemia and a worst

case prognosis in patients with breast cancer (Glickman, et al., 1987). 

Based on the fundamental role polyamines play in mediating the mitogenic responses 

to PRL in normal and in malignant mammary tissues, we have postulated a cellular 

mechanism for MLT's anti-PRL activity in MCF-7 cells involving a negative 
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interaction between MLT and PRL-induced polyamine synthesis and or activity. 

Furthermore, MLT inhibits the mitogenic response of MCF-7 human breast cancer 

cells to both estrogen and PRL, which may support the growth of hormone-responsive 

breast cancer cells through a similar polyamine-dependent pathway (Manni et al., 

1985). Thus, a MLT inhibition of polyamine synthesis or activity may represent a final 

common pathway in hormone-stimulated growth that is targeted by MLT. Moreover, 

the removal of the pineal and hence MLT, influences ODC activity in a wide range of 

tissues (Fraschini et al., 1980) 

To address the hypothesis that MLT inhibits PRL-stimulated growth of human 

MCF-7 breast cancer cells through a negative interaction with polyamines, we first 

tested whether or not polyamine synthesis was required by PRL for itls mitogenic 

activity in MCF-7 cells, by observing the effects of PRL on the proliferation of these 

cells in the presence or absence of DFMO as well as in the presence of DFMO plus 

polyamines. We also tested whether or not polyamines could reverse the inhibitory 

effects of physiological levels of MLT on PRL-stimulated MCF-7 cell growth. Finally, 

we determined whether MLT by itself, or in combination with PRL, could inhibit 

polyamine synthesis, as indicated by a change in the activity of ODC in these cells. 

MATERIALS AND METHODS 

Human Breast Cancer Cells 

The human MCF-7 breast cancer cell line was obtained from Dr. Steven Hill, Tulane 
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University, School of Medicine, New Orleans, Louisiana, at passage 30. 

Culture Materials Honnones and Drugs 

Dulbecco's modified Eagles medium (DMEM), antibiotics and trypan blue, were 

purchased from GIBCO (Grand Island, NY). Fetal bovine serum (FBS) was purchased 

from Tissue Culture Biologicals (Tulare, CA). Dextran T-70 was purchased from 

Pharmacia Fine Chemicals (piscataway, NJ). Falcon 60 mm X 15 mm culture dishes 

were obtained from Fisher Scientific (pittsburgh, PA). Melatonin was purchased from 

Sigma Chemical Co.(St. Louis, MO). 

On experimental day 0, MLT was dissolved in ethanol at a 0.1 mM concentration 

then diluted in culture dishes to the final concentration to be tested. The final 

concentration of ethanol in the growth medium was 0.0001 % or less. The Marion 

Merell Dowell Research Institute, Merell Dowell Pharmaceuticals Inc. (Cincinnati, 

OH) kindly provide the DFMO. Human PRL (NIADDK-hPRL-1-6) was generously 

provided by Dr. Salvatore Raiti of the National Pituitary Hormone Program. The 

concentration of PRL used, 20 ng/ml is within the normal physiological range and was 

determined previously to be the most potent growth-promoting dose in MCF-7 cells. 

The polyamines, putrescine and spermine were purchased from Sigma Chemical CO. 

(St. Louis, MO) and were used at a concentration of 0.1 uM each. We determined that 

this concentration was the highest level of polyamines that could be used without 

having a cytotoxic effect. Radiolabled ornithine (NEC-71O ornithine, L-[1-14C]) was 

purchased from New England Nuclear (NEN) Research Products (Boston, MA). L-
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were purchased from Sigma Chemical Co. (St. Louis, MO). 

Culture Conditions for Growth Experiments 
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MCF-7 cells were maintained in T175 cm2 flasks and routinely subpassaged in 

DMEM supplemented with 10% FBS, penicillin (200 U/ml), and streptomycin (2oo 

U/ml), at 37 0C in a humid atmosphere containing 5% C02. Four days prior to the 

experiments, the media were changed to DMEM plus 5 % charcoal-stripped serum 

(CSS) to remove endogenous bovine lactogens from the culture system. For the 

experiments, subconfluent flasks of cells were harvested using a 0.1 mM PBS I 2 % 

wt. vol EDT A solution. The cells were then passaged through a 25-gauge syringe to 

obtain a single cell suspension, counted with a hemacytometer, and reseeded on to 60 

mm x 15 mm culture dishes at a density of 3 x 105 cell per dish (3-5 dishes per 

treatment group). Twenty-four hr later, following the attachment of cells, hormones 

andlor DFMO were added to the appropriate dishes. Cells were harvested following a 

3-day exposure to hormone or drugs, and then counted on a hemacytometer. Cell 

viability (> 90%) was determined by trypan-blue exclusion. The growth experiment 

was performed three times. The growth rate in each of the dishes was determined by 

the following calculation: growth rate =[ no. of cells seeded per dish at to minus the 

no. cells counted at tnl % no. cells at to. Where t = the time of incubation, n = 3 

days. 
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Preparation of Charcoal-Stripped Serum (CSS). 

A modification of the charcoal-stripping methods of Shui and Lima (1985) was used 

in the present study. Briefly, Norit A charcoal was repeatedly washed, first with I M 

HCL, then with phosphate buffered saline containing 1 mg/ml of Dextran T-70 pH 7.2. 

The charcoal suspension was then dried in an oven overnight and 25 mg of dextran

coated charcoal was added to 500 ml FBS at 56 °C for 30 min. This suspension was 

then centrifuged at 100,000 x g for 45 min, and pre-filtered through a millipore glass 

fiber filter. The serum was then re-exposed to dextran-coated charcoal for one to two 

additional cycles in order to further reduce itls lactogen content. Stripped- serum was 

then sterilized with a 0.22 urn Millipore filter and stored at -20 0C until use. A single 

stripping cycle was 90% efficient at removing bovine lactogens and 83% efficient at 

removing estrogens as was determined by radio immunoassay. 

Measurement of ODC Activity 

Cells were prepared for the ODC experiments as described for the growth studies 

above, however, the cells were plated onto 100 mm x 20 mm culture dishes at a density 

of either 5 x 105 or I x 106 cells per dish with 5 to 7 dishes per treatment group. Four 

and 24 hr following the addition of hormone or equivalent amounts of fresh media, the 

cells were harvested on ice using a cell scraper and ice cold PBS. Cell suspensions 

were centrifuged at 800 x g for 15 min (4 0C). The cell pellets were then re suspended 

in 200 ul of buffer containing 0.1 mM EDTA, 2mM dithiothereital (DTT) and 5 mM 

NaH2P04, pH 7.4, and stored at -80 0C until the time of assay « 3 weeks). In 
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addition, two plates from each treatment group were harvested with PBS/EDTA and 

counted on a hemacytometer. At the time of assay, the cell suspensions were thawed 

and sonicated for 25 s. The celllysates were then centrifuged at 100,000 g for 30 min 

using an ultra-air centrifuge. Enzyme activity was determined in the cytosolic fraction 

by a slight modification of the methods of Pegg et al.(1988). Briefly, the reaction was 

initiated by adding 100 ul of cytosol to a centrifuge tube containing 100 ul of 

incubation buffer (0.8 mM pyridoxal-5'-phosphate, 5 mM DTT, 0.8 mM I-ornithine 

and 0.2 uCi L-[14C]ornithine in a 100 mM Tris-HCL, pH 7.0). The vessels were then 

capped with rubber stoppers containing center wells with 150 ul of phenethylamine. 

The tubes were placed in a shaker water bath at 37 0C for 1 hr. The reaction was 

stopped by injecting 300 ul of 40% trichloroacetic acid through the rubber stoppers 

directly into the reaction mixture. The incubation was then continued for 30 mins, then 

the solution from the center wells was transferred into polystyrene vials containing 2.5 

ml of biosafe scintillation fluid. ODC activity was expressed in pmol C~I hr. Data 

points represent the mean (±SEM) percent of control ODC activity from three 

independent studies. The additional 100 ul of cell lysate were saved for protein analysis 

using a Bio-Rad protein assay kit (Bio- Rad Lab, Richmond, CA) with a bovine plasma 

albumen standard. 

Statistical Analysis 

Mean(± SEM) growth rate (or ODC activity) for hormone treated cells was 

expressed as a percent of the controls (100%). Statistical differences among mean 
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values were determined by one way analysis of variance or Student's t test. Differences 

between mean values were considered significant at p<0.05. Data presented is 

representative of the mean values from three independent studies each with three to five 

samples per treatment. 

RESULTS 

As shown in figure 1., a physiological concentration of human PRL (20 ng/ml) 

significantly (p < 0.001) increased MCF-7 cell growth by greater than 2.0 fold as 

compared with untreated controls following a 3-day incubation period. However, 

growth in cells treated with PRL, in combination with either MLT (10-9 M) or DFMO 

(0.1 mM), was greatly and highly significantly reduced by 100 % (p<0.001), and 115 

% (p < 0.001), respectively, to levels equivalent with that of untreated controls. The 

combination of polyamines (putrescine and spermine), at a concentration of 0.1 uM, 

had no effect on growth. Conversely, the growth of cells treated with polyamines and 

PRL in combination with DFMO, was partially restored to a level midway between that 

seen in both untreated and PRL-treated controls. Growth in cells treated with 

polyamines, PRL and MLT was almost completely restored to the levels of PRL

treated controls (1.85 fold greater than untreated controls). In the polyamine, PRL, 

MLT plus DFMO treatment group, growth was equivalent to that of untreated controls. 

Neither, MLT nor DFMO alone had any effect on growth (data not shown for DFMO). 

Figure 2. Shows the early effects of PRL, alone or in the presence of either MLT or 

DFMO, on MCF-7 cell ODC activity following a 45 min incubation period. Prolactin 

alone or in combination with either MLT or DFMO, had no significant effect on ODe 
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at this time. In addition, neither MLT, PRL nor DFMO (not shown) by itself, had any 

effect on ODC following a 4 hr incubation period as compared to controls (Fig. 3). 

However, MLT plus PRL caused a slight, albeit not statistically significant, increase in 

ODC levels at this time point. 

The control levels of ODC activity found after 45 min or four hr exposure was equal 

(2.5 pmolesl h). This level of activity was substantially lower than the levels found at 

24 hr (19 pmoles/hr) of treatment (Fig. 4). This observation corroborated with an 

earlier report that ODC levels peaked around 24 hr in MCF-7 cells (Lima and Shui, 

1985). No significant difference was observed in the number of cells or the protein 

content between the experimental treatment groups and controls at 45 min, 4 or 24 hr 

(not shown).Because the final outcome of the studies was not different when ODC 

values were based on cell numbers or protein content at these early time-points, the 

data was not normalized with respect to either of these two parameters in these three 

studies. An illustration of this point with respect to the normalization of data based on 

protein content is shown in Table 1. 

Despite the fact that ODC levels had peaked at 24 hr, neither human PRL (20 ng/ml) 

gnor MLT (10- 9M) had any observable effect on ODC activity as compared to 

controls following a 24 hr exposure to hormone (Fig. 4). However, the ODC levels in 

cells treated with the combination of PRL with MLT were slightly, but not 

significantly, lower than the levels observed with PRL treatment alone. Similarly, the 

mean levels of ODC activity in cells exposed to PRL in combination with the ODC 

inhibitor, DFMO, were not significantly less than that found in PRL treated or 

untreated controls, although a substantial highly significantly difference was seen in one 
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of the two replications of this experiment (Fig. 6). No significant effect of these 

hormones or DFMO on 1 h ODe measurements was observed with longer incubation 

periods, i.e., 48 hr (Fig. 5) or 72 hr (data not shown). However, as was seen at 4 hr 

(fig. 3) the combination of MLT plus PRL actually increased, but not significantly, 

ODe activity as compared to untreated and PRL-treated controls following a 48 hr 

incubation period. The low level of ODe activity measured at 48 hr was almost equal 

to that seen at 45 min and at 4 hr. The amount of ODe activity found in each of the 

treatment groups at the 48 hr time-point was normalized based on the mg protein per 

dish, due to differences in cell number between the treatment groups at this time. 
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Figure 1. Polyamine rescue of the mitogenic response to PRL in the presence of MLT 

or DFMO. The effect of MLT (10-9 M) in combination with PRL (20 ng/ml), in the 

presence and absence of exogenously added polyamines, putrescine (0.1 uM) and 

spermine (0.1 uM) or DFMO (0.1 mM) on MCF-7 cell growth following a 3-day 

incubation period are shown. The rate of growth in each treatment group was 

determined as described in the Materials and Methods. The bars represent the mean 

(±SEM) percent of control growth in 5 dishes. Abbreviations: P, human PRL, M, 

MLT, D, DFMO, PA, polyamines (putrescine and spermine). * p<0.05 versus PRL 

treatement, *p < 0.005 versus PRL-treated cells. 
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Figure 2. Effects of human PRL (20 ng/ml) plus or minus either MLT (10-9 M) or 

DFMO (0.1 mM) on mean ODC activity in equivelant numbers of MCF-7 cells 

following a 45 min incubation period with hormone and or DFMO. Data bars represent 

the average (±. SEM) percent of control ODC activity (2.5 pmoles 14C02 I h) from 3 

independent experiments. Abbreviations: C, untreated control, P, human prolactin, M, 

melatonin, D, DFMO. No significant differences were observed among treatment 

groups. 
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Figure 3. The effects of prolactin plus or minus either MLT (10-9 M) or DFMO (0.1 

mM) on MCF-7 cell ODC activity following a 4 hr incubation period with hormone 

and or DFMO. Data bars represent the average (± SEM) percent of control ODC 

activity (2.5 pmoles 14C02 I h) from 3 independent experiments. Abbreviations: C, 

untreated control, P, human prolactin, M, MLT, D, DFMO. No significant 

differences were observed among treatment groups. 
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Figure 4. Effects of prolactin either alone or in combination with MLT or DFMO on 

ODC activity in MCF-7 cells following a 24 hr incubation period. Abbreviations: C, 

untreated controls; P, human prolactin (20 ng/ml); M, MLT (10-9 M); DFMO, 

difluoromethylornithine (0.01 mM). Bars represent the mean (±SEM) percent of 

control ODC activity (19 p moles14C~ I h) from three independent experiments each 

having a n value of 5. No significant differences were observed among any treatment 

group. 
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Figure 5. Effects of prolactin and/or MLT on ODC activity in MCF-7 cells following a 

48 hr incubation period. ODC activity was nonnalized based on mg of protein. Bars 

represent thl':. mean (±SEM) percent of control ODC activity from two independent 

experiments with triplicate dishes. Abbreviations: C, untreated control, P, human 

prolactin (20 ng/ml), M, MLT (10-9 M). No significant differences were found among 

treatment groups. 
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Figure 6. The inhibitory effect of DFMO in combination with prolactin on ODe 

activity in MCF-7 cells, following a 24 hr incubation period. Also shown is the effect 

of MLT and lor prolactin on ODe. Data bars represent the mean (+ SEM) percent of 

control ODe activity from 5 plates per treatment. Abbreviations; C, untreated control, 

P, human prolactin (20 ng/ml), M, MLT (10-9 M), DFMO, difluoromethylomithine 

(0.01 uM) *p < 0.05 versus PRL treated control. 
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Table 1. Comparison of ODe Activity in MCF-7 Cells Exposed to Various Hormones 

for 24 h. (values based on the pmoles of C02/ h or the pmoles C02/h / unit protein). 

MeanODC 
(pmoleslb) 

Control 225 

Prolactin 270 

Prolactin/ 265 
Melatonin 

Melatonin 210 

Ilg protein 
(100 J.11) 

0.72 

0.69 

0.90 

0.76 

pmoles ODC! 
Ilg protein 

3.13 

3.91 

2.94 

2.76 

% Control ODC 
(pmoles) 

100 ± 13 

%Control ODC 
(pmoles!llg protein) 

100 ± 12 

120 ± 10 126 ± 25 

118±7 95 ± 12 

93.8 88 ± 10 

* The mean value between groups were not significantly different from that of 
controls 

Also shown is the mean (± SEM) percent of control ODC activity in each group 
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Discussion 

Our results show that as predicted polyamines were essential for the PRL-stimulated 

proliferation of MCF-7 human breast cancer cell in a monolayer culture system since 

incubation of these cells with human PRL, at a concentration which has previously 

been shown to maximally stimulate growth, and DFMO, resulted in growth levels 

equivalent to that seen in the absence of the mitogen. Moreover, exogenously 

administered putrescine and spermine substantially reversed the growth inhibitory effect 

of DFMO. However, the polyamines, by themselves, did not stimulate growth. In 

confirmation of the findings of Glickman et al. (1990), DFMO alone, at the 

concentration used in these studies, had no effect on growth, further indicating that it's 

inhibitory effect in the presence of PRL was related to a disruption in the synthesis of 

polyamines, potential intracellular mediators of PRL's actions. Interestingly, DFMO's 

ability to lower polyamine pools and reduce growth in these cells was previously 

reported to be substantially greater in the presence of a mitogen (Glickman et al., 

1990). While a specific induction in intracellular polyamines by PRL was not measured 

in this study, the observations with the inhibitor DFMO and with DFMO plus an 

exogenous source of polyamines, indicate that the polyamine synthesis pathway is 

essential to PRL's mitogenic activity in these cells. This notion is further supported, 

indirectly, by the earlier observations of Manni and associates (1985, 1986), that 

polyamines were required for PRL's growth promoting effects on NMU-induced 

mammary tumors, and by the same observation made by Buckeley et al. in rat NB2 
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PRL-dependent lymphoma cells. In these studies, like our own, polyamines, by 

themselves, were unable to mimic the mitogenic effect of PRL, but could restore PRL's 

activity in the presence ofDFMO. Similarly, in the present study, polyamines almost 

completely rescued MCF-7 breast cancer cells from the oncostatic effects MLT in the 

presence of human PRL. Growth in cells treated with this combination was increased 

1.85-fold above the levels of untreated controls as compared with a 2.2-fold increase 

seen with PRL alone. Corroborating an earlier study (Lemus-Wilson et al., 1992), we 

found that MLT in the absence of polyamines, completely blocked PRL's 2.2-fold 

stimulation in MCF-7 cell growth reducing growth to levels observed in the absence of 

mitogen. Consistent with the reports of MLT's serum dependency (Blask and Hill, 

1986) we found that MLT alone, just like DFMO by itself (data not shown), had no 

effect on growth. 

The observation that polyamines could "rescue" cells from the inhibitory effects of 

MLT strongly suggests that like DFMO, MLT's inhibitory effects are related in some 

way to a change in polyamine, via either their synthesis or actions. However, 

polyamines were unable to reverse the inhibitory effect of MLT on PRL-stimulated 

proliferation in the presence of DFMO. Although, the reason for this is unclear, it 

could potentially reflect a MLT inhibition of the polyamine rescue of DFMO, or 

conversely, a DFMO blockade of the polyamine rescue of MLT-inhibited growth. 

Based on the similarities in the actions of MLT and DFMO on MCF-7 cell growth in 

the presence and absence of either PRL and or polyamines, we deemed it important to 

test the tantalizing possibility that MLT's anti-PRL activity in MCF-7 cells, like that of 

DFMO, was due to a suppression of PRL-induced ODC. However, we were unable to 
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see an inhibitory effect of MLT on ODC activity in cells that had been incubated in the 

presence of hormone for 4 or 24 hr. In addition, we did not detect a significant 

difference in ODC levels, under these particular experimental conditions, with either of 

these two hormones following longer exposure periods of 48 and 72 hr, or with a 

shorter exposure period, less than a 1 h. We also were unable to demonstrate a 

significant induction in ODC with PRL. However, this observation was not so unusual 

in light of a previous report that estrogen's mitogenic activity in MCF-7 cells was 

dependent upon the integrity of the polyamine path even though an induction in ODC 

was not seen. The lack of ODC induction was related to the already elevated basal 

levels of ODC peculiar to these cells. We also found elevated basal ODC activity that 

was substantially higher than that reported in other breast cancer cell lines under similar 

culture conditions. However, are inability to consistently demonstrate a significant 

inhibitory effect of DFMO (0.1 mM) in combination with PRL was curious since other 

workers have shown a clear inhibitory effect of DFMO on ODC activity in these cells. 

We did however, observe a significant 90% reduction in ODC activity as compared 

with untreated controls in one of the three experiments. 

Our preliminary findings indicate that MLT does not inhibit the activity of ODe in 

these cells, and therefore, a MLT induced reduction in polyamines is not a likely 

mechanism for MLT's antiPRL anti-cancer effects. Nevertheless, the growth studies 

demonstrating a polyamine reversal of MLT's inhibitory effect on PRL-stimulated 

MCF-7 cell growth and the observation that PRL's mitogenic activity was dependent 

upon the integrity of the polyamine pathway, together, clearly implicate an involvement 

of polyamines as an important aspect of MLT's anti-PRL activity. Whether, MLT 



alters the actions of polyamines or somehow changes the ratio of individual 

polyamines, i.e., the ratio of spermine to spermidine which controls proliferation, 

remains to be tested. 
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Chapter 7 

Discussion 

The data presented in this dissertation clearly shows that MLT can block the 

mitogenic action of PRL on human breast cancer cells. Therefore, MLT's inhibitory 

influence on the proliferation of breast cancer cells can be partially attributed to it's 

ability to antagonize the mitogenic actions of naturally-occurring tumor-promoting 

hormones like PRL. Although the precise role of PRL in the etiology of human breast 

cancer is unclear, it has been shown to promote the growth of human tumor explants 

(Ben-Jonathen, 1985) and cells derived from patients with breast neoplasms(Shafie et 

al., 1981; Biswas and Vonderhaar, 1987).The antagonistic interaction between these 

hormones in breast cancer cells may reflect a cellular interaction between these two 

neurohormones at some point during normal mammary gland development since both 

hormones have been implicated in the control of this process (Rosen et al, 1980; 

Sanchez-Barcello et al., 1990). 

The studies "herein confirm previous reports that MLT inhibits the proliferation of 

ER- + human breast cancer ceUs in culture (Hill and Blask, 1986; Hill and Blask, 

1988; Cos et al., 1990; Hill et al., 1992). Moreover, the greater effectiveness ofMLT 

at levels within the normal nighttime physiological range is in good agreement with 

similar data reported by Hill and Blask (1986). These doses completely blocked PRL's 

2-fold stimulation of cell growth, reducing growth to levels at or below that of 



controls. Concentrations of MLT outside this range were for the most part less 

effective. 
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The apparent discrepancies between the present investigation and earlier studies (Hill 

et al, 1991) with respect to the sensitivity of ER- HS578T cells to MLT may be 

attributed to differences in the culture conditions (10% FBS supplemented medium 

versus 5% CSS containing medium). The lack of sensitivity in BT20 ER- cells to MLT 

was common to both studies, and supports the idea that these cells are less dependent 

upon hormones. The demonstration of a mitogenic response in ER - (HS578T) cells to 

a physiological concentration of PRL, is the first of itl s kind, and indicates that at least 

some ERlPgR- breast tumors are still hormone (PRL)-dependent and would therefore 

be potentially good candidates for endocrine therapy. A table summarizing the effects 

of MLT on PRL-stimulated proliferation of these and other human breast cancer cells 

is found at the end of this chapter. 

The change in the sensitivity of MCF-7 cells to MLT under anchorage-independent 

growth conditions was generally in agreement with an earlier report by Cos et al. 

(1990). However, it is impossible to determine whether the reduced sensitivity to MLT 

was due to differences in the growth conditions in this assay system, as suggested in the 

earlier study, or to reduced access to hormone in agar. The problem of hormone access 

was previously described to explain the decreased sensitivity to E2 in mammary tumor 

cells grown under soft-agar culture conditions (Manni and Wright, 1981). This may be 

particularly relevant in the present study since hormone was added only to the upper 

agar layer of the bilayer. In any case, the inhibitory effect of MLT on PRL-stimulated 

growth was preserved under soft-agar conditions. Because these growth conditions are a 



model for tumor stem cell proliferation and also for the growth of metastasizing 

cells(Arafah et al., 1982) These findings favor a MLT influence on the growth of 

tumor stem cells as well as more advanced metastasizing cells. 
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The results of this dissertation also confirm the findings of Biswas and Vonderhaar 

(1987) with respect to the stimulatory effect of PRL on the proliferation of ER + breast 

cancer cells. In these studies, human PRL (at concentration ranging from 10-200 ng per 

ml) significantly-increased the proliferation of these cells in the presence of lactogen

deficient FBS. The maximum-growth response (2-fold higher than that of untreated 

controls) was observed with a physiological level of PRL (20 ng/ml) in MCF-7 cells, 

and with a higher dose (50 ng/ml) in ZR75-1 cells, following a three day incubation 

period. In earlier studies (Biswas and Vonderhaar, 1987; Vonderhaar and Biswas, 

1987), higher dosages of PRL were necessary in order to achieve a maximal 

enhancement of proliferation indicating that the cells used by the author are more 

sensitive to PRL. On the other hand, the maximum level of stimulation achieved in the 

present studies was less than that reported earlier by Biswas and Vonderhaar (1987) in 

the same cell types and under similar culture conditions. This could be attributed to 

differences in the efficiency of the charcoal-stripping procedure used to deplete the 

FBS of lactogens and other mitogens in the two investigations since under more 

rigorous mitogen-free conditions (Le., under phenol red-free, steroid and lactogen

deficient conditions) the author achieved much higher levels of growth stimulation with 

PRL. 

Interestingly, the inhibitory effect of MLT on ER + breast cancer cells was equal to 

that seen with tamoxifen, an antiestrogen/anti-PRL agent used in the treatment of breast 
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cancer (Vonderhaar and BabeIjee, 1991), suggesting the possibility for a shared mode 

of action. However, the demonstration of MLT's activity in tamoxifen-resistant ER

cells seems to negate this possibility. 

Several different mouse Mabs were tested for their ability to mimic the actions of 

PRL. In agreement with their reported mitogenic activity in rabbit mammary tissue and 

NB2 lymphoma cells (Eldberg et al., 1988) the Mabs enhanced the rate of MCF-7 cell 

growth above that of controls. The Mab designated Tl, which recognizes the ligand 

binding domain, was generally the most effective stimulator of growth by increasing 

the rate to levels within the range typically seen with the native ligand (between 1.5-

and 2.2-fold as compared to controls). The other Mabs tested (T6, U5, U6 and E21), 

which recognize either the ligand binding site or a completely different epitope of the 

PRLR, also elicited a mitogenic response from the MCF-7 cells but to a lesser extent 

than did Tl or PRL. The nonspecific mouse or rabbit IgG control had no effect on cell 

growth indicating that the Mab' s mitogenic activities were due to a specific interaction 

with the PRLR, rather than to some nonspecific cellular effect. Bovine PRL, which acts 

like a PRLR antagonist in these cells (Biswas and Vonderhaar, 1987) blocked the 

mitogenic activity of Mabs in a dose-dependent manner. These results indicate the 

PRLRs in human breast cancer cells are homologous to the receptors found in other 

species and tissues which is consistent with it's highly conserved nature ( Kelly et al., 

1991). 

The demonstration of a MLT-inhibition of the Mabs/ PRLR-mediated growth signal 

helps confirm the apparent anti-PRL activity of this hormone. Melatonin's ability to 

block the mitogenic activity of hGH, which like the Mabs stimulates the proliferation 
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of these cells via an interaction with the PRLR (Biswas and Vonderhaar, 1987), lends 

additional support to this notion. 

Variations in MLT's ability to block Mab-stimulated growth were noted, particularly 

when a second CLA was present. These variations may have been due to differences in 

the binding properties of the Mabs and lor their ability to induce dimerization. For 

example, MLT was unable to block the marked mitogenic activity of Mab U6 at the 

dose typically used to induce growth when a second CLA was present, but it had not 

trouble blocking the activity of this Mab by itself, or when a lower dose of Mab was 

used in combination with the CLA. One potential explanation for this observation is 

that MLT was unable to interact with the PRLR due to the sheer bulkiness of U6-

CLA dimers. The greater bulkiness of this group might be predicted based on the 

knowledge that U6 activates the PRLR by sterically hindering the movement of the 

membrane bound receptor ( Eldberg, et al., 1990). If MLT's ability to block the 

actions of the Mabs is influenced by its particular binding characteristics, as the studies 

with U6 seem to indicate, this would lend indirect support to the notion of a MLT

PRLR interaction. Unfortunately, these studies by themselves do not allow us to 

distinguish between this possibility and a MLT interaction at some post receptor site. 

These studies also emphasize the importance of dimerization to PRL' s actions in 

breast cancer cells. The stimulatory effects of CLA were presumably due to it's ability 

to facilitate PRLR dimerization or oligomerization, an obligatory step in PRL's signal 

transduction pathway (Eldberg, et al., 1990). The CLA not only enhanced the 

mitogenic activity of each of the Mabs tested but also, diminished the differences 

among the Mabs in terms of their mitogenic activity. This observation is consistent with 
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earlier findings in NB2 cells which indicated that the mitogenic potential of the Mabs 

was linked to their ability to induce dimerization (Eldberg, et al, 1990). Thus, MLT 

could potentially block the actions of PRL by somehow inhibiting the dimerization 

process since some antihormones are known to work through an inhibitory effect on 

receptor dimerization (Em mas et al., 1992). Thus, the feasibility of a MLT-anti

dimerization mechanism warrants further consideration in future investigations. 

The task of uncovering the mechanism responsible for MLT's anti-PRL activity is a 

particularly challenging one in view of the limited amount of information available 

regarding PRL's signal transduction pathway(s) (Kelly et al., 1992). Despite the fact 

that an enormous number of diverse biological functions have been documented for 

PRL, including an involvement in water and electrolyte balance, immune function, 

mammary gland development and lactation in numerous species ranging from lower 

invertebrates to mammals (Meites, 1988), many questions still remain with respect to 

the cellular events following the binding of PRL to its cell surface receptor. 

Kelly and colleagues (1991) introduced the concept that each of PRL's biological 

activities may be linked to a separate signaling mechanism. This idea was proposed to 

account for the fact that after years of research no single, unequivocal mechanism for 

PRL's action has been found. However, the difficulty may not lie with the existence of 

different cell specific signaling pathways as much as with the complexity of PRL's 

message. For instance, effects of PRL on small cation exchange enzymes such as Na + / 

K + A TPases, Na + / H + exchange ATPases (Too et al., 1987) and Ca + + ATPpases 

have all been noted early on in the cells response to PRL (Buckley et al., 1986). 

Prolactin has been found to have effects on cyclic nucleotides, Ca + + channels, 
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polyamines, phospholipases and protein kinase C (in review, Frawley et al., 1990). 

The importance of these systems was determined by experimentally manipulating the 

individual systems and then observing changes in the cellular response to PRL. For 

example, the calcium channel blocker verapamil (Buckley et al., 1986) the CAM 

antagonist W13 (Bolander, 1985) and the Ca++-chelator EGTA (Rillema, 1980), 

have all been shown to block PRL' s stimulatory effect on intracellular Ca + + levels as 

well as the synthesis of RNA and casein. These data indicate that intracellular calcium 

concentrations are required for PRL' s actions. Similar conclusions were drawn about 

the importance of sodium and potassium concentrations after using a pharmacological 

approach to block PRL's stimulatory effect on Na +/ K+ ATPase, which increases the 

concentration of intracellular sodium and causes a efflux of potassium (Rillema, 1980). 

Arachadonic acid , prostaglandins and leukotrienes have also been implicated in the 

PRL response through similar techniques (Rillema and Wild, 1977; Rillema et al., 

1983). In fact, unlike small ions which are required for PRL's actions but are not 

sufficient in themselves to mimic PRL' s actions, arachadonic acid and some 

prostaglandins actually have some PRL-like effects in mammary tissue.(Rillema, 

1980). 

Changes in cyclic nucleotides also participate in the cellular responses to PRL. 

Generally, cGMP stimulated the effects of PRL on lactogenesis (Rillema, 1980) while 

cAMP was inhibitory (Rillema and Oppat, 1988; Too et al., 1989) However, like the 

other messenger systems mentioned above the effects of the nucleotides were associated 

with only some of PRL's actions. 
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The most obvious explanation for the involvement of so many different second 

messenger systems in the cellular response to PRL is that each of these systems is 

working in a concerted manner to shape the final outcome of PRL stimulation. Indeed, 

none of these messengers works alone and many have reciprocal effects on other 

systems. For example, the flux of Ca+ + into the cell can modify the production of 

cyclic nucleotides directly and indirectly via the Ca + + binding protein CAM. The 

cyclic nucleotides in turn modify intracellular concentrations of Ca + + (Stoclet et al., 

1987). Because the activation of these messenger systems by PRL probably requires 

great precision to insure the proper timing of the events, an interruption at any point in 

the cascade could dramatically alter the final outcome of the response. Thus, one can 

easily imagine MLT extinguishing PRL's cell signal simply by influencing the activity 

or timing of anyone of these critical messengers. 

Assuming that MLT does work by inhibiting one of PRL's cellular mediators, the 

next question that arises is which one(s) and how? This is a difficult issue to address 

based on the limited amount of information available with respect to MLT's cellular 

mechanism action. However, in this study, a MLT-interaction with at least one of the 

key players in the PRL-response pathway (polyamines) was examined. 

Polyamines (PA), small poly cationic substances ubiquitously found in virtually 

every compartment within the body, interact with RNA, DNA and other constituents of 

the cell and stimulate the synthesis of nucleic acids and proteins. Polyamines are 

required by PRL for inducing RNA synthesis and cell proliferation (Tabor and Tabor, 

1976; Pegg and McCann, 1982) . The levels of PA found in the cells are exquisitely 

sensitive to PRL, which regulates virtually every enzyme involved in their synthesis 
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along with controlling their entry into the cell (Oka and Taga, 1987). Based on the 

tight regulation of PA and knowledge of PRL' s absolute requirement for PA in 

stimulating mitogenesis in normal and malignant mammary cells (Manni and Wright, 

1985; Manni et al., 1986) the author proposed that a PA second messenger system 

would be a good candidate target for MLT via the inhibition of PA synthesis and/or P A 

activity. Moreover, previous workers have shown that the PA composition in these 

cells is altered by the growth inhibitor TAM (Messeri et al., 1987). 

In this study, no noticeable effect of MLT on ODC, the rate-limiting enzyme in the 

synthesis of PA, was noted following either a 4 h, 24 h, 48 h, or 72 h exposure time 

to hormone. However, It is important to mention that the potential effects of MLT on 

PA synthesis may have been masked in these studies by the high endogenous levels of 

ODC activity in these cells as compared to that found in other breast cancer cells. The 

fact that neither PRL nor the suicide inhibitor DFMO significantly altered ODC 

supports this hypothesis. While no significant effect of MLT on the activity of ODC 

was found at the particular time-points tested in this study, PA involvement in MLT's 

mechanism of action is suggested by the ability of PAs (putrescine and spermine) to 

negate the growth inhibitory effects ofMLT. In addition, when the MCF-7 cells were 

exposed to both MLT and DFMO, PAs were unable to reverse the inhibitory effect of 

the hormone suggesting the interesting possibility that MLT may block PA action. 

Interestingly, the function of PA in the cell can be altered by catabolism by polyamine 

acetyl transferase and an intracellular flavine adenine dinucleotide (FAD)-dependent 

polyamine oxidase (Pegg and McCann, 1982;1988) . 

Based on these preliminary findings, a mechanism for MLT's actions involving an 



151 

inhibition of PA activity rather than an a depletion of PA seems more likely. However, 

the author concedes that certain limitations in the ODC studies i.e., the arbitrariness of 

the selected time-points and the intrinsically high levels of basal ODC activity found in 

cells, may have been problematic. Therefore, further studies are needed in order to 

confirm whether or not MLT alters PA synthesis and to resolve the issue of where in 

the PA pathway MLT acts. 

If MLT does inhibit the PA pathway by blocking PA activity as these data seem to 

indicate, then one might expect to actually see an increase in ODC levels with MLT 

treatment. This prediction is based on the fact that one of the functions of PA, 

particularly putrescine and spermine, is to negatively regulate the transcription of ODC 

(Heller and Canellakis, 1981; Pegg and McCann, 1988). Some degree of ODC 

elevation with MLT treatment was noted at the earlier time-points in this study but it 

was not significant. Of course, the best way to resolve this issue would be to directly 

measure the cellular levels of PA following MLT-treatment. 

The demonstration of a PA involvement in the inhibition of cell growth by MLT is 

particularly exciting in view of the possibility that the PA messenger system may 

represent a common signaling pathway used by mitogenic hormones and growth factors 

involved in the promotion of breast cancer cell growth, such as E2 and E2-induced 

growth factors ( Glickman et aI., 1990). Moreover, there is recent evidence indicating 

that ODC and PAs may be actively involved in cell transformation (Auvinen et aI., 

1992). 

What about the other critical players in the cellular response to PRL? Clearly, the 

effect of MLT on PA probably disrupts or somehow modifies the actions of a number 
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of other PRL-induced PA-sensitive messengers found within the cell (Le., calcium). A 

MLT effect on the calcium messenger system may warrant future consideration based 

on the recent data indicating that caJcium, the initial mediator of PRL's actions 

(Bolander 1985), plays a central role in the biological response to MLT. Among this 

recent evidence, is the finding by Benitez-King (1991) that MLT alters the levels of 

CAM in fibroblastic cells and can mimic the effects of CAM on microtubule 

organization. More importantly, the inhibitory effect of MLT on GnRH-stimulated LH 

release in rat gonadotrophs was directly linked to MLT's ability to block GnRH

induced Ca + + influx, an obligatory step in the cellular response to hormone (Vanecek 

and Klein, 1992). Interestingly, MLT has no effect on the basal levels of this ion. 

These same workers proposed that MLT's effects were mediated via an inhibitory G

protein linked to a Ca + + channel. This idea was based on the finding that pertussis 

toxin antagonized MLT's actions (Vanecek and Klein, 1992). Altogether, these data 

would support an involvement of calcium and CAM in the mechanism by which MLT 

blocks PRL action. A hypothetical illustration of this point and of other potential 

cellular sites of MLT action in the PRL response pathway are indicated in the figure at 

the end of this chapter. 

The results from the present studies strongly support the authors hypothesis that 

MLT's oncostatic activity is due, at least in part, to it's ability to antagonize the growth 

promoting effects of PRL. Moreover, some preliminary evidence for a MLT-PA 

interaction was found that may be relevant to the development of breast cancer 

particularly since a number of carcinogens and tumor-promoting agents are known to 

increase the levels of PA (Oka et al., 1982) and high concentrations ofPA are 
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associated with malignant transformation as well as a worse-case prognosis in patients 

with breast cancer (Glickman et al., 1987). Although, the present studies do not 

provide definitive proof that the direct anti-tumor effects of MLT are the same effects 

responsible for inhibiting mammary tumorigenesis in vivo, they do provide compelling 

evidence for this conclusion. However, MLT may have important effects on normal 

cells and on other systems in the body (Le., the endocrine and immune system) which 

may greatly influence mammary tumor development. However, the relative importance 

of these interactions with respect to MLT antineoplastic activity remains to be 

determined. In view of the oppo~ite effects that MLT and PRL have on mammary 

gland development, it's interesting to speculate about the nature of the MLT-PRL 

interaction in breast cancer cells and whether it is a remnant of some early control 

mechanism that insures the proper timing of mammary gland development. Certainly 

one of the best known functions of MLT is its ability to match the reproductive 

capacity of seasonally breeding species to the appropriate season. According to the 

duration theory, this match is based on the duration of elevated MLT which is a 

reflection of daylength (Carter and Goldman, 1983; Hoffman et al., 1985). In addition 

to conveying seasonal information, the MLT rhythm somehow conveys information 

used in the proper timing of puberty in mammals (Ebling and Foster, 1989; Reiter, 

1981; Arendt, 1986). There is evidence which indicates that MLT is important in 

human reproductive function as well. For instance, altered MLT rhythms have been 

associated with a number of different disorders in reproductive function including, 

hypothalamic amenorhea, which is characterized by a decrease in GnRH pulsatility and 

anovulation both of which may be mediated by MLT(Arendt, 1986). In addition, 
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abnormally high levels of MLT have been linked to anorexia nervosa (Tortosa et al., 

1989; Brambilla et al., 1988), a condition also characterized by reproductive 

malfunction. Perhaps most important with respect to a MLT involvement in the timing 

of pubertal changes and mammary development is the evidence for a MLT involvement 

in delayed and in advanced puberty (Waldhausser and Steger, 1986; Brzezinski and 

Wurtman, 1988). This evidence is based primarily on the observations of either 

precocious or delayed puberty in patients with pineal tumors. Thus, the interaction 

between MLT and PRL in breast cancer may be a remnant of the normal control 

mechansims which govern mammary gland development at puberty. 

Melatonin may very well be part of the body's own natural defense mechanism 

against breast cancer based on its capacity for blocking the growth-promoting actions of 

PRL and possibly other mitogens involved in the development and growth of breast 

cancer. The identification of a hormone with anti-tumor properties is very exciting 

news that could be of benefit in the prevention and lor treatment of this disease. 
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Hypothetical model of the potential sites of MLT action in PRL's signal 
transduction pathway. 1. Prolactin receptor, inhibition of binding and lor 
dimerization. 2. Inhibition of Ca + + influx. 3. Inhibition of the Ca + +
calmodulin complex. 4. Blockade of the arachadonic acid (AA) pathway via an 
inhibition of cyclooxygenase activity. 5. Inhibition of ODC activity and 
polyamine (pa) synthesis. 6. Inhibition of pa activity. Consult text for further 
infonnation about these potential targets. 



Table 1. Summary of the effects of melatonin on prolactin-stimulated human 
breast cancer cell growth 

Breast Cancer Receptor Status Human Prolactin Plus 
Cell Line ERJPGRlPRLR Prolactin Melatonin 

20-100 ng/ml (1 nanomolar) 
MCF-7 + + + *200 % + 2 100 % + 3 
ZR75-1 + + + *211 % + 21 114 % + 9 
HS578t - - + *455 % + 31 127 % + 31 
MDAMB231 - + + *239 % + 30 ND 
BT20 - - + 113 % + 9 115 % + 4 
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Data are expressed as the mean percent of untreated control growth rate following 3 
days exposure to prolactin alone (at it 's most stimulatory dosage) or in combination 
with melatonin, in a monolayer culture system. * P < 0.05 vs. untreated controls (n = 
3-6). ND, not determined. 
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Chapter 8 

Summary 

The major issue addressed in this dissertation is whether or not MLT's oncostatic 

activity in breast cancer can be attributed, in part, to a direct anti tumor action, 

involving an inhibition of the cellular response to the tumor promoting hormone PRL. 

Q. Does MLT inhibit the promotion of human breast cancer cell growth by PRL? 

(Chapter 3) 

A. Yes. Physiological levels of MLT blocked the mitogenic response of MCF-7 human 

breast cancer cells grown in monolayer culture to human PRL. 

Q. Does MLT inhibit the "PRL-like" activity of several different monoclonal 

antibodies (Mab) directed against the PRLR? (Chapter 3) 

A. Yes. Melatonin inhibits Mab-stimulated MCF-7 cell growth in culture, and 

diminishes the enhancement of the Mab's mitogenic activity by a second cross-linking 

antibody (CLA). 

Q. Does MLT-inhibit PRL-stimulated MCF-7 cell growth in vitro under phenol red-
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free (estrogen-free) culture conditions? (Chapter 4) 

A. Yes. Melatonin completely blocked the robust mitogenic response of MCF-7 cells to 

PRL under phenol red-free estrogen- deficient culture conditions. 

Q. Does MLT inhibit PRL-stimulated anchorage-independent MCF-7 cell growth in 

soft-agar? (Chapter 5) 

A. Yes. Melatonin inhibited PRL' s modest stimulatory effect on MCF-7 cell colony 

formation. A pharmacological dose of MLT was more effective than a physiological 

level. 

Q. Does MLT inhibit the mitogenic activity of an additional lactogenic agent i.e., 

hGH, which can stimulate MCF-7 cell growth through an interaction with the PRLR on 

the cell surface? (Chapter 3) 

A. Yes. Melatonin substantially reduced the mitogenic response of MCF-7 cells to 

hGH. 

Q. Is MLT's anti-PRL activity unique to MCF-7 cells or does MLT inhibit PRL

stimulated proliferation of other estrogen-responsive human breast cancer cells (i.e., 

ZR75-1), or alternatively, estrogen-unresponsive breast cancer cells (i.e., HS578T or 

BT20)? (Chapter 3 and 4, Table 1.) 
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A. NO. Melatonin's anti-PRL phenomenon is not unique to MCF-7 cells since MLT 

inhibited the PRL-stimulation of ER-positive ZR75-1 and ER-negative and PRLR 

positive HS578T cells, but not the PRL-unresponsive ER- negative BT20 cells, 

indicating that MLT's activity dependents more heavily upon the PRL-responsiveness 

of the breast cancer cells than the ERlPgR status. 

Q. Is MLT's anti-PRL activity related to an inhibition of polyamines, which are 

critical intracellular mediators of PRL' s activity, at either the level of their synthesis 

and/or action? (Chapter 6) 

A. Maybe. Exogenously supplied polyamines reversed the inhibitory effects of MLT 

on MCF-7 cell growth. However, MLT did not reduce ODC, the rate limiting enzyme 

in the synthesis of polyamines. 
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